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Editorial on the Research topic

Advances in Parasitic Weed Research

Over 4,000 plant species parasitize other plants to obtain water and nutrients. A few of these
species have become weedy posing a tremendous threat to agriculture. The most damaging to
annual crops are the root parasitic weeds, particularly broomrapes (Orobanche and Phelipanche
spp.) and witchweeds (Striga spp.), which are extended over large agricultural areas in Europe,
Africa and Asia. A problem of less magnitude but of increasing importance is inflicted by the
parasitic weeds Alectra, Aeginetia, Buchnera, and Rhamphicarpa. To date, advances in control
strategies have concentrated on agronomic practices, resistant varieties and the use of herbicides,
often showing limited level of control particularly in low-input crops. Novel control programmes
should be sympathetic to agricultural extensification while exerting minimal harmful effects on the
environment. In addition, global environmental changes, together with changing land use patterns
with less dependency on synthetic herbicides is favoring the diffusion of parasitic weeds to new
geographical areas and farming systems. Thus, besides control methods, it is imperative to prevent
the spread of parasitic weeds and to impose, where possible quarantine regulations.

The goal of this Research Topic was to present new research dealing with advancedmanagement
of parasitic weeds, but also new knowledge on its mechanism, the biology and physiology of
the processes of parasitic weed germination and crop infection, their genetics and population
dynamics, and to present novel sources of crop resistance, in order to offer new understanding
of these enigmatic plants and their better management. Here a brief outline of its contents, briefly
describing the articles grouped by subjects.

DETECTION AND MANAGEMENT

The seed bank of root parasitic weeds rapidly develops as enormous amounts of seeds are produced
and spread in the field. Cohen et al. used ecoinformatics and spatial analysis to study the spread
patterns of Phelipanche aegyptiaca in processing tomatoes. To limit parasitic weed spread, drastic
inspection measures are needed to identify seed contaminations of commercial seed lots. In order
to facilitate the identification of most noxious broomrape species from a single seed Rolland et al.
developed a High Resolution Melting assay based on plastidial genes amplification.

Early detection of underground parasites is essential for an efficient control and with this
objective Cochavi et al. showed the potential of hyperspectral tools to detect early underground
stages of Orobanche cumana parasitism on sunflower roots. Findings emphasized the correlation
between specific reflectance changes in the visible to shortwave infrared range and levels of
various nutrients in sunflower plants. In addition, Ortiz-Bustos et al. investigated the potential of
UV-induced multicolor fluorescence imaging in the red and far-red spectral regions for an early

6
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detection of O. cumana infection in sunflower. This technique
might have a particular interest for early phenotyping in
sunflower breeding programs.

Models to predict the underground parasite development
are a valuable tool for herbicide applications. Pérez-de-Luque
et al. suggested a model based on thermal time and correlating
growing degree-days with the different developmental stages
of Orobanche crenata in three legume crops. Development
of broomrape was highly temperature-related, with thermal
time appearing as a valuable tool for describing the parasite
growth and establishing the developmental stage of the infection.
Similarly, Cochavi et al. developed a thermal time model to
predict the effect of P. aegyptiaca parasitism dynamics on carrot
growth. Two different nonlinear models were developed for
optimal prediction of P. aegyptiaca parasitism dynamics.

The knowledge of competitive relations between parasitic
weeds and their host crops can allow determining the
intervention thresholds of control measurements in integrated
pest management programs. Fernández-Aparicio et al. modeled
productivity losses caused byO. crenata infection in three legume
crops showing trends in dry matter allocation in relation to
infection severity. The increase of resources allocated within
the parasite was concomitant to reduction of host seed yield
indicating that parasite growth and host reproduction compete
directly for resources within a host plant. In addition, Moreau
et al. quantified the intensity by which Phelipanche ramosa plants
draw assimilates from their host and analyzed whether it varied
with host species, phenological stage and growth rate. Results will
be incorporated into a mechanistic model in order to analyze the
effect of parasitic plant species on weed community assembly and
to design new cropping systems for controlling P. ramosa.

Most of the parasitic weed damage in the crop occurs
during early stages of their underground infection, and by
the time the parasite is visible emerged from the soil surface,
any control method is useless as the damage to the crop
has already been done. Fernández-Aparicio et al. reviewed
the underground biology of broomrape weeds and the control
strategies to inhibit their parasitism. The vulnerability of some
underground events key for the intractable parasitism, such as
crop-induced seed germination or haustorial development were
reviewed as inhibition targets for plant protection programs.
Root parasitic seed germination is triggered by host-derived
signals upon which it invades the host root, and strigolactones are
the main germination stimulants. Cheng et al. studied the role of
endogenous strigolactones and their interaction with ABA during
the infection of tomato by P. ramosa. These findings may have
implications for future control strategies, including improvement
of parasitic plant resistance.

Under farming conditions, broomrape control is difficult
and in most cases, only amino acid biosynthesis-inhibiting
herbicides allow an acceptable control level. Dor et al. studied
the mode of action of the aromatic and branched-chain amino
acid biosynthesis-inhibiting herbicides imazapic and glyphosate
in broomrapes, and showed that both herbicides inhibited P.
aegyptiaca callus growth and altered the free amino acid content.
Both EPSPS and ALS are active in P. aegyptiaca callus and
flowering shoots and are inhibited by glyphosate and imazapic,

respectively. In a further study Shilo et al. showed that glyphosate
mechanism of action is probably more complex, and it probably
have a secondary effect in P. aegyptiaca as a consequence of
its primary target inhibition, via inhibition of the translocation
of phloem-mobile solutes to the parasite. As an alternative to
synthetic herbicides, certain amino acids can induce similar
effects of amino acid-inhibitory herbicides in plant growth
due to feedback inhibition of metabolic pathways, and those
inhibiting the growth of parasitic weeds have the potential for
parasitic weed management. Nzioki et al. developed amino acid-
overproducing lines of Fusarium oxysporum f.sp. strigae and
validated its enhanced biocontrol action during management
of Striga hermonthica on smallholder farms. Integration of this
plant pathogen with enhanced virulence to Striga management
in maize can significantly increase maize yield of smallholder
farmers in Kenya. In addition, the orobanchicidal effect of direct
application of amino acids to the soil was proved effective in
field by Fernández-Aparicio et al. inhibiting Orobanche minor
parasitism on red clover.

Alternative control systems were developed in tomato by
Eizenberg et al. which showed that the addition of biochar to the
pot soil resulted in inhibition of P. aegyptiaca infection. Biochar
did not affect the tomato exudation of stimulants of parasitic
germination, nor changed the penetration ability of the parasite.
The major cause for the decrease in germination percentage was
physical adsorption of the stimulant molecule by the biochar. In
addition, Venezian et al. studied the influence of plant growth
regulators on P. aegyptiaca development and its control efficacy
showing that maleic hydrazide is a potent inhibitor of the early
stages of parasitism, namely attachment and the tubercle stage.

HOST-PARASITE INTERACTIONS

Parasitic plants connect to the host phloem through the
haustorium and act as supernumerary sinks for the host-derived
photoassimilates, primarily sucrose. Péron et al. showed direct
phloem connections at the host-parasite interface and evidenced
the dominant apoplastic pathway for phloem unloading in
major vegetative sinks of the parasite and suggesting the
pivotal role of sucrose transporters in sucrose unloading in
P. ramosa sinks. The complex endophytic structure formed by
parasitic plant species often represents a challenge in the study
of the host-parasite interface. Teixeira-Costa and Ceccantini
compared the infestation pattern of twomistletoe species byHigh
Resolution X-ray Computed Tomography. The combination of
three-dimensional models of the infestation with anatomical
analysis provided a broader understanding of the host-parasite
connection.

Nativ et al. studied the metabolic profile of P. aegyptiaca
during its developmental stages, by using GC-MS analysis.
The first three developmental stages had diverse metabolomics
profiles, but the latter two did not differ from the mature stage.
Compared to other organs, floral buds had higher levels of free
amino acids and total nitrogen, whereas flowers accumulated
higher levels of simple sugars such as sucrose, and the putative
precursors for nectar synthesis, color, and volatiles. This suggests
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that the reproductive organs have the ability to accumulate
metabolites that are required for the production of seeds and as a
source of energy for the reproductive processes.

There is considerable controversy on the taxonomy of
the Orobanchaceae. Tóth et al. studied floral volatile organic
compounds as an additional tool for species identification,
drafting a blend-based phylogeny that supported known
taxonomic groups and helped to clarify the uncertainty in some
taxonomical groups.

Broomrapes establish direct connections with the host
vascular system. This connection allows the exchange of
endophytic microorganisms inhabiting the tissues of both
plants. Kruh et al. characterized the endophytic composition in
P. aegyptiaca during the parasitization process, evaluating the
eventual corresponding changes in the host root. A Pseudomonas
sp. strain hosted by tomato roots suppressed approximately
80% P. aegyptiaca seed germination and significantly reduced
P. aegyptiaca parasitism, highlighting the potential of alternative
environmentally friendly approaches for parasitic weed control.

RESISTANCE AND BIOTECHNOLOGY

Under the prevailing farming conditions in sub-Saharan Africa,
the use of resistant crop varieties has been proposed as a
cost-effective and easy-to-adopt strategy for Striga management.
Mbuvi et al. showed that wild sorghum accessions are an
important reservoir of Striga resistance that could be used to
expand the genetic basis of cultivated sorghum for resistance to
the parasite. Samejima et al. reported and characterized resistance
to S. hermonthica in upland rice.

Only moderately broomrape resistant faba bean cultivars
are available to farmers. Rubiales et al. dissected resistance
components in faba bean accessions against a number of infective
and non-infective broomrape species. The intermediate levels of
resistance of cv. Baraca acted against all broomrape populations
and species studied, confirming previous reports on the stability
of its resistance, whose identified mechanisms were due to (1)
low induction of seed germination; (2) negative tropism of
germinated seeds with radicles growing away from faba bean
roots; (3) necrosis of radicles that had successfully contacted faba
bean roots; (4) necrosis of formed broomrape tubercles.

Breeding sunflower for resistance to O. cumana is challenging
as races have evolved. The parasitic interaction between
sunflower and O. cumana generally follows a gene-for-
gene model, with resistance in sunflower and avirulence in
O. cumana controlled by dominant alleles at single loci.

Race F spread in the middle race, named “F” spread in the
middle 90’s and was contained thanks to resistant sunflower
hybrids. However, also this resistance has been recently broken
down by race G. Martín-Sanz et al. reports how increased
virulence in Spanish populations is associated with greater
genetic diversity. They distinguished race GGV from other
race G populations and suggested that increased virulence
was not caused by new introductions but might have resulted
from admixture of populations followed by recombination of
avirulence genes. Because of this frequent development of
more virulent races, attention is being paid to quantitative
resistances. Louarn et al. reported that resistance introduced
from Helianthus debilis is controlled by specific QTLs for
different parasitism stages. Different QTLs were identified for
each race (F from Spain and G from Turkey) and for the
three stages of broomrape development. The results indicate that
there are several quantitative resistance mechanisms controlling
the infection by O. cumana that can be used in sunflower
breeding.

Gene-silencing is a powerful technology for RNA degradation
in plants. Dubey et al. suggested an improved strategy for the
control of parasitic weeds based on the simultaneous trans-
specific gene-silencing of three parasite genes. Two strategies
were used to express dsRNA containing selected sequences of
P. aegyptiaca genes PaACS, PaM6PR, and PaPrx1.The results
showed the movement of mobile exogenous siRNA from the host
to the parasite, leading to the impaired expression of essential
parasite target genes.
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Egyptian broomrape (Phelipanche aegyptiaca) is one of the main threats to tomato
production in Israel. The seed bank of P. aegyptiaca rapidly develops and spreads in
the field. Knowledge about the spatio-temporal distribution of such weeds is required
in advance of emergence, as they emerge late in their life cycle when they have
already caused major crop damage. The aim of this study is to reveal the effects of
two major internal infestation sources: crop rotation and infestation history; and one
external source: proximity to infested tomato fields; on infestation of P. aegyptiaca in
processing tomatoes. Ecoinformatics, spatial analysis and geostatistics were used to
examine these effects. A regional survey was conducted to collect data on field history
from 238 tomato fields between 2000 and 2012, in a major tomato-growing region
in Israel. Multivariate logistic regression in the framework of generalized linear models
(GLM) has demonstrated the importance of all three variables in predicting infestation in
tomato fields. The parameters of the overall model indicated a high specificity between
tomatoes and P. aegyptiaca, which is potentially responsible for aggravating infestation.
In addition, P. aegyptiaca infestation levels were intensively mapped in 43 of the 238
tomato fields in the years 2010–2012. Geostatistical measures showed that 40% of the
fields had clustered infestation spatial patterns with infestation clusters located along the
fields’ borders. Strong linear and negative relationships were found between infestation
level and distance from a neighboring infested field, strengthening the role of infested
tomato fields in P. aegyptiaca spread. An experiment specifically designed for this study
showed that during harvest, P. aegyptiaca seeds are blown from an infested field to a
distance of at least 90 m, and may initiate infestation in neighboring fields. Integrating
current knowledge about the role of agricultural practices on the spread of P. aegyptiaca
with the results of this study enabled us to propose a mechanism for the spread of
P. aegyptiaca. Given the major effect of agricultural practices on infestation levels, it is
assumed that the spread of this weed can be suppressed by implementing sanitation
and using decision support tools for herbicide application.

Keywords: Egyptian broomrape, parasitic weeds mapping, geostatistics, average nearest neighbor (ANN), multi-
scale analysis
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INTRODUCTION

The broomrapes are root parasitic plants from the genera
Orobanche and Phelipanche in the Orobanchaceae family
Broomrapes. Several broomrape species have specialized in
attacking and damaging vegetables and field crops such as
sunflower, oilseed rape, carrot, fava bean, and tomato in areas
around the Mediterranean, in central and eastern Europe, and in
Asia (Parker, 2009). In the Mediterranean areas, and specifically
in Israel, the number of infested fields has increased dramatically
during the last decade, causing heavy damage or even total
yield losses in some places. In Israel, Egyptian broomrape
(P. aegyptiaca) is one of the main threats to tomato production.

Control strategies designed for non-parasitic weeds do not
necessarily achieve the required level of control for broomrape
(Fernández-Aparicio et al., 2016). For root parasitic weeds,
chemical control should be applied before shoot emergence
(in the soil subsurface), because they emerge late in their
life cycle when they have already caused major crop damage
(Goldwasser and Kleifeld, 2004; Eizenberg et al., 2013). Therefore,
knowledge of the spatio-temporal distribution of such weeds
is required in advance of emergence. Several temporal models
for predicting the parasitism dynamics based on thermal time
have been proposed for O. cumana (sunflower broomrape)
in sunflowers, P. aegyptiaca in tomatoes, O. minor (small
broomrape) in red clovers, O. crenata (crenate broomrape) in
fava beans and lentils, and P. aegyptiaca in carrots (Eizenberg
et al., 2005, 2012b; Ephrath et al., 2012; Cochavi et al.,
2016; Pérez-de-Luque et al., 2016). Accordingly, chemical
control protocols based on thermal time models have been
developed for sunflowers, processing tomatoes and carrots
(Cochavi et al., 2016; Eizenberg et al., 2012a,b). One of the
main drawbacks of these models was that they proposed a
uniform approach for chemical applications, without taking
into consideration the spatial distribution of the broomrape
infestations, as has previously been shown to be relevant in
parasitic weed control (Gonzalez-Andujar et al., 2001) and
specifically to site-specific parasitic weed management (Eizenberg
et al., 2013).

Seed banks of root parasitic weeds (broomrapes and Striga
sp.) species develop rapidly in fields with suitable hosts, mainly
due to their minute size (0.1–0.3 mm) and extreme longevity
(Bebawi et al., 1984; Lopez-Granados and Garciatorres, 1993).
Understanding the infestation mechanism of new fields and
ways to prevent or minimize seed spread within a field should
therefore be major objectives of parasitic weed management and
tactics (Rubiales et al., 2009; Fernández-Aparicio et al., 2016).
Very few studies have explored the dynamics of broomrape
dissemination in agricultural fields and their associated variables.
Instead farmers, extension workers and researchers, for the
most part, assume that human practices are major significant
factors responsible for the dissemination of broomrape, i.e., that
they are transported by contaminated agricultural vehicles, farm
implements and produce containers (e.g., Yaacoby et al., 2015;
Fernández-Aparicio et al., 2016). Parasite seed distribution is
also thought to be caused by the transportation of contaminated
plant material (such as crop seeds and hay) and the movement

of contaminated soil and manure (Goldwasser and Rodenburg,
2013; Fernández-Aparicio et al., 2016). Studies on spatial
distribution and within-field spread of broomrape are quite
limited. Lyra et al. (2016) demonstrated that soil and climatic
variables were key explanatory factors for variations in the
scope of infestation of P. aegyptiaca and P. ramose in large
areas in Greece. In their study, soil pH, the content of organic
matter and total soil humidity were the most decisive variables
for the severity of infestation within a field. A different study
investigated the dynamics of O. crenata parasitism on a relatively
small experimental plot over a period of eight years (Lopez-
Granados and Garciatorres, 1993). They showed that a minor
initial infestation considerably increased after eight consecutive
growing seasons of fava beans. The annual growth rate of
the O. crenata, however, widely varied between years and was
significantly correlated with rainfall and soil temperatures in
certain months. Excluding the first year of the experiment,
O. crenata populations demonstrated spatial autocorrelation,
shifting from relatively clustered to dispersed patterns (Gonzalez-
Andujar et al., 2001). To some extent, the spatial distributions in
subsequent years were positively related, demonstrating patch-
location stability (Oveisi et al., 2010). Nonetheless, no attempt
was made to ascertain what factors were associated with the
patches.

It has been proposed that ecoinformatics approaches, which
are based on large quantities of data, should be used to
address ecological questions in agricultural eco-systems at larger
spatial and temporal scales than are typically feasible within
an experimental framework (Rosenheim et al., 2011). Indeed,
ecoinformatics approaches have been used to reveal the effect of
crop rotation histories on cotton yield (Meisner and Rosenheim,
2014); the effects of local and landscape factors on pest
distribution (Carrière et al., 2012; Parsa et al., 2012); and the effect
of soil and bioclimatic factors on the infestation level of tobacco
by species of Phelipanche (Lyra et al., 2016).

To the best of our knowledge, no studies were published that
examined the effect of crop rotation and infestation histories
on the spread of broomrape species in commercial fields. The
aim of the current study is to reveal the effects of two major
internal infestation sources: crop rotation and infestation history;
and one external source: proximity to infested tomato fields; on
infestation of the root parasitic weed P. aegyptiaca in processing
tomatoes. Ecoinformatics, spatial analysis and geostatistics were
the methods used to examine these effects. A mechanism for
analyzing multi-scale spatial infestation of P. aegyptiaca in
processing tomatoes is proposed.

MATERIALS AND METHODS

Study Period and Area
Five major tomato growing regions in northern Israel were
selected for mapping P. aegyptiaca infestation in tomato fields,
from 2000 to 2012, the Bet-She’an Valley, the Western and
Eastern Yizra’el Valleys, the Zevulun Valley, and the Hula Valley
(Figure 1). The tomato growing season in all of these regions
extends for about 120 days, with variations in planting and
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FIGURE 1 | Study area valleys. Numbers in brackets are the number of
densely sampled tomato fields from 2010 to 2012

harvesting months due mainly to differences in air and soil
temperatures (Table 1).

Surveys of P. aegyptiaca Infestation in
Fields
Two types of surveys of P. aegyptiaca infestation were conducted
across the five regions. Historical data from 2000 to 2012 were
collected from the farmers. The farmers were asked for the
following information: crop rotation, history of P. aegyptiaca
infestation in tomatoes and in other broomrape crop hosts
(year and level); P. aegyptiaca infestation (year and level)
in neighboring tomato fields; chemical and other control
applications; and historical locations of the containers. To enable
the farmers to judge the infestation level, photographs of three
levels (high, medium, and low) of infestation were shown to
the farmers (Eizenberg et al., 2012a). Despite our efforts to
ensure that the data collection was as complete as possible, we
were reliant on the farmers’ records and recollections. Therefore,
the data set compiled from the surveys contained only partial
data, with the historical data collected from the farmers on
broomrape infestation and/or crop rotations comprising a total
of 238 records. The other data types (i.e., chemical and other
control applications, and historical locations of the containers)

TABLE 1 | Typical planting and harvesting months in the five tomato-growing
regions in Northern Israel.

Regions Planting Harvesting

Bet-She’an Valley February June

Western and Eastern Yizra’el Valleys March July

Zevulun and Hula Valleys April August

were available for a much smaller number of tomato fields and
were not used for further analysis.

The second type of survey was conducted in the years 2010–
2012, and consisted of mapping the within-field infestation
distribution in tomato fields. Infestation was sampled in 43
fields, in a systematic rectangle grid pattern with a sampling
density of 42 samples/hectare. Sampling was conducted in every
12th crop row (2 m wide), which was divided into fixed 10 m
intervals. In this way, each sample represented an area of 240 m2

(24 m × 10 m). Based on shoot emergence, each unit sample
(240 m2) was categorized into one of four infestation levels:

(0) No shoots: no infestation.
(1) 1–50 shoots per unit sample (equivalent to <2 shoots per

10 m2): low infestation level.,
(2) 50–200 shoots per unit sample (2–8 shoots 10 m2):

medium infestation level,
(3) More than 200 shoots per unit sample (>8 shoots

10 m2): high infestation level.

Each unit sample was visually scanned and assigned to the
different infestation categories based on estimations. Sampling
was conducted using a mobile GPS-GIS (MobileMapper 10,
Ashtech LLC, with real-time satellite-based augmentation system
[SBAS] typically < 2 m) at the end of the tomato biological cycle
(June to August), when broomrape populations were thriving and
could be easily detected. Figure 2 shows one of the surveyed fields
with the locations of the sampling points, grouped into the four
infestation levels.

The data collected from the whole-field-scale and from the
within-field-scale were structured and stored in geodatabases to
enable effective multi-year data updating, data processing, and
analysis using ArcGIS 10 software (ESRI, Ltd). The two databases
were combined, to enable us to postulate relationships between
data from the two scales and to use their complementarity to
characterize the spread dynamics of P. aegyptiaca.

Statistical Analysis
The influence of two major internal infestation sources:
crop rotation and infestation history; and one external
source: proximity to infested tomato fields, on P. aegyptiaca
infestation was estimated by logistic regression in the
framework of generalized linear models [GLM]. The
explanatory categorical variables are listed in Table 2 with
their categories.

We used logistic regression in the framework of GLM to
relate the explanatory variables to the infestation level. Multi-
model inference based on the Akaike Information Criterion
[AIC] was used to rank the importance of variables (Burnham
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FIGURE 2 | Central points of unit samples in a tomato field (Kishon 1; West
Yizra’el Valley region) grouped into four infestation levels. Each point
represents an area of 240 m2 (24 m × 10 m).

and Anderson, 2002; Saltz, 2011; Blank and Blaustein, 2014).
The AIC is increasingly being used for measuring and ranking
competing models by evaluating the goodness of fit and the
number of used variables in each model. Models with fewer
variables will be favored. The model having the lowest AIC
value represents the best approximating model. The coefficients
associated with each variable and their relative importance
were assessed using a multi-model average. Using categorical
variables, the regression model creates dummy variables for
k-1 categories for each variable, where k is the number
of categories in each variable. The remaining category for
each variable is used as the reference level for the other
categories in that variable. In our case, the categories NoINF
for infestation history, CRnoHosts for crop rotation and
NoNeigh for neighboring field were used as the reference levels.
Based on the dummy variables, estimates are calculated for
the k-1 categories for each variable, and additional estimate
calculated for the intercept, which is a common estimate
for the reference categories. The associated p-values are for
the tests of the indicated category vs. the reference level in
isolation. To determine the predictor estimates, we calculated the
unconditional variance and the confidence intervals (95% CI).
All statistical analyses were carried out with R 3.1.0 (R Core
Development Team).

Spatial Pattern Analysis
Point pattern analysis can be used to detect the spatial
arrangement of infestation and to generate hypotheses as to
the possible underlying factors and/or processes controlling
the observed pattern. The nearest-neighbor distance geostatistic
(Clark and Evans, 1954) was applied, using the average nearest
neighbor [ANN] tool (ArcGIS 10.3.3, ESRI, Ltd.) to detect
whether a point pattern of infestation departed from an assumed
random Poisson point pattern. The ANN tool was applied to
every sampled field (43 fields) using the sampling points with
an infestation level higher than 1. The ANN tool calculated
the distance between the location of each sampling point and
the location of its nearest neighbor’s point; and the average
of all these nearest neighbor distances. If the average distance
was significantly lower than the average for a hypothetical
random distribution, the infestation distribution was considered
clustered. If the average distance was greater than a hypothetical
random distribution, the infestation distribution was considered
dispersed or uniform. Otherwise, it was considered random as the
null hypothesis.

Spatial Analysis
The results of the GLM analysis and infestation spatial patterns
indicated that infested fields are a possible contributor to the
initial appearance of P. aegyptiaca in neighboring fields. To
further explore this conjecture, 11 buffers (1, 10, 20, 30, 40, 50,
70, 90, 110 m) were built from the boundary of the infested field,
designated the focal field, into the neighboring field (Figure 3).
For each buffer, the average infestation level was calculated on

TABLE 2 | Explanatory variables included in the generalized linear models (GLM).

Variable
description

Category
abbreviation

Category description

Infestation
history

NoINF Fields that were not parasitized by P. aegyptiaca
in the past (P. aegyptiaca host free)

INFinTomato Fields that were parasitized by P. aegyptiaca in
the past, in tomato crops

INFinOHost Fields that were parasitized by P. aegyptiaca in
the past in hosts other than tomatoes‡

INFinBoth Fields that were parasitized by P. aegyptiaca in
the past in both tomatoes and in other hosts

Crop rotation CRnoHosts Crop rotation that does not include any
P. aegyptiaca host (P. aegyptiaca host free)

CRwithTomato Crop rotation that includes tomato crops

CRwithOHost Crop rotation that includes P. aegyptiaca hosts
other than tomatoes

CRwithBoth Crop rotation that includes both tomato crops
and other P. aegyptiaca hosts

Neighboring
field

NoNeigh Fields with no proximity to infested neighboring
tomato fields l

NeighINFinTomato Fields with proximity to infested neighboring
tomato fields

‡Hosts other than tomatoes include sunflowers, legume crops like vetch and
chickpea and umbel crops like carrot and parsley.
lNeighboring infested tomato field was defined where it was parasitized by
P. aegyptiaca in the past with medium to high infestation levels.
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FIGURE 3 | Buffers of 10–110 m around an infested tomato field designated
the focal field, and infestation sampling center points in the neighboring
tomato field. Inside each buffer, the mean level of infestation was calculated
from the center points inside it.

the basis of the infestation level of the sampling center points that
fell inside it, using the spatial join module (ArcGIS 10). We then
calculated the regression between the average infestation level
inside each buffer and the buffer distance from the field boundary.
This was done for different tomato field groups, grouped by crop
rotation (with or without tomato), infestation history (were or
were not infested in the past) and infestation level.

A Field Experiment
An experiment was conducted to detect the dispersal mechanism
of P. aegyptiaca seeds from one field to its neighbor. The
assumption was that the P. aegyptiaca seeds are blown into the
adjacent field during the tomato harvest by the blower of the
combine harvester. During the 2012 harvest period, two highly
infested tomato fields were selected for this experiment, one in
the Bet-She’an Valley (denoted HEden) and the other in the Hula
Valley (HGadash). Plastic cards (16 cm × 16 cm) were smeared
with insect glue and attached to 10 cm high poles and placed at
distances of 20, 50, and 90 m from the fields’ borders in adjacent
bare fields. During that growing season, no P. aegyptiaca hosts
were grown in those fields to ensure that seeds attached to the
cards would be external. The distances were determined on the
basis of the results of the spatial analysis described in the previous
section, which showed a gradual decrease in infestation level with
increasing distances, which leveled off at around 100 m. Three to
five cards were placed along each border of the fields at each of
the three distances. On the western border of HGadash, corn was
grown, and therefore cards could not be placed there properly
for the experiment. Overall, 42 cards were placed around each
of the fields. The HEden field was harvested on June 20–21,
2012, and HGadash was harvested on August 5, 2012. The sticky
cards were put in place immediately before the harvest and
removed immediately after it. As soon as they were removed, the

cards were wrapped with plastic wrap to preserve the seeds that
were attached to it. The cards were examined under a binocular
microscope and the number of attached P. aegyptiaca seeds
was counted. In addition, meteorological data were collected
during harvest, to examine the supplementary effect of wind on
movement of the seeds.

Conceptual Simulation Model of the
Spread of P. aegyptiaca
According to the proposed mechanism, a conceptual simulation
model was developed to illustrate the P. aegyptiaca spread,
which started with P. aegyptiaca introduction into a new tomato
growing region, followed by its spread in the region over a period
of ten years (2010–2020). The model entails a virtual tomato
growing region comprised of nine fields in which a tomato
crop is grown every five years (the crop rotation normally used
in Israel). The model referred to three spread phases, where
each phase is comprised of three consecutive growing seasons
(2010–2012; 2014–2016; 2018–2020). In the model, a tomato crop
was grown in the region for the first time in 2010. That year,
three tomato fields with simulated initial low infestation levels
were introduced. To enable within-field differences in infestation
levels, every field was divided into a net of points in a regular
grid pattern (similar to the grid presented in Figure 2), such
that every point could have an individually assigned infestation
level. Initial infestation was allocated in proximity to the fields’
borders or along cultivation rows, following both the findings
of the spatial pattern analysis of the current study, Yaacoby
et al. (2015) and Fernández-Aparicio et al. (2016). Both of the
latter studies indicated that among other factors, dissemination
of broomrape occurs via contaminated agricultural vehicles
and produce containers. From the second year on, the impact
of neighboring infested fields was added wherever applicable,
according to the results of the current study. In the second
and the third phases, where fields were planted with tomatoes
for the second and the third time, the impact of the internal
infestation source was added. On average, the infestation level of
the points inside each field increased by one every time tomato
was grown for the second and the third time in that field.
The magnitude of one was defined following the calculation of
the average differences in infestation levels between successive
tomato growing seasons of real fields in the historical database.
The average difference between infestation levels between the
second and the first tomato crop was 0.89 (n= 106) and between
the third and the second tomato crop was 0.97 (n = 11). In
addition, the possibility of relative stability in infestation patches
(Oveisi et al., 2010) was taken into account, leading to a gradual
expansion of patches.

RESULTS

Spatio-Temporal Change in Regional
Infestation
Figure 4 presents the distribution of infestation levels in all
tomato fields in the database (n = 238). The tomato fields had
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FIGURE 4 | Distribution of infestation levels in all tomato fields between 2000
and 2012 (n = 238)

an average infestation level of 1.26 ± 0.96. Figure 5 presents the
change in mean infestation level over the years. Because only a
few records were available from 2000 to 2009, we divided the
data in this period into two groups of five years each: 2000–2004
(22 tomato fields) and 2005–2009 (43 tomato fields). A gradual
increase in mean infestation level is evident in Figure 5A. The
infestation level was constantly low (level = 1) in the 2000s,
followed by an increase of 30%–75% at the beginning of the
2010s. The increased infestation over the years was accompanied
by an accelerated rate of high infestation levels in the fields
examined (Figure 5B). While during the 2000s, only 5% of the
fields were highly infested, by 2012 more than 30% of the fields
were highly infested (Figure 5B).

The data also revealed differences between the regions.
Figure 6 shows the change over time and space between 2000
and 2012. In general, in most of the study regions, infestation
levels increased throughout the decade of the 2000s. In the Bet-
She’an Valley, where sufficient data was available from 2000,
the infestation levels increased from low to medium in about
ten years. Interestingly, the infestation in the Hula valley was
significantly lower than that of the other regions (Kruskal–Wallis
test followed by the Steel–Dwass test; p < 0.05), presumably
because processing tomatoes is a new crop in this specific area.

Infestation level is shown only where data was available for at
least ten tomato fields.

Factors Influencing Aggravation and
Spread of Infestation
Table 3 shows the results of the GLM analysis. Overall, eight
models were created. The best model included all three variables
and had a much lower AIC than the other models. The three best
models included both internal and external infestation sources.
Single variable models indicate that the variable that had the
greatest impact is the infestation history (internal source); the
second is proximity to an infested tomato field (external source);
and the third is crop rotation (internal source).

FIGURE 5 | Mean infestation level (A) and percentage of fields with high
infestation levels (level 3) (B) for the years 2000–2012. Because only a few
records were available from 2000 to 2009, we divided the data in this period
into two groups of 5 years: 2000–2004 (22 tomato fields) and 2005–2009 (43
tomato fields).

Table 4 shows the estimated coefficients and the variance
of each category across all fitted GLM models. All categories
had an importance of one but their estimates varied. According
to the model, in comparison to a history of no infestation
(NoINF – reference level for the categorical variables), tomato
fields with a history of infestation would have a considerably
higher infestation regardless of the P. aegyptiaca host. It is
exemplified by two extreme cases: A predicted infestation
level of 0.74 (i.e., the estimate of the intercept) would be
calculated for a tomato field with no hosts in its crop rotation
(a category which also entails no infestation history) and which
is not adjacent to an infested tomato field. In comparison, a
predicted infestation level of 2.7 (0.74+0.31+0.53+1.12) would
be calculated for a tomato field with a history of infestation in
tomatoes (INFinTomato), with crop rotation of both tomatoes
and other hosts (CRwithBoth) and has an infested neighboring
tomato field (NeighINFinTomato). The estimate of infestation
in tomatoes is higher than the estimate of the infestation in
hosts other than tomatoes alone (Table 4). Interestingly, there are
contradicting trends in crop rotation that included P. aegyptiaca
hosts. In comparison to a crop rotation that did not include hosts,
a crop rotation with tomato and with other hosts had higher
and lower predicted infestation, respectively. These estimates
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FIGURE 6 | Map of mean infestation level in the various valleys in the study area over different periods of time between 2000 and 2012. Infestation level is shown
only where data was available to at least ten tomato fields.

correspond to the average infestation levels of tomato fields in
each category (2.18 and 0.93, Table 4). The estimate of the
infestation level for a field in proximity to an infested tomato field
was higher by 0.31 than that of a field that was not adjacent to
an infested tomato field; this difference is much lower than the
estimate of infestation history. This corroborates the hypothesis
that the external source has less of an influence on infestation
than does an internal source.

Infestation Spatial Patterns in the
Within-Field Scale
Based on within-field density sampling in 43 fields, three spatial
patterns of infestation levels were found: random, dispersed and
clustered. By visual interpretation of the spatial distributions

found in the fields, the clustered patterns were further subdivided
into small clusters, elongated clusters and two-block clusters

TABLE 3 | Summary of the GLM analysis examining the predictors of infestation.

Model AICc

Infestation history Crop rotation Neighboring field 180.97

Infestation history Neighboring field 204.84

Crop rotation Neighboring field 241.05

Infestation history Crop rotation 279.45

Infestation history 311.80

Neighboring field 321.86

Crop rotation 452.79

Intercept 570.02
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TABLE 4 | Parameter estimates weight-averaged across all fitted GLM models, predicting infestation level in tomato fields and the average infestation level of tomato
fields for each category.

Category abbreviation‡ Estimate 95% CI Uncon-ditional
variance

Average infestation level of tomato
fields for each category in the

database (±SD)Lower Upper

INFinTomato 1.12∗ 0.64 1.60 0.06 2.40 ± 0.84

INFinOHost 0.81∗ 0.28 1.34 0.07 1.44 ± 0.93

INFinBoth 1.23∗ 0.06 2.39 0.35 2.5 ± 0.71

CRwithTomato 0.53 –0.18 1.23 0.13 2.18 ± 1.08

CRwithOHost –0.45 –1.04 0.15 0.09 0.93 ± 0.73

CRwithBoth 0.53 –0.08 1.15 0.10 2.00 ± 0.94

NeighINFinTomato 0.31 –0.14 0.75 0.05 2.17 ± 0.87

Intercept 0.74 0.30 1.18 0.05

NoINF Reference level for infestation history 0.80 ± 0.72

CRnoHosts Reference level for crop rotation 0.88 ± 0.75

NoNeigh Reference level for neighboring field 1.05 ± 1.17

‡Detailed descriptions of the variables are given in Table 2; ∗ estimate is different than 0, α < 0.05

(Figure 7). Most of the fields had dispersed and clustered
patterns, while only three fields had random patterns (Figure 8).
The relative frequency distribution of the field patterns according
to mean infestation levels revealed that most of the fields with a
low infestation level (88%) had a clustered pattern. By contrast,
most of the fields with a medium infestation level (69%) and all
the fields with a high infestation level (100%) had a dispersed
pattern. Focusing on the fields with a clustered pattern (n = 17)
exposed two main shapes of clustering: small round or elliptical
shapes (Figure 7C, n = 7) and elongated shapes (Figure 7D,
n = 8). Additionally, in most of these fields (n = 15), clusters of
high infestation levels were adjacent to the borders of the fields.
Each of the two remaining fields had two distinct blocks: one with
high infestation and the other with no infestation or a low level of
infestation (Figure 7). Examination of their crop rotation history
revealed that the highly infested areas had tomatoes in their crop
rotation and the other areas had no tomatoes in the crop rotation.

Effect of Neighboring Infested Tomato
Field
Further spatial analysis was conducted to examine the effect of
an infested neighboring field. Based on the intensive sampling in
tomato fields conducted in the years 2010–2012, the change in
infestation level over the distance (0–110 m) from the borders of
a neighboring infested field was calculated for fields categorized
by their infestation levels or their infestation history (Figure 9).
Strong linear relationships were found for fields with either a
low infestation level (14 fields; R2

= 0.84, p < 0.05, n = 9
pairs of distances – infestation levels) or free of P. aegyptiaca
(6 fields; R2

= 0.91, p < 0.05). The majority of these fields
had a clustered pattern of medium to high infestation levels
with elongated shapes along the fields’ borders (e.g., Figure 7D).
Fields with either medium to high infestation levels or fields that
suffered from infestation in the past had high and relatively stable
infestation levels at all distances. These results correspond to the
dispersed pattern that characterized fields with medium to high
infestation levels (Figure 8).

FIGURE 7 | Examples of infestation spatial patterns in sampled tomato fields;
(A) dispersed pattern; (B) random pattern; (C) clustered pattern with small
clusters; (D) clustered pattern with elongated clusters; (E) cluster pattern with
two distinct blocks.

To estimate the magnitude of the effect that a neighboring
infested field has on the infestation of the focal field’s borders,
relative infestation levels were calculated for each distance from
the border, by dividing the infestation level at each distance by
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FIGURE 8 | Relative frequency distribution of infestation spatial patterns
according to mean infestation levels.

the overall mean infestation level of the focal field (Figure 10).
For both groups, relative infestation adjacent to the infested
neighboring field was higher by 50% than the mean infestation
level of the whole field. In addition, the relative infestation
decreased linearly to approximately 25% less than the mean
infestation level at 110 m away from the field’s borders. The
linear regression slopes (0.005) suggest that in both cases, the
infestation level decreases by 5% for every 10 m from the
borders.

Spread of P. aegyptiaca Seeds between
Fields
Figure 11 presents the number of P. aegyptiaca seeds found on
the sticky cards placed at different distances and directions from
the infested field’s borders. Seeds were found at all distances,
but their number decreased exponentially from 20 to 90 m
as the distance from the field’s borders increased. This trend
characterized both fields at the four cardinal points of the
compass. At both harvest times, the major wind directions
were western and northwestern. Although P. aegyptiaca seeds
were found in all directions, more were found on the east
side of the field with the sticky cards (not significant). These
results indicate that during harvest, the harvester can actively
blow P. aegyptiaca seeds to a distance of at least 90 m from
the harvested fields’ borders, with the wind supplementing the
effect.

Spatio-Temporal P. aegyptiaca Spread in
a Virtual Tomato Growing Region
A foundation for defining a mechanism for the spread of
P. aegyptiaca in tomato fields was set by combining the data scales
and analysis methodologies used to study factors influencing the
spread of P. aegyptiaca, together with knowledge from other
studies. The various results indicate that both external and
internal infestation sources are involved. External sources are
many (Goldwasser and Rodenburg, 2013; Yaacoby et al., 2015;
Fernández-Aparicio et al., 2016) and are responsible for the

FIGURE 9 | Infestation level at sampling points versus distance from borders
of infested neighboring field according to infestation level and infestation
history.

initial infestation. The internal source is the seed bank in the
field, which is responsible for the spread in a field. Based on
the proposed mechanism, a conceptual model was developed to
illustrate the spread. The model started with the introduction
of P. aegyptiaca into a new tomato growing region, followed
by its spread in the region over a period of ten years. The
results of the simulation are presented in three major phases,
assuming crop rotation with a tomato crop every 5 years
(Figure 12). Each phase comprises a period of three growing
seasons (years):

(1) 2010–2012: Fields are planted with tomatoes for the first
time;

(2) 2014–2016: Fields are planted with tomatoes for the
second time;

(3) 2018–2020: Fields are planted with tomatoes for the
third time.

The First Phase
In 2010 (the first year of the first phase) three fields were planted
with tomatoes for the first time in a specific region. P. aegyptiaca
was introduced into the fields, apparently by contaminated
machinery and containers (Yaacoby et al., 2015; Fernández-
Aparicio et al., 2016) which had been used in an adjacent
infested region, resulting in an average low infestation level,
with clustered spatial patterns (small round or elongated shapes
along rows). During the tomato harvest, some P. aegyptiaca
seeds were blown into neighboring fields. In 2011 and 2012,
new fields were planted with tomatoes for the first time.
P. aegyptiaca was introduced by contaminated machinery. In
addition, because these new fields have a common border
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FIGURE 10 | Relative infestation level at sampling points versus distance from
borders of infested neighboring field in fields with a low infestation level and in
Phelipanche aegyptiaca-free fields

with fields infested in 2011, they contained P. aegyptiaca seeds
that had been blown in from the infested neighboring fields
during harvest. Similar to the 2010 fields, the tomato fields
in 2011 and 2012 had an average low infestation level with
clustered spatial patterns (mainly elongated shapes along the
fields’ borders).

The Second Phase
In 2014–2016, tomatoes were grown for the second time. Since
all the fields had internal seed banks as sources of infestation,
they suffered from medium to high infestations, with random
or dispersed patterns. The rapid aggravation that was presented
in the simulation is in keeping with the significant effect that
was found for crop rotation and infestation history, even with
only one tomato crop in the infestation spread. Infested at
medium to high levels, these fields became a major infestation
source for their neighboring fields. Accordingly, at the end of
this period, almost all the fields in the region had internal seed
banks. Some had large seed banks because of their history,
and some had small seed banks that originated from adjacent
fields.

The Third Phase
In 2018–2020, tomatoes will be grown for the third time. At
the end of 11 years, some fields will have three tomato crops
in their crop rotation. All of these fields would have internal
seed banks, and all would probably suffer from medium to high
infestation levels with dispersed patterns. Moreover, neighboring
fields would contain significant seed banks and if tomatoes were
to be grown on them, they would probably be infested.

FIGURE 11 | Number of P. aegyptiaca seeds that were attached to sticky
cards at different distances (A) and at the four cardinal points of the
compass (B).

DISCUSSION

Weeds in arable lands have varied spatial patterns. Autotrophic
plants emerge and can be detected when optimal conditions,
e.g., soil temperature and water content exist. In contrast to the
conditions required for the germination of autotrophic plants,
root parasitic weeds germinate and attach to their host roots
only after they are exposed to a specific germination stimulant
that is exuded from the host’s roots. In most cases, root parasites
emerge late in their life cycle, when they have already caused crop
damage (Joel et al., 2011). If the root parasitic weed P. aegyptiaca
is to be controlled, knowledge about its spatial and temporal
distribution is required, so as to enable the implementation of
control measures before the crop is damaged. In the current
study, factors affecting the spatial spread of P. aegyptiaca in
tomato fields were studied using ecoinformatics, spatial analysis
and geostatistics based on a large database.

In the first stage, each data scale analyzed with the
methodology relevant to that scale either provided new insights
or validated a commonly held notion about the spread.

Historical data collected from farmers at the field scale
quantitatively verified the major adverse effect of the seed bank
in the field on infestation in the subsequent tomato crop. The
common assumption among farmers, extension workers and
researchers was that the source of the seed bank was irrelevant, i.e.
infestation would be worse in the subsequent tomato crop even if
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FIGURE 12 | Proposed P. aegyptiaca spread process in tomato fields.

the infestation occurred in P. aegyptiaca hosts other than tomato.
However, historical data of tens of fields surveyed in this study
strongly suggests that aggravation will most probably occur only
if the source of the seed bank is P. aegyptiaca plants that were
grown on tomatoes. This phenomenon is possibly associated with
the host specificity of the parasite. Two observations made during
the course of this study supported this hypothesis regarding
the high specificity of the local P. aegyptiaca for tomatoes.
One of the intensively sampled fields was heavily infested by
P. aegyptiaca in 2010, but in the subsequent year (2011) when
carrot was grown, no infestation was observed. Moreover, in
2012, when tomato was grown again in the same field for
experimental purposes, heavy infestation was observed (data not
shown). Similarly, in another intensively sampled field where
vetch (Vicia sativa) had been planted prior to tomato, different
spatial parasitism patterns were observed in the two crops
(data not shown). Additionally, Román (2013) hypothesized that
different fractions of a P. aegyptiaca population would parasitize
different crops due to high specificity between the host and
the parasite. Our results, which are based on field data, suggest
that the specificity could be associated with the concentration
of each individual stimulant in a group of stimulants rather
than to the concentration of a particular individual stimulant,
as was reported by Fernandez-Aparicio et al. (2011). Specificity
can also be a result of compatibility/incompatibility between the
host and the parasite. However, in the test cases described above,
both vetch and tomatoes were parasitized by P. aegyptiaca. The
distribution patterns of P. aegyptiaca seeds that parasitized vetch
and tomato might have been different due to different responses
to the germination stimulants and strigolactones.

The results from the historical data demonstrated the
importance of the internal infestation source and the conditions
for within-field P. aegyptiaca spread in tomato fields. In
comparison, the results from the geostatistics and spatial analysis
indicate that external sources are responsible for the initial
infestation in a field or in a region. The clustered spatial pattern
of infestation, which was observed in 40% of the intensively
sampled fields, and the fact that the clusters were found adjacent
to the fields’ borders, indicates that the initial source of infestation
is external. Various external sources of infestation have been
suggested in the past, e.g., non-sanitized machinery, containers
and compost; water runoff; and infested tomato seedlings
(Goldwasser and Rodenburg, 2013). The ecoinformatics analysis
together with the spatial patterns analysis raises the possibility
that infested neighboring fields play a major role in the spread
of P. aegyptiaca between fields. Additionally, a high correlation
was found between infestation level and distance from infested
neighboring tomato fields, in fields with no internal infestation
source (Figures 9, 10). In light of these results, we conducted an
experiment designed to test the above premise; the experiment
demonstrated that during harvest, seeds can be blown to a
distance of at least 90 m (Figure 11) and initiate infestation
in new fields that have no internal seed bank. The experiment,
however, did not include “non-harvest control” i.e., cards were
not placed in proximity to infested tomato fields in times
when no harvest took place to explore the possibility of merely
passive wind-assisted seed movement. Our interpretation about
the major role the harvest operation has on P. aegyptiaca seed
dispersal may be supported by the results of Berner et al. (1994)
and van Delft et al. (1997). They both indicated that distribution
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of seeds of the parasitic plant S. hermonthica by wind was not
extensive. In their studies, the maximum distance that seeds
were caught was 8–12 m away from highly infested fields.
Additionally, P. aegyptiaca shoots range between 10 and 20 cm
in height, allowing seed dispersal to only a few meters (Winkler,
2009).

The simulation model results showed how P. aegyptiaca
would probably spread in a new tomato-growing region. The
model showed that if tomatoes become a major crop and are
intensively grown in a new region, P. aegyptiaca would spread
to all the fields in that region within a single decade. These
dynamics are predicted under the assumptions that the crop
rotation includes a tomato crop that is planted every 5 years,
and that un-sanitized machinery, containers or compost are
used. When the simulation results for infestation spread are
compared with the actual spread that took place in the Bet-
She’an Valley during the period from 2000 to 2010 (10 years),
the comparison reveals that the simulation assumptions suffered
only from an over-estimation. On one hand, in both Bet-
She’an Valley and the simulation, the regional infestation level
increased from low to medium over the ten-year periods. On
the other hand, after ten years, the infestation levels were
1.52 ± 1.03 (32 fields) and 2.2 ± 0.45 (eight fields) in the
Bet-She’an valley and in the virtual region, respectively. The
average difference of 0.65 was statistically significant (Kruskal–
Wallis test followed by the Steel–Dwass test; p < 0.05), and
probably derives from the high intensity of the tomato crop
in the very small virtual region, which does not represent real
conditions. Nonetheless, the simulation accurately reflects the
spread process and mechanism that are proposed, based on the
study’s results.

Ways to Minimize the Spread and
Improve Control Measures
The results of this study emphasize the major effect of the agro-
techniques adopted by farmers on the spread of P. aegyptiaca
infestation. Goldwasser and Rodenburg (2013) have proposed
several methods to prevent P. aegyptiaca spreading from internal
and external sources. The main point that they put forward
was the necessity of preventing seed delivery from external
sources, so as to maintain a low seed bank. Sanitation can be
a key factor in minimizing the spread rate. However, sanitation
cannot prevent the movement of seeds from neighboring fields
during harvest. A decision support system (DSS), known as
PICKIT, proposed early treatments with sulfosulfuron to prevent
the damage caused by P. aegyptiaca, together with treatments
to prevent late parasitism and seed ripening of the parasite,
via a foliar application of the herbicide Imazapic. This late
treatment sterilizes the P. aegyptiaca inflorescences, and should
be applied to prevent internal or external infestation (Eizenberg
et al., 2012a). Another way to minimize the movement of seeds
during harvest is to develop appropriate design adjustments
to the combine harvester. Finally, based on the results of this

study, the adverse impact of herbicides may be reduced if a site
specific parasitic weed management is adopted in combination
with thermal time models. For example, if a field adjacent to a
neighboring field that was parasitized in the past is planted for
the first time with a tomato crop, herbicides should be applied at
the right time (according to the thermal model) merely along the
common border with the infested field. Additionally, the history
of the fields can be used to define rationale within-field infestation
sampling to map the infestation pattern that could then be used
to direct the application of site-specific herbicides. For example,
fields with a history of infestation in tomatoes may require a
few samples to characterize their infestation spatial pattern, while
fields with a history of infestation in other hosts may require
a much denser sampling grid. Fields with tomato crops for the
first time would require dense sampling grids along a common
border with an infested tomato field, and reduced sampling
points towards the center of the field. Indeed, within-field
sampling necessitates quick and low-cost infestation sampling
techniques. In conclusion, this study showed the undesirable
effects of crop rotation, infestation history and proximity to
infested tomato fields on the spread of broomrape species
in a commercial scale. The study combined ecoinformatics,
spatial analysis, geostatistics, and designated field experiment
to quantify these effects and to assist with defining the spread
mechanism of the P. aegyptiaca between growing regions and
fields.
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Broomrapes are holoparasitic plants spreading through seeds. Each plant produces
hundreds of thousands of seeds which remain viable in the soils for decades. To
limit their spread, drastic measures are being taken and the contamination of a
commercial seed lot by a single broomrape seed can lead to its rejection. Considering
that broomrapes species identification from a single seed is extremely difficult even
for trained botanists and that among all the described species, only a few are really
noxious for the crops, numerous seed lots are rejected because of the contamination
by seeds of non-noxious broomrape species. The aim of this study was to develop
and evaluate a High Resolution Melting assay identifying the eight most noxious and
common broomrape species (Phelipanche aegyptiaca, Orobanche cernua, O. crenata,
O. cumana, O. foetida, O. hederae, O. minor, and P. ramosa) from a single seed.
Based on trnL and rbcL plastidial genes amplification, the designed assay successfully
identifies O. cumana, O. cernua, O. crenata, O. minor, O. hederae, and O. foetida;
P. ramosa, and P. aegyptiaca can be differentiated from other species but not from
each other. Tested on 50 seed lots, obtained results perfectly matched identifications
performed by sequencing. Through the analysis of common seed lots by different
analysts, the reproducibility of the assay was evaluated at 90%. Despite an original
sample preparation process it was not possible to extract enough DNA from some
seeds (10% of the samples). The described assay fulfills its objectives and allows an
accurate identification of the targeted broomrape species. It can be used to identify
contaminants in commercial seed lots or for any other purpose. The assay might be
extended to vegetative material.

Keywords: Orobanche, Phelipanche, parasitic weed, molecular diagnosis, HRM, trnL, rbcL

INTRODUCTION

Broomrapes (Orobanche and Phelipanche spp.) are angiosperms in the Orobanchaceae which have
evolved into obligate root holoparasitic plants (Joel, 2009). Devoid of leaves, of chlorophyll as well
as of functional roots, they entirely depend on their host for nutritional requirements (Westwood,
2013). One single broomrape plant can produce hundreds of thousands of extremely small seeds,
between 200 and 300 µm, each weighing around 5 µg and composed of only 200 to 300 cells (Joel,
1987). They are easily dispersed mainly by wind and water, and remain viable in the soils for many
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years until their germination is triggered chemically by exudates
released in the soil by the roots of potential host plants (Lopez-
Granados and Garcia-Torres, 1996, 1999). At the vicinity of host
roots, germinated seeds develop a haustorium that penetrates
host tissues and establish a connection with its vascular tissues.
This connection will constitute the source of the parasite for water
and nutrients. Some species in the Orobanche and Phelipanche
genera, the weedy broomrapes, are able to infect a large range
of plant species, including many important crops. In severe
cases, infection of the host plant can lead in reduction of
crop yields up 100%. This makes broomrapes one of the most
devastating parasitic weeds in the Mediterranean and western
Asian regions but also in many other parts of the world (Parker,
2009). Thus, among these noxious parasitic species are the closely
related Phelipanche ramosa L. and P. aegyptiaca Pers. (synonym
Orobanche ramosa and O. aegyptiaca) (Joel, 2009), O. cumana
Wallr., O. cernua Loefl., O. crenata Forsk., O. foetida Poir.,
and O. minor Sm., while O. hederae Vaucher ex Duby has no
agronomical impact but is extremely common.

Strategies to control parasitic weeds can be classified in
chemical, cultural, physical, and biological control methods
(Fernández-Aparicio et al., 2016). Among them, breeding for
crop resistance seems to be the best approach to manage this
issue. However, sources of resistance to most parasitic plants
are either scarce or of complex nature (Perez-De-Luque et al.,
2009). Despite these difficulties, significant success has been
made on some crops. All these approaches allow a control of
the parasitic population or permit resistant crops to grow and
yield on infested soils, however, the eradication of parasitic
weeds remains extremely difficult. Considering that one major
mean of field contamination is through contaminated crop seed
lots, preventive measures have to be taken to avoid spreading
parasite seeds, especially through global scale seed exchanges.
This requires to detect efficiently the possible contaminations
of crop seeds lots by broomrape seed (Dongo et al., 2012).
Visual detection of broomrape seeds in crop seed lots is
conducted by sieving and observation of the obtained residues.
Characterization of broomrape seeds at the species level in
contaminated crop seed lots is important giving the differential
host ranges among broomrape weed species and the capacity of
some broomrape weeds to thrive in non-parasitic weed species.
However, due to their nuanced microscopic morphological
features, this identification is extremely difficult and can only
can be performed by high qualified specialists (Abu Sbaih
and Jury, 1994; Plaza et al., 2004). Molecular tools have been
developed to detect and identify broomrape species from soil
and crop seed batches. Random amplified polymorphic DNA
technique (RAPD) allowed the differentiation between species
such as P. aegyptiaca, P. ramosa, O. cernua, O. cumana, and
O. crenata (Katzir et al., 1996; Paran et al., 1997). This technique
was even used on single seeds (Portnoy et al., 1997), however,
the main drawback of RAPDs is their low reproducibility
(Harris, 1999). Intersimple sequence repeats (ISSR) were latter
used to discriminate closely related species such as O. cumana
and O. cernua (Benharrat et al., 2002). A TaqMan assay was
developed on internal transcribed spacers (ITS) with the aim
of detecting and quantifying P. ramosa and O. cumana seeds

in oilseed rape and sunflower seed lots, respectively (Dongo
et al., 2012). Microsatellites were also developed to investigate
intraspecific variations in O. cumana (Pineda-Martos et al.,
2014). Due to its monoparental inheritance, plastid genome
has a low intraspecific variability and seems to be an adequate
target for species identification. In the case of Orobanche genus,
a particular attention was paid to the pseudogene rbcL which
showed important sequence divergences among species due to
an evolution under purifying selection (Wolfe and dePamphilis,
1997; Benharrat et al., 2000; Manen et al., 2004). Recently, full
broomrape plastid genome sequence was made available (Wicke
et al., 2013; Cusimano and Wicke, 2015) providing new molecular
markers for species identification.

High resolution melting (HRM) is a technique based on
the real-time measure of double stranded DNA denaturation
at a high resolution. It is suitable for gene scanning and
genotyping (Gori et al., 2012) and allows the detection of genetic
variations such as single nucleotide polymorphisms (SNP),
mutations (Toi and Dwyer, 2008), or methylation (Wojdacz
and Dobrovic, 2007). Used on PCR products during a post-
PCR denaturation, it requires no tube opening, purification,
or product separation. With a minimum manipulation, HRM
minimizes the contamination risk, it is cost efficient, suitable for
high-throughput, and can be performed in-house by laboratories
with no sequencing facility (Reed et al., 2007). This technique
has been extensively used on human tissues (Krypuy et al.,
2007; Takano et al., 2008), for clinical or phytopathological
diagnostic and food analysis (Druml and Cichna-Markl, 2014).
It is increasingly used on plant tissues for species and cultivar
differentiation (Mackay et al., 2008; Jaakola et al., 2010) or
genotyping (Lochlainn et al., 2011).

The objective of this study is to combine the knowledge
recently obtained on plastid genome and the HRM technique
to develop a new application allowing the differentiation of
the seven most noxious and common broomrape weed species
(P. aegyptiaca, O. cernua, O. crenata, O. cumana, O. foetida,
O. minor, and P. ramosa) and the widely distributed O. hederae
species from a single seed. This new application should provide
to laboratories, involved in seed certification, a decision-making
tool to evaluate crop seed lots potentially contaminated by
noxious broomrape species.

MATERIALS AND METHODS

Plant Material
Broomrape seeds (P. aegyptiaca, O. cernua, O. crenata, O.
cumana, O. foetida, O. hederae, O. minor, and P. ramosa) were
either obtained from international collections or collected during
field sampling by GEVES, Syngenta, Terres Inovia, or University
of Nantes. Available data concerning the tested seed lots are
summarized in Table 1.

Single Seed Grinding Procedure and
DNA Extraction
One of the technical challenges associated with the development
of an assay aiming to characterize broomrape single seeds
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is the ability to obtain enough DNA from seeds weighing
an average of 5 µg in a reproducible manner. To this end,
each seed was crushed between two microscopy glass slides
in presence of 2 µl of ultrapure water and seed tissues
were then collected in a microtube. In order to maximize
the amount of collected DNA, the slides were rinsed with
400 µl of PL1 extraction buffer (Macherey–Nagel) and the
rinse collected in the microtube. Total DNA extraction was
then performed using the NucleoSpin R© Plant II commercial
kit (Macherey–Nagel) following the manufacturer’s instructions
(filtration columns were not used). A control of the quantity and
quality of the extracted DNA was performed using a NanoVueTM

Spectrophotometer (GE Healthcare).

Sequencing
Thanks to previous studies on plastid genome sequences in
broomrapes (Wicke et al., 2013; unpublished results), sequences
corresponding to eight plastid genes (rbcL, rps7, rps11, rpl36,
rpl16, trnQ, trnL, and rrn23) and one nuclear region (ITS) were
obtained for the eight studied species. Sequences were aligned
using the default alignment algorithm of Geneious v5.6.4. Two
markers showing significant sequence divergence among the
eight species were selected for subsequent HRM experiments:
trnL and rbcL.

To design HRM primers and to control the identification
of the species, pseudogenes trnL and rbcL were amplified and
sequenced, respectively, using the primers (i) trnL C (F) and
trnL HRM R, (ii) 1F and 1352R (Table 2). Amplification was
performed on 5 µl of single seed total DNA extract, by 1 U of
AmpliTaq Gold R© (Life Technologies), in a total volume of 40 µl
at the final concentration of 1X of the appropriate Buffer II,
0.3 µM of each primer, 1.5 mM of MgCl2, and 0.2 mM of dNTP.
PCR conditions were adjusted as follow, an initial denaturation
of 10 min at 95◦C, 40 cycles of 30 s at 95◦C, 15 s at 58◦C, and
1 min at 72◦C, and a final extension of 10 min at 72◦C. After
migration in a 1.5% agarose gel at 180 V for 45 min and ethidium
bromide staining, PCR products were visualized under UV light.
Purification and sequencing of the PCR products was provided
by Genoscreen.

Primer Design
Obtained sequences were aligned using the default alignment
algorithm of Geneious v5.6.4 (some alignments are provided
as Supplementary Images 1 and 2). Conserved regions and
potential markers were identified visually. To achieve HRM
identification of the species, primers surrounding the selected
markers were designed using primer 31 with an estimated melting
temperature of 60◦C (Table 2). According to the tested species,
the designed primers surround fragments of 315–463 bp for trnL
and 345–389 bp for rbcL.

High Resolution Melting Analysis
HRM reactions were performed on 5 µl of single seed DNA
extract, in a total volume of 20 µl, using the MeltDoctor Master
mix (Life technologies) on a StepOnePlus instrument (Applied

1http://primer3.ut.ee/
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TABLE 2 | Primers used for amplification, sequencing, and HRM.

Target Name Sequence (5′–3′) Source Purpose

trnL trnL C (F) CGAAATCGGTAGACGCTACG Taberlet et al., 1991 PCR and sequencing

trnL HRM R GGGGATAGAGGGACTTGAACC

rbcL 1F ATGTCACCACAAACAGAAAC Manen et al., 2004 PCR and sequencing

1352R CAGCAACTAGTTCAGGRCTCC

trnL trnL-Z1-F CGGTAGACGCTACGGACTTA This study HRM

trnL-Lg-2R ATGGGACTCTATCTTTATTCTC

rbcL rbcL-lg-1-F AACCTGAAGTTCCGCCTGAA This study HRM

rbcL-Z2-R AGTACATCCCAACAGGGGAC

Biosystems) following the manufacturers recommendations.
TrnL pseudogene was amplified using the primers trnL-Z1-F and
trnL-lg-2R at the final concentration of 0.2 µM, rbcL by the
primers rbcL-lg-1-F and rbcL-Z2-R at the final concentration of
0.15 µM (Table 2). PCR conditions were adjusted as follow, an
initial denaturation of 10 min at 95◦C, 45 cycles of 15 s at 95◦C,
and 1 min at 60◦C, a complete denaturation of 10 s at 95◦C, 1 min
at 60◦C, and a continuous melt rising from 60 to 90◦C with 0.3%
temperature increment every 15 s.

Each extract was run in duplicate, in the presence of the usual
positive, negative and process controls and in the presence of
reference materials used for HRM profiles analysis. One reference
material is required for each HRM profile. These reference
materials were previously prepared by extraction of identified
seeds using the described protocol and control of the species by
sequencing.

Considering the real-time amplification results, only the
samples providing cycle threshold (Ct) values below 35 were
considered for HRM results analysis. Analysis of the melting
profiles was performed using High Resolution Melt Software v3.0
(Applied Biosystems).

RESULTS

DNA Extraction from Single Seeds
A simple methodology was developed to crush individual seeds
between two microscopy glass slides and extract total DNA from
this crushed material. For the 50 seed lots tested (Table 1),
extractions and amplifications were performed separately from
two single seeds. DNA concentration of the obtained extracts was
too low to be measured using a Nanovolume spectrophotometer.
For seed lots number 22, 29, 30, and 37, only one of the extracts
allowed a proper amplification. For lots number 7, 12, 15, 31, and
33, respectively, harvested in 2013, 2011, 2014, 1994, and 1987,
it was not possible to obtain any amplification. For these five last
seed lots, single seed extraction was performed on two more seeds
with the similar results. The failure of these seed batches was not
species-specific associated. The viability of the different seed lots
was not assessed.

Species Identification
For the selected markers trnL and rbcL, respectively, 9 and
11 primer pairs were designed and evaluated for their ability

to provide a suitable assay. Results obtained with the best
primers are reported. HRM primers were first selected according
to their ability to differentiate the eight target species by
providing distinct HRM profiles. Discrimination between species
was possible because of sequence divergences (SNP and indel)
between the amplicons. Targeted species show five different
profiles when considering the high resolution melt curves of
the trnL PCR product (Figure 1A). O. cumana, O. cernua, and
O. foetida are easily identified using this HRM marker since
each of these species is the only one associated with a profile
(respectively, red, orange, and yellow). O. crenata, O. minor, and
O. hederae are associated with the blue profile. They can be then
differentiated from other species but not from each other. The
same goes for species P. ramosa and P. aegyptiaca associated
with the green profile. Among the eight species considered, the
rbcL primers amplify only O. crenata, O. minor, and O. hederae.
PCR products obtained from these three species show distinct
and identifiable HRM profiles (respectively, red, blue, and green;
Figure 1A). Considering the obtained results, an identification
key is proposed to facilitate the analysis of the results (Table 3).

The second primers selection criterion was the consistency
of the profiles between lots belonging to the same species.
Amplification and HRM were performed on single seed DNA
extracts obtained from the 37 (out of 50) available seed lots
belonging to the eight targeted species (Table 1). Figure 1B
presents the aspect of the obtained melting curve for the trnL and
rbcL PCR products. Considering raw (not shown) or derivated
melt curves, profiles obtained from samples of identical species
show some variability. However, for identical profiles, when
considering the aligned melt curves of both trnL and rbcL,
the highest relative standard deviation of measured melting
temperatures is 3.3%. The different profiles presented above are
consistently reproduced between samples of identical species.

Specificity of the Assay
Besides the ability of HRM primers to discriminate among weedy
broomrape species, both trnL and rbcL primer pairs amplified
single seed DNA extracts obtained from additional 13 seed lots
initially identified based on morphological characteristics of adult
plant as belonging to eight wild Orobanche species and three
wild Phelipanche species (Table 1; Figure 1C). Among the 11
wild species, nine showed original non-identified profiles (NI)
which could be easily distinguished from the profiles of the
weedy species. Samples 38 and 39, respectively, declared in
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FIGURE 1 | High resolution melting (HRM) analysis of broomrape single seeds for the markers trnL and rbcL. (A) Ability of the assay to differentiate the
targeted species as different profiles (i) trnL marker: red = Orobanche cumana; orange = O. cernua; blue = O. crenata, O. minor, or O. hederae; green = ramosae
clade; yellow = O. foetida; (ii) rbcL marker: red = O. crenata; blue = O. minor; green = O. hederae. (B) Consistency of the profiles between samples of a same
species. (C) Specificity of the assay, curves in black correspond to the targeted species, while curves in gray correspond to other tested species. Derivate, aligned
melting curves, and difference plots correspond to three representations of the same data: aligned melting curves have been normalized by eliminating fluorescence
variance out of the melt regions; difference plots are achieved by subtracting the normalized fluorescence data of a user-defined genotype from that of each of the
other samples in the HRM analysis.
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collection records as P. purpurea and O. flava were identified as
O. hederae by HRM analysis. Samples 49 and 50 initially declared
in collection records as P. mutelii show the same trnL profile than
P. ramosa and P. aegyptiaca.

To control the identification made by HRM, sequencing
of the pseudogenes trnL and rbcL was performed on all the
analyzed DNA extracts. Sequences were submitted to GenBank
and are available with accession numbers KX539159–KX539172.
Comparison of the HRM and sequencing interpretations is
presented in Table 1. Concerning the targeted species, results
show a 100% match between interpretations obtained using
both techniques. Furthermore, all the samples identified as
non-target by sequencing are designated as non-identifiable by
HRM. It is interesting to note that identifications performed by
sequencing are not always consistent with primary identification
based on visual criteria. For samples 38 and 39 visually
identified as O. purpurea and O. flava, HRM identifications as
O. hederae are consistent with sequencing results, suggesting
that the HRM identification is correct and that the initial
morphological identification failed. Sequencing confirmed the
visual identity of the samples 49 and 50 as P. mutelii. HRM
profile common to P. ramosa and P. aegyptiaca is therefore
not specific to these two species but also includes close
species.

Reproducibility of the Assay
The HRM profiles obtained with the trnL and rbcL primers can be
considered as complex. Furthermore, reading a melting profile is
performed by an analyst and is somehow subjective. To question
the transferability of the technique, 20 seed lots have been
analyzed by three analysts in two different laboratories (GEVES
and Terres Inovia). Each analyst performed the experiment on
one single seed of each seed lot. Obtained results are shown
in Table 4. For 7 out of the 20 seed lots tested, at least
one extraction did not allow the amplification. When DNA
was properly extracted and amplified, obtained results were in
accordance except in the cases of lots 13 and 16. In one case out
of three, profiles associated with these seed lots of ramosae had
the correct aspect but a different melting temperature and were
noted as non-identified. These differences of melting temperature

TABLE 3 | Correspondence between HRM profiles obtained using the trnL
and rbcL markers and broomrape species.

trnL rbcL Species

Red NA O. cumana

Orange NA O. cernua

Blue Red O. crenata

Blue Blue O. minor

Blue Green O. hederae

Green NA ramosae clade

Yellow NA O. foetida

NI NA or NI Unkn

NA NA or NI Unkn

NA, not amplified; NI, not identified; Unkn, unknown.

were consistently reproduced, however, sequencing of trnL PCR
products showed no difference of sequence between these extracts
and others. Excluding the failure of proper DNA extraction
on some seeds, the reproducibility of the assay (defined as the
percentage of agreements between two identifications performed
on a same seed lot) is of 90.9%.

DISCUSSION

Seed producers may face contaminations of their crop seed lots
by seeds of noxious broomrapes. In case of trading, they require
international seed lot certificates provided by official seed testing
stations. This is mainly carried out through analysis of specific
purity of seed lots. However, if this analysis can identify seed lots
containing broomrape seeds, it cannot allow a clear identification
of the parasite species. Indeed, broomrape species identification
can be achieved thanks to seed coat morphological features
observed under microscopy (Joel, 1987; Abu Sbaih and Jury,
1994), but this approach is extremely difficult even for trained
botanists and requires an extensive expertise usually not available
in most laboratories. Molecular markers such as ITS, ISSR, plastid
genes, or RAPD were developed for identification of broomrape
species, but all required large amount of seeds incompatible with
an isolation of few seeds from a specific purity analysis. Thus,
protocols allowing DNA extraction from broomrape single seed

TABLE 4 | Data of reproducibility generated by three analysts on 20 seed
lots, each analyst analyzing one single seed of each lot.

Seed lot
number

Analyst Rep.

1 2 3

1 ramosae clade ramosae clade ramosae clade 3/3

2 ramosae clade ramosae clade ramosae clade 3/3

3 ramosae clade NI ramosae clade 1/3

4 ramosae clade ramosae clade ramosae clade 3/3

6 NI ramosae clade ramosae clade 1/3

11 ramosae clade ramosae clade ramosae clade 3/3

13 O. cumana NA O. cumana 1/1

15 NA NA O. cumana 0/0

18 O. cernua NA O. cernua 1/1

20 O. foetida O. foetida O. foetida 3/3

21 O. foetida O. foetida O. foetida 3/3

24 O. minor O. minor O. minor 3/3

29 O. crenata O. crenata O. crenata 3/3

32 O. crenata O. crenata NA 1/1

35 O. hederae O. hederae O. hederae 3/3

37 O. hederae NA O. hederae 1/1

38 O. hederae O. hederae O. hederae 3/3

44 NI NI NI 3/3

46 NA NI NA 0/0

48 NI NI NA 1/1

90.9%

NA, not amplified; NI, not identified; Rep, reproducibility defined as the percentage
of agreements between two identifications performed on a same seed lot (absence
of amplifications have been excluded of the calculation).
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were developed (Portnoy et al., 1997; Osterbauer and Rehms,
2002) and used with RAPD markers (Katzir et al., 1996). Seeds
of five different species could be identified using these methods:
P. aegyptiaca, P. ramosa, O. cernua, O. cumana, and O. crenata.

The protocol developed in this study is the first work
describing the application of HRM curve analysis for
differentiation of broomrape species. Compared to previous
technologies, the proposed protocol and markers allow to extend
the identification spectrum since it was able to differentiate
between eight species, the five above mentioned plus O. foetida,
O. hederae, and O. minor. The sequences of the root parasitic
plants used in this study present variation generating divergences
in the HRM patterns. Deletions, insertions, and several SNPs are
responsible for the differences in the observed melting curves
between the different species amplicons. The two plastid genes,
rbcL, and trnL, have been already used as HRM markers for
identification of plants (Madesis et al., 2012; Osathanunkul et al.,
2015).

By using the HRM technology and by targeting plastid
sequences, it was then possible to develop a simple, reliable, and
cost effective assay to identify the seven main weedy species of
broomrape potentially found in crop seed lots. In addition, it
allows discrimination between these weedy species and 12 species
lacking agronomic interest. The high level of divergence between
species in the targeted sequences provided more complex profiles
than for HRM assays targeting SNP (Toi and Dwyer, 2008) or
microsatellites (Mackay et al., 2008). However, in most cases,
DNA extracted from single seeds allowed a proper amplification
and profiles could be identified by the analyst by comparison with
the reference materials introduced in each experiment. On 45
amplified samples, the assay provided results perfectly matching
with sequencing. The technique was used by several analysts
in two laboratories using different HRM-capable real-time PCR
machine and visual analysis of the HRM profiles. In these
conditions, the technique shows a reproducibility of 90%. This
rate of reproducibility is higher than the one received with RAPD
markers, known to be weakly reproducible when employed in
different laboratories with different PCR apparatus (Jones et al.,
1997). The described assay will make then reliable identification
much easier for any diagnostic or research purpose. It is also a fast
close tube method not requiring post-PCR manipulation such as
DNA gel electrophoresis like in RAPD analysis.

However, the success of the developed assay depends
on the concentration and/or quality of the extracted DNA.
Indeed for some seed lots it was not possible to reach the
minimal concentration and/or quality from some tested seeds
or even from any of the tested seeds. HRM technique also
requires homogenous DNA extract compositions among samples
to compare. Composition may indeed impact the melting
temperature of the amplification products. By extracting DNA
from single seeds, extracts are relatively homogeneous. However,
during the evaluation of the reproducibility, some profiles
showed the expected melting profile but with a different melting

temperature. In a seed lot, heterogeneity of the seeds may
therefore occasionally be an issue for profiles comparison.

Using the identified plastid targets, it was not possible to
differentiate the species of the taxonomically difficult ramosa
aggregate (P. mutelii, P. ramosa, and P. aegyptiaca) referred to
as ramosae clade. Further development of the assay by adding a
third marker could provide the ability to differentiate species in
the ramosa aggregate. If a species identification is necessary after a
ramosae clade or a NI result, the product obtained after the HRM
amplification and denaturation can be used for sequencing as any
regular PCR product.

The development of an assay able to identify broomrape
species from single seeds allows testing of seeds found in
commercial seed lots but also identification of mature plants
from the field. Broomrape seeds are indeed a material easy to
collect and transport, it can be stored at room temperature for
many years. For the identification of plants at early stages (before
the presence of seeds), the assay can be extended to vegetative
material.
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Broomrape (Orobanche and Phelipanche spp.) parasitism is a severe problem in
many crops worldwide, including in the Mediterranean basin. Most of the damage
occurs during the sub-soil developmental stage of the parasite, by the time the
parasite emerges from the ground, damage to the crop has already been done. One
feasible method for sensing early, below-ground parasitism is through physiological
measurements, which provide preliminary indications of slight changes in plant vitality
and productivity. However, a complete physiological field survey is slow, costly and
requires skilled manpower. In recent decades, visible to-shortwave infrared (VIS-SWIR)
hyperspectral tools have exhibited great potential for faster, cheaper, simpler and
non-destructive tracking of physiological changes. The advantage of VIS-SWIR is
even greater when narrow-band signatures are analyzed with an advanced statistical
technique, like a partial least squares regression (PLS-R). The technique can pinpoint
the most physiologically sensitive wavebands across an entire spectrum, even in the
presence of high levels of noise and collinearity. The current study evaluated a method
for early detection of Orobanche cumana parasitism in sunflower that combines plant
physiology, hyperspectral readings and PLS-R. Seeds of susceptible and resistant
O. cumana sunflower varieties were planted in infested (15 mg kg−1 seeds) and
non-infested soil. The plants were examined weekly to detect any physiological or
structural changes; the examinations were accompanied by hyperspectral readings.
During the early stage of the parasitism, significant differences between infected and
non-infected sunflower plants were found in the reflectance of near and shortwave
infrared areas. Physiological measurements revealed no differences between treatments
until O. cumana inflorescences emerged. However, levels of several macro- and
microelements tended to decrease during the early stage of O. cumana parasitism.
Analysis of leaf cross-sections revealed differences in range and in mesophyll structure
as a result of different levels of nutrients in sunflower plants, manifesting the presence
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of O. cumana infections. The findings of an advanced PLS-R analysis emphasized the
correlation between specific reflectance changes in the SWIR range and levels of various
nutrients in sunflower plants. This work demonstrates potential for the early detection of
O. cumana parasitism on sunflower roots using hyperspectral tools.

Keywords: broomrape, early attachment, mesophyll, PLS-R, minerals content

INTRODUCTION

For many years, the underground development of root parasitic
plants has been a mystery for both researchers and farmers.
Broomrape parasitism of host crop roots is generally recognized
only when parasite inflorescences break through the soil surface,
at which point irreversible damage has already been done to the
crop (Mauromicale et al., 2008; Longo et al., 2010). Over time,
we have learned more about the below-ground developmental
stages of parasitic plants (Heide-Jørgensen, 2013) and that the
germination of parasitic seeds is triggered by specific hormonal
signals in the root exudates of host plants (Yoneyama et al.,
2010). After recognition, the parasite seed germinates and the
rootlet grows toward the host’s roots. Finally, the parasite
penetrates the host’s roots and forms a vascular connection with
the host (Yoneyama et al., 2013). The parasite then starts to
exploit the host’s water, mineral and energy resources, slowly
accumulating biomass in preparation for its final stage of above-
ground inflorescence (Westwood, 2013). In general, more severe
infestations will lead to greater crop damage (Grenz et al., 2008).

Several methods have been developed over the years
to reduce damage to sunflower (Helianthus annuus L.)
caused by Orobanche cumana Waller, Sunflower Broomrape
(Orobanchaceae family). Castejon-Munoz et al. (1993) showed
that earlier sowing dates reduces parasite-induced damage to
sunflowers. However, the utility of that method is limited, due
to yield reductions caused by shifting sowing dates earlier into
a period of cooler weather. Another approach for managing
O. cumana parasitism is the development of resistant cultivars.
However, such resistance is temporary and, after several growth
cycles, a new strain of broomrape is usually able to parasitize
the crop (Rubiales et al., 2009). A different approach to parasite
management is the application of low rates of herbicides, which
can reduce parasite damage in many crops (Eizenberg et al.,
2012a; Cochavi et al., 2015). In practice, as the herbicide is
transported from the foliage through the host vessels down to the
parasite’s tubercle, the parasite is injured (Eizenberg et al., 2012a).
In this context, the rate and timing of herbicide applications
to host foliage are crucial for optimal parasite management
(Eizenberg et al., 2006); inaccurate herbicide application can lead
to crop damage caused by the untreated parasite or too high
doses of herbicide.

To predict the timing of the underground development
of O. cumana, a thermal model was constructed (Eizenberg
et al., 2012b). Using this model, a low rate of imazapic (an
acetolactate synthase inhibitor) applied at the tubercle stage of
parasite development provides highly effective control. Despite
the efficacy of this herbicide, the thermal model predicts parasite
development based on uniform spatial distribution of the parasite

in the field, i.e., that essentially all host plants in the field are
infected. Therefore, even non-parasitized plants are sprayed with
herbicide, which can lead to unnecessary herbicide use and crop
injury.

The use of physiological measurements can provide early
evidence of parasite attachment to host roots. The advantage
of physiological measurements lies in their ability to highlight
changes in plant status before those changes become visible
(Levitt, 1980). Nevertheless, to date, substantial broomrape-
related physiological changes have been reported only after
the parasite’s inflorescence has already appeared above ground
level (Barker et al., 1996; Alcántara et al., 2006), at which
point herbicide applications are virtually ineffective in improving
crop yield. Moreover, physiological measurements often require
proficient manpower and intrusive instruments and may prove
to be time- and cost-ineffective, due to biotic and abiotic
variability in the field. A plausible solution to this latter issue
is the use of hyperspectral remote-sensing instruments, which
offer a faster, cheaper and non-destructive way to assess crop
physiology (Mulla, 2013). Specifically, narrow-band visible (VIS,
350–700 nm) to shortwave infrared (SWIR, 1400–1700 nm)
sensors are suitable for this purpose; they are sensitive enough
to monitor slight changes in various biochemical properties
(Blackburn, 2007).

Over the years, variations in numerous physiological
properties have been spectrally monitored with such equipment,
including changes in leaf water balance (Dzikiti et al., 2010),
nutrient status (Menesatti et al., 2010), pigment content
(Garrity et al., 2011), xanthophyll cycle activity and fluorescence
(Rapaport et al., 2015) and more (Mulla, 2013). In the context
of parasites, a previous study found changes in the reflectance
of O. cumana-infected sunflower leaves illuminated by UV light
(Ortiz-Bustos et al., 2016). Researchers found differences in the
reflectance of wavelengths of 680 and 740 nm, which were related
to changes in chlorophyll content and functioning.

Despite the potential advantages of hyperspectral signatures,
narrow-band datasets tend to be highly noisy and therefore
require the use of dimensionality-reduction techniques (Mariotto
et al., 2013). Specifically, since only a few principal wavelengths
of the entire VIS-SWIR spectrum are strongly correlated with
physiological variables, whilst the rest are actually redundant –
negatively affecting the derivation of indices – the use of optimal
wavelength-selection processes is essential (Wold et al., 2001).
This issue can be addressed by employing advanced statistical
techniques, such as the partial least squares regression (PLS-
R) method (Wold et al., 2001). That method was previously
shown to be effective for highlighting the most physiologically
sensitive wavebands and producing reliable spectral models
(e.g., Rapaport et al., 2015). In practice, the PLS-R technique
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can be used to correlate collinear, noisy and distribution-free
datasets, even when the number of predictors greatly exceeds
the number of predictions – making it very suitable for dealing
with hyperspectral signatures. Geladi and Kowalski (1986)
demonstrated the superiority of targeted indices over traditional
and broad-band spectral models.

This study focuses on the relationship between O. cumana
parasitism and the reflectance of the host sunflower leaves.
During the study, susceptible and resistant plants were examined,
in order to evaluate the effect of O. cumana parasitism on
different varieties of sunflowers. Physiological, anatomical, and
chemical measurements of plant foliage were simultaneously
taken. Statistical analysis, using commercially available software,
was then applied to the measurements, to determine whether
correlations exist between specific wavelengths and physiological,
structural, and chemical changes in the leaf.

MATERIALS AND METHODS

Plant Material and Growth Conditions
Sunflower seeds (cv. D. Y. 3, which is O. cumana-susceptible,
and cv. Emek 3, which is O. cumana-resistant; Sha’ar Ha’amakim
Seeds, Sha’ar Ha’amakim, Israel) were sown. The seeds were
planted in 4-L pots filled with infested or non-infested soil (Newe
Ya’ar soil, Chromic Haploxererts, fine clayey, montmorillonitic,
thermic, 55% clay, 25% silt and 20% sand, 2% organic matter and
pH 7.2). Parasitic O. cumana seeds were brought from the Newe
Ya’ar Research Center’s collection. These seeds were collected in
2010 from Havat Gadash, Hahula Valley, Israel. The seeds were
passed through a 300-mesh sieve and stored in the dark at 4◦C.
A germination test was performed under standard conditions at
25◦C, with germination stimulated by the synthetic stimulant
GR-24 (Yoneyama et al., 2013), which is commonly used for
broomrape germination tests. The GR-24 was applied at a rate
of 10 mg kg−1 after 12 days of pre-conditioning, resulting in
a germination rate of 84%. Parasite seeds were mixed into the
soil using a 50 L cement mixer, creating a concentration of
15 mg kg−1. Over the course of the experiment, soil temperature
was monitored using temperature data-loggers (UA-001-08 data
logger, Onset, Co., Bourne, MA, United States) buried at a depth
of 10 cm. The parasite’s below-ground attachment was estimated
using the thermal model developed by Eizenberg et al. (2012b).
Over the course of the experiment, parasite development was
also monitored visually by selecting pots, gently removing soil
from the sunflower plants, washing their roots and examining
any parasite development, as described by Eizenberg et al. (2006).
Measurements were conducted as follows: the first measurements
after two true leaves developed [23 days after planting (DAP)]; the
second measurements after O. cumana tubercles were established
on the host roots (31 DAP); the third measurement after 63%
of O. cumana tubercles were established on the host roots (36
DAP); and the last measurement after O. cumana inflorescences
emerged above the ground level (51 DAP). Pots were opened in
order to validateO. cumana development according to the model.
Each treatment contained 23 pots, with eight used for each of the
measurements.

Plants were grown in a semi-controlled greenhouse
(Midreshet Ben-Gurion, Ramat Hanegev, Israel) in which
temperatures ranged between 20 and 30◦C, with a radiation
level of 800 µmol photons m−2 s−1 at midday. Plants were
irrigated using 2 l h−1 drippers, for field capacity plus 10% in
order to remove salts from the upper soil level. Run off water
was monitored in order to evaluate the water required by the
plants in the different treatments. Fertilizer (27:10:17 N-P-K)
was applied through the drip-irrigation system at a rate of 1 g
fertilizer/500 L water. Fertilizer application began 14 DAP, after
the sunflower plants had begun to develop true leaves.

Spectral Measurements
Adaxial hyperspectral radiance was measured with a Pro-FR
Field Spectrometer (Analytical Spectral Devices, Inc., Boulder,
CO, United States) coupled to an 1800-12S Integrating Sphere
(Li-Cor, Inc., Lincoln, NE, United States). The signatures were
collected within the 350–2500 nm spectrum at a resolution
of 1 nm and were normalized into reflectance units by
frequently taking supplementary readings of BaSO4 tablets.
Measurements were taken from the youngest fully matured leaf,
three measurements from each leaf and total of eight replicates,
at midday. During the same period, physiological measurements
were taken under clear, cloudless skies.

Physiological Measurements
Physiological measurements were taken starting after the
formation of two true leaves (23 DAP); each of the measurements
included eight replicates. All measurements were taken from the
youngest fully matured leaf. Photosynthesis and transpiration
rate, stomatal conductance, and vapor pressure deficit (VPD)
were measured with a portable infra-red gas analyzer (IRGA)
system (Li-6400, Li-Cor, Lincoln, NB, United States). Non-
photochemical quenching (NPQ) was calculated based on the
maximal fluorescence of the youngest fully matured leaf in the
light (Fm

′) and dark-adapted (Fm, 30 min adaptation time) as
shown in Eq. (1):

Fm − Fm′

Fm′
(1)

(Bilger and Bjorkman, 1990), using a Mini-PAM I (Walz,
Effeltrich, Germany) photosynthesis yield analyzer. Relative
water content was measured according to Smart and Bingham
(1974); for each measurement, the youngest fully matured
leaves were taken from four plants from each treatment.
Chlorophyll content was measured as described by Bruinsma
(1963): chlorophyll was extracted from leaf disks by soaking
the disks overnight in dimethyl sulfoxide (DMSO), followed
by spectrophotometer absorption measurements at wavelengths
of 665 and 649 for chlorophyll a and b content evaluations,
respectively.

Determination of Leaf Mineral Content
After physiological measurements were taken, the youngest
fully matured leaf samples were taken for mineral analysis
and oven-dried for 48 h in 65◦C. Carbon, nitrogen, and
hydrogen levels were measured using a FLASH 2000 CHNS/O

Frontiers in Plant Science | www.frontiersin.org June 2017 | Volume 8 | Article 90933

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00909 June 3, 2017 Time: 15:30 # 4

Cochavi et al. Spectral Detection in O. cumana

FIGURE 1 | Spectral signature of reflectance of non-infested (—) and infested (—) susceptible sunflower leaves. (A) Measurements taken at 23 days after planting
(DAP), before Orobanche cumana tubercles became established; (B) 31 DAP, first attachment of O. cumana; (C) 36 DAP, 63% of all O. cumana attachments were
established on the sunflower roots; (D) 51 DAP, O. cumana inflorescences emerged. (E) Resistance cultivar 36 days after planting. Lines represent means of eight
plants; three measurements were made on each plant.
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FIGURE 2 | Leaf reflectance of specific wavelengths in susceptible cultivar 23,
31, 36, and 51 DAP in addition to the reflectance of the resistant cultivar 36
DAP. (A) Average reflectance in the far-NIR (800–1300 nm) and (B) SWIR
(1450 nm range). O. cumana attachments first observed at 31 DAP. There
were eight replicates for each treatment. Bars refer to SE of the mean and
asterisks indicate significant differences between treatments (0.05 ≥ α).

Analyzer (Thermo Fisher Scientific, Waltham, MA, United
States). Additional mineral measurements were taken using
Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES, Varian 720 ES, Agilent Technologies, Santa Clara,
CA, United States). Dry plant material was extracted by
overnight ash in a 470◦C oven, followed by an extraction using
nitric acid. Samples were diluted with double-distilled water
before measurements were taken. At each time point, mineral

measurements involving five replications per treatment were
taken.

Anatomic Analysis
Leaf tissue sections were taken from all treatments (susceptible
and resistance cultivar, infected and non-infected plants) from
the youngest fully matured leaf. Samples were taken from the
widest part of the leaf without the central vein. Cross-sections
were prepared as described by Rewald et al. (2012) and Rapaport
et al. (2014). Digital images of the cross-sections were then
taken with an Axio Imager A1 Light Microscope (Carl Zeiss
Microscopy, Inc., TH, Germany) and 6 × 100 magnification
images were produced using its AxioVision 4.6.3 software. Cross-
sections were analyzed using Digimizer software (version 4.5.2,
MedCalc Software, Ostend, Belgium). Measured parameters
included tissue width and air space capacity. Air-space volume
was defined as the proportion of the air spaces of the total
leaf area. To evaluate air-space capacity in a uniform manner,
analyzed leaf sections were chosen specifically for minimal
presence of leaf vessels within a fixed area (300 µm × 300 µm
square).

Statistical Analysis
The experiment was utilized a random design with eight
replications and analyzed using one-way ANOVA. Means were
compared with Tukey’s HSD test, using JMP software (vers.
7, SAS, Inc., Cary, NC, United States). Correlations between
physiological measurements and specific wavelength changes
were calculated using PLS-R (PLS_Toolbox 7.03 software,
Eigenvector Research, Inc., Manson, WA, United States) run in
a MATLAB 7.12 environment (Mathworks, Inc., Natick, MA,
United States), as explained in Rapaport et al. (2015). In short,
(1) the independent (wavelengths) and dependent (physiology)
variables were mean-centered during the pre-processing stage;
(2) a PLS-R model was then built, and the contribution of
all wavelengths was assessed using the variable importance in
projection (VIP) statistic; (3) uncorrelated wavebands were then
iteratively removed, to improve the model’s accuracy; and (4)

TABLE 1 | Physiological measurements of infected and non-infected susceptible sunflower plants.

Treatment/DAP 23 31 36 51

Carbon assimilation (µmol m−2 s−1) Control 11.29 ± 0.66 12.20 ± 0.74 14.53 ± 0.80 11.74 ± 1.94

O. cumana infected 13.22 ± 0.84 11.27 ± 1.05 10.86 ± 1.48 9.76 ± 1.30

Stomatal conductance (mol m−2 s−1) Control 0.40 ± 0.02 0.30 ± 0.02 0.41 ± 0.04 0.24 ± 0.06

O. cumana infected 0.37 ± 0.04 0.23 ± 0.02 0.29 ± 0.06 0.19 ± 0.03

Transpiration (mmol m−2 s−1) Control 6.74 ± 0.21 4.79 ± 0.34 6.56 ± 0.46 4.12 ± 1.00

O. cumana infected 6.28 ± 0.40 3.8 ± 0.30 4.78 ± 0.76 3.38 ± 0.46

Non-photochemical quenching Control 2.46 ± 0.22 2.32 ± 0.17 2.72 ± 0.26 2.16 ± 0.15

O. cumana infected 2.12 ± 0.16 2.52 ± 0.86 2.63 ± 0.39 2.32 ± 0.20

Relative water content (%) Control 75.61 ± 2.42 79.35 ± 5.01 86.84 ± 7.50 92.67 ± 3.83

O. cumana infected 72.79 ± 1.41 79.31 ± 1.07 85.44 ± 4.30 91.33 ± 2.12

Chlorophyll content (mg l−1) Control 0.03 ± 0.002 0.04 ± 0.004 0.04 ± 0.003 0.04 ± 0.002

O. cumana infected 0.03 ± 0.001 0.04 ± 0.002 0.04 ± 0.001 0.03 ± 0.001

Orobanche cumana tubercles appear first in measurements done 31 DAP. Carbon assimilation, stomatal conductance, transpiration, and non-photochemical quenching
include eight replications; relative water content, and chlorophyll content include four replications. Means comparison was done using one -way analysis of variance with
Student’s t-test (α < 0.05). The result represents the mean ± SE.
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FIGURE 3 | (A) Carbon, (B) hydrogen, and (C) nitrogen content (% of total
dry weight) of leaves in control (continuous line) and in O. cumana-infected
(dashed line) susceptible sunflower plants. O. cumana infections appeared on
plant roots 31 DAP. There were five replicates of each measurement. Bars
represent standard errors of mean.

once no more areas for improvement were found, the robustness
of the best model and of the most physiologically sensitive were
assessed by considering the latent variable (LV) amount and the
ability to explain the variation in the datasets. All the parameters
were tested twice, once separately (physiological separately,
minerals content, and anatomic cross-section separately) and
after that in one experiment. Therefore only the second
experiment is presented.

RESULTS

Spectral Measurements
The spectral signatures of the susceptible sunflower leaves
indicated that O. cumana parasitism mainly affects reflectance
in the far-NIR and SWIR wavebands. The first measurement
was taken at 23 DAP and, at that time, no differences were seen
between infested and non-infested pots (Figure 1A). At the next

measurement (31 DAP), after O. cumana attachment appear on
the host roots, differences in the reflectance between infected
and uninfected susceptible plants were noted. These differences
were pronounced in the far-NIR waveband, between 800 and
1300 nm. The reflectance level of the leaves of sunflower plants
infected with O. cumana was found to be 1% lower in that
range. Additional differences were found in the 1400–1500 nm
range, wherein the reflectance of plants infected with O. cumana
decreased by 1.5% (Figure 1B). The next measurement (36
DAP) conducted after 63% of the tubercle appear on the host
roots according to the model, the reflectance differences between
treatments were greater in the far-NIR range, but not in the SWIR
range (∼2% between treatments; Figure 1C). Furthermore, after
the emergence of O. cumana inflorescences, the gap between
treatments in the NIR area remained the same as they had been
during the earlier measurements (Figure 1D).

During the experiment, no O. cumana development on
the resistant cultivar roots was observed. Examination of the
reflectance of the leaves of plants of the resistant cultivar revealed
no differences between treatments throughout the experiment
(i.e., whether in infested and non-infested soil) (Figure 1E).
Statistical analysis indicated that the differences in the far-NIR
and SWIR areas after O. cumana attachment are significant
(Figure 2).

Physiological Measurements
Physiological measurements taken over the course of the
experiment indicated no significant differences at the early
attachment stage. No statistically significant differences were
observed in the carbon assimilation, stomatal conductance,
and transpiration rate of the parasitized plants compared with
those of the control plants at any of the stages of parasite
development (23–51 DAP). NPQ measurements also revealed
no differences over the course of the experiment. Relative water
content was similar in the infected and non-infected plants.
Chlorophyll content did not show any significant differences
until the O. cumana inflorescences emerged (Table 1). During
the experiment, no physiological differences were found in the
resistant cultivar between infested and non-infested pots.

Mineral Evaluations
Evaluations of leaf mineral content revealed differences in carbon
and hydrogen values. Mineral contents were higher in the
infected plants, as compared to the non-infected ones (Figure 3).
However, no consistent pattern of differences in nitrogen content
was observed among the different treatments.

The levels of other minerals were measured using ICP
technology. Significant differences were found in the levels of
the macro-elements potassium, phosphorus, magnesium, and
sulfur between the infected and non-infected plants during
the early stage of parasite development (Figures 4A–D). By
contrast, the calcium content did not vary between the treatments
(data not shown). Differences were noted in the levels of the
microelements zinc and boron (Figures 4E,F, respectively). For
all of these elements, the differences were more pronounced at
the early attachment stage (starting at 31 DAP). The levels of
other elements such as chlorine, sodium, iron and manganese
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FIGURE 4 | (A) Phosphorus, (B) potassium, (C) magnesium, (D) sulfur, (E) zinc, and (F) boron content (mg kg−1) of leaves of control (—) and O. cumana-infected
(—) susceptible sunflower plants. O. cumana infections were first observed on plant roots 31 DAP. There were five replicates of each measurement. Bars represent
standard errors of mean.

remained similar between treatments, and changed only after the
emergence of the parasite (data not shown). No mineral content
differences were found in the resistant cultivar between infested
and non-infested pots at any time during the experiment.

Anatomical Analysis of Leaf
Cross-Sections
On the first sampling date, no differences were found
between the leaves of the control sunflower plants and

those infected with O. cumana. In both treatments, relative
air-space capacity, in both the spongy and the palisade
mesophyll, was about 40%. However, a short time after the
first O. cumana attachments appeared, differences were noted
between treatments (Figure 5). The relative air-space capacity
in the mesophyll of non-infected plants was about 20% on the
following two sampling dates. By contrast, leaf cross-sections of
O. cumana-infected plants exhibited air space capacity of about
30% (Figure 5B). Among the leaves of the resistant cultivar,
no differences between infected and non-infected plants were
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FIGURE 5 | (A) Sections of the youngest fully mature susceptible (23, 31, and
36 DAP) and resistant (36 DAP) sunflower leaves of control (left) and
O. cumana-infested (right) sunflower plants. O. cumana tubercles were found
starting from 31 DAP; no O. cumana attachment were found on the resistance
cultivar roots. (B) Air spaces in non-infected (—) and O. cumana-infected (—)
sunflower leaves. The relative amount of air space was calculated as the
proportion of the total section area taken up by air space. There were four
replicates for each treatment. Bars indicate standard errors of mean.

observed over the course of the experiment, therefore data not
shown.

PLS-R Analysis
Statistical analysis revealed a strong correlation between the levels
of different nutrients in the leaves and the reflectance of specific

wavelengths (Figure 6 and Table 2). VIP statistics revealed the
shared importance of the wavelengths in both the VIS (primarily
around 675 nm) and SWIR (mainly around 1400–1500 nm)
wavebands. Specifically, element-correlated wavelengths were
found at 685 nm for potassium; 700 and 1400 nm for phosphorus;
690, 1000, and 1450 nm for magnesium (Figure 6A); 670 and
1450 nm for sulfur; and 690 and 1400 nm for boron. However,
zinc-correlated wavelength VIP scores were lower (Figure 6B).

Reflectance at the chosen wavelengths and the relative size of
air spaces in the leaf cross-sections were highly correlated. Before
the parasite attached, no significant differences in relative air-
space capacity were noted between the treatments (Figure 7A).
However, after the attachment of O. cumana to the sunflower
roots, significant differences in air-space capacity were noted
(Figures 7B,C).

DISCUSSION

Over the years, many options have been suggested for the
management of root parasites. The timing for applying herbicides
is crucial; they must be applied when the parasite is in its
early developmental stage underground. However, the spatial
distribution of parasites in the field are not considered
when applying the herbicides. Hence, unnecessary herbicide
applications are common. In this study, a non-destructive
method detecting early parasitism was developed.

Hyperspectral measurements of leaves of infected and non-
infected susceptible sunflower plants revealed that the first
parasite attachments causes changes in the VIS-SWIR reflectance
signature of sunflower leaves. Unlike other stress responses,
which have been found to induce changes in the VIS range
(350–700 nm; Rapaport et al., 2015), no changes in this range
were noted in this study. Nonetheless, changes were detected
in the NIR and SWIR ranges. Thus, the difference in the
reflectance of the different treatments was greater on the
following measurement time-points. These results are somewhat
similar to those of Ortiz-Bustos et al. (2016), who demonstrated
that differences in the leaf fluorescence of O. cumana-infected vs.
non-infected sunflower plants are pronounced at 680 and 740 nm
after UV light induction. By using UV-induced multicolor
fluorescence imaging, the researcher found differences in the
wavebands fluorescence. In this experiment, we measured the
reflectance of a broad spectrum of wavelengths and noted
differences at additional wavelengths in the non-visible light
spectrum. The reflectance difference between treatments are
thought to be related primarily to tissue structure and water
absorption in the leaf (Carter, 1991; Rapaport et al., 2015).

Several physiological measurements were carried out over the
course of this experiment, for early detection of the parasite.
None of the measurements revealed any differences between
treatments in the early stage of the parasitism. This finding is
similar to those of previous studies (Barker et al., 1996; Hibberd
et al., 1998), which demonstrated that the maintenance of plant
functioning during parasite development is essential, due to the
parasite’s need for the energy and sugar produced by the host.
Therefore, a decrease in plant functioning occurs only after the
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FIGURE 6 | Variable importance in projection (VIP) scores of potassium phosphorus and magnesium (A) and sulfur, zinc, and boron (B) content in susceptible
sunflower leaves according to the PLS-R analysis. Values higher than the threshold (>1) indicate a significant contribution of the specific wavelength to the overall
variance.

parasite completes its life cycle. Although Ortiz-Bustos et al.
(2016) reported inconsistent changes in chlorophyll content,
in this study, no changes were seen in chlorophyll content.
Moreover, no differences in the chlorophyll-related waveband
(650–700 nm) were noted between the infected and non-infected
plants.

As an obligate parasite, O. cumana gets all of its essential
nutrients from its host. Furthermore, parasite development
on host plant roots reduces the mineral content of the host
plant (Westwood, 2013). In this experiment, reductions in
the levels of several minerals (including essential macro- and
microelements) were observed. The most significant reduction
in the infected plants was found in levels of potassium, a very
mobile element related to plant osmotic regulation. All of the
other elements examined are known to be mobile or semi-
mobile in the plant and can move rapidly to a strong sink.

Carbon and hydrogen, however, showed an opposite pattern
between treatments during the experiment; their levels increased
(Figure 3). The relative increase in carbohydrate content can
be explained by the increased demand for carbohydrates in
the newly created sink, which leads to higher production of
carbohydrates in the leaves (Nandula et al., 2000). Similar results
were demonstrated in Phelipanche aegyptiaca parasitism of carrot
and tomato (Nandula et al., 2000; Shilo et al., 2016). Another
possible explanation is that a decrease in mineral content in the
tissue leads to relative increases in the carbohydrate content.
The results of this study contradict results of a previous study
concerning the effect of O. cumana parasitism on mineral
concentrations in sunflower leaves. However, that study dealt
with O. cumana only after inflorescence emergence (Alcántara
et al., 2006), while the current work focuses on earlier stages of
the parasitism.
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TABLE 2 | Evaluation of different elements partial least squares regression (PLS-R)
models.

Element Explained
variance (%)

R2 RMSEC Q3-Q1 RPIQ

K 75.18 0.74 54.41 329.10 6.05

P 38.68 0.36 16.61 112.09 6.75

Mg 79.44 0.73 13.85 98.43 7.11

Zn 72.86 0.69 0.07 0.38 5.28

S 63.97 0.52 17.55 103.63 5.90

B 41.9 0.42 0.17 1.03 6.15

Each model was built from 40 observations (five replicates from two treatments
over four time points), and include six latent variables. Q3-Q1, maximal element
range between samples; RPIQ, (Q3-Q1)/RMSEC. Mineral contents are in mg Kg−1.

The most noteworthy change found to be caused by
O. cumana infection was the change in the relative amount of
air space in the leaf mesophyll. This change in the mesophyll
tissue was detected almost exactly at the predicted time for the
first O. cumana attachment, according to Eizenberg et al. (2012b).
Previously, changes in mesophyll tissue have been recorded in
response to salinity stress and water deficit (Delfine et al., 1998;
Rapaport et al., 2015). These studies demonstrated reduction in
the mesophyll content and organization, caused by stress. Even
earlier research demonstrated mesophyll disintegration caused
by osmotic stress (Giles et al., 1974), stress known to induce
abscisic acid metabolism in the plant (Zhu, 2002). Moreover,
plant parasites are known to increase abscisic acid content in the
host plant (Frost et al., 1997). This study demonstrates an instant
relationship between O. cumana attachment and mesophyll
disintegration. The observed damage to the mesophyll tissue
can be explained by changes in mineral availability, primarily
potassium, due to the new sink demands. Potassium deficit, due
to it mobility, can lead to dramatic changes in the mesophyll
structure (Zhao et al., 2001; Battie-Laclau et al., 2014).

Correlation between leaf mineral content and reflectance at
specific wavelengths indicate that the changes in reflectance in
the SWIR range are highly correlated with changes in levels
of potassium, phosphorus, magnesium, and boron in the leaf.
These related changes are known from previous work on mineral
deficits in leaves (Al-Abbas et al., 1972). In addition, the statistical
analysis revealed a high correlation between nutrient content
and reflectance in the 650–750 nm range. However, no changes
in reflectance related to O. cumana parasitism were observed
within this range. The statistical analysis apparently revealed
differences that were underway, but not yet manifested in a
change in reflectance. Also, reflectance within this range is known
to correlate closely with chlorophyll content and fluorescence
(Ercoli et al., 1993) but no differences in chlorophyll content were
noted in this study.

Changes in leaf structure and mesophyll structure, in
particular, are known to be related to changes in far-NIR
(800–1300 nm) reflectance (Johnson et al., 2005; Ollinger, 2011).
Although PLS-R analysis revealed no differences in this area, the
statistical analysis of the reflectance at these wavelengths revealed
developing difference in this area after O. cumana attachment.
The difference in reflectance between theO. cumana-infected and

FIGURE 7 | Correlation between non-infected (—) and O. cumana-infected
(—) air spaces in sunflower leaves and the average spectral reflectance at
800–1300 nm. (A) Before O. cumana attachment (23 DAP); (B) when
O. cumana attachment was first observed (31 DAP); (C) 36 DAP in
susceptible sunflower leaves.

non-infected control plants increased after attachment, from 1%
after attachment to 2.5% after the emergence of the O. cumana
inflorescences. The different treatments had a differential effect
on the correlation between reflectance in the NIR range and
leaf air space only after O. cumana attachment, indicating
that reflectance within this range is indicative of O. cumana
parasitism. Hence, use of these specific wavelengths can lead to
good early detection of O. cumana in sunflower. Moreover, data
from the control samples of resistant cultivar demonstrated that
the presence of parasite seeds in the soil had no effect on leaf
spectral, physiological and mineral content, nor on leaf mesophyll
structure. Furthermore, the use of resistant variety support our
assumption that the differences between the infected and non-
infected sunflower are due to the parasitism and not from other
physiological stresses.
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CONCLUSION

Effective management of O. cumana requires the application
of herbicide at the early stage of parasitism, at which
point no external effects are visible. This study stresses
two points. First, O. cumana causes rapid changes in leaf
nutrient content, which lead to immediate changes in the
structure of the leaf mesophyll of the host. Second, these
changes can be observed using hyperspectral equipment.
Combining the thermal model developed by Eizenberg
et al. (2012b) with hyperspectral imaging should enable
detection of the spatial distribution of the parasite at
an early stage of parasitism. Future work should focus
on how this integrated model can be applied in the
field.
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Fluorescence Imaging in the Red and
Far-Red Region during Growth of
Sunflower Plantlets. Diagnosis of the
Early Infection by the Parasite
Orobanche cumana
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Broomrape, caused by the root holoparasite Orobanche cumana, is the main biotic
constraint to sunflower oil production worldwide. By the time broomrape emerges,
most of the metabolic imbalance has been produced by O. cumana to sunflower
plants. UV-induced multicolor fluorescence imaging (MCFI) provides information on
the fluorescence emitted by chlorophyll (Chl) a of plants in the spectral bands with
peaks near 680 nm (red, F680) and 740 nm (far-red, F740). In this work MCFI was
extensively applied to sunflowers, either healthy or parasitized plants, for the first time.
The distribution of red and far-red fluorescence was analyzed in healthy sunflower grown
in pots under greenhouse conditions. Fluorescence patterns were analyzed across the
leaf surface and throughout the plant by comparing the first four leaf pairs (LPs) between
the second and fifth week of growth. Similar fluorescence patterns, with a delay of 3 or
4 days between them, were obtained for LPs of healthy sunflower, showing that red
and far-red fluorescence varied with the developmental stage of the leaf. The use of
F680 and F740 as indicators of sunflower infection by O. cumana during underground
development stages of the parasite was also evaluated under similar experimental
conditions. Early increases in F680 and F740 as well as decreases in F680/F740 were
detected upon infection by O. cumana. Significant differences between inoculated and
control plants depended on the LP that was considered at any time. Measurements
of Chl contents and final total Chl content supported the results of MCFI, but they
were less sensitive in differentiating healthy from inoculated plants. Sunflower infection
was confirmed by the presence of broomrape nodules in the roots at the end of the
experiment. The potential of MCFI in the red and far-red region for an early detection of
O. cumana infection in sunflower was revealed. This technique might have a particular
interest for early phenotyping in sunflower breeding programs. To our knowledge, this
is the first work where the effect of a parasitic plant in its host is analyzed by means of
fluorescence imaging in the red and far-red spectral regions.

Keywords: broomrape, chlorophyll content, Helianthus annuus L., leaf pair, pre-symptomatic detection
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INTRODUCTION

Orobanche cumana Wallr. is a holoparasitic plant that parasitizes
sunflower (Helianthus annuus L.) and limits crop yield in all
the countries of Southern Europe and areas around the Black
Sea where sunflowers are grown, as well as in North Africa,
Israel, and China (Molinero-Ruiz et al., 2015). On average,
sunflower seed losses caused by O. cumana (broomrape) can
be quantified as being above 50% when susceptible hybrids are
grown, and they frequently reach 100% in heavily infested fields
(Domínguez, 1996; Jestin et al., 2014). Crop yield reductions
due to infection by O. cumana depend on several factors, such
as aggressiveness of the parasite, sunflower genotype, earliness
of broomrape emergence, soil depth and, particularly, the soil
infestation level or seed-bank in the soil (Molinero-Ruiz et al.,
2009; Jestin et al., 2014). Germination of O. cumana seeds in
the soil is stimulated by chemical compounds exuded in the
rhizosphere by surrounding sunflower roots (Joel et al., 2011;
Yoneyama et al., 2011; Raupp and Spring, 2013; Ueno et al.,
2014). The seed produces a radicle that grows toward the host
root, reaches it, and adheres to the host plant. Orobanche spp.
obtain water and inorganic compounds from the host through a
xylem to xylem contact, and, unlike the vast majority of parasitic
plants, they also utilize the carbon fixed by the host plants,
which is transferred through phloem continuity between host
and parasite (Molinero-Ruiz et al., 2015). Penetration of the
intrusive cells into the xylem triggers their division, leading to
the formation of a tubercle, a callus-shaped bulge of parasite
cells outside the root (Molinero-Ruiz et al., 2015). In O. cumana-
sunflower interaction, the utilization of host photoassimilates by
the parasite results in depletion of resources which are necessary
for the growth of sunflower and for the optimal development of
the seeds.

The complete disruption of the host vascular system of
sunflower forced by the parasitism of O. cumana, begins during
the initial weeks of the crop. In fact, and as early as 3 weeks after
inoculation, a decrease in secondary metabolites is observed in
the host upon infection by the parasite (Pérez-Bueno et al., 2014).
After underground development of tubercles parasite stems
emerge aboveground at around flowering-time of sunflower
plants (Melero-Vara and Alonso, 1988). By that time most of
the metabolic imbalance has been produced irreversibly by the
parasite to sunflower. From that moment onward, the impact
of O. cumana on the crop yield is evident through absent or
small sized capitula, their low number and small seeds, and even
plant death (Molinero-Ruiz et al., 2015). Because the parasite
establishes itself in the host plant in underground stages, non-
destructive methods for diagnosing that establishment are greatly
needed. Additionally, diagnosis tools used as early as possible
after plant sowing and parasite infection will have a wide range
of applications in the search for efficient control approaches,
such as genetic resistance or treatments with potential biocontrol
agents.

Multicolor fluorescence imaging (MCFI) is a technique based
on induction of fluorescence emission through UV excitation. It
provides leaf images of the autofluorescence emitted by plants
in four spectral bands peaking at around 440 nm (blue, F440),

520 nm (green, F520), 690 nm (red, F690), and 740 nm (far-
red, F740; Buschmann and Lichtenthaler, 1998; Buschmann et al.,
2000). The first two fluorescence signals (F440 and F520) are
related to secondary metabolites (Harris and Hartley, 1976;
Morales et al., 1996) while the other two (F680 and F740) are
emitted by Chl a (Buschmann et al., 2000). Also of particular
interest are the fluorescence ratios; the red/far-red (F680/F740)
ratio was found to be a good indicator of stress-induced decreases
in Chl content (Hák et al., 1990; Buschmann, 2007). Therefore,
MCFI is considered to be a powerful tool for the research
on plant physiology related to development (Lang et al., 1994;
Cerovic et al., 1999; Subhash et al., 1999). Moreover, this imaging
technique is especially valuable for detecting early symptoms in
leaves as those caused by Tobacco mosaic virus in tobacco plants
(Chaerle et al., 2007) and Pseudomonas syringae in bean plants
(Pérez-Bueno et al., 2015).

On the other hand, the use of Chl meters for quantifying
leaf Chl levels has become common in recent years. Unlike
traditional leaf Chl content estimation techniques consisting
mainly of pigments extraction by organic solvents followed by
in vitro measurements with a spectrophotometer, Chl content
meters allow to asses this leaf parameter in a fast and non-
destructive way. Furthermore, previous studies using Chl meters
have shown that they provide good estimates of leaf Chl content
(Fanizza et al., 1991; Brito et al., 2011). Other useful applications
of Chl meters are the estimation of foliar N concentration (Chang
and Robison, 2003; Liu et al., 2012) and crop disease detection
(Calderón et al., 2014).

The objectives of this study were to: (a) analyze the
distribution of red and far-red fluorescence emission during early
growth stages of healthy sunflower plants, (b) evaluate the use of
fluorescence imaging in the red and far-red region as an indicator
of sunflower infection by O. cumana during underground
development stages of the parasite, and (c) compare fluorescence
imaging in the red and far-red region with measurements of total
leaf Chl content as indicator of early infection by O. cumana.

MATERIALS AND METHODS

Distribution of Red and Far-Red
Fluorescence Emission in Healthy
Sunflower Plantlets
Healthy Plant Material
Four sunflower seeds of the inbred line NR5 were surface-
disinfected by soaking them in 20% household bleach (50 g of
active chlorine per liter) for 5 min, then seeds were rinsed in
deionised water for 5 min and kept in a dark incubator at 25◦C
at saturation humidity until radicles were 2–5 mm long. After
germination, seeds were individually transplanted into small
pots with 250 g of a soil mixture (sand:silt:peat moss 2:1:1, V).
Plants were grown in a glasshouse at 12–22◦C without additional
lighting for 5 weeks and watered as needed. When plants were 2-
weeks-old and once a week for the next 2 weeks of growth, they
were fertilized with 15 ml/pot of a nutrient solution with N:P:K
(7:5:6).
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Multicolor Fluorescence Imaging
Multicolour fluorescence imaging was carried out using an
Open FluorCamFC 800-O and analyzed using the Fluorcam7
software (Photon Systems Instruments, Brno, Czech Republic)
according to Pérez-Bueno et al. (2015). Fluorescence images in
red (F680) and far-red (F740) regions of the spectrum (which
are emitted by chlorophyll a) were acquired sequentially after
excitation with UV light (360 nm). Images corresponding to the
F680/F740 ratio were calculated by the mentioned software. Fully
developed leaf pairs (LPs) were measured from 2 weeks after
transplanting. Thereafter, they were measured twice a week for
3 weeks until the end of the experiment. Measurements were
always taken at the same time of day on attached and unshaded
leaves.

The F680 and F740 emission by the leaf of healthy sunflower
plants was studied by defining three different leaf areas (base,
apex, and a region in the middle of the leaf). In addition, progress
of chlorophyll fluorescence emission on the first four LPs of the
plants was analyzed.

Statistical Analyses
The F680 and F740 emission in leaf areas of healthy sunflower
was analyzed in a completely randomized design. Eight replicates
were considered and one blade of an LP was regarded as a
replicate. Significant differences in the intensity of F680 and
F740 between leaf areas was calculated using analysis of variance
(ANOVA). If significant effects were obtained, Fisher’s protected
LSD tests (P = 0.05) were used as the comparison procedure.
In the case of the time course of the F680 and F740 in LP,
means and standard errors of 8–12 replicates were considered.
Both experiments were repeated twice and ANOVA analysis was
conducted to determine significant differences between the whole
set of data. As no significant differences were found, data were
pooled.

Red and Far-Red Fluorescence
Emission, and Leaf Chl Content in
Sunflower Plantlets upon Inoculation
with O. cumana
Orobanche cumana Inoculation and Sunflower Plant
Growth
Five sunflower seeds (replications) of the inbred line NR5,
which is the differential for race F (Molinero-Ruiz et al.,
2015), were grown in the greenhouse for 5 weeks under the
same conditions as those previously described and used as
controls. In the case of inoculated plants, five NR5 seedlings
were individually transplanted into a soil mixture uniformly
infested with 10 mg of O. cumana seeds of LPA13 population
previously characterized as race F (García-Carneros et al., 2014).
From then on, the experiment was carried out under the
same conditions described in the section on healthy sunflower
plantlets.

At the end of the experiment, sunflower plants were uprooted
and their roots carefully cleaned to remove soil, washed and air-
dried. Nodules of O. cumana in each plant were counted using a
stereo microscope and weighed with a precision balance.

Measurements of the Total Leaf Chlorophyll Content
The total content on Chl was determined by an Chl content meter
(CL-01 Hansatech Instruments, Ltd., Kings Lynn, UK), which
provides a rapid and direct way to determine the relative content
of Chl in leaves. Measurements were taken twice a week, from 2
and until 5 wai, in control and in inoculated plants. In each plant,
one measurement (replicate) was made in the middle of all fully
developed leaves, avoiding the main vein. For each time point,
all LPs were individually analyzed. Between 12 and 20 replicates
(measurements) were considered for each LP.

Spectrophotometric Chlorophyll Quantification
At the end of the experiment (5 wai), and before plants
were uprooted, Chl a and Chl b content were determined
spectrophotometrically for the second, third and fourth LP of
four control and four inoculated plants. Two 1 cm diameter leaf
disks were collected from each LP, weighted and immediately
placed in vials and frozen in liquid nitrogen. Each sample was
ground, the total pigments extracted with 4 ml of a solution of
80% acetone (v/v). The absorbance was measured at 470, 647 and
663 nm with a Shimadzu UV-1800 spectrophotometer (Shimadzu
Corporation, Tokyo, Japan). Total Chl content and the Chl a/b
ratio were calculated according to Lichtenthaler and Buschmann
(2001).

Statistical Analyses
Sunflower plants were inoculated in two experiments which were
set up as a factorial on a completely randomized design. Since
ANOVA analysis did not detect any significant difference of
data between them, the data were pooled. For each time point
and LP, data of MCFI and Chl content included a maximum
of 20 measurements. Sometimes, MCFI measurements were not
taken on completely horizontal leaves resulting in a reduction
to 14 replications for that particular time point. Similarly, if
Chl content was determined on leaves that were too small to
be clamped or had a very irregular surface, measurements were
omitted and the replication number was reduced to 12. In any
case, and for each time point, the same number of replications of
control and inoculated plants was used in the statistical analyses.
Significant differences in fluorescence parameters, broomrape
incidence, total Chl content and Chl a/b ratio between inoculated
and control plants were analyzed using the same statistical
procedures as explained for the healthy sunflowers.

RESULTS

MCFI Distribution Pattern on Healthy
Sunflower Plants
Figure 1 shows the average values of F680, F740 and their
ratio for the first four LPs of healthy sunflower plants from
the second to the fifth week of growth. Values of F680 and
F740 of the first LP were significantly higher in the third week
as compared to those recorded 1 week earlier. However, the
F680/F740 ratio of the same LP showed a slight decrease in the
third week. Concerning the second LP, no significant changes
were detected in any of the fluorescence parameters analyzed.
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FIGURE 1 | Progress of chlorophyll fluorescence emission on the first, second, third and fourth pair of true leaves of a healthy sunflower plant. Error
bars represent the standard error of the mean of 8–12 replications. Time is expressed as weeks after transplanting.

The third LP showed a significant increase in the F680/F740
ratio during the measurement period. Conversely, the other two
variables decreased slightly throughout the same period. The
three fluorescence parameters of the fourth LP remained constant
during the measuring week (Figure 1).

The pattern of fluorescence across the leaves was found to be
very homogeneous and therefore not dependent on measurement
location on the leaf (data not shown). Consequently, a similar
size area was selected in the middle of the leaf for the subsequent
image analysis of healthy vs. O. cumana infected plants.

Alterations in MCFI Distribution Pattern
on Sunflower Plants upon Infection with
O. cumana
Figures 2 and 3 show the progress of F680 and F740, respectively
in the first four LPs of sunflower plants inoculated with
O. cumana compared with that of control plants.

The most informative parameters were those of the first LP
from the second to the third week of growth and the second LP
from the fourth week on. Between 2 and 3 wai, F680 and F740 of
the first LP was significantly higher (P < 0.05) in the inoculated
sunflowers as compared to the controls. In the same period of
time, F680 and F740 signals in the second LP of inoculated plants
were significantly higher than those of the controls (P < 0.05),
as well as at 4 wai (P < 0.05). F680 and F740 signals of the third

and fourth LP of inoculated plants were significantly higher than
those of the controls at 4 wai in the third LP (P < 0.05) and half a
week later in the fourth LP (P < 0.05).

Representative images of the two first LPs from control and
inoculated sunflower are shown in Figure 4.

Figure 5 displays the values of the F680/F740 ratio in
inoculated and control sunflower plants in the first four LPs as
well as significant differences between treatments. A significant
effect (P < 0.05) of the inoculation by O. cumana was observed
in F680/F740 of the second LP, being lower in inoculated plants
at 2.5 and 3 wai (P < 0.05), and higher during the rest of the
measurements (P < 0.05). Significant differences (P < 0.05)
of F680/F740 between treatments were obtained in the fourth
LP (averages 0.73 and 0.71 for inoculated and control plants,
respectively). Although no significant differences (P > 0.05)
were obtained between inoculated and control plants when the
F680/F740 ratio of the third LP was analyzed, similar trends were
observed.

Chlorophyll Content in Sunflower Plants
upon Infection with O. cumana
The time course of the total Chl content of the first four LPs (A to
D) is presented in Figure 6. Differences between the Chl content
of inoculated and control plants depended on the LP analyzed,
being significantly low (P < 0.05) in the second LP of inoculated
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FIGURE 2 | Mean measurements of F680 of the first (A), second (B), third (C), and fourth (D) leaf pair (LP) of sunflower plants inoculated with
Orobanche cumana and control plants. Vertical bars represent the standard error of the mean of 14–20 replications. Analyses of variance were conducted and
asterisks indicate significant differences (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001).

FIGURE 3 | Mean measurements of F740 of the first (A), second (B), third (C), and fourth (D) LP of sunflower plants inoculated with O. cumana and
control plants. Vertical bars represent the standard error of the mean of 14–20 replications. Analyses of variance were conducted and asterisks indicate significant
differences (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001).
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FIGURE 4 | Red fluorescence (F680) and far- red fluorescence (F740) images of the two first LP of sunflower plants inoculated with O. cumana and
control plants at 2 and 2.5 growth weeks respectively. First LPs are marked with an arrow.

FIGURE 5 | Mean measurements of the F680/F740 ratio of the first (A), second (B), third (C), and fourth (D) LP of sunflower plants inoculated with
O. cumana and control plants. Vertical bars represent the standard error of the mean of 14–20 replications. Analyses of variance were conducted and asterisks
indicate significant differences (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).
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FIGURE 6 | Total chlorophyll content of the first (A), second (B), third
(C), and fourth (D) LP of control plants and plants inoculated with
O. cumana. Vertical bars represent the mean of 12–20 independent
measurements with their standard error. Analyses of variance were conducted
at P < 0.05 and asterisks indicate significant differences (∗P < 0.05;
∗∗P < 0.01; ∗∗∗∗P < 0.0001).

plants at nearly all time points (7.70 arbitrary units as compared
to 8.94 in the controls). The measurements conducted on the
fourth LP resulted also in significantly (P < 0.05) lower values
of inoculated plants as compared to the controls (5.38 and 6.98
arbitrary units respectively). In the case of the first and the third
LP, no significant (P > 0.05) differences in total Chl content were
detected between inoculated and control plants.

Spectrophotometric measurements of Chl content are
presented in Supplementary Figure S1, which shows the
differences in the total Chl content of each LP between control
and inoculated plants. A significant (P < 0.05) increase in the
total Chl content of the second LP (Supplementary Figure S1)
was observed in inoculated plants as compared to the controls
(1659.90 and 1460.19 µg/g fresh weight, respectively). On the
contrary, measurements of the fourth LP resulted in significantly
(P < 0.05) lower total Chl content in inoculated plants than
in control plants (1050.90 and 1639.31 µg/g fresh weight,
respectively). No significant (P > 0.05) differences of total Chl
content were detected in the third LP. Neither differences in
the Chl a/b ratio of LPs were observed between inoculated and
control plants (data not shown).

Determination of Final Degree of
Sunflower Infection by O. cumana
When sunflower plants were inoculated with O. cumana, both
inoculated and control plants developed four LPs at the end of
the experiment (5 wai). No symptoms of parasite infection were
observed in the inoculated plants throughout the experiment.
Nevertheless, the presence of the parasitic plant in inoculated
sunflowers was confirmed by the existence of tubercles in the
roots at the end of the experiment. While no tubercles were
observed in the controls, means of 24.4 tubercles/plant and 0.46 g
tubercles/plant were obtained in inoculated sunflowers (data not
shown).

DISCUSSION

During our study, the emission of red and far-red fluorescence
in healthy sunflower depended on the LP analyzed. F680
and F740 nm showed the same trend in all the LPs
analyzed, with higher F740 values compared to those of
F680, probably due to the partial reabsorption of the red
fluorescence emitted by leaf Chl a (Gitelson et al., 1998).
Since F680/F740 was inversely correlated with the Chl content
of leaves (Hák et al., 1990; Buschmann and Lichtenthaler,
1998), low values found in the first LP during early stages
of the growth of sunflower, compared with the other three
LPs under study, were indicative of higher Chl contents.
A similar trend of low F680/F740 was observed in the case
of the second LP, although with some delay in the time.
In our study, the role of an LP as leader in Chl content
was sequentially acquired by the one immediately above, and
this happened approximately every 1–2 weeks. A different
physiological activity between cotyledons and the first LP
of sunflower, in terms of photosynthesis, has been reported
by Jucknischke and Kutschera (1998). Also, differences in
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Chl content and photosynthesis have been reported as being
dependent on leaf position in sunflower (Connor and Sadras,
1992; Subrahmanyam and Rathore, 2004). The correlation
between photosynthetic activity and Chl content in individual
LPs upon infection with O. cumana should be investigated in the
future.

Increases in both F680 and F740 upon infection of O. cumana
were observed in all LPs analyzed compared to that of the healthy
controls in agreement with previous results by our group (Pérez-
Bueno et al., 2014). The evolution of F680/F740 throughout the
time was similar to that of F680 and F740 in the same LP.
Values of F680/F740 increased for the second to fourth LPs
upon infection by O. cumana and at different times in each LP,
which could be indicative of a decrease in the Chl content upon
infection assuming a similarity in the results reported by Gitelson
et al. (1999), where the ratio F700/F730 was presented as an
indicator of Chl content. Similarly, to those observed in F680 and
F740 of LP from healthy sunflowers, the decreases were detected
in different LPs sequentially in the time. In inoculated plants,
higher values of F680/F740 in the first LP until the third week
after inoculation indicated lower Chl contents. From the third
week on, a decrease in Chl content as compared to that of the
controls occurred in the second LP of the plants. The same trend
was observed in the third and fourth LPs when measurements
of inoculated and control plants were compared later on in
the time. The alteration in F680 and F740 due to O. cumana
infection shows the usefulness of the MCFI as an early indicator
of parasite infection, as was suggested in a previous work (Pérez-
Bueno et al., 2014). Furthermore, our results showed that the
best indicators of parasite infection were the measurements
of F680, F740, and F680/F740 in the first and second LPs
from the second to the third week of plant growth. These
findings confirm previous results by our research group about
early detection of parasite infection by means of fluorescence
emission of the first LP of sunflower. Even 3 wai proposed by
Pérez-Bueno et al. (2014) as the earliest time for discriminating
infected from uninfected plants, was reduced in this work to
2 wai. Therefore, the non-destructive pre-symptomatic disease
diagnosis might be feasible as early as 15 days after sunflower
inoculation.

Low Chl contents in LP from infected plants at certain times
were also shown by outputs of the portable Chl-meter, which
showed significantly low Chl contents in the second LP 4.5 weeks
after inoculation and in the fourth LP from that moment on.
Our results also reveal the greater sensitivity and accuracy
of MCFI in diagnosing sunflower infection by O. cumana as
compared to the direct measurements of Chl in intact leaves,
because trends observed when using the hand-held Chl-meter
were statistically significant according to red and far-red Chl
fluorescence emissions. The positive correlation between outputs
of portable Chl-meters and Chl fluorescence measurements has
been reported by other authors (Netto et al., 2002, 2005; Nyi
et al., 2012; Hu and Fang, 2013). In our work, F680 and F740 in
parasitized plants were in agreement with direct measurements
of Chl, particularly when the second and fourth LPs were
considered. In addition, the spectrophotometric measurements
of Chl content at 5 wai provided further evidence that, upon

parasite infection, the Chl content in sunflower leaves decreased.
The positive correlation between outputs of portable Chl-meters
and photosynthetic pigments extracted from leaves has been
reported by many authors (Fanizza et al., 1991; Netto et al.,
2005; Brito et al., 2011). Finally, the greater sensitivity of MCFI
compared to measurements of Chl content might be related
to the fact that fluorescence intensity is not only dependent
on the Chl content, but also on other factors such as leaf
architecture or chloroplast organization (Cerovic et al., 1999).
The effect of parasite infection on them might be explored in the
future.

Early studies detected a decrease in Chl content in leaves
of Trifolium repens upon infection by O. minor, although
no effect on the host photosynthesis was observed (Dale
and Press, 1998). Some authors, such as Hibberd et al.
(1999) and Watling and Press (2001), suggested that the high
competitiveness of holoparasites as a source forces an increase
in host photosynthesis. On the contrary, other authors reported
low rates of photosynthetic activity of the host upon infection
by the holoparasite, such as in the case of tomato plants
infected by the broomrape O. ramosa (Mauromicale et al.,
2008) or Mikania micrantha infected by Cuscuta campestris
(Shen et al., 2007). It is widely known that Chl fluorescence is
an excellent approach to photosynthetic efficiency, which can
directly or indirectly reflect the impact of biotic and abiotic
stresses on plants. Hence, a number of studies have used
chlorophyll fluorescence imaging to examine the impact of plant
pathogens, i.e., virus, bacteria, and fungi, on host photosynthesis,
as excellently reviewed by Rolfe and Scholes (2010). In future
research, imaging measurements of Chl fluorescence kinetics
in sunflower upon infection by O. cumana might explore on
the plant photosynthesis alteration as a consequence of the
holoparasite infection.

Generally, MCFI has been applied to the study of local
symptoms in leaves caused by infections of airborne pathogens
(Chaerle et al., 2007; Konanz et al., 2014; Pérez-Bueno et al.,
2015). However, symptoms in leaves can as well be a consequence
of an infection that occurred far beyond those organs, such
as roots in the case of soilborne pathogens (Granum et al.,
2015). In the latter, the responses observed in leaves clearly
relate to plant defense mechanisms and the alteration of the
host physiology due to the infection, since any direct damage
in them can be discarded. Up to now, plant infections by
soilborne pathogens have only been addressed by means of
MCFI in Granum et al. (2015). Rousseau et al. (2015) have
recently proved the potential of Chl fluorescence to detect
the effect of Phelipanche ramosa on Arabidopsis thaliana.
However, to the best of our knowledge, this is the first
time that the impact of a root parasite on its plant host
is examined by using fluorescence imaging in the red and
far-red region. This inexpensive, non-destructive technic has
proved to be an effective diagnostic tool in the early detection
of sunflower plants parasitized by O. cumana. Moreover, the
parameters F680 and F740 detect the parasite infection as
early as 2 weeks after inoculation, and this might have a
particular interest for early phenotyping in sunflower breeding
programs.
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FIGURE S1 | Total chlorophyll content for the second, third and fourth LP
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bars represent the average of 8 independent measurements with their standard
error. Analyses of variance at P < 0.05 between inoculated and control plants
were conducted and asterisks indicate significant differences (∗P < 0.05;
∗∗∗P < 0.001).
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Root parasitic weeds are a major limiting production factor in a number of crops, and

control is difficult. Genetic resistance and chemical control lead the fight, but without

unequivocal success. Models that help to describe and even predict the evolution of

parasitism underground are a valuable tool for herbicide applications, and even could

help in breeding programs. Legumes are heavily affected by Orobanche crenata (crenate

broomrape) in the Mediterranean basin. This work presents a descriptive model based on

thermal time and correlating growing degree days (GDD) with the different developmental

stages of the parasite. The model was developed in three different legume crops (faba

bean, grass pea and lentil) attacked by crenate broomrape. The developmental stages

of the parasite strongly correlated with the GDD and differences were found depending

on the host crop.

Keywords: Orobanche crenata, parasitic weeds, GDD, faba bean, lentil, grass pea, legumes

INTRODUCTION

Broomrapes (Orobanche and Phelipanche spp.) are holoparasitic plants which attach to the host
roots and grow at the expense of the host plant’s resources. They parasitize a large number of
crops, legumes being some of the most severely affected (Joel et al., 2007; Parker, 2013). Because
the pathogenesis and most of the growing process take place underground long before diagnosis
of the infection, it hampers the development of effective control strategies. In addition, the large
amount of seeds released by a single individual (more than 100,000) provides the parasite with a
great genetic adaptability to environmental changes (Parker and Riches, 1993; Press and Graves,
1995; Joel et al., 2007). Orobanche crenata Forsk. (crenate broomrape) is widely spread through
the Mediterranean basin, and remains to date as the most important threat against legumes in
the area (Parker, 2009, 2013; Rubiales and Heide-Jørgensen, 2011). Other broomrape species such
Orobanche foetida Poir. or Phelipanche aegyptiaca (Pers.) Pomel can also infect legumes, but are of
local importance only.

AlthoughO. crenata has a broad host range infecting most legume crops, levels of infection vary
between the different species and between accessions within species (Rubiales et al., 2003a,b; Pérez-
de-Luque et al., 2004; Román et al., 2007). No complete resistance to O. crenata is available in any
legume so far, but existing levels of incomplete resistance in some accessions (Rubiales et al., 2006,
2014; Pérez-de-Luque et al., 2007; Fernández-Aparicio et al., 2008, 2012) can delay the growth of
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already established broomrapes, because the presence of defense
mechanisms interferes with the normal development of the
parasite (Pérez-de-Luque et al., 2004, 2005).

In addition to the host, the environment can greatly influence
the development of the parasitic weed on a given host. Although
water availability may be an important factor for broomrape
development, particularly inMediterranean areas (Rubiales et al.,
2003a,b; Pérez-de-Luque et al., 2004), it seems that temperature is
the main factor affecting broomrape development (Mesa-García
and García-Torres, 1986; Castejón-Muñoz et al., 1993; Eizenberg
et al., 2004; Ephrath and Eizenberg, 2010). Increased temperature
is often associated with an increase in broomrape parasitism,
whereas low temperature correlates with lower infections. Cool
winters reduce broomrape infection in several crops such as
sunflower (Helianthus annuus L.), chickpea (Cicer arietinum L.),
lentil (Lens culinarisMed..), pea (Pisum sativum L.), vetch (Vicia
sativa L.) or faba bean (Vicia faba L.) (Arjona-Berral et al., 1987;
Castejón-Muñoz et al., 1993; Rubiales et al., 2003a,b).

In recent years, several experiments accomplished by
Eizenberg and coworkers have correlated the growth of
broomrape (Phelipanche aegyptiaca, O. minor and O. cumana)
with the thermal time, measured as growing day degrees (GDD)
(Eizenberg et al., 2004, 2005; Ephrath and Eizenberg, 2010;
Ephrath et al., 2012). Even more, the thermal time can be used
to predict broomrape growth on crop roots under the soil,
and mathematical models can be developed based on GDD for
optimization of herbicide timing application (Eizenberg et al.,
2006). This can be a powerful tool for the chemical control of
broomrapes, because one of the main problems to date has been
establishing the right time for herbicide applications, as to date
no consistent relationships between the growth stages of the
different hosts and the parasite development have been found
(Arjona-Berral et al., 1987).

However, there are no works to date using a thermal time
relation as a tool for showing differences in parasite development
on different hosts. If temperature affects both, host and parasite
development, a thermal timemodel could be used as a descriptive
method for differences in infection levels integrating the two
main factors affecting broomrape development: the host and
the temperature. For that reason, the relationship between soil
temperature and O. crenata growth on three different legume
crops has been studied and a putative descriptive model based
on work on O. minor / Trifolium by Eizenberg et al. (2005) is
proposed. The hypotheses are that a) there are differences in
parasite virulence between different host species, b) a sigmoidal
relation between thermal time and parasite development exists
and c) such relation will show the differences in parasite
development between hosts.

MATERIALS AND METHODS

Plant Material
Lentils, faba beans and grass peas (Lathyrus sativus L.) were
included in the study. The three tested species are natural hosts
for O. crenata, and the cultivars selected (“Rubia de la Armuña”
for lentil, “Prothabon” for faba bean, breeding line “ICARDA 2”
for grass pea) were susceptible to the parasitic weed attack.

Field Assays
Field trials were conducted over two cropping seasons (2006–
2007 and 2007–2008) at Alameda del Obispo experimental
station, in Córdoba (southern Spain). The fields located there
present a deep loam soil (Typic Xerofluvent). The selected crops
were sown by the end of November in a field highly infested with
O. crenata, in 2m length rows, with 0.7m between rows and 20
plants per row. Four plots were set for each crop and every year
(12 plots per year), surrounded and delimited by faba bean rows.
The experiment was performed as a randomized, complete block
design with four replications.

Temperature Data Recording
Soil temperature was recorded hourly starting January 1st and
using data loggers (Gemini Tinytag Plus Data Logger) buried at
5 cm depth and converted to GDD according to McMaster and
Wilhelm (1997) using the following equation:

GDD =

∑

[

Tmax + Tmin

2
− Tbase

]

(1)

where Tmax and Tmin are the maximum and minimum daily
temperatures, respectively, and Tbase is the base temperature, all
of them measured in degree Celsius (◦C). Tbase was fixed as 0◦C
for faba bean and grass pea (Stützel, 1995; Rao and Northup,
2008), and 1.5◦C for lentil (Ellis and Barrett, 1994).

Plant Sampling and Broomrape
Development
Beginning the first week of February, five plants were extracted
from each crop plot every week. The number of attached
broomrapes was recorded and their developmental phase
classified according to seven stages (Pérez-de-Luque et al., 2004):
Stage 1 (T1), tubercles smaller than 2 mm; Stage 2 (T2), tubercles
greater than 2mm, without root development; Stage 3 (T3),
tubercles with crown roots, without shoot formation; Stage 4
(T4), shoot formation, remaining underground; Stage 5 (T5),
shoot emergence; Stage 6 (T6), flowering; Stage 7 (T7), setting
of seeds.

Statistical Analysis
Broomrape tubercle number was log transformed (log[number
of broomrapes per plant]) and the transformed data presented
because of nonhomogeneity in variance. In order to model each
stage (T1 to T7) of broomrape development, log-transformed
broomrape number was nonlinearly regressed to GDD using a
three-parameter logistic function (Brown and Mayer, 1988):

Y =
a

1+
(

x
xo

)b
(2)

where Y represents log-transformed broomrape tubercle
number, a represents the upper asymptote (maximum
broomrape number), x represents GDD, xo represents the
GDD when the Y is 50% of maximum, and b represents the
slope at xo. A t-test was used for comparison of the regression
parameter estimates in each parasitism stage between crops
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FIGURE 1 | Three-parameter sigmoid nonlinear regressions between log-transformed broomrape attachment number and growing degree days (GDD)

in three crops (faba bean, grass pea and lentil) grouped by broomrape growth stage in two years (2007 and 2008).
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(Zar, 1999). A t-test compares a difference with the standard
error of that difference. We used the standard error reported by
nonlinear regression. The numerator is the difference between
fit values. The denominator is an estimate of the standard error
of that difference, computed as the square root of the sum of the
squares of the two standard error values. This is a reasonable
estimate if the number of data points in the two curves is equal,
or nearly so.

RESULTS

The combined analysis of variance showed that the interaction
between species and year was significant for all the developmental
stages of broomrape. A strong relation was found for the
broomrape stage and GDD (Figure 1; Tables 1, 2). The model
can be divided into three phases for each parasite stage: lag, log
and maximum. During the lag phase, the parasite population
grows very slowly. After that, the log phase covers an exponential
growth of the parasite population. Finally, a maximum is reached
and the parasite population remains stable. The lag phase varied
slightly with the crop, the parasite stage and the season. For
example, the lag phase in faba bean for T3 stage lasted until 850
GDD in 2007 and 750 GDD in 2008; in grass pea until 750 GDD
in 2007 and 650 GDD in 2008; and in lentil until 850 GDD in
2007 and 750 GDD in 2008. In general terms, a delay of about
100 GDD was observed in the 2007 season compared to the 2008
season, and the attachments started to develop first in grass pea

and later in faba bean and lentil. For that same stage (T3), de log
phase ended at about 1150 GDD in 2007 and 1050 GDD in 2008
for faba bean (lasted for about 300 GDD); at 1050 GDD in 2007
and 950 GDD in 2008 for grass pea (lasted for 300 GDD); and at
1050 GDD in 2007 and 950 GDD in 2008 for lentil (lasted for 200
GDD).

The median (xo) in crenate broomrape parasitism (the GDD
in the log phase where the infection was 50% of the maximum)
varied also with the crop, the parasitism stage and the season
(Tables 1, 2). This index gives an indication about the speed of
parasite growth on the host: a low value means that less GDD are
needed to reach 50% of the maximum number of attachments,
so the parasite grows faster. In general, grass pea presented the
lower values, followed by lentil and then faba bean, with some
exceptions mainly in season 2007. Broomrape grew faster on
grass pea than on the other crops and needed less GDD for
developing the shoot (T4, 920–958) than those on lentil (985–
987) or faba bean (1001–1058). During season 2007, broomrapes
needed some more GDD to reach the median (xo) of all the
developmental stages (except T4 in lentil) than during season
2008. Such differences were more accentuated in grass pea (near
100 GDD for most of the stages) than in faba bean or lentil (near
50–60 GDD for most of the stages).

The maximum parasite number was reached in stages T1 to
T4 at about 1000 GDD for T1 and T2, 1100–1200 GDD for T3,
and 1200 GDD for T4. It was similar for the three crops and
the two seasons. However, the number of broomrapes per plant

TABLE 1 | Coefficients of a three-parameter sigmoid nonlinear regression between log-transformed broomrape number and GDD for season 2006-07.

Crop/Parasitism stage Coefficients Regression

a SE b SE x0 SE RSME P

FABA BEAN

T1 0.7769 0.0170 −22.51 3.05 826.41 6.07 0.0561 <0.0001

T2 0.7635 0.0119 −21.75 1.88 897.35 3.88 0.0344 <0.0001

T3 0.7420 0.0167 −18.35 2.06 965.15 6.32 0.0435 <0.0001

T4 0.7330 0.0077 −22.48 1.38 1058.24 4.61 0.0159 <0.0001

T5 0.6425 0.1132 −15.43 3.79 1267.77 36.10 0.0353 <0.0001

T6 0.4020 0.0914 −22.03 6.86 1300.33 35.29 0.0294 <0.0001

GRASS PEA

T1 0.7941 0.0109 −12.89 1.07 811.79 4.73 0.0304 <0.0001

T2 0.7807 0.0074 −18.37 0.96 857.33 2.64 0.0221 <0.0001

T3 0.7631 0.0125 −16.27 1.27 903.04 4.72 0.0339 <0.0001

T4 0.7236 0.0134 −18.02 1.62 958.74 5.21 0.0350 <0.0001

T5 0.8359 0.1606 −16.84 4.07 1288.31 36.30 0.0422 <0.0001

T6 0.3194 0.0233 −37.42 6.65 1291.46 9.31 0.0182 <0.0001

LENTIL

T1 0.6618 0.0098 −17.33 1.31 876.24 4.06 0.0275 <0.0001

T2 0.6406 0.0102 −16.07 1.19 914.13 4.61 0.0271 <0.0001

T3 0.5996 0.0106 −23.50 2.06 937.46 4.39 0.0298 <0.0001

T4 0.5446 0.0125 −21.62 2.98 985.00 6.06 0.0334 <0.0001

T5 0.6304 0.0820 −13.05 2.46 1232.95 31.55 0.0342 <0.0001

T1, tubercles smaller than 2 mm; T2, tubercles greater than 2 mm, without root development; T3, tubercles with crown roots, without shoot formation; T4, shoot formation, remaining

underground; T5, shoot emergence; T6, flowering; a, upper asymptote (maximum broomrape number); xo, GDD when the Y is 50% of maximum; b, slope at xo; RSME, root mean

square error.
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TABLE 2 | Coefficients of a three-parameter sigmoid nonlinear regression between log-transformed broomrape number and GDD for season 2007–08.

Crop/Parasitism stage Coefficients Regression

a SE b SE x0 SE RSME P

FABA BEAN

T1 0.7539 0.0126 −12.07 0.89 800.03 5.32 0.0306 <0.0001

T2 0.7387 0.0106 −15.08 1.03 855.39 4.09 0.0254 <0.0001

T3 0.7180 0.0102 −20.14 1.56 883.76 3.71 0.0262 <0.0001

T4 0.6997 0.0108 −21.06 1.26 1001.48 4.18 0.0193 <0.0001

T5 0.4383 0.0855 −21.09 5.64 1196.03 28.9 0.0294 <0.0001

GRASS PEA

T1 0.9343 0.0176 −9.19 0.82 718.41 6.77 0.0419 <0.0001

T2 0.9126 0.0099 −12.24 0.61 774.06 3.54 0.0256 <0.0001

T3 0.8764 0.0187 −11.78 1.08 806.34 6.79 0.0440 <0.0001

T4 0.8725 0.0226 −13.67 1.31 920.03 7.96 0.0400 <0.0001

T5 0.7680 0.0591 −13.71 1.95 1092.56 17.58 0.0376 <0.0001

LENTIL

T1 0.6132 0.0084 −14.11 0.92 823.53 4.05 0.0210 <0.0001

T2 0.5477 0.0061 −16.36 0.92 853.67 3.10 0.0154 <0.0001

T3 0.4993 0.0129 −18.56 2.50 883.62 6.94 0.0319 <0.0001

T4 0.4948 0.0156 −15.68 1.53 987.14 9.05 0.0233 <0.0001

T5 0.3911 0.0163 −35.02 6.22 1116.44 6.24 0.0226 <0.0003

T1, tubercles smaller than 2 mm; T2, tubercles greater than 2 mm, without root development; T3, tubercles with crown roots, without shoot formation; T4, shoot formation, remaining

underground; T5, shoot emergence; a, upper asymptote (maximum broomrape number); xo, GDD when the Y is 50% of maximum; b, slope at xo; RSME, root mean square error.

was different depending on the crop: grass pea and faba bean
supported a higher number of broomrapes than lentil (Figure 1).
In addition, the upper asymptote (or maximum broomrape
number, a) reached by stages T1 to T4 for each crop was similar
between years: 0.7–0.8 (5.0–6.3 broomrapes per plant) for faba
bean, 0.7–0.9 (5.0–7.9 broomrapes per plant) for grass pea,
0.5–0.6 (3.2–4.0 broomrapes per plant) for lentil (Tables 1, 2).
With respect to the emergence of broomrape (>T5), although
the upper asymptote was not reached completely at the end
of the experiment for all the crops, the tendency indicates a
maximum below the threshold reached by the other stages:
04–0.6 (2.5–4.0 broomrapes per plant) for faba bean, 0.7–0.8
(5.0–6.3 broomrapes per plant) for grass pea, 0.4–0.6 (2.5–4.0
broomrapes per plant) for lentil. Finally, only in faba bean and
grass pea during the 2007 season, broomrapes at the T6 stage
were detected, with a lag phase at about 1100–1200 GDD, a
median (xo) of 1300 and 1292 (respectively), and a maximum of
0.4 (2.5 broomrapes per plant) and 0.3 (2.0 broomrapes per plant)
(respectively).

When the model was compared between crops, significant
differences were found for the three parameters (a, b, and xo)
regarding broomrape development (Table 3). The maximum
broomrape number (a) was significantly different for the
underground stages (T1–T4) in lentils respect to the other two
crops in 2007 and for the three crops in 2008. For aboveground
stage (T5) only grass pea was significantly different from faba
bean and lentil in 2008. The median (xo) was significantly
different for the three crops considering the underground stages
in 2007, except for stage T1 in faba bean and grass pea. In 2008,
grass pea values were different from those of faba bean and lentil,

except for T1 stage, which values were significant for all the crops.
The values for aboveground stages (T5) were significant only in
2008 for faba bean respect to the other two crops. The slope at xo
(b) showed the most variable results, with significant differences
varying between the season and the parasitism stage considered.

DISCUSSION

The present study confirms that the growth of crenate broomrape
on the three tested legume crops is highly temperature-related.
The thermal time measured as GDD appears as a valuable
tool for describing the parasite growth and establishing the
developmental stage of the infection, as previously shown for
other crops and broomrape species (Eizenberg et al., 2004, 2005;
Ephrath and Eizenberg, 2010; Ephrath et al., 2012).

Althoughwe found differences between years, such differences
do not seem to be a problem for developing a descriptive
model because, in general terms, they were about 100 GDD
or less. Broomrapes growing on grass pea appear as the most
affected by year to year variation, with a faster rate and a
higher number of infections in the second season (2008) than
in the previous one (2007). There are previous reports about
differences in broomrape infection depending on the crop and
the environmental conditions (Pérez-de-Luque et al., 2004).
Such differences could be explained by the uneven rainfall
during both seasons. The distribution of the rainfall during
both seasons showed some differences (Supplementary Figure
1), with a remarkable higher precipitation during January and
April in 2008 compared to 2007, and a low rainfall during
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TABLE 3 | Comparison of the coefficients for the three-parameter sigmoid nonlinear regression between the different crops.

Parasitism stage Diff. between crops Parameter differences

Season 2006–2007 Season 2007–2008

a – P-value b – P-value X0 – P-value a – P-value b – P-value X0 – P-value

T1 Fb-Lt 0.3989 ns 0.0046*** 0.0637 ns 0.0000*** 0.0219* 0.0000***

Fb-Ln 0.0000*** 0.1446 ns 0.0000*** 0.0000*** 0.1196 ns 0.0011***

Lt-Ln 0.0000*** 0.0112** 0.0000*** 0.0000*** 0.0002*** 0.0000***

T2 Fb-Lt 0.2178 ns 0.1076 ns 0.0000*** 0.0000*** 0.0243* 0.0000***

Fb-Ln 0.0000*** 0.0157* 0.0080** 0.0000*** 0.3602 ns 0.7395 ns

Lt-Ln 0.0000*** 0.1360 ns 0.0000*** 0.0000*** 0.0005*** 0.0000***

T3 Fb-Lt 0.3123 ns 0.3962 ns 0.0000*** 0.0000*** 0.0001*** 0.0000***

Fb-Ln 0.0000*** 0.0857 ns 0.0010*** 0.0000*** 0.5959 ns 0.9859 ns

Lt-Ln 0.0000*** 0.0055** 0.0000*** 0.0000*** 0.0203* 0.0000***

T4 Fb-Lt 0.5749 ns 0.0509* 0.0000*** 0.0000*** 0.0004*** 0.0000***

Fb-Ln 0.0000*** 0.7955 ns 0.0000*** 0.0000*** 0.0125** 0.1650 ns

Lt-Ln 0.0000*** 0.2977 ns 0.0023*** 0.0000*** 0.3227 ns 0.0000***

T5 Fb-Lt 0.3553 ns 0.8053 ns 0.6952 ns 0.0041*** 0.2484 ns 0.0044***

Fb-Ln 0.9304 ns 0.5926 ns 0.4743 ns 0.6036 ns 0.1301 ns 0.0285*

Lt-Ln 0.2667 ns 0.4338 ns 0.2621 ns 0.0000*** 0.0067** 0.2217 ns

T6 Fb-Lt 0.3933 ns 0.1268 ns 0.8134 ns – – –

Fb-Ln – – – – – –

Lt-Ln – – – – – –

Fb, faba bean; Lt, grass pea; Ln, lentil; T1, tubercles smaller than 2 mm; T2, tubercles greater than 2 mm, without root development; T3, tubercles with crown roots, without shoot

formation; T4, shoot formation, remaining underground; T5, shoot emergence; T6, flowering; a, upper asymptote (maximum broomrape number); xo, GDD when the Y is 50% of

maximum; b, slope at xo; */**/**: level of significance at 5, 1, and 0.1% respectively; ns, non-significant.

March 2008 respect to 2007. The higher rainfall during January
2008 could positively have affected germination of broomrape
and the beginning of the infection (allowing a better spreading
of germination stimulants), because such conditions have been
previously reported as a factor increasing parasitism (Pérez-de-
Luque et al., 2004). It is possible that including soil moisture
measurements, in addition to thermal time, might improve this
kind ofmodels, mainly in dryland fields with no irrigation (highly
dependent on rainfall).

Regarding crop species, differences were found in the
development of the parasite stages. Most of the parasites
evolved from one stage into the next one (T1 to T2, etc.).
However, the upper asymptote (a) (the maximum) was lower
as the developmental stage advances. In the T5 stage emergence
differences between crop species become more marked: a lower
proportion of broomrapes emerged in faba bean compared
with the other two crops. It seems that broomrapes attached
to grass pea or lentil can evolve more easily into more
advanced developmental stages compared to faba bean, which
could be explained by a better availability of resources from
such host. It is possible that severity of the attack and the
development of broomrapes could be related to physiological
traits of the host plant determining the allocation of nutrients
into the parasite, as has been shown in Striga spp. (Arnaud

et al., 1999). In addition, the size of emerged broomrapes
on faba bean was bigger than those on grass pea and
lentil. As big individuals are more competitive for resources
than small ones, intra-specific competition might play a role
here.

The comparison of the descriptive thermal model between
the three crops confirms significant differences regarding the
evolution of the developmental stages of broomrape. The
most consistent differences are found when the parameters
(mainly a and xo) of the underground stages (T1-T4)
are considered. The thermal models are usually associated
to a specific host (Eizenberg et al., 2004, 2005; Ephrath
and Eizenberg, 2010; Ephrath et al., 2012) and they link
phenological events with temperature (GDD). This means
that the models include physiological traits of the host (for
example, taking into account the crop’s base temperature).
Considering this, differences in the parameters of the model
for different crops are pointing out differences in the virulence
of the parasite against each crop. In the same way, such
differences could be used for differentiating susceptible from
resistant genotypes: resistant accessions have been shown to
delay broomrape development in the field (Rubiales et al.,
2003a; Pérez-de-Luque et al., 2004). Additionally, resistance
to broomrape has been reported as temperature dependent in
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some cases (Eizenberg et al., 2003), so a model considering the
environmental temperature would be desirable for evaluating
sources of resistance in a breeding programme. Future work
should involve validation of this kind of descriptive model in
order to develop a predictive one, using different locations
and cultivars with different degrees of resistance against
crenate broomrape, in order to use it as a tool for plant
breeding.
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Carrot, a highly profitable crop in Israel, is severely damaged by Phelipanche aegyptiaca

parasitism. Herbicides can effectively control the parasite and prevent damage, but for

optimal results, knowledge about the soil–subsurface phenological stage of the parasite

is essential. Parasitism dynamics models have been successfully developed for the

parasites P. aegyptiaca, Orobanche cumana, and Orobanche minor in the summer

crops, tomato, sunflower, and red clover, respectively. However, these models, which are

based on a linear relationship between thermal time and the parasitism dynamics, may

not necessarily be directly applicable to the P. aegyptiaca–carrot system. The objective

of the current study was to develop a thermal time model to predict the effect of

P. aegyptiaca parasitism dynamics on carrot growth. For development and validation

of the models, data was collected from a temperature-controlled growth experiment

and from 13 plots naturally infested with P. aegyptiaca in commercial carrot fields. Our

results revealed that P. aegyptiaca development is related to soil temperature. Moreover,

unlike P. aegyptiaca parasitism in sunflower and tomato, which could be predicted both

a linear model, P. aegyptiaca parasitism dynamics on carrot roots required a nonlinear

model, due to the wider range of growth temperatures of both the carrot and the parasite.

Hence, two different nonlinear models were developed for optimizing the prediction of

P. aegyptiaca parasitism dynamics. Both models, a beta function model and combined

model composed of a beta function and a sigmoid curve, were able to predict first

P. aegyptiaca attachment. However, overall P. aegyptiaca dynamics was described

more accurately by the combined model (RMSE = 14.58 and 10.79, respectively). The

results of this study will complement previous studies on P. aegyptiaca management

by herbicides to facilitate optimal carrot growth and handling in fields infested with

P. aegyptiaca.

Keywords: broomrape, growing degree days model, beta function, sigmoid curve, cross validation
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INTRODUCTION

Carrot (Daucus carota, Apiaceae) is widely grown throughout
Europe and the Mediterranean area, including Israel, where it
has become a high-income cash crop. In the Mediterranean
area, where carrot is grown all the year round, two species
of broomrape, Orobanche crenata and Phelipanche aegyptiaca,
which are chlorophyll-deficient root holoparasites, parasitize
the carrot taproot, and roots (Parker, 2012). In highly infested
fields, broomrape can cause a total yield loss (Bernhard
et al., 1998). Although both species parasitize carrot, there are
some differences between them, such as host range and base
temperature for germination (Kebreab and Murdoch, 1999),
with the germination temperature being crucial for parasite
development and affecting the parasite’s ability to attach to the
crop species.O. crenata also parasitizes plants of Fabaceae family,
while P. aegyptiaca also parasitizes plants of the Solanaceae family
(Heide-Jørgensen, 2013). Sincemany Solanaceae crops are grown
in the Mediterranean area, P. aegyptiaca is widely spread in this
area.

Chemical control has been found to be effective for managing
broomrape damage to crops (Eizenberg et al., 2012a). The
various application methods that are in widespread practice
differ mainly in terms of the broomrape developmental stage
at which they are applied. In one of the most commonly used
methods, the herbicide is applied during the broomrape seed
germination stage with the aim to prevent elongation of the
parasite haustorium; for example, for tomato, sulfosulfuron is
applied to prevent haustorium elongation in P. aegyptiaca seeds
(Eizenberg et al., 2012a). In this method, the herbicide is applied
to the crop foliage but is immediately washed to the soil by
sprinkler irrigation. In another, more complicated method, the
underlying idea is that the sprayed herbicide must move through
the host plant vessels to reach the parasite tubercle after the
parasite has established a connection with the host xylem and
phloem system. Since broomrape is a strong sink, absorbing
water and nutrients from the host, the herbicide will indeed
move rapidly through the plant vascular system to the parasite
(Eizenberg et al., 2012b). In view of these application methods,
there is a need to establish the optimal conditions for effective
and efficient broomrape control without causing damage to the
host. A previous study has shown that control of P. aegyptiaca
growing on carrots can be achieved by application of low doses
of glyphosate to the carrot foliage (Jacobsohn and Kelman,
1980). The findings of that study were confirmed by recent
studies in Israel that demonstrated effective glyphosate control
of P. aegyptiaca parasitism at different infestation levels under
different climate regimes (Cochavi et al., 2015, 2016).

As discussed above, both methods of control require
knowledge of the broomrape developmental stage, with correct
timing of herbicide application being crucial for effective
broomrape control. For example, if a systemic herbicide is
applied before the broomrape seedlings have attached to the
host roots, the parasite will not be controlled, and if the
herbicide is applied after P. aegyptiaca biomass has accumulated,
herbicide efficiency will be reduced (Eizenberg et al., 2006).
The importance of timing was illustrated by Castejon-Muñoz

et al. (1993), who found that bringing forward the sowing
dates of sunflower (Helianthus annuus) seeds reducedOrobanche
cernua parasitism and yield loss (Castejon-Muñoz et al., 1993).
Another factor having a significant influence on the broomrape
developmental stage—and hence on the herbicide application
regime—is temperature. Kebreab and Murdoch (1999), for
example, found that four different broomrape species germinated
in different temperature ranges. They showed that for O. crenata
the highest germination rate of 70% was obtained at 15–20◦C,
whereas for P. aegyptiaca seeds almost 100% germination was
obtained at temperatures ranging between 15 and 35◦C (Kebreab
and Murdoch, 1999). The base temperature for development—a
critical factor affecting parasitism—is particularly important in
models for herbicide application, as we will elaborate in detail
below. In such models, the base temperature is taken as the lower
threshold below which there is no development of the parasite.
For instance, Ephrath et al. (2012) defined 10◦C as the minimal
temperature for development of P. aegyptiaca on tomato roots.
Murdoch and Kebreab (2013) demonstrated that germination of
Orobanche seeds cannot occur below a temperature of 4.9◦C.
Mesa-Garcia and Garcia-Torres found that O. crenata develops
faster on broad bean roots under low winter temperatures
(Mesa-García and García-Torres, 1986). However, unlike O.
crenata, P. aegyptiaca parasitizes crops the year over at all
temperatures.

In the Northern hemisphere, the carrot growing season
extends for 120–180 days after sowing. The season can start in
July (summer) and end in January (winter) or start in December
(winter) and end in May (summer). Therefore, carrots are grown
under hugely disparate temperature regimes, with temperatures
ranging from winter lows falling to 0◦C to extremely high
summer temperatures of above 35◦C. Finch-Savage et al. (1998)
found that the minimal temperature for carrot seed germination
and seedling emergence is 2◦C. Carrots sown between April and
July (spring/summer) are not parasitized by O. crenata and P.
aegyptiaca, but the main sowing season is during fall and winter,
which gives maximal yields: it was found that even when plants
were infested, the yield was higher than that for non-infested
plants grown through the summer (Eizenberg et al., 2001).

To determine the optimal protocol for precise and effective
herbicide application for broomrape control that takes into
account factors such as those described above, a number of
studies have focused on developing prediction models based
on thermal time as measured in growing degree days (GDDs).
Some studies have described a positive correlation between soil
temperature and broomrape parasitism on different species.
Ephrath et al. (2012), for example, found a positive linear
correlation between increased temperatures and P. aegyptiaca
development on tomato roots. A similar correlation was
described between Orobanche minor and Orobanche cumana
parasitism on red clover and sunflower roots, respectively
(Eizenberg et al., 2005a, 2012b). According to these models,
decision support systems for effective parasite management
were developed for each crop separately. There is, however, no
prediction model for correlation between soil temperature and
P. aegyptiaca parasitism in carrot. The objective of the current
study was thus to develop a robust thermal time model for the
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quantification and prediction of the parasitism dynamics of P.
aegyptiaca in carrot.

MATERIALS AND METHODS

Plant Material
Carrot cv. “Nairobi” (Bejo Seeds, Oceano, CA, USA) was used
in all experiments. Phelipanche aegyptiaca inflorescences were
collected in 2008 from a broomrape-infested tomato field (Mevo
Hama, Israel). Seeds were sieved through a 300-mesh sieve and
stored in the dark at 4◦C until use. To determine the germination
potential of broomrape seeds at the beginning of the experiments,
a germination test was performed under standard conditions at
25◦C with the standard synthetic stimulant GR24 (Yoneyama
et al., 2013). GR24 was applied at a concentration of 10 g·kg−1

soil (10 ppm) after 12 days of pre-conditioning, resulting in a
germination rate of 84%. Seeds of the same lot were used for
soil infestation in controlled environment experiments and for
planting above transparent tubes in the field experiments for
monitoring in-situ parasitism using a minirhizotron, according
to Eizenberg et al. (2005b).

Controlled-Environment Experiment
Carrot seeds were sown in 2-L pots (two seeds per pot) in infested
(15mg·g−1 soil) and non-infested Newe Ya’ar soil [Chromic
Haploxerert (a fine-clayey, montmorillonitic, thermic soil; 55%
clay, 25% silt, and 20% sand, 2% organic matter, pH 7.2)].
Plants were grown under different temperatures regimes (16/10,
22/16, 28/22, and 34/28◦C day/night) and different day lengths
(16 h/8 h and 8 h/16 h day/night); each treatment included
five replicates. At the end of the experiment, after 150 days,
emerged broomrape inflorescences were counted, and biomass
was measured. Thereafter, carrot taproots were removed from
the pots and washed free of soil for biomass measurement.
In addition, parasite total biomass, including weight of the
inflorescences, was measured.

Field Observations
The field trials were performed over the years 2009–2012. With
the aim to collect wide time and space temperature range
patterns, 13 field trials were conducted in commercial carrot
fields in Israel (Table 1). At each location, four transparent
minirhizotron tubes were placed in the soil according to
Eizenberg et al. (2005b). Ten carrot seeds were sown in the
soil above each tube and germinated together with the seeds
in the entire field. Once a week from carrot germination until
broomrape emergence, broomrape parasitism in the soil sub-
surface for each tube was monitored using a minirhizotron
camera (Bartz Technology, Carpinteria, CA, USA). Hourly soil
temperature at a depth of 10 cm was recorded with temperature
data logger (Onset R©, Hobo data loggers, Cape Cod, MA, USA).

To optimize temperature measurements, soil temperature
values were summed in two methodologies: (a) daily average
temperature calculated as the average of the daily minimum
and maximum temperatures minus the base temperature; (b)
hourly measurements summed by their relative parts, i.e., each
measurement was divided by 24.

Broomrape Appearance and Development
Analysis
Minirhizothron images were analyzed to determine the number
of broomrape tubercles formed on each tube. First tubercle
attachment was defined as the first image in which a small
tubercle could be seen. To prevent false identification, the
determination was confirmed by identifying the same tubercle in
the next session a week later. The number of broomrape tubercles
was considered as maximal when no additional attachments were
observed (Figure 1). To obtain the partial development value of
the parasite, the number of tubercles recorded in each session
was divided by the maximal number of observed tubercles on the
specific tube (Eizenberg et al., 2005b).

Models for Predicting P. aegyptiaca

Development Dynamics
Data for P. aegyptiaca development and soil temperatures at
each location were collected using the minirhizotron system.
Several GDD models were tested with the aim to find the
correlation between soil temperature and broomrape appearance,
as described below.

Linear Model
A linear model was developed according to Eizenberg et al.
(2005a):

Tdaily =
Tmax + Tmin

2
− Tbase (1)

where Tdaily is the calculated temperature, Tmax and Tmin are the
daily maximum and minimum temperatures, respectively, and
Tbase is the minimum temperature for development (in carrot
2◦C; Finch-Savage et al., 1998). Daily GDDs were summed to the
limit value:

GDDlimit =

∑n

i=1
Tn (2)

The model predicts that higher temperatures accelerate the
development rate.

Beta-Function Model
A four-parameter beta-function equation was used to calculate
the effect of temperature on the parasitism dynamics:

r =





(

T − Tb

T0 − Tb

)

∗

(

Tm − T

Tm − T0

)

Tm−T0
T0−Tb





a

(3)

where r is the calculated partial development rate, T denotes
the hourly measured temperature, Tb denotes the minimal
temperature for development, T0 denotes the optimal
temperature for development (i.e., the highest development
rate), Tm refers to the maximal temperature for development,
and a denotes the shape of the slope (Figure 2); all parameters
values determent during model optimization to data (Yin and
Kropff, 1996).
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TABLE 1 | Details of field experiments conducted between 2009 and 2012 in 13 locations in Israel.

Location Sowing date Days to appearance Average temperature (◦C) Max. temperature (◦C) Min. temperature (◦C)

1 17/11/2009 41 15.39 28.26 11.63

2 10/12/2010 61 13.35 26.49 5.14

3 13/10/2010 36 21.53 32.39 14.23

4 10/11/2010 42 16.9 27.37 8.18

5 21/12/2010 63 13.48 21.47 0.00

6 20/09/2011 31 21.9 28.56 16.43

7 10/08/2011 39 28.84 46 23.39

8 06/10/2011 38 19.22 26.88 12.01

9 26/10/2011 55 14.23 28.85 4.73

10 14/11/2011 63 12.75 23.1 0.01

11 30/11/2011 69 11.76 21 4.10

12 02/09/2010 40 27.70 36.4 20.23

13 25/07/2012 33 27.91 36.08 22.33

FIGURE 1 | Detection of Phelipanche aegyptiaca tubercles with a minirhizotron camera.

FIGURE 2 | Mathematical model for the description of P. aegyptiaca

development rate as temperatures rise according to beta function

model.

The r -value was multiplied by the measured soil temperature
and summed to estimate the effect of temperature on parasitism
dynamics, where R is the accumulated GDDs:

R =

∑i

n=1
ri ∗ Ti (4)

According to this model, the parasitism dynamics rate increases
as the temperature rises from a minimal value to the optimal
value. Beyond the optimal temperature, the parasitism dynamics
rate decreases until the maximal temperature is reached.

Temperatures below theminimal and beyond themaximal values
did not contribute to the model and were therefore computed as
zero.

Beta Function Model Combined with a Sigmoid

Curve (BTSG)
A third model was developed for prediction of P. aegyptiaca
parasitism dynamics by combining the beta function Equation
(3) with a sigmoid curve at the optimal temperature:

r = −
1

1+ e
−T+X0

b

+ 1 (5)

where X0 is the inflection point, b is the curve width, and a is
the upper asymptote (in this case it is 1, the maximal rate). The
sigmoid equation was combined with Equation (3) to develop
Equation (6):

{

T < To r = [3]
T > To r = [5]

(6)

According to Equation (6), the parasitism dynamics rate at high
temperatures (above optimal temperature) will be calculated
according to the sigmoid curve and not be assumed to be zero
(Figure 3).

P. aegyptiaca Parasitism Dynamic Model
Partial development values were fitted to the different GDD
models. For each model (linear, beta function and BTSG), a
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dynamic curve was fitted by four parameters (Weibull lag-phase
equation):

f (x) =

(

1− exp

(

−

(

GDD− lag

b

)c))

(7)

where f (x) denotes the partial number of attachments out of the
total number, a is the upper asymptote (in this case a = 100), c is
defined as the slope of the curve, b is a scale parameter regardless
of the shape value, lag is defined as the minimal GDD number for
the appearance of attachments, and GDD is the calculated value
on the X-axis (Ephrath and Eizenberg, 2010).

Curve fitting was performed according to root mean square
error values (RMSE), where a RMSE-value represents the error
between the observed and expected value, computed by:

RMSE =

√

1

n
∑n

i= 1

(

xi − yi
)2

(8)

where xi is the observed partial number of attachments number,
yi is the predicted number of attachments, and n is the number of
observations. Lower RMSE-values indicate a better-fitted model
(Lati et al., 2013).

A value that may be used for comparison of models is the
Akaike information criterion correction (AICc), which is applied
to take into consideration the model complexity and modeling
accuracy according to the number of parameters in the model.
In other words, AICc provides an estimate of the expected
discrepancy between the model generating the data and a fitted
candidate model (Cavanaugh, 1997). The AICc-value, with a
normal distribution, is obtained by:

AICc = 2m+ n ln

(

RSS

n

)

+
2 ∗m (m+ 1)

n−m− 1
(9)

where m is the number of model coefficients, n is the number
of observations, and RSS is the residual sum of squares. A lower
AICc-value indicates a better-fitted GDD prediction model (Lati
et al., 2011).

FIGURE 3 | Mathematical models for the description of P. aegyptiaca

development rate as temperatures rise according to the beta function

model combined with a sigmoid curve.

Validation of the Models
To validate the different models, a leave-one-out cross validation
procedure was conducted (Hawkins et al., 2003). By using cross
validation, it is possible to use data as a learning group and a
testing group simultaneously. For each specific computed model
(beta function and BTSG), prediction was computed according
to 12 out of 13 locations. The estimation of the one-out location
was computed, following the learning group fitted parameters.
The mean ± standard error for 12 locations was defined as the
prediction area of the calculated model. A prediction was defined
as true when the leave-one-out value lay in the prediction area
(1), otherwise it was defined as false (0). The test was repeated for
all 13 locations, using each location both as part of the learning
group and as part of the validation group. The difference in days
between the prediction and the observed result was found by
matching the expected and the observed results to the calculated
GDD from the data logger.

Statistical Analysis
The controlled environment experiments were arranged in a two-
factorial design (temperature, day length) and repeated twice.
ANOVA and comparison of the means were conducted by
Tukey–Kramer HSD test (α < 0.05) using JMP software (vers.
7, SAS). Optimization of the parameters of models (3) and (6)
(i.e., finding the parameters that give the lowest variance between
locations) for the first of appearance broomrape was achieved by
using a simulated annealing method (Aarts et al., 1997), since the
large number of parameters in each equation [four in Equation
(3) and seven in Equation (6)] and the large number of locations
(13) did not enable a pure solution for optimization. This method
is designed to avoid local optimum solution fixation and search
forward until the optimal highest solution is found. Computing
was performed with MATLAB (version 2009b, MathWorks,
Natick, MA, USA). Lag-phase curve fitting was performed with
Sigmaplot software (vers. 11, SPSS, Chicago, IL, USA). Leave-
one-out cross validation was performed with MATLAB.

RESULTS

Controlled-Environment Experiment
The effect of day length and temperature on carrot taproot and
P. aegyptiaca development were examined under controlled-
environment conditions. No mutual effect was found between
temperature and day length. Temperature, however, did affect
carrot biomass of both P. aegyptiaca infested and non-infested
taproots. The maximal biomass of non-infested carrot taproots
was obtained for a 28/22◦C (day/night) temperature regime.
However, maximal biomass of infested taproots was obtained
for the 22/16◦C (day/night) temperature regime. Maximal P.
aegyptiaca biomass was obtained at 28/22◦C (day/night). The
lowest biomasses of carrot taproots (infested and non-infested)
and of P. aegyptiaca were obtained at 34/28◦C (day/night)
(Figure 4).

P. aegyptiaca Field Observations
The development of P. aegyptiaca was followed in 13 commercial
carrot fields by using a minirhizotron camera. No correlation
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was found between the time after carrot seed planting and the
appearance of the first P. aegyptiaca attachment on carrot roots
(Table 1). Average temperatures at the different locations varied
between 11 and 28◦C, emphasis the temperature range (i.e. from
maximum of 46◦C to minimum of 0◦C) in carrot growth as well
as the temperature range that the model have to be valid.

Models
Temperature data were converted to thermal time (GDD) using
three different models: (a) linear model, (b) beta function model,
and (c) BTSG model. The examined models were fitted to the
same data set to identify the best approach for predicting P.
aegyptiaca parasitism dynamics. The fitting process was done
in three steps: (a) optimization of model parameters for first P.
aegyptiaca appearance for minimal variance between locations,
(b) dynamic curve fitting to the overall P. aegyptiaca development
process, and (c) comparison of models and validation using a
cross-validation procedure.

For prediction of the first P. aegyptiaca attachment, the linear
model was fitted to the soil temperature data. The mean value
(±SD) for the first P. aegyptiaca attachment was 759 ± 146
(SD) GDD (Table 2). The values for locations 7 and 12 were
more than 2 SD units from the average value (Figure 5A). A
Weibull lag-phase curve was fitted to data for demonstrating
the parasitism dynamics, except for the higher asymptote (a),
all other coefficients were not significant (Figure 5B, Table 3).
Although, the model was found to be significant, with RMSE

FIGURE 4 | (A) Development of infested (�) and non-infested (�) carrot

taproot biomass. (B) P. aegyptiaca biomass on carrot roots grown under

different temperature regimes. Plants were grown in 2-L pots, two plants per

pot. Bars indicate standard error, n = 5.

and AICc-values of 22.84 and 348.33, respectively, the model
cannot predict P. aegyptiaca development dynamics due to the
non-significance of its parameters.

Fitting of the beta-function curve to the data set showed that
the development rate was inhibited after the optimum point
had been reached and stopped after the maximal temperature
(Equation 3). According to the model, P. aegyptiaca first
attachment was observed at 656 ± 55 (SD) GDD (Table 2,
Figure 6A). A four-parameter Weibull equation with lag phase
adoption curve was fitted to the beta function adjusted values

TABLE 2 | Calculation of the appearance P. aegyptiaca first attachment as

seen with the minirhizotron system, according to recorded soil

temperature in 13 different locations.

Mean Variance Standard deviation

Linear 759.85 21, 409.30 146.31

Beta 656.19 3121.17 55.86

Beta-sigmoid 700.73 2890.03 53.75

Model values were optimized to minimal variance by using Matlab.

FIGURE 5 | (A) Estimation of Phelipanche aegyptiaca parasitism with a linear

model. (A) Detection of first P. aegyptiaca attachment according to the linear

model using growing degree days (GDD). (B) P. aegyptiaca development

dynamics according to the linear model. Curve parameters are presented in

Table 3.
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(Figure 6B, Table 3). The first P. aegyptiaca attachment was
calculated to occur after 607 GDD; the RMSE-value was 14.58,
while the AICc-value was 304.82, i.e., the values were lower than
those for the linear model.

The BTSG model (Equation 6) was also fitted to the data
(Figure 7B, Table 3). This model estimated that development
does not cease after the maximal temperature, but decreases until
it becomes asymptotically close to zero at higher temperatures.
Fitting the model of the first P. aegyptiaca attachment for
minimal variance gave a mean value (± SD) of 700 ± 53 GDD
(Table 2, Figure 7A). In the second step, as was done for the
other models, a dynamic curve was fitted to the P. aegyptiaca
development observations. The first P. aegyptiaca attachments
appeared after 583 GDD. The RMSE-value was 10.79, while
the AICc-value was 278.58, both being lower than the values
obtained with the other two models. For both beta function
and BTSG models, data was calculated in two ways: hourly
measurements and daily average. While hourly measurements
resulted in good estimation with low variance, daily average
measurements demonstrated poor estimation with high variance
between locations. Therefore, further analyses of the models were
done using hourly measurements.

Comparison and Field Validation of the
Models’ Prediction Power
The two best models were compared; the beta function and the
BTSG models. These two models were validated for prediction
of P. aegyptiaca first attachment by the leave-one-out cross
validationmethod. Bothmodels were able to predict P. aegyptiaca
parasitism in all 13 locations (Tables 4, 5). The average variances
of the beta function and the BTSG were 6228 and 5801,
respectively. The average differences between the expected first
P. aegyptiaca attachment and the observed attachment were 2.16
and 2.35 days for the beta function and the combined models,
respectively. The maximal time gap between the observed P.
aegyptiaca first attachment and the predictionmade by the model
were 5.13 and 5 days for the beta function and the BTSG models,
respectively.

DISCUSSION

Most weed species develop above the soil surface and can
therefore be observed and quantified (e.g., weed height or
biomass). However, in the case of root parasitic weed,
broomrape, development, and biomass accumulation take
place in the soil sub-surface and are therefore extremely
difficult to quantify. Several methods have been developed for
broomrape detection. One of the most promising relies on
thermal time or GDD models. These models assume a positive
linear correlation between soil temperatures and broomrape
development (Eizenberg et al., 2012a). However, the current
study found that P. aegyptiaca parasitism on carrot roots
responded differently from that reported in previous studies, in
which low temperatures (below 18◦C) were found to be essential
for P. aegyptiaca and O. crenata development on carrot roots
(Eizenberg et al., 2001). In the current work, results from the
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FIGURE 6 | Estimation of Phelipanche aegyptiaca parasitism

according to the beta function model. (A) Calculation of first P. aegyptiaca

attachment according to the beta model. (B) P. aegyptiaca development

dynamics according to the beta model. Observation were made in 13

locations. Curve parameters are presented in Table 3.

controlled-environment experiments demonstrated that the P.
aegyptiaca development rate on carrot roots accelerated until
an optimal temperature (28◦C/22◦C day/night) was reached; at
higher temperatures P. aegyptiaca development was inhibited.

The controlled-environment experiments on P. aegyptiaca–
infested carrot plants demonstrated that the optimal
temperatures for parasite and carrot development were similar,
being 28◦C/22◦C and 22◦C/16◦C, respectively, for P. aegyptiaca
infested carrot taproots. At high temperatures development of
both P. aegyptiaca and carrot taproot was inhibited. In previous
research, a linear model was found to adequately describe the
relations between thermal time and parasitism dynamics for O.
minor on red clover, O. cumana on sunflower, and P. aegyptiaca
on tomato (Eizenberg et al., 2005a, 2012b; Ephrath et al., 2012).
However, model fitting to the current data using the linear model
resulted in poor prediction. Assessment of first P. aegyptiaca
attachment by using the linear model resulted in high variation,
i.e., 2 out of the 13 locations gave higher values than the
average predicted by the linear model. Moreover, the equation
describing the parasitism dynamics failed to describe the first
appearance of P. aegyptiaca attachment according to the linear
model [the parameter lag phase on the Weibull Equation (7)].
The controlled-environment experiment confirmed that carrot

FIGURE 7 | Estimation of Phelipanche aegyptiaca parasitism with the

combined beta function and sigmoid model. (A) Calculation of first P.

aegyptiaca attachment calculated according to the combined model. (B) P.

aegyptiaca development dynamic according to the combined model,

Observations in 13 locations. Curve parameters are presented in Table 3.

optimal growth rate rise until 28◦C/22◦C, and thereafter carrot
growth decreases above the optimal temperature. It has been
reported that P. aegyptiaca seed germination is also inhibited
at high temperatures (Kebreab and Murdoch, 1999). According
to these results, a linear model cannot describe the parasitism
dynamics. Thus, these findings emphasize the need for a different
model for prediction at temperatures beyond the optimal values.

The beta function model addresses the above problem by
adding the maximal temperature for development parameter
(Tm). According to the model, development begins above
the minimal temperature (Tb), rises until the optimal
temperature (To), decreases between the optimal and the
maximal temperatures, and ceases completely beyond Tm (Yin
and Kropff, 1996). Using the beta function model, we were able
to reduce the variance in the first appearance of P. aegyptiaca
between the different locations, compared to the linear model.
The minimal temperature for development (Tbase), according to
the fitted model, was found to be 2◦C, as was previously reported
for the development of carrot seeds and seedlings (Finch-Savage
et al., 1998). This Tbase was appropriate for carrots but for
not P. aegyptiaca germination, which was found to be 4–5◦C
(Murdoch and Kebreab, 2013). This disparity can be explained
by the understanding that the model refers to overall parasitism
dynamics, which include P. aegyptiaca that is parasitized carrot.
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TABLE 4 | Leave-one-out cross validation for prediction of first P. aegyptiaca attachment on carrot roots according to beta-function-calculated subsoil

temperatures.

Site out number Mean One-out value Variance SD Yes/No Difference Days

1 689.75 708.48 6145.69 78.39 1 18.73 1.00

2 694.95 683.09 6183.63 78.63 1 11.86 1.25

3 679.12 749.84 6276.35 79.22 1 70.72 3.17

4 700.41 652.74 6027.26 77.63 1 47.67 3.75

5 690.13 727.74 6370.49 79.81 1 37.61 1.33

6 711.01 678.6 6178.69 78.6 1 32.41 1.79

7 694.16 692.82 6115.01 78.19 1 1.34 0.83

8 690.49 717.12 6314.86 79.46 1 26.63 1.33

9 692.86 677.78 6269.45 79.17 1 15.08 1.25

10 695.99 663.18 6332.43 79.57 1 32.81 5.13

11 694.25 642.06 5950.98 77.14 1 52.19 5.08

12 700.94 682.79 6266.83 79.16 1 18.15 1.21

13 689.56 711.78 6535.71 80.48 1 22.22 1.00

Average 694.12 691.38 6228.26 78.88 1 29.80 2.16

Means and SD were computed with 12 sites, while the site out value was computed by the estimated parameters. Difference refers to calculated GDDs gap between the mean and the

one-out value. Days represent the difference converted into days.

TABLE 5 | Leave-one-out cross validation for prediction of first P. aegyptiaca attachment on carrot roots according to beta function combined with

sigmoid equation calculated sub soil temperatures.

Site-out number Mean One-out value Variance SD Yes/No Difference Days

1 702.74 729.37 5852.42 76.50 1 26.63 1.83

2 709.71 741.68 5855.55 76.71 1 31.97 2.29

3 691.15 751.16 5721.73 75.64 1 60.01 2.92

4 709.07 666.9 5754.78 75.86 1 42.17 2.96

5 698.29 767.48 5567.25 74.61 1 69.19 5.00

6 726.48 679.24 5807.28 76.20 1 47.24 2.50

7 703.96 669.74 5834.79 76.38 1 34.22 4.22

8 698.9 719.77 5859.39 76.54 1 20.87 1.21

9 704.18 716.76 5866.98 76.59 1 12.58 1.00

10 707.05 723.31 5868.64 76.60 1 16.26 2.04

11 707.32 709.62 5879.59 76.67 1 2.3 0.21

12 704.31 630.88 5697.78 75.48 1 73.43 4.21

13 703.88 701.71 5855.47 76.52 1 2.17 0.17

Average 705.15 708.27 5801.66 76.17 1 33.77 2.35

Means and SD were computed with 12 sites, while the site out value was computed by the estimated parameters. Difference refers to calculated gap in GDDs between the mean and

the one-out value. Days represent the difference converted into days.

Therefore, we can assume that seed germination, a short
part of the attachment process, plays a negligible role in the
parasitism dynamics. Moreover, the effect of temperature on host
development is more important than its effect on the parasite,
because the germination of P. aegyptiaca seeds is autonomic,
while its development (i.e., biomass accumulation) is dependent
on the host conditions; therefore, the effect of soil temperature
on host development is more significant for P. aegyptiaca
biomass accumulation than for its germination.

Previous research has shown different P. aegyptiaca base
temperatures for development on different crops (Ephrath
and Eizenberg, 2010; Ephrath et al., 2012). Unlike the

linear model, the dynamics curve according to the beta
function can predict the entire parasitism progression. However,
it cannot be assumed that there is complete inhibition
of parasite development beyond the optimal temperature.
Moreover, although previous research has described optimal
parasite germination at temperatures up to 30◦C, parasite
germination is still possible above this temperature (Murdoch
and Kebreab, 2013). In addition, parasite genetic diversity
should be taken into consideration, and therefore we cannot
assume unequivocally that no parasite development has occurred
above the maximal temperature. Accordingly, an adjusted
model was developed for use at temperatures above the
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optimal temperature, namely, a beta function model combined
with a sigmoid curve, the BSTG model. According to the
BTSG model, beyond the optimal temperature there is a
moderate decline of the development rate, instead of a
rapid decline to zero. This model describes non-symmetric
development under rising temperatures. As demonstrated in
the controlled environment experiment and in the field
minirhizotron observations, development at low temperatures
differs from that at high temperatures. Therefore, the BTSG
model—with a particular development rate up to the optimal
temperature and a different rate beyond it—can provide a good
estimation of parasitism dynamics.

Cross validation analysis of both models confirmed the utility
of the BTSG model. The BTSG model and the beta function
model made similar predictions for the first P. aegyptiaca
attachment, but prediction of overall P. aegyptiaca parasitism
dynamics was found to be superior with the combined model.
RMSE- and AICc-values confirm the robustness of using the
combined model, even though it contains more parameters.

Although chemical control is a practical tool for broomrape
management (Eizenberg et al., 2012a), effective use of herbicides
requires accurate application at a specific parasite development
stage; for example, for red clover infected byO. minor, imazamox
application to the foliage according to thermal time model
reduced the damage caused to crop by the parasite. Moreover,
herbicide application at an early parasite developmental stage has
the dual advantage of requiring a lower dose of the chemical
than that at a later stage and remaining effective for a longer
period (Eizenberg et al., 2006). Therefore, accurate prediction of
initiation of P. aegyptiaca attachment is a prerequisite for optimal
herbicide application (Cochavi et al., 2016). However, field
experiments have shown that the best results are obtained using
sequential herbicide application (Cochavi et al., 2015), and it is
therefore essential to have in hand a parasitism dynamics model
for accurately predicting the timing of herbicide application.
Previously developed models are not suitable, as they pertain to
short-term crops grown over the summer or greenhouse crops
grown mostly under moderately high temperature regimes.

Carrot was originally a moderate temperature crop, but
nowadays it is grown the year round. Therefore, the crop
is exposed to a wide range of temperatures, including supra
optimal temperatures, reducing its development rate during the
growth period. It is well-known from studies on non-parasitic
weeds that the development rate at high temperatures is not
linear and tends to decline (White et al., 2015). Hence, the
prediction model should deal differently with the crop–parasite
relation at different temperatures. The beta-function model,
unlike the linear model, gives an accurate prediction of the
first establishment of P. aegyptiaca on carrot roots, due to its
ability to deal with the parasite development at supra-optimal

temperatures. However, it is known from previous research that
beneficial P. aegyptiaca management in the field requires at
least three sequential applications of glyphosate, not only at the
first attachment but also at later stages (Cochavi et al., 2015).
Therefore, although the BTSG model contains more parameters
than the beta function model and can predict the P. aegyptiaca
first attachment at the same level, its ability to predict more

accurately the total parasitism process is superior, as is needed
for optimal herbicide application in the field.

CONCLUSIONS

A number of models have been developed to describe the
parasitism dynamics of broomrape species in their hosts, and in
all a linear equation for computing GDD was fit to the parasitism
dynamics. The point to be stressed is that all these models are
seasonal and quantify the parasitism dynamics in the spring when
temperatures begin to increase. However, carrot are cultivated
the year round, with sowing in the summer and growth into
the winter or be sowing in the winter and growth into the
summer. Therefore, for this host, it was necessary to develop a
robust temperature-sensitive model for predicting the parasitism
dynamics. Hence, the BTSG model was found to be effective
for prediction of P. aegyptiaca development in all temperature
regimes, including high temperatures. The model found to be
effective for predicting the entire parasitism dynamics and not
only for predicting the first attachment therefore can be used for
precise temporal chemical management of in carrot.

Further research should test herbicide efficiency according to
the suggested model, meaning the best timing of applications
and the optimal number of applications for the development of
a sustainable method for P. aegyptiacamanagement in carrot.
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Broomrape weeds (Orobanche and Phelipanche spp.) are root holoparasites that feed
off a wide range of important crops. Among them, Orobanche crenata attacks legumes
complicating their inclusion in cropping systems along the Mediterranean area and West
Asia. The detrimental effect of broomrape parasitism in crop yield can reach up to 100%
depending on infection severity and the broomrape-crop association. This work provides
field data of the consequences of O. crenata infection severity in three legume crops,
i.e., faba bean, field pea, and grass pea. Regression functions modeled productivity
losses and revealed trends in dry matter allocation in relation to infection severity.
The host species differentially limits parasitic sink strength indicating different levels of
broomrape tolerance at equivalent infection severities. Reductions in host aboveground
biomass were observed starting at low infection severity and half maximal inhibitory
performance was predicted as 4.5, 8.2, and 1.5 parasites per faba bean, field pea, and
grass pea plant, respectively. Reductions in host biomass occurred in both vegetative
and reproductive organs, the latter resulting more affected. The increase of resources
allocated within the parasite was concomitant to reduction of host seed yield indicating
that parasite growth and host reproduction compete directly for resources within a host
plant. However, the parasitic sink activity does not fully explain the total host biomass
reduction because combined biomass of host–parasite complex was lower than the
biomass of uninfected plants. In grass pea, the seed yield was negligible at severities
higher than four parasites per plant. In contrast, faba bean and field pea sustained
low but significant seed production at the highest infection severity. Data on seed yield
and seed number indicated that the sensitivity of field pea to O. crenata limited the
production of grain yield by reducing seed number but maintaining seed size. In contrast,
the size of individual parasites was not genetically determined but dependent on the host
species and resource availability as a consequence of competition between parasites at
increasing infection severities.

Keywords: parasitic weed damage, legume, broomrape, resource allocation, weed threshold density
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INTRODUCTION

Broomrape weeds (Orobanche and Phelipanche species) are root-
holoparasitic plants that possess extreme competitive ability
against the crop. Rather than to compete with crops for
field resources, their haustorial cells penetrate crop roots to
directly divert water and nutritive resources (Parker and Riches,
1993). Broomrape weeds attack dicotyledonous crops along
Mediterranean, central and Eastern Europe, and Asia (Parker,
2009). Orobanche crenata Forsk is a major constraint for grain
and forage legume on over 4 Mha of the Mediterranean area
(Parker, 2009). The increasing interest on sustainable agriculture
promotes the cultivation of legumes as a tool of ecological
optimization of resource use and promotion of pest resilience
in cropping systems. Due to the severe effects of O. crenata
parasitism in the host crop, and the high persistence of
parasitic seedbank in agricultural soils it has been the cause of
abandonment of legume cultivation in important cropping areas
(Mesa-Garcia and Garcia-Torres, 1984; Sauerborn, 1991; Parker
and Riches, 1993; Rubiales et al., 2009).

Many of the broomrape traits such as achlorophyllous nature,
underground parasitism, the physical and metabolic overlap with
the crop, or lack of functional roots, reduce the efficiency of
conventional programs in weed management aimed to their
control (Fernández-Aparicio et al., 2016). In order to achieve
efficient control, broomrape parasitism should be targeted at
different fronts by an integrated management strategy (Kebreab
and Murdoch, 2001). Infection severity in broomrape strongly
depends on environmental factors such as temperature and
parasitic seedbank density (Linke et al., 1991; Eizenberg et al.,
2005). For the determination of thresholds of weed density
above which it is profitable to apply control measurements,
equations correlating yield losses to broomrape infection severity
are needed (Garcia-Torres et al., 1996) but their determination
is spare in the majority of crops affected. No previous work
has estimated the effect of O. crenata infection in field pea
and grass pea. The O. crenata effect on faba bean productivity
was estimated in pots by Manschadi et al. (1996) at three
successively increased seedbank densities, in which even at
the lowest seed density, a high number of broomrapes was
attached per host plant, while at the other two increased
densities the parasite number was observed so high that lead
to faba bean death before maturity. In contrast, a field study
by Mesa-Garcia and Garcia-Torres (1984) provided an accurate
prediction system for expected damage by studying the range
of infections normally found in the field. Caution should be
exercised in the extrapolation of host and parasite growth in
pots to real farming conditions, as the rapid saturation in
parasite-carrying capacity occurring in pots complicates the
determination of the host response curves related to infection
severity.

Our study was conducted to determine the consequences
in crop productivity of O. crenata parasitism at successively
increasing infection severities in three highly susceptible legume
crops: faba bean (Vicia faba L.), field pea (Pisum sativum L.), and
grass pea (Lathyrus sativus L.). The experimentation was carried
out in field conditions with a natural parasitic seed bank in south

of Spain, an area where O. crenata is endemic attacking legume
crops.

MATERIALS AND METHODS

Plant Material
One susceptible cultivar of each of the three species faba bean (cv.
Prothabon), field pea (cv. Messire), and grass pea (cv. Lisa) were
chosen to evaluate their response to increasing levels ofO. crenata
parasitism. A natural occurring parasitic seedbank of O. crenata
was infesting the field used in the experiments.

Site and Experimental Design
The experimental work was carried out in Córdoba, (Alameda
del Obispo Farm), southern Spain, on a deep loam soil (typic
xerofluvent). The precrop on the experimental site was faba bean-
wheat- field pea rotation. Average (30 years) annual precipitation
and air temperature in the area were 536.0 mm and 17.6◦C,
respectively, with maximum and minimum daily air temperature
of 46.6◦C and−7.8◦C. Each host species was laid out in 15× 4 m2

experimental plots, in a complete randomized block design with
three replicates. Each crop was hand sown in November, each
plant separated 50 cm apart inside rows with 50 cm distance
between rows and 5 cm sowing depth. Legumes were rain feed,
and hand weeding of weeds other than broomrape was carried
out when required.

The field was deliberately chosen by its heterogeneous
distribution of O. crenata seed bank indirectly observed in
previous seasons by a patchy distribution of the parasite in
susceptible legume plants. Consequently, host plants inside each
plot suffered variation of infection severity measured as number
of emerged broomrapes per host plant. At the end of cultivation
cycle, data on emerged broomrapes ranging from 0 to 11 parasites
per host plant was taken in 750 host plants. All broomrapes
emerged per host plant were extracted from the host root by a
gentle pull and counted. Host and parasitic tissue was collected
per each host plant and carried to the laboratory. Samples were
dried at 80◦C during 48 h and each biomass compartment
weighed independently per host plant.

Calculation and Statistics
O. crenata infection severity was estimated per individual host
plant in each crop species as number of emerged broomrapes
per plant. The distribution of dry matter within the host–parasite
complex was determined by recording five parameters per
host plant: combined biomass (host and broomrape biomass),
aboveground host dry matter, host reproductive dry matter
(host seeds), host vegetative dry matter (aboveground minus
reproductive dry matter), and cumulative broomrape dry
matter (total broomrape dry biomass per host plant). In addition,
for field pea plants, number of seeds per plant was measured in
each sampled plant.

Several parameters were calculated to characterize the effect of
O. crenata parasitism in each crop. First, host reproductive index
was determined taking into account only host tissue and it was
calculated for each plant as the ratio between host reproductive
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dry matter and total aboveground host dry matter. Additional
parameters were calculated to determine the biomass partitioning
within the host–parasite complex: relative host reproductive
weight (percentage of the combined biomass allocated into
the host seeds); relative parasitic weight (percentage of the
combined biomass allocated into the parasite); relative weight
of total sinks (percentage of the combined biomass allocated
into host seeds and in the parasite). In addition the individual
O. crenata weight was estimated as parasitic biomass sustained
by each host plant averaged by the number of parasites per plant.
For field pea, the individual seed weight was calculated as host
reproductive biomass averaged by the number of seeds.

Statistical analysis was performed using SAS (R) 9.3 (SAS
Institute Inc.). Arcsine square root transformations of the
data which did not meet the conditions of normality and
homogeneous variance were performed to conform to the
assumptions of analysis of variance (ANOVA). ANOVA was
conducted on biomass data using a randomized design, to test
for the significance of the infection severity.

In each host species, infection severity was regressed against
all components in the system response to parasitism: total
aboveground host biomass, host vegetative biomass, host
reproductive biomass, number of seeds, average seed weight,
combined biomass, relative parasitic weight, relative host
reproductive sink, and relative weight of total sinks. In addition,
number of parasites was regressed against individual parasitic
weight average.

RESULTS AND DISCUSSION

In parasite-free plants, the average aboveground dry matter and
reproductive index (ratio host seeds to aboveground host dry
matter) were, respectively, 110.5 g and 53.6% for faba bean, 28.0 g
and 53.5% for field pea and 43.2 g and 35.0% for grass pea plant
(Figures 1 and 2). Our results are in agreement with previous
studies showing that low reproductive index is characteristic
of grass pea species (Siddique et al., 1996). During parasitism,
broomrape plant acts as additional sink withdrawing water and
assimilates from host vascular system. In the three legume species
studied, aboveground host dry matter was consistently reduced
by O. crenata parasitism in an infection severity-dependent
fashion. Correlations between aboveground dry matter in the
host and infection severity have been previously observed high
in faba bean-O. crenata (Mesa-Garcia and Garcia-Torres, 1984),
while was low or not significantly correlated in other crop-
broomrape associations such as sunflower-O. cernua (Garcia-
Torres et al., 1996), tobacco-O. cernua (Hibberd et al., 1998), and
tomato-P. ramosa (Mauromicale et al., 2008). In our field data,
the relation between aboveground host dry matter reduction
and infection severity was best fitted to exponential functions
where the downward slide began at low parasite densities and
intensified at a biomass inhibition rate of 0.16, 0.09, and 0.82 g/g
indicating that parasitism reduced aboveground host dry weight
in faba bean, field pea, and grass pea by 16, 9, and 82% for
weight unit, respectively. The severe reduction in grass pea
biomass was linear up to three parasites per plant, after which

there was not further decrease in host dry matter with increased
parasite densities. Similar pattern was previously described in
tomato infected with increased densities of the broomrape species
P. aegyptiaca (Barker et al., 1996). In our field study, the infection
severity with half maximal inhibitory performance was predicted
as 4.5, 8.2, and 1.5 parasites per faba bean, field pea, and
grass pea plant, respectively. Tolerance to broomrape weeds is
defined by the capacity of a given crop genotype to endure
broomrape infection with low productivity losses (Fernández-
Aparicio et al., 2016). Our field data show that at any given
level of infection severity, grass pea is the species less tolerant
to O. crenata parasitism except at the highest parasite density,
in which each legume species only achieved 30.0, 38.0, and
33.0% of the total aboveground dry matter of their respective
faba bean, field pea, and grass pea uninfected counterparts
(Figures 1A–C).

Figure 2 shows that the O. crenata-induced inhibition rate
was more intense in reproductive than in vegetative dry matter
measured at final harvest. Reductions in the reproductive index
were previously observed in O. minor-red clover and O. crenata-
faba bean by Mesa-Garcia and Garcia-Torres (1984), Manschadi
et al. (1996), and Lins et al. (2007). The parasite density with
half maximal inhibitory performance in faba bean, field pea,
and grass pea was, respectively, predicted as 7.6, 8.2, and 4.8
parasites per plant for host vegetative dry matter and predicted
as 3.5, 3.7, and 1.7 parasites per plant for host reproductive dry
matter. Mesa-Garcia and Garcia-Torres (1984) predicted that
four O. crenata per plant was the average infection severity
responsible for the reduction of faba bean seed yield by half, being
similar to our predictive system for faba bean seed reduction.
It has been previously suggested that seed yield losses induced
by O. crenata can reach up to 100% (Sauerborn, 1991). In grass
pea, the seed yield was negligible at severities higher than four
parasites per plant. In contrast, at the highest infection severity
(11 broomrapes per plant) faba bean and field pea sustained a low
but significant seed production.

The cumulative dry biomass of all broomrapes infecting one
single plant was highly related with infection severity (Figure 1).
Exponential rise functions were fitted to these data suggesting
that biomass accumulation in parasites rise quickly at low parasite
densities and the rate of increase starts to slow at densities
higher than five parasites per plant regardless host species.
High correlation between broomrape number and broomrape
dry weight accumulated per host plant was previously observed
by Mesa-Garcia and Garcia-Torres (1984), Barker et al. (1996),
Garcia-Torres et al. (1996) but differed from that reported by
Manschadi et al. (1996) and Hibberd et al. (1998). In faba bean,
the maximum accumulation of parasitic biomass (55.18± 12.27)
was higher than that observed in field pea (7.86 ± 1.04) and
in grass pea (11.6 ± 1.67). For faba bean and grass pea the
maximum accumulated parasitic dry weight was not significantly
different from the seed yield produced by uninfected plants. On
the contrary, for field pea the maximum parasitic dry matter was
significantly lower than the dry matter of seeds in uninfected field
pea plants.

Living as obligated holoparasites, broomrapes are deprived
of autotrophy and in consequence infected host plants are
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FIGURE 1 | Relationship between total dry weight and infection severity measured as O. crenata emergence per host plant. Dry weight of infected
system (combined host+ O. crenata; �), host dry weight (O), cumulative O. crenata dry weight ( ). (A) faba bean, (B) field pea; (C) grass pea.

FIGURE 2 | Relationship between total dry weight and infection severity measured as O. crenata emergence per host plant. Host vegetative dry matter
(leaves and stems; O), Host reproductive dry matter (host seeds;  ). (A) faba bean, (B) field pea; (C) grass pea.

responsible for capture and synthesis of resources used for the
biomass construction of the overall parasitic plant-host plant
complex. For some crop-broomrape associations, combined
biomass is equivalent to that developed by uninfected crops
being the biomass loss in the host equivalent to that accumulated
by the parasite. This performance suggests that damage in
the crop is directly attributed to the parasitic sink activity for
nutrient withdrawal. However, the damage induced by parasitic
weeds in other crops extends beyond assimilate diversion.
In those cases, the parasitic weed displays a pathogenic-like
nature promoting negative effects on the crop photosynthetic
machinery and hormonal balance (Stewart and Press, 1990;
Barker et al., 1996; Manschadi et al., 1996; Hibberd et al., 1998;
Mauromicale et al., 2008). Therefore, we studied whether in
our field conditions, O. crenata parasitism impairs the capacity
of faba bean, field pea, and grass pea as autotrophic sources
of energy and nutrients regardless the final sink allocation
within the plant-parasitic plant complex. The productivity
of the infected system (total host–parasite combined dry
weight) was slightly lower than the total biomass developed
by uninfected plants (Figure 1). Similar results have been

reported for O. cernua-tobacco association (Hibberd et al.,
1998). The inhibition rate of combined biomass was more
intense in grass pea (1.06 g/g) than in field pea (0.38 g/g)
and faba bean (0.16 g/g), reaching asymptotic values in which
each legume species achieved 60, 67, and 67% of the total
biomass of their respective uninfected counterparts. These
results suggest that the reduction of biomass allocated into
the host was not fully explained by the O. crenata sink
activity.

In order to determine whether there is a trade-off between
the resources allocated into reproductive versus parasite sink
through the range of infection severity observed, we studied
the combined weight of sinks (host seed plus parasite dry
weights) and the relative weight of combined sink (ratio
between combined sink weight to total aboveground biomass)
at increased infection severities. In faba bean and grass pea,
the combined weight of sinks equals the reproductive sink
(seed weight) in uninfected plants regardless the level of
infection (data not shown). Similar results were reported
by Manschadi et al. (1996). By contrast, in field pea the
combined sink weight was reduced up to 44.9% with respect
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FIGURE 3 | Relationship between relative sink weight (ratio of sink weight to total complex dry weight) and infection severity measured as O. crenata
emergence per host plant. Combined sink (host seed + O. crenata) relative weight (�), host seed relative weight (O), O. crenata relative weight ( ). (A) faba bean,
(B) field pea; (C) grass pea.

FIGURE 4 | Relationship between seed yield components in faba bean and infection severity. (A) Number of harvested seeds per host plant (y = 9107
e(−0.21x), r2

= 0.93, P < 0.0001), (B) Individual seed weight (y = 0.21−0.0006x), r2
= 0.16, P = 0.19).

to reproductive weight in uninfected plants. This reduction
was a consequence of relatively larger host seed inhibition
than the concomitant gain in parasitic dry weight as described
above. This reduction occurred at a rate of 0.64 g/g up to
infection severity of two parasites per plant but remained
constant thereafter. Figure 3 shows the relative distribution
of dry matter into sinks within the host-O. crenata complex.
In faba bean and grass pea but not in field pea, the relative
weight of combined sinks was significantly higher than the
reproductive index and in the uninfected system and this
difference was related with infection severity (ANOVA, p< 0.001;
Figure 2). This performance was due to a larger decrease
in dry weight of vegetative compartment at final harvest in
relation to a constant combined sink weight suggesting that as
the infection severity increases, higher levels of leaf reserves
needs to be remobilized to attend the cost of combined
sink biomass construction versus that occurred to build the

equivalent seed biomass in uninfected plants. It was previously
described that in the system O. cernua-tobacco, the host
leaf area is not altered during Orobanche infection but the
specific leaf area increases at late stages in the infection
process indicating remobilization of leaf reserves (Hibberd et al.,
1998).

In order to compare the strength of the parasitic sink for
assimilate allocation in each host species, we studied the relative
weight of parasites (ratio of accumulation of parasitic dry weight
relative to combined biomass). For faba bean and grass pea the
relative parasitic weight increased rapidly at low infection severity
but it found an upper limit established around five parasites per
plant beyond which it did not change significantly suggesting that
a maximum percentage of dry matter within the host–parasite
complex can be derived to the parasite regardless the infection
severity (Figures 3A,C). However, in field pea, the increase rate
in relative parasitic weight was slightly lower but more sustained
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FIGURE 5 | Relationship between average dry weight of individual O. crenata plant and infection severity measured as O. crenata emergence per
host plant. (A) Faba bean (y = 17.82 e(−0.14x), r2

= 0.89, P < 0.0001), (B) field pea (y = 1.61e(−0.11x), r2
= 0.80, P = 0.0002), (C) grass pea (y = 4.62 e(−0.16x),

r2
= 0.85, P < 0.0001).
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through a broader range of parasite severity, reaching the upper
limit at higher levels of infection (Figure 3B). The parasite
relative weight ranged from 7.4 (1 parasite per plant) to 57.6%
(11 parasites per plant) in faba bean; from 8.2 (1 parasite per
plant) to 41.6% (11 parasites per plant) in field pea; and from
21.8 (1 parasite per plant) to 51.0% (11 parasites per plant) in
grass pea. These data seems to indicate that less assimilates is
available to O. crenata plants when they are attached to field
pea roots. In the case of grass pea, parasitic relative weight
equals combined sink relative weight at parasites densities higher
than 4, due to the total substitution of seed yield by parasite
dry matter. This effect was not observed in faba bean and
field pea due to low but sustained seed production in the
host. The proportion of resources allocated within the parasite
was concomitant to reduction of host seed yield indicating
that parasite growth and host reproduction compete directly
for resources within a host plant. Host seed relative weight
decreased at greater parasite densities according to exponential
decay functions from 48.5 (1 parasite per plant) to 10.6% (11
parasites per plant) in faba bean, from 42.9 (1 parasite per plant)
to 8.1% (11 parasites per plant) in field pea; and from 15.0 (1
parasite per plant) to 0.1% (11 parasites per plant) in grass pea
(Figure 3).

Data recorded in field pea on seed yield and number of seeds
per plant appears to suggest that field pea adjusts grain yield
components in response to O. crenata parasitism by reducing
number of seeds per host plant but maintaining constant
the individual seed weight (Figure 4). Similarly O. crenata
infection reduced the seed number but not the average seed
unit weight in faba bean (Mesa-Garcia and Garcia-Torres,
1984). In our work, uninfected field pea plants produced an
average of 93.4 ± 11.9 seeds per plant which was inhibited
at a rate of 21% by increasing levels of O. crenata infection.
The parasite density with half maximal inhibitory performance
for seed number was predicted as 3.3 parasites per plant and
at the highest parasite density, pea plants only produced 7.3%
seeds of their uninfected counterparts (Figure 4A). The average
weight of individual field pea seeds was 0.22 g per seed and
was independent on the level of infection indicating that it
was genetically controlled regardless the availability of resources
(Figure 4B). This may be part of a host survival strategy
to parasitic plant infection, where field pea concentrates its
resources to a smaller number of viable seeds being this strategy
also observed in legumes to survive drought (Gusmao et al.,
2012). Those results are in agreement with the Smith and
Fretwell (1974) model which establishes that seed individual
weight is genetically determined and less variable in response
to changes in resource availability than seed number which is
directly regulated by the resource availability averaged by the
genetically determined seed individual weight. Competition for
pollinators between host and O. crenata inflorescences could
not have a role in the reduction of number of seeds in
field pea infected plants, because field pea is an autogamous
species, however, it should be considered in other parasitic

plant-host plant interactions when both partners in the host–
parasite complex are allogamous and their flowering stage is
synchronized.

The regulation model of seed production in response to
differing resource availability contrasted with the regulation
model of resource distribution observed in the parasites attached
to the same host plant. The size of individual parasites (indirectly
estimated as average weight of individual parasite) was not
genetically controlled but dependent on the host species.
Individual parasite weight was bigger in faba bean (at low parasite
densities the individual weight per parasite was 10.34 ± 0.22 g)
than in grass pea (2.36 ± 0.41 g) followed by field pea
(1.06 ± 0.09 g). In addition, parasite individual weight was very
plastic in response to resource availability. A negative relation
between O. crenata individual weight and parasite density was
observed, suggesting competition between individual parasites
feeding in a single host plant at high parasite densities (Figure 5).
Our observations agreed to those observed by Barker et al. (1996),
Manschadi et al. (1996), and Hibberd et al. (1998) in various
crop-broomrape associations.

CONCLUSION

Studies of competitive relations between parasitic weeds and
its host crops are important in order to calculate intervention
thresholds of control measurements essential in integrated pest
management programs. Data of how Orobanche affects the
growth of attacked crops is not always available or applicable.
Most available studies in broomrape-crop associations have been
performed in pots which reflect imperfectly the consequences of
broomrape parasitism in the crop. We have contributed to breach
this gap of knowledge in legume crops by characterizing in field
O. crenata growth and the consequences of its parasitism in faba
bean, field pea, and grass pea, three of its most preferred host
crops.
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Phelipanche ramosa (L.) Pomel (branched broomrape) is a holoparasitic plant that
reproduces on crops and also on weeds, which contributes to increase the parasite
seed bank in fields. This parasite extracts all its nutrients at the host’s expense so that
host–parasite trophic relationships are crucial to determine host and parasite growth.
This study quantified the intensity with which P. ramosa draws assimilates from its
host and analyzed whether it varied with host species, host phenological stage and
host growth rate. A greenhouse experiment was conducted on three host species: the
crop species Brassica napus (L.) (oilseed rape) and two weed species, Capsella bursa-
pastoris (L.) Medik. and Geranium dissectum (L.). Plants were grown with or without
P. ramosa and under three light levels to modulate host growth rate. The proportion
of host biomass loss due to parasitism by P. ramosa differed between host species (at
host fructification, biomass loss ranged from 34 to 84%). B. napus and C. bursa-pastoris
displayed a similar response to P. ramosa, probably because they belong to the same
botanical family. The sensitivity to P. ramosa in each host species could be related to
the precocity of P. ramosa development on them. Host compartments could be ranked
as a function of their sensitivity to parasitism, with the reproductive compartment being
the most severely affected, followed by stems and roots. The proportion of biomass
allocated to leaves was not reduced by parasitism. The proportion of pathosystem
biomass allocated to the parasite depended on host species. It generally increased
with host stage progression but was constant across light induced-host growth rate,
showing that P. ramosa adapts its growth to host biomass production. The rank order
of host species in terms of sink strength differed from that in terms of host sensitivity.
Finally, for B. napus, the biomass of individual parasite shoots decreased with increasing
their number per host plant, regardless of host growth rate. Results will be incorporated
into a mechanistic model in order to analyze the effect of parasitic plant species on weed
community assembly and to design new cropping systems for controlling P. ramosa.

Keywords: Phelipanche ramosa, Brassica napus, Geranium dissectum, Capsella bursa-pastoris, weed, biomass,
host, parasite
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INTRODUCTION

Broomrapes are root-parasitic plant species of the Phelipanche
and Orobanche genera that can cause severe yield losses
to economically important crop species all over the world
(Dhanapal et al., 1996; Parker, 2009). In France, branched
broomrape – Phelipanche ramosa (L.) Pomel (syn. Orobanche
ramosa) – is a frequent and harmful parasitic plant species
with a large range of hosts including Solanaceae, Brassicaceae,
and Fabaceae species. Among arable crops, Brassica napus (L.)
(oilseed rape) is the favorite P. ramosa host with yield losses
up to 90% (Gibot-Leclerc et al., 2012). P. ramosa reproduces
not only on crop species but also on weed species (Boulet
et al., 2001). Thus, even in the absence of a host crop, weeds
can allow an increase in P. ramosa soil seed bank which can
then infest a subsequent crop. To date, no efficient method
is available for controlling broomrape in arable crops and
integrated management practices are required (Dhanapal et al.,
1996).

P. ramosa is a root-holoparasitic (i.e., chlorophyll-lacking)
angiosperm that connects with the vascular system of its host’s
roots and extracts all its nutrients (carbohydrates and minerals)
and water at the host’s expense (Parker and Riches, 1993).
Consequently, host–parasite trophic relationships are crucial
to determine the growth and seed production of the two
interacting plants and, therefore, the harmfulness of P. ramosa.
For holoparasitic plants, host–parasite trophic relationships
have never been compared for different host species under
the same experimental conditions. Several studies dealing with
trophic relationships in single broomrape–host combination
pairs revealed that the deleterious effect of broomrape parasitism
on host biomass production and distribution among host
compartments (leaves, stems, and roots) varies across host and
parasitic species, number of parasites and growing conditions
(Barker et al., 1996; Dale and Press, 1998; Hibberd et al., 1998;
Manschadi et al., 2001; Lins et al., 2007; Mauromicale et al.,
2008). In the particular case of P. ramosa, host–parasite trophic
relationships were studied for only one host species, Solanum
lycopersicum L. (tomato) (Mauromicale et al., 2008). The trophic
relationships have never been characterized for this parasite with
either B. napus (P. ramosa’s favorite arable host crop in France) or
weed species. Yet, such knowledge is crucial to better understand
the impact of P. ramosa on B. napus production, both directly
(by nutrient withdrawal from B. napus plants) and indirectly (via
weed parasitism increasing P. ramosa soil seed bank) and thereby
to parametrize simulation models allowing to identify cropping
systems adapted to the control of P. ramosa (Colbach et al., 2011,
2014).

The trophic relationships can be characterized by, on the one
hand, the response of the host plant to parasitism, referring
to both number of parasite attachments and host growth
reduction due to parasitism (Mauromicale et al., 2008) and,
on the other hand, by the parasite sink strength, i.e., the
proportion of the parasite biomass or growth rate relative
to that of the host plant or the pathosystem (Lins et al.,
2007; Hautier et al., 2010). Previous studies on host–parasite
trophic relationships comparing different host species concerned

hemiparasitic plant species (Matthies, 1996; Cameron et al., 2006;
Hautier et al., 2010). In contrast to holoparasitic plant species
like P. ramosa, hemiparasitic plant species are photosynthetically
active, relying on the host for mineral nutrients, water and
sometimes for carbohydrates (Watling and Press, 2001; Irving
and Cameron, 2009). For these parasites, host growth reduction
due to parasitism was shown to depend on host species
(Cameron et al., 2006) while the analysis of the parasite sink
strength showed that the parasite growth rate, and hence
parasite biomass, increased with host growth rate (Hautier
et al., 2010). Host species parasitized by a hemiparasitic plant
were shown to be ranked the same, both in terms of host
response to parasitism and parasite sink strength (Matthies,
1996).

Focusing on a holoparasitic plant species, the objective of
the present study was to quantify the intensity with which
P. ramosa draws assimilates from B. napus, its favorite arable
host crop in France, and to analyze whether this intensity
varies with host phenological stages and light intensity-induced
host-growth rate. Our objective was also to compare the
responses and effects of P. ramosa in two additional host
species with differing levels of ability to promote parasite
growth. The following research hypotheses were tested. Firstly,
for a given host species, we assumed a constant response to
parasitism, meaning that the growth of parasitized host plants
will be proportional to the growth of healthy host plants,
whatever the host stage, the host growth rate and the number
of attached parasites. Secondly, for a given host species, we
assumed a constant sink strength of the parasite, meaning that
the growth of P. ramosa will be proportional to that of the
pathosystem including host and parasite, irrespective of host
stage, host growth rate and number of parasite attachments.
Plant biomass will be considered as a proxy of assimilate
fluxes to analyze host–parasite trophic relationships. These
hypotheses were tested on host species grown in the presence
or absence of P. ramosa in order to evaluate the impact of
parasitism on host growth and under three light levels in
order to generate different host growth rates. Oilseed rape
(B. napus) was used as the preferred host crop species that
supports numerous attachments and aboveground shoots of
P. ramosa (Gibot-Leclerc et al., 2012). Capsella bursa-pastoris
(L.) and Geranium dissectum (L.) were also used. They are
both host weed species that support a limited number of viable
attachments of P. ramosa (Boulet et al., 2001). Attachments
generally result in aboveground parasite shoots on C. bursa-
pastoris (Boulet et al., 2001) but more erratically on G. dissectum:
no emergence was observed in greenhouse conditions (Boulet
et al., 2001), while emerged shoots were reported in the field
(Supplementary Data Sheet 1). Host reponse to parasitism was
analyzed in terms of P. ramosa attachments, total host biomass
production and biomass partitioning among host compartments
(i.e., leaves, stems, roots, and reproductive compartments). The
sink strength of the parasite was analyzed in terms of P. ramosa
biomass production relative to that of the pathosystem as well as
parasite shoot number per host plant and average parasite shoot
biomass.

Frontiers in Plant Science | www.frontiersin.org July 2016 | Volume 7 | Article 103381

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-01033 July 11, 2016 Time: 18:0 # 3

Moreau et al. Phelipanche ramosa-Host Trophic Relationships

MATERIALS AND METHODS

Experimental Treatments
A greenhouse experiment was conducted in Dijon (France) from
September 2013 to July 2014 with three host species, two parasite
seed densities, three light conditions and three replicates at each
harvest date. The three host species were B. napus (Aviso cultivar,
seeds from SW Seeds), C. bursa-pastoris and G. dissectum (seeds
from Herbiseed). There exist several pathovar for P. ramosa
(Le Corre et al., 2014). Here, the pathovar specific to the most
cultivated French arable crop species (i.e., oilseed rape) was
chosen. Parasite seeds were collected in 2002 from severely
infested oilseed rape fields and identified as belonging to the
B. napus pathovar (Le Corre et al., 2014). Plants of the three host
species were grown without and with P. ramosa seeds (165 mg
of P. ramosa seeds per pot, corresponding to ca. 55000–60000
seeds). Hereafter, plants of both treatments are referred as healthy
and parasitized plants, respectively. Plants were also grown under
three light levels (100, 34, and 29% daylight). The 100% light
level corresponded to natural light whereas the 34 and 29% light
levels were obtained using two types of shading net allowing to
artificially reduce light levels over the plots1. The experimental
design was a complete factorial design with three replicates. For
each of the 18 experimental treatments (3 host species × 2
P. ramosa seed densities × 3 light levels), 12 plants were grown
(4 harvest dates × 3 replicates), resulting in a total of 216 plants
in the experiment.

Cultural Conditions
Two L-pots were filled with 0.4 L of clay balls at the bottom
and 1.6 L of a substrate made up of 1:3 of Biot sand and 2:3
of a disinfected soil (collected at Experimental station of Dijon-
Epoisses, France) determined as 8% sand, 57% silt, 35% clay.
For the treatment with P. ramosa, parasite seeds were mixed
with all of the substrate moistened beforehand. Host plant seeds
were sown 14 days later to allow preconditioning of P. ramosa
seeds, i.e., the exposure of parasite seeds to temperate and moist
conditions to make them more susceptible to host root exudates
(Musselman, 1980). For each host species, one host seed was sown
per pot on September 12th 2013. As G. dissectum seedlings did
not emerge and grow correctly, a new batch of seeds was sown
4 months later. G. dissectum plants were grown during 6 weeks
in a growth chamber to mimic greenhouse conditions similar to
those experienced by the two other species, before transfer into
the greenhouse in March.

Tap water was provided at frequencies and quantities that
were adjusted to maintain humidity at about 70% of soil water-
holding capacity. The water loss through evapotranspiration was
estimated every 1–3 days by weighing reference pots (one per
experimental treatment). Whenever the water content of the soil
was below 70% of soil water-holding capacity, the pots were
irrigated. In addition, 10 mL of a nutrient solution (10-10-10
corresponding to N-P-K) was provided once a week per pot.

1We initially aimed at 60 and 30% light levels for the two shaded treatments but
the continuous light measurements during the experiment showed the shading to
be more similar than planned, despite preliminary tests

Our objective was to obtain environmental conditions as close as
possible to those in the field. Thus, neither heating nor artificial
light were used. Air temperature (PT100 sensors; Pyro-Contrôle,
Vaulx-en-Velin, France) and incident photosynthetically active
radiation (PAR; silicium sensors; Solems, Palaiseau, France)
measurements were taken every 600 s and stored in a data logger
(DL2e; Delta-T Devices, Cambridge, England). For B. napus and
C. bursa-pastoris, the mean daily temperature (including night
temperatures) was 13.3◦C (ranging from 3.3 to 28.7◦C), the
mean daily incident photosynthetic active radiation for the 100%
light level treatment was 8 mol m−2 day−1 (ranging from 1 to
33 mol m−2 day−1) and day length was 12.0 h (ranging from
8.2 to 16.1 h). For G. dissectum during the whole growth period
(including in growth chamber), the mean daily temperature was
16.7◦C (ranging from 6.2 to 28.7◦C), the mean daily incident
photosynthetic active radiation for the 100% light level treatment
was 8 mol m−2 day−1 (ranging from 2 to 11 mol m−2 day−1) and
day length was 14.3 h (ranging from 11.2 to 16.1 h).

Plant Measurements
Plants were harvested at four phenological stages of the host
species: rosette, elongation, flowering, and fructification. As
parasitism did not delay host phenology, parasitized and healthy
plants were harvested at the same date for a given host species in a
given light treatment (Supplementary Data Sheet 2). Biomass was
determined after drying for 48 h at 80◦C with a balance precision
up to 10−5 g. Host biomass was measured separately for roots,
stems, leaves, and reproductive organs (including flowers and
fruits). For P. ramosa, the number of attached individual parasitic
plants and the number of aboveground P. ramosa shoots per host
plant were counted and aboveground and belowground biomass
per host plant were determined separately.

Statistical Analyses
Analyzed variables were: total host biomass, host biomass per
compartment (i.e., roots, stems, leaves, and reproductive organs),
aboveground and belowground parasite biomass per host plant
and number of aboveground shoots of P. ramosa per host
plant. Analysis of variance was performed to study the effects
of experimental factors, i.e., host species, P. ramosa parasitism,
light level and host phenological stage, and their interactions
on growth variables. Analysis of covariance was performed to
analyze correlations between growth variables in relation to
experimental factors. Significance was determined using α= 0.05
and analyses were performed using the lm function of R x64 3.0.3
(R Development Core Team, 2014).

RESULTS

Parasite Number and Phenology Across
Host Species
The number of attached P. ramosa plants per host plant differed
between host species (P < 0.001), light levels (P < 0.001) and
host phenological stages (P= 0.002; Table 1). P. ramosa infection
success was the highest in G. dissectum, especially until flowering,

Frontiers in Plant Science | www.frontiersin.org July 2016 | Volume 7 | Article 103382

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-01033 July 11, 2016 Time: 18:0 # 4

Moreau et al. Phelipanche ramosa-Host Trophic Relationships

TABLE 1 | Number of attached parasites for the three host species, the four phenological stages and the three light levels.

Host species Light level Rosette Elongation Flowering Fructification

Brassica napus 100% 27.7 25.0 8.7 35.3

34% 10.7 10.7 17.7 17.7

29% 0.0 4.3 0.7 4.7

Capsella bursa-pastoris 100% 0.3 0.3 1.3 2.0

34% 1.0 1.0 0.7 3.3

29% 0.0 0.3 0.0 0.3

Geranium dissectum 100% 47.0 108.7 21.7 30.7

34% 20.0 34.3 7.7 6.3

29% 14.0 19.7 14.7 3.3

followed by B. napus while it was low for C. bursa-pastoris. For
B. napus and G. dissectum, the number of attachments decreased
with decreasing light level (P < 0.003) and, for G. dissectum
only, it varied with host phenological stage, being maximal at
elongation (P < 0.001).

For the three host species, P. ramosa aboveground shoot
number per host plant was maximal at the host fructification
stage. It was much lower for G. dissectum (0.4 parasite shoots
per host plant) and C. bursa-pastoris (1) than for B. napus (11)
averaged over all light levels. So, despite the high number of
P. ramosa attachments on G. dissectum, the success of P. ramosa
to develop on this host species was low. Synchronization
between host and parasite varied among species, with P. ramosa
development, expressed relatively to host development, being
later onC. bursa-pastoris (Table 2). Whatever the host species, the
parasite did not have the time to fructify during the experiment.

Pathosystem Biomass Production
Host species, light level and host phenological stage all affected
total pathosystem biomass production, i.e., the combined host
and parasite biomass in parasitized plants, or the sole host
biomass in healthy plants (P < 0.001). In addition, parasitism
significantly decreased the pathosystem biomass (P < 0.001;
Figure 1). This pathosystem biomass loss did not differ among
host species (P = 0.53) but it varied with host phenological
stage (P < 0.001). For B. napus and C. bursa-pastoris from
rosette to flowering, pathosystem biomass was not or only little
affected by parasitism. The effect was either non-significant or

TABLE 2 | Synchronization between host and parasite phenology.

Host species Light level Host stage at
parasite emergence

Host stage at
parasite flowering

Brassica napus 100% Flowering Fructification

34% Flowering Fructification

29% Flowering Fructification

Capsella
bursa-pastoris

100% Fructification −

34% Fructification Fructification

29% − −

Geranium
dissectum

100% Fructification −

34% Flowering Flowering

29% Flowering Flowering

associated to a very low partial R2 (Table 3) while parasitism had
a significant effect on pathosystem biomass at fructification stage
Table 3. At host fructification, pathosystem biomass loss was 36
and 26% for B. napus and C. bursa-pastoris, respectively (average
over all light levels). For G. dissectum, parasitism decreased
pathosystem biomass at all host phenological stages (Table 3),
with the largest effect at host flowering and fructification stages
where pathosystem biomass was respectively reduced by 78 and
79% compared to healthy host plants (average over all light
levels). For the three species, the deleterious effect of parasitism
on pathosystem biomass production also varied with light level
(P < 0.001; Figure 1). It increased with light level for both
B. napus and G. dissectum, while it was the strongest at the lowest
light level for C. bursa-pastoris.

Host Biomass Production
Host species, light level, host phenological stage and parasitism
by P. ramosa all affected total host biomass (P < 0.001; Figure 1).
In addition, the effect of parasitism differed among host species
(P < 0.001) and host phenological stages (P < 0.001). For
B. napus and G. dissectum, parasitism affected host biomass at
all phenological stages except rosette stage while for C. bursa-
pastoris it affected host biomass at fructification stage only
(Table 4). At fructification, host biomass was reduced by ca. 84%
for G. dissectum, 76% for B. napus and 34% for C. bursa-pastoris
(average over all light levels). Finally, the deleterious effect of
parasitism increased with light availability for both B. napus and
G. dissectum, whereas it was strongest at the intermediate light
level for C. bursa-pastoris (P < 0.001). For B. napus, the effect
of the parasitism increased with host phenological stage while
that of the light level diminished. This is shown by the increase
of partial R2-values related to parasitism and the concomitant
decrease of the partial R2-values related to the light level with
progression of phenological stages (Table 4).

The biomass of the parasitized host plants was positively and
linearly related to that of the healthy host plants (P < 0.001).
The regression parameters did not depend on light availability
(P = 0.55) but varied with the host species (P < 0.001) and
its phenological stage (P < 0.001). In B. napus (except at
fructification) and C. bursa-pastoris, healthy and parasitized plant
biomasses were correlated according to a single relationship
(P < 0.001) that was valid whatever the host species (P = 0.15),
the light level (P = 0.63) and the phenological stage (P = 0.09;
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FIGURE 1 | Absolute values of biomass per compartment for each host species × host phenological stage × light level combination. H is for healthy
plants and P for parasitized plants. Data are means for three independent replicates. SE is represented for pathosystem biomass values (i.e., the combined host and
parasite biomass in parasitized plants, or the sole host biomass in healthy plants). The part-labels from (A) to (I) show the different host species per light level
combinations.

Figure 2). The slope value of 0.82 g/g indicates that parasitism
reduced host biomass by ca. 18% for C. bursa-pastoris whatever
the phenological stage and B. napus from rosette to flowering
stages. Parasitized plant biomass of B. napus at fructification stage
was approximately 4 g, whatever light availability (P = 0.17).
Biomasses of healthy and parasitized G. dissectum plants were
also correlated (P < 0.001), with an average slope of 0.10 g/g
showing that parasitism reduced host biomass by ca. 90%
(average over all light levels) which is much higher than for the

other host species. The regression slope varied with light level
(P = 0.004) and host phenological stage (P = 0.007) but these
effects were negligible (partial R2

= 0.09 and 0.10, respectively).
A similar regression analysis was performed on the pathosystem
biomass, i.e., the sum of both host and parasite biomass, giving
similar conclusions (Supplementary Data Sheet 3).

To analyze the tolerance of host species to parasitism, biomass
loss per host plant was expressed relatively to parasite biomass.
Averaged over the light levels at host fructification, values were

TABLE 3 | Effects of parasitism by Phelipanche ramosa, light level and interaction on pathosystem biomass for each host species and phenological
stage.

Host species Factors Rosette Elongation Flowering Fructification

Brassica napus Light level 0.89∗∗∗ 0.85∗∗∗ 0.97∗∗∗ 0.48∗∗

Parasitism ns 0.04∗ ns 0.21∗∗

Interaction 0.05∗ ns ns ns

Capsella bursa-pastoris Light 0.93∗∗∗ 0.69∗∗∗ 0.64∗∗ 0.45∗∗

Parasitism ns ns ns 0.17∗

Interaction ns ns ns 0.16∗

Geranium dissectum Light level 0.47∗∗ 0.73∗∗∗ 0.42∗∗∗ 0.45∗∗∗

Parasitism 0.15∗ 0.10∗∗∗ 0.27∗∗∗ 0.21∗∗∗

Interaction ns 0.13∗∗∗ 0.30∗∗∗ 0.29∗∗∗

Partial R2-values determined by analysis of variance. ns for a non-significant effect, ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
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TABLE 4 | Effects of parasitism by Phelipanche ramosa, light level and interaction on total host biomass for each host species and phenological stage.

Host species Factors Rosette Elongation Flowering Fructification

Brassica napus Light level 0.89∗∗∗ 0.83∗∗∗ 0.61∗∗∗ 0.16∗

Parasitism ns 0.07∗∗ 0.19∗∗ 0.60∗∗∗

Interaction ns ns ns ns

Capsella bursa-pastoris Light level 0.93∗∗∗ 0.70∗∗∗ 0.64∗∗ 0.50∗∗∗

Parasitism ns ns ns 0.26∗∗∗

Interaction ns ns ns ns

Geranium dissectum Light level 0.55∗∗∗ 0.56∗∗∗ 0.37∗∗∗ 0.42∗∗∗

Parasitism ns 0.18∗∗∗ 0.31∗∗∗ 0.23∗∗∗

Interaction ns 0.22∗∗∗ 0.31∗∗∗ 0.31∗∗∗

Partial R2-values determined by analysis of variance. ns for a non-significant effect, ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

FIGURE 2 | Correlation between parasitized (P) and healthy (H) host
biomass per host species. Data are mean ± SE for three independent
replicates (n = 3). The black line is for both Capsella bursa-pastoris at all
stages and Brassica napus until flowering only (y = 0.82x; R2

= 0.97). The
brown line is for both Geranium dissectum at all stages (y = 0.10x; R2

= 0.77).

1.9± 0.1 g/g for B. napus, 2.4± 1.3 g/g for C. bursa-pastoris, and
14.4 ± 8.8 g/g for G. dissectum showing that G. dissectum was
much less tolerant to P. ramosa than the other two species.

Host Biomass Distribution per
Compartment
The biomass distribution per compartment of the host plant
(leaves, stems, roots, and reproductive organs) was calculated by
dividing the biomass of a given compartment by the biomass
of the pathosystem, including both host biomass and parasite
biomass if any (Figure 3). Whatever the compartment, host
species (P < 0.001), light level (P < 0.024), host phenological
stage (P < 0.001), and parasitism (P < 0.004) all affected
biomass distribution. Except for leaves, the effect of the parasitism
also varied with host species (P < 0.001), phenological stage
(P < 0.006), and light availability (P < 0.01). The effect
of parasitism on leaf biomass distribution varied with host
phenological stage (P = 0.002) but not with host species
(P = 0.08) and light level (P = 0.17).

The biomass distribution per compartment was analyzed per
host species (Table 5). For B. napus, the biomass distribution
in leaves was affected by parasitism at the two lowest light
levels. However, this effect was minor compared to that of
the other factors (Table 5). For stem, root and reproductive
compartments, the adverse effect of parasitism increased with
the host phenological stages progression (Figure 3). The
compartments could be ranked according to their sensitivity
to parasitism. At B. napus fructification, the reproductive
compartment was the most severely affected (averaged over
all light levels, reproductive-biomass proportion was reduced
by 97% for parasitized vs. healthy plants), followed by stems
(reduced by 66%), roots (reduced by 50%) and leaves (not
affected).

Generally, in C. bursa-pastoris, parasitism did not affect the
distribution of biomass, whatever the compartment (Figure 3;
Table 5). Biomass allocation to leaves and reproductive
compartment was though affected by parasitism at the highest
light level whereas biomass allocation to stems was reduced at
host fructification. However, these effects were minor compared
to the direct effects of the other factors (low partial R2-values
associated to the effects of interactions between factors in
Table 5).

In G. dissectum, parasitism generally decreased biomass
allocation to host compartments to the benefit of the parasite
compartment (Figure 3, Table 5). The magnitude of the
parasitism effect varied for all compartments (except roots) with
host phenological stage (Table 5). At host fructification, the
ranking of the host compartments according to their sensitivity
to parasitism was identical to that for B. napus: the reproductive
compartment was the most reduced (averaged over all light
levels, reproductive-biomass proportion was reduced by 75% for
parasitized vs. healthy plants), followed by stems (reduced by
66%), roots (reduced by 33%), and leaves (increased by 20%).

Phelipanche ramosa Biomass
Host species, phenological stage and light level all affected
absolute values of total P. ramosa biomass (including
aboveground and belowground biomass) per host plant
(Figure 1; Table 6). The main effects were host species and
phenological stage. Parasite biomass was larger on B. napus
than on the other two species. For B. napus, host phenological
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FIGURE 3 | Distribution of biomass per compartment for each host species × host phenological stage × light level combination. H is for healthy plants
and P for parasitized plants. Data are means for three independent replicates. The part-labels from (A) to (I) show the different host species per light level
combinations.

stage was the main factor affecting P. ramosa biomass per host
plant and, for C. bursa-pastoris, it was the only significant factor
(Table 6). For both species, P. ramosa biomass increased with
host stage progression (Figure 1). For G. dissectum, light level
had a greater impact (Table 6): depending on the light level,
parasite biomass was the largest either at host elongation or
flowering stage (Figure 1).

Parasite biomass per host plant was positively and linearly
related to the biomass of the pathosystem including both
host and parasite biomasses (P < 0.001). Host phenological
stage (P < 0.001), host species (P < 0.001), and light level
(P < 0.001) all influenced the regression parameters (Figure 4).
For B. napus, the parameters of the regression varied with host
stage (P < 0.001) but not with the light level (P = 0.23) and the
interaction between both factors (P= 0.17). Parasite biomass was
significantly correlated to pathosystem biomass at host flowering
(P = 0.006) and fructification (P < 0.001). The slopes of the
correlations (0.62 and 0.70 g/g at flowering and fructification,
respectively) did not differ between both stages (P = 0.65),
showing that P. ramosa biomass increased in similar proportions
(around 66%) with increasing pathosystem biomass (Figure 4A).
Y-intercepts differed between host stages (P = 0.003) because of
the larger parasite biomass at host fructification than at flowering
for a given pathosystem biomass. The difference in y-intercept
suggests that, at flowering stage, a larger minimum amount of

pathosystem biomass is needed before any measurable parasite
biomass is being produced.

For G. dissectum, as for B. napus, the regression parameters
varied with the host stage (P < 0.001) but not with the light
level (P = 0.96) and the interaction between both factors
(P = 0.22). Parasite biomass was significantly correlated to that
of the pathosystem at all host stages (P < 0.001), except rosette
(P= 0.19). Slopes (P= 0.49) and y-intercepts (P= 0.99) were not
different between elongation and flowering stages (slope value
at 0.43 g/g) while the slope was lower (slope value at 0.25 g/g)
and y-intercept was higher at fructification stage (P < 0.001;
Figure 4C). The lower slope value at fructification indicated that
the increase in P. ramosa biomass with increasing pathosystem
biomass was less than at elongation and flowering.

For C. bursa-pastoris with its small number of attached
P. ramosa plants (see Parasite Number and Phenology Across
Host Species), most of the P. ramosa biomass values were close
to nil, except at host fructification (Figure 4B). Parasite biomass
was not correlated to pathosystem biomass, whatever the host
phenological stage.

Aboveground P. ramosa Shoot Number
and Biomass
The number of P. ramosa aboveground shoots per host plant
was analyzed in relation to the aboveground biomass per shoot
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TABLE 5 | Effects of parasitism by Phelipanche ramosa, light level, host stage, and interactions on biomass distribution per compartment for each host
species.

Host species Factors Leaf Stem Root Reproduction

Brassica napus Light 0.15∗∗∗ 0.11∗∗∗ 0.55∗∗∗ ns

Stage 0.80∗∗∗ 0.30∗∗∗ 0.14∗∗∗ 0.41∗∗∗

Parasitism ns 0.22∗∗∗ 0.03∗∗ 0.19∗∗∗

Parasitism:light 0.01∗∗∗ ns ns ns

Parasitism:stage ns 0.18∗∗∗ 0.05∗∗ 0.37∗∗∗

Light:stage 0.01∗∗ 0.07∗∗∗ 0.05∗ ns

Parasitism:light:stage ns 0.04∗ ns ns

Capsella bursa-pastoris Light 0.01∗∗ 0.04∗∗∗ 0.55∗∗∗ ns

Stage 0.87∗∗∗ 0.79∗∗∗ 0.14∗∗∗ 0.79∗∗∗

Parasitism ns ns ns ns

Parasitism:light 0.02∗∗ ns ns 0.04∗∗∗

Parasitism:stage ns 0.04∗∗∗ ns ns

Light:stage 0.03∗∗ 0.04∗∗∗ 0.09∗∗∗ 0.02∗

Parasitism:light:stage ns 0.04∗∗∗ ns 0.06∗∗∗

Geranium dissectum Light 0.05∗ 0.02∗∗ 0.26∗∗∗ 0.03∗

Stage 0.25∗∗∗ 0.41∗∗∗ 0.33∗∗∗ 0.43∗∗∗

Parasitism 0.05∗∗ 0.25∗∗∗ 0.18∗∗∗ 0.18∗∗∗

Parasitism:light ns ns 0.06∗∗∗ ns

Parasitism:stage 0.19∗∗∗ 0.17∗∗∗ ns 0.18∗∗∗

Light:stage 0.09∗ 0.04∗∗ ns 0.04∗

Parasitism:light:stage ns 0.03∗ 0.03∗ ns

Partial R2-values determined by analysis of variance. ns for a non-significant effect, ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

of P. ramosa. The analysis was performed for B. napus which
was the only host species on which P. ramosa produced several
aboveground shoots (see Parasite Number and Phenology Across
Host Species). Light level did not significantly affect either the
number of shoots per host plant (P = 0.12) nor the biomass per
shoot (P = 0.20) nor the total aboveground parasitic biomass

TABLE 6 | Effects of light level, host stage and interaction on Phelipanche
ramosa total biomass for each host species.

Host species Factors F-values

Brassica napus Light level 0.10∗∗

Host stage 0.62∗∗∗

Interaction 0.12∗

Capsella bursa-pastoris Light level ns

Host stage 0.26∗∗

Interaction ns

Geranium dissectum Light level 0.33∗∗∗

Host stage 0.22∗∗∗

Interaction 0.29∗∗∗

All species Host species 0.24∗∗∗

Host stage 0.18∗∗∗

Light level 0.03∗∗∗

Species:stage 0.28∗∗∗

Species:light 0.05∗∗∗

Stage:light 0.03∗

Species:stage:light 0.07∗∗∗

Partial R2-values determined by analysis of variance. ns for a non-significant effect,
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

per host plant (P = 0.21) at 2.8 ± 0.5 g/g. Nonetheless, as
the number of P. ramosa shoots increased, the biomass of each
shoot decreased following a negative power relation (Figure 5),
regardless of the light level.

DISCUSSION

Response to P. ramosa Differed between
Host Species
The effect of P. ramosa on host growth varied across host
species, with host biomass losses ranging from 34 to 84% at host
fructification. In the literature, the values of host biomass loss due
to parasitism by broomrape species range from 15 to 72% (Dale
and Press, 1998; Hibberd et al., 1998; Manschadi et al., 2001; Lins
et al., 2007; Mauromicale et al., 2008). These values stem from
independent studies differing on experimental design in terms
of parasitic and host plant species, phenological stages at data
collection, environmental conditions, and parasitic seed density.
Even though our study considered only one parasitic plant species
at a constant seed bank density and measurements were made at
similar phenological stages for all host species, the range of values
of biomass loss due to parasitism was as large as that found in
literature.

B. napus and C. bursa-pastoris displayed similarities in their
response to P. ramosa. Firstly, their tolerance to P. ramosa,
i.e., their capacity to endure parasitism with minor losses of
productivity, was similar. Secondly, the analysis of the correlation
between the biomasses of parasitized and healthy hosts showed
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FIGURE 4 | Correlation between Phelipanche ramosa biomass and pathosystem biomass (including host and parasite biomasses) for the three host
species, namely (A) Brassica napus, (B) Capsella bursa-pastoris, and (C) Geranium dissectum. Each point on the figure is a replicate. For Brassica napus
the red and blue lines are for flowering stage (y = 0.62x-3.15; R2

= 0.68) and fructification stage (y = 0.70x-0.70; R2
= 0.96), respectively. For Geranium dissectum,

the black line is for both elongation and flowering stages (y = 0.43x-0.03; R2
= 0.95) and the blue line is for fructification stage (y = 0.25x-0.02; R2

= 0.80).

FIGURE 5 | Correlation between the biomass per shoot of
Phelipanche ramosa and the number of Phelipanche ramosa shoots
for Brassica napus at three different light levels. Each point on the figure
is a replicate. The line is a power function (y = 2.53x−0.96; R2

= 0.96).

that the proportion of biomass loss due to parasitism was similar,
except at host fructification when B. napus was more sensitive
than C. bursa-pastoris. Thirdly, for both host species, the effect
of parasitism on host biomass was maximal toward the end of
the host life (fructification). Fourthly, the proportion of biomass
loss due to parasitism was independent of the light level. These
similarities between B. napus and C. bursa-pastoris could be
due to their affiliation to the same botanical family. The lower
resistance (characterized in our study by the number of parasite
attachments) of B. napus compared to C. bursa-pastoris could
be due to the P. ramosa pathovar that was used in this study,
corresponding to a B. napus pathovar.

In contrast, G. dissectum was much more responsive to
P. ramosa, with many more P. ramosa attachments reflecting a
lower resistance of this host species. In spite of this, very few
P. ramosa shoots emerged on this host. This could be due to (i) a
genetic component of late-resistance in the host and/or (ii) an
effect of high competition for host-derived nutritive resources
between parasite individuals. Moreover, this species showed
much more host biomass loss per g of parasite biomass, reflecting

a lower tolerance to P. ramosa. Finally, for this host species, the
maximal effect of parasitism occurred earlier in the host life-cycle
(i.e., flowering). The dissimilarities between G. dissectum and the
other two species could be linked to their different botanical
families (Geraniaceae vs. Brassicaceae). Part of differences could
though also be explained by the fact that this species was not
grown at exactly the same period of time as the two other host
species, though with identical parasite seed densities.

The relative timing of host and parasite stages seems to
be a major factor for explaining differences in host tolerance
among host species. The parasite was earlier on G. dissectum
and consequently probably disrupted host plant functioning
more. Parasite phenology was delayed on C. bursa pastoris, and
therefore competition for assimilates tipped in favor of the host,
with a lower impact on host growth. Considering a single host
species, Manschadi et al. (1996) showed that the impact of the
parasite Orobanche crenata on its host Vicia faba depended on the
synchronization between parasite and host phenological stages.
In our study, it is difficult to determine whether the relationship
between host sensitivity and parasite precocity stem strictly from
differences between plant species or also from differences in
growth conditions (as G. dissectum was grown at a period of
time different from that of the other two species). Nonetheless,
both our results and Manschadi et al. (1996), suggest that this
relationship could exist both at the intra- and inter-specific level.

Host Reproductive Compartment was
the Most Severely Affected by Parasitism
Broomrapes plants are known to compete strongly for resources
within host plants, causing significant changes in biomass
distribution (Barker et al., 1996; Hibberd et al., 1998; Lins
et al., 2007). Here, for B. napus and G. dissectum, parasitism
by P. ramosa strongly affected biomass partitioning among
compartments, namely leaf, stem, root and reproductive
compartments. For C. bursa-pastoris, no direct effect of
parasitism was observed on biomass partitioning, probably
because this host species was not very sensitive to P. ramosa
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(see Response to P. ramosa Differed between Host Species)
and because the parasite produced little biomass on this host
(see Host Biomass Loss Due to Parasitism is Not Systematically
Invested in P. ramosa Biomass). For B. napus and G. dissectum,
the most severely affected compartment was the reproductive
compartment, particularly for B. napus. The stem compartment
was the second most affected, followed by roots, whereas the
leaf compartment was not reduced by parasitism whatever
the host species. A similar ranking of the host compartments
was identified for other broomrape species (Barker et al.,
1996; Manschadi et al., 1996; Hibberd et al., 1998; Grenz
et al., 2008). Broomrape species act as an additional sink that
competes with host compartments for assimilates. The strongest
impact of parasitic plants on host reproductive growth was
shown by Manschadi et al. (2001, 2004). It could be related
to the synchronism between the periods of host reproductive
growth and parasite shoot growth. Conversely, the other host
compartments (roots, stems, and leaves) are already well-
established at the time when parasite shoots start to require large
amounts of assimilates for their growth. Even if the proportion
of leaves was little affected by parasitism, plant photosynthesis
was probably reduced as suggested by the substantially lower
total biomass production of the pathosystem compared to
total biomass production of healthy plants for most of our
experimental treatments. In literature, the effect of parasitism
on host photosynthesis is pathosystem dependent, with studies
showing that photosynthesis is unaffected (example of Orobanche
minor in Dale and Press, 1998) whereas others report a reduced
photosynthesis, in particular caused by P. ramosa (Mauromicale
et al., 2008).

Host Biomass Loss Due to Parasitism is
not Systematically Invested in P. ramosa
Biomass
Parasite sink strength was evaluated by the slope of the linear
regression of parasite biomass vs. pathosystem biomass. It could
not be evaluated for C. bursa-pastoris on which parasite biomass
was negligible. On the two other species, P. ramosa was shown
to adapt its sink strength to the host species and the host stage
with, for a given host species and host stage, P. ramosa extracting
a constant proportion of host assimilates whatever the host
growth rate. To our knowledge, the present study is the first to
analyze the effects of the host species and phenological stages on
biomass allocation to the parasite. It allows ranking host species
as a function of P. ramosa sink strength, with the lowest sink
strength on C. bursa-pastoris, followed by G. dissectum and then
B. napus. The highest sink strength on B. napus is consistent
with the highest number of P. ramosa attachments and emerged
shoots on this host species. The use of P. ramosa seeds from
the B. napus pathovar is probably the explanation. The lowest
sink strength on C. bursa-pastoris is consistent with the lowest
sensitivity of this host species to P. ramosa (see Response to
P. ramosa Differed between Host Species). However, the host
species with the highest sensitivity to P. ramosa (G. dissectum)
is not the species generating the highest P. ramosa sink strength
(B. napus). In other words, G. dissectum was very sensitive to

P. ramosa parasitism but P. ramosa was poorly efficient on this
host, meaning that the host biomass loss due to parasitism was
only poorly invested in P. ramosa biomass, contrary to what
happened for B. napus.

Rethinking the Host Concept
While parasite biomass was significant on the three species,
the parasite did not reproduce, questioning the host status the
studied species. A host is defined as a species which allows the
parasite to attach and which confers benefits to the parasite in
terms of growth and reproduction. However, it is established that
a greater spectrum of responses are displayed by potential hosts
(from true host to non-host and all stages in between) especially
in the case of parasitic plants that are not host-specific, i.e., able
to parasitize different host species, such as P. ramosa (Cameron
et al., 2006). Our results show that, even though P. ramosa does
not reproduce, it can generate large biomass losses for the plant
on which it is attached. Thus, the three studied species cannot
be considered as non-host. Moreover, P. ramosa was previously
shown to reproduce on these species (Supplementary Data
Sheet 1; Boulet et al., 2001; Gibot-Leclerc et al., 2012). Altogether,
these findings indicate that variations in the host status are
possible for a given species. As discussed above, variations in
synchronization between parasite and host phenological stages,
due to variations in environmental conditions, could explain why
P. ramosa is not always able to reproduce on a given host species.
An improper synchronization for the parasite could result in
not enough time for the parasite to complete its biological cycle,
and/or a too large nutrient flow extracted by the parasite, causing
host death.

Parasitic Aboveground Biomass per
Shoot Decreased with Shoot Number per
Host Plant
For B. napus, the aboveground biomass of individual P. ramosa
shoots decreased with increasing shoot number per host
plant, following a single relationship. Similar relationships were
observed for two broomrape species, including P. ramosa
(Hibberd et al., 1998; Mauromicale et al., 2008). Our study is
the first to analyze the effect of host growth rate, modulated by
the light level, on this relationship, showing that the relationship
remained unchanged, whatever the host growth rate. Our data are
consistent with Hibberd et al. (1998) in concluding that, as the
number of parasite shoots increased, competition for assimilates
between individual shoots decreased their individual biomass.
Without such a regulation, i.e., if individual shoot biomass did
not decrease with shoot number, a very high resource extraction
by the parasite could potentially severely reduce host growth and
consequently compromise parasite biomass and survival (Lins
et al., 2007; Hautier et al., 2010).

Agronomic Implications
This study provides clues on the effects of the trophic
relationships between P. ramosa and the weed flora on parasite
soil seed bank in cropping systems. It is established that each
of the studied host species can induce P. ramosa reproduction
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(see Gibot-Leclerc et al., 2012 for B. napus; Boulet et al.,
2001 for C. bursa-pastoris; Supplementary Data Sheet 1 for
G. dissectum). Even though P. ramosa did not reproduce in
our study, our findings allow comparing the three host species.
Parasite biomass was much lower on the two weed species than
on B. napus. As seed production is known to be correlated to
plant biomass (e.g., Lutman et al., 2011), our results suggest
that these two weed species would contribute little to parasite
seed bank. They could possibly even contribute to reduce rather
than increase P. ramosa seed bank. Indeed, even though more
than 50 P. ramosa individuals were fixed per G. dissectum
plant, only few of them emerged and none produced seeds.
This could be particularly true during summer fallow where
the sheer abundance of weeds could compensate their small
root system (and thus the resulting lower stimulation of fatal
parasite germination) without hindering cash crop development.
In the future, conducting new studies on a range of potential
host weed species will be helpful to discriminate the weed
species promoting from those impeding P. ramosa dissemination
particularly checking parasite seed production ability. In order to
characterize possible variations in the synchronization between
host and parasite phenology for a given host species, these studies
will have to consider different cohorts for the weed species which
are able to germinate at different periods during the year (e.g.,
C. bursa-pastoris and G. dissectum; Mamarot and Rodriguez,
2014). Such studies should help to identify the host weed species
that should be controlled in priority in order to manage P. ramosa
seed bank in cropping systems.

Parasitism reduced host growth less in C. bursa-pastoris than
in G. dissectum, suggesting that P. ramosa can affect plant
species differently and therefore could modify weed community
assembly in cropping systems. This result is supported by studies
at the community level on other parasitic plants: some species
(i.e., highly sensitive host species) were shown to be penalized by
the presence of the parasite, leading to a lower resources uptake
to the benefit of other species in the community (Gibson and
Watkinson, 1991; Ameloot et al., 2005).

Our study tested only three host species. Considering a wider
range of species, especially weed species, would be necessary
to go further in the analysis of a host species effect. Our next
step will be to integrate our data into a mechanistic model of
the effects of cropping systems on parasite population dynamics.
While previous models integrated interactions with the host
crop species only (Grenz et al., 2006), a model that integrates
parasite population dynamics in interaction with non-parasitic
weed hosts will be considered (Colbach et al., 2011). Mechanistic
models are particularly useful to predict and understand complex
systems (Rossing et al., 1997; Colbach et al., 2014). They will thus

help to further analyze the effect of parasitic plant species on weed
growth and community assembly and to design cropping systems
for controlling P. ramosa.

CONCLUSION

The intensity of the response to P. ramosa differed among host
species and, depending on the host species, host biomass loss
due to parasitism was not systematically invested in P. ramosa
biomass. The parasite adapted its growth to host biomass
production and the proportion of pathosystem biomass allocated
to the parasite generally increased with host stage progression.
Results suggests that some host weed species could contribute
to increase while others could contribute to reduce P. ramosa
soil seed bank. If confirmed, weed management may have to be
rethought in order to restrain P. ramosa dissemination in infested
fields and in fields with risks of infestations.
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Broomrapes are plant-parasitic weeds which constitute one of the most difficult-to-
control of all biotic constraints that affect crops in Mediterranean, central and eastern
Europe, and Asia. Due to their physical and metabolic overlap with the crop, their
underground parasitism, their achlorophyllous nature, and hardly destructible seed
bank, broomrape weeds are usually not controlled by management strategies designed
for non-parasitic weeds. Instead, broomrapes are in current state of intensification and
spread due to lack of broomrape-specific control programs, unconscious introduction
to new areas and may be decline of herbicide use and global warming to a lesser
degree. We reviewed relevant facts about the biology and physiology of broomrape
weeds and the major feasible control strategies. The points of vulnerability of some
underground events, key for their parasitism such as crop-induced germination or
haustorial development are reviewed as inhibition targets of the broomrape-crop
association. Among the reviewed strategies are those aimed (1) to reduce broomrape
seed bank viability, such as fumigation, herbigation, solarization and use of broomrape-
specific pathogens; (2) diversion strategies to reduce the broomrape ability to timely
detect the host such as those based on promotion of suicidal germination, on
introduction of allelochemical interference, or on down-regulating host exudation of
germination-inducing factors; (3) strategies to inhibit the capacity of the broomrape
seedling to penetrate the crop and connect with the vascular system, such as biotic
or abiotic inhibition of broomrape radicle growth and crop resistance to broomrape
penetration either natural, genetically engineered or elicited by biotic- or abiotic-
resistance-inducing agents; and (4) strategies acting once broomrape seedling has
bridged its vascular system with that of the host, aimed to impede or to endure the
parasitic sink such as those based on the delivery of herbicides via haustoria, use of
resistant or tolerant varieties and implementation of cultural practices improving crop
competitiveness.

Keywords: integrated pest management, Orobanche, Phelipanche, parasitism, germination, haustorium, plant
recognition, seed bank
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INTRODUCTION

The broomrapes are obligate plant-parasitic plants from the
genera Orobanche and Phelipanche in the Orobanchaceae family
(Bennett and Mathews, 2006; Tank et al., 2006; Joel, 2009). Due
to their achlorophyllous nature, broomrapes are constrained to
obtain their nutritional resources by feeding off other plants using
the haustorium, an organ unique in parasitic plants through
which the parasite diverts water and nutrients from the host
(De Candolle, 1813; Kuijt, 1969; Musselman and Dickison,
1975; Westwood, 2013). The majority of broomrape species
are botanical wonders parasitizing wild host plants in natural
ecosystems. However, seven broomrape species, Orobanche
crenata, O. cernua, O. cumana, O. foetida, O. minor, Phelipanche
aegyptiaca, and P. ramosa have specialized on attacking crops
causing trouble in agriculture along Mediterranean, central and
eastern Europe, and Asia (Parker, 2009). The crops affected
depend on the host range of the broomrape species considered
but in general, those in the Asteraceae, Brassicaceae, Apiaceae,
Fabaceae, or Solanaceae such as sunflower, oilseed rape, carrot,
faba bean, or tomato among many others, sustain the major
attacks (Parker and Riches, 1993). The damage induced in the
crop by broomrape parasitism differs for each broomrape-host
association. In general, parasitized crops suffer from reductions
in total biomass at the greatest expense to the reproductive tissue
(Barker et al., 1996; Manschadi et al., 1996; Lins et al., 2007). In
some crops, the biomass loss equals to that accumulated by the
parasite indicating that damage in the crop is directly attributed
to the parasitic sink activity (Barker et al., 1996; Manschadi
et al., 1996; Hibberd et al., 1998). However, in other broomrape-
crop associations the damage induced by broomrape extends
beyond assimilate diversion. In those cases, broomrape displays
a pathogenic nature promoting disease in the crop mainly
through negative effects on the crop photosynthetic machinery
and hormonal balance (Stewart and Press, 1990; Mauromicale
et al., 2008).

There are not figures based on rigorous data for the total area
affected by broomrape weeds (Parker, 2009). Sauerborn (1991)
estimated that 16 million ha in Mediterranean and West Asia
regions risked being infested. In this regard, France is doing
valuable work through the Technical Center for Oilseed Crops
and Industrial Hemp, Terresinovia, where a nationwide survey of
infested fields is actualized online on real time by the farmers with
new cases emerging every year and recently toward new regions
such as the French Centre region1. Several studies suggest that
large areas of new territory are at risk of invasion by broomrape
(Mohamed et al., 2006; Grenz and Sauerborn, 2007), and in fact,
invasions in completely new regions are already emerging in
countries such as Spain, UK, France, Algeria, Ethiopia, Egypt,
Sudan (Reda, 2006; Babiker et al., 2007; Babiker, 2008; Rubiales
et al., 2008; Abu-Irmaileh and Labrada, 2009; Parker, 2014).

Several factors contribute to the fact that broomrape weeds
remain an uncontrolled agricultural problem. Control strategies
designed for non-parasitic weeds such as cultural and chemical
methods do not necessarily achieve the required level of control

1http://www.terresinovia.fr/orobanche/carte.php

for broomrape due to its mixed traits as weed and as root
parasite. Biological traits in broomrape such as achlorophyllous
nature, underground parasitism, the physical connection and
growth synchronization with the crop, and the exclusive uptake
of resources via crop vascular system rather than from the
soil make broomrape control a challenging agricultural task.
In addition, the biological similarity between host and parasite
characterizing broomrape-crop interactions is higher than in
other plant pathosystems, which complicates the development
of selective methods to control broomrape, without harmful
effect in the crop from which it is feeding (Eizenberg et al.,
2006; Hearne, 2009; Yoder and Scholes, 2010; Pérez-Vich et al.,
2013).

Besides the difficulty of selectively controlling broomrape in
the form of host-attached parasite, eradication of broomrape
seed bank is extremely difficult due to prolific production of
parasitic seeds, their easy dispersal, physiological dormancy, seed
longevity, and germination synchronized with specialized range
of host cultivation. New infestations can occur through the
use of contaminated seeds or machinery and their prevention
is essential. Despite of this fact, Seed Certification Services
in some of the countries affected, do not include in their
certification standards, inspection of crop seed samples for
broomrape inoculum. Effective broomrape control should target
the underground mechanisms of crop parasitism in order to meet
both the short-term productivity expectations of the farmer and
reduction of soil bank in the long run (Figure 1). Promising new
control strategies have been investigated though the majority of
them are under development or remain as prototypes to which
farmers have not access. Although some examples of successful
control do exist for some crops, the majority of commercially
available control methods are either not fully effective or not
applicable to many of the affected crops, especially in the case of
low-input crops (Joel, 2000).

This paper reviews relevant facts about the biology of
broomrape weeds, the key mechanisms they employ to attack
crops and the control methods already developed or in
development that directly target those mechanisms.

SPECIALIZED MECHANISMS IN
BROOMRAPE WEEDS FOR A PARASITIC
MODE OF LIFE

The evolution from autotrophic to heterotrophic mode of
nutrition carried a reduction of the main broomrape vegetative
organs toward vestigial versions, non-functional for autotrophy.
Root system in mature broomrape plants is reduced to short
adventitious parasitic roots with functions of anchorage and
stabilization in the soil and their leaves are reduced to small
achlorophyllous scales (Parker and Riches, 1993). In return
they develop haustoria to feed off other plants (Kuijt, 1969;
Musselman and Dickison, 1975). The haustorium is the key
feature of plant parasitism which has evolved independently at
least 11 times in angiosperms (Barkman et al., 2007; Westwood
et al., 2012; Yang et al., 2015). Haustorium allows broomrape
to attack crops by successive functions, first as host-adhesion

Frontiers in Plant Science | www.frontiersin.org February 2016 | Volume 7 | Article 13593

http://www.terresinovia.fr/orobanche/carte.php
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-00135 February 17, 2016 Time: 20:38 # 3

Fernández-Aparicio et al. Broomrape: Biology of Underground Parasitism and Control

FIGURE 1 | Flowchart showing major underground parasitic events developed by broomrape weeds on susceptible crops and the control strategies
that successfully target them.

organ, and subsequently as invasive organ toward host vascular
system where finally establishes vascular continuity allowing
the parasite to withdraw water and nutrients from the host
(Riopel and Timko, 1995; Joel, 2013). The terminal haustorium
develops at the apex of the seedling radicle upon host recognition
(Musselman, 1980; Joel and Losner-Goshen, 1994). This is a short
and delicate stage where the parasite either connects with the
host or dies due to nutrient exhaustion. As a consequence of
the high risk of establishment failure in the seedling, broomrapes
have evolved germination strategies that “predict” establishment
potential based on host chemodetection (Vaucher, 1823). In the
following sections we describe the key developmental stages in
the subterranean broomrape life cycle. These stages constitute
sites of broomrape metabolism at which it is possible to design
successful strategies to inhibit its sophisticated parasitism.

Host Localization
Seed Conditioning
Broomrape seed bank remains viable in the soil for many
years until germination is triggered by the coincidence of
several physical and chemical factors that are indicative of
environmental conditions for successful seedling establishment:
i.e., the nearby growth of a host plant in a physiological stage
susceptible for broomrape invasion and subsequent parasitic
reproductive growth (Linke and Saxena, 1991; López-Granados
and García-Torres, 1996, 1999). Although hard seed coat has

been described as dormancy mechanism in newly formed
broomrape seeds (López-Granados and García-Torres, 1996),
water uptake and imbibition are performed quickly by mature
seeds through the micropyle without the need of scarification
(Bar-Nun and Mayer, 1993; Joel et al., 2012). Broomrape
seed bank presents annual cycles of non-deep physiological
dormancy induced by seasonal changes in climatic conditions.
In non-parasitic plants, physiological dormancy can be relieved
through stratification but in the case of broomrape weeds, two
consecutive processes are required to release dormancy: an
environment-dependent first step of warm stratification called
the conditioning phase, and a host-dependent second step of
chemodetection. The first step of conditioning promotes in
the parasitic seed receptors the required sensitivity for the
second step of host detection (Musselman, 1980; Kebreab and
Murdoch, 1999; Lechat et al., 2012, 2015; Murdoch and Kebreab,
2013).

The length and temperature required to promote seed
conditioning depends on the broomrape species but are usually
described under laboratory conditions in a range of 4–12 days
at a temperature of 19–23◦C, in dark and humid conditions
(Kebreab and Murdoch, 1999; Gibot-Leclerc et al., 2004; Lechat
et al., 2012). This treatment in the lab mimics the soil
conditions in climatically suitable regions for broomrape such
as Mediterranean non-irrigated agrosystems where the onset of
warm and wet season coincides with the growth of juvenile stages
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of many annual crops (López-Granados and García-Torres, 1996;
Grenz and Sauerborn, 2007). It is important for broomrape to
initiate parasitism in young crops otherwise host reproductive
organs in the rapid seed-filling stage will be able to endure
a delayed parasitism by establishing a stronger competition
with parasitic sinks (Manschadi et al., 1996; Fernández-Aparicio
et al., 2009a, 2012a). Therefore broomrape seeds timely gain
sensitivity for host chemodetection by means of conditioning
(López-Granados and García-Torres, 1996). In absence of host
detection the continuation of wet conditions allows broomrape
seeds to enter again in deeper levels of dormancy, from which
they will emerge upon the new onset of sequenced dry/wet
seasons carrying new opportunities to encounter suitable hosts
(Kebreab and Murdoch, 1999; López-Granados and García-
Torres, 1999). Interestingly, experimentation carried out on
broomrape species specialized on summer crops revealed their
lower requirement for conditioning when compared with
species specialized in winter annual crops highlighting the
ecological adaptation of broomrape weeds to the cropping
system in which they become specialized (Plakhine et al.,
2009).

The metabolic activity of the seed conditioning in broomrape
has been characterized in terms of patterns of respiration,
synthesis and turnover of proteins, metabolism of nitrogen,
carbohydrates and lipids and hormonal balance. Seed
respiration patterns during conditioning indicate a strong
activation of metabolism. Neither nitrogen nor lipid content
change significantly during conditioning, while carbohydrate
metabolism and protein synthesis seems to be crucial (Bar-Nun
and Mayer, 1993, 2002; Mayer and Bar-Nun, 1994, 1997). It is
well-established in autotrophic plants that abscisic acid (ABA)
acts as a positive regulator of induction of seed dormancy
and its maintenance and gibberelins (GAs) antagonizes with
ABA, promoting dormancy release and subsequent germination
(Finch-Savage and Leubner-Metzger, 2006). Accordingly,
broomrape seed conditioning induces a decrease in ABA levels
(Chae et al., 2004; Lechat et al., 2012) and GA synthesis (Joel
et al., 1991; Zehhar et al., 2002). The reduction of ABA:GA
ratio induced by stratification (conditioning) is enough to
break dormancy and promote germination in dormant seeds
of non-parasitic weeds but it is not enough for broomrape,
which requires a further decrease in ABA levels induced by
the activation of the ABA catabolic gene PrCYP707A1 (Lechat
et al., 2012). This gene remains silenced during conditioning
phase and its activation occurs mediated by host-encoded
germination stimulants, i.e., strigolactones, only after the
conditioning phase is complete. Gain of host sensitivity in
broomrape seeds at the end of the conditioning phase is
mediated by demethylation of PrCYP707A1 promoter. Besides
the demethylation of PrCYP707A1 promoter required for
host-dependent PrCYP707A1 expression, the high levels of
global DNA demethylation observed at the end of conditioning
period suggest that the epigenetic process occurring during the
conditioning phase may be targeting other unknown molecules
during conditioning. Whether the demethylation and host
stimulation are independent or related processes remains to be
clarified (Lechat et al., 2015).

Host-Induced Germination
The timing of germination is the most crucial event that obligated
parasitic plants face along their life cycle (Figure 2C). Their
absolute dependence on host-derived nutritive resources for
successful seedling establishment and consequent growth makes
necessary the synchronization of parasitic germination with the
growth of its host. In order to achieve such synchrony they
evolved mechanisms that release seed from dormancy triggering
germination upon detection of specific molecules contained in
host root exudates (Vaucher, 1823).

Broomrape species display high diversity with regard to their
host range. Host specificity in broomrape species is usually
indirectly related to the predictability of nutritive resources.
The predictability of establishment on perennial hosts is high
and therefore wild broomrape species feeding off perennial
plants have narrow host ranges. On the contrary, weedy
broomrape species are usually generalists attacking annual crops
(Schneeweiss, 2007). The first mechanism involved in host
specialization is displayed during broomrape germination and is
mediated by the broomrape recognition of host root exudates in
a species-specific manner. For each broomrape-crop association,
broomrape germination potential is defined by the combination
of both, the stimulatory capability of crop root exudates and the
sensitivity of parasitic receptors to recognize specific forms of
germination-inducing factors (Fernández-Aparicio et al., 2008a,
2009b, 2011).

The stimulatory capability of crop root exudates is defined
by the qualitative and quantitative content of germination-
inducing factors and varies across crop species and cultivars.
In addition it also varies considerably in crops growing
under different physiological status, growth stages and growing
seasons, allowing broomrape to synchronize its germination
with physiologically suitable hosts (López-Granados and García-
Torres, 1996; Yoneyama et al., 2007a,b; Fernández-Aparicio
et al., 2009b, 2014; Xie et al., 2010). Several classes of
germination stimulants have been identified in root exudates
such as strigolactones (Xie et al., 2010), peagol and peagoldione
(Evidente et al., 2009), peapolyphenols A–C (Evidente et al.,
2010), soyasapogenol B, trans-22-dehydrocampesterol (Evidente
et al., 2011), dehydrocostus lactone (Joel et al., 2011), or
isothyocyanates (Auger et al., 2012). The best studied group
of germination-inducing factors are strigolactones, a group
of terpenoid lactones. They are exuded by the crop to the
rhizosphere under nutrient deficient conditions in order to
promote symbiotic interactions (Akiyama et al., 2005). Parasitic
plants eavesdrop the plant-to-symbiont communication to
sense their hosts and germinate (Xie et al., 2010). Besides
their role as extraorganismal signaling, recent research is
uncovering new functions for strigolactones as plant hormone
controlling crop development in response to the environment
(Gomez-Roldan et al., 2008; Umehara et al., 2008). Post-
germination development in broomrape could be probably
regulated by their own broomrape-encoded strigolactones as
it occurs in the close related parasite Striga hermonthica or
in non-parasitic plants (Liu et al., 2014; Das et al., 2015).
Although analytical chemistry methods have failed to detect
strigolactones in parasitic plants (Liu et al., 2014), transcriptome
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FIGURE 2 | Ilustration of broomrape life stages and mechanisms of control. (A) Fructification and dehiscence of capsules containing mature seeds; (B)
microscopic view of a seed (size ranging 0.2–2 mm) that undergoes sucessive dispersal, primary dormancy and annual release of secondary dormancy; (C)
broomrape embryo does not develop morphologycaly identified cotyledons or shoot meristem and upon host-induced germination, only a radicle emerges from the
seed with the function of searching and contacting the host root; (D) upon haustorial induction, the radicle stops elongating and a single terminal haustorium is
differentiated. The first function of haustorium is as adhesion organ to host root surface mediated by a papillae cell layer; (E) adhesion to the root 3 days after
germination induction; (F) upon vascular connection with the host, broomape initiates the development of the tubercle, the broomrape storage organ for
host-derived nutrients. A swelling of the host root at the penetration point is also observed due the parasitic stimulation of host tissue proliferation; (G) tubercle
develops a crown of adventicious roots; (H) tubercle differentiates apical shoot meristem (single shoot meristem for Orobanche species and several shoot meristems
for Phelipanche species); (I) the underground shoot eventually emerges through the root surface; (J) flowering and pollination occur. Some broomrape species are
outcrossers while others are self-pollinating. Reviewed in Joel et al. (2007).

sequencing reveals that all known strigolactone genes, both
synthesis and perception are present in broomrapes with
apparently full-length proteins (Péron et al., 2012; Das et al.,
2015). The presence of strigolactone biosynthetic system in
broomrapes raises the question on how the parasite performs
diversified stimulant recognition in order to set the timing
of germination. How broomrapes make the distinction not
only between host-derived and their own-encoded strigolactones
but also how they sense diversified strigolactone profiles in
root exudates across species correlated with host ranges.
Gene expression analysis could be indicating that parasitic
plants down-regulate their synthesis of strigolactones at the
end of conditioning period, and perhaps the creation of

that internal deficit for broomrape-encoded strigolactones
contributes to the broomrape sensitivity for external, host-
derived strigolactones at the time of host detection (Das
et al., 2015). In addition, the parasitic-specific receptor KAI2d
that enables host detection in broomrapes has recently been
identified. Multiple KAI2d genes across broomrape species
genomes may allow diversified recognition of root exudates
corresponding with suitable hosts (Conn et al., 2015). Additional
mechanisms that could contribute to the selective action of
host-derived strigolactones in broomrape germination could be
(1) variations of molecular structure between host-derived and
parasite-encoded strigolactones conferring different specificity
for different biological functions or (2) different spatial
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localization inside the broomrape seed for functions of
strigolactone detection and strigolactone synthesis (Das et al.,
2015).

The requirement for germination-inducing factors in order
to break dormancy in parasitic seeds are bypassed by ethylene
or cytokinins (which promotes ethylene biosynthesis) in Striga
sp. a close related parasitic weed genus, but these hormones
are ineffective in promoting germination of broomrape weeds
(Lieberman, 1979; Logan and Stewart, 1995; Berner et al., 1999;
Joel, 2000; Toh et al., 2012). GA acts positively on germination
in dormant non-parasitic species by counteracting ABA (Seo
et al., 2009). However, exogenous application of GA alone is
not sufficient to promote broomrape germination (Takeuchi
et al., 1995; Chae et al., 2004) and strigolactone-mediated
ABA catabolism in conditioned seeds is required to trigger
germination (Lechat et al., 2012). A better understanding in
the roles of major hormones in the process of broomrape
germination would facilitate the design of feasible control
strategies based on either inhibition of broomrape germination
during crop cultivation or promotion of suicidal germination in
the absence of the crop. In order to increase their applicability
in low-input crops, the development of synthetic analogs of
hormones would constitute a cheap alternative to natural
bioregulators for seed bank control of weeds in general and
parasitic weeds in particular.

Radicle Elongation and Haustorium Differentiation
The embryos in broomrapes have not morphologically identified
cotyledons or shoot meristems and upon germination, only a
radicle emerges through the seed coat with the only function
of reaching and invading the host. The broomrape radicle
shows no gravitropism and grows toward the host as a result
of cell elongation. It has no root cap and does not develop
procambium or conductive tissues (Joel and Losner-Goshen,
1994). Being deprived of the initiation of autotrophic mode
of life, the growth of broomrape seedling toward the host
is only sustained by water absorption and remobilization of
reserve nutrients from the seed perisperm and endosperm (Joel,
2000; Joel et al., 2012). The seedling absorbs water both from
the soil and from the seed endothelium, the later ensuring
radicle development even in dry soil (Joel et al., 2012). The
maximum radicle elongation is limited (1–5 mm) and its
viability in the absence of host connection only last a few
days after germination has been triggered (Veronesi et al.,
2007). This spatial/temporal frame defines the maximum host-
reaching distance for successful broomrape parasitism. Upon
host detection, the broomrape radicle stops elongating and
terminal haustorium is differentiated as an anchoring device.
In this process, cellular expansion of the root meristem is
redirected from longitudinal to radial and the root apex changes
its form from conical to spherical. The external cell layer at
the root tip differentiates into a papillate cell layer forming an
adhesion epithelium (Figure 2D). The papillae form a crown
around the apical cells that remain non-papillate but later
will become intrusive cells with an essential function in the
penetration process. This surface is covered by carbohydrate
secretion that sticks the haustorium to the host surface. This

structure is described as the external anchorage device of the
pre-penetrated haustorium to the host surface (Joel and Losner-
Goshen, 1994).

Close related parasitic plants of Orobanchaceae such as
Striga and Triphysaria use host derived phenolic derivatives
to induce haustorium differentiation (Riopel and Timko,
1995; Albrecht et al., 1999; Bandaranayake and Yoder, 2013).
Hydrogen peroxide generated by parasitic radicles activates
host peroxidases that catalyze the conversion of host cell
walls into haustorium-inducing quinones (Keyes et al., 2000,
2007). Haustorium-inducing factors are structurally similar
to allelopathic phytotoxins and gene expression of parasitic
radicles exposed to haustorium-inducing factors is similar to
that after radicle is exposed to phytotoxins (Tomilov et al.,
2006). Parasitic plants probably evolved to recruit plant defense
molecules as host recognition cues (Atsatt, 1977; Matvienko
et al., 2001; Bandaranayake and Yoder, 2013). In broomrape
species, the chemistry of host recognition for haustorium
initiation remains uncharacterized. They have been traditionally
considered the exception in parasitic Orobanchaceae that
do not require host factors for haustorium initiation (Joel
and Losner-Goshen, 1994; Bandaranayake and Yoder, 2013).
However, results recently arisen from a molecule screening
identified phytotoxins that induce the development of anchoring
device in broomrape radicles (Cimmino et al., 2014, 2015).
The significance of this structure in broomrape parasitism
requires further investigation. A better understanding of the
biochemistry of host recognition in broomrape will facilitate
the generation of control strategies targeting the haustorium
development.

Host Invasion
After host adhesion to host root surface the haustorium develops
its invasive function of penetrating the host root (Figure 2E).
The apical cells in the radicle apex develop into intrusive
cells, which successively invade host root cortex, endodermis,
and the central cylinder. During the host penetration process,
broomrape does not dissolve the host cells in its way toward
vascular cylinder. Mechanical force exerted by the haustorium
development toward host vascular cylinder combined with
enzymatic secretion promotes the separation of host cells without
their lysis (Privat, 1960; Ben-Hod et al., 1993; Sholmer-Ilan,
1993; Singh and Singh, 1993; Antonova and Ter Borg, 1996;
Bar-Nun et al., 1996; Losner-Goshen et al., 1998; Veronesi
et al., 2005). Although broomrape pre-vascular connections
benefits from host nutrients, the growth of broomrape in
its way toward vascular cylinder is mainly sustained by
consumption of seed reserves (Aber et al., 1983; Joel and
Losner-Goshen, 1994; Joel, 2000). If the vascular connection is
not successfully performed in few days the parasitic seedling
dies of inanition and therefore quick invasion of the host is
of advantage to avoid loss of viability. When resistant crops
impose barriers to stop the parasitic development at this
stage, broomrape exhausts and parasitism is quickly aborted.
The chemical characteristics of the barriers of resistance
to broomrape penetration have been extensively studied in
Fabaceae crops (Pérez-de-Luque et al., 2009) and are reviewed
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in this article in Section “Resistant Crops to Broomrape
Invasion.”

Establishment of Vascular Continuity and
Parasitic Sink
Shortly after host penetration and connection, the parasite
begins its heterotrophic growth at the expense of host resources.
Broomrape acts as a strong sink, depriving the host from
water, mineral, and organic nutrients with the consequent
negative impact on the growth of the host plant (Manschadi
et al., 1996; Hibberd et al., 1998; Joel, 2000; Abbes et al.,
2009). Few days after host vascular connection, the part of the
broomrape seedling that remains outside the host root develops
into a storage organ called tubercle. As the tubercle matures
a crown of adventitious roots will emerge from this tubercle
carrying capacity of developing lateral haustorial connections.
Underground shoots will also develop from the tubercles
that will eventually emerge through the soil surface leading
into the development of reproductive organs (Figures 2F–
J).

The transfer of nutrients from host to broomrape is performed
through a continuous vascular system at the host-parasite
interface. A continuous phloem system between broomrape
and its host has been microscopically observed at the terminal
haustoria. Sieve elements of both organisms are already
interconnected by interspecific sieve pores at early stages of
parasitism. It allows the parasite to quickly start tapping
carbohydrates, amino acids, and organic acids from its host
(Dörr and Kollmann, 1995; Nandula et al., 2000; Abbes et al.,
2009). Although host phloem supplies the majority of nutrients
including minerals, open xylem connections developed at the
host-parasite interface allow additional mineral and water flow
toward the parasite (Abbes et al., 2009; Westwood, 2013).
These connections are probably developed from simultaneous
differentiation of adjacent host and parasite cells to xylem
elements (Dörr, 1997). The differentiation of xylem elements
in the parasite are under the control of polar auxin transport
(Harb et al., 2004; Bar-Nun et al., 2008). During the grafting
between host and parasite, broomrape assumes the role of a
root, orientating vascular tissues from the host shoot into itself
(Bar-Nun et al., 2008). Acquisition of water is driven by a lower
water potential in broomrape tissues (Ehleringer and Marshall,
1995). This is maintained by accumulation of solutes mainly
potassium at higher concentrations than in the corresponding
host tissues (Abbes et al., 2009). Regarding carbon assimilation
broomrape takes it from the host phloem mainly in the form
of sucrose (Aber et al., 1983; Hibberd et al., 1999). Once in the
parasite system, sucrose is not accumulated but metabolized to
other compounds. Cleavage of sucrose into glucose and fructose
doubles the osmotic potential of the parasite. Sucrose is also
metabolized to starch that is accumulated in the broomrape
storage organ, the tubercle (Abbes et al., 2009; Draie et al.,
2011).

Nitrogen metabolism remains largely unknown in broomrape.
Activity of some nitrogen assimilating enzymes has been reported
low in broomrapes. Nitrate reductase is not detectable (Lee

and Stewart, 1978) and activity of glutamine synthetase is very
low (McNally et al., 1983). Broomrape tubercles accumulate
host-derived nitrogen in the form of either arginine or in the
arginine and aspartate pair (Nandula et al., 2000; Abbes et al.,
2009). Besides arginine and aspartate, other major forms of
amino acids translocate from the host phloem but they are
rapidly utilized by broomrape. Maintenance of relative low
levels of those amino acids in tubercles either by low levels of
synthetase activities (McNally et al., 1983) and or their rapid
turnover of host-derived amino acids, establishes a decreasing
concentration gradient that favors the unloading of amino
acids into the parasite (Abbes et al., 2009). Despite the reports
of broomrape inefficient machinery for nitrogen assimilation
and broomrape dependence for host-derived organic forms of
nitrogen demonstrated by the fact that broomrape growth is
arrested when feeding on host cultivars with decreased amino
acid-phloem levels (Abbes et al., 2009), inhibition of enzymes
at the top of amino-acid biosynthetic pathway by means of
either direct inhibitory action of herbicides (Gressel, 2009) or by
feedback inhibition induced by amino-acid end-products (Vurro
et al., 2006) are able to kill broomrape. This seems to indicate
contribution of amino acid synthesis in broomrape mediated by
broomrape-encoded enzymes although their identification and
characterization remain unknown (Gressel, 2009; Eizenberg et al.,
2012).

Understanding the key processes of host recognition,
haustorium development and maturation and metabolic
regulation of the parasitic sink allow virulence
predictions and the design and implementation of
highly calibrated, feasible, and durable control strategies
leading to the arrest of broomrape parasitism minimizing
simultaneously environmental impact and yield
losses.

CONTROL STRATEGIES TARGETING
UNDERGROUND BROOMRAPE STAGES

Successful broomrape control should target the underground
broomrapes at their earlier life stages, prior attachment or
as soon as it attach to the host, because of their highest
vulnerability at those stages and the avoidance of yield
loss in the current crop. The majority of strategies aimed
to manage autotrophic weeds do not necessarily work for
broomrapes and those that provide a degree of success
for broomrape need to be optimized for each broomrape-
crop species combination, local environmental conditions and
broomrape population. Due to the high broomrape fecundity,
long seed viability and for some weedy broomrape species,
broad host range, the seed bank is easily replenished and long
lasting. Therefore an integrated and sustained management
strategy composed by several control methods acting at different
broomrape life stages is highly recommended to keep away
the broomrape weed problem in a durable manner (Kebreab
and Murdoch, 2001). The following sections and Table 1
review the major feasible control measures for broomrape
control.
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Management Strategies to Protect Crops
from Detection by Broomrape Seeds
Due to the small size of the seeds and their inability to develop
autotrophy, the establishment probability of broomrape seedlings
is very low. Broomrapes counteract the high risk of failure in
establishment on a host with highly evolved mechanisms of
survival. Broomrape high fecundity, with thousands of seeds
released per broomrape plant (Figures 2A,B), multiplies the
chances of the next generation to encounter a host and achieve
successful parasitism (Parker and Riches, 1993). In addition
long lived seed banks under physiological dormancy ensure
that germination will occur when a suitable host in its correct
stage of development is present nearby (Rubiales et al., 2009b).
Preventing the movement of parasitic seeds from infested to
non-infested agricultural fields, by contaminated machinery or
seed lots, is crucial (Panetta and Lawes, 2005). Once a field is
infested, controlling the broomrape seed bank is very difficult due
to its high resilience. A variety of methods have been developed
to specifically neutralize broomrape pre-attached development
though the majority of them are not commercially implemented
because they are still at the stage of development or have
not proved enough efficiency or applicability for large scale
crops. These methods can be classified as cultural and physical,
chemical, biological control, and use of host resistance (Rubiales
et al., 2009b).

Cultural and Physical Control Practices
Fertilization can induce soil suppressiveness to initiation of
broomrape parasitism. Application of phosphate or nitrogen to
deficient soil reduces broomrape parasitism on clover and tomato
(Southwood, 1971; Jain and Foy, 1992). Nutrients influence the
crop-parasite pre-attached interaction in several ways. Direct
toxic effects by urea and ammonium but not nitrate forms inhibit
broomrape seed germination and radicle elongation (Jain and
Foy, 1992; Abu-Irmaileh, 1994; van Hezewijk and Verkleij, 1996;
Westwood and Foy, 1999). Accumulation of ammonium can be
toxic to plants and its detoxification occurs via incorporation
into organic compounds. The activity of glutamine synthetase in
broomrape is very low and therefore carries a reduced broomrape
ability to detoxify ammonium. Urea has no detrimental effects in
plants but it is toxic to broomrape pre-attached stages probably
exercised via ammonium after broomrape urease hydrolyses urea
into ammonium. Nitrate is not toxic to broomrape as it lacks
the ability to convert nitrate into ammonium (van Hezewijk and
Verkleij, 1996). In addition to the toxic effects on broomrape
seed and seedling, fertilization can protect crops from broomrape
parasitism by means of down-regulating the crop synthesis
and exudation of strigolactones, the most potent germination-
inducing factors for broomrape. Phosphorous and nitrogen have
been described to down regulate strigolactones exudation in some
crop species (Yoneyama et al., 2007a,b, 2012). This effect may
not be applicable to those broomrape species with preference for
classes of germination-inducing factors other than strigolactones
(Joel et al., 2011; Auger et al., 2012).

Intercropping systems cultivate simultaneously more than
one species in close association to take agronomic advantage of
biodiversity, competition, and complementarity between them.

For broomrape control, this system seeks the simultaneous
cultivation of susceptible host species with inhibitory species
of broomrape parasitism. The release of phytochemicals by the
roots of the allelopathic component in the intercrop inhibits the
broomrape germination and/or radicle elongation toward the
host component. Successful reduction of broomrape parasitism
in the current crop is obtained by intercropping host species
with inhibitory species of cereals, fenugreek, or berseem clover
(Fernández-Aparicio et al., 2007, 2008b, 2010a). Careful selection
of the non-host component in the intercrop is, however, required
as some plant species can act as non-host facilitators and
therefore increase the severity of broomrape infection in the host
component (Gibot-Leclerc et al., 2013).

A rotation decreasing the frequency of host cultivation is one
of the main ways that farmers deal with the broomrape-related
problem. This prevents broomrape parasitism from taking place,
maintaining the seed bank dormant and reducing the rate of seed
bank replenishing. However, it is a long-term strategy due to the
long viability of seed bank (Rubiales et al., 2009b), which requires
at least a nine-course rotation in order to prevent broomrape seed
bank increases (Grenz et al., 2005). Its efficacy for broomrape
cultural control can be increased if the farmer includes trap
and/or catch crops as components in the rotation (Rubiales
et al., 2009b). The concept of trap crops refers to the cultivation
of crop species whose root exudates exhibit high germination-
inducing activity on broomrape seeds, but these species do not
become infected because they are resistant to later stages of the
parasitic process indirectly leading to the killing of the young
broomrape seedlings due to the lack of proper host. The inductor
potential of root exudates from a given species varies with the
broomrape considered. Each broomrape species show specificity
not only for root exudates in order to germinate but also for host
species to invade and feed on, being the germination-stimulatory
range usually broader than the actual host range (Fernández-
Aparicio et al., 2009b). Potential trap crops have been suggested
for broomrape weeds (Parker and Riches, 1993). For instance,
root exudates of field pea induces high germination of the very
destructive broomrape species O. crenata, O. foetida, O. minor,
and P. aegyptiaca, however, it only becomes infected by O. crenata
therefore pea may theoretically be a good trap crop against
O. foetida, O. minor, and P. aegyptiaca but not for O. crenata
infested field (Fernández-Aparicio and Rubiales, 2012). Many
other interesting examples of trap crops emerged from a root
exudates screening of important crops (Fernández-Aparicio et al.,
2009b). The second possibility to increase rotation efficacy for
broomrape control is to include catch crops, which are crops
that also induce high broomrape germination but they are not
resistant to it. On the contrary, they must be highly susceptible,
as the farmer is the one with the role of stopping the parasitic
process by harvesting the catch crop as a green vegetable before
the parasite emerges. For instance, tori (Brassica campestris var.
toria) when managed properly as a catch crop can result in up
to a 30% reduction in the size of broomrape seed bank (Acharya
et al., 2002).

Soil management affects the success of broomrape seeds in
becoming established on the host and then the longevity of
broomrape seed bank. Minimum tillage reduces the amount of
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viable seeds incorporated in the soil and then their capacity
to reach the crop root system (Ghersa and Martinez-Ghersa,
2000; López-Bellido et al., 2009). The opposite agricultural
practice deep-plowing, has been suggested to bring seeds of
parasitic weeds to a depth with less oxygen availability and
therefore a reduction in its germination capacity (Van Delft
et al., 2000). According with pot experiments carried out in the
tomato-P. aegyptiaca system, deep-plowing bringing the seeds to
depth ≥ 12 cm will strongly reduce broomrape infection severity
in terms of number of parasites, total parasitic biomass, delayed
broomrape emergence and prevention of flower initiation and
seed set (Eizenberg et al., 2007).

Solarization is a thermal soil disinfestation method that shows
high efficiency reducing the viability of the broomrape seed
bank along with other harmful organisms to crops such as
plant-parasitic nematodes, disease causing microorganisms and
non-parasitic weeds. This method consists in heating the soil
through sun energy achieving temperatures above 45◦C, by
covering a wet soil with transparent polyethylene sheets for a
period of 4–8 weeks during the warmest season (Katan, 1981;
Mauro et al., 2015). Many beneficial organisms are either able to
survive the solarization treatment or able to recolonize solarized
soil (Sauerborn et al., 1989; Mauromicale et al., 2001). Not all
areas infested by broomrape are suitable for efficient solarization.
Hot air temperature and clear skies are required during the
solarization period. Its high cost per surface unit makes this
method not readily applicable at large scale (Joel, 2000). In
addition, this technique generates a considerable amount of
plastic waste but the emergence of new materials at low-cost,
of biological origin and biodegradable may in the future reduce
earth pollution with plastic debris derived from agriculture
practices (Fernandez and Ingber, 2013).

Chemical Control of Seed Bank
Soil fumigation with methyl bromide has been proved one of the
most effective methods to eradicate broomrape seed bank, but
this chemical has been banned from use due to its toxic effects
on the environment (Joel, 2000; Hershenhorn et al., 2009). Use
of other soil sterilants such as metham sodium, dazomet, and
1,3-dichloropropene have shown different degrees of efficacy but
their high cost, complex application and negative environmental
effects have prevented their widespread use by farmers (Foy
et al., 1989; Goldwasser et al., 1995; Hershenhorn et al., 2009) or
conducted to the withdrawal of authorization, at least in some
countries.

Soil herbigation (saturating the soil with herbicides such
as sulfonylureas) effectively controls preattached stages of
broomrapes (Hershenhorn et al., 2009) but is hardly compatible
with other agricultural cropping practices as detrimental for
many crop seedlings for several weeks or months. In vitro
treatments of a large range of sulfonylurea herbicides inhibit
broomrape germination and radicle elongation (Hershenhorn
et al., 1998; Plakhine et al., 2001). Incorporation of sulfosulfuron
and rimsulfuron directly to the soil provides successful control of
preattached stages of broomrape weeds (Eizenberg et al., 2012).

Natural pesticides derived of microbial and plant origin are
considered to be less harmful because they usually biodegrade

quicker, resulting in less pollution-related problems. Several
toxins have been identified with inhibitory activity on broomrape
parasitism by interfering with broomrape germination and
radicle elongation (Vurro et al., 2009; Fernández-Aparicio et al.,
2013; Cimmino et al., 2014). Special interest arises from those
metabolites with a favorable pattern of broomrape-specific effect
(e.g., tenuazonic acid) and no described side-effect to other
biosystems (Vurro et al., 2009). However, the efficacy of these
molecules has been proved only in laboratory essays. Until now,
difficulties of purification at industrial scale have hampered the
field experimentation with such metabolites (Vurro et al., 2009)
despite their interesting potential.

Certain amino acids strongly inhibit the early development of
broomrape without phytotoxic effects in the host (Vurro et al.,
2006). The amino acid approach to control weeds is inspired
on the concept of frenching disease where amino acid end-
product inhibits the activity of a controlling enzyme in the amino
acid biosynthesis pathway (Vurro et al., 2006, 2009; Sands and
Pilgeram, 2009). The effectiveness of amino acids as broomrape
inhibitors has not been proved in real field conditions but
field application of amino acids has been effective to manage
other parasites such as plant-parasitic nematodes (Zhang et al.,
2010). Among the amino acids producing the highest and most
consistent inhibitory effects on broomrape germination and
radicle elongation, some, such as methionine are being produced
in large commercial scale as animal feed supplements. The use of
those amino acids as pesticide is classified by the United States
Environmental Protection Agency as innocuous to public and
environment health (USEPA, 2004). Based on those conditions,
methionine has the potential to be used as broomrape herbicide
but it needs to be confirmed and its application adjusted to real
field conditions.

Synthetic analogs of growth regulators can be successfully
used to reduce parasitism by hampering the synchronization of
the parasitic seed bank with the growth of the host. Inhibition
of seed conditioning and subsequent germination mediated by
inhibitors of GA synthesis reduces the receptivity of broomrape
seeds to germination-inducing factors. In addition, inhibitors
of ABA catabolism inhibit the germination-triggering effect of
host-derived strigolactones. For example, soil application of
uniconazole, a triazole that is commercially used for growth
regulation has proved to reduce parasitism by inhibiting seed
conditioning and subsequent germination (Joel, 2000; Zehhar
et al., 2002; Song et al., 2005; Lechat et al., 2012).

Promotion of suicidal germination is the technique used
to induce broomrape germination with synthetic molecules
in the absence of a host to which broomrape can attach, a
technique lethal for the parasite as the broomrape seedling is
unable to acquire autotrophy. Therefore, it may be possible
to achieve broomrape control by fooling the parasite with
the delivering to the soil of synthetic analogs of the original
host-derived germination-inducing factors such as strigolactones
(Johnson et al., 1976). Direct application of strigolactones to
the soil has been the subject of intense research. The first
attempts to deplete parasitic weed seed bank was made by
Johnson et al. (1976) by using the synthetic strigolactone analog
GR7. However, instability of this compound, particularly at
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pH > 7.5, and lack of optimal formulations rendered this
technique not applicable (Saghir, 1986; Babiker et al., 1987,
1988). Recent advances in this research area has led to new,
more stable strigolactone analogs and optimization of field
application protocols and formulations (Bhattacharya et al., 2009;
Zwanenburg et al., 2009; Mwakaboko and Zwanenburg, 2011).
Another strategy to induce suicidal germination of broomrape
seed bank could be the use of gibberellin agonists. They
elicit GA-like germination activity in dormant seeds of several
autotrophic plant species (Suttle and Schreiner, 1982; Metzger,
1983), constituting a cheap alternative to natural bioregulators
for weed seed bank control (Suttle, 1983). When they are applied
in vitro to seeds of P. ramosa and O. minor, they bypass the
effect of germination-inducing factors, promoting broomrape
germination in absence of host or any germination stimulant
(Cala et al., 2015).

Once broomrape germination has occurred, chemicals that
reduce the growth of broomrape radicle reduce the chances of
reaching the host and therefore parasitism. A novel metabolite,
ryecyanatine-A recently isolated from rye (Secale cereale L.),
presents potential for broomrape control by promoting rapid
cessation of broomrape radicle growth and therefore inhibiting
its ability to reach the host. In addition it promotes the
development of a layer of papillae at the radicle apex in
the absence of host contact, morphology that resembles the
attachment organ (Joel and Losner-Goshen, 1994; Cimmino et al.,
2015). Because the haustorial organ in broomrape radicle is
terminal and its growth is not resumed unless it can immediately
penetrate the host, cessation of radicle elongation and haustorial
induction in the absence of a host is lethal to the parasite.
Other interesting molecules that hamper the ability of broomrape
radicle to reach the host have been recently discovered from
different microbial and plant origins (Fernández-Aparicio et al.,
2013; Cimmino et al., 2014).

Biological Control of Seed Bank with Living
Organisms
Biological control of broomrape is based on the use of living
organisms either by killing seed bank or interfering with its
host-recognition ability. Assessment of pathogenicity or damages
toward non-target plants has to be carefully assessed in order to
avoid environmental risks. The efficient action of the biological
control agent will depend on its ability to remain active over a
large range of ecological conditions (Aly, 2007).

Phytophagous insects to prevent the build-up of broomrape
seed bank
More than 40 insect herbivores from 22 families have been
collected on broomrape plants but a majority of them are
polyphagous without any specificity for broomrape species
being some of them serious pests of important crops (Klein
and Kroschel, 2002). Phytomyza orobanchia is reported to be
broomrape-specific and its main action as biocontrol agent is by
reduction of broomrape reproductive activity due to their feeding
activity on ovules and young seeds. Often secondary infections
by fungi cause early death of broomrape shoots or limit the
development of flowers and ovules (Klein and Kroschel, 2002).

The capacity of P. orobanchia to reduce broomrape populations is
limited by cultural practices and antagonists (Klein and Kroschel,
2002; Aly, 2007).

Mycoherbicides attacking broomrape seeds and radicles
The broomrape seed bank efficiency to initiate parasitism can
be reduced by incorporation to the soil of several pathogens
able to infect preattached broomrape stages such as Fusarium
sp. or Ulocladium botrytis (Müller-Stöver, 2001; Boari and
Vurro, 2004; Dor and Hershenhorn, 2009). Like most seeds,
broomrape seeds are resistant to rapid microbial degradation
due to phenols located in its testa (Cezard, 1973). However,
hyphae of specific pathogens are able to penetrate the seed coat
of broomrape dormant seeds, dissolving the endosperm cell
walls and metabolizing the cytoplasm. The advantage of this
approach using fungi is that it can be used in absence of host
cultivation (Thomas et al., 1999). The parasitic weed radicle
that emerges from germinated seed and carries the attachment
organ is also targeted by those mycoherbicides (Abbasher and
Sauerborn, 1992). This approach would inhibit parasitism by
killing the young seedling before it attaches to the host root.
The control of broomrape by mycoherbicides does not so far
provide the level of control required in highly infested soils
(Aly, 2007). Novel approaches can increase broomrape control
by fungi. A “multiple-pathogen strategy” in which two or more
pathogens are combined has been proved successful for the
control of broomrape causing a synergistic effect that can lead to
100% broomrape control (Dor and Hershenhorn, 2003; Müller-
Stöver et al., 2005). Refined formulations and encapsulations of
fungal propagules increase efficacy in biocontrol by reducing
desiccation or microbial competition (Amsellem et al., 1999;
Quimby et al., 1999; Kroschel et al., 2000; Müller-Stöver,
2001; Aybeke et al., 2015). Engineering of virulence-enhanced
mycoherbicides is another approach of great interest. This
approach is based on the selection of naturally occurring
mutants that overproduce and excrete an enhanced amount of
specific amino acid with broomrape inhibition properties on seed
germination and radicle growth (Vurro et al., 2006; Sands and
Pilgeram, 2009).

Bacteria as biocontrol agents
Pseudomonas aeruginosa, P. fluorescens, Bacillus atrophaeus, B.
subtilis are promising biocontrol agents targeting the growth
of broomrape radicles (Barghouthi and Salman, 2010). In
addition to this direct effect, ethylene-producing bacteria
such as Pseudomonas syringae pv. glycinea induce ethylene-
mediated suicidal germination in Striga sp. (Berner et al., 1999;
Ahonsi et al., 2003), a close relative of broomrapes, however,
broomrape germination is not responsive to ethylene (Joel, 2000).
Azospirillum brasilense is reported to inhibit broomrape radicle
growth (Dadon et al., 2004).

Microbial interactions that interfere on broomrape ability to
recognize its host
Broomrape seeds are less capable to recognize crop roots
colonized by arbuscular mycorrhizal fungi, Rhizobium
leguminosarum or Azospirillum brasilense due to change in
the composition of the root exudates in colonized plants
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(Dadon et al., 2004; Mabrouk et al., 2007a; Fernández-Aparicio
et al., 2009c, 2010b; Louarn et al., 2012). A reduced content
of broomrape germination-inducing factors in root exudates
of mycorrhizal plants has been demonstrated (López-Ráez
et al., 2011). Those interactions promote the broomrape
seed bank remains dormant inhibiting the initiation of
broomrape parasitism, and therefore its rates of seed bank
replenishment.

Low-Inducers Crop Genotypes
Breeding for broomrape resistance stands out as the most
economic, easy to adopt and environmentally friendly practice.
Because parasitic weeds require host encoded molecules to
stimulate the initiation of parasitism both at the level of
seed germination and haustorium initiation, breeding for low-
inducers genotypes of those processes are obvious targets
for resistance (Yoder and Scholes, 2010). Sources of natural
resistance based on low exudation of germination-inducing
factors exist in legumes and sunflower and are highly effective
in inhibiting broomrape weed parasitism (Labrousse et al., 2001,
2004; Rubiales et al., 2003b, 2009a; Pérez-de-Luque et al., 2005;
Sillero et al., 2005; Abbes et al., 2010; Fernández-Aparicio et al.,
2012b, 2014).

Sources of natural resistance based on reduced release of
haustorium-inducing factors is a doubly interesting strategy
to inhibit broomrape parasitism because not only it prevents
broomrape parasitism in the current crop, but also it promotes
the demise of the seed bank by promoting suicidal germination.
Sources of low-inducers genotypes exist in crops species attacked
by the close related parasitic weed Striga (Rich et al., 2004).
It remains unknown whether host factors are required by
broomrape radicle to initiate haustorium and consequently this
strategy has not been fully explored.

Control Strategies Targeting Host
Penetration
The major strategy that specifically impedes the broomrape
capacity to penetrate the host once the radicle has made
contact with host root, is based on the use of host resistance,
either genetic resistance obtained by breeding (Pérez-de-Luque
et al., 2009; Yoder and Scholes, 2010), or induced resistance by
abiotic or biotic agents (Gonsior et al., 2004; Kusumoto et al.,
2007).

Resistant Crops to Broomrape Invasion
Depending on the genetic background of the resistant host,
the intrusive cells of broomrape seedling can be stopped at
three different levels in their way of penetration through
the root layers to achieve connection with the host vascular
system. The first barriers are imposed at the cortex level
with reinforced cell walls mediated by either protein cross-
linking or with the deposition of metabolites such as suberin,
or callose. In addition, accumulation of toxic phenolic
compounds at the infection point can be observed in some
resistant varieties. Resistance that occurs in the endodermis
is mediated by lignification of endodermal and pericycle cell
walls. Resistance that occurs in the central cylinder is related

with accumulation of phenolic compounds in the surrounding
tissues and nearby xylem vessels inducing a toxic release near
the parasite impeding vascular connection (Pérez-de-Luque
et al., 2009). However, selecting for high phenolic varieties is
likely to induce many other side changes altering agronomic
performance.

Lack of knowledge in the molecular regulation of the
host-parasite interaction during crop invasion has impeded
the development of varieties carrying transgenes with
capacity to inhibit broomrape penetration. As alternative,
transgenic resistant crops have been engineered with
broomrape-inducible expression of toxins specifically
targeting the penetrating broomrape seedling. This strategy
to abort broomrape invasion requires regulating the toxin
production with promoters specifically induced around the
site of Orobanche penetration such as the HMG2 promoter,
ensuring correct delivery of the toxic effect to the broomrape
penetrating seedling and overall low concentration of the
toxin in the rhizosphere. As a consequence the crop is
protected from broomrape invasion (Joel and Portnoy, 1998;
Westwood et al., 1998; Hamamouch et al., 2005; Aly et al.,
2006).

Abiotic Inducers of Resistance
Induced disease resistance mediated by endogenous salicylic
acid (SA) also described as systemic acquired resistance
(SAR) induces hypersensitive responses in many plant species
against fungal, bacterial and viral diseases. SA promotes
resistance to broomrape. Abiotic inducers of SAR thus represent
an innovative approach to control broomrape parasitism.
Benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-methyl ester
(BTH) acts as a functional analog of SA and activates defense
responses in susceptible hosts leading to lignification of
the endodermis and a consequent inhibition to up to 98%
broomrape parasitism (Gonsior et al., 2004; Pérez-de-Luque
et al., 2004; Kusumoto et al., 2007). Commercially available as
Bion R©, field doses of 0.8 kg ha−1 are recommended to inhibit
P. ramosa parasitism in hemp and tobacco (Gonsior et al.,
2004), crops for which resistant varieties are not available.
In other pathosystems, amino acids such as D-L-β-amino-
n-butyric acid or L-methionine induce resistance in crop
plants against pathogen attack. This resistance is coordinated
with the expression of genes encoding for pathogenesis-
related proteins (Sarosh et al., 2005; Hasabi et al., 2014). The
ability of L-methionine to stop the entrance of broomrape
intrusive cells into the host-root layers has not been studied.
However, when Vurro et al. (2006) applied L-methionine
in pots to tomato roots the number of broomrape seedlings
that successfully developed parasitism was highly reduced.
Though, the effect of L-methionine on internal crop resistance
was not studied and requires further investigation. If this
effect is confirmed, L-methionine use to elicit resistance to
broomrape in susceptible crops could be a straightforward
strategy either by direct applications of this amino acid
in the soil as explained in Section “Control Strategies
Targeting Host Penetration” or delivered by overproducing
and excreting microorganisms as explained in Section
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“Strategies to Control Underground Broomrapes Acting
after Establishment.”

Biotic Inducers of Resistance
Biotic inducers of systemic resistance have also proved being
successful against broomrape parasitism under experimental
conditions. Rhizobium leguminosarum induces defense
mechanisms based on elevated induction of the phenylpropanoid
pathway conferring mechanical and chemical barriers to the
parasite penetration (Mabrouk et al., 2007a,b,c, 2010). Although
the effect of jasmonic-acid-dependent induced systemic
resistance (ISR) against parasitic plants is less clear (Kusumoto
et al., 2007; Hiraoka et al., 2009; Yoder and Scholes, 2010),
strains of Pseudomonas sp. inducers of ISR (Gozzo, 2003) and
commercially available as Proradix R© can reduce broomrape
parasitism by 80% in susceptible cultivars of hemp and tobacco
without phytotoxic effect on the crop (Gonsior et al., 2004).
Based on the results obtained in their greenhouse experiments,
these authors recommended field doses of 1.6 kg ha−1 for
crop densities of 32,000 tobacco plants ha−1. Unfortunately
this technique represents another example of highly promising
broomrape control strategy that has never been validated in field
experiments.

Strategies to Control Underground
Broomrapes Acting after Establishment
Once broomrape has established connection with the vascular
system of its hosts, broomrape management should be performed
quickly to abort at earlier stages the strong parasitic sink for
nutrients and water. Major feasible strategies for controlling
broomrape and gain productivity in the current crop are
those based on cultural practices that promote host scape
to parasitic damage by improving host sink competitiveness,
selective chemical control of the parasite via the haustorium,
and host resistance based in physical, chemical barriers and
physiological incompatibility. Some of the strategies discussed
in previous sections such as biological control maintain their
control action at post-attachment stages and will not be discussed
again in this section.

Cultural Control of Post-attached Parasites
Delayed sowing date is a traditional method that can show
high degree of success on inhibiting parasitism if implemented
correctly (López-Granados and García-Torres, 1996; Rubiales
et al., 2003a; Pérez-de-Luque et al., 2004; Grenz et al., 2005).
This technique promotes the host plant to fulfill its required
thermal time to flower in a shorter number of days, making
the grain filling period shorter. The host reproductive sinks
compete earlier and stronger against the parasitic sink and in
consequence less nutritive resources are allocated to the parasite
(Manschadi et al., 1996). However, the overall productivity of the
host-parasite system is also reduced due to the shorter growing
period being detrimental for crop yield. Therefore, decisions on
the date of sowing has to be well-adjusted in order to balance
the loss of productivity due to shorter growing period with gain
of productivity due to reduced parasitism. Delaying sowing date
has, however, a general drawback by reducing yield potential

under normal development so that plant breeding program
tend generally to favor long lasting cultivars with early sowing
dates.

Besides date of sowing, nutrient management can promote
both tolerance and increased resistance in crops to broomrape
parasitism (Parker, 2009; Labrousse et al., 2010). Broomrape
attack is more severe on crops growing in low fertility soils.
Besides the effects of fertilization management on pre-attached
broomrape stages described in previous sections, high soil fertility
can induce crops to endure broomrape parasitism by helping the
host to maintain a favorable osmotic potential that reduces the
parasitic sink strength (Gworgwor and Weber, 1991).

Chemical Control of Post-attached Parasites
Four broomrape features define the post-attachment herbicidal
strategy in comparison with non-parasitic weeds. First,
broomrape weeds are achlorophyllous and therefore those
herbicides that target photosynthetic process, e.g., triazines
or substituted urease [C group in the Herbicide Resistance
Action Committee (HRAC) classification], will have only limited
effect on broomrapes. Second, broomrape weed exerts their
damage underground right after attachment and therefore,
contact herbicides applied after broomrape emergence, e.g.,
2,4-D, had no effect on limiting yield loss in the current
crop. Third, broomrape underground attachments do not
take herbicides from the soil but only systemically from
the host and therefore, this strategy is limited to systemic
herbicides applied to herbicide-resistant crop varieties that
do not metabolize the herbicide into inactive forms. And
four, despite reports on broomrape inefficient machinery
for nitrogen assimilation, and on amino acid fluxes from
the host phloem to the parasite, herbicides inhibiting amino
acid biosynthesis in the parasite via suppressive action on
broomrape-encoded acetolactate synthase (ALS) and enol-
pyruvylshikimate phosphate synthase (EPSPS) enzymes are able
to kill broomrape.

Current chemical control of post-attached broomrape life
stages is mainly achieved with foliar applications of systemic
herbicides inhibiting ALS (imidazolinones, sulfonylureas) or
EPSPS (glyphosate) to the leaves of crop varieties carrying target-
site resistances to those herbicides to avoid direct injury of
their metabolism. The target-site herbicide-resistance is based
on a modification of the enzyme in such a way that it binds
to its normal substrate in the amino acid biosynthesis pathway
but not to the herbicide. This kind of resistance is more
interesting than other mechanisms of resistance that usually
involve translocation and enhanced metabolism, resulting in
lower herbicide concentration in the sap of the host plant. With
target-site resistance, the herbicide translocates unmetabolised
to the underground broomrape via the haustorium inflicting its
suppressive action in the parasite (Gressel, 2009).

Target-site resistances have been successfully developed in
crops either by classical breeding such as sunflower, by screening
mutagenized crop populations such as the case of oilseed rape
or by transgenic techniques such as tomato, tobacco, carrots,
and oilseed rape (Joel et al., 1995; Aviv et al., 2002; Slavov
et al., 2005; Tan et al., 2005). Such target-site resistance is
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also available in other broomrape-susceptible crops but remains
to be tested and registered to control broomrape. Engineered
host crops harboring herbicide-resistance transgenes have not
yet been commercialized for broomrape management (Gressel,
20092).

An alternative to the selective use of herbicides when target-
site resistance is not available for a specific crop is the touchy
use of repeated applications of non-selective herbicidal doses
to promote sublethal effects for the crop but lethal effects
to the initial stages of post-attached parasitism (Foy et al.,
1989). This strategy requires a careful calibration of doses
and timing depending on the host crop and underground
phenology of broomrape determined by local conditions and
crop (Hershenhorn et al., 1998, 2009; Eizenberg et al., 2006).
Systemic translocation of nanoencapsulated herbicides could
improve this herbicidal approach (Pérez-de-Luque and Rubiales,
2009).

Resistant and Tolerant Cultivars
Death of the young broomrape tubercles shortly after nutritive
flow initiation has been observed in cultivars carrying post-
haustorial resistance in the form of growth arrest and necrosis of
young tubercles. Several mechanisms underlying this resistance
have been described at this stage such as production of gel-like
substances within host vessels blocking the transfer of nutrients,
host-encoded toxic-compounds delivered into the parasitic tissue
though the vascular system and hormonal incompatibility that
leads to abnormal haustorial maturation with scarce vascular
connections (Fernández-Aparicio et al., 2008c; Pérez-de-Luque
et al., 2008, 2009). Those mechanisms kill the broomrape either
by inducing toxic effects or by starving the parasite.

Tolerant varieties are able to endure infection with minor
losses on productivity. Crops that reach their seed filling
period earlier than broomrape initiates its underground bud
development are able to restrict parasitic sink and endure
parasitic damage (Manschadi et al., 1996; Grenz et al., 2005;
Fernández-Aparicio et al., 2009a, 2012a). In addition, some
modifications of host biochemistry have been described in
tolerant crops inducing low performance of the parasite when
attached. High osmotic potential in roots and drop in amino acid
levels in the phloem has been reported in tolerant varieties of
faba bean in response to broomrape parasitism. The consequent
reduced flux of water and nutrients toward the parasite, low
utilization of host-derived sucrose and lower levels of soluble
proteins limits the parasitic sink strength and yield losses due to
broomrape parasitism (Abbes et al., 2009).

CONCLUSION

If left uncontrolled during one or a few seasons, broomrape weeds
build a hardly destructible seed bank in agricultural soils that
further renovates at a rate of millions of seeds per ha each year
a susceptible crop is infested. In addition, their mixed traits of
weed and underground pathogen, make their control tricky. Even

2http://www.isb.vt.edu

the easiest method of control, herbicides, requires broomrape
specific-optimization for each cropping system to target the most
vulnerable broomrape life stage, the young attachments while
preserving the crop. It seems more and more obvious that a single
strategy has low probability to control broomrapes. Instead an
integrated control program including a battery of broomrape-
specific measurements is preferable.

We have seen that several opportunities to stop the cycle
of the parasite have been explored. The development of the
solutions has usually not been conducted to their end so that
many potential ways of controlling broomrape are not on the
market. What we have often seen is that the solution has to
propose a modification that makes the parasitic life cycle unfit
to that of the crop. Still, as the parasite is synchronized on the
crop development this means in some cases that the change
disfavoring the parasite could also limit the maximum potential
yield for the crop. As a consequence, except when deeply infested,
the farmer (and thus the market) will not retain a solution that has
economical negative drawbacks. This may well-explain why some
several decades of parasitic plant research have not end up with
satisfying and largely available tools for controlling this parasitic
plant.

The advances yielded as intense research made connects the
major critical steps of the life cycle of Orobanche, the external
factors influencing it either through molecular dialog between
the parasite and the crop or the soil and climatic environmental
conditions naturally opens the way toward the potential effect of
the cropping system in limiting broomrape parasitism: choice of
the crop, timing, plant protection, soil perturbation, fertilization,
etc. This lead us to build the list of the major feasible components
that a model designed to quantify the effects of cropping systems
on pest dynamics should include for specific broomrape control.
Such a model would be a valuable tool to synthesize knowledge on
broomrape life-cycle, to design and test management strategies
and better predict the variability in effects observed for a
given environment and set of agricultural practices. One future
development would be to evaluate what could be the emerging
risk at cultivating different crops, one of which may stimulate
germination while the other offers opportunities for haustorium
fixation. This would open the work on parasitism toward more
community ecology and what can be considered the realistic
nature of parasitism.
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The root parasitic plant species Phelipanche ramosa, branched broomrape, causes
severe damage to economically important crops such as tomato. Its seed germination
is triggered by host-derived signals upon which it invades the host root. In tomato,
strigolactones (SLs) are the main germination stimulants for P. ramosa. Therefore, the
development of low SL-producing lines may be an approach to combat the parasitic
weed problem. However, since SLs are also a plant hormone controlling many aspects
of plant development, SL deficiency may also have an effect on post-germination
stages of the infection process, during the parasite-host interaction. In this study, we
show that SL-deficient tomato plants (Solanum lycopersicum; SlCCD8 RNAi lines),
infected with pre-germinated P. ramosa seeds, display an increased infection level
and faster development of the parasite, which suggests a positive role for SLs in the
host defense against parasitic plant invasion. Furthermore, we show that SL-deficient
tomato plants lose their characteristic SL-deficient phenotype during an infection with
P. ramosa through a reduction in the number of internodes and the number and length
of secondary branches. Infection with P. ramosa resulted in increased levels of abscisic
acid (ABA) in the leaves and roots of both wild type and SL-deficient lines. Upon parasite
infection, the level of the conjugate ABA-glucose ester (ABA-GE) also increased in
leaves of both wild type and SL-deficient lines and in roots of one SL-deficient line.
The uninfected SL-deficient lines had a higher leaf ABA-GE level than the wild type.
Despite the high levels of ABA, stomatal aperture and water loss rate were not affected
by parasite infection in the SL-deficient line, while in wild type tomato stomatal aperture
and water loss increased upon infection. Future studies are needed to further underpin
the role that SLs play in the interaction of hosts with parasitic plants and which other
plant hormones interact with the SLs during this process.

Keywords: root parasitic plant, strigolactone, abscisic acid, post-attachment resistance, plant architecture
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INTRODUCTION

During evolution, parasitic plants have evolved a mechanism
to infect and rely on other plant species’ water and nutrients
for their growth and survival. The root parasitic Phelipanche
ramosa (P. ramosa), poses a severe threat to several economically
important crops, particularly Solanaceae spp. (Parker, 2009). In
tomato (Solanum lycopersicum), for example, an infection with
this parasite leads to a large reduction in fruit biomass, mesocarp
thickness, fruit color as well as changed contents of sugars and
soluble solids in the fruits (Cagáň and Tóth, 2003; Longo et al.,
2010).

The life cycle of P. ramosa consists of several different stages.
Intriguingly, these parasites have evolved a mechanism ensuring
that they only germinate within the hosts’ rhizosphere. This
feature is very important since they cannot survive long after
germination unless they reach their hosts’ root. Host-derived
germination stimulants, such as strigolactones (SLs), have been
described to be responsible for the induction of the germination
of P. ramosa seeds (Bouwmeester et al., 2003). After seed
germination, P. ramosa makes physical contact with its host by
developing an attachment organ, a haustorium, which facilitates
the establishment of a vascular connection between the parasite
and its host. As the development of the vascular connection
proceeds, a swollen organ, called a tubercle, is formed on the
surface of the host root, enabling the accumulation of nutrients
supporting further development of the parasite seedling. In a later
stage, adventitious roots and apical shoot buds are formed at the
base of the tubercle. Finally, the shoots of mature parasitic plants
emerge above the soil (Xie et al., 2010; Cardoso et al., 2011).

Several hormones that are major players in signaling networks
during other plant defense responses have been demonstrated
to also play a role in the host–parasite interaction. Several
reports have shown that genes involved in the jasmonic acid (JA)
and/or ethylene pathways are induced in the roots of Arabidopsis
(Arabidopsis thaliana), medicago (Medicago truncatula), lotus
(Lotus japonicus) and tomato upon infection by Orobanche and
Phelipanche spp. (Dos Santos et al., 2003a; Die et al., 2007; Dita
et al., 2009; Hiraoka et al., 2009; Torres-Vera et al., 2016). In
tomato and sunflower (Helianthus annuus), an infection with
these parasites induced the expression of genes involved in the
salicylic acid (SA) pathway (Letousey et al., 2007; Torres-Vera
et al., 2016). In sunflower, a higher expression of these genes
was found to be correlated with a more resistant phenotype
(Letousey et al., 2007). In addition, application of methyl JA or
methyl salicylate to Arabidopsis seedlings was able to evoke an
almost full defense response during an infection with Phelipanche
aegyptiaca, reducing attachment and tubercle formation by 90%
(Bar-Nun and Mayer, 2008). However, this process is complicated
by hormonal conjugations (Bar-Nun and Mayer, 2008).

Also abscisic acid (ABA) seems to be involved in the host–
parasite interaction, as expression of ABA biosynthetic as well
as ABA-responsive genes was induced in tomato upon P. ramosa
infection (Torres-Vera et al., 2016). Proteomics showed that an
abundance of ABA-responsive proteins is only detected in root
extracts of an Orobanche crenata-resistant pea (Pisum sativum)
cultivar (Angeles Castillejo et al., 2004), suggesting that ABA

signaling is important for the plant’s defense against broomrape.
ABA levels in sorghum and maize have also been reported to be
elevated upon infection by the hemiparasite Striga hermonthica
(Taylor et al., 1996; Frost et al., 1997). This seems not true for
the association between the hemiparasite Rhinanthus minor and
its host barley (Hordeum vulgare), in which ABA levels were not
affected (Jiang et al., 2004, 2010).

The SLs are apocarotenoids like ABA, and are signaling
molecules for parasitic plant seed germination and mycorrhizal
symbiosis (Bouwmeester et al., 2003; Akiyama et al., 2005).
Previously, it has been suggested that SLs and ABA influence
each other’s levels, and it was shown that a SL-deficient
tomato line (SlCCD8 RNAi) had reduced levels of ABA when
compared with its wild type (López-Ráez et al., 2010; Torres-
Vera et al., 2016). Biosynthesis of the SLs is partially elucidated
and was shown to be catalyzed by a number of enzymes,
including DWARF 27 (D27), CAROTENOID CLEAVAGE
DIOXYGENASE 7 (CCD7)/MORE AXILLARY GROWTH
3 (MAX3), CAROTENOID CLEAVAGE DIOXYGENASE 8
(CCD8)/MORE AXILLARY GROWTH 4 (MAX4), MORE
AXILLARY GROWTH 1 (MAX1) and the recently identified
LATERAL BRANCHING OXIDOREDUCTASE (LBO) (Booker
et al., 2005; Lin et al., 2009; Alder et al., 2012; Kohlen et al., 2012;
Abe et al., 2014; Zhang et al., 2014; Brewer et al., 2016). An F-box
protein, MORE AXILLARY GROWTH 2 (MAX2)/DWARF3
(D3), an α/β-fold hydrolase DWARF 14 (D14) and DWARF
53 (D53), have been recognized as the main players in the SL
signaling pathway (Arite et al., 2009; Mashiguchi et al., 2009;
Nelson et al., 2011; Hamiaux et al., 2012; Jiang et al., 2013; Zhao
et al., 2013; Chevalier et al., 2014; Kong et al., 2014).

Tomato lines with reduced SL production, such as the SL-
ORT1 mutant and SlCCD8 RNAi lines, induce less P. ramosa
germination, which results in reduced parasitic plant infection
(Dor et al., 2011; Kohlen et al., 2012). Intriguingly, the expression
of SL biosynthetic genes MAX1, MAX3, and MAX4 is up-
regulated in dodder pre-haustoria and haustoria (Ranjan et al.,
2014), implying that SLs may play a role in the process of
parasitism. Recently, SLs have also been reported to be involved
in plant defense and stress responses (Bu et al., 2014; Ha
et al., 2014; Torres-Vera et al., 2014; Liu J. et al., 2015). In
addition, increased expression of SL biosynthetic genes SlD27
and SlCCD8 was observed in tomato roots after P. ramosa
infection, suggesting activation of the SL biosynthetic pathway
during the host–parasite interaction (Torres-Vera et al., 2016).

The aim of the present study is to investigate the role of SLs
during the interaction between the host and parasite, other than
in germination. We demonstrate a protective role for endogenous
SLs after attachment of P. ramosa to tomato by comparing
two independent SL-deficient SlCCD8 RNAi lines with the
corresponding wild type. We also observed that the parasite
induced different phenotypic changes in the plant architecture
of wild type and SlCCD8 RNAi lines. To explore the relation
between SLs and ABA in the regulation of the host response
during this parasitic infection, we analyzed ABA levels, leaf water
loss and stomatal features in the host. The role of SLs and the
possible crosstalk with other hormones during the regulation of
the defense response to parasitic plants is discussed.

Frontiers in Plant Science | www.frontiersin.org March 2017 | Volume 8 | Article 392116

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00392 March 22, 2017 Time: 16:29 # 3

Cheng et al. Role of Strigolactones in Tomato Broomrape Interaction

MATERIALS AND METHODS

Tomato Materials and Plant Growth
In this study, tomato wild type (cv. Craigella) and SlCCD8 RNAi
lines (L04, L09), which have been described in a previous study
(Kohlen et al., 2012), were used. Tomato seeds were germinated
on moistened filter paper at 25◦C for 4 days in darkness.
Germinated tomato seeds were selected and grown in moistened
vermiculite, for 2 weeks for the rhizotron assay as described
below, and for 3 weeks for the soil assay, under 12 h:12 h L: D
photoperiod at 21◦C in a growth chamber.

Phelipanche ramosa Infection in a
Rhizotron System
A rhizotron system was adapted from previous studies on
rice-Striga interactions (Gurney et al., 2006; Cissoko et al.,
2011). The rhizotron was prepared by cutting a hole at one
side of a 14.5 cm-diameter round Petri dish. The Petri dish
was filled with a 1.5 cm thick piece of round rockwool, a
round glass-fiber filter disk (Whatman GF/A paper), and finally
a nylon mesh on top. The rhizotron system was moistened
with sterilized 1/2-strength Hoagland nutrient solution. Sterile
seedlings were then moved to the rhizotron system by fitting
the plant in the hole of the Petri dish. The leaves and shoots of
the seedlings were kept outside while the roots were carefully
separated and organized on top of the nylon mesh using
forceps. The rhizotron system was placed in a vertical position
at 21◦C, 60% RH, 100 µmol m−2 s−1 light intensity, in a
12 h:12 h L: D photoperiod and plants grown for another
2 weeks.

At the same time, P. ramosa seeds were sterilized with a
2% bleach solution and five drops of Tween20 for 5 min,
and then washed with sterile demineralized water. Sterile
P. ramosa seeds were dried and applied to a 5 cm-diameter
glass-fiber filter paper (Whatman GF/A paper), which was pre-
wetted with 0.8 ml sterile demineralized water and placed in
9 cm-diameter Petri dishes with a pre-wetted 1 cm-wide ring
of filter paper to maintain moisture. The Petri dishes were
sealed with parafilm and then kept in the dark in a growth
chamber at 20◦C for a 12 days pre-conditioning period. Pre-
conditioned seeds were then dried and treated with 0.8 ml of a
3.3 × 10−3µM GR24 (synthetic strigolactone analog) solution
for 24 h in the dark at 25◦C. GR24 treatment triggered the
germination of P. ramosa. After 24 h, GR24 was washed off
with sterile demineralized water. The pre-germinated P. ramosa
seeds were then spread along the roots of the 2-week old tomato
seedlings in the rhizotron system using a sterile paint brush.
The rhizotron Petri dishes were sealed with tape and covered
with aluminum foil. The plates were then placed vertically
again and the plants were grown under the same conditions as
described above for another 4 weeks. Rhizotron Petri dishes were
randomly placed in trays and their positions were randomized
again every 3 days. Photos of P. ramosa-infested roots in the
rhizotron were taken with a Canon digital camera EOS 60D
DSLR (with EF-S 18–135 mm IS Lens) 15 and 32 days post-
inoculation (dpi).

Phelipanche ramosa Infection Assay in
Soil and Host Phenotype Analysis
Seeds of tomato wild type (cv. Craigella) and SlCCD8 RNAi
line L09 (five replicates) were germinated on moistened filter
paper at 25◦C for 4 days in darkness. Germinated seeds were
moved onto moistened vermiculite for 2 weeks using a 12 h:12 h
L: D photoperiod at 21◦C, 60% RH, 100 µmol m−2 s−1 light
intensity in a growth chamber. Young tomato seedlings were
carefully pulled out of the vermiculite substrate and their roots
were cleaned with water. Pre-germinated P. ramosa seeds were
applied to each tomato roots by using a paint brush (15 mg
P. ramosa seeds per tomato plant). Tomato seedlings were then
planted in a mixture of soil: vermiculite: sand (1:1:1) and grown
at 25◦C, 60% RH, 150 µmol m−2 s−1 light intensity and 16 h:8 h
L: D photoperiod in the greenhouse. After 9 weeks, the number
of above-ground emerging P. ramosa seedlings was counted. The
branch number (primary and secondary branches) and internode
number of P. ramosa-infected and uninfected tomato plants (wild
type and the line L09, L04) were counted. The length of tomato
branches (primary and secondary branches) and each internode
were also measured. Subsequently, the soil was washed off the
tomato roots. The parasitic tubercles and shoots were carefully
detached from the tomato roots. The weight of stem, leaves,
shoots, branches, and roots of P. ramosa-infected and uninfected
wild type and L09 tomato plants, and the total weight of the
parasitic plant biomass were measured.

Measurement of Stomatal Aperture and
Conductance
Two leaves, of approximately similar age and not covered by
other leaves, were collected from three plants for wild type and
L09 with/without P. ramosa (five biological replicates). To make
stomatal imprints, vinylpolysiloxane dental resin was applied to
the abaxial side of the leaf at midday by using a dispensing
gun (Dispenser D2, Zhermack SpA, Italy) and removed after
drying. The resin imprints were covered with transparent nail
polish which was then peeled off after drying, giving a mirror
image of the resin imprint. Photos of stomata were then taken
of the imprints using a digital camera Nikon DIGITAL SIGHT
DS-Fi1 (Nikon Instruments, Inc.) and acquired with Nikon NIS-
Elements software. Ten photos per leaf imprint were subjected
to image analysis using the software package ImageJ. Stomatal
aperture was calculated as the ratio of stomatal length to
width. Stomatal conductance was measured directly in leaves
of P. ramosa-infected and uninfected wild type and L09 plants
using a leaf porometer (Decagon Devices, Inc.) in the afternoon
between 14:00 and 17:00 h.

Leaf Dehydration Assay
Four full-grown leaves with similar age from the top of the
plant (without coverage by other leaves) were detached from
seedlings of wild type and SlCCD8 RNAi line L09 with or without
P. ramosa infection (five biological replicates) from the soil
infection experiment (8 weeks after infection). Collected leaves
were placed in open Petri dishes on a bench in the growth
chamber (at 21◦C, 60% RH, 100 µmol m−2 s−1 light intensity).
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Leaf weights were periodically measured at the indicated time
points (0, 15, 30, 60, 90 min). Rate of leaf water loss was calculated
as leaf weight loss divided by time.

ABA Measurements
Young leaves and roots were collected from wild type and L09
seedlings with or without P. ramosa infection (five biological
replicates, two technical replicates) from the soil infection
experiment. ABA levels were measured in these samples by
multiple reaction monitoring (MRM) using ultra-performance
liquid chromatography coupled to tandem mass spectrometry
(UPLC–MS/MS) using a published protocol (Floková et al.,
2014).

Statistical Analysis
Data are presented as mean ± standard error of the mean
(SEM). Statistical analysis was performed using Student’s t-test
(two-tailed) or analysis of variance (ANOVA) (GraphPad Prism
version 7.00 for Windows). Differences between individual
means were tested for significance using the post hoc Tukey’s
multiple comparison test. Percentages of differentiated and
undifferentiated tubercles and total tubercle percentage from the
rhizotron studies were transformed using arcsine square root
transformation of the raw data prior to statistical analysis.

RESULTS

Endogenous SLs Inhibit Parasitism
To assess the role of endogenous SLs on parasitic plant
attachment in tomato, we studied the development and final
number of P. ramosa tubercles using a rhizotron assay. In this
assay, we compared the susceptibility of SL-deficient tomato
SlCCD8 RNAi line L09 with its wild type. Because we were
specifically interested in differences in parasite attachment levels
that were not the result of differences in P. ramosa seed
germination, the parasitic plant seeds were pre-germinated, using
the synthetic strigolactone analog GR24, before they were applied
to the tomato roots. A higher overall level of parasitic plant
infection was observed in L09 seedlings when compared with its
wild type at 32 dpi (Figure 1A, P < 0.05). In addition to this, the
percentage of differentiated tubercles (with adventitious roots)
was also higher in the SL-deficient line L09 when compared to
its wild type while the percentage of undifferentiated tubercles
(without adventitious roots) was similar between wild type and
L09 (Figure 1A, P < 0.05), suggestive of a faster development of
the parasite on L09.

In addition to this semi in vitro assay, a soil infection assay was
conducted using two independent tomato SlCCD8 RNAi lines
(L09 and L04) and the corresponding wild type. Also, in this
experiment, the P. ramosa seeds were pre-germinated with GR24.
Fresh weight of the attached parasites was measured after 9 weeks
and was shown to be higher in both SlCCD8 RNAi tomato lines
compared with their wild type (Figure 1B). The combined results
from both assays show that SL-deficient tomato plants are more
susceptible to (pre-germinated) P. ramosa infection and sustain a
faster development of the parasite.

FIGURE 1 | Tomato strigolactone biosynthesis knock-down, SlCCD8
RNAi lines, are more susceptible to Phelipanche ramosa infection than
wild type. (A) Percentage of undifferentiated (in light gray color) and
differentiated tubercles (in dark gray color) (out of the total number of
pre-germinated P. ramosa seeds applied around the host roots) that
developed on wild type (WT) and SlCCD8 RNAi line L09 at 15 dpi (days
post-infection) and 32 dpi in the rhizotron assay. Original data was subjected
to arcsine root transformation before statistical analysis. (B) Total fresh weight
(biomass) of attached parasites on tomato seedlings of WT and two SlCCD8
RNAi lines (L09 and L04) in the soil assay. Data represent the means of nine
(A) or five (B) independent replicates ± standard error (SE). Asterisks (∗)
indicate statistically significant differences between WT and SlCCD8 RNAi
lines (L09 and L04), respectively, according to Student’s t-test. ∗P < 0.05.

P. ramosa Infection Affects Tomato
Shoot Architecture Differently in WT and
SlCCD8 RNAi Lines
To further explore the possible role of SLs in the host response
to an infection with parasitic plants, we studied the effect of an
infection with P. ramosa on the growth and plant architecture of
the wild type and SlCCD8 RNAi tomato lines. Without infection,
SlCCD8 RNAi plants (L09 and L04) displayed a more compact
phenotype than the corresponding wild type, resulting from
an increased number of branches and reduced plant height
(Figure 2A). When the plants were infected with P. ramosa
(Figure 2A), the shoot architecture of wild type plants became
more compact due to a reduction in plant height (Figure 2A),
while shoot branching in the SlCCD8 RNAi lines was reduced
with no obvious changes in plant height (Figure 2A).
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FIGURE 2 | Shoot architecture of wild type (WT) and SlCCD8 RNAi lines (L09 and L04) uninfected and infected with the root parasitic P. ramosa.
(A) Picture of the 12-week-old wild type and SlCCD8 tomato RNAi lines, uninfected (left plant) and infected (right plant) with P. ramosa. (B) Number of primary
branches; (C) number of secondary branches; (D) length of primary branches (cm); (E) length of secondary branches (cm); (F) length of main stem (cm); (G) average
length of internode (cm); (H) number of internodes. Data represent the average of five independent replicates ± standard error (SE). Letters (a, b, c and A, B, C)
indicate statistically significant differences according to two-way ANOVA (treatment and line as factors) and Tukey’s multiple comparisons tests (a, b, c; P < 0.05; A,
B, C; P < 0.001); n.s.: no statistical significant differences for any of the comparisons in the respective graph.

To further investigate the effect of a P. ramosa infection
on plant architecture of wild type and SlCCD8 RNAi lines,
parameters for shoot branching and stem growth were quantified
(Figure 2). Compared to control conditions, the number
and length of primary branches of wild type and SlCCD8

RNAi lines remained unchanged during the infection, with the
exception of L04 that displayed a reduction in the length of
its primary branches (Figures 2B,D). However, the secondary
branches of both SlCCD8 RNAi lines displayed a remarkable
reduction in both number and length during the infection
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FIGURE 3 | Shoot biomass (A), root biomass (B) and root: shoot biomass
ratio (C) of wild type (WT) and SlCCD8 RNAi lines (L09 and L04) uninfected
and infected with the root parasitic plant P. ramosa. Data represent the means
of five independent replicates ± standard error (SE). Letters (a, b) indicate
statistically significant differences according to two-way ANOVA (treatment
and line as factors) and Tukey’s multiple comparisons test (P < 0.05).

with P. ramosa (Figures 2C,E, P < 0.001). This explains
the less compact appearance of the infected SlCCD8 RNAi
lines observed in the pot experiment shown in Figure 2A.
In a second pot experiment during which the P. ramosa
infection was more severe, the same trend was observed while

now also the number of primary branches of the SlCCD8
RNAi lines was reduced (data not shown). The P. ramosa
also caused a large reduction in stem length, but only in
wild type plants (Figure 2F, P < 0.05). This was mainly
caused by a reduction in the internode length rather than
a reduction in the number of internodes (Figures 2G,H).
This is consistent with the more compact and dwarf-like
appearance of wild type plants upon infection with P. ramosa
(Figure 2A).

In addition, shoot and root biomass (fresh weight) were
measured in uninfected and infected wild type and the
two SL-deficient lines (Figure 3). The P. ramosa infection
significantly reduced root biomass of wild type plants (Figure 3B,
P < 0.05), while shoot biomass of wild type remained unaffected
(Figure 3A). However, the P. ramosa infection remarkably
reduced both root and shoot biomass in both RNAi lines
(although the reduction in root biomass of L04 was on the border
of significance; adjusted P-value = 0.069) (Figures 3A,B). These
results show that P. ramosa infection in wild type only reduces
root biomass, while in the SlCCD8 RNAi lines both root and
shoot biomass are decreased. Upon infection, both wild type and
L09 displayed a reduced root-to-shoot biomass ratio (Figure 3C,
P < 0.05), implying that the negative effect of the infection on
host root biomass is larger than the effect on shoot biomass.

In conclusion, SlCCD8 RNAi lines are more susceptible
to an infection with P. ramosa, and show a reduction in
biomass in both roots and shoots. The reduction in shoot
biomass in the SlCCD8 RNAi lines is mainly caused by
a reduction in the number and length of secondary shoot
branches.

P. ramosa Infection Affects ABA Levels,
Stomata and Leaf Water Loss
As ABA has previously been shown to be involved in host–
parasitic plant interactions (Taylor et al., 1996; Frost et al.,
1997; Jiang et al., 2004, 2010), and ABA levels in the SlCCD8
RNAi line have been reported to be decreased compared to
wild type (Torres-Vera et al., 2014), levels of ABA and three
derived metabolites, ABA-glucosyl ester (ABA-GE), phaseic acid
(PA) and dihydrophaseic acid (DPA), were measured in roots
and leaves of infected and uninfected wild type and SlCCD8
RNAi lines in this study (Figure 4). Unexpectedly, uninfected
SlCCD8 RNAi lines had similar ABA levels in roots and shoots
as the uninfected wild type plants (Figures 4A,B). In response
to the P. ramosa infection, ABA levels in these tissues increased
significantly to similar levels in all lines (Figure 4A, P < 0.01).
As wild type and SlCCD8 RNAi lines did not remarkably differ
in ABA level in the leaves and roots when they were not
infected, it can be concluded that the net increase in ABA
was not different between wild type and SlCCD8 RNAi lines.
In contrast to ABA, the level of the major conjugate of ABA,
ABA-GE, was higher in the leaves of uninfected SlCCD8 RNAi
lines (L09 and L04) than in leaves of uninfected wild type
plants (Figure 4C, P < 0.05). Upon infection, ABA-GE levels of
wild type plants and SlCCD8 RNAi lines increased to a similar
level (Figure 4C), suggesting that P. ramosa infection induced
a higher net increase of ABA-GE in the WT plants. Uninfected
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FIGURE 4 | Levels of abscisic acid (ABA) (A,B) and ABA metabolites (C–H) in the leaves and roots of wild type (WT) and SlCCD8 RNAi lines (L09 and L04)
uninfected and infected with P. ramosa. ABA metabolites measured in this study include ABA conjugate ABA-glucose ester (ABA-GE) (C,D), and two ABA
degradation products phaseic acid (PA) (E,F) and dihydrophaseic acid (DPA) (G,H). Data represent the means of five independent replicates ± standard error (SE).
Letters (a, b, c and A, B) indicate statistically significant differences according to two-way ANOVA and Tukey’s multiple comparisons tests (a, b, c at the level of
P < 0.05; A, B at the level of P < 0.01); n.s.: no significant differences for any of the comparisons in the respective graph.
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wild type and SlCCD8 RNAi lines had similar levels of ABA-
GE in the roots (Figure 4D). Upon parasite infection, only
one of the SlCCD8 RNAi lines (L09) displayed a significant
increase in ABA-GE level in the roots (Figure 4D), suggestive
of a higher net increase of ABA-GE in the line L09 upon
parasite infection. Regarding ABA catabolism, uninfected wild
type and SlCCD8 RNAi lines had similar levels of PA and DPA,
in both leaves and roots, respectively (Figures 4E,G). Parasite
infection strongly elevated the PA and DPA levels, but to a
similar level in the roots of wild type and SlCCD8 RNAi lines
(Figures 4F,H).

ABA regulates stomatal behavior and as a consequence water
fluxes in plants. Considering the above described observation
that an infection with P. ramosa increases ABA levels in
leaves of infected plants, we also evaluated stomatal aperture,
stomatal conductance and leaf water loss rate as determined by a
dehydration assay. The stomatal aperture, stomatal conductance
and leaf water loss rate of wild type and L09 did not statistically
differ when plants were not infected with P. ramosa (Figures 5,
6C). Also, when wild type and L09 were infected, their stomatal
conductance did not differ nor change (Figure 5B). However,
stomatal aperture was significantly increased by infection in
wild type plants (P < 0.05), while it was unaffected in infected
L09 (Figure 5A). When wild type and L09 were not infected
with P. ramosa, water loss rate of their leaves did not differ
(Figure 6C). However, when infected with the parasite, we
observed a remarkable increase in leaf water loss rate in infected
wild type plants (Figure 6A, P < 0.01), whereas there was no
significant change in leaf water loss rate in the infected L09 plants
(Figure 6B). During the early time points, infected wild type had
a stronger leaf water loss than infected L09 (Figure 6D, P < 0.05).

DISCUSSION

Root parasitic weeds of the Orobanchaceae family are posing a
great threat to crops but are difficult to manage. Current strategies
to control these weeds are not effective largely due to the fact
that a substantial part of their lifecycle occurs underground.
Strategies to explore resistance mechanisms against these weeds
are needed. Here, we studied the effect of strigolactones on the
interaction between tomato and P. ramosa, with specific focus
on the post-attachment process of the parasitic infection and the
consequences on plant architecture and aspects of water loss.

Our results show that SL-deficient tomato lines display an
enhanced infection and increased tubercle development rate
upon inoculation with pre-germinated P. ramosa seeds. These
results suggest that SLs play a positive role in the host defense
against P. ramosa infection. Interestingly, it was recently reported
that the expression of SL biosynthetic genes SlD27 and SlCCD8 is
induced in P. ramosa-infected tomato roots (Torres-Vera et al.,
2016). The induction of the expression of SlD27 was stronger
during the early stages of the infection, while the expression
of SlCCD8 increased over time (Torres-Vera et al., 2016). In
addition, the transcription of the putative ortholog of the SL
receptor, D14, in tomato (SlD14) was also induced during the
late stage of the infection process (Torres-Vera et al., 2016).

Combined with the results of the present study, this suggests that
SL biosynthesis is triggered in the host plant upon infection and
that SL signaling may play a role in the host defense against root
parasitic plants.

One possible explanation for the high susceptibility of the
SlCCD8 RNAi lines to parasite infection that was observed
in the present study, may be their enhanced auxin transport
capacity and altered auxin levels, as was reported for the
Arabidopsis SL-deficient mutant max4 (Bennett et al., 2006). It
was indeed shown that the tomato SlCCD8 RNAi lines have
increased adventitious root formation, probably resulting from
higher auxin levels in the lower part of the stem (Kohlen et al.,
2012). Interestingly, it was previously shown in Arabidopsis that
polar auxin transport directs the xylem continuity between the
host root and P. aegyptiaca tubercles (Bar-Nun et al., 2008).
Perhaps the increased auxin transport capacity in max4, or
in the present study in the SlCCD8 RNAi lines, facilitates the
formation of the vascular connection between host and parasite.
A higher efficiency of this process could stimulate development
and shorten emergence time of the parasite. An early emergence
time of S. hermonthica in rice resulted in shorter rice plants
and reduced plant weight and was therefore negatively correlated
with parasitic plant tolerance (Kaewchumnong and Price, 2008).
It is of interest that the major QTL for Striga tolerance in the
latter study was later found to co-localize with the major QTL
for SL levels (Cardoso et al., 2014). In both studies the same
mapping population was used, and although the total number
of emerged Striga shoots was higher on the high SL producing
parent (germination was not standardized by pre-germination
with GR24), the latter parent did appear to be more tolerant to
an infection with Striga.

In addition to auxin, the recently described reduced levels
of defense-related hormones JA and SA in the SL-deficient
tomato SlCCD8 RNAi lines (Torres-Vera et al., 2014) may also
contribute to their increased susceptibility to parasite infection.
Many studies have demonstrated the induction of expression of
JA, SA and ethylene-dependent genes in the host (Arabidopsis,
sunflower, tomato, Medicago) in response to an infection with
Orobanche/Phelipanche spp. (Dos Santos et al., 2003b; Letousey
et al., 2007; Dita et al., 2009; Torres-Vera et al., 2016). Further
studies are still needed to reveal the possible links between SLs
and (other) defense signaling pathways such as those involving
JA, SA and ethylene. Moreover, these experiments should ideally
be performed in a dynamic way, including different post-
attachment stages, thus addressing the relative contribution of the
various defense-related processes during different time windows
of the infection process.

Consistent with previous reports on Orobanche cernua and
S. hermonthica (Hibberd et al., 1998; Taylor and Seel, 1998),
P. ramosa infection reduced the total biomass and plant height
of its host (Figures 2, 3). However, unlike some other reports
which showed a reduction of shoot biomass of the infected host
(Barker et al., 1996; Mauromicale et al., 2008), total biomass
of wild type plants in the present study was mainly reduced
through a decrease in root biomass (Figure 3). This may be
due to the different tomato cultivars that were used, and/or
the different growing conditions. In our study, infected wild
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FIGURE 5 | Stomatal features of wild type (WT) and SlCCD8 RNAi line L09 uninfected and infected with P. ramosa. Photos of stomata were taken of
the leaf imprints and subjected to image analysis. (A) Stomata aperture was measured by calculating the ratio of stomatal width to length. (B) Stomatal
conductance (mmol m-2s-1) was measured directly on tomato leaves by using a leaf porometer in the afternoon. Data represent the means of 10 (A) and five (B)
independent replicates ± standard error (SE). Letters (a, b) indicate statistically significant differences according to two-way ANOVA and Tukey’s multiple
comparisons test (P < 0.05); n.s.: no significant differences for any of the comparisons in the respective graph.

FIGURE 6 | Leaf water loss rate as observed in WT and SlCCD8 RNAi line L09 uninfected and infected with P. ramosa. Full-expanded leaves with similar
age from the top of the plant were detached from tomato plants in the soil assay (8 weeks after infection). Collected leaves were placed in open Petri dishes for a
dehydration assay. Leaf weights were periodically measured at the indicated time points (0, 15, 30, 60, 90 min). Rate of leaf water loss was calculated as leaf weight
loss divided by the time interval. For clarity, comparisons of leaf water loss are shown separately between (A) infected and uninfected WT; (B) infected and
uninfected L09; (C) uninfected WT and L09; (D) infected WT and L09. Data represent the means of four independent replicates ± standard error (SE). Asterisks (∗)
indicate statistically significant differences based on Student’s t-test performed on each two cases in (A,D) at each time point. ∗∗P < 0.01; ∗P < 0.05); n.s.: no
statistical significant differences for any of the comparisons in the respective graph.

type plants displayed a more compact and dwarf-like shoot
architecture, which was caused by a decrease in internode
length (Figures 2F,G). Although, this phenotype resembled the
SL-deficient lines to some extent, the numbers of primary
and secondary branches did not increase in infected wild type
plants (Figures 2B,C). Total biomass of the SlCCD8 RNAi
lines was also reduced upon infection (Figure 3). However,

besides a large contribution of reduced root biomass (Figure 3B),
the loss in biomass of SlCCD8 RNAi lines was also due
to a dramatic reduction in their initially higher number of
secondary branches, as well as a reduction in the length of
primary and secondary branches (Figures 2B–E, 3A). The
strong reduction in branching in parasitized SlCCD8 RNAi
plants is likely associated with parasite-induced hormonal
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changes. An interesting hormone in this respect is ABA. In
the present study, plant parasitism resulted in a major increase
in root and shoot ABA levels of the host plant. Several
reports have proposed a role for ABA in the inhibition of
bud outgrowth (Suttle and Hultstrand, 1994; Emery et al.,
1998; Shimizu-Sato and Mori, 2001; Suttle, 2004). Moreover,
reduced ABA levels were observed in the lower buds of
the high branching SL signaling mutant max2, while ABA
application in this genotype resulted in partial suppression
of branch elongation (Yao and Finlayson, 2015). This would
place the axillary bud outgrowth inhibiting activity of ABA
downstream of SL signaling and may explain the reduction in
the number of secondary branches upon parasite infection in the
SL-deficient SlCCD8 RNAi tomato line observed in the present
study.

Also in other studies, ABA has been considered to play
a role in the interaction between the host and root parasitic
plants. Increased expression of ABA biosynthetic genes and an
abundance of ABA-responsive proteins were observed in tomato,
pea and medicago parasitized by P. ramosa and O. crenata
(Angeles Castillejo et al., 2004; Castillejo et al., 2009; Torres-
Vera et al., 2016). It has been proposed that ABA biosynthesis
in the host root might be triggered by local water deficiency
around the haustoria (Taylor et al., 1996). In the present study,
we observed that both root and shoot ABA levels in wild
type and SlCCD8 RNAi plants increased upon infection by the
parasite to a similar extent. This ABA response can therefore not
explain the observed difference in the P. ramosa infection level
between the transgenic and WT lines. Also in uninfected plants,
ABA levels in SlCCD8 RNAi and wild type plants were similar
which is in contrast to a previous study, where the SL-deficient
line was described to have lower levels of ABA (Torres-Vera
et al., 2016). However, in the present study, a higher level of
the ABA conjugate, ABA-GE, was observed in the leaves of
uninfected SlCCD8 RNAi lines when compared with wild type,
while the level of PA and DPA were similar. Cleavage of ABA-
GE has been proposed as a rapid route for ABA production
in response to drought and osmotic stress (Lee et al., 2006;
Xu et al., 2012; Liu Z. et al., 2015). Drought and salt stress have
been found to increase ABA-GE levels in the xylem in several
cases (Sauter et al., 2002). Whether an increased conjugation rate
of ABA in SL-deficient plants could contribute to their higher
susceptibility to the parasite remains a question that needs further
exploration.

Besides the increase in ABA levels in the host upon infection,
ABA levels have also been reported to be increased in the
parasitic plants themselves. For instance, Orobanche spp. (i.e.,
Orobanche hederae) accumulate high levels of ABA in their
sink organs, i.e., inflorescence, which is in high demand for
phloem-transported assimilates (Ihl et al., 1987). Reports on
the interactions between hosts (maize and sorghum) and the
hemiparasite S. hermonthica have shown that attached Striga
plants accumulate much more ABA than their hosts, even though
Striga infection also leads to increased ABA levels in the infected
host (Taylor et al., 1996; Frost et al., 1997). Detailed modeling
studies performed for the association between R. minor and
barley suggested the formation of an ABA gradient between

the parasite and host, which might contribute to an increased
water flow from the host into the parasite (Jiang et al., 2004,
2010). Intriguingly, in the present study, the increase in ABA
level in the host shoot upon parasite infection did not result
in stomatal closure. On the contrary, in wild type tomato an
increase in stomatal aperture was observed, resulting in an
increased water loss rate. Interestingly, in parasitic plants such
as R. minor, stomata remain open despite high ABA levels
(Jiang et al., 2004). It has been suggested that the observed
accumulation of high levels of cytokinin in leaves antagonizes
ABA action, resulting in ABA insensitivity of the stomata (Jiang
et al., 2005). It is not clear yet if this ABA insensitivity also
occurs in Orobanche/Phelipanche species and whether it would
influence ABA levels and/or ABA sensitivity in the host as
well. It could be that in our study, the infected tomato plants
also contain high levels of cytokinin, which might antagonize
the effect of ABA on stomatal closure (Blackman and Davies,
1983; Tanaka et al., 2006), hereby preventing stomatal closure
of the parasitized host. If so, it is of interest to point out
that SLs also influence cytokinin levels. SL-deficient mutants
have been reported to contain reduced levels of cytokinin
in xylem sap (Beveridge et al., 1994, 1997a,b; Morris et al.,
2001; Foo et al., 2007). Putative lower cytokinin levels in
the SL-deficient SlCCD8 RNAi tomato line that was used in
the present study would explain why the stomatal aperture
in infected SlCCD8 RNAi plants was lower than in infected
wild type plants, while ABA levels were similar in both
genotypes.

CONCLUSION

In the present study we have explored the effect of an infection
with P. ramosa on host plant growth and architecture, its ABA
and ABA metabolite profiles, stomatal conductance and water
loss. Currently, there are only a few reports on the role of
ABA during the interaction between the host and parasitic
plants, and the role of ABA in the establishment of the water
flow from host to parasite is unresolved. It is vital to study
the dynamics of ABA and water flow and to build a proper
model for the host–parasite association. It is also of interest
to explore how the parasite prevents its host from closing
its stomata regardless of the elevated ABA level in the host
leaves. Intriguingly, our observations suggest that SL deficiency
in tomato leads to an increased infection by parasitic plants
which may have implications for future strategies on how to
improve parasitic plant resistance. In this respect, the emphasis
should be on the development of plants with reduced SL
exudation rates or a low parasitic plant germination stimulating
SL profile rather than on reducing SL content/production as a
whole.
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It is not clear why herbicides targeting aromatic and branched-chain amino acid
biosynthesis successfully control broomrapes—obligate parasitic plants that obtain all
of their nutritional requirements, including amino acids, from the host. Our objective was
to reveal the mode of action of imazapic and glyphosate in controlling the broomrape
Phelipanche aegyptiaca and clarify if this obligatory parasite has its own machinery for
the amino acids biosynthesis. P. aegyptiaca callus was studied to exclude the indirect
influence of the herbicides on the parasite through the host plant. Using HRT – tomato
plants resistant to imidazolinone herbicides, it was shown that imazapic is translocated
from the foliage of treated plants to broomrape attachments on its roots and controls
the parasite. Both herbicides inhibited P. aegyptiaca callus growth and altered the
free amino acid content. Blasting of Arabidopsis thaliana 5-enolpyruvylshikimate-3-
phosphate synthase (EPSPS) and acetolactate synthase (ALS) cDNA against the
genomic DNA of P. aegyptiaca yielded a single copy of each homolog in the latter, with
about 78 and 75% similarity, respectively, to A. thaliana counterparts at the protein level.
We also show for the first time that both EPSPS and ALS are active in P. aegyptiaca
callus and flowering shoots and are inhibited by glyphosate and imazapic, respectively.
Thus leading to deficiency of those amino acids in the parasite tissues and ultimately,
death of the parasite, indicating the ability of P. aegyptiaca to synthesize branched-chain
and aromatic amino acids through the activity of ALS and EPSPS, respectively.

Keywords: acetolactate synthase (ALS), amino acid, broomrape, enolpyruvylshikimate phosphate synthase
(EPSPS), glyphosate, imazapic

INTRODUCTION

Broomrapes (Orobanche and Phelipanche spp.) are weedy holoparasitic plants that parasitize the
roots of many broadleaf crops and cause tremendous losses in yield and quality worldwide (Gressel
and Joel, 2013). Today, herbicides are the main strategy used to control broomrape, but they
have several drawbacks (Joel et al., 2007). To date, only herbicides that block the production of

Abbreviations: ALS, Acetolactate synthase; EPSPS, 5-Enolpyruvylshikimate-3-phosphate synthase.
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amino acids have been found to be effective in controlling
broomrape. These include glyphosate and imidazolinones,
and sulfonylureas. Glyphosate inhibits the enzyme EPSPS
(EC 2.5.1.19) in the aromatic amino acid-biosynthesis pathway
(Bentley, 1990; Roberts et al., 1998, 2002; Schönbrunn et al.,
2001). The imidazolinones and sulfonylureas inhibit the enzyme
ALS (EC 4.1.3.18) in the branched-chain amino acid-biosynthesis
pathway (Duggleby et al., 2008; Eizenberg et al., 2013). Inhibition
of aromatic or branched-chain amino acid synthesis restricts
the plant’s ability to produce functional proteins and essential
metabolites derived from those amino acids. This eventually leads
to plant death.

The mode of action of herbicides that are able to control
the Orobanchaceae is not known (Eizenberg et al., 2013). It is
generally assumed that holoparasites such as broomrapes are
not capable of synthesizing amino acids, as they lack nitrate
reductase activity (Stewart et al., 1984; Press et al., 1986) and
there is complete absence of glutamine synthetase, as measured
in Orobanche cernua, Orobanche hederae, Orobanche minor, and
Phelipanche ramosa (McNally et al., 1983). This hypothesis is
supported by the observation that holoparasites can get most or
all of their nitrogen in fully reduced forms, such as ammonium or
amino acids (Westwood, 2013). Indeed, transfer of 15N2-labeled
glutamine from Brassica napus to P. ramosa tubercles has been
shown (Gaudin et al., 2014). Evidence of amino acid transport
from the host to the parasite has also been reported (Aber et al.,
1983; Abbes et al., 2009). There are a few reports of highly limited
growth of broomrape tissue culture without an amino acid source
(Ben-Hod et al., 1991). It has been proposed that aside from
inhibiting EPSPS, glyphosate may also inhibit the translocation
of assimilates from source leaves to various sinks (Geiger and
Bestman, 1990; Geiger et al., 1999). Nadler-Hassar et al. (2004)
showed that glyphosate application on the obligate parasite
Cuscuta campestris results in reduced 14C-labeled sucrose and
green fluorescent protein accumulation in the parasite organs.
They hypothesized that the parasite’s growth is inhibited by
assimilate starvation, rather than by direct herbicide inhibition
of its EPSPS. However, other scientists have indicated that
Striga and Phelipanche can grow and develop on minimal media
tissue culture, which contains ammonium (Deeks et al., 1990;
Zhou et al., 2004; Fernandez-Aparicio et al., 2011). In addition,
there are indications of de novo amino acid synthesis in the
parasite. Using 15N-labeled ammonium in Orobanche ramosa,
researchers showed that tubercles assimilate inorganic nitrogen
when supplied directly through batch incubation (Gaudin et al.,
2014). Broomrapes attached to the roots of transgenic tobacco
with target-site resistance to chlorsulfuron and to the roots of
transgenic oilseed rape with target-site resistance to glyphosate
were successfully controlled with chlorsulfuron and glyphosate,
respectively (Joel et al., 1995). This also suggests the presence
of amino acid biosynthesis in the parasite. Recently, shikimate
accumulation and a decrease in free aromatic amino acids have
been shown in Egyptian broomrape [Phelipanche aegyptiaca
(Pers.) Pomel] attached to the roots of glyphosate-resistant
tomato following foliar glyphosate application (Shilo et al.,
2016). This suggests the presence of active EPSPS in parasite
tissues. However, shikimate accumulation cannot be used as

direct proof of EPSPS inhibition. The shikimate pathway includes
seven different enzymes catalyzing the conversion of erythrose
4-phosphate and phosphoenol pyruvate to chorismate, which
is used not only in the production of aromatic amino acids,
but also in the biosynthesis of many other metabolites: vitamin
K and metal chelators, ubiquinone and p-aminobenzoic acid,
as well as many secondary metabolites, including flavanones
and naphthoquinones (Roberts et al., 2002). Therefore, only the
finding of EPSPS activity in P. aegyptiaca may conclusively solve
the question of this enzyme’s presence in the Orobanchaceae.

The objectives of the present study were to elucidate
the mechanisms by which glyphosate and imazapic control
P. aegyptiaca on tomato and verify the presence and role of
EPSPS and ALS enzymes in the metabolism of the parasite.
Determination of herbicides’ modes of action in controlling
obligate weedy parasites is not a trivial task. The anatomical
and physiological connections between the host and the parasite
make them, in many aspects, one organism (Rubiales et al.,
2009; Yoder and Scholes, 2010). Any physiological or biochemical
factor measured in one of them may result from its partner. In
this study, we tackled this problematic issue by using parasite
tissue culture. Although tissue culture does not always provide
a true representation of the processes occurring in the host–
parasite association, our tissue culture results were considerably
strengthened by those obtained from the parasite attached to its
host. In addition, using the HRT tomato plants, resistant to ALS-
inhibiting herbicides, allowed us to restrict indirect influence of
the herbicide on the parasite through the host plant.

Glyphosate has been shown to be translocated from the foliage
of treated host plants to broomrape attachments on their roots
(Arjona-Berral et al., 1990; Nandula et al., 1999). However,
with respect to ALS-inhibiting herbicides, accumulation of
radioactivity in sunflower broomrape following application of
14C-labeled imazapyr has been reported (Dıaz-Sanchez et al.,
2002), but this cannot be used as a direct indication of the
transfer of non-metabolized herbicide molecules to the parasite.
Therefore, first, imazapic applied to the foliage was shown to
be taken up by P. aegyptiaca and to inhibit its development.
Then, the influence of imazapic and glyphosate on parasite
tissue culture was studied; finally, activity of ALS and EPSPS
enzymes in P. aegyptiaca tissue culture and flowering shoots, as
well as inhibition of these enzymes by imazapic and glyphosate,
respectively, was shown. Neither the biosynthesis of amino acids
by broomrapes nor the presence of active EPSPS or ALS enzymes
in the parasite has ever been demonstrated.

MATERIALS AND METHODS

Plant Materials and Growth
Tomato (Solanum lycopersicon) cv. M82 seeds were obtained
from Tarsis Agricultural Chemicals Ltd., Israel. HRT, a tomato
mutant that is highly resistant to imidazolinone herbicides, was
obtained by ethyl methanesulfonate (EMS) mutagenesis (Dor
et al., 2016). Broomrape seeds were collected from Egyptian
broomrape inflorescences parasitizing tomato grown in Kibbutz
Beit Ha’shita, Israel. Broomrape seeds were stored in the dark
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at 4◦C until use. Tomato plants were grown in 2-l pots using
medium-heavy clay–loam soil containing broomrape seeds at a
concentration of 15 ppm (15 mg seed kg−1 soil,∼2250 seed kg−1)
as described in Dor et al. (2016).

Influence of ALS Inhibitors Applied to
HRT Leaves on P. aegyptiaca Attached to
the Roots
Imazapic and imazapyr (38.4 g a.i. ha−1) were applied on
HRT plants—tomato mutants that are highly resistant to
imidazolinone herbicides (Dor et al., 2016). Non-treated plants
were used as a control. Once a week, starting 1 week after
treatment for 4 successive weeks, the number of aboveground
broomrape shoots was counted. The number and biomass of
the broomrapes attached to the roots were recorded until the
end of the experiment. Samples of tomato roots and broomrape
shoots were taken for free amino acid determination 2 weeks after
treatment.

Extraction, Derivatization, and Amino
Acid Analysis
Free amino acids were extracted from 100 mg plant tissue.
The single-ion mass method was used for soluble amino acid
determination with the RXI-5-Sil MS capillary column (RESTEK;
30 m, 52.0-mm i.d., and 0.25-mm thickness). All analyses
were carried out on a GC–MS system (Agilent 7890A) coupled
with a mass selective detector (Agilent 5975c) and a Gerstel
multipurpose sampler (MPS2) (Cohen et al., 2014). Peak finding,
peak integration, and retention-time correction were performed
with the Agilent GC/MSD Productivity ChemStation package1.
Peaks areas were normalized to an integral standard (norleucine)
signal (Hacham et al., 2016).

Imazapic Detection in Treated HRT
Foliage, Roots and Broomrape
When young broomrape tubercles of 4–5 mm diameter were
detected on the roots of HRT plants (6 weeks after planting),
the surface of other pots at the same developmental stage was
covered with cardboard to prevent any contact between the
imazapic and the broomrape in the soil other than through
the plant foliage, and the plants were sprayed with 20 g a.i.
ha−1 imazapic. Non-treated plants were used as controls. Two
weeks after herbicide application, the root, leaf and broomrape
samples were taken for analysis of imazapic contents. Imazapic
extraction and analysis were conducted by two different methods.
In the first experiment we used a modified method of Krynitsky
(1999) and Huang et al. (2009). Briefly, 20 g of sample was
homogenized in 100 ml solution made up of 70% (v/v) 0.1 M
NH4HCO3 pH 5 and 30% (v/v) methanol, with an Ultra-Turrax
T25 homogenizer (Janke & Kunkel, Staufen, Germany) running
at 20,500 rpm for 3 min. The filtrate volume was reduced to
50 ml by evaporation at 37◦C under reduced pressure (BUCHI
Rotavapor, Labortechnik GmbH, Essen, Germany). The extracts
were lyophilized (Christ Alpha 1-4 LOC1 Freeze Dryer, Martin

1www.agilent.com

Crist, Osterode, Germany) and resuspended in dichloromethane.
After filtration, the extracts were evaporated to dryness. The
dry extracts were resuspended in 0.5 ml of a solution of 0.1%
(v/v) formic acid in 20:50:30 acetonitrile:MeOH:H2O (v/v) and
the imazapic content was detected by ultra-performance liquid
chromatography (UPLC)–MS analysis in an Agilent 1290 Infinity
series liquid chromatograph coupled with an Agilent 1290
Infinity DAD and Agilent 6224 Accurate Mass Time of Flight
(TOF) mass spectrometer (Agilent Technologies, Santa Clara,
CA, USA) using a Zorbax Extend-C18 Rapid Resolution HT
column (2.1 mm × 50.0 mm, 1.8 µm, Agilent Technologies,
Waldbronn, Germany). The gradient-elution mobile phase
consisted of 95% eluent A (0.1% formic acid) and 5% eluent B
(acetonitrile containing 0.1% formic acid). After 1.5 min, eluent B
was increased from 5 to 60% over 5 min, and then increased from
60 to 95% over 7 min, kept at 95% for 2 min and then restored to
5% over 10 min. The flow rate was 0.3 ml min−1 and the column
temperature was set to 40◦C.

Eluted compounds were subjected to a dual-sprayer
orthogonal electrospray ionization (ESI) source with one
sprayer for analytical flow and one for the reference compound
(Agilent Technologies, USA). The ESI source was operated
in positive mode at the following settings: gas temperature
of 350◦C with a flow of 10 l min−1 and nebulizer set to
40 psig, VCap set to 4000 V, the fragmentor to 140 V and the
skimmer to 65 V. Scan mode of the mass detector was applied
(100–1700 m/z) at a rate of 3 spectra s−1. The [M+H] ions
of imazapic (276.1342 Da) were detected and analyzed by
Masshunter qualitative and quantitative analysis software version
B.05.00 (Agilent Technologies). Quantification was calculated
from an imazapic standard curve (Adama Agricultural Solutions
Ltd., Ashdod, Israel).

In the second experiment, samples (500 g) were sent to
Bactochem Feller Group Holdings Israel (Ness-Ziona, Israel) for
imazapic determination by QuEChERS method (Lehotay et al.,
2011; Wilkowska and Biziuk, 2011). Briefly, samples were ground
and extracted with acetonitrile mixed with 1% (v/v) acetic acid.
After centrifugation at 3500 rpm for 5 min, the supernatant
was dried with MgSO4 and passed through Primary Secondary
amine (Bondesil), dried again with MgSO4, mixed with water and
analyzed by LC–MS/MS. Imazapic was quantified by calibration
conducted with an imazapic standard.

Injection of ALS-Inhibiting Herbicides
into Young P. aegyptiaca Shoots
Acetolactate synthase-inhibiting herbicides were injected directly
into young broomrape shoots (1 cm and 2–4 mm in diameter)
emerging above the soil. The plants were injected with 5 µl water
(control), or 5 µl water containing 10 nmol imazamox, imazapic,
imazapyr or sulfosulfuron. The injected broomrape shoot height
was evaluated on a daily basis.

P. aegyptiaca Tissue Culture
Surface-disinfected P. aegyptiaca seeds were germinated in a
45-mm diameter Petri dish as described in Dor et al. (2007).
Germinated seeds were gently transferred to solid callus growth
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culture medium (CGM) containing 3.1 g l−1 Gamborg salts, 1 ml
l−1 B5 vitamins, 1 mM MgCl2, 1.5 mM CaCl2, 5 g l−1 phytagel,
600 mg l−1 casein hydrolysate (amicase), 30 g l−1 sucrose, 1µM
2,4-D, 20 µM GA3, 1 mg l−1 zeatin, pH 5.8, in 90-mm Petri dishes
(modified Zhou et al., 2004). The dishes were kept in the dark at
25◦C for 21 days. Then induced callus was transferred to fresh
medium.

Five callus pieces, each 3 mm in diameter and about 8 mg,
were placed on 45-mm Petri dishes containing CGM or the same
medium without casein hydrolysate (BCGM), and kept in the
dark at 25◦C for 4 weeks. The callus from each dish was then
weighed and biomass accumulation was calculated.

Effects of ALS Inhibitors and Glyphosate
on P. aegyptiaca Callus Growth
Ten callus pieces with initial biomass of 5–6 mg were placed on
solid BCGM in a 90-mm Petri dish. In the imazapic experiment,
a water–imazapic solution (20 µl) consisting of 0, 0.01, 0.05,
0.1, 0.5, 1, 5, or 10 µM imazapic was passed through a
0.45-µm membrane (Whatman) onto each callus piece. In the
glyphosate experiment, glyphosate was embedded in BCGM at
concentrations of 0.01, 0.05, 0.1, 0.5, 1, 5, or 10 µM. Dishes were
kept in the dark at 25◦C for 4 weeks in the imazapic experiment
and for 8 weeks in the glyphosate experiment. Then the calluses
from each dish were weighed to calculate biomass accumulation.
The callus was immediately frozen in liquid nitrogen and stored
at −80◦C. Free amino acid content was analyzed in the calluses
of all treatments (Hacham et al., 2016).

In the glyphosate experiment, shikimic acid accumulation
(according to Zelaya et al., 2011) in the callus was analyzed. Both
experiments were conducted with eight replicates (Petri dishes)
per treatment.

Shikimic Acid Determination in Liquid
BCGM
Glyphosate was added to liquid BCGM to a final concentration
of 5 µM. Medium without glyphosate was used as a control.
About 200 mg of P. aegyptiaca callus (20 callus pieces) was placed
in each Petri dish. Plates were kept in the dark at 25◦C with
shaking at 100 rpm on a rotary shaker (GFL 3017, Gesellschaft
für Labortechnik mbH, Hanover, Germany) and after 4, 8, and
12 days, the callus from three Petri dishes (about 1 mg) was
frozen in liquid nitrogen and stored at −80◦C. Shikimic acid
accumulation was analyzed in the callus and in the growth
medium according to Zelaya et al. (2011). The experiment was
conducted with three replicates per treatment.

Determination of ALS and EPSPS
Activities
Acetolactate synthase and EPSPS activities were determined
in vitro using partially purified enzyme extracts from
P. aegyptiaca callus and flowering shoots. These enzymes’
activities were also tested in young tomato leaves for comparison.

ALS extraction and assay were based on Ray (1984) and
Veldhuits et al. (2000). Briefly, callus or tips of young flowering
shoots were extracted in two volumes (w/v) of extraction

buffer [100 mM potassium phosphate buffer pH 7.5, containing
10 mM sodium pyruvate, 0.5 mM MgCl2, 0.5 mM thiamine
pyrophosphate (TPP), 10 µM flavin adenine dinucleotide (FAD),
and 10% v/v glycerol]. The protein was precipitated with
saturated ammonium sulfate and the enzyme was collected
at 25–60% saturation by centrifugation at 3220 × g for
30 min at 4◦C. Samples were chromatographically desalted on
a PD-10 Sephadex G-25 column (GE Healthcare Bio-Sciences
AB, Uppsala, Sweden) equilibrated with elution buffer (100 mM
potassium phosphate buffer pH 7.5, containing 20 mM sodium
pyruvate and 0.5 mM MgCl2). The enzymatic reaction assay was
conducted in assay buffer (100 mM potassium phosphate buffer
pH 7.0, containing 167 mM sodium pyruvate, 16.7 mM MgCl2,
1.67 mM TPP, and 16.6 µM FAD) at 37◦C for 60 min. Imazapic,
imazapyr, or rimsulfuron were added in the reaction mixture with
the final concentrations from 0.1 to 200 µM for imidazolinones
and from 0.001 to µM for rimsulfuron. The reaction was stopped
by addition of 20 µl 6 N H2SO4 and incubation for 15 min
at 60◦C. Then 0.5 ml of 0.5% (w/v) creatine and 0.5 ml of
5% (w/v) α-naphthol, freshly prepared in 2.5 N NaOH, were
added to the reaction mixture and the solution was incubated
for an additional 15 min at 60◦C. Absorbance was measured
at 550 nm. A standard acetoin curve was used to quantify the
reaction product. Total protein content was measured using the
Bradford method (Bradford, 1976) with bovine serum albumin
as the standard. One unit of ALS activity was expressed as
millimole acetoin per milligram protein in 1 min and presented as
percentage of activity in the control treatment, which contained
no herbicide. The experiment was conducted with four replicates
per treatment.

5-enolpyruvylshikimate-3-phosphate synthase extraction and
assay were based on the methods of Eschenburg et al. (2002) and
Priestman et al. (2005) with modifications. Briefly, callus or tips
of young flowering shoots were extracted in two volumes (w/v) of
extraction buffer (50 mM Tris–HCl pH 7.8, 1 mM EDTA, 0.1 M
NaCl, 1 mM DTT, 0.1% v/v Triton X-100) with lysozyme (1 mg
lysozyme g−1 plant tissue). The homogenate was then sonicated
for 30 min at 4◦C and centrifuged at 3220 × g for 15 min at
4◦C. The proteins were precipitated with saturated ammonium
sulfate and the enzyme was collected at 25–80% saturation by
centrifugation at 3220 × g for 30 min at 4◦C. The samples were
chromatographically desalted on a PD-10 Sephadex G-25 column
equilibrated with elution buffer (50 mM Tris pH 7.8, 1 mM DTT,
1 mM EDTA). EPSPS activity in the crude enzyme extract with
shikimate as the substrate was assayed in assay buffer containing
500 mM MES (pH 5.5), 2 mM DTT with 250 mM shikimate,
1.0 mM phosphoenolpyruvate, and 100 mM NaHCO3. EPSPS
activity with shikimate-3-phosphate (S3P) as the substrate was
assayed in assay buffer containing 500 mM MES (pH 5.5), 2 mM
DTT with 1 mM S3P and 0.1 mM phosphoenolpyruvate. Final
glyphosate concentrations in the reaction mixture with shikimate
were from 1 to 105 µM, and with S3P – from 0.05 to 103 µM. The
enzyme was allowed to react for 15 min at 30◦C. For colorimetric
assay, a Phosphate Colorimetric Assay Kit (Sigma, MAK 030) was
used. The change in optical density was measured at 620 nm.
A standard curve of Na3PO4 was used to quantify the reaction
product.
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FIGURE 1 | Amino acid sequence alignment of A. thaliana (Arabidopsis) and P. aegyptiaca (Phelipanche) ALS. Identical and similar amino acids are shown
in azure and gray, respectively. Non-identical amino acids are shown in lowercase letters. First amino acids of predicted mature protein are shown in yellow.

FIGURE 2 | Amino acid sequence alignment of A. thaliana (Arabidopsis) and P. aegyptiaca (Phelipanche) EPSPS. Identical and similar amino acids are
shown in azure and gray, respectively. Non-identical amino acids are shown in lowercase letters. First amino acids of predicted mature protein are shown in yellow.
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FIGURE 3 | Effect of imazapic (38.4 g a.i. ha−1) applied at 277 growing
degree days on the number (A) and biomass (B) of P. aegyptiaca flowering
shoots attached to the roots of HRT tomato plants. Non-treated plants were
used as controls. Data were recorded once a week, starting 1 week after
treatment for 4 weeks. The experiment was repeated twice with 10 replicates.
Results of the two experiments were compared by Fisher’s t-test and data
were combined due to homogeneity of the variances. Results were subjected
to ANOVA. Data were compared by least-significant differences (LSD), on the
basis of Tukey–Kramer Honestly Significant Difference test (α = 0.05). Different
letters indicate significant differences between various treatments on the same
observation date. Vertical lines indicate standard errors of means (SEM).

One unit of enzyme activity was expressed as millimole
phosphate produced per milligram protein in 1 min. EPSPS
activity was expressed as percentage of that in the control
treatment, which contained no herbicide. The experiment was
conducted with four replicates per treatment.

Sequence Data Analysis
Arabidopsis thaliana ALS (NM_114714.2; Mazur et al., 1987)
and EPSPS (CAA29828.1; Klee et al., 1987) coding sequences
were blasted against the genomic DNA data derived from the
Parasitic Plant Genome Project2. Deduced amino acid sequences
were determined by DNAMAN 4.2 software. Plastid transit
peptide and the first amino acid of the mature proteins were
estimated with the ChloroP 1.1 Server3. Protein alignment and

2http://ppgp.huck.psu.edu
3http://www.cbs.dtu.dk/services/ChloroP/

determination of percent similarity between DNA and protein
sequences were performed with multiple-sequence comparison
by log-expectation (Muscle)4.

Statistical Analysis
The results were subjected to ANOVA by means of JMP software,
version 5.0 (SAS Institute Inc., Cary, NC, USA). Data were
compared by least-significant differences (LSD) on the basis of
Tukey–Kramer Honestly Significant Difference test (α = 0.05),
except for the data describing the influence of imazapic on
amino acid content in HRT roots and in P. aegyptiaca attached
to its roots, which were compared by LS Means Contrast test
(α = 0.05). Data on the influence of imazapic and glyphosate
on callus biomass, glyphosate on shikimic acid accumulation,
imidazolinones on P. aegyptiaca ALS activity, and glyphosate
on P. aegyptiaca EPSPS activity were computed by non-linear
regressions using Sigma-Plot version 11.01 (SPSS Inc., Chicago,
IL, USA). The data were arcsine-transformed before analysis.
On the graphs, back-transformed means are presented. All
experiments were conducted twice. These experiments were
compared by Fisher t-test to prove homogeneity of the variances
and then the data of the two experiments were combined,
except for the experiment involving imazapic detection in tomato
leaves, roots and attached broomrapes, where the data were not
combined due to heterogeneity of variances. Results of those two
experiments are therefore presented separately.

RESULTS

Identifying Homologous Genes Encoding
ALS and EPSPS
Data derived from the Parasitic Plant Genome Project2 identified
a single DNA copy homolog of each of these enzymes
as P. aegyptiaca putative ALS and EPSPS genes. Both of
these putative genes shared about 74% homology with their
corresponding A. thaliana genes. Predicted proteins encoded by
the putative P. aegyptiaca ALS and EPSPS genes showed about
78 and 75% identity to A. thaliana ALS and EPSPS proteins,
respectively. P. aegyptiaca putative ALS and EPSPS proteins both
contained, as expected, a chloroplast transit peptide of 42 and
64 amino acids, respectively, at their N terminus. The predicted
P. aegyptiaca and A. thaliana ALS and EPSPS mature proteins
shared more than 80% sequence similarity (Figures 1, 2 for ALS
and EPSPS, respectively).

Sensitivity of Egyptian Broomrape to ALS
Inhibitors
The HRT tomato mutant was grown in soil with P. aegyptiaca
seeds. In the control pots, P. aegyptiaca shoots began to emerge
from the soil 44 days after planting (Supplementary Figure 1),
reaching 45 ± 3.5 shoots per pot at 66 days after planting.
However, at the end of the experiment, there were only 0.4± 0.02
P. aegyptiaca shoots per pot with the imazapic-treated plants,

4http://www.ebi.ac.uk/Tools/msa/muscle/
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TABLE 1 | Effect of imazapic (38.4 a.i. ha−1) applied to the foliage on soluble branched-chain amino acid content (nM g−1 FW).

Amino acids HRT plants Phelipanche aegyptiaca

Control Imazapic Control Imazapic

Val 105.17 ± 8.16 105.42 ± 2.98 174.94 ± 30.57 74.06 ± 4.67∗

Leu 160.84 ± 18.41 139.51 ± 7.54 293.54 ± 38.92 102.33 ± 2.68∗

Ile 102.67 ± 6.83 93.61 ± 6.89 252.29 ± 52.78 69.09 ± 4.05∗

Total 3698.69 ± 482.68 2792.22 ± 450.86 9710.84 ± 8809 2476.48 ± 126.71∗

∗Significant difference between control and imazapic treatment at α = 0.05 according to LS Means Contrast test.

with no visible damage symptoms on the latter. The total
number of broomrapes attached to HRT roots below ground
was 60–80 in the first 3 weeks after herbicide application in
both the control and imazapic-treated plants, with no significant
difference between them. A significant reduction in the number
of parasites due to imazapic was only achieved in week 4
(Figure 3A). However, accumulation of P. aegyptiaca biomass
ceased from the second week after imazapic application. The total
P. aegyptiaca biomass attached to the roots of untreated plants
was 130± 8.1 g, as compared to 45± 3.7 g in the imazapic-treated
plants (Figure 3B).

Imazapic had no effect on the levels of branched-chain amino
acids in HRT roots, nor did it change their total content of
soluble amino acids (Table 1). However, the amount of soluble
Val, Leu, and Ile, as well as of total soluble amino acids,
in P. aegyptiaca attached to treated plants was significantly
reduced compared to P. aegyptiaca on roots of non-treated plants
(Table 1).

Injection of ALS-inhibiting herbicides into young
P. aegyptiaca shoots completely inhibited broomrape growth,
followed by deterioration and death, with no visible effects on
tomato cv. M82 plants. The water-injected shoots grew rapidly,
reaching their maximal height of about 170 mm after 20 days
(Supplementary Figure 2). The height of the shoots injected with
the herbicides was 8.5- to 10-fold lower (10–20 mm).

Imazapic Detection in Treated HRT
Foliage, Roots and Broomrape
In both experiments, the herbicide could be found in the parasite
tissue 2 weeks after the foliar application, but at concentrations
that differed between the two experiments (Table 2). These
differences might be explained by differences in the development

TABLE 2 | Imazapic concentration in HRT tomato roots and leaves and in
P. aegyptiaca attached to the roots after foliar application of the herbicide
at a rate of 50 g a.i. ha−1.

Sample Imazapic concentration (ng g−1 FW)

Experiment 1 Experiment 2

Leaves 196.68 ± 22.67a 480.00 ± 33.51a

Roots 12.25 ± 2.18b 0.00 ± 0.00c

P. aegyptiaca 4.00 ± 0.82c 280.00 ± 23.67b

Different letters indicate significant differences in each experiment according to
Tukey–Kramer Honestly Significant Difference test at α = 0.05.

FIGURE 4 | Biomass accumulation of P. aegyptiaca callus grown on
BCGM containing imazapic. The experiment was conducted with eight
replicates. The data were computed by non-linear regressions using
Sigma-Plot version 11.01. y = y0 +

a
1+( x

x0
)b ; R2

= 0.99, P < 0.0001,

a = 96.81, b = 1.98, x0 = 0.06, y0 = 4.47. The data were arcsine-
transformed before analysis. On the graph, back-transformed means are
presented.

and growth of the tomato plant and the parasite in the two
experiments: not only was the method of imazapic extraction and
analysis different, but the timing was as well. The first experiment
was conducted in January, and the time elapsed from planting to
P. aegyptiaca shoot emergence above the soil was about 2 months.
At that time, the HRT plants had developed to maturity. In the
second experiment, conducted in August, the first P. aegyptiaca
shoots appeared above the soil after only 5 weeks, and the
tomato plants at the herbicide-application stage were younger
and smaller.

Tissue Culture
P. aegyptiaca tissue culture was grown with and without amino
acids: on CGM containing two forms of inorganic nitrogen
(2.5 g l−1 nitrate in the form of potassium nitrate and 134 mg l−1

ammonia in the form of ammonium sulfate) and casein
hydrolysate as a source of amino acids, and on BCGM containing
only inorganic nitrogen. By the end of the experiment, which
lasted 4 weeks, the P. aegyptiaca callus biomass had increased
by 0.24 and 0.26 g per plate on CGM and BCGM, respectively.
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TABLE 3 | Free amino acid content in P. aegyptiaca callus grown in imazapic-containing medium.

Imazapic concentrations (µM)

0 0.01 0.05 0.1 0.5 1 5 10

Amino acids Free amino acid content (nmol g−1 FW)

Asp 86.9b 105ab 103ab 148a 149a 102 ab 87.2b 10lab

Met 2.0b 3.5b 3.1b 4.5ab 7.6a 2.3b 2.0b 2.4b

Lys 9.2 9.0 9.2 8.6 0.0 10.5 8.2 11.6

Thr 42.5e 67.7de 52.3e 127bc 232a 161b 125bc 94.4cd

Ile 5.4c 8.8bc 7.6bc 13.3ab 17.3a 8.0bc 6.9bc 5.6c

Leu 5.4bc 9.2ab 8.9ab 12.8a 10.5a 4.8bc 5.1bc 4.0c

Val 16.6c 36.2b 33.9b 48.9a 33.9b 7.1d 8.5d 6.3d

Phe 4.0c 6.2c 6.1c 9.0c 27.0b 18.5bc 28.1b 65.6a

Tyr 86.3b 108.2b 116b 136ab 146a 91.6b 104.2b 107.4b

Trp 3.1b 7.4b 6.4b 11.0 28.1a 7.2b 14.7ab 25.6a

Gly 13.1c 23.8b 20.1bc 23.2b 59.1a 20.6bc 20.4bc 18.3bc

Cys 1.4b 1.7b 3.0b 2.8b 8.3a 1.8b 1.9b 1.5b

Ser 73.9d 179.6bc 163bc 209b 308a 174bc 142c 193b

Pro 4.5c 11.7c 9.1c 18.2c 61.4ab 56.5ab 51.4b 69.9a

Glu 123ab 158a 143a 159a 102b 42.2c 27.3c 49.5c

Gin 58.9f 107.9e 108.6e 173.7d 637.0a 451.5b 320.7c 422.6b

Asn 52.3c 102b 83.8bc 113.2 203a 100b 168ab 149ab

Ala 59.1e 146bc 160bc 175b 385a 118cd 71de 54e

Total 649d 1096c 1041c 1394b 2421a 1379b 1194bc 1384b

Different letters indicate significant differences between the treatments according to Tukey–Kramer Honestly Significant Difference test at α = 0.05.

There were no significant differences in tissue culture growth
rate between the two media, indicating that P. aegyptiaca tissue
cultures can synthesize amino acids on their own.

Influence of Imazapic on Biomass
Accumulation of P. aegyptiaca Callus
Phelipanche aegyptiaca tissue culture was highly sensitive to
imazapic (Figure 4). A concentration of 0.05 µM significantly
decreased biomass accumulation. ID50 (the herbicide
concentration causing 50% growth inhibition) of imazapic
was 0.06 ± 0.002 µM. Concentrations of 0.5 µM and higher
completely arrested callus growth. A concentration of 10 µM
imazapic resulted in blackened calluses that died. Free amino acid
content increased with the increase in imazapic concentration to
a maximum at 0.5 µM, and then decreased (Table 3). This might
be the result of protein degradation, or inhibition of protein
synthesis caused by a deficiency in branched-chain amino acids.
Val was the most influenced by the herbicide (Table 3). At rates
of 1–10 µM, free Val content was significantly lower than in the
control. Surprisingly, the content of Glu, which is not synthesized
in the branched-chain amino acids pathway, was also decreased
compared to controls by the same imazapic concentrations.
A general increase in total free amino acid content after herbicide
treatments, which can be attributed to proteolysis, may mask
the decrease in specific amino acid synthesis induced by the
inhibitor (Orcaray et al., 2010). Therefore, it is useful to express
the specific amino acid content as a percentage of the total
free amino acids instead of in absolute values. This calculation

revealed a significant reduction in soluble Val and Leu, indicating
direct inhibition of the amino acid biosynthesis machinery in
P. aegyptiaca callus (Supplementary Figure 3).

ALS Activity in P. aegyptiaca and Its
Response to ALS Inhibitors
Enzyme extracts from P. aegyptiaca flowering shoots and callus
both demonstrated ALS activity (3.3 and 16.6 enzyme units,
respectively), similar to the level found in young tomato leaves
(about 3.1 units). Accordingly, inhibition of 50% activity (ID50)
for shoots occurred at 2 ± 0.7 µM imazapic whereas for
callus, it occurred at 11.6 ± 2.6 µM (Figure 5A). The ID50
for tomato leaves was about 0.47 ± 0.1 µM, much lower than
for P. aegyptiaca shoots. A concentration of 200 µM imazapic
completely inhibited the activity of ALS from P. aegyptiaca
shoots and callus. Comparison of the inhibitory ability of
various ALS inhibitors showed that rimsulfuron (sulfonylurea)
is much more potent than the imidazolinones imazapic and
imazapyr (Figure 5B), with ID50 values for ALS extracted
from P. aegyptiaca shoots of 0.11 ± 0.03, 2.07 ± 0.07, and
11.62± 1.2 µM, respectively.

Influence of Glyphosate Embedded in
the Growth Medium on Biomass
Accumulation of P. aegyptiaca Callus
A significant reduction in biomass accumulation was found at a
concentration of 0.5 µM glyphosate (Figure 6A). The ID50 value
of glyphosate was 0.74± 0.04 µM. Inhibition of callus growth was
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FIGURE 5 | Influence of ALS inhibitors on ALS activity of P. aegyptiaca. (A) Influence of imazapic on ALS extracted from flowering shoots and callus.
(B) Influence of imazapic, imazapyr, and rimsulfuron on ALS extracted from P. aegyptiaca flowering shoots. The experiment was conducted with four replicates per
treatment. The data were computed by non-linear regressions using Sigma-Plot version 11.01. y = y0 +

a
1+( x

x0
)b ; (A) For flowering shoots: R2

= 0.99, P < 0.0001,

a = 100, b = 0.67, x0 = 2.07, y0 = 3.66; for callus: R2
= 0.97, P < 0.0001, a = 100, b = 0.90, x0 = 11.6, y0 = −3.79. (B) For imazapic: R2

= 0.99,
P < 0.0001, a = 100, b = 0.67, x0 = 2.07, y0 = 3.66; for imazapyr: R2

= 0.99, P = 0.0073, a = 100, b = 0.56, x0 = 11.62, y0 = 2.18; for rimsulfuron: R2
= 0.98,

P < 0.0001, a = 100, b = 0.70, x0 = 0.11, y0 = −0.61. The data were arcsine-transformed before analysis. On the graphs, back-transformed means are presented.

followed by dose-dependent shikimic acid accumulation from
0.05 to 5 µM glyphosate (Figure 6B). Total free amino acid
content in the callus increased significantly in the presence of
0.5 µM glyphosate, suggesting inability to synthesize proteins to
their full structure, leaving unused amino acids, or an indirect
effect of the herbicide leading to protein degradation (Table 4).

The levels of the soluble aromatic amino acids Phe and Trp
are expected to decrease when glyphosate is applied. Surprisingly,
differences in soluble Phe and Trp contents in the callus were only
found at a glyphosate concentration of 10 µM, which was lethal to
the callus. Calculation of the percentage of aromatic amino acids
out of the total amino acid content showed decreasing levels of
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FIGURE 6 | Biomass accumulation of P. aegyptiaca callus (A) and
shikimic acid accumulation in the callus (B) cultured on BCGM containing
glyphosate. The experiment was conducted with eight replicates. Data were
computed by non-linear regressions using Sigma-Plot version 11.01. (A) For
biomass: y = a

1+( x
x0

)b ; R2
= 0.99, P < 0.0001, a = 436.71, b = 1.80,

x0 = 0.74. (B) For shikimic acid accumulation: y = y0 +
a

1+( x
x0

)b ; R2
= 0.99,

P = 0.0129, a = 3.314, b = −1.03, x0 = 0.47, y0 = 0.13. Data were
arcsine-transformed before analysis. On the graphs, back-transformed means
are presented. FW, fresh weight.

Phe and Trp. However, the level of Tyr was the same as in controls
(Supplementary Figure 4).

In a further experiment, callus growth in liquid BCGM
allowed analyzing the dynamics of shikimic acid accumulation
in the tissue culture and its release into the medium as a result
of callus cell deterioration. Most of the shikimic acid was found
in the callus 4 days after growth initiation in medium with
glyphosate (Supplementary Figure 5). After 8 days, shikimic
acid level in the callus decreased and simultaneously increased
in the growth medium. The callus turned brown and died
after 12 days, and all of the shikimic acid was found in the
medium. Cell-wall deterioration was probably the cause for
the release of free amino acids from P. aegyptiaca callus cells
into the medium. In the callus, total free amino acid content
decreased significantly in the glyphosate-containing medium
compared to controls (Table 5). A significant reduction in

aromatic amino acids Phe and Trp, but not Tyr, was found. In
addition, the contents of Asp, Thr, Ile (which are synthesized in
the aspartate pathway) and Ser decreased, probably indicating
protein degradation.

EPSPS Activity in P. aegyptiaca and Its
Response to Glyphosate
Analysis of EPSPS activity in an in vitro assay with P. aegyptiaca
flowering shoot extracts yielded 0.5 and 0.2 enzyme units for
the substrates shikimate and S3P, respectively, and in the callus,
1.34 and 0.5 enzyme units with shikimate and S3P as substrates,
respectively. In comparison, in young tomato leaves, EPSPS
activity was about 0.76 and 1.05 units with shikimate and S3P as
substrates, respectively.

Glyphosate inhibited EPSPS activity of both flowering shoots
and callus (Figure 7A). EPSPS extracted from flowering shoots
was much more sensitive to the herbicide than the enzyme
extracted from callus, with respective ID50 values of about
84 ± 0.03 and 794 ± 35 µM, using shikimate as the substrate
(Figure 7A). The enzymatic reaction with this substrate is less
sensitive to glyphosate (Priestman et al., 2005) than the same
reaction with the natural substrate S3P. With the latter, the
ID50 value for EPSPS from callus was about 8 ± 0.29 µM
(Figure 7B).

DISCUSSION

Holoparasites depend on their host for carbon and nitrogen
resources to grow and develop (Kawachi et al., 2008; Irving
and Cameron, 2009). The flow of these resources from the host
to the parasite is the limiting factor for holoparasite growth
(Hibberd et al., 1998, 1999). The holoparasites Orobanche and
Phelipanche can only be controlled by amino acid biosynthesis-
inhibiting herbicides (Duggleby et al., 2008; Eizenberg et al.,
2013). This can occur via direct inhibition of an autonomic amino
acid biosynthesis mechanism within the parasite, if it exists,
indirectly via inhibition of branched-chain or aromatic amino
acid production in the host or transport from host to parasite,
or both. To distinguish among these possibilities, we first studied
whether the parasite has homologous genes encoding ALS and
EPSPS.

The P. aegyptiaca genome, similar to Arabidopsis and tobacco
(Mazur et al., 1987), was found to contain at least one
copy/genome of ALS, and similar to petunia and tomato, a
putative EPSPS (Gasser et al., 1988). In addition, all conserved
amino acid regions in which herbicide-resistance mutations have
been found (Duggleby et al., 2008) were also present in the
predicted P. aegyptiaca ALS protein (Figure 1), supporting the
presence of ALS in P. aegyptiaca. The predicted P. aegyptiaca
and A. thaliana ALS and EPSPS mature proteins shared more
than 80% sequence similarity (Figures 1, 2 for ALS and
EPSPS, respectively). These results correspond well with the
findings of Westwood et al. (2012) who reported the presence
in P. aegyptiaca of seven target genes for ALS inhibitors and
three target genes for glyphosate with about 80% homology to
Arabidopsis.
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TABLE 4 | Free amino acid content in P. aegyptiaca callus grown in BCGM with embedded glyphosate.

Glyphosate concentrations (µM)

0 0.01 0.05 0.1 0.5 1 5 10

Amino Acids Free amino acid content (nmol g−1 FW)

Asp 17.9b 16.1b 13.6b 15.3b 32.3ab 43.0a 14.8b 9.4b

Met 0.7 1.0 0.8 1.1 1.8 2.9 1.2 0.3

Lys 8.1b 9.1b 5.8b 10.8b 8.5b 32.2a 8.7b 6.9b

Thr 14.5bc 15.2bc 11.9c 16.0bc 25.4b 48.1a 31.4b 34.5ab

Ile 4.1b 3.7b 4.4b 5.1ab 5.7ab 8.3a 5.4ab 2.7b

Leu 4.2b 6.7ab 4.1b 8.0ab 6.2ab 11.1a 6.5ab 2.7b

Val 16.0c 24.4bc 19.8bc 32.5bc 41.9b 78.5a 56.9ab 17.1c

Phe 1.5a 1.0a 1.7a 1.4a 2.0a 3.7a 2.5a 0.7b

Tyr 21.1c 17.3c 29.2c 16.6c 53.6b 74.1a 70.6a 20.3c

Trp 0.4 0.5 0.7 1.2 1.1 3.2 1.5 0.6

Gly 12.4b 24.0ab 24.0ab 56.7a 35.7ab 50.7ab 35.2ab 37.0ab

Cys 2.1 1.8 2.6 2.8 5.5 8.0 5.3 1.8

Ser 21.90b 32.2b 27.3b 23.7b 144a 122a 29.9b 43.6b

Pro 3.9c 6.8bc 2.8c 5.2c 10.2b 18.3a 6.4bc 3.8c

Glu 37.7c 40.2c 37.00c 35.70c 275.6a 138.4b 26.1c 14.3d

Gln 17.1c 12.3c 14.2c 45.6c 213.5b 567a 466a 589a

Asn 7.3c 8.4c 11.1c 14.2c 34.8b 68.3a 47.4ab 13.8c

Ala 24.6d 46.763c 44.5c 42.1c 324a 357a 108b 81.0bc

Total 289e 341de 329e 408cde 1296ab 1709a 997bc 953bcd

Different letters indicate significant differences between the treatments according to Tukey–Kramer Honestly Significant Difference test at α = 0.05.

Sensitivity of Egyptian Broomrape to ALS
Inhibitors
The presence of genes does not necessarily mean that they encode
functional proteins. Thus, we sought to determine whether the
encoded proteins are functional, and whether they are sensitive
to herbicides. We searched for a system that would separate the
effect on the host from the effect on the parasite. To reveal the role
of ALS and its inhibitors in the parasite, we chose HRT, a tomato
mutant that is highly resistant to imidazolinone herbicides (Dor
et al., 2016). Use of this mutant enabled testing the direct effect
of the herbicide on the parasite without causing any damage to
the host plant. This is important because application of these
herbicides on a sensitive host will block branched-chain amino
acid biosynthesis in the host, resulting in a shortage of amino
acids transported to the parasite and leading to its death. Thus,
we demonstrated the ability of imazapic applied on HRT plants to
prevent P. aegyptiaca shoot formation above soil level (Figure 3
and Supplementary Figure 1), affecting the amount of soluble Val,
Leu, and Ile (Table 1).

Imazapic had no influence on the levels of branched-chain
amino acids in HRT roots, nor did it change their total content of
soluble amino acids (Table 1). However, both were significantly
reduced in P. aegyptiaca attached to treated plants compared to
P. aegyptiaca on roots of non-treated plants (Table 1). These
results may demonstrate a direct influence of imazapic on the
parasite, or an effect via interruption of transport between the
host and the parasite. However, translocation from host to
parasite has never been reported for ALS-inhibiting herbicides,

although it has been proven for glyphosate (Arjona-Berral et al.,
1990; Nandula et al., 1999). Thus, we determined the level of
imazapic in the leaves and roots, and in P. aegyptiaca attached to
the roots of HRT plants treated with imazapic. Before applying
the herbicide, we prevented any possible contact between the
herbicide and the soil in the pots. The only way the herbicide
could move to the P. aegyptiaca attached to its roots was via
the treated HRT foliage. As this experiment was key to proving
our hypothesis, we conducted two independent experiments
using different analytical methods. In both experiments, imazapic
applied to the foliage was detected in broomrape, proving the
translocation of the herbicide from host to parasite (Table 2).
In the three experiments involving imazapic application on HRT
plants, the latter showed no visible damage symptoms.

The results to this point indicated that the herbicide is
transferred from the host to the parasite and reduces the latter’s
development, but has no influence on the amino acid balance,
normal development or appearance of the host. These results
strongly suggested that the parasite has its own active ALS that
is sensitive to the herbicide. To further test this assumption,
we used four herbicides belonging to two ALS-inhibiting
classes: imidazolinones (imazamox, imazapic, and imazapyr)
and sulfosulfuron, a sulfonylurea herbicide registered in Israel
for P. aegyptiaca control in tomato (Dor et al., 2016). These
herbicides were injected into P. aegyptiaca shoots that had just
begun to emerge from the soil. Shoot growth was arrested,
followed by deterioration and death, while water-injected shoots
were not damaged (Supplementary Figure 2). To determine
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TABLE 5 | Free amino acid content (nmol g−1 FW) in P. aegyptiaca callus
grown in liquid BCGM with and without 5 µM glyphosate.

Amino acids After 4 days After 12 days

Control Glyphosate 5 µM Control Glyphosate 5 µM

Asp 79.9 59.5 48.4 30.4∗

Met 5.7 4.9 4.7 4.5

Thr 148 143 173 118∗

Ile 20.3 22.0 31.9 21.4∗

Leu 10.7 13.3 28.7 21.4

Val 29.6 36.1 41.4 34.2

Phe 17.4 15.9 32.3 18.4∗

Tyr 241 260 253 233

Trp 15.5 7.4 60.5 25.7∗

Gly 30.9 32.0 77.8 45.1

Cys 5.6 7.2 13.8 10.2

Ser 229 212 215 140∗

Pro 52.8 55.2 70.2 48.0

Glu 71.6 42.2∗ 52.9 40.7

Gln 485 254∗ 249 227

Asn 39.7 19.5∗ 32.7 18.4

Ala 438 472 380 321

Total 1925 1660 1785 1361∗

∗Significant difference between control and glyphosate treatment at α = 0.05
according to LS Means Contrast test.

whether the herbicides were translocated from the parasite-
injected shoots to the host, we used tomato cv. M82 plants,
which are extremely sensitive to imidazolinone herbicides (Dor
et al., 2016). We expected to detect visible damage symptoms
on the plants if translocation does indeed occur. However, such
symptoms could not be observed on the M82 plants, suggesting
that the herbicide is not translocated from the parasite to the host.

To further study the assumption that the parasite has
functional ALS and EPSPS, P. aegyptiaca tissue cultures were

grown with and without amino acids: on CGM containing two
forms of inorganic nitrogen and casein hydrolysate as a source
of amino acids, and BCGM containing only inorganic nitrogen.
By the end of the experiment, no significant differences were
observed in P. aegyptiaca tissue culture growth rate between the
two media, indicating that P. aegyptiaca tissue culture has the
ability to synthesize amino acids on its own.

High sensitivity of P. aegyptiaca tissue cultures to imazapic
(Figure 4) followed by an increase in total free amino acid content
with a transient decrease in the proportion of the branched-chain
amino acids Val and Leu (Table 3 and Supplementary Figure 3)
indicated direct inhibition of the amino acid biosynthesis
machinery in P. aegyptiaca callus. Similar results were obtained
by Orcaray et al. (2010) with pea plants. In addition, elevation
in Thr level (Table 3), the main substrate for the synthesis of
branched-chain amino acids in these plants (Jander and Joshi,
2010), strongly suggested considerable slowing of the pathway.
A concentration of 10 µM imazapic resulted in blackened calluses
that died.

The above results suggested that ALS is active in P. aegyptiaca.
Indeed, both shoots and callus demonstrated ALS activity, similar
to the level found in young tomato leaves. ALS-unrelated acetoin
production in low amounts was reported by Forlani et al.
(1999) in suspensions of actively proliferated cells of carrot,
tobacco, maize, and rice as a side reaction of TPP dependent
pyruvate-decarboxylating enzymes. Strong inhibition of acetoin
production by ALS-inhibiting herbicides and a dose response
curve of the inhibition of the reaction with herbicides indicate
activity of ALS extracted from both shoots and callus (Figure 5).

Evidence of Functional EPSPS Activity in
P. aegyptiaca
We next sought to determine whether EPSPS is also functional in
the parasite. Based on the results obtained with ALS, we expected
to detect EPSPS activity in P. aegyptiaca, since glyphosate has

FIGURE 7 | Influence of glyphosate on EPSPS activity of P. aegyptiaca. (A) Flowering shoots and callus with shikimic acid as substrate. (B) EPSPS activity
extracted from P. aegyptiaca callus with shikimic acid and shikimate-3-phosphate (S3P) as substrates. The experiment was conducted with four replicates per
treatment. Data were computed by non-linear regressions using Sigma-Plot version 11.01. y = y0 +

100
1+( x

8.01 )1.96 ; (A) For flowering shoots: R2 = 0.99, P < 0.0001,

a = 100, b = 3.90, x0 = 84.38, y0 = –0.02; for callus: R2 = 0.99, P < 0.0001, a = 100, b = 1.73, x0 = 794, y0 = –0.23. (B) For shikimic acid as substrate:
P < 0.0001, a = 100, b = 1.73, x0 = 794, y0 = –0.23; for S3P as substrate: P < 0.0001, a = 100, b = 1.96, x0 = 8.01, y0 = –6.00. Data were arcsine-transformed
before analysis. On the graphs, back-transformed means are presented.
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been found to control P. aegyptiaca and Orobanche crenata
parasitizing parsley and O. crenata parasitizing faba bean, pea,
lentil, vetch, celery, carrot, and glyphosate-resistant tomato,
without causing damage to the host (Kasasian, 1973; Jacobsohn
and Kelman, 1980; Mesa-García and García-Torres, 1985;
Arjona-Berral et al., 1988; Goldwasser et al., 2003; Shilo et al.,
2016). Therefore, the parasite is probably more sensitive than
those hosts to glyphosate (Goldwasser and Kleifeld, 2004). To
test this assumption, we studied the influence of glyphosate
embedded in the growth medium on P. aegyptiaca callus. When
glyphosate blocks EPSPS, S3P accumulates rapidly and is stored
in cell protoplasts. It is then dephosphorylated to shikimic
acid (3R,4S,5R-trihydroxy-1-cyclohexene-1-carboxylic acid) by
vascular phosphorylases, instead of being further processed
to chorismate and ultimately to aromatic amino acids and
their derivatives (Binarova et al., 1994; Ulanov et al., 2009).
Consequently, shikimate accumulation in plant tissues may serve
as an indirect indication of inhibition by glyphosate (Holländer-
Czytko and Amerhein, 1983; Binarova et al., 1994; Scheiber
et al., 2006). Applied to P. aegyptiaca callus, glyphosate blocked
EPSPS activity, and accumulation of the precursor shikimic
acid was positively correlated with glyphosate concentration
(Figure 6). Accordingly, shikimate accumulation in P. aegyptiaca
parasitizing glyphosate-resistant tomato following glyphosate
application has been recently shown (Shilo et al., 2016).

Glyphosate application resulted in an increase in total free
amino acid content with a transient decrease in the proportion
of aromatic amino acids (Table 4 and Supplementary Figure 4).
These results correspond well with Jaworski (1972) who reported
a general increase in total free amino acids caused by glyphosate,
and suggested that Phe depletion causes a reduction of protein
biosynthesis. An increased free amino acid pool after ALS and
EPSPS treatment was detected by Orcaray et al. (2010). It was
also shown that although protein synthesis takes place after
ALS inhibitor treatment, it does not contain newly incorporated
nitrogen; all of the nitrogen is mainly scavenged from protein
degradation (Zabalza et al., 2006). At the rate of 5 µM, glyphosate
decreased the total content of free aromatic amino acids in liquid
growth medium (Table 5). This might be due to cell death and
release of their contents to the medium. Metabolic changes in
the callus in the presence of glyphosate (reduction of aromatic
amino acid biosynthesis and accumulation of shikimic acid)
indicated that EPSPS was indeed inhibited in the parasite, as
has been previously described in various plant species (Becerril
et al., 1989; Bentley, 1990; Franz et al., 1997; Scheiber et al.,
2006).

These results suggested that EPSPS is present and active in
the parasite. However, only the existence of enzyme activity
in parasite tissues can serve as direct proof of its having its
own machinery for aromatic amino acid biosynthesis. Indeed,
EPSPS activity was found in an in vitro assay in P. aegyptiaca
flowering shoots and callus extracts for both the enzyme substrate
S3P and its precursor shikimate. Although the natural substrate
of EPSPS is S3P, the enzyme may also utilize shikimate as a
substrate; however, this last reaction is less sensitive to glyphosate
(Priestman et al., 2005) and indeed, in our experiments, ID50

for EPSPS extracted from the callus with S3P as substrate was
100 times lower than the same reaction using shikimate as the
substrate (Figure 7).

Glyphosate inhibition of callus EPSPS activity and as a
consequence, callus growth, indicates a direct influence of this
herbicide on P. aegyptiaca enzyme activity and the requirement
of this enzyme for growth and survival of the parasite. The data
collected in this study indicate the presence of a pathway for
aromatic amino acid biosynthesis in P. aegyptiaca, with EPSPS
as an indicator for this pathway.

CONCLUSION

Our main conclusion from this work is that P. aegyptiaca has the
ability to synthesize branched-chain and aromatic amino acids
through the activity of ALS and EPSPS, respectively. This is the
first report to provide strong evidence for such activities and is
based on the following observations: (i) putative ALS and EPSPS
genes with ∼80% homology to their counterparts in A. thaliana;
(ii) translocation of ALS-inhibiting herbicides and glyphosate
applied to the host to P. aegyptiaca, causing the latter’s death;
(iii) inhibited development of P. aegyptiaca shoots parasitizing
tomato by direct injection of ALS-inhibiting herbicides into
the parasite without any visible damage to the host plant; (iv)
effective control of P. aegyptiaca by ALS-inhibiting herbicides
and glyphosate in tissue culture; (v) ALS and EPSPS activity in
P. aegyptiaca shoots and tissue culture; (vi) effective inhibition of
ALS and EPSPS extracted from P. aegyptiaca shoots and tissue
culture by ALS inhibitors (imazapic, imazapyr, and rimsulfuron)
and glyphosate, respectively. Overall, our data indicate that
the main mechanism by which ALS-inhibiting herbicides and
glyphosate control broomrapes is direct inhibition of the enzymes
ALS and EPSPS which are present and active in the broomrape
tissues.
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It is currently held that glyphosate efficiently controls the obligate holoparasite

Phelipanche aegyptiaca (Egyptian broomrape) by inhibiting its endogenous shikimate

pathway, thereby causing a deficiency in aromatic amino acids (AAA). While there is

no argument regarding the shikimate pathway being the primary site of the herbicide’s

action, the fact that the parasite receives a constant supply of nutrients, including proteins

and amino acids, from the host does not fit with an AAA deficiency. This apparent

contradiction implies that glyphosate mechanism of action in P. aegyptiaca is probably

more complex and does not end with the inhibition of the AAA biosynthetic pathway

alone. A possible explanation would lie in a limitation of the translocation of solutes from

the host as a secondary effect. We examined the following hypotheses: (a) glyphosate

does not affects P. aegyptiaca during its independent phase and (b) glyphosate has

a secondary effect on the ability of P. aegyptiaca to attract nutrients, limiting the

translocation to the parasite. By using a glyphosate-resistant host plant expressing

the “phloem-mobile” green fluorescent protein (GFP), it was shown that glyphosate

interacts specifically with P. aegyptiaca, initiating a deceleration of GFP translocation to

the parasite within 24 h of treatment. Additionally, changes in the entire sugars profile

(together with that of other metabolites) of P. aegyptiaca were induced by glyphosate. In

addition, glyphosate did not impair germination or seedling development of P. aegyptiaca

but begun to exert its action only after the parasite has established a connection to

the host vascular system and became exposed to the herbicide. Our findings thus

indicate that glyphosate does indeed have a secondary effect in P. aegyptiaca, probably

as a consequence of its primary target inhibition—via inhibition of the translocation

of phloem-mobile solutes to the parasite, as was simulated by the mobile GFP. The

observed disruption in the metabolism of major sugars that are abundant in P. aegyptiaca

within 48 h after glyphosate treatment provides a possible explanation for this inhibition

of translocation and might reflect a critical secondary effect of the herbicide’s primary

action that results in loss of the parasite’s superior sink for solutes.

Keywords: Egyptian broomrape, Orobanche, germination, tomato, phloem, translocation, sugars
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INTRODUCTION

The obligate holoparasite Egyptian broomrape, Phelipanche
aegyptiaca (Orobanchaceae, formerly known as Orobanche
aegyptiaca), parasitizes dicotyledonous plants and causes severe
yield loss in numerous vegetable crops (Eizenberg et al., 2012,
2013). The life cycle of P. aegyptiaca—like that of other members
of the genus Phelipanche—can be roughly divided into two main
phases (Joel, 2000): a short independent phase, starting from
seed conditioning and continuing through germination to the
establishment of a vascular connection to the host root, and a
parasitic phase, which lasts throughout the rest of the parasite
lifecycle. During the latter phase, the parasite depends entirely
on the host plant for water, carbohydrates and nutrients (Heide-
Jørgensen, 2013). The parasite attaches to the roots of its host by a
haustorium, whose role is initially attachment to and penetration
into the host root tissue (Joel and Losner-Goshen, 1994) and,
later, the establishment of both xylem and phloem connections
between the parasite and its host (Dörr and Kollmann, 1995; Joel,
2013). The haustorium has some functional similarities both to
roots, in that it absorbs water and minerals, and to sink organs in
that it attracts carbon molecules (Westwood, 2013). In the host-
parasite system, organic carbon, nitrogen and some minerals
are transported primarily via the phloem (Hibberd et al., 1999;
Hibberd and Jeschke, 2001). Translocation to the parasite of
small molecules, such as sugars, herbicides and possibly amino
acids, also takes place, as has been previously described in some
members of the genus Orobanche (Aber et al., 1983; Arjona-
Berral et al., 1990; Nandula et al., 1999; Diaz-Sanchez et al., 2002).
In addition, it is known that macromolecules are also transported
in the host-parasite system. For example, viral DNA and RNA
were transferred from infected tomato (Solanum lycopersicum)
and tobacco (Nicotiana tabacum) plants to P. aegyptiaca (Gal-On
et al., 2009), and movement of green fluorescent protein (GFP)
was demonstrated between parasitized transgenic tomato plants,
expressing GFP under the AtSUC2 promoter (Imlau et al., 1999),
and P. aegyptiaca (Aly et al., 2011).

The ability of plant sink tissues, such as fruits and roots, to
import carbon is generally attributed (as was first posited by Ernst
Münch, 1930) to the differential pressure caused by a gradient
of sugars along the source-sink path and their consumption
in the sink (Wang et al., 1993; Knoblauch et al., 2016). In
P. aegyptiaca, it is, however, still not clear exactly what determines
the parasite’s sink strength and what allows it to overcome
the sinks in the host plant. Some lines of evidence indicate
that by accumulating high levels of mineral ions, sugars and
sugar alcohols, holoparasites of the Orobanchaceae maintain a
low water potential, which facilitates the uptake of water and
nutrients, as has been observed in some algae and fungi (Harloff
andWegmann, 1993; Westwood, 2013; Hacham et al., 2016). The
cleavage of the translocated sucrose to glucose and fructose by
invertase (Aber et al., 1983; Fernández-Aparicio et al., 2016) is
thought to contribute further to elevating the osmotic pressure
and thereby to provide the driving force for translocation of
assimilates to the parasite (Delavault et al., 2002; Abbes et al.,
2009b). Another factor contributing to elevation of the osmotic
pressure in P. aegyptiaca and some of its close relatives is believed

to be high levels of the sugar alcohol mannitol (Aly et al., 2009).
The entire mannitol biosynthetic pathway has been documented
in P. ramosa andO. crenata (Harloff andWegmann, 1993), as has
the activity of the key enzyme mannose-6-phosphate reductase
(M6PR; EC 1.1.1.224) in P. ramosa (Delavault et al., 2002). It
seems that this pathway is of importance to parasite survival,
especially since silencing of the parasite’s M6PR gene, by using
a siRNA construct, resulted in a reduction of mannitol levels
concomitant with increased mortality of P. aegyptiaca (Aly et al.,
2009).

Despite the considerable amount of work that has been
devoted to P. aegyptiaca, this parasitic plant still poses a challenge
in weed management, particularly because only a few herbicides
are available for its control (Eizenberg et al., 2013). Among these,
the non-selective herbicide glyphosate can efficiently control
P. aegyptiaca (Joel et al., 1995), even in low doses (Jacobsohn
and Kelman, 1980; Cochavi et al., 2015). Glyphosate inhibits the
enzyme 5-enolpyruvyl shikimate-3-phosphate synthase (EPSPS;
EC 2.5.1.19) (Steinrücken and Amrhein, 1980), a key enzyme
in the shikimate pathway and in the aromatic amino acids
(AAA) biosynthesis pathway. After absorption into the plant
foliage, glyphosate is translocated mainly into the symplast and
accumulates mostly in sink tissues (Gougler and Geiger, 1981;
Schulz et al., 1990). Tubercles of P. aegyptiaca and of other
close relatives in the genus have been shown to accumulate
high amounts of [14C]glyphosate within 24 h after application
of the herbicide to host plants (Arjona-Berral et al., 1990;
Jain and Foy, 1997; Diaz-Sanchez et al., 2002). Furthermore,
accumulation of shikimate has been detected in P. aegyptiaca
as early as 10 h after treatment (HAT) with glyphosate (Shilo
et al., 2016), indicating the presence of the herbicide in the
parasite tissue. In addition to its movement in the plant, some
evidence indicates that glyphosate is exuded from the roots of
treated plants and also acts in the rhizosphere (Coupland and
Caseley, 1979; Kremer et al., 2005; Laitinen et al., 2007). While it
is clear that glyphosate reaches and acts in P. aegyptiaca tubercles,
the fate of the parasite seeds and seedlings upon exposure to
glyphosate in the host rhizosphere, before attachment occurs,
remains unknown. While there is no argument that glyphosate
inhibits specifically its target enzyme—EPSPS, themode of action
of glyphosate is thought to be more complex than the inhibition
of the AAA biosynthetic pathway alone. The importance of the
shikimate pathway in the metabolism of primary and secondary
compounds implies that its inhibitionmight influence a variety of
processes in the plant (Tzin and Galili, 2010). Each one of these
processes, once inhibited, could potentially lead to death of the
plant. On the one hand, in some autotrophic plants symptoms
resulting from the application of glyphosate tend to develop
slowly, in keeping with a deficiency of AAA and disruption of
protein biosynthesis (Gresshoff, 1979; Duke and Powles, 2008).
On the other hand, several secondary effects of glyphosate
action have been described, including: (1) a decrease in the
rate of photosynthesis and in concentrations of photosynthates
in source tissues (Servaites et al., 1987; Geiger and Bestman,
1990; Fuchs et al., 2002); (2) inhibition of the biosynthesis of
phenolic compounds, resulting in impaired defense mechanisms
(Lévesque and Rahe, 1992); (3) interference with auxin levels,
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leading—in glyphosate resistant-cotton—to re-organization of
the anther tissue and resultant male sterility (Yasuor et al., 2006);
(4) injury to glyphosate-resistant-soybean possibly as a result
of phytotoxicity of aminomethylphosphonic acid (AMPA), a
metabolite of glyphosate (Reddy et al., 2004); (5) leaching of
glyphosate along with other metabolites into the soil, resulting in
improved pathogen success (Kremer et al., 2005); (6) limitation
of water availability to the shoots (Fuchs et al., 2002); and
(7) disruption of carbon metabolism, leading to limitation of
transport within the plant, either of glyphosate itself (Geiger
et al., 1999) or of carbon compounds (Geiger and Bestman, 1990;
Geiger et al., 1999; Orcaray et al., 2010).

The inhibition of EPSPS causes a loss of feedback inhibition
of 3-deoxy-D-arabinoheptulosonate 7-phosphate synthase
(DAHPS; EC 2.5.1.54), an enzyme of the shikimate pathway,
which leads to an extremely high accumulation of shikimate
(Duke, 1988). Since the shikimate pathway metabolizes about
30% of the assimilated carbon in photosynthetic plants
(Maeda and Dudareva, 2012), it is reasonable to assume that
related metabolic pathways may be affected within hours after
the inhibition of EPSPS, due to the impairment of carbon
metabolism (Servaites et al., 1987; Siehl, 1997; Orcaray et al.,
2012). These changes, in turn, might lead to changes in source-
sink relations and limit the translocation of solutes, as seen in
autotrophic plants and also in a study of Cuscuta campestris
parasitism, in which the translocation of [14C]sucrose and GFP
in the phloem were limited by glyphosate application to the host
plants (Nadler-Hassar et al., 2004).

In P. aegyptiaca, levels of AAAs were significantly decreased
within 48 h after application of glyphosate to a tomato host,
which is indicative both of the presence of an active shikimate
pathway in the parasite and implies of the dependence of the
parasite on self-production of AAAs (Shilo et al., 2016). This
finding of a metabolite deficiency in P. aegyptiaca is something
of an enigma in light of its ability to strongly attract nutrients,
including proteins (Aly et al., 2011) and free amino acids (Aber
et al., 1983; Gaudin et al., 2014), from the host. We thus posit
that glyphosate acts in P. aegyptiaca not only by creating a
deficiency in AAA, but also through disruption of pathways that
are associated with the shikimate pathway, causing the inhibition
of transport of solutes from the host to the parasite.

The objective of the current study was thus to examine aspects
of P. aegyptiaca control by glyphosate that are yet to be resolved,
as follows: (a) during the independent life cycle phase, to examine
the effect of the herbicide on seed germination, on the viability
of the seedlings and the ability of the seedlings to establish the
vital connection to the hosts’ vascular system, and (b) during the
parasitism phase, to examine the possibility of a secondary effect
of glyphosate’s primary mechanism acting through the inhibition
of translocation of solutes from the host to the parasite.

MATERIALS AND METHODS

Plant Material
Tomato plants (Solanum lycopersicum Mill., var. UC-82, kindly
provided by “Hishtil,” Israel) were used as the glyphosate-
sensitive host (GST). The tomato germplasm 1232 (F4 self-cross,

Zygier, 2005) was used as a glyphosate-resistant host (GRT). A
transgenic tomato expressing GFP in its companion cells under
the AtSUC2 promoter (Imlau et al., 1999) was used as a GFP
host sensitive to glyphosate (GGST). In these plants, GFP is
secreted into the phloem system and is transported throughout
the plant along the source-to-sink pathway (Imlau et al., 1999;
Nadler-Hassar et al., 2004; Birschwilks et al., 2006; Aly et al.,
2011). A GFP host resistant to glyphosate (GGRT) was prepared
by crossing GGST plants with GRT plants. The F1 hybrids
(GGRT) were resistant to glyphosate and expressed GFP in the
phloem.

Phelipanche aegyptiaca Pers. seeds were collected in a
commercial processing tomato field in the Hula valley in
Northern Israel and were surface sterilized by soaking in 70%
ethanol for 3min and then in 1% sodium hypochlorite for 10min,
followed by washing four times in sterile water, before being dried
and stored at 4◦C in the dark.

Germination of P. aegyptiaca
Seeds of P. aegyptiaca were spread in petri dishes on GF/A
filter paper (Whatman, GE healthcare, UK) discs soaked in
sterile distilled water and left for pre-conditioning for 7 days
in an incubator (21.5◦C constant). Thereafter, a solution of the
strigolactone-analog GR24 (30µl; 10−5 M)was added to the filter
paper discs. Glyphosate (30 µl) was applied to the petri dishes as
described below, either at the beginning of the pre-conditioning
period (for the herbicide to be taken up during imbibition) or
2 days after addition of GR24 (after the germination process
had commenced). Germination was documented 7 days after
addition of GR24.

Experimental System of Host-Parasite
Association
Hosts and parasites were grown hydroponically in polyethylene
bags (PEBs) in a growth chamber [20◦C/25◦C (night/day); 14 h
light, 150–200 µE m−2 s−1] according to Parker and Dixon
(1983), as modified by Eizenberg et al. (2003). Briefly, 4-week-
old tomato seedlings were thoroughly washed free of soil, re-
rooted and transferred to the center of a PEB containing half-
strength Hoagland solution (Hoagland and Arnon, 1950) on
GF/A filter paper. PEBs were kept inside a dark box to exclude
light from the root zone. For sugars analysis, GRT were used
as host plants. With the planting of GRT plants in the PEB,
sterile P. aegyptiaca seeds were spread on the GF/A paper. GR24
solution (4 ml; 5 ppm) was injected into the PEB 10 days after
planting.

For GFP accumulation analysis, GGST and GGRT were used
as host plants. Sterile P. aegyptiaca seeds were pre-conditioned in
a petri dish as described above. Twenty four hours following the
addition of GR24 (125 µl; 10−5M), the seeds were transferred to
the PEB in which they were placed close to randomly selected
host roots at a distance not greater than 0.5mm (Figure 1A).
Germination of P. aegyptiaca occurred uniformly 3 days after the
application of GR24, when the seeds were already in the PEBs;
that day was recorded as the day of germination according to
which all treatments were applied.
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FIGURE 1 | Parasitism of P. aegyptiaca on the “GFP-mobile” host. (A) Seeds of P. aegyptiaca were placed up to 0.5 mm from the root. (B,C) The parasite

endophyte displaying fluorescence after forming a primary phloem connection. (D,E) Tubercles of P. aegyptiaca accumulating GFP. (F,G) “Spider” tubercle

translocating GFP to its adventitious roots through the parasite phloem. (H,I) Attachment of P. aegyptiaca seed to a wild-type host. Notice the auto-fluorescence of

the seed coat and the lack of fluorescence in the root of the host or in the tubercle. Images (C,E,G,I) were captured under GFP3 filter. hr, host root; s, seedling; pt,

primary tubercle; t, tubercle; ar, adventitious root. Bar length represents 0.5 mm.

Glyphosate Application
For the germination analysis, glyphosate (Roundup R©, 360 g
ae l−1, Monsanto, USA) was applied in one of three doses:
18, 180, or 1,800mg ae l−1. The highest dose was chosen
to simulate an equivalent dose to 360 g ae ha−1 (in a
spraying volume of 2,00l). For the GFP accumulation analysis,
glyphosate was applied to the tomato plants grown in PEB
either on the day of P. aegyptiaca germination or 7 days
after germination (DAG) at a dose of 18 µg per plant on
three leaves in 4 drops of 5 µl each. For the sugars analysis,
glyphosate was similarly applied 5 weeks after planting in
PEB.

GFP Accumulation Analysis
GFP accumulation was monitored in situ in P. aegyptiaca
parasitizing GGST and GGRT hosts from germination onwards
for a period of 14 DAG or in a higher resolution experiment at
smaller intervals for a period of 48 h. As soon as P. aegyptiaca
penetrated the vascular system of a “GFP-mobile” host and
connected to its phloem elements, intensified fluorescence was
visible. In very early stages of the parasitism, the fluorescence
was observed in the endophyte itself (Figures 1B,C), and later,
in the forming tubercle (Figures 1D,E), including in the parasitic
phloem system, once formed (Figures 1F,G). Although, auto-
fluorescence of the seed coat of P. aegyptiaca was also detected
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(Figures 1H,I), it did not interfere with the observation and
measurement of fluorescence in the tubercle itself. Images were
captured using a fluorescent stereo microscope (Leica M205FA,
Leica Microsystems GmbH, Germany), under a GFP3 filter
(excitation: 450–490 nm, Leica Microsystems GmbH, Germany).
The number of fluorescent tubercles was recorded as a measure
of the progress of connection to the host phloem, and images
were taken for subsequent measurement of the tubercles’ area
and fluorescence intensity by using ImageJ software (US National
Institutes of Health, Bethesda, MD, USA, Schneider et al., 2012)
according to Burgess et al. (2010) and Gavet and Pines (2010).
Fluorescence intensity was quantified with the aim to assess the
extent of translocation of the phloem solutes to the parasite,
according to the following equation:

FI = ID− (TA×MFB) (1)

where FI—the intensity of fluorescence, ID—the integrated
density, TA—the area of the tubercle and MFB—the mean
fluorescence of the background. Fluorescence intensity was also
measured in untreated GST plants to eliminate the possibility of
auto-fluorescence of the tissues.

Sugars Analysis
GRT hosts and parasites were grown in PEB and treated with
glyphosate as described above. Tubercles and host roots (100mg
fresh weight) were sampled 48 HAT, frozen immediately in liquid
nitrogen, and stored at−80◦C until analysis.

Soluble carbohydrates were extracted from the above tissues
and quantified according to Lisec et al. (2006) and Kazachkova
et al. (2013) with minor modifications. Frozen samples were
ground in 1ml of extraction buffer containing HPLC-grade
methanol:chloroform:distilled water (50:20:20 v:v:v). Norleucine
(6.6 µl; 2 mg/ml) was added as an internal quantitative standard
for the polar phase. Samples were then centrifuged (20,800 g)
for 10min at 4◦C, and supernatants were transferred to new
tubes. Distilled water (300 µl) and chloroform (300 µl) were
added, and the vials were vortexed thoroughly and centrifuged
(20,800 g) for 5min at 4◦C. Aliquots (300 µl) of the polar
upper phase were transferred to new tubes and then dried in a
vacuum concentrator (Centrivap concentrator, Labconco, Kansas
city, MO, USA) overnight without heating and stored at −80◦C
until derivatization. For derivatization of the polar phase, frozen
samples were dried again in vacuum concentrator for 30min.
To each tube, 40 µl of methoxyamine hydrochloride (20 mg/ml
in pyridine) were added, and the mixture was shaken for 2 h at
37◦C. Thereafter, 100µl ofMSTFA (N-methyl-N (trimethylsilyl)-
trifluoroacetamide) and 7 µl of alkane standard mixture were
added, and the mixture was shaken again for 30min at 37◦C.
After a short spin, samples were transferred to GCMS auto-
sampler vials.

Analysis was performed on a GCMS system (Agilent
7890A, Agilent Technologies, Inc., Santa Clara, CA, USA)
coupled with a mass selective detector (Agilent 5975c, Agilent
Technologies, Inc., Santa Clara, CA, USA) using a capillary
VF-5ms column (Agilent Technologies, Inc., Santa Clara, CA,
USA). Chromatograms and mass spectra were evaluated using

MSD Chemstation (Agilent Technologies, Inc., Santa Clara, CA,
USA). Sugars were identified and annotated in comparison
with standards and with libraries of the National Institute of
Standards and Technology (NIST) and the Max-Planck Institute
for Plant Physiology Golm Metabolome Database (GMD). The
peak area of each sugar metabolite was normalized according to
the norleucine internal standard.

Statistical Analysis
Statistical analysis was carried out as described by Onofri et al.
(2010). The experiments were arranged in a fully randomized
design, with 3–6 replications as indicated in the figures. ANOVA
and mean comparison were calculated by Student’s t-test (α <

0.05) using JMP (version 5.1; SAS Inc., NC, USA). Non-linear
regressions were computed by SigmaPlot (version 11.01; SPSS
Inc., Chicago, IL, USA) and were used to describe the number
of attachments and the accumulation of GFP in P. aegyptiaca and
the response of these factors to glyphosate treatment according
to the following equations:

Sigmoid, 3 parameters : y =
a

1+ e
−

(

x− x0
b

) (2)

where x—the time in DAG, y—the number of fluorescent
tubercles or the intensity of fluorescence (as indicated in
Tables 1, 2), a—the upper asymptote, X0—the inflection point,
representing the time at 50% of the amplitude, and b—the slope
at the inflection point.

Gaussian, 3 parameters : y = ae

[

−0.5
(

x− x0
b

)2
]

(3)

where x—the time in DAG, y—the number of fluorescent
tubercles or the intensity of fluorescence (as indicated in
Tables 1, 2), a—the amplitude, X0—the time at the peak point,
and b controls the spread of the curve.

Partial least square discriminant analysis (PLS-DA) was
computed for the peak area measurements of the sugars
using Metaboanalyst 3.0 (http://www.metaboanalyst.ca/) (Xia
and Wishart, 2011; Xia et al., 2015) with auto scaling (mean-
centered and divided by the standard deviation of each
variable).

RESULTS

The Independent Stage of P. aegyptiaca
Glyphosate Has No Effect on Germination and

Seedling Development of P. aegyptiaca
The fate of P. aegyptiaca seeds and seedlings exposed to
glyphosate in the soil solution is not known, but it is relevant
to the understanding whether glyphosate also prevents success
of this parasite during its independent stage of life. In a
petri dish experiment, it was found that under low doses of
glyphosate (18 and 180mg ae l−1) imbibed during the pre-
conditioning period (Figure 2A) the portion of germinated
glyphosate-treated seeds (for both doses) remained similar to
that in the untreated group according to comparison of the
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TABLE 1 | Regression coefficients and statistical analysis for Figure 4.

Figure y Variable Treatment Regression Parameters Regression

Coefficient SE P RMSE P

Figure 4B No. of fluorescent tubercles (% of max) Untreated Sigmoid (Equation 2) a 98.78 1.42 <0.0001 3.62 <0.0001

b 1.13 0.09 <0.0001

X0 5.00 0.10 <0.0001

Glyphosate Gaussian (Equation 3) a 96.70 3.38 <0.0001 6.84 <0.0001

b 2.12 0.08 <0.0001

X0 7.64 0.10 <0.0001

Figure 4C Tubercle area (mm2 ) Untreated Sigmoid (Equation 2) a 2.01 0.32 0.0002 0.08 <0.0001

b 2.32 0.41 0.0005

X0 10.86 0.88 <0.0001

Glyphosate Sigmoid (Equation 2) a 0.07 0.004 <0.0001 0.009 0.0011

b 1.68 0.63 0.0259

X0 1.47 0.63 0.0465

Figure 4D Fluorescence intensity (arbitrary units) Untreated Sigmoid (Equation 2) a 150.62 10.48 <0.0001 15.35 <0.0001

b 1.19 0.25 0.0003

X0 8.49 0.32 <0.0001

Glyphosate Gaussian (Equation 3) a 2.69 0.40 <0.0001 0.85 0.0151

b 3.16 0.65 0.0003

X0 7.02 0.55 <0.0001

Glyphosate was applied pre-attachment on the day of germination (0 DAG).

TABLE 2 | Regression coefficients and statistical analysis for Figure 5.

Figure y Variable Treatment Regression Parameters Regression

Coefficient SE P RMSE P

Figure 5B No. of fluorescent tubercles (% of max) Untreated Sigmoid (Equation 2) a 98.78 1.42 <0.0001 3.62 <0.0001

b 1.13 0.09 <0.0001

X0 5.00 0.10 <0.0001

Glyphosate Gaussian (Equation 3) a 103.61 4.54 <0.0001 9.55 <0.0001

b 2.67 0.14 <0.0001

X0 8.19 0.14 <0.0001

Figure 5C Tubercle area (mm2 ) Untreated Sigmoid (Equation 2) a 2.01 0.32 0.0002 0.08 <0.0001

b 2.32 0.41 0.0005

X0 10.86 0.88 <0.0001

Glyphosate Sigmoid (Equation 2) a 0.40 0.03 <0.0001 0.05 <0.0001

b 1.63 0.56 0.0183

X0 5.13 0.58 <0.0001

Figure 5D Fluorescence intensity (arbitrary units) Untreated Sigmoid (Equation 2) a 150.62 10.48 <0.0001 15.35 <0.0001

b 1.19 0.25 0.0003

X0 8.49 0.32 <0.0001

Glyphosate Gaussian (Equation 3) a 39.40 2.90 <0.0001 6.85 <0.0001

b 2.87 0.29 <0.0001

X0 9.11 0.27 <0.0001

Glyphosate was applied post-attachment, a week after germination (7 DAG).
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means (P < 0.0001). When glyphosate was applied during the
germination process (Figure 2B), the portion of germinated
seeds was significantly higher for both doses, reaching 67%
or 71% respectively, compared with 52% in the untreated
group. For untreated seeds or seeds treated with low-dose
glyphosate, similar portions of undeveloped seedlings were
observed (Figure 2). These seedlings apparently started the
process of germination but did not develop further, remaining
spiky and sometimes necrotic. These results indicate that
exposure of P. aegyptiaca during the independent growth
stage to doses of glyphosate that may persist in the soil
and are common in P. aegyptiaca management practice will
basically not inhibit seed germination or the establishment
of seedlings. In contrast, for the high dose of 1,800mg ae
l−1 glyphosate, the germination of P. aegyptiaca was almost
completely inhibited, even though GR24 was added at the end
of the pre-conditioning period. For both application times—
at the beginning of the preconditioning period and 2 days
after GR24 addition—the sum of ungerminated seeds plus
nonviable seedlings totaled tomore than 99 and 98%, respectively
(Figures 2A,B).

Glyphosate Has No Effect on Attachment of

P. aegyptiaca to the Host Root
To examine the effect of glyphosate on the ability of P. aegyptiaca
to attach to the host root, an in-situ experimental system was
constructed to allow tracking of the process of attachment to the
host vascular system by using GFP as a marker for the start of the
translocation of solutes.

The count of fluorescent tubercles showed that connection
to the phloem started as early as 2 DAG, while most of the
connections occurred between 4 and 8 DAG (Figures 3, 4B).
This pattern was similar for P. aegyptiaca parasitizing both
GGST and GGRT hosts (F-test for regressions), and therefore
the data for the two hosts were pooled (Figure 4B). When
glyphosate was applied during the independent phase (pre-
attachment), P. aegyptiaca seedlings were able to penetrate into
the phloem similarly to the untreated group (Figure 4A), and
first connections were similarly visible 2 DAG (Figure 4B). For
both treated and untreated groups, most of the connections
were established up to 7 DAG, but from that day onwards
the number of fluorescent tubercles decreased in the treated
groups (Figure 4B). A loss of GFP fluorescence and darkening
occurred for each specific tubercle 3–4 days after the connection
to the host (Figure 4A vs. Figure 3). These results indicate that
P. aegyptiaca seedlings have the ability to attach normally, but
once attached, their development is impaired by the herbicide.
P. aegyptiaca responded similarly to glyphosate on both sensitive
and resistant hosts (F-test for the regressions) and thus, here too,
the data for the two hosts were pooled to create a single non-
linear peak regression (Figure 4B). To normalize the number of
attachments and established tubercles, the number of fluorescent
tubercles was computed as percent of the maximal number
(Figure 4B). However, it is important to note that P. aegyptiaca
did successfully establish a phloem connection in the treated
group to an extent similar to that for the untreated parasites (data
not shown).

The Parasitic Stage of P. aegyptiaca
Glyphosate Hinders Normal Development of the

Young Tubercle
Once connected to the vascular system of the host, P. aegyptiaca
enters the parasitic life phase. In the early stages of the
parasitism, the tubercles of P. aegyptiaca developed and increased
in size (area) exponentially (Figure 4C). Additionally, proper
development of the tubercle was indicated by its ability to
attract solutes from the host phloem, as demonstrated by the
level of fluorescence intensity, indicating accumulation of GFP
(Figures 3, 4D). Accumulation of GFP started in the untreated
tubercles at 4 DAG, while massive accumulation took place 7–
10 DAG. The pattern of GFP transport in the phloem followed a
sigmoidal trend and did not differ significantly between the two
hosts (F-test) and therefore the data for the two hosts were pooled
(Figure 4D). The maximal values of the measured fluorescent
intensity—represented in the upper asymptote (Figure 4D;
parameter a in Table 1)—reflect the drawback inherent in the
non-destructive method of monitoring fluorescence when the
tubercle tissue becomes more differentiated and less transparent.
As a result, the measurement time is limited to the first week
or so after attachment. In later developmental stages, when the
parasite’s phloem is formed and endogenous translocation of
GFP is visible, the parasite tissues are even less transparent
(Figure 1G).

Glyphosate that was applied during the independent phase
charged the host plant with the herbicide, and the glyphosate
therefore reached the parasite immediately after the connection
had been established. As opposed to the observations on the
untreated tubercles, in treated plants, P. aegyptiaca was unable to
develop beyond the initial tubercle structure that was prevalent
in the first 2–3 days after attachment (Figures 4A,C). In parallel,
there was no substantial accumulation of GFP (Figure 4D),
reflecting immediate injury to the tubercle tissue and inability of
the tubercle to develop further.

Glyphosate Inhibits GFP Translocation to the Parasite
During the parasitic phase, P. aegyptiaca relies on a continuous
supply of nutrients from the host plant that is crucial for its
growth and development. Therefore, it was important to clarify
whether glyphosate has a secondary effect in inhibiting the
translocation of solutes to the parasite and over what time
frame. Despite the continuous translocation of GFP in GGRT
roots—visible by its fluorescence (Figure 5A)—a darkening of
the tubercles and cessation of GFP transport were observed for
all the tubercles 3–4 days after “post-attachment” application
of glyphosate (Figure 5A vs. Figure 3). This phenomenon was
accompanied by the inability of the tubercles to develop and
increase in area, as they did in the untreated control (Figure 5C).
During the first 2 days after treatment, the fluorescence in
the tubercles continued to increase, indicating a continuous
accumulation of GFP, and maximal fluorescence was observed
9 DAG (Figure 5D). Nevertheless, this increase took place at
lower rates compared with the accumulation rate in the untreated
control, and the difference could be observed as early as 8 DAG,
24 HAT with glyphosate. This time frame was confirmed in
another experiment with more frequent observations revealing
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FIGURE 2 | Germination rate (%) of P. aegyptiaca seeds after treatment with glyphosate (A) at the beginning of the pre-conditioning period or (B) 2 days after

addition of GR24. Key—(C) Classification of seeds and seedlings corresponding to bar colors, as follows: non-germinated seeds (black); undeveloped seedlings

(stripes); normal seedlings (gray). Error bars represent standard error (n = 4). Bar length represents 0.5 mm.

FIGURE 3 | Time course of attachment to untreated GGRT plants, captured under a GFP3 filter. hr, host root; s, seedling; t, tubercle; Arrows indicate

attachments. Bar length represents 0.5 mm.

that the levels of fluorescence intensity were stabilized as
early as 24 HAT (data not shown). The results from both
experiments indicate a deceleration or a complete inhibition
of GFP movement to the parasite tubercles within a day after
glyphosate application. In addition, it is important to note that
the inhibition described above was similar for GGST and GGRT
hosts, thereby demonstrating the specific influence of glyphosate
solely on the parasite tissues.

Glyphosate Alters the Sugars Profile of P. aegyptiaca
It is generally held that the reliance of P. aegyptiaca on the
metabolism of certain carbohydrates allows it to attract more
solutes from the vascular system of the host. In this part
of the study, we sought an explanation for the inhibition of
solutes translocation by glyphosate by examining changes in the
sugars profile of P. aegyptiaca. To provide a graphic summary
of the metabolomics data clustering patterns resulting from
glyphosate treatment, a PLS-DAwas computed. Profiles of sugars
in P. aegyptiaca and GRT roots are presented in the score plots
given in Figure 6. The analysis revealed a distinction between

glyphosate-treated and untreated plants that clearly reflects the
effect of glyphosate on the profile of the sugars metabolites
in the parasite (Figure 6A). Although, there is no complete
separation between the two groups, clustering could be observed.
It appears that the sugars profile was less profoundly affected
by the treatment in comparison with the total metabolites (data
not shown), that included also the amino acids and other
acids that participate in amino acids biosynthesis (Shilo et al.,
2016). Naturally, the metabolites that are directly involved in
the shikimate pathway and in amino acids biosynthetic pathways
were separated into two distinct clusters (data not shown).
These results strengthen our hypothesis that the herbicidal action
of glyphosate includes alterations to the sugars profile in the
parasite.

In the host roots, glyphosate treatment did not substantially
change the metabolic profiles of sugars (Figure 6B). Parasitism,
however, significantly altered this profile, as is apparent from
their separate clustering (light blue, Figure 6B). It seems
that the treatment of the parasitized host with glyphosate
somewhat “pushed” the metabolic profile in the direction of the
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FIGURE 4 | Attachment and development of P. aegyptiaca following treatment with glyphosate at 0 DAG (pre-attachment). (A) Time course of attachment

to GGRT plants following treatment with glyphosate, captured under a GFP3 filter. hr, host root; s, seedling; t, tubercle; Arrows indicate attachments. Bar length

represents 0.5 mm. (B) Number of active attachments (represented by the number of fluorescent tubercles), (C) area of the tubercle, and (D) accumulation of GFP in

the tubercles (represented by the intensity of fluorescence) on GGST hosts (filled symbols) and on GGRT hosts (open symbols) following treatment with glyphosate at

0 DAG (triangles) or without treatment (circles). For non-linear regressions, data from GGST and GGRT hosts was subjected to the F-test and combined. DAG—days

after germination. Regression parameters are presented in Table 1. (n = 6). Vertical arrows indicate the time of glyphosate application (0 DAG).

non-parasitized clusters, probably as a result of elimination of the
parasites.

The 15 soluble carbohydrates that were most abundant in
P. aegyptiaca tubercles and in GRT roots are presented in
Figures 7, 8. Mannitol and sucrose were found to be the most
abundant sugars in the tubercles of P. aegyptiaca (Figures 7A,B).
As implied in the score plot, treatment with glyphosate created
a shift in most of the sugars that were detected in the parasite
tubercles 48 HAT. Levels of the hexoses, fructose and glucose,
were 3- and 4-fold lower than those detected in untreated control
by 48 HAT, respectively (Figures 7E,G). In contrast, levels of
other sugars, such as mannitol, glucose-6-P and fructose-6-P,
exhibited an increase of approximately 2.5-fold at 48 HAT as
compared with the untreated tubercles (Figures 7A,J,L). Sucrose
levels did not differ significantly from the untreated control
(Figure 7B).

In contrast to the findings in the tubercles, the levels of
the sugars that were detected in the roots of the GRT host
plants were not significantly altered by glyphosate treatment
(Figure 8), confirming the strong resistance of the GRT host to
glyphosate and indicating a specific influence of the herbicide
on carbon metabolism in the parasite. Nonetheless, almost

all sugars in the host root exhibited substantial increases
in response to P. aegyptiaca parasitism. The most abundant
sugars in the roots of parasitized GRT plants were sucrose,
inositol-myo, fructose, mannitol, and galactinol (Figures 8A–E).
Mannitol levels were almost undetectable in non-parasitized
roots but soared to a level 20-fold higher than that in
parasitized roots (Figure 8D). Sucrose levels increased by
about 5-fold in response to the parasitism (Figure 8A), while
inositol-myo and fructose increased by almost 7-fold when
compared with non-parasitized roots (Figures 8B,C). Some
sugars in parasitized roots, i.e., trehalose and arabitol, fell
after treatment with glyphosate, probably as a result of
the elimination of P. aegyptiaca (Figures 8F,O). Mannose
and xylose were also detected in the roots of GRT plants
but at lower levels and therefore are not presented in
Figure 8.

Some of the sugars that were detected in P. aegyptiaca were
notably elevated in comparison with levels in the adjacent
host roots, indicating their accumulation or biosynthesis in the
parasite. Among these sugars, mannitol was present in very high
levels, 12-fold higher than those in the parasitized host roots
(Figures 7A, 8D). Fructose and glucose levels were also higher
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FIGURE 5 | Attachment and development of P. aegyptiaca following treatment with glyphosate at 7 DAG (post-attachment). (A) Time course of

attachment to GGRT following treatment with glyphosate, captured under a GFP3 filter. hr, host root; s, seedling; t, tubercle; Arrows indicate attachments. Bar length

represents 0.5 mm. (B) Number of active attachments (represented by the number fluorescent tubercles), (C) area of the tubercle, and (D) accumulation of GFP in the

tubercles (represented by the intensity of fluorescence) on GGST hosts (filled symbols) and on GGRT hosts (open symbols) following treatment with glyphosate at 7

DAG (triangles) or without treatment (circles). For non-linear regressions, data from GGST and GGRT hosts was subjected to F-test and combined. DAG—days after

germination. Regression parameters are presented in Table 2. (n = 6). Vertical arrows indicate the time of glyphosate application (7 DAG).

in the tubercles than in roots of the host, with an almost 2-
fold difference (Figures 7E,G, 8C,G). Other sugars that were also
found to be substantially elevated in comparison with levels in
the host roots were galactinol (Figures 7C, 8E) and galactose
(Figures 7F, 8K), being10- and 42-fold higher, respectively. It is
important to note that sucrose was not among the accumulating
sugars in P. aegyptiaca tubercles, and its levels were largely
unchanged compared to those in the adjacent host roots.

DISCUSSION

In the present study we demonstrated the secondary effects of
glyphosate in controlling the holoparasite P. aegyptiaca in both
of its life cycle phases—independent and parasitic.

Effect of Glyphosate on P. aegyptiaca

during the Independent Phase
Glyphosate is usually applied to the plant foliage, from where
it moves to the roots and sink tissues, mainly via the phloem
(Gougler and Geiger, 1981; Schulz et al., 1990). In several species,
it has been shown that glyphosate is exuded from the roots to
the rhizosphere (Gomes et al., 2014). For example, glyphosate

exudation was recorded from the roots of both soybean (Glycine
max) and glyphosate-resistant soybean as early as 2 days
after treatment (Kremer et al., 2005). In quinoa (Chenopodium
quinoa), a residue of 4% of the applied glyphosate was detected
in the adjacent soil 8 days after treatment (Laitinen et al., 2007).
A similar phenomenon has been described in herbicides of the
imidazolinones, whose exudation to the rhizosphere has been
exploited as a weed control strategy against parasitic weeds
(Kanampiu et al., 2002; Colquhoun et al., 2006; Eizenberg et al.,
2013).

When simulating the effect of glyphosate on the parasite
during the independent phase, we found that glyphosate did
not inhibit the germination of P. aegyptiaca seeds or impair
the potency of the seedlings (Figure 2), with the exception of
the highest examined concentration of glyphosate (1,800mg ae
l−1) for which almost absolute inhibition of germination and
seedling viability were observed (Figure 2). This dose is, however,
unlikely to be found in the soil solution under P. aegyptiaca
management practices (Cochavi et al., 2015, 2016). In addition,
even if higher doses of glyphosate are applied, the seed is likely
to encounter only an extremely small fraction of the initial
herbicide dose in the soil because of the herbicide interaction
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FIGURE 6 | Clustering of sugars profile using a partial least square–discriminant analysis (PLS-DA) model. Models were constructed for (A) P. aegyptiaca

under treatment with glyphosate (G) or without treatment (NT) and for (B) GRT roots comparing parasitized (P) or non-parasitized (NP) roots under treatment with

glyphosate (G) or without treatment (NT). Each plotted point is a projection of the samples data on a two-dimensional plot. Colored area represents 95% confidence

region. Co-variance explained by the two primary components is indicated in parentheses.

with and adsorption to soil particles (Borggaard and Gimsing,
2008). The phenomenon of inhibition of germination by high
concentrations of different substances has also been described by
Whitney and Carsten (1981), who observed negative effects on
germination and radicle elongation under high concentrations of
germination stimulants. In those cases, the radicle may not even
emerge from within the seed coat, making it appear as if the seeds
have not germinated at all (Whitney and Carsten, 1981; Joel and
Bar, 2013).

Lower doses of glyphosate actually had a positive effect
on germination when the herbicide was applied after the
germination process had begun (Figure 2B). The phenomenon
of hormesis to herbicides is well documented and was reported in
different plants in relation to glyphosate (Belz and Duke, 2014).
In someOrobanche and Phelipanche species, similar findings have
been reported for some growth regulators, such as herbicides of
the group of phytoene synthase inhibitors, which had an additive
effect in enhancing germination of the parasite when applied
together with a germination stimulant (Chae et al., 2004; Song
et al., 2005, 2006).

Seedlings of P. aegyptiaca were able to attach to both GGST
and GGRT hosts roots even as long as 7 days after treatment
with glyphosate (Figures 4A,B). This result further supports our
hypothesis that glyphosate does not harm P. aegyptiaca seeds or
seedlings during the independent phase of growth and that its
herbicide action begins to take effect only after the parasite has
established a connection to the vascular system of the host and
begins to draw in glyphosate.

The establishment of a phloem connection by P. aegyptiaca to
its host is a crucial step in the parasite survival, representing the
transition from an independent organism incapable of long-term
existence to a parasitic lifestyle (Joel, 2000). The progress of

this developmental phase can be described by a non-linear
regression (Figure 4B), indicating the important time points of
the first established attachments and the range during whichmost
connections take place in a population of P. aegyptiaca seeds.

In the GGST and GGRT plants, darkening (loss of
fluorescence) of the glyphosate-treated attachments appeared 3–
4 days after their connection to the host phloem (Figures 4A,B)
as a result of translocation of the herbicide and the beginning of
the mortality processes. Yet, it is reasonable to assume that injury
to the parasite had begun to occur even earlier, possibly within
hours after treatment, as the impairment of tubercle development
was indeed visible at that time (Figures 4A,C). It has previously
been shown, with fluorescein diacetate staining, that loss of
viability in even larger tubercles of P. aegyptiaca was evident a
few hours after treatment with glyphosate (Shilo et al., 2016).
The early injury was specific to the haustorium region, which
constituted most of the parasitic tissues in the young tubercle,
as was the case in this study. In addition, the fluorescence in
the tubercles might not exactly parallel the viability of the tissues
because some time might be required for the GFP to be degraded
or vacated to other tissues that will have become stronger sinks.

Effect of Glyphosate on P. aegyptiaca

during the Parasitic Phase
As mentioned above, previous studies have shown that
glyphosate translocates mainly in the phloem and readily reaches
the sink tissues. For example, movement of [14C]glyphosate to
O. crenata parasitizing garden peas (Pisum sativum) or faba
beans (Vicia faba) or to O. cumana parasitizing sunflower
(Helianthus annuus) plants reached a maximum 3 days after
application (Arjona-Berral et al., 1990; Jain and Foy, 1997; Diaz-
Sanchez et al., 2002). However, measurements of shikimate
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FIGURE 7 | Levels of the major sugars that were detected in P. aegyptiaca tubercles 48 h after treatment (HAT) with glyphosate (G) or untreated (NT).

Graphs are arranged in descending abundance. Error bars represent standard error (n = 3). ANOVA was computed according to Student’s t-test (P < 0.05). (A)

Mannitol, (B) Sucrose, (C) Galactinol, (D) Inositol myo, (E) Fructose, (F) Galactose, (G) Glucose, (H) Trehalose, (I) Gluconic acid, (J) Glucose 6-P, (K) Sorbitol,

(L) Fructose 6-P, (M) Arabitol, (N) Mannose, and (O) Xylose.

accumulation showed that the herbicide had already reached the
tubercles a few hours after the application (Shilo et al., 2016).
As we hypothesized, in our study of the tomato–P. aegyptiaca
association, glyphosate had a rapid effect on translocation,
limiting the parasite’s ability to attract solutes via the phloem.
According to the stabilization in fluorescence levels of GFP in
the tubercles, it was evident that at least a deceleration, if not
complete inhibition, of movement of GFP occurred within 24
HAT (Figure 5D). Due to this lack of synchronization between
GFP fluorescence and the actual cessation of translocation of
the protein, it is difficult to pinpoint exactly when the full
inhibition of translocation occurred. Nonetheless, despite the
macromolecular size of GFP, the movement of this protein in
“GFP-mobile” plants is considered to provide a good simulation
of solute translocation via the phloem and partitioning among
different sink tissues (Imlau et al., 1999; Nadler-Hassar et al.,
2004; Birschwilks et al., 2006). Thus, even a deceleration in GFP
movement will provide an indication of general inhibition of
solute translocation from the phloem. For example, translocation
of GFP and [14C]sucrose to the shoot parasite Cuscuta campestris
parasitizing tobacco plants was inhibited within 3 days of
glyphosate application (Nadler-Hassar et al., 2004).

GGRT plants, which have the parental background of GRT
plants, are not affected—symptomatically or biochemically—by
the currently used dosages of glyphosate, as is apparent from
their stable profiles of amino acids and other organic acids,
including shikimate (Shilo et al., 2016). In addition, GGRT
plants continued to distribute GFP throughout their vascular
system, with their roots remaining fluorescent a week and
even 2 weeks after glyphosate application (Figures 4A, 5A,
respectively). These findings mean that the GGRT host continues
to distribute solutes despite the treatment with glyphosate,
as opposed to the GGST host that sustain an injury of its
own. Nonetheless, the translocation pattern of GFP and its
inhibition after treatment with glyphosate were similar in both
glyphosate-sensitive and glyphosate-resistant hosts parasitized
by P. aegyptiaca. The importance of this finding lies in its
contribution to differentiating between the effects of glyphosate
on the parasite and those on the host plants, indicating that it
is the parasite that is independently responsible for the extent of
translocation in the host-parasite system.

In addition, it was found that glyphosate created a shift
in the sugars profile of P. aegyptiaca, measured at 48 HAT
(Figures 6A, 7) but had little effect on the sugars profile in the
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FIGURE 8 | Levels of the major sugars that were detected in the roots of GRT parasitized by P. aegyptiaca (P) or not parasitized (NP), 48 h after

treatment (HAT) with glyphosate (G) or untreated (NT). Graphs are arranged in descending abundance. Error bars represent standard error (n = 3). ANOVA was

computed according to Student’s t-test (P < 0.05). (A) Sucrose, (B) Inositol myo, (C) Fructose, (D) Mannitol, (E) Galactinol, (F) Trehalose, (G) Glucose, (H) Gluconic

acid, (I) Glucose-6-P, (J) Fructose-6-P, (K) Galactose, (L) Erythronic acid, (M) Lyxose, (N) Sorbitol, and (O) Arabitol.

host roots, with or without parasite (Figures 6B, 8). This finding
implies that the changes in the sugars profile are not a result
of inhibition of the translocation of sugars but are more likely
to be the result of disruption of metabolism in the parasite
tissues. Apparently, metabolites participating in the pathways
closest to the shikimate pathway will be affected before the
sugars. About 30% of the assimilated carbon in plants enter the
shikimate pathway (Maeda and Dudareva, 2012). If EPSPS is
inhibited, a large portion of this carbon accumulates in the form
of shikimate, preventing the metabolism of carbon assimilates
by other important pathways. It was previously found that
the accumulation of shikimate in the parasite in the tomato–
P. aegyptiaca system started at 10 HAT (Shilo et al., 2016),
but it probably takes time for the parasite to accumulate the
substantial levels of shikimate that will force alterations to
other important carbon metabolic pathways. In P. aegyptiaca,
some carbon metabolic pathways, e.g., that of mannitol, are
unique to this family of root parasites and are thought to be of
crucial importance to its ability to attract solutes and successfully
compete with the sinks of the host (Westwood, 2013). Therefore,
an alteration of the carbon metabolism in P. aegyptiaca might
provide a possible explanation for the weakening of its sink

strength, actually preventing it from maintaining the driving
force necessary for the attraction of solutes. It has previously
been reported that glyphosate also interrupts, within hours of
application, carbon metabolism in other plant species and in
other organisms. For instance, glyphosate disrupted C3 cycle
metabolism in source leaves of sugar beet plants a few hours
after application, inducing limited translocation throughout the
plant (Geiger et al., 1999). In velvetleaf (Abutilon theophrasti),
glyphosate had a more destructive effect on sink tissues because
of its rapid movement to the root system (Fuchs et al., 2002).
In both leaves and roots of pea plants, changes in levels of
sugars were observed in response to glyphosate application, as
manifested by an accumulation of sucrose, hexose and starch 1
day after treatment (Orcaray et al., 2012). In addition, changes
in levels of transcripts related to the glycolysis process were
reported in soybean as early as four HAT with glyphosate (Zhu
et al., 2008). Nonetheless, based on our results, we are not able
to attribute the alterations in sugars profile to a specific event
occurring as a result of the inhibition of EPSPS and the shikimate
pathway. Further investigation is required to determine the exact
pathways in P. aegyptiaca that are influenced following EPSPS
inhibition.
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Tubercles of P. aegyptiaca displayed elevated amounts of
mannitol (Figure 7A) and alterations in all other sugars (namely,
fructose, glucose, mannose, glucose-6-P and fructose-6-P) that
participate in mannitol biosynthesis 48 HAT with glyphosate
(Figure 7; Harloff and Wegmann, 1993). Mannitol is known to
serve as an osmoregulant in algae and fungi, and, as mentioned
above, its biosynthetic pathway is crucial to the P. aegyptiaca
and its holoparasite relatives (Harloff and Wegmann, 1993; Aly
et al., 2009). In addition, the levels of fructose and glucose—
the products of sucrose cleavage that enable its continuous
transport (Draie et al., 2011; Fernández-Aparicio et al., 2016)—
were significantly decreased in the tubercles in response to
glyphosate treatment (Figure 7). In contrast, the levels of sucrose
in P. aegyptiaca tubercles were similar to its levels in the adjacent
tomato roots (Figures 7B, 8A). This finding was surprising, since
one would expect that the inhibition of translocation would be
reflected in reduced levels of translocated sucrose. However, it is
possible that simultaneous synthesis of sucrose might take place,
as becomes apparent from the reduction of its products. has
been documented in nodules of nodulated lupine (Lupinus albus)
plants treated with glyphosate in which there was elevated activity
of sucrose synthase concomitant with increased sucrose levels
and a reduction in starch production (De María et al., 2006).

The fact that glyphosate induced little effect on the profile
of sugars in GRT roots (Figures 6E, 8) further supports our
supposition of the high resistance of the GRT host to glyphosate.
On the other hand, the parasitism per se had a strong effect
on the amounts of sugars that were abundant in the host roots
(Figures 6E, 8). In other cases of root parasitism, metabolomics
changes were stimulated in the tissues of the host plant. For
example, in the root hemi-parasite Striga hermontica parasitizing
sorghum (Sorghum bicolor) and in O. foetida parasitizing faba
beans certain changes in the metabolomic profiles were observed
in the xylem sap and leaf phloem of these plants, respectively
(Pageau et al., 2003; Abbes et al., 2009a). In contrast, Hacham
et al. (2016) found that parasitism of P. aegyptiaca had no
profound effect on metabolic profile of the tomato host, inducing
elevation of only 8 of a total of 59 metabolites that were
detected in its roots, although some of those metabolites were
carbohydrates. It is important to remember that sometimes even
different phenological stages, let alone different experimental
systems and different environmental conditions, could affect

the metabolomics profile and the translocation profile in the
host-parasite system (Westwood, 2013) and might provide an
explanation for the above differences.

CONCLUSIONS

Holoparasites differ from autotrophic plants in that they depend
on photosynthesis and carbon assimilation of another organism.
Nonetheless, it seems that P. aegyptiaca does rely on its own
carbon metabolism to provide the driving force for the attraction
of solutes. In the current study, it was shown that glyphosate
has a secondary mechanism of action in P. aegyptiaca, acting
via inhibition of the translocation of large molecules (e.g.,
GFP) and probably of other phloem solutes as well. Although,
the detailed chain of events is not yet clear, it appears that
glyphosate’s alteration of the parasite’s sugars profile after EPSPS
inhibition might provide an explanation for the decreased ability
of P. aegyptiaca to attract solutes via the phloem. In addition,
it was shown that glyphosate affects P. aegyptiaca only post
attachment to the host root and does not seem to affect parasite
seed germination and establishment on the host root.
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Striga hermonthica (witchweed) is a parasitic weed that attacks and significantly reduces
the yields of maize, sorghum, millet, and sugarcane throughout sub-Saharan Africa. Low
cost management methods such as hand weeding, short crop rotations, trap cropping,
or conventional biocontrol have not been effective. Likewise, Striga-tolerant or herbicide-
resistant maize cultivars are higher yielding, but are often beyond the economic means
of sustenance farmers. The fungal pathogen, Fusarium oxysporum f.sp. strigae, has
been the object of numerous studies to develop Striga biocontrol. Under experimental
conditions this pathogen can reduce the incidence of Striga infestation but field use
is not extensive, perhaps because it has not been sufficiently effective in restoring
crop yield and reducing the soil Striga seed bank. Here we brought together Kenyan
and US crop scientists with smallholder farmers to develop and validate an effective
biocontrol strategy for management of Striga on smallholder farms. Key components
of this research project were the following: (1) Development of a two-step method of
fungal delivery, including laboratory coating of primary inoculum on toothpicks, followed
by on-farm production of secondary field inoculum in boiled rice enabling delivery of
vigorous, fresh inoculum directly to the seedbed; (2) Training of smallholder farmers
(85% women), to produce the biocontrol agent and incorporate it into their maize
plantings in Striga-infested soils and collect agronomic data. The field tests expanded
from 30 smallholder farmers to a two-season, 500-farmer plot trial including paired
plus and minus biocontrol plots with fertilizer and hybrid seed in both plots and; (3)
Concerted selection of variants of the pathogen identified for enhanced virulence, as
has been demonstrated in other host parasite systems were employed here on Striga via
pathogen excretion of the amino acids L-leucine and L-tyrosine that are toxic to Striga
but innocuous to maize. This overall strategy resulted in an average of >50% increased
maize yield in the March to June rains season and >40% in the September to December
rains season. Integration of this enhanced plant pathogen to Striga management in
maize can significantly increase the maize yield of smallholder farmers in Kenya.
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INTRODUCTION

Striga hermonthica (witchweed) is a parasitic weed that attacks
cereal crops and significantly reduces yields. Countries with
nascent infestation of Striga only 25 years ago now have heavy
infestations of Striga resulting in significant losses of crop yield,
adversely affecting about 300 million people in sub-Saharan
Africa. Up to 50 million hectares of croplands in Africa show
varying degrees of Striga infestation (Ejeta and Gressel, 2007).
The most severe impact is made by S. hermonthica on maize
(Atera et al., 2013). In some locations and years, Striga infestation
results in total crop failure (Sauerborn, 1991; Abbasher et al.,
1998) and abandonment of fields (Debrah, 1994). In Western
Kenya alone, Striga has infested over 217,000 ha of crop land,
resulting in maize losses of 182,227 tons per year valued at 53
million USD (Atera et al., 2013). Recently, Striga was reported in
the highlands of Kenya1. Land use intensification and increasing
cereal mono-cropping combined with its quick adaptation to new
climatic conditions has exacerbated the S. hermonthica problem
in sub-Saharan Africa. Striga thrives in challenged conditions,
including drought and nutrient deficient soils, making it even
more detrimental to all farmers but especially smallholder
farmers (Ejeta and Gressel, 2007).

Conventional weed management methods including hand
pulling emerged Striga stalks after they had already damaged
the crop, catch/trap crops, crop rotation, and use of tolerant
varieties are reported to be not reliably effective against Striga
(Ogborn, 1987; Atera et al., 2013). There are ongoing efforts
to develop maize varieties that are resistant to striga (Badu-
Apraku and Yallow, 2009; Venne et al., 2009; Badu-Apraku and
Akinwale, 2015) or that are resistant to herbicides that could then
be used to control Striga (Kanampiu et al., 2003; Ransom et al.,
2012). Striga tolerant maize varieties generally yield better than
susceptible varieties in Striga-infested environments; however,
their yield is still reduced relative to the yield from non-infested
sites (Badu-Apraku and Akinwale, 2015). Such use of hybrid
maize germplasm is an effective option for farmers if affordable
and available. Farmers need affordable and effective strategies
for Striga management that can be readily integrated into their
production practices (Berner et al., 1996; Ejeta and Gressel, 2007;
Hassan et al., 2009). Non-governmental organizations (NGOs)
focusing on farm inputs and on education have steered away
from investments in farms with Striga due to the increased risk
of crop failure (Guerena, personal communication 2016; Seward,
personal communication 2016), except in cases where they have
committed to Striga management evaluations, as with the push
pull approach with the Striga suppressing plant Desmodium
(Khan et al., 2002).

Biological control of weeds is a promising field with some
successes, even though there is an additional complication with
biological control of parasitic plants: care must be taken to not
harm the host plant. The herbicide industry has confronted the
same complication – how to differentially kill one plant and not
another. Fusarium oxysporum f. sp. strigae has a potential for
biocontrol of Striga (Ciotola et al., 1995, 2000; Savard et al., 1997;

1http://striga.aatf-africa.org

Marley et al., 1999; Venne et al., 2009; Ndambi et al., 2011; Avedi
et al., 2014). As a rule, Fusarium, mainly F. oxysporum, isolated
from S. hermonthica selectively attack Striga spp. (Abbasher and
Sauerborn, 1992; Ciotola et al., 1995; Savard et al., 1997; Abbasher
et al., 1998; Marley et al., 1999; Amalfitano et al., 2002; Marley
and Shebayan, 2005; Elzein and Kroschel, 2006; Schaube et al.,
2006; Venne et al., 2009; Watson, 2013). An isolate from Mali in
combination with fertilizer inputs successfully prevented Striga
emergence and resulted in 400% increase of sorghum dry matter
(Ciotola et al., 1995). The growth of crop species (sorghum,
pearl millet, maize, rice, fonio, cotton, groundnut, cowpea, and
okra) was unaffected by this pathogen. However, recent host
range studies have shown that some Solanaceous plants are
susceptible to F. oxysporum isolates used for biocontrol of Striga
thus they should not be intercropped with Striga-host crops
where F. oxysporum has been applied to control Striga (Zarafi
et al., 2014). While wild type strains of F. oxysporum have been
reported to reduce the incidence of Striga infestation, their use in
the field has not yet been widespread or practical. Perhaps they
are not effective enough in the manner applied to restore crop
yield or to significantly reduce the soil Striga seed bank. Whatever
the underlying reasons, biocontrol of Striga is not yet used as a
routine means of management of this weed and no products are
widely available for African smallholder farmers.

The objectives of the work reported here were to validate
under realistic field conditions a practical, effective, and
inexpensive Striga biological control technology that can enable
smallholders to greatly improve their economic outlook.
Biocontrol agents portend good prospects for effective
integration into subsistence farming in particular because
of their applicability across a range of crops and varieties,
and the minimal economic input. However, there have been
several obstacles preventing the widespread acceptance of weed
biocontrol practices: (i) cost and availability to the farmer; (ii)
sufficient early control of the target weed before it can damage
the crop; (iii) reliability of results from season to season; and (iv)
greater yields per input of labor. By focusing on these obstacles
we developed a labor saving biocontrol of Striga technology for
rural Kenya and tested it for three seasons in research trials and
validated it for two seasons with 500 smallholder farmers. We
considered the options of carefully optimizing each variable of
our preliminary studies or proceeding to the here-described large
scale field testing of our biocontrol strategy in paired plot tests
on 500 smallholder farmers’ fields based on preliminary results
of the performance of the biocontrol agent. We chose the latter
to provide rationale to justify further optimization research.

MATERIALS AND METHODS

Fungal Strains: Isolation and
Preservation of Fusarium oxysporum
Fusarium oxysporum was isolated from wilted diseased Striga
plants in Western Kenya and identified as described by Nelson
et al. (1983). The virulence and host-specificity of the isolates
was confirmed in glass house and field studies. The fungal
cultures were maintained on PDA (potato dextrose agar (Difco,
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Detroit, MI, USA)) slants or on sterile wooden toothpicks.
Colonized toothpicks were produced by inoculating a plate of
PDA with a single culture and incubating for 24–72 h. Sterile
toothpicks were then placed directly on the expanding colonies
and incubated for a further 72 h. Colonized toothpicks were
aseptically removed from the plate and dried in sterile, open glass
vials or paper envelopes in a laminar flow hood (24–72 h). The
vials or envelopes were then sealed for long-term storage at room
temperature (>years). Culture viability and purity after storage
was determined by placing a single toothpick on a plate of PDA
and incubating for 24–72 h.

Selection of Strains for Enhanced
Virulence to Striga
Determination of Amino Acid Sensitivity of
S. hermonthica and Maize in Pot Tests
Amino acid toxicity has long been observed in plants. ‘Frenching’
disease of tobacco, first described in the early 1700’s, is caused
by high amounts of isoleucine excreted in the rhizosphere by
bacteria (Steinberg, 1952). This amino acid disrupts plant growth
and development because of the tight regulation of free amino
acid levels in plants (Sands et al., 2003; Sands and Pilgeram,
2009; Pilgeram and Sands, 2010). The amino acids that inhibit
S. hermonthica but do not inhibit maize were identified using
an adaptation of the protocol described by Sands and Pilgeram
(2009) in glass house pot tests at KALRO (Kenya Agricultural
& Livestock Research Organization) in Kibos. Ten grams of
Striga seeds that had undergone a dormancy period of more than
4 months were thoroughly mixed with 5 kg of sand. Pots (36 cm
diameter) were filled with Striga-free black cotton soil. Each pot
was infested with Striga by mixing one tablespoon of Striga -sand
mixture (about 20 g) into the soil layer 2 cm below the surface
and mixed with the soil. Each pot was then sown with four seeds
of a pesticide-free local maize cultivar (cv. Rachari) placed∼2 cm
below the soil surface. Five amino-acids (L-lysine, L-leucine,
L-tyrosine, L-tryptophan, and L-threonine) were evaluated (5
pots/amino acid). Following planting, pots were watered daily
with a solution containing 1 mM of the given amino acid. The
control treatment was watered with plain tap water. Watering
with amino acids or plain tap water continued until 10 weeks after
planting. The trial continued until 15 weeks after planting during
which time, both maize and Striga had reached maturity. At the
end of the trial the dry Striga biomass and dry maize biomass were
determined.

Selection of Amino Acid-Overproducing Variants of
Fusarium oxysporum
After identifying which amino acids both inhibited Striga and
did not affect maize (previous step), we selected variants of
pathogenic F. oxysporum that excreted the selected amino acids.
Selection of amino acid-overproducing lines of microorganisms
is a relatively straightforward process (Sands and Hankin, 1974;
Tiourebaev et al., 2001). The F. oxysporum strains were grown in
minimal CATSUP media [Czapek’s glucose salts medium (Difco
Laboratories, Detroit]) supplemented with thiamine (4 mg/L),
proline (2100 mg L−1), uracil (20 mg L−1), and a commercial

vitamin mixture (e.g., Sesame Street Brand, or similar) at 37◦C.
Amino acid overproducers were selected by plating a suspension
of ∼104 conidia per dish onto CATSUP agar (2%) supplemented
with increasing concentrations (10–1000 mg L−1/ml) of an
amino acid analog (Sigma–Aldrich, St. Louis). The analogs were:
L-3-fluoro-tyrosine for selection of tyrosine excretors, lucinol,
or L-norvaline for selection of leucine excretors, and L-seleno-
methionine for methionine over-producers. The vast majority
of colonies that survived and grew on media supplemented
with the toxic analog excreted the desired amino acid which
presumably diluted the analog. For example, a colony that
grows on media supplemented with 3-fluoro-tyrosine is likely
excreting tyrosine. Any colonies growing on media supplemented
with an amino acid analog were screened for excretion of the
target amino acid using specific amino acid assay media (Difco
Laboratories, Detroit) amended with a biological indicator of
amino acid excretion [Pediococcus cerevisiae (ATTC 4023)]. The
relative level of amino acid excretion of selected lines in CATSUP
broth was further quantified using HPLC mass spectroscopy. In
addition to selecting Fusarium variants that excreted amino acids
that were toxic to Striga, we selected variants of F. oxysporum
f.sp. strigae that excreted the amino acid methionine using the
analog seleno-methionine. We chose methionine because it is
known to stimulate germination of the Striga soil seed bank
(Primrose, 1976; Logan and Stewart, 1991) and could enhance the
effectiveness of mycelial invasion of the soil seed bank.

Preparation of T14 Field Inoculum
Preparation of Primary Inoculum
Three different amino acid-overproducing variants of
F. oxysporum were individually cultured on PDA. After the
cultures grew for 3–4 days, sterile wooden toothpicks were
placed onto the culture. The fungi grew, ramifying into the
toothpicks. The toothpicks were removed from the plate and
aseptically dried in a laminar flow hood. Once fully dried, the
trio of toothpicks was stored together in sealed, sterile drinking
straws and transported to the farmers. This 1:1:1 ratio of a trio of
toothpicks with variants of F. oxysporum f. sp. strigae is referred
to as Foxy T14.

Development and Preparation of Field Inoculum
Kenyan smallholders were given a straw containing the three
fungus-carrying toothpicks to inoculate cooked and cooled
pearled rice, providing fresh on-farm inoculum of the fungi.
In an alcohol-swabbed disinfected plastic container with a lid,
the on-farm inoculum was prepared by room temperature
incubation of the toothpicks in pearled rice. Although other
grains were also tested as substrates, the pearled rice consistently
supported abundant mycelial growth if kept unopened and
shaken twice daily for a 3-day period. We determined that
a period of 3 days of incubation at room temperature
was optimal to avoid depletion of the carbohydrates in the
inoculum as well as risk of external contamination. The
Foxy T14 field inoculum contained all three variant strains
of F. oxysporum that each excreted tyrosine, leucine and/or
methionine.
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Paired-Plot Field Trials on 500
Smallholder Farms
After first successfully testing the method on 50 farms (data not
shown), we embarked on a large scale field trial. In 2014 we
evaluated Foxy T14 on over 500 smallholder farms near Maseno,
Kenya. The 500 trial farms were in a 127 km2 region bounded
by latitudes 0.059◦N and 0.057◦S and longitudes 34.588◦E and
34.503◦E. A survey was first conducted on all of the farms to
determine that Striga was present and was an apparent constraint
to maize production Training of the farmers to deploy Foxy T14
and collect data was coordinated by the association called Liberty
Initiators Network (LIN) based in Maseno. Twenty seven LIN
farmers, who had previously collaborated with us to evaluate the
technology on KALRO research farms, were further trained as
implementers to instruct 500 smallholder farmers to establish
paired 4.5 m × 10 m plots on their farms. On each farm the
Foxy T14 treatment was compared to a standardized farmer-
practice. Both treatments used the same hybrid maize, fertilizer,
and plot management. LIN purchased maize seed Western Seed
cultivar Western 302, untreated with fungicide and fertilizer in
bulk for distribution to LIN members. At planting, DAP fertilizer
was applied at a rate of 175 kg/ha (80.5 kg P205) ha−1. After
thinning, CAN fertilizer was top dressed at a rate of 150 kg/ha
(40.5 kg N ha−1). The amount of fertilizer applied to each hill
was approximately 4.4 and 5.3 g of DAP and CAN, respectively.
The Foxy T14 treatment was applied as taught to the smallholder
farmers by the implementers. As maize is planted by hand by
these smallholder farmers, approximately 2.5 g of inoculated
rice was placed in each planting hole along with fertilizer and
2 kernels of maize seed (Supplementary Figure S1). Each hill
was later thinned to a single plant. Striga plants were not culled
from neither the farmer practice plots nor the T14 plots and
were recorded along with dry grain yield at harvest. Manure was
applied at 22 g/hill (10 tons per hectare), far below the KALRO’s
recommended rate of 100 tons per hectare to have an effect
on Striga. A few smallholders did not fertilize the paired plots
equally due to an inadequate supply of manure. Their yield data
were excluded from analysis. The LIN implementers collaborated
with the farmers to collect biweekly readings of the number
of emerged and wilting Striga plants. The trial was conducted
during the March – June rains season and repeated during the
September–December rains season.

Verification of the Absence of Fusarium
Toxin Production by the T14 Biocontrol
Lines of F. oxysporum fsp strigae
The three enhanced Foxy T14 lines and a wild type line
were grown to exhaustion on boiled rice. The colonized rice
cultures were tested at The Mycotoxin Laboratory at Virginia
Polytechnic University (Niki McMaster and David Schmale, III)
using certified GC-Mass Spectroscopy detection methods for five
of the common Fusarium elicited toxins: deoxynivalenol (DON),
3-acetyldeoxynivalenol (3-ADON), 15-acetyldeoxynivalenol (15-
ADON), nivalenol (NIV), and zearalenone (ZEA). None were
detected in the Foxy 14 lines nor from a wildtype strain of
F. oxysporum f. sp. strigae also from Kenya. In a separate

assay procedure [Veratox-Fumonisin test 5/10, Neogen Corp.
Lansing Michigan, Limit of detection: 0.2 ppm (determined by
the mean average of 10 fumonisin free samples plus 2 standard
deviations) and the limit of quantitation: 0.5 ppm (described as
the lowest concentration point on the calibration curve that this
test can reliably detect fumonisin)], they tested for the presence
of fumonisins (Khatibi et al., 2014). A reference sample of dried
distiller grains was concurrently analyzed as a positive control.

RESULTS

Screening Amino Acid Sensitivity of
Striga and Maize Reveals an Amino Acid
Cocktail for Virulence Enhancement of
F. oxysporum
None of the tested amino acids were inhibitory to the maize.
In all the treatments, Striga emerged 5 weeks after planting.
There were apparent trends but with no significant differences
(P > 0.05) in the number of emerged Striga plants, the number of
wilting Striga plants, or flower/seed capsule formation (data not
shown). The treatments varied significantly in Striga dry weight
(Figure 1). Tyrosine resulted in the lowest dry Striga weight
followed by leucine and lysine. The Striga dry weight was highest
in the control and the tryptophan treatments. There were no
significant differences in maize stover dry weight among all the
treatments (data not shown). Based on these results, tyrosine and
leucine were the amino acids chosen for virulence enhancement
studies. We also selected for methionine over-production in our
biocontrol mix (Foxy T14) because methionine is converted into
ethylene by soil microbes and ethylene stimulates Striga seed
germination (Primrose, 1976; Logan and Stewart, 1991) which
would render the Striga more susceptible to F. oxysporum.

Based on the amino acid sensitivity studies, we selected
variants of the wild type isolate (Ken Foxy 1/KSM1) that

FIGURE 1 | Effect of an excess of amino acid on Striga biomass
15 weeks after planting (WAP) in Striga infested maize in pots at
KALRO, Kibos. Means followed by the same letter are not significantly
different at P = 0.05.
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overproduced tyrosine, leucine, and or methionine. We pooled
three strains (Leu2a, Z6a and Z5a) that in combination produce
excess leucine, methionine, and tyrosine as shown by GC-
Mass Spectroscopy analysis of CATSUP broth grown cultures
of F. oxysporum (Table 1). The amounts of production of these
amino acids in Table 1 are only relative to a control wild type
strain in in vitro culture and are not necessarily indicative of what
might be produced by the three strains in the soil or plant tissue.

Significant and Consistent Yield
Increases were Achieved in On-Farm
Testing of Foxy T14
The implementers each trained approximately 20 participating
farmers on secondary inoculum production and Foxy T14
application. The implementers monitored the fields and collected
all the data. Data on 500 Striga infested farms were obtained for
both growing seasons with almost all the farmers participating in
both seasons. Most (99.6%) of the farmers had equal or greater
yield in their Foxy T14 plots relative to yield in their comparable
farmer-practice plots without Foxy T14 (Figure 2). The average
maize yield in the March–June rains season was increased by
56.5% in Foxy T14 plots relative to the farmer-practice plots
(p < 0.0001, pair-wise t-test; Figure 2). Approximately one third
of the farmers doubled their yield in this test (Figure 2). Overall,
yield in the September–December rains season was reduced by
drought but we still observed an average increase of yield of 42%
(t < 0.0001; Figure 2). Typical of maize smallholder farmers in
Western Kenya, 85% of the farmers were women. There was no
significant linkage between gender and yield.

Striga stalk emergence was reduced in 80% of long season
Foxy T14 plots and in 92% of the short season Foxy T14 plots
(Figure 3). Maize yield increases were positively correlated with
inherent yield capacity of fields, negatively with above-ground
Striga density, and positively with the magnitude of reduction of
above-ground Striga (Supplementary Figure S2).

T14 Biocontrol Lines of F. oxysporum Do
Not Produce Detectable Levels of
Fusarial Toxins
No traces of any of the five common Fusarium produced toxins
[deoxynivalenol (DON), 3-acetyldeoxynivalenol (3-ADON),
15-acetyldeoxynivalenol (15-ADON), nivalenol (NIV) and
zearalenone (ZEA)] were detected in the Foxy 14 lines nor from
a wildtype strain of F. oxysporum f. sp. strigae also from Kenya.
Additionally, Niki McMaster and David Schmale, conducted a

TABLE 1 | Relative enhancement of amino acid excretion in minimal
medium (% of total amino acids excreted minus excretion by wildtype).

Amino acid Strain Leu2a Strain Z6a Strain Z5a

Tyrosine 0 0.3 0

Leucine 0.3 4.0 0.2

Methionine 0.1 0.2 0.1

Foxy T14 inoculum was a 1:1:1 combination of the three strains below.

FIGURE 2 | Maize yield (2014) in the long rainy-season (first season)
and in the short rainy season (second season) for Foxy T14 plots
relative to maize yield in the corresponding farmer-practice plots (i.e.,
control). The average maize yield in the long rainy season increased by
56.5%. Average yield improvement of short rainy season was 42%. Numerous
values are super-imposed. The light gray dotted line indicates yields for Foxy
T14 plots that are equal (1:1) to that in farmer-practice plots.

separate analysis, in which additional toxins (fumonisins) were
also not detected in any of the samples.

DISCUSSION

Our work clearly shows that deployment in the field of actively
growing strains of F. oxysporum pathogenic to S. hermonthica
and selected for over-excretion of amino acids that are inhibitory
to this parasitic weed can significantly increase the yields for
smallholder farmers under real production conditions in Kenya.
The marked effectiveness of this method provides justification for
more in depth molecular studies to assess the precise dynamics
of amino acid excretion in situ and the extent to which it
harms Striga development. The complexity and expense of such
studies could have hindered by several years the transfer of this
technology to the field. In this light, we recognize that, although
we have demonstrated the effectiveness of the Foxy14 for
biocontrol of Striga, the precise mechanisms of its effectiveness
remain to be fully clarified.
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FIGURE 3 | Number of emerged Striga plants in the long rainy -season
(first season) for Foxy T14 plots relative to the number in the
corresponding Farmer-practice plots (i.e., control) at harvest
(14 weeks after planting). The light gray dotted line indicates Striga counts
for Foxy T14 plots that are equal (1:1) to those in Farmer-practice plots. The
number of Striga plants was reduced in 80% of long rainy season Foxy T14
plots.

These results are significant for several reasons. Firstly, yield
increase was obtained under all conditions tested including
different production seasons and different yield potentials
of farms and farmers. Secondly, the technology was readily
deployable in that it was correctly implemented by 500
smallholder farmers and is compatible with their economic
limitations. Most biocontrol agents are produced in large
facilities and then packaged for long term storage for later farm
distribution and not optimal for delivery of fresh rapidly growing
inoculum. These biocontrol agents are not efficacious in the case
in sub-Saharan Africa and Asia where operating farms of 10
hectares or less are frequently vulnerable points in supply chains.
The Foxy T14 on-farm inoculum method is ideal for sustainable
deployment of biocontrol of Striga. Thirdly, by aiding farmers
to reliably achieve yields that allow for economic success, this
biocontrol technology will better allow smallholder farmers to
invest in inputs such as high quality seed and fertilizers.

The use of various forma speciales of F. oxysporum for
biological control of weeds and in particular of parasitic weeds
such as Striga has faced numerous obstacles: (1) Plant pathogenic
fungi, especially host specific types, are seldom sufficiently lethal
to reduce their target weed to the “knockdown” levels that
synthetic herbicides can give. (2) Parasitic weeds are especially
difficult to control because the control action must not harm
the host crop. Fungi have pathological traits including toxin
production and hormone actions that can potentially affect the
host crop or the farmer. (3) A single Striga plant can produce
up to 500,000 seeds in a season and these seeds can survive
in the soil seed bank for over a decade (Berner et al., 1995).
(4) The traditional delivery systems for biological agents involve
field inoculum being manufactured in large central facilities and
distributed to farms. The inoculum in such formulations has
been stabilized (dried) to maximize shelf life and transportation

durability. Such biocontrol agents are essentially dormant when
they are applied to the soil and take considerable lag time and
optimal conditions to ensure maximum viability. They must
quickly encounter and infect a host or die from lack of nutrition.
By placing the fungus in rice, it has a source of nutrition for
a prolonged period, and allows long distance mycelial growth,
increasing the likelihood of encountering a germinated Striga
seed. Once the scientific development costs of centrally produced
commercial biocontrol agents are factored into the product cost,
they are beyond the means of the primary clients, smallholder
farmers. (5) Biological controls, to be truly effective need to
be integrated into overall crop management strategies which
may include input investments of labor, soil amendments and
quality seed. These investments are not justified if Striga is
present. (6) Biocontrol agents, even if they are isolated locally,
face expensive requirements involved in registration of pesticides,
including toxicological, environmental, and efficacy studies. (7)
Biocontrol is not a silver bullet that will miraculously maximize
crop yield, but it can act as an organizing driver for communities
to further impact their wellbeing. This was observed by their
continued participation of the women in the Liberty Initiators
Network.

Once a problematic weed is suppressed, crop yield is still
influenced by the quality of seed, soil fertility, and water
availability. When the above obstacles are overcome, there is
still the challenge of getting the technology into the hands of
the smallholder farmer who is simultaneously battling poor
nutrition, disease, grain storage problems, illiteracy and lack
of education, gender inequality and poverty. The successful
biocontrol of Striga can have a strong impact when integrated
into a rural community, not only for its direct economic impact,
but it also strongly contributes to womens’ empowerment, rural
nutrition, and education for children. With effective Striga
management, smallholder farmers can reduce the risk of crop
failure and enabling them to improve their outlook by adopting
a series of agronomic practices. Effective Striga management
clearly and concretely contributes to sustainable food security for
these farmers.

The method of biocontrol of weeds described here is
also compatible with farming systems based on agroecology.
The amino acid excretion approach to possible virulence
enhancement does not involve directly amplifying plant
hormones or phytotoxins. Since selections of amino acid
excretion are commonly done by industry to produce large
amounts of amino acids for animal feed and even for human
nutritional supplementation, the choice of this enhancement
method was based on safety considerations relative to the
selection of toxin-producing strains. Numerous countries are
attempting to reduce the use of and exposure to chemical
pesticides, however, replacement strategies are not emerging
quickly. The approach demonstrated here of selecting for
enhanced virulent biocontrol agents may be applicable to many
weeds in that amino acid sensitivity of plants is common, as are
host-specific pathogens that could be enhanced for virulence
in this manner. We should note that there are rare cases where
phenylalanine, an essential amino acid, can have negative effects
on humans.
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The virulence enhancement and extensive field trials of Foxy
T14 led to a replicable technology that provides consistent
reduction of Striga paired with increased maize yield on
smallholder farms. In the hands of farmers, this technology
increased maize yield by 56.5% in the long rains season and by
42% in the short rains season. After limiting the effect of Striga in
the paired plot experiments, there were still great two–fourfold
differences in yield among the 500 farms. These differences
can probably be attributed to multiple factors including farmer
agronomic knowledge, planting date, drought, flooding, and soil
nutrient deficiency. We speculate that soil nutrient deficiency,
particularly of trace minerals not addressed with the DAP
and CAN input used in the paired plot trials, is a principal
compounding factor. Trace element deficiency could not only
impact crop yields but, as a consequence of a mineral deficient
diet, could also have a negative impact on smallholder health with
increased incidence of malaria and cognitive disorders.

CONCLUSION

Field deployment of strains of F. oxysporum, inherently
pathogenic to S. hermonthica and then selected for their excretion
of certain amino acids, could significantly increase maize yield of
smallholder farmers under real production conditions in Kenya.
The results are significant for several reasons. Significant yield
increases were obtained under all conditions tested including
different production seasons and different yield potentials of
farms and farmers. The technology was easily and eagerly
implemented by 500 smallholder farmers. This technology is
inexpensive to manufacture, making it an affordable investment
for smallholder farmers. The toothpick primary inoculum system
is stable, inherently inexpensive, easily distributed, and it was
embraced as part of the on-farm culture where cooking is done
daily. By aiding farmers to curtail Striga and reliably achieve
yields, this biocontrol technology could enable smallholder
farmers to purchase inputs such as high quality seed and
fertilizers, understanding that their investment will not be
rendered futile by Striga infestation.

Endemic pathogens may be best adapted to local conditions,
and they may present less risk from unforeseen side effects if
toxigenic strains of Fusarium are avoided. This technology of
strain enhancement relies on concerted conventional selection
of mutations in amino acid biosynthesis pathways. We chose
to develop a three component enhancement of virulence to
increase the field effectiveness of the biocontrol treatment and to
hopefully delay resistance as is common in weeds when exposed

to single herbicides. We expect that this inherently accessible
and sustainable low input technology can be incorporated
into integrated pest management systems, promoting reduced
herbicide and toxin exposure, and, through increased yield
income, allow for optimization of plant germplasm diversity and
quality.

We envision that this biological control of Striga could be
adopted in each country where there are Striga infestations.
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Certain amino acids induce inhibitory effects in plant growth due to feedback inhibition
of metabolic pathways. The inhibition patterns depend on plant species and the plant
developmental stage. Those amino acids with inhibitory action on specific weeds could
be utilized as herbicides, however, their use for weed control has not been put into
practice. Orobanche minor is a weed that parasitizes red clover. O. minor germination
is stimulated by clover root exudates. The subsequent seedling is an obligated parasite
that must attach quickly to the clover root to withdraw its nutrients. Early development of
O. minor is vulnerable to amino acid inhibition and therefore, a series of in vitro, rhizotron,
and field experiments were conducted to investigate the potential of amino acids to
inhibit O. minor parasitism. In in vitro experiments it was found that among a collection
of 20 protein amino acids, lysine, methionine and tryptophan strongly interfere with
O. minor early development. Field research confirmed their inhibitory effect but revealed
that methionine was more effective than lysine and tryptophan, and that two successive
methionine applications at 308 and 543 growing degree days inhibited O. minor
emergence in red clover up to 67%. We investigated additional effects with potential
to influence the practical use of amino acids against broomrape weeds, whether the
herbicidal effect may be reversible by other amino acids exuded by host plants or may
be amplified by inducing host resistance barriers against O. minor penetration. This
paper suggests that amino acids may have the potential to be integrated into biorational
programs of broomrape management.

Keywords: parasitic weeds, methionine, alternatives for crop protection, animal feed supplements, germination,
host attachment, herbicidal activity of amino acids, sustainable agriculture

INTRODUCTION

Broomrape weeds (Orobanche and Phelipanche spp.) are angiosperms that lack photosynthetic
competence and a root system. They thrive in agricultural ecosystems parasitizing a wide range
of host crops in the Apiaceae, Asteraceae, Brassicaceae, Fabaceae, and Solanaceae (Parker and
Riches, 1993). Among them, Orobanche minor Sm., is widely distributed inducing major economic
damage in clover and lucerne crops (Lins et al., 2007; Parker, 2013). In eastern France, the main
host crop is red clover (Trifolium pratense L.) in which, besides a strong reduction in clover harvest,
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O. minor seeds contaminate clover forage and seed yield resulting
in a significant problem in crops for commercial seed production.

Broomrape seed germination is stimulated by host root
exudates. Once germination is initiated, an infective radicle arises
from the seed coat that grows to make contact with the host
plant. Upon host root contact, a haustorium is induced at the tip
of the broomrape radicle, with functions of host root invasion,
vascular connection and nutrient withdrawal (Vaucher, 1823;
Kuijt, 1969; Joel, 2013). Once the resource sink is established by
the young parasite, the parasite initiates storage of host-derived
nutrients in an underground parasitic organ called tubercle.
This underground stage of parasitic development produces a
strong injury in the crop (Eizenberg et al., 2005). Near the
end of parasitic life cycle, underground shoots are developed in
the tubercles that quickly emerge through the soil surface for
flowering and seed set. Each flowering stalk can set up more
than half million dust-like seeds easily dispersed by wind, farm
machinery and crop seeds and therefore the build-up of parasitic
seed bank is very efficient.

The control of broomrape weeds remains an elusive task in
agriculture (Rubiales et al., 2009). Early diagnosis of broomrape
infection is difficult due to the mostly underground growing
habit of this weed. In addition, the close physical and chemical
associations established by broomrape with the parasitized crop
difficult the selective control of the weed without injuring
the crop. In absence of host crop stimulation to germinate,
broomrape seeds can last viable in agricultural soils for several
decades being their seed bank extremely persistent. Once
germinated the broomrape seedling does not survive longer than
few days without host-derived nutritive supply. Control strategies
interfering with broomrape germination and radicle growth
inhibit host infection and broomrape reproduction producing
a decline in the parasitic seed bank while meeting short-term
farming expectations of crop productivity (Fernández-Aparicio
et al., 2016). Once the parasitic seedling has made contact with
the host root surface, host resistance to parasite invasion either
natural, genetically engineered or elicited by biotic- or abiotic-
inducing agents leads to death of the invading parasite before it
causes strong injury in the crop (Gonsior et al., 2004; Aly, 2007;
Kusumoto et al., 2007). Once the parasite has established resource
sink and the tubercle started to develop, the control of broomrape
weeds can be achieved by using glyphosate and imidazolinone
herbicides (Hershenhorn et al., 2009). Those herbicides inhibit
enzymes that catalyze key steps in the biosynthesis of aromatic
and branched-chain amino acid, respectively. For efficacious
action on broomrape weeds, the herbicide is applied on the
foliage of herbicide-tolerant crop cultivars and then translocated
systemically in active form towards the underground parasite
via the haustorium (Lins et al., 2005; Eizenberg et al., 2006).
Despite broomrape parasitism can be inhibited very efficiently
by cultivation of resistant crops to broomrape infection or
application of systemic herbicides, parasite resistant- or herbicide
tolerant-cultivars are not always available for many crop species.

In addition, due to increasing concern about overdependence
on synthetic herbicides there is a great demand for novel
approaches in weed management programs. As a green
alternative for weed control, the enzymes targeted in weeds by

glyphosate and imidazolinone herbicides, can also be inhibited
by the exogenous addition of certain amino acids (Sands and
Pilgeram, 2009). The rationale is based in the mode of enzymatic
regulation in amino acid biosynthetic pathways. Amino acid
biosynthesis is an energy expensive process, and it is regulated
by feedback inhibition of key enzymes by some of the amino acid
products of the pathways they regulate. This feedback inhibition
leads in plant growth inhibition (Bright et al., 1978), and it can
be counteracted by exogenous addition of certain related amino
acids in the same biosynthetic pathway. In addition, amino acids
from unrelated pathways can rescue the plant growth by giving
general growth stimulus or reactivating the targeted enzyme
in the case of end product of competitive pathways. Active
amino acids for plant growth inhibition and plant growth rescue
are dependent on the plant species, the plant developmental
stage and concentration of application (Henke et al., 1974) and
therefore, the development of this strategy for weed management
systems requires the determination of which amino acids and
concentrations are efficacious against the targeted weed species
and whether the inhibition is reversible by other amino acids
potentially present in the soil (Sands and Pilgeram, 2009).
Properly implemented this strategy assumes low toxicity for
plants other than the targeted weed and low persistence in the
soil through microbial metabolization. In addition, because the
targeted enzymes are absent in animals it is also assumed low
toxicity in them. Although this approach has been reported
effective for control of Canada thistle, red bromegrass, kudzu and
cannabis, the direct application of amino acids as herbicides has
not been put into field practice yet (Sands and Pilgeram, 2009).

Germination and radicle growth of the parasitic weeds
Phelipanche ramosa andOrobanche crenata have been found to be
inhibited by certain amino acids (Vurro et al., 2006; Fernández-
Aparicio et al., 2013). Therefore, amino acids could have
the potential to be implemented into broomrape management
systems as herbicides. Given the obligated parasitic growth
of these weeds, the implementation of this approach requires
to consider additional factors which could influence the
herbicidal treatment. The growth habit of broomrape before
host attachment is restricted to the crop rhizosphere because
its germination is stimulated by host root exudates. In addition
to germination factors, root exudates of host crop species are a
significant source of amino acids. Glycine, serine, and alanine are
abundant in root exudates, but also concentrations of glutamic
acid, arginine, tyrosine, glutamine, or valine have been described
to be significant in crop root exudates (Lesuffleur et al., 2007).
Therefore, for development of this approach, it should be
determined which of those amino acids could have the potential
to counteract the herbicidal effect of the broomrape-inhibitory
amino acids in case they were deposited in the soil by clover roots.

Another amino acid effect against parasitic weeds could be
through the potential elicitation of broomrape resistance in
the crop. It has been found that certain amino acids such as
methionine induce resistance in other pathosystems (Sarosh
et al., 2005). Induction of resistance barriers in the crop roots
to parasitic weed penetration could extend the amino acid
protective effect against the parasitic weed to parasitic stages
beyond its attachment. Broomrape infection is susceptible to be
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inhibited by other abiotic elicitors of resistance in the host crop
(Gonsior et al., 2004; Kusumoto et al., 2007) but the potential of
methionine to elicit crop resistance to broomrape parasitism has
never been investigated before.

Given the predicted low persistence of amino acid treatment in
the soil (Sands and Pilgeram, 2009), the herbicidal effect of amino
acids would be maximized if the timing of application is based
on the occurrence of susceptible parasitic life stages. Broomrape
development depends on temperature (Eizenberg et al., 2005) and
therefore, the relation between temperature and underground
phenology should be recorded locally under field conditions in
order to ease the targeting of vulnerable parasitic life stages by
amino acid treatment.

This research conducted laboratory and field experiments
to evaluate the effect of direct application of amino acid as
herbicides for field control of O. minor parasitism in red clover.
This paper reports (i) the influence of single amino acids and
combination of amino acids on O. minor growth previous to
clover attachment. To achieve this, amino acids were applied
in vitro to seeds and germination rate and radicle length were
measured; (ii) the indirect effects of methionine on growth of
O. minor after its attachment to clover roots. This was achieved
by treating clover with methionine and measuring its resistance
to O. minor haustorium penetration; (iii) to study under open
field conditions the inhibitory effect of amino acids on O. minor
parasitism in clover. To achieve this the amino acid was applied
by irrigation at clover post-emergence during the occurrence of
amino acid-sensitive O. minor stages. This paper proposes that
the amino acid herbicidal approach could have the potential to be
integrated into sustainable programs of broomrape management.

MATERIALS AND METHODS

In Vitro Experiments
In Vitro Identification of Amino Acids with Inhibitory
Activity on O. minor Parasitism at Host Pre-attached
Stages
Sensitivity ofO.minor germination and radicle growth to alanine,
arginine, aspartate, cysteine, glutamic acid, glutamine, glycine,
histidine, homoserine, isoleucine, leucine, lysine, methionine,
phenylalanine, proline, serine, threonine, tryptophan, tyrosine,
and valine was assessed in vitro. The O. minor seeds used were
obtained in 2014 from O. minor plants infesting red clover field at
INRA Experimental Unit of Epoisses, Bretenières (France). Seeds
were collected from mature, dry O. minor inflorescences using
a 0.5 mm mesh-size sieve and stored dry in the dark at room
temperature until use.

In vitro bioassays were conducted to study the amino
acid inhibitory activity on O. minor germination and radicle
growth. One-year old O. minor seeds were surface sterilized by
immersion in 1.5% (w/v) NaOCl, and 0.02% (v/v) Tween 20,
and sonication for 2 min, rinsed thoroughly with sterile distilled
water and dried in a laminar air flow cabinet. Inhibitory
activity was tested as reported previously (Fernández-Aparicio
et al., 2013). For germination, Orobanche seeds require a warm
stratification period called conditioning, followed by chemical

stimulation with germination-inducing factors (Lechat et al.,
2012). Approximately 100 seeds of O. minor were placed
separately on each of 183 glass fiber filter paper (GFFP) disks
of 9 mm-diameter moistened with 50 µL of sterile distilled
water. O. minor seeds were conditioned in the dark at 22◦C for
7 days. The germination stimulant GR24 (Johnson et al., 1976)
was used to promote germination of conditioned seeds. Test
solutions of each amino acid were prepared in GR24 solution
at three decreasing concentrations of the amino acid (5, 2.5,
and 1.25 mM) but keeping constant the GR24 concentration
(10−6 M) in order to allow comparisons between treatments.
GR24 solution (10−6 M) without amino acid was used as control.
GFFP disks containing the conditioned O. minor seeds were
transferred inside laminar flow cabinet to sterile sheet of filter
paper to remove excess of moisture and transferred to 10 cm-
diameter Petri dishes. Aliquots of 50 µl of each test solution
were applied to triplicated GFFP disks containing the O. minor
conditioned seeds. Petri dishes were sealed with Parafilm and
stored in the dark at 22◦C to promote germination and radicle
growth. Seven days later, O. minor seeds were observed under
stereoscopic microscope at which time germination percentage
was assessed by scoring the number of of seeds with and
emerged radicle from 100 seeds in each of three replicate
GFFP disks and radicle length was determined in 15 randomly
selected germinated seeds in each of the three replicate GFFP
disks. Amino acid-mediated reductions of radicle growth were
expressed as a percent of the untreated control (GR24).

Inhibitory Action of Amino Acids on O. minor
Parasitism at Host Post-attached Stages
We tested the hypothesis that amino acids could elicit a
mechanism of clover resistance to O. minor penetration. We
make this hypothesis based on the facts that certain amino
acids such as methionine induce resistance in other pathosystems
(Sarosh et al., 2005) and that abiotic elicitors of induced resistance
have been shown effective to inhibit broomrape parasitism
(Gonsior et al., 2004; Kusumoto et al., 2007). The tetraploid red
clover cultivar Trevvio (RAGT semences) was chosen due to
its high susceptibility to O. minor parasitism. Seeds of Trevvio
were treated with 20 mM concentration of L-methionine (Sigma-
Aldrich, St. Louis, MO, United States) at 22◦C for 9 h. Then,
imbibed clover seeds were placed in pots with perlite to allow
clover germination and seedling growth during 10 days prior
being transplanted to the minirhizotron system described by
Fernández-Aparicio et al. (2008). One clover seedling developed
from L-methionine imbibed seeds were transplanted per square
Petri dishes filled with sterile perlite and covered in the upper
surface by a sheet of GFFP. Clover seeds imbibed with distilled
water (control treatment) were cultivated under the same
conditions for comparisons. O. minor seeds collected, sterilized
and conditioned as described in Section “In Vitro Identification
of Amino Acids with Inhibitory Activity on O. minor Parasitism
at Host Pre-attached Stages”, were treated with the germination
stimulant GR24 and distributed at a proximate density of 50
seeds per cm2 on the GFFP on which the clover plants were
developing their roots. After 27 days of O. minor inoculation,
parasitic seedlings that made contact with clover roots were
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inspected under a stereoscopic microscope and classified as
either (i) O. minor radicles attached to clover root surface
which died as a consequence of unsuccessful penetration and
vascular connection showing hypersensitive-like response at the
attachment point, (ii) O. minor radicle that penetrated the host
root and formed a healthy tubercle as consequence of successful
nutrient transfer, (iii) O. minor radicles that penetrated the
host root and formed tubercle that quickly turned necrotic and
later died as a consequence of host-parasite late incompatible
interaction, and (iv) “spider” stage, i.e., tubercles with rapid
and healthy development as seen by initiation of crown roots.
The effects of the methionine imbibition treatment on O. minor
infection was determined by calculation of the following four
parameters: infection success (percent of contacted O. minor
radicles that successfully invaded the host root), hypersensitive-
like response (percent of contacted O. minor radicles that died
before vascular connection showing browning area at the host
attachment point), necrosis development in tubercle (percent of
total formed tubercles that died at early stages of development
becoming necrotic) and ‘spider’ development in tubercle (percent
of formed tubercles that initiated crown roots as consequence of
successful parasitism).

In Vitro Validation of Inhibitory Activity of Amino
Acids Formulated as Supplements in Animal Feed
Among the group of O. minor-inhibitory amino acids identified
in Section “In vitro Identification of Amino Acids with Inhibitory
Activity on O. minor Parasitism at Host Pre-attached Stages”,
tryptophan and the aspartate-derived amino acids: lysine,
methionine and threonine were selected as candidates for field
control. This choice was on the basis of the preliminary results
and took into account the ready availability of these amino acids
at large commercial scale as animal feed supplements. Prior to
field research, the inhibitory activity of these amino acids was
validated in the form of lysine-, threonine- and tryptophan-based
animal feed formulations (Ajinomoto Heartland, Inc, Japan). In
addition, methionine hydroxyl analog with 100% equivalency
to DL-methionine (Novus International, St. Charles, IL, United
States) was tested in two different formulations: formulation 1:
Alimet R©; and formulation 2: non-commercialized experimental
formulation. Activity of each formulation was tested at three
decreasing concentrations of the amino acid (10, 5, and 2.5 mM)
on O. minor seed germination and radicle growth as described in
Section “In Vitro Identification of Amino Acids with Inhibitory
Activity on O. minor Parasitism at Host Pre-attached Stages”.

Determination Whether Inhibitory Action of Candidate
Amino Acids for Field Control is Reversed by Amino
Acids Commonly Exuded by Crop Roots
O. minor seeds and seedlings placed in the soil within the
potentially host infective distance are exposed to crop root
exudates which may contain significant amounts of amino
acids (Lesuffleur et al., 2007). To assess if herbicidal effects
of lysine, methionine and tryptophan could be reversible by
other amino acids, their respective inhibitory activity was studied
mixed in pairs with the amino acid collection tested in Section
“In Vitro Identification of Amino Acids with Inhibitory Activity

on O. minor Parasitism at Host Pre-attached Stages”. Rescue
of 2.5 mM lysine-, methionine-, and tryptophan-toxicity was
assessed by adding in pairs the other 19 amino acids at 2.5 mM
concentration and the joint activity of each mixture on O. minor
germination and radicle growth compared with the inhibitory
action performed by their respective control: single solutions
of lysine, methionine, or tryptophan at 2.5 mM. Bioassay
and data collection were performed as described in Section
“In Vitro Identification of Amino Acids with Inhibitory Activity
on O. minor Parasitism at Host Pre-attached Stages”.

Field Validation of Amino Acid Inhibitory
Activity on O. minor Parasitism
Field experimentation was performed at INRA Experimental
Unit of Epoisses, Bretenières, France (5◦05’56”E; 47◦14’20”N)
with long history of approximately uniform seed bank infestation
level of O. minor specialized in red clover. The soil at the
experimental site (35 first cm layer) has a silt clay texture
(sand 6.4%, silt 50.6%, clay 43%), with pH 7.97, 2.5% organic
matter, C/N ratio of 10.5 and a Cation Exchange Capacity of
29.6 cmol(+) kg−1 soil. The red clover cultivar Trevvio was
chosen due to its high susceptibility to O. minor parasitism. On
April 7, 2015, 84 plots (3 m× 1.5 m) were mechanically sown
with Trevvio seeds at a density of 37.5 kg/ha. In addition, in
order to ensure dense and uniform O. minor seed bank, the
sowing machine (Plotseed, Wintersteiger equipped with “Accord
CX” disk sowing equipment) distributed 0.5 ml (approximately
63000) O. minor seeds per plot.

The timing of amino acid treatment was determined by
inspecting the O. minor underground development in control
plots. Starting at red clover sowing, soil and air temperature was
recorded every hour with temperature data loggers, respectively,
placed at 5 cm below the soil surface and 1 m above soil
surface in control plots. Approximately ten clover plants were
randomly sampled every 3–4 days and brought to lab. Roots were
submerged in water allowing the excess of soil gently separate
from the roots but maintaining the rhizosheath intact as much
as possible. Then, clover roots were inspected under stereoscopic
microscope. Dates were recorded for each of the following
O. minor phenological stages: germination, radicle adhesion
to host root surface, radicle penetration, vascular connection,
tubercle development, development of “spider” stage (Figure 1).
For each date, temperatures were converted to growing degree
day (GDD) accumulated from clover sowing date considering
base temperature as 0◦C (McMaster and Wilhelm, 1997;
Eizenberg et al., 2005). The timing of amino acid treatment was
chosen according with observations of O. minor underground
phenology. Two amino acid treatments were applied at 22 and
36 days after clover sowing. They, respectively, corresponded
to clover-induced O. minor germination (282 GDD air/ 308
GDD soil) and initiation of O. minor radicle penetration into
clover root (494 GDD air/543 GDD soil). For each application
date, 10 treatments were included as follows. (A) Four animal
feed formulations described in Section “In Vitro Validation of
Inhibitory Activity of Amino Acids Formulated as Supplements
in Animal Feed”: methionine hydroxyl analog formulations 1 and
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FIGURE 1 | Orobanche minor seedlings at successive stages of the infection of clover roots observed during a field trial in Burgundy, France. (A)
O. minor germination. (B) O. minor adhesion to host root. (C) Host penetration. (D) Vascular connection. (E) Tubercle development with initiation of ‘spider’ stage.

2 (Novus International, St. Charles, IL, United States ), lysine and
tryptophan (Ajinomoto Heartland, Inc, Japan) treatments at 10
and 20 mM concentrations. (B) L-methionine (Sigma) treatment
at 20 mM concentration, and (C) water (control treatment).
For each treatment, the corresponding amino acids formulation
were mixed with water at the described concentrations and
used to irrigate the plots at a rate of 6 L m−2 of amino acid
solution. For each treatment, the test solution was prepared
based on the amino acid content in each formulation: L-
methionine (100%), methionine hydroxyl analog formulation
1 (88%), methionine hydroxyl analogue formulation 2 (95%),
lysine (50%), tryptophan (98%). The experimental design was
a randomized block with four replications. Each treated plot
including the control-plot was surrounded by two untreated plots
at their immediate right and left side. Plots were managed under
traditional culture. Weeds other than O. minor were carefully
removed by hand.

The level of O. minor parasitism on each plot was assessed
counting the number of emerged O. minor plants per plot.
In order to avoid the error due to unavoidable heterogeneous
distribution of seeds across the trial, this parameter was
standardized as ‘O. minor emergence referred to the control’
calculated as percentage to the mean value of emerged

broomrapes per respective control plots located at right and left
of each test plots.

For statistical analysis, percentages were transformed to
arcsine square roots (transformed value = 180/5 x arcsine
[
√

(%/100)]) to normalize data and stabilize variance throughout
the data range and subjected to analysis of variance using SAS 9.4
(SAS Institute Inc., Cary, NC, United States). The significance of
mean differences between each treatment against the control was
evaluated by the two-sided Dunnett test. The null hypothesis was
rejected at the level of 0.05.

RESULTS

Sensitivity of O. minor Germination and
Radicle Growth to Exogenous Addition
of Amino Acids
The first experiment was conducted to identify which amino
acids inhibit O. minor host-preattached stages. Twenty amino
acids in pure form were individually applied to seeds of O. minor
in combination with the germination stimulant GR24 and
levels of germination and radicle growth inhibition rated in
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FIGURE 2 | Influence of amino acid treatments on O. minor in vitro germination. Treatment solutions of alanine, arginine, aspartate, cysteine, glutamic acid,
glutamine, glycine, histidine, homoserine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, and valine along with
a germination stimulant GR24 were applied to O. minor seeds at a range of 5–1.25 mM and their inhibitory activity in germination rated 7 days later as percentage of
germination in each of three replicated disks. Analysis of variance was applied to transformed replicate data. ∗ Indicates differences of each treatment compared with
the control GR24 assessed by Dunnett’s test at the 0.05 level.

comparison with the control (GR24 with no amino acid). The
sensitivity of O. minor germination to amino acids is shown
in Figure 2. Arginine, aspartic acid, glutamic acid, glutamine,
glycine, homoserine, proline, serine, threonine, and valine caused
low or non-significant reduction in percent seed germination in
comparison with that of the control. The magnitude of reduction
in germination was greater in alanine, cysteine, histidine,
isoleucine, leucine, methionine and tyrosine which significantly
inhibited O. minor germination at concentration of 5 mM
although lower concentrations of these amino acids induced
low or negligible effect. Lastly, the greatest inhibitory activity
was identified in lysine, phenylalanine, and tryptophan that
completely inhibited O. minor germination at all concentrations
tested.

The sensitivity of O. minor radicle growth to exogenous
amino acids is shown in Figure 3. Except for glutamine, all
amino acids inhibited radicle growth at 5 mM and therefore this
concentration did not allow discrimination between amino acids
for their inhibitory action. At 1.25 mM, the lowest concentration
tested, it was possible to identify strong inhibition activity in
histidine, homoserine, isoleucine, leucine, lysine, methionine,
phenylalanine, serine, tryptophan, tyrosine, and valine. Although
little effect was induced at 1.25 mM by alanine, arginine, proline,
and threonine, they caused more than 50% radicle growth
inhibition at concentration of 2.5 mM and higher. A group
of low or non-inhibitory amino acids of radicle growth was
formed by aspartic acid, cysteine, glutamic acid, glutamine, and
glycine, which induced less than 50% radicle growth inhibition at
concentration range of 2.5–1.25 mM.

In Vitro Efficacy of Amino Acid
Supplements for Animal Feed as Readily
Deployable Formulations for Field
Application
In vitro tests were used to validate the herbicidal activity of
methionine, lysine, threonine and tryptophan in the form of

animal feed-based formulation. Figure 4 shows that lysine-
based formulation induced the highest inhibition of O. minor
germination and radicle growth at all concentration tested being
this strong herbicidal activity in agreement with activity found by
lysine in the pure form (Figures 2, 3). Figure 4 also shows that the
activity of methionine- and tryptophan-based feed supplements
was slightly lower than that observed when tested in pure
form. O. minor development was inhibited by their commercial
formulations at 10 and 5 mM but not at the 2.5 mM concentration
which was inhibitory when those amino acids were tested in
pure form. Threonine-based animal feed supplements displayed
the lowest inhibitory activity being only active at the highest
concentration tested and therefore it was not included for further
tests.

Potential Reversible Effects of Amino
Acid Herbicidal Activity by Other Amino
Acids
An in vitro experiment was conducted to verify that the herbicidal
activity identified in lysine, methionine, and tryptophan could
not be reversed by other amino acids potentially present in the
crop rhizosphere. Figures 5, 6 show that methionine inhibition
of O. minor germination and radicle growth was not reversed by
any other amino acid tested resulting the amino acid mixtures
in equal or higher O. minor inhibition levels when compared
to their respective methionine control solutions. The lysine or
tryptophan control solutions induced complete inhibition of
O. minor germination and radicle growth and this herbicidal
activity was not counteracted by addition of any other amino acid
(data not shown).

Timing of Amino Acid Application
Amino acid inhibition of weed parasitism targets early parasitism
stages, i.e., germination and host attachment. The kinetics of
clover infection by O. minor in relation with temperature under
field conditions in Burgundy (France) was determined by regular
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FIGURE 3 | Influence of amino acid treatments on O. minor radicle growth in vitro. Treatment solutions of alanine, arginine, aspartate, cysteine, glutamic
acid, glutamine, glycine, histidine, homoserine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, and valine along
with a germination stimulant GR24 were applied to O. minor seeds at a range of 5–1.25 mM and their activity in growth reduction rated 7 days later in each of three
replicated disks and expressed as a percent of the untreated control activity. Analysis of variance was applied to transformed replicate data. ∗ Indicates differences of
each treatment compared with the control assessed by Dunnett’s test at the 0.05 level.

FIGURE 4 | Effects of lysine-, methionine hydroxyl analog-, threonine-, and tryptophan-based feed supplements in O. minor in vitro development. (A)
Inhibition of O. minor germination. (B) Inhibition of O. minor radicle growth. ∗ Indicates differences of each treatment compared with the control (2.5 mM methionine
treatment) assessed by Dunnett’s test at the 0.05 level.

inspections of clover root system from clover sowing. Table 1
shows dates transformed to soil and air GDD for O. minor
germination, radicle adhesion to clover root surface, host
penetration, vascular connection, tubercle formation, full spider
stage development (Figure 1). In addition to characterization
of temperature-related underground development of O. minor
in real farming conditions in Burgundy, these measurements
allowed us to determine an adequate timing for amino acid
treatments at 282 GDD air/308 GDD soil (corresponding to
clover-induced O. minor germination) and 494 GDD air/543
GDD soil (corresponding to initiation of O. minor radicle
penetration into clover root).

Effect of Amino Acid Field Treatments in
the Parasitism of O. minor in Red Clover
A field experiment in Burgundy was conducted to study the
effects of amino acid treatments (lysine, methionine, methionine

hydroxyl analog, and tryptophan) at concentration (20 and
10 mM) on O. minor field emergence (Figure 7). In control-
plots, an average of 21 O. minor plants emerged per square meter
of soil surface. The stronger herbicidal activity observed in vitro
by lysine and tryptophan relative to that induced by methionine
was not validated in the field. Lysine- and tryptophan-based
treatments at 10 mM did not reduce O. minor emergence in
field. Increasing the concentration of lysine and tryptophan up to
20 mM lead, respectively, to 37 and 39% reductions of O. minor
emergence with respect to the O. minor emergence observed in
the control. By contrast, methionine-based formulations were
more effective in reducing O. minor field parasitism. Methionine
at 20 mM either as L-methionine pure form or as methionine
hydroxyl analog (formulations 1 and 2) respectively, reduced
by 67, 65, and 60% the emergence of O. minor in comparison
with the control. The inhibitory activity was maintained over
40% in methionine hydroxyl analog formulations when applied
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FIGURE 5 | Rescue of methionine inhibition of O. minor germination induced by application of 2.5mM of alanine, arginine, aspartate, cysteine,
glutamic acid, glutamine, glycine, histidine, homoserine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan,
tyrosine, and valine. ∗ Indicates differences of each treatment compared with the control (germination observed in 2.5 mM methionine treatment) assessed by
Dunnett’s test at the 0.05 level.

at 10 mM. None of the tested amino acid formulations were
inhibitory to clover plants.

Induction of Clover Resistance: A
Potential Enhancement of Herbicidal
Efficacy
We studied the possibility that methionine could inhibit
the invasion of O. minor haustorium into clover roots by
inducing a resistant reaction in clover. Table 2 shows the
results of microscope observation of O. minor infection on
roots of methionine-treated clover plants. Despite methionine-
treated clover plants did not show significant symptoms of
hypersensitive-like response at the host-parasite interface, the
O. minor infection success m as the percentage of successful
host-parasite vascular connections out of total parasitic radicles
that made contact with host roots was slightly but significantly
reduced in methionine-treated clover plants in comparison with
control clover plants. The parasitic development beyond vascular
connection measured as the percentage of vascular connections
that developed into spider stage was not affected by methionine
treatment.

DISCUSSION

Herbicidal activity of amino acids has been studied previously
being the amino acid delivered either by root exudation of

allelopathic plants (Bertin et al., 2007) or by over-excreting
pathogens (Nzioki et al., 2016). Under laboratory conditions,
exogenous supply of amino acids to tomato rhizosphere inhibited
Phelipanche parasitism (Vurro et al., 2006). The present work
is consistent with those reports certifying the value of amino
acids for weed control by studying for the first time the direct
field delivery of amino acids as a management strategy against
O. minor parasitism in red clover.

We have investigated some of the main mechanisms
potentially involved in the weed inhibition activity. Previously,
the germination sensitivity of the parasitic plant P. ramosa to
amino acid inhibition was described in vitro (Vurro et al., 2006).
We tested the hypothesis that amino acid inhibition and effective
doses vary depending on the broomrape species targeted. In
in vitro assays, O. minor germination was strongly inhibited
by lysine, phenylalanine and tryptophan but not affected by
any other amino acid at the concentration range tested except
when assayed at the highest concentration at which O. minor
seeds showed sensitivity to alanine, cysteine, histidine, isoleucine,
leucine, methionine and tyrosine. Although the effective doses
differ, our results are in agreement with those reported for
P. ramosa by Vurro et al. (2006) in that lysine, methionine,
alanine, and histidine have the potential to inhibit broomrape
germination. In contrast, O. minor sensitivity differs in that
several amino acids such as proline and glycine, reported to be
strong inhibitors of P. ramosa (Vurro et al., 2006), do not inhibit
O. minor germination certifying that patterns of germination
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FIGURE 6 | Rescue of methionine inhibition of O. minor radicle growth induced by application of 2.5mM alanine, arginine, aspartate, cysteine,
glutamic acid, glutamine, glycine, histidine, homoserine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan,
tyrosine, and valine in in vitro assays. ∗ Indicates differences of each treatment compared with the control (radicle growth observed in 2.5 mM methionine
treatment) assessed by Dunnett’s test at the 0.05 level.

TABLE 1 | Growing degree-days (GDD) accumulated since clover sowing at each O. minor parasitism stage observed based on measurements of soil
temperature (5 cm below the soil surface) and air temperature (1 m above soil surface).

O. minor parasitism stages

Growing degree
days (GDD) (C)

Clover
emergence

Germination Radicle
adhesion

Host
penetration

Vascular
connection
established

Tubercle
development

Spider
stage

Shoot
meristem

April 15, 2015 April 29, 2015 May 5, 2015 May 13, 2015 May 19, 2015 May 28, 2015 June 2, 2015 June 9, 2015

GDD Soil 110.2 307.5 412.9 542.6 654.1 797.3 886.9 1035.6

GDD Air 100.1 281.9 385.2 493.5 581.7 703.7 788.0 938.3

inhibition triggered by exogenous amino acids differ between
broomrape species.

Although radicle growth inhibition by amino acids have been
reported before (Vurro et al., 2006; Fernández-Aparicio et al.,
2013), sensitivity of broomrape radicle growth to exogenous
amino acids have not been systematically studied before the
present work. Our in vitro screening demonstrated that the
process of radicle growth is more sensitive than germination
to amino acid inhibitory activity. In fact, every amino acid
tested except for glutamine, glutamic acid and aspartic acid,
promoted general levels of radicle growth inhibition at the
highest concentration tested. Applying each amino acid at
reduced concentrations allowed us to identify strong inhibitors,
many of them also being active as inhibitors of germination, i.e.,
lysine, phenylalanine, and tryptophan but also alanine, isoleucine,
histidine, leucine, methionine, and tyrosine. This indicates

that the inhibition phenomenon could be affecting common
metabolic pathways required for germination and radicle growth
processes. Amino acids that differentially targeted either the
processes of germination or radicle growth were identified less
frequently. Among them serine, threonine and valine inhibited
O. minor radicle growth but did not inhibit its germination at
the concentration tested while cysteine inhibited germination
but its activity in radicle growth was only observed at high
concentrations in which general inhibition was observed.

Although the direct delivery of phytoinhibitory amino acids
as alternative to synthetic herbicides is a promising weed control
strategy, it lacks field optimization (Sands and Pilgeram, 2009).
Among the in vitro-identified top inhibitory amino acids, the
commercial availability at a large scale of lysine-, methionine-,
and tryptophan-based supplements for animal feed enabled us to
select those amino acids as candidates for field research. Lysine
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FIGURE 7 | Influence of lysine, L-methionine, methionine hydroxyl analog, and tryptophan field treatments in the emergence of O. minor in red clover
during a field trial in Burgundy, France in 2014. ∗ Indicates differences of each treatment compared with the control assessed by Dunnett’s test at the 0.05 level.

TABLE 2 | Protective effect of methionine imbibition of red clover seeds against O. minor parasitism.

Clover seed
imbibition treatment

Total number of
O. minor tubercles

per clover plant

Infection
success (%)

Hypersensitive-like
response (%)

Necrosis of
tubercle (%)

‘Spider’
development (%)

Control 28.0 44.0 0.4 0.0 28.6

20mM L-methionine 17.4∗ 26.3∗ 1.5ns 0.0 29.3ns

and methionine are commonly called aspartate-derived amino
acids produced from aspartate in plants via a branched pathway
(Jander and Joshi, 2010). Tryptophan is an aromatic amino acid
synthesized via the shikimate pathway followed by the branched
aromatic amino acid metabolic pathway (Tzin and Galili, 2010).

For broomrape control, the inhibitory amino acid needs to
be delivered in the crop rhizosphere, the narrow region of soil
in which broomrape seed germination is triggered by crop root
exudates and the infectious radicle invades the crop root. Crop
root exudates are also a source of amino acids (Lesuffleur et al.,
2007) which could reverse the herbicidal effect due to complex
regulation events (Bonner and Jensen, 1997; Curien et al., 2005;
Jander and Joshi, 2010). Therefore, the broomrape vulnerability
observed in vitro to amino acid inhibition might have little
consequences in the natural environment if the herbicidal amino
acid co-exists in the rhizosphere with another amino acid that
abolishes the growth inhibition. Our in vitro results suggest
that the O. minor inhibition caused by lysine, methionine, and
tryptophan is not reversed by amino acids frequently exuded by
roots of clover and other crops.

The in vitro screening identified lysine and tryptophan as
strong inhibitors of O. minor germination and radicle growth.

Those biological processes are crucial in the life cycle of
obligated parasitic weeds enabling host root recognition and
invasion. The germination inhibitory activity of methionine was
low, however, it strongly reduces the maximum length of the
infective radicle which also may lead to inhibition of broomrape
parasitism by inhibiting the capacity of the parasite to reach
and therefore invade the host (Vurro et al., 2006; Fernández-
Aparicio et al., 2013). Because amino acid treatments target those
highly coordinated but ephemeral parasitic stages the timing
of application is instrumental for the success of this technique
especially in light of the fact that the persistence of amino acids
in agricultural soils is predicted to be low due to microbial
metabolization (Sands and Pilgeram, 2009). Development of
broomrape life cycle is highly synchronized with host phenology
and for each broomrape-crop association, temperature is the
main factor affecting such synchronization (Eizenberg et al.,
2005). GDD-based models for O. minor field development from
tubercle formation have been efficient in assisting the decision
of application timing of systemic herbicides (Eizenberg et al.,
2005; Lins et al., 2005). However, our amino acid treatment
targets earlier stages in Orobanche parasitism and therefore
in order to standardize adequate timing of amino acid field
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applications, we monitored in the field from clover sowing the
early underground stages of O. minor parasitism. From the field
screening we determined that two applications of methionine
hydroxyl analog at the parasitic stages of germination and
host invasion suppressed O. minor parasitism. The suppressive
effect of methionine hydroxyl analog in field was better than
lysine and tryptophan formulations despite the fact that lysine
and tryptophan were better inhibitors of O. minor in vitro
development. Although faster microbial metabolization could
influence the lower effect of lysine and tryptophan relative
to methionine, we considered the possibility that besides the
direct effect of methionine in O. minor preattached seedling,
an additional mechanism could be protecting the crop through
a methionine-elicited mechanism of induced resistance against
O. minor penetration. In fact, methionine has been described
to elicit defense related enzymes and resistance in other crop-
pathogen associations (Sarosh et al., 2005). In order to dissect
the effect of methionine as potential elicitor of clover resistance
against O. minor from the methionine direct inhibitory effect
in O. minor germination and radicle growth we imbibed clover
seeds with methionine and cultivated the subsequent seedlings in
rhizotrons in absence of methionine. A hypersensitive response
was not observed at the O. minor-clover interface. However,
despite no difference being observed in the development of
O. minor pre-attached seedlings relative to the control, the
number of established parasites relative to the number of
parasitic seedlings that made contact with the host root was
significantly reduced in methionine-protected clover plants. This
study provides justification for molecular studies to unveil the
precise cause of the infection inhibition by methionine and offers

the possibility to refine the application conditions of amino acids
such as methionine-coated clover seeds.
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This study tested whether soil-applied biochar can impact the seed germination and
attachment of root parasitic weeds. Three hypotheses were evaluated: (i) biochar
adsorbs host-exuded signaling molecules; (ii) biochar activates plants’ innate system-
wide defenses against invasion by the parasite; and (iii) biochar has a systemic influence
on the amount of seed germination stimulant produced or released by the host
plant. Three types of experiments were performed: (I) pot trials with tomato (Solanum
lycopersicum) infested with Phelipanche aegyptiaca PERS. (Egyptian broomrape) and
three different types of biochar at concentrations ranging from 0 to 1.5% weight,
wherein tomato plant biomass, P. aegyptiaca biomass, and number of P. aegyptiaca-
tomato root attachments were quantified; (II) split-root biochar/no-biochar experiments
under hydroponic growing conditions performed in polyethylene bags with tomato plant
rootings, wherein P. aegyptiaca seed germination percentage and radicle attachment
numbers were quantified; and (III) germination trials, wherein the effect of biochar
adsorption of GR-24 (artificial germination stimulant) on P. aegyptiaca seed germination
was quantified. Addition of biochar to the pot soil (Experiment I) resulted in lower levels of
P. aegyptiaca infection in the tomato plants, mainly through a decrease in the number of
P. aegyptiaca attachments. This led to improved tomato plant growth. In Experiment II,
P. aegyptiaca seed germination percentage decreased in the biochar-treated root zone
as compared with the no-biochar control root zone; P. aegyptiaca radicle attachment
numbers decreased accordingly. This experiment showed that biochar did not induce
a systemic change in the activity of the stimulant molecules exuded by the tomato
roots, toxicity to the radicles, or a change in the ability of the radicles to penetrate the
tomato roots. The major cause for the decrease in germination percentage was physical
adsorption of the stimulant molecule by the biochar (Experiment III). Adding biochar
to soil to reduce infections by root parasitic weeds is an innovative means of control
with the potential to become an important strategy both for non-chemical treatment of
this family of pests, and for enhancing the economic feasibility of the pyrolysis/biochar
platform. This platform is often viewed as one of a handful of credible strategies for
helping to mitigate climate change.
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INTRODUCTION

The pyrolysis/biochar platform has enjoyed considerable
attention in recent years because it has the potential to convert
organic wastes into renewable energy, sequester atmospheric
carbon, and improve soil fertility. Yet, despite the intense and
continually expanding scientific and industrial interest in this
platform, it is still in an immature state, in part because much
remains to be learned regarding its potential for restoring soil
health and functioning. While the addition of biochar to soils has,
on average, a positive influence on crop growth and productivity,
some systems demonstrate negative or no effect of soil-added
biochar (Jeffery et al., 2011, 2017; Biederman and Harpole,
2013; Crane-Droesch et al., 2013). The mechanisms responsible
for such inconsistent results are far from understood. Adding
biochar to soil is known to create changes in the plant/root
zone/soil system that can affect plant performance and health
by virtue of a number of inter-related physical, chemical and
biochemical processes (Graber et al., 2014a), including (i)
nutrient supply and balance; (ii) soil pH and redox, (iii) soil
structure and functioning; (iv) microbial community structure;
(v) plant–microbe signaling; and (vi) release/sequestration of
phytotoxic, biotoxic, or bioactive compounds.

Biochar-elicited changes at the soil/root interface have been
found to play a role in activating plants’ innate defenses against
disease-causing microbial pathogens along multiple hormone
pathways (Meller Harel et al., 2012; Mehari et al., 2015).
Frequently, impacts on both plant resistance to disease and on
plant growth are related to biochar dose, with biochar exhibiting
a hormone-like effect of low dose stimulation and high dose
inhibition (Graber et al., 2014a; Jaiswal et al., 2015). Changes in
microbial community structure, functioning and diversity caused
by biochar additions are implicated in some of these effects
(Kolton et al., 2017). One of the ways in which biochar can alter
microbial community structure and dynamics is by adsorbing
compounds involved in bacterial intercellular signaling (Masiello
et al., 2013).

Generally, the adsorption ability of biochar greatly exceeds
that of native adsorbing phases in soils (Graber and Kookana,
2015). Adding a strong adsorbent such as biochar to the soil
thus can have considerable and varied impacts on the soil system.
This has been documented with respect to soil contaminants, pest
control products, and bacterial signaling molecules. The question
arises whether soil-applied biochar can interfere with plant–plant
or plant–bacteria communications, much the way it interferes
with bacteria–bacteria signaling, via adsorption deactivation of
signaling molecules.

One type of subsurface plant–plant interaction promoted by
signaling molecules is germination of root parasitic weed seeds
induced by chemicals released into the rhizosphere by the roots
of the host plants (Yoneyama et al., 2010). Seed germination
that relies on a host-specific signaling molecule precludes the
possibility that the seeds will germinate in the absence of the
host. This is crucial because the parasitic weed embryo will die
if its radicle does not attach itself to a host root within a distance
of only a few millimeters (Joel and Bar, 2013). Any process that
interferes with host-parasite signaling, such as adsorption of the

signaling molecule, or a change in the host production of the
signaling molecule, could influence germination of parasitic weed
seeds and hence, the intensity of infection.

To the best of our knowledge, the effect of biochar on weed
growth has been studied only in autotrophic (Major et al.,
2005; Adams et al., 2013; Soni et al., 2014) and hemiparasitic
weed species (Smith and Cox, 2014). Neither of these types
requires host-specific signaling molecules for seed germination.
In contrast, root parasitic weed seeds can only germinate when
they sense the presence of the host-exuded signaling molecules.

Lacking photosynthetic activity, root parasitic weeds rely
wholly on the host plant for their germination, nutrition and
water (Parker, 2013). They are a serious threat to many important
crops, including tomato, potato, sunflower, canola, fava bean,
pea, carrot and more. By and large, there are only a few
effective treatment options for such weeds, and these options are
neither economically viable nor ecologically sound. For example,
Phelipanche aegyptiaca in open field tomatoes and Orobanche
cumana in sunflower can be effectively controlled with herbicides
delivered via drip irrigation system or by soil fumigation, but
doing so requires advanced technologies (Eizenberg et al., 2012)
and is expensive (700 to 7,000€ per ha). Today, no solutions for
P. aegyptiaca management in organic farming and in greenhouse
tomatoes are available, particularly in the Mediterranean basin
(e.g., Turkey, Greece, Italy, Spain, Morocco and Israel), where
infestation with P. aegyptiaca and P. ramosa is rampant (Parker,
2013). Both organic tomatoes and greenhouse tomatoes are
attractive high cash crops for farmers.

The current study represents the first test of whether soil-
applied biochar impacts the germination, attachment, and
development of root parasitic weeds. P. aegyptiaca PERS.
(Egyptian broomrape) in tomato (Solanum lycopersicum) was
selected as the test case. Specifically, we evaluated three
hypotheses, each of them involving a mechanism that could affect
the extent of broomrape infection under biochar application:
(i) biochar adsorbs host-exuded signaling molecules; (ii) biochar
activates plants’ innate system-wide defenses against invasion by
the parasite; and (iii) biochar has a systemic influence on the
amount of seed germination stimulant produced or released by
the host plant.

MATERIALS AND METHODS

Biochars
Three types of biochar were tested: (i) biochar produced from
wastes of greenhouse pepper plants in a modified slow pyrolysis
unit (All Power Labs, San Francisco, CA, United States) at a
highest treatment temperature (HTT) of c. 350◦C, designated
herein as GHW-350 (lab no. B8, GHW-350.5); (ii) biochar
produced from the same wastes in the same unit at an HTT of c.
600◦C; designated herein as GHW-600 (lab no. B9, GHW-600.2);
and (iii) biochar produced from shredded date palm fronds
using a home-made top-lit up-draft (TLUD) gasifier based on
the ELSA design of Blucomb (Udine, Italy1) at an HTT of c.

1www.blucomb.com
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650◦C; designated herein as PALM-650 (lab no. D3, PALM-
650.1). The two biochar feedstocks are common agricultural
wastes in Israel and are candidates for pyrolysis solutions. These
wastes are produced in the same geographical areas as are crops
suffering from root parasitic weed infestations. Physical and
chemical characteristics of the biochars [specific surface area
(SSA), iodine number, inorganic matter content, solution pH,
solution electrical conductivity, inorganic C, organic C, and
element analysis] were determined according to methods in
Graber et al. (2014b) and are reported in Table 1.

Tomato-Broomrape Pot Trial
Tomato plants were grown in soil infested with P. aegyptiaca
seeds and treated with various levels of different biochars to
determine if the biochars had any effect on P. aegyptiaca
attachment and biomass, and tomato plant development. Tomato
(S. lycopersicum) cv. 4343 (non-terminated type; Adama, Israel)
was used. P. aegyptiaca inflorescences were collected from a
broomrape-infested tomato field (Mevo Hama, Israel). Prior to
the pot trial, P. aegyptiaca seed germination rates were confirmed
to be 84% when treated with 10−6 M synthetic germination
stimulant, GR-24.

Biochars were mixed with a naturally fertile, clay-rich soil
(55% clay, 25% silt, 20% sand, 2% organic matter, pH 7.2) from
the north of Israel in a cement mixer at 0, 0.15, 0.3, 0.9, and 1.5%
by dry weight. P. aegyptiaca seeds were mixed with the dry soil-
biochar mixtures at an infestation rate of 15 mg seeds/kg soil
mixture. Three control treatments were included: (i) no biochar
and no P. aegyptiaca infestation; (ii) no biochar and P. aegyptiaca
infested; and (iii) biochar at 1.5% and no P. aegyptiaca infestation.

Forty-day old tomato seedlings were transplanted into 2 L pots
filled with the various soil mixtures and grown between April and
July 2014 in a net house with irrigation as required. No additional
nutrients or chemicals were added. The pots were arranged
randomly in a single block. Sixty days after the seedlings were
transferred, the soil was removed, tomato roots were washed,

TABLE 1 | Physical and chemical characteristics of the biochars.

Characteristic Units GHW-350 GHW-600 PALM-650

Specific surface area (SSA) m2/g 1.3 2.9 9.0

Iodine number mg/g n.a.+ 93 108

Mineral content (Ash) % 61.0 77.5 63.2

pH# Units 8.5 10.5 8.5

EC# mS/s 7.9 4.2 4.1

C inorganic % 4.1 6.7 2.2

C organic (Corg)∗ % 44.0 24.4 62.9

H∗ % 3.3 1.1 2.2

N∗ % 3.5 1.6 1.4

S∗ % 1.7 1.0 1.0

H/Corg Molar ratio 0.90 0.55 0.42

The biochars have high inorganic mineral contents because the feedstocks from
which they originated were grown under intense fertilization and irrigation with
saline water (3.5–4.5 mS/s). GHW refers to foliage and stems of greenhouse
pepper plants, and PALM refers to date palm fronds. +n.a. – not amenable
to determination. #pH and EC determined in 1:20 biochar:deionized water
suspension. ∗Corg, H, N, and S are reported on an ash-free basis.

and tomato and P. aegyptiaca dry above-ground biomass were
determined gravimetrically after drying to a constant weight at
60◦C. P. aegyptiaca attachments were gently removed from the
tomato roots and counted. A repeat experiment was conducted
between July and October 2014.

The experimental design and statistical analyses were carried
out according to Onofri et al. (2010). Experiments were arranged
in a two-factorial design (biochar type and concentration) with
six replications, and subjected to ANOVA testing. Because of
non-homogeneity of the variance, data were log transformed.
There was no significant experiment by treatment interaction,
therefore, results of the two repeat experiments were combined
and analyzed as 12 replications for each treatment. Means
comparison was carried out by Tukey–Kramer Honestly
Significant Difference (HSD) test at an α level of 0.05 computed
by JMP software (version 7).

Split Root Experiment in Polyethylene
Bags
Tomato seedlings were cultivated in polyethylene bags (PEB)
in a split-root type of arrangement that enabled evaluation of
whether biochar had any systemic impact on seed germination
or radicle attachment to the root. The PEBs were prepared
according to Parker and Dixon (1983) and modified as required
for this study. The root systems of 30-day-old tomato plants
were cut and the stems re-rooted in sterile water for 7 days.
P. aegyptiaca seeds were surface-sterilized for 3 min in 70%
ethanol followed by 1% sodium hypochlorite for 10 min, and were
then washed four times with sterile water. The upper half of a
10 cm × 22 cm sheet of glass fiber filter paper (Whatman, GF/A,
Whatman International Ltd., Maidstone, England) was uniformly
covered with 5 mL of a well-mixed biochar (GHW-350)/water
suspension at concentrations of 0, 0.05, and 0.1% (w/v). One
re-rooted plant was mounted onto each prepared filter paper,
with the upper part of the root zone on the biochar-containing
portion of the filter, and the lower part of the root zone on
the biochar-free portion of the filter. Sterilized P. aegyptiaca
seeds were then evenly scattered across the filter paper at a
concentration of 50 seeds per cm2. The plant-containing sheets
were inserted into a clear polyethylene bag to which 20 ml of
sterilized half-strength Hoagland nutrient solution (Hoagland
and Arnon, 1950) was added. The experimental setup is depicted
schematically in Figure 1. The PEBs were placed in a growth
chamber under a 16/8 h day/night condition at 24◦C and were
nourished twice weekly from the top of the bag with 20 to 30 ml
half strength Hoagland nutrient solution as required.

After 14 and 21 days, a binocular microscope (DZ, Zeiss,
Germany) at 40× magnification was used to detect seed
germination and root attachment, respectively. The percentage
of germinated seeds and number of radicle attachments along the
main tomato root were recorded.

Two identical experiments were performed in series; in both,
the PEBs were arranged in completely randomized design in four
replicates. No experiment–treatment interaction was detected;
therefore, results of experiments were combined and analyzed as
8 replicates by 2-way ANOVA. Means comparison was carried
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FIGURE 1 | Schematic representation of the split-root polyethylene bag
experimental design.

out by Tukey–Kramer HSD test at an α level of 0.05 computed by
JMP software (version 7).

Activity of the Synthetic Stimulant GR-24
as Affected by Adsorption on Biochar
GR-24 is a standard artificial stimulant used to evaluate parasitic
weed seed germination under laboratory conditions. Typically,
the germination rate in response to GR-24 is higher than the
germination rate in the natural environment. The ability of
biochar to adsorb the seed stimulant molecule, GR-24, and
hence interfere with seed germination, was evaluated using a
P. aegyptiaca seed germination test. P. aegyptiaca seeds were
surface-sterilized as before. About 50–70 seeds were scattered on
the surface of a GF/A disk (9 mm diameter). A total of 48 disks
were prepared, the disks were placed in sterile plastic Petri dishes
(50 mm diameter) at 4 disks per dish (12 total dishes). Each
disk was wetted with 32 µl sterile water. The Petri dishes were
closed and then sealed with Parafilm and covered completely in
aluminum foil; the seeds were thusly conditioned at 22◦C for
7 days. Following the conditioning phase, the seed-bearing disks
were blotted and transferred to new Petri dishes, 4 per dish, for
subsequent treatment by the test solutions.

Sixteen different treatment solutions were prepared by adding
finely ground biochar (GHW-350) at different levels (0, 0.005,
0.01, and 0.05% by weight) to solutions of GR-24 prepared in
Millipore water at desired initial nominal GR-24 concentrations
(10−7, 10−8, 10−9, and 10−10 M). The biochar/GR-24 water
suspensions were kept at pH 7 and shaken at room temperature

for 2 h, and then filtered using Millipore PVDF 0.2 µm
filters to remove the biochar. By maintaining a neutral pH,
any potential alkaline deactivation of the GR-24 stimulant was
avoided. Aliquots (26 µl) of the filtered treatment solutions
were applied to the preconditioned seed disks (4 per petri
dish), the dishes were sealed and incubated as before. Each
petri dish was arranged as a block containing one disk each
of the four filtered test solutions (0, 0.005, 0.01, and 0.05%
by weight); there were three replicate blocks for each GR-24
concentration.

Phelipanche aegyptiaca seed germination was quantified after
7 days exposure to the GR-24 solutions by counting total and
germinated seeds under a binocular microscope. Two identical
experiments were performed consecutively, both arranged in
block design in three replicates. No experiment–treatment
interaction was detected; therefore, results of experiments were
combined and analyzed as 6 replications by 2-way ANOVA in
blocks. Means comparison was carried out by Tukey–Kramer
HSD test at an α level of 0.05, computed by JMP software
(version 7).

RESULTS

Pot Trials
Under non-infested conditions, the addition of GHW-600
biochar at 1.5% resulted in a significant increase in tomato plant
biomass as compared with the no-biochar, non-infested control
(Figure 2). The addition of the other two biochars (GHW-350
and PALM-650) at 1.5% had no significant impact on tomato
plant growth compared with the no-biochar, non-infested control
(Figure 2).

FIGURE 2 | Effect of biochar type (X-axis) and P. aegyptiaca (Egyptian
broomrape) infection on tomato plant biomass (Y-axis). Histogram bars give
the mean tomato plant wet weight in g per plant at biochar dose of 1.5 wt%.
Means labeled by different lowercase letters (non-infected) are significantly
different according to the Tukey HSD test (α = 0.05). Means labeled by
different uppercase letters (infected) are significantly different according to the
Tukey HSD test (α = 0.05). The asterisk (∗) indicates a significant difference at
α = 0.05 between the biomass of infected and non-infected tomato plants
within a given biochar treatment.
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FIGURE 3 | Phelipanche aegyptiaca (Egyptian broomrape) infection parameters [biomass in dry weight in g/pot, (A–C), and attachments in number/pot, (D–F)]
versus biochar concentration (wt%) for the three different biochars. Experiments were arranged in a two-factorial design (biochar type and concentration) with six
replications and subjected to ANOVA testing. Means comparison was carried out by Tukey–Kramer Honestly Significant Difference (HSD) test at an α value of 0.05
computed by JMP software (version 7). Means labeled by different letters are significantly different according to the HSD test.

Under P. aegyptiaca infestation, additions of GHW-350 and
PALM-650 biochars resulted in increases in tomato plant biomass
as compared with the no-biochar, infested control (Figure 2).
In contrast, addition of the GHW-600 biochar did not improve
tomato plant growth compared with the no-biochar, infested
control treatment (Figure 2).

Compared with the no-biochar controls, all three biochars
added at 1.5% caused a reduction in P. aegyptiaca biomass
(Figures 3A–C), while both GHW biochars also reduced
P. aegyptiaca biomass when added to the soil at 0.9%
(Figures 3A,B). P. aegyptiaca attachments were reduced at 0.9
and 1.5% biochar doses for all three biochar types compared with
the no-biochar controls (Figures 3D–F).

A negative relationship between number of attachments
and biochar dose, pooled for all three biochars, was revealed
(Figure 4). The higher biochar doses (0.9 and 1.5% by weight)
effected a reduction in number of attachments to circa 35% of the
number in the biochar-less control. Moreover, a positive linear
relationship between number of attachments and P. aegyptiaca
biomass was detected, with higher biochar dose treatments
having fewer attachments and lower biomass (Figure 5). There
was no general trend in efficacy amongst the three biochars
(Figure 5).

Split-Root PEB Experiments
In the split root experiment, the percentage of P. aegyptiaca
seeds that germinated was the same in both the upper and
lower parts of the negative control treatment (no biochar on
either upper or lower parts; Figure 6). Moreover, the germination
percentage in the negative control was indistinguishable from
that in the no-biochar lower parts of the test treatments
(Figure 6). In the biochar-exposed upper parts, however, the
germination percentage was strongly reduced compared with
that in the no-biochar lower parts, and as compared with the
negative control (no biochar on either upper or lower part;
Figure 6). This same effect was observed at both levels of
biochar addition (Figure 6). The number of radicle attachments
(parasites per plant) was linearly related to the seed germination
percentage across the whole root, including biochar-exposed
and biochar-free parts (Figure 7). This linear relationship
demonstrates that the biochar was not toxic to the sensitive
radicle. The results also demonstrate there was no direct or
systemic effect of biochar on the penetrability of the root
membrane. Together, these results show that addition of biochar
reduced seed germination, and it is the reduction in seed
germination that caused the reduction in number of radicle
attachments.
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FIGURE 4 | Phelipanche aegyptiaca (Egyptian broomrape) attachments
(number/pot) in the root zone relative to the no-biochar, infested control as a
function of biochar dose. Results for the three biochar types are pooled. The
fitted line is a first order exponential decay curve of the form y = y0 + Ae−x/t1 ,
where y0 is 26.4, A is 91.1, and t1 is 0.43, R2 = 0.995.

FIGURE 5 | Phelipanche aegyptiaca (Egyptian broomrape) attachments
(number/pot) versus P. aegyptiaca biomass (dry weight in g/pot). Biochar
concentrations are depicted in symbols of different colors and shapes (as
given in legend), and each data point is labeled according to its biochar type
(given in legend). One outlier (encircled red dot labeled with the number 3) is
excluded from the regression.

Effect of GR-24 Sorption on Biochar on
Germination of P. aegyptiaca Seeds
In the no-biochar control solutions of GR-24, the maximally
effective concentrations of GR-24 were 10−8 and 10−7 M (78%
of P. aegyptiaca seeds germinated; Figure 8). In the GR-24
solutions to which biochar had been added at the two highest
doses (0.01 and 0.05% biochar), P. aegyptiaca seed germination

FIGURE 6 | Split-root experimental results. ‘UP’ signifies the upper portion of
the root zone and ‘DOWN’ signifies the bottom portion of the root zone. In the
Control treatment, neither UP nor DOWN were exposed to biochar. In the two
biochar treatments (Biochar 0.1% and biochar 0.05%), the UP part was
exposed to the specified concentration of biochar; the DOWN part was free of
biochar. The Y-axis gives the percentage (%) of P. aegyptiaca (Egyptian
broomrape) seeds that germinated. Results of two experiments were
combined and analyzed as 8 replicates by 2-way ANOVA. Means comparison
was carried out by Tukey-Kramer Honestly Significant Difference (HSD) test at
an α level of 0.05 computed by JMP software (version 7). Means labeled by
different letters are significantly different according to the HSD test.

FIGURE 7 | Split-root experimental results. The X-axis presents the
percentage (%) of P. aegyptiaca (Egyptian broomrape) seeds that germinated
in both UP and DOWN portions of all three treatments; the Y-axis presents
the number of attachments of P. aegyptiaca in both UP and DOWN portions
of all three treatments. Error bars in both X- and Y-axis directions denote the
standard error of the mean, represented by the data points.

was substantially reduced compared with the no-biochar control
solutions (Figure 8). Indeed, at the highest biochar dose (0.05%),
germination percentage was decreased by the equivalent of two
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FIGURE 8 | Phelipanche aegyptiaca (Egyptian broomrape) seed germination
percentage (Y-axis) as a function of GR-24 initial concentration (M) (X-axis) at
different additions of GHW-350 biochar (%); mean and standard error (bars)
are presented. Least significant difference (LSD) values (in %) based on the
Tukey-Kramer HSD test (P ≤ 0.05) are as follows: for GR24 concentration of
10−10 = 6.9; 10−9 = 11.4; 10−8 = 10.2; 10−7 = 14.4.

orders of magnitude in GR-24 concentration. This is apparent
in Figure 8, where the same percentage of P. aegyptiaca seeds
germinated in the solution having an initial concentration of
10−7 M GR-24 plus 0.05% biochar, as in the solution having
an initial concentration of 10−9 M GR-24 and no biochar.
Even the lowest biochar dose, 0.005%, resulted in a decrease
in P. aegyptiaca seed germination by about 25% at an initial
concentration of GR-24 of 10−9 M in comparison with the
no-biochar added control. Insomuch as the pH in all the test
solutions was held at a constant neutral value, it is apparent that
the stimulant molecule was not alkaline-deactivated. The results
show that reduced germination of P. aegyptiaca seeds in biochar-
treated GR-24 solutions is a result of reduced GR-24 solution
concentration due to its adsorption on the biochar.

DISCUSSION

In sum, the results shows that biochar added to the soil can
reduce the extent of P. aegyptiaca infection in tomato, mainly
by reducing P. aegyptiaca seed germination due to adsorption
of the stimulant molecule on the biochar. The reduction in seed
germination leads to a decrease in P. aegyptiaca attachments,
which in turn leads to a decrease in P. aegyptiaca biomass. What is
more, some types of biochar can contribute to improved tomato
plant growth and development even in the event of P. aegyptiaca
infestation. It was found that all three tested biochars exhibited
similar abilities to reduce P. aegyptiaca attachments and biomass,
which reflects their essential similarity in the physical and
chemical attributes that are important for sorption, namely
specific surface area and iodine number (Table 1).

In theory, there are a number of ways by which biochar
could interfere with the germination of root parasitic weed
seeds such as broomrape and Striga spp.: (1) Physically adsorb
signaling molecules, preventing them from reaching the seeds;
(2) Chemically inactivate the signaling molecules; (3) Release
chemicals that are toxic to the seeds or interfere with stimulant
receptor recognition; (4) Induce reduction in host production
or exudation of the germination-signaling molecule; (5) Promote
changes in the rhizosphere microbiome that affect root parasitic
weed seed germination; and (6) Combinations of these factors.
However, all but the first of these possible mechanisms can be
eliminated from consideration in view of the results reported
herein.

One of the outcomes of the split-root experiment is that
biochar had no effect on the host production or exudation
of the signaling molecule(s). This can be understood by
virtue of the fact that in the no-biochar part of the split
biochar/no-biochar systems, the extents of germination and
attachment were identical to those in the negative control
(no part of the root system exposed to biochar). Moreover,
the linear relationship between germination percentage and
number of radicle attachments across all the studied biochar
concentrations (0, 0.05, and 0.1%) shows the biochar was not
toxic to the radicle. Given that broomrape radicles are generally
more sensitive to toxins than are broomrape seeds (Timko and
Scholes, 2013), it can be assumed that the biochar also was not
toxic to the seeds. It is also apparent from these results that the
biochar had neither a systemic nor contact effect on the integrity
of the root membrane.

Some rhizosphere microorganisms can affect root parasitic
weed seed germination by competing for the signaling molecules,
for example, arbuscular mycorrhizal fungi (AMF). Many of the
compounds that activate root parasitic weed seed germination
(such as flavonoids, sesquiterpenes, and strigolactones) are
similar to or the same as those that stimulate growth and
branching in AMF (Akiyama et al., 2005; Bucher et al., 2009).
Biochar additions to soil are known to affect AMF abundance,
and it was recently suggested that this is due to biochar
adsorption of inhibitory or signaling compounds (Thies et al.,
2015). While levels of microorganisms such as AMF that can
compete with weed seeds for exuded stimulant molecules were
not determined in these experiments, it is known that AMF do
not develop in well-nourished semi-sterile hydroponic systems
such as those employed (Gomez-Roldan et al., 2008). This means
there is little likelihood that microorganisms such as AMF out-
competed the seeds for the germination stimulant molecule.

The active chemical moiety of the synthetic stimulant GR-
24 is the lactone ring, which can open at elevated pH and lose
its stimulant activity (Yoneyama et al., 2013). However, pH was
maintained at 7 in the adsorption/germination experiment. Thus,
the totality of the experiments points toward physical adsorption
of the signaling molecules by the biochar as being the major factor
responsible for the reduction in germination of the root parasitic
weed seeds.

Adding biochar to soil represents the first-ever ecological
approach to root parasitic weed management. It is also suitable
for organic agriculture. The potential of this discovery may be
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far-reaching. For example, the use of biochar may make it
unnecessary to develop root parasitic weed resistant crops such
as those based on the absence of in planta production of
germination stimulant chemicals (Dor et al., 2009), particularly
as such mutant plants often have irregular branching and growth
patterns. It is possible that adding biochar can help offset
temperature-dependent losses of natural resistance observed in
various broomrape resistant varieties (Eizenberg et al., 2003).
Reducing broomrape germination and parasitism by using
biochar could potentially minimize the development of new
virulent broomrape races (Pérez-de-Luque et al., 2009).

It is worthwhile noting that the use of biochar for ecological
weed control will be effective only for root parasitic weeds that
need chemical stimulation for germinating their seeds. When
a stimulant is not required for seed germination, such as for
autotrophic plants, adding biochar has not been an effective
approach for weed control (Major et al., 2005). This is because,
like with other non-parasitic plants, biochar mainly has a neutral
or stimulating effect on autotrophic weed growth. Nor was
biochar found to be an effective treatment for reducing the
biomass of the hemiparasitic yellow rattle weed (Smith and Cox,
2014). The yellow rattle also does not require a host-derived
stimulant molecule for germination of its seeds.

CONCLUSION

The finding that small additions of various biochars to soil
can significantly reduce infection by the root parasitic weed,
P. aegyptiaca, in tomato, portends an innovative means of
ecological control over such pests and justifies testing additional
host-parasite systems under horticultural and field conditions.
The major mechanism responsible for biochar interference with
parasitic weed seed germination is adsorption of the stimulant
molecule. Hence, it will be straightforward to design biochars
having high adsorption capacities specifically for this application.
To date, the pyrolysis/biochar platform is widely viewed as a

potentially important tool for global climate change mitigation;
however, it still does not enjoy widespread implementation, in
part because the benefits of biochar addition to soil are not yet
well-understood, and in part because the costs of biochar use in
agriculture are still too high. The ability of biochar to decrease
infection by parasitic weeds in important crops may change
treatment strategies for this family of parasites, and also enhance
the economic feasibility of biochar use in agriculture, and as a
result, of the pyrolysis/biochar platform in its entirety.
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Broomrapes (Phelipanche spp. and Orobanche spp.) are holoparasitic plants that cause
tremendous losses of agricultural crops worldwide. Broomrape control is extremely
difficult and only amino acid biosynthesis-inhibiting herbicides present an acceptable
control level. It is expected that broomrape resistance to these herbicides is not long in
coming. Our objective was to develop a broomrape control system in tomato (Solanum
lycopersicum L.) based on the plant growth regulator maleic hydrazide (MH). Petri-dish
and polyethylene-bag system experiments revealed that MH has a slight inhibitory effect
on Phelipanche aegyptiaca seed germination but is a potent inhibitor of the first stages
of parasitism, namely attachment and the tubercle stage. MH phytotoxicity toward
tomato and its P. aegyptiaca-control efficacy were tested in greenhouse experiments.
MH was applied at 25, 50, 75, 150, 300, and 600 g a.i. ha−1 to tomato foliage grown
in P. aegyptiaca-infested soil at 200 growing degree days (GDD) and again at 400 GDD.
The treatments had no influence on tomato foliage or root dry weight. The total number
of P. aegyptiaca attachments counted on the roots of the treated plants was significantly
lower at 75 g a.i. ha−1 and also at higher MH rates. Phelipanche aegyptiaca biomass
was close to zero at rates of 150, 300, and 600 g a.i. ha−1 MH. Field experiments were
conducted to optimize the rate, timing and number of MH applications. Two application
sequences gave superior results, both with five split applications applied at 100, 200,
400, 700, and 1000 GDD: (a) constant rate of 400 g a.i. ha−1; (b) first two applications at
270 g a.i. ha−1 and the next three applications at 540 g a.i. ha−1. Based on the results
of this study, MH was registered for use in Israel in 2013 with the specified protocol and
today, it is widely used by most Israeli tomato growers.
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INTRODUCTION

Broomrapes (Phelipanche spp. and Orobanche spp.) are
holoparasitic plants that parasitize many dicotyledonous crops,
causing tremendous losses in crop yield and quality worldwide
(Joel et al., 2007). The parasite produces tiny seeds (0.2–0.3 mm)
that remain viable in the soil for many years and germinate in
response to substances—mostly are strigolactones—secreted
from plant roots (Xie et al., 2010). The germinating seed produces
a radicle that grows and reaches the root surface and produces
a haustorium (the attachment stage). Intrusive haustorium cells
penetrate the host root via enzymatic activity and physical force
and form connections between the vascular systems of the host
and parasite. The parasite develops into a tubercle that grows
underground on the host root surface, sucking all of its nutrient
needs from the host. Toward the end of its life cycle, the parasite
develops flowering shoots that emerge aboveground, producing
hundreds of thousands of seeds per plant (Parker and Riches,
1993).

Several methods were suggested for broomrape management
that may be classified to resistant varieties, cultural, physical,
biological, and chemical control by herbicides (Dhanapal et al.,
1996; Ali, 2007). Resistant varieties and chemical control are
probably the most commonly used commercially. Effective
chemical control of broomrape is extremely difficult to achieve
because these plants are anatomically and physiologically
connected to the host. In many cases, when a broomrape
sensitive crop is grown for the first time, the farmer is unaware
of the parasite’s presence or infestation level in the field
until broomrape shoots appear aboveground, at which point
it is too late because most of the damage has already been
done. In addition, control of aboveground shoots is much
more difficult than at early developmental stages (Eizenberg
et al., 2013). For effective control with systemic herbicides,
the host should be highly selective to the herbicide without
reducing the latter’s phytotoxicity as it passes through the host
conductive tissues toward the roots (Joel et al., 2007). Broomrapes
are chlorophyll-lacking parasites. Therefore photosynthesis-
inhibiting herbicides cannot be used because there is no
target site. To date, only amino acid biosynthesis-inhibiting
herbicides have been used successfully to control broomrapes at
a commercial level. These include imidazolinones, sulfonylureas,
and glyphosate (Eizenberg et al., 2013). Imidazolinones and
sulfonylureas inhibits acetolactate synthase (ALS), also known
as acetohydroxy acid synthase (EC 4.1.3.18), a key enzyme in
the biosynthesis of the branched-chain amino acids leucine,
isoleucine and valine – HRAC group B (Herbicide Resistance
Action Committee [HRAC], 2010). Glyphosate inhibits the
enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS;
EC 2.5.1.19), which is essential for the synthesis of the aromatic
amino acids phenylalanine, tryptophan and tyrosine – HRAC
group G (Schönbrunn et al., 2001; Duggleby et al., 2008;
Herbicide Resistance Action Committee [HRAC], 2010).

Phelipanche aegyptiaca is a devastating parasite on
tomato (Solanum lycopersicum L., synonyms Lycopersicon
esculentum Mill.), that endangers the existence of the
processing tomato industry in Israel, among other countries

(Hershenhorn et al., 2009). Sulfosulfuron (SS) has been registered
in Israel for P. aegyptiaca control in tomato. Its usage involves
three split applications with precise timing, each application
followed by upper irrigation (Hershenhorn et al., 2009). The
herbicide is not active when applied on tomato foliage, probably
due to detoxification by a P450-type oxidase enzyme (Buker
et al., 2004). To be effective, the herbicide should be washed
into the soil so that it can establish direct contact with the
germinating P. aegyptiaca seeds (Eizenberg et al., 2004). This
method of control has several drawbacks. Any deviation from
the prescribed application timing may drastically reduce control
efficacy (Hershenhorn et al., 2009). Upper irrigation systems are
no longer in use for tomato growth as all fields are drip-irrigated,
so the farmer must invest in expensive irrigation equipment such
as moving pivots. In addition, SS has a long residual effect in
the soil, jeopardizing proper crop rotation. The upper irrigation,
which enhances disease development, the expensive equipment
needed, the precise timing and the long residual effect of SS in
the soil considerably limit the number of fields in which this
method is implemented in Israel.

Maleic hydrazide (MH; 1,2-dihydro-3,6-pyridazinedione) has
been extensively used as a commercial systemic plant growth
regulator and as herbicide since its introduction in 1949 (Schoene
and Hoffman, 1949). After application to foliage, MH is freely
translocated in plants to meristematic tissues, with mobility in
both phloem and xylem (Meyer et al., 1987). Its mode of action
in plants is not clear, although several hypotheses have been
proposed and investigated, such as inhibition of cell division by
mitotic disruption. Others have suggested that MH acts as an
anti-auxin, anti-gibberellin or regulator of auxin metabolism and
other plant growth regulators (Hoffman and Parups, 1964). Some
carcinogenic effects of MH in mice, rats and cultured human
lymphocytes raised a concern of its risks to man (Swietlińska
and Z̆uk, 1978; De Marco et al., 1995; Ribas et al., 1996). MH is
registered in the United States to control sprouting of potatoes
and onions, suckers in tobacco, and growth of weeds, grasses,
and trees in and along lawns, turf, ornamental plants, non-
bearing citrus, utility and highway rights-of-way, airports and
industrial land (Environmental Protection Agency [EPA], 1994).
MH is also registered in Europe (except Austria, Denmark,
Finland), Canada, Brazil, Argentina, China, Dominican Republic,
Israel, Malaysia, South Africa, and other countries as well for
sprout suppression on onion, shallot, garlic, carrots, and sprout
suppression and control of volunteers on potatoes (Boyd, 2006;
Coresta, 2014; European Food Safety Authority [EFSA], 2016).
Previous attempts to use MH for broomrape control were
reported in watermelon for P. aegyptiaca (Prokudina, 1976) and
P. aegyptiaca and P. ramosa in tobacco (Evtushenko et al., 1973a;
Danko, 1980; Lolas, 1986, 1994; Zhelev, 1988; Covarelli, 2002;
Brault-Hernandez and Mornet, 2007) with moderate to high
control efficacy. MH was also considered for dodder (Cuscuta
spp.) control on sugar beet (Evtushenko et al., 1973b).

The limited number of effective herbicides for broomrape
control and their extremely narrow range of modes of action,
make it hard to match an herbicide to a crop plant for successful
broomrape control. Glyphosate and ALS inhibitors are among
the most widely used herbicides in the world, resulting in the
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appearance of glyphosate- and ALS-herbicide-resistant weed
populations (Heap, 2014). This phenomenon greatly increases
the chances of developing sulfonylurea-, imidazolinone-, and
glyphosate-resistant broomrape races, because they are plants
with high level of genetic flexibility, especially in areas where the
herbicides are heavily used (Hershenhorn et al., 2009). Therefore,
there is an urgent need to find new agents that effectively control
broomrape by combining new modes of action with ease of use.
MH’s mode of action differs from ALS and EPSPS inhibition and
it has no residual soil effect.

The objectives of this work were: to study the effect of MH on
early developmental stages of P. aegyptiaca and its translocation
within tomato roots; and to optimize its ability to control of this
parasitic weed in tomato cultivation under greenhouse and field
conditions.

MATERIALS AND METHODS

Plant Material
Processing tomato (Solanum lycopersicom) cv. M82 seeds were
obtained from Tarsis Agricultural Chemicals Ltd. (Petah Tikva,
Israel). P. aegyptiaca seeds were collected in 2015 from Egyptian
broomrape inflorescences parasitizing tomato grown in Kibbutz
Mevo Hama, in the Golan Heights, northern Israel (32◦73′67′′N,
35◦65′52′′E). The inflorescences were left to dry at 23–35◦C for
2 months. The seeds were separated with a 300-mesh size sieve
(50 micron) and stored in the dark at 4◦C until use.

Petri-Dish Experiment
The experiments was conducted according to Hershenhorn
et al. (1997). P. aegyptiaca seeds were surface-sterilized in 70%
ethanol solution for 1.5 min, transferred to 1% hypochlorite
solution containing two drops of Tween 20 per 200 mL of
water for 12 min, and washed three times with sterile water.
The test was conducted in 45-mm-diameter Petri dishes, into
which 8-mm-diameter GF/A glass microfiber filter paper disks
(GFFP, Whatman International, Kent, UK) were placed on top
of two layers of filter paper. Approximately 50 P. aegyptiaca
seeds were placed on each disk. The Petri dishes were kept at
25◦C for 5 days for preconditioning after which excess water
was removed from the disks by blotting on a paper towel and
they were transferred to new Petri dishes. Then 250 µL of
the active isomer of GR24 (a synthetic strigol analog kindly
provided by Prof. Yoneyama, Weed Science Center, Utsunomiya
University, Utsunomiya, Japan) at a concentration of 10−6

M was added to each Petri dish. After 2 or 14 days the
experiments were initiated by adding 30 µL of MH solution
at concentrations of 1.4, 2.1, 2.8, 5.6, 11.2, or 22.4 mM to
each Petri dish. Petri dishes receiving 30 µL water served
as controls. Germ tube length of the radicle emerged from
the germinating seeds was measured under a stereoscopic
microscope at ×30 magnification 7 days after application
(DAA) of water or MH. The Petri dishes were kept during
the experiments in a growth chamber at 25◦C in the dark.
Each Petri dish contained five disks with three Petri dishes per
treatment.

Polyethylene-Bag (PEB) Experiments
Phelipanche aegyptiaca seeds were surface-sterilized as described
above and dispersed on a 14 cm × 20 cm glass microfiber filter
paper (70 seeds cm−2), equal to 20 000 seeds per 15 cm × 25 cm
PEB into which the filter paper was inserted. A window
(∼12 cm × 20 cm) was cut on one side of the bag face. The
cuts were taped over with masking tape. A 1-month-old tomato
seedling was planted in the PEB through the upper opening,
with the root system scattered over the filter paper containing
the broomrape seeds (Dor et al., 2007). Half strength Hoagland
solution was used to supplement the plant’s growth in the PEB
(Hoagland and Arnon, 1950). The bags were placed vertically
in a paper folder covered on all sides with an opaque black
polyethylene box to prevent light penetration into the root zone.
The boxes were kept in a growth chamber at 25◦C with 16 h/8 h
day/night conditions, and a light intensity of 77 µEi m−2 s−1.
Five milliliter of 10−5 M GR24 were applied 10 days after planting
(DAP). Broomrape attachments appeared on the tomato roots
1 week after application (WAA) of GR. GR24 was used to get
uniform and synchronized seed germination. At this stage, the
herbicides 0.5 µM imazapic (IM), 10 µM SS, and 75, 150, 300,
and 600 µM MH were injected onto the filter paper inside the
PEBs. In a second PEB experiment, the same previous doses of
IM, SS, and MH were applied at the tubercle stage, 2 WAA of
GR24. Observations were carried out 7 and 14 DAA. The number
of live and necrotic attachments on the surface of the filter paper
in the PEBs was counted and the number of tubercles smaller and
bigger than 3 mm was recorded under a stereoscopic microscope
at ×30 magnification. Each treatment included five replicates
(PEBs), each containing one tomato plant.

In the “double”-PEB system experiment, the plant’s roots were
divided between two bags designated A – bag containing roots
to which herbicide was applied, and B – bag containing the
non-treated portion of the plant’s roots. The number of healthy
and necrotic attachments was counted 14 DAA in bag A and B.
Each treatment included five replicates (five double PEBs), each
containing one tomato plant. Five milliliter of 10−5 M GR24
were applied 10 DAP. The herbicides IM (0.5 µM), SS (10 µM),
and MH (600 µM) were injected onto the filter paper inside the
bag A.

Greenhouse Experiment
Tomato seeds were germinated in styrofoam growing trays and
4 weeks after sowing, were transferred to 2.0-L pots (one plant
per pot) using soil from a field at Newe Ya’ar Research Center,
Israel (medium-heavy clay–loam soil containing, on a dry wt.
basis, 55% clay, 23% silt, 20% sand, 2% organic matter, pH
7.1), closely resemble soil characteristics of the field experimental
plots except for a somewhat higher send content. Osmocote
fertilizer (Osmocote R©, Scotts Miracle-Gro, Marysville, OH, USA)
at a concentration of 0.6% (w/v), and P. aegyptiaca seeds at a
concentration of 15 mg seed kg−1 soil, (∼2250 seeds kg−1) were
added to the soil. These components were mixed to homogeneity
in a cement mixer for 10 min. Control pots did not contain
P. aegyptiaca seeds. Soil temperatures in each experiment were
recorded hourly throughout the experiment with temperature
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data logger (HOBO data logger, Onset Computer Corporation,
Bourne, MA, USA) buried at one of the pots at 5 cm depth. The
pots were placed in a greenhouse and drip-irrigated as needed.
The experiments were arranged in a completely randomized
design with four replications (pots) per treatment. MH at rates
of 25, 50, 75, 150, 300, and 600 g a.i. ha−1 was applied twice at
200 (15 DAP) and 400 (30 DAP) growing degree days (GDD)
on tomato foliage at 200 L ha−1 using a motorized sprayer
equipped with a Tee Jet 8001E nozzle operated at a pressure
of 300 kPa. Temperatures were converted to GDD as follows:
GDD=6 (Tmean − Tbase), where Tmean is the mean daily soil
temperature (◦C) and Tbase is the base temperature (◦C). In this
study, we used Dong et al. (2008) Tbase value for tomato of 10◦C.

The experiment was terminated when broomrape
inflorescences in the non-treated control pots started to
develop seeds, about 7 WAA of the herbicide. The roots were
gently washed out of the pot and the number of broomrapes, and
fresh broomrape and root biomass were determined. Tomato
plants were harvested and foliage fresh and dry weights (dried
for 72 h at 72◦C) were determined at the end of the experiment,
80 DAP.

Field Experiments
Details of field experiments conducted between 2010 and 2012
at five locations in Israel (Ein Harod Ihud – three experiments,
and one experiment each in Hulata, Mevo Hama, Kibbutz Mesilot
and Havat Eden) are given in Table 1. All sites were plowed,
cultivated and leveled, with 1.93-m-wide raised beds. Tomato
plants were mechanically transplanted in two rows, 40 cm apart
with 35 cm between plants in each row, and watered with
the “Ra’am-Netafim” drip-irrigation system (Netafim Irrigation
Equipment & Drip Systems, Kibbutz Hatzerim, Israel), placed

between the two rows and comprised of a 17-mm diameter
tube with drippers every 30–50 cm, each emitting 3.5 L h−1.
Soil temperatures in each experiment were recorded hourly
throughout the growing season with temperature data loggers
buried at 5-cm depth in the middle of the experimental plot.
The experimental plots were 2 m wide and 10 m long, replicated
four times per treatment in a randomized block design. Pesticide
and herbicide treatments for non-parasitic weeds were applied
following the recommendations of the Israeli Extension Service.
MH was applied using a backpack sprayer equipped with a 2-m
spraying boom with Tee Jet 11015 nozzles (Spraying Systems
Co., Wheaton, IL, USA) calibrated to deliver 200 L ha−1 at
300 kPa (Echo SHR210, Echo Ltd., Lake Zurich, IL, USA). MH
application through the drip-irrigation system was conducted
with a Fertilizing pump connected to the drip-irrigation pipes
delivering 10 L h−1 and was conducted during the last hour of
the irrigation period. Non-treated plots served as controls. MH
application rates are given on Tables 2–4. In all experiments,
tomato plants were harvested manually from a 5-m length of bed
in the middle of each plot between late July and late September
according to fruit and field conditions. Phelipanche aegyptiaca
shoots were counted several times during the growing season.

Statistical Analysis
The Petri dish, PEB, greenhouse and field experiments were
conducted twice except the experiment for the tomato yield as
influenced by five split applications of MH at various rates which
was conducted in three locations. The results were subjected to
ANOVA using JMP software version 5.0 (SAS Institute Inc., Cary,
NC, USA). To meet the assumption on ANOVA, percentage data
were arcsine-transformed before analysis. On the graphs, back-
transformed means are presented. The results were compared

TABLE 1 | Details of field experiments conducted between 2010 and 2012 in five locations in Israel.

Location Ein Harod Ihud Hulata Mevo Hama Kibbutz Mesilot Havat Eden

Northern Israel

Region Jezreel Valley Hula Valley Golan Heights Beit She’an Valley

Coordinates 32◦56′0.31′′N, 33◦05′0.29′′N, 32◦73′67′′N, 32◦49′74′′N, 32◦28′28′′N,

35◦39′0.17′′E 35◦60′0.92′′E 35◦65′52′′E 35◦47′47′′E 35◦29′28′′E

Year 2010 2011 2012 2010 2011 2012 2012

Soil Medium-heavy Medium clay Medium-heavy Medium-heavy Medium-heavy

characteristics clay loam soil loam soil clay loam soil clay loam soil clay loam soil

Clay (%) 57.0 46.1 60.5 48.3 51.0

Silt (%) 20.7 30.2 24.8 26.9 24.0

Sand (%) 13.1 11.7 6.7 12.4 9.0

CaCO3 (%) 8.9 9.1 7.1 10.5 14.8

Organic matter (%) 1.0 2.9 0.9 1.9 1.2

pH 7.1 7.3 7.1 7.4 7.1

Variety 5811 5811 LRT 8892 9205 5811 2549

3715

Planting date (dd.mm.) 10.03 15.03 28.02 11.05 02.05 23.02 22.02

Harvest date (dd.mm.) 05.07 04.07 05.07 – 10.08 18.06 14.06
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using Tukey–Kramer Honest Significant Difference (HSD) test
(P < 0.05). The two experiments conducted at Ein Harod
Ihud in 2011 and 2012 were compared using Fisher’s t-test,
which showed homogeneity of variances, and therefore data were
combined.

RESULTS

Petri-Dish Experiments
The germination rate of P. aegyptiaca seeds after preconditioning
and GR24 application was 95%, with over 95% of the germinated
seeds producing germ tube longer than 3 mm 9 days after
GR24 (or 7 days after MH) application to the Petri dishes.
Germination rate was not influenced by the lower MH
application rates of 1.4, 2.1, 2.8, and 5.6 mM, but it was
significantly reduced at 11.2 mM, and even more drastically
at 22.4 mM. At 1.4 mM, MH had no influence on seed
germ tube length, but higher concentrations reduced their
length in a concentration-dependent manner up to 5.6 mM.
Almost all of the germinated seeds found in the Petri dishes
treated with MH at 5.6 and all the germ tube of the
germinated seeds at 11.2 and 22.4 mM were shorter than 3 mm
(Figure 1).

PEB System Experiments
Imazapic (0.5 µM), SS (10 µM), and MH (75, 150, 300, and
600 µM) applied to PEBs 2 DAA of GR24 almost completely
prevented the formation of P. aegyptiaca attachments on the
roots when counted 7 days later. This situation did not change
14 DAA of the herbicides except for 75 µM MH, where 12
new attachments were found on the roots as compared to 46 in
the control PEBs. Although 75 µM MH was still significantly
reducing the number of new attachments 14 DAA (by 75%
as compared to the control PEBs), it was significantly less
effective than the higher concentrations of MH (150, 300, and
600 µM) and IM and SS at 0.5 and 10 µM, respectively,
which kept the number of new attachments close to zero
(Figure 2).

In the second set of PEB experiments, MH, SS and IM were
applied at the tubercle stage, 2 WAA of GR24. There was no
difference in the number of tubercles at the time of application
irrespective of their size. However, 14 DAA of herbicides,
although there were still no differences in the number of tubercles
smaller than 3 mm (0 in the herbicide-treated plants and only 3
in the control plants), there was a significantly lower number of
tubercles bigger than 3 mm in the treated PEBs as compared to
the controls (Figure 3).

In the double-PEB system experiments, 2 WAA of herbicides,
the following counts were obtained. In the non-treated control
bags, there were 9 healthy tubercles and no necrotic ones in bag
A and about 14 and 2 healthy and necrotic tubercles, respectively
(90% healthy tubercles) in bag B. No healthy tubercles could be
found in the herbicide-treated A bags and a high proportion of
necrotic tubercles were found in the non-treated B bags, ranging
from 92, 76, and 73% in the MH, SS, and IM bags, respectively
(Figure 4).

Greenhouse Experiments
Preliminary experiments were conducted in pots to determine
MH phytotoxicity when applied on tomato foliage or directly
into the pot soil. Results indicated that 1, 2, 3, or 4 split MH
applications on the foliage or in the soil starting at 200 GDD
with 200 GDD intervals at rates of 300, 450, or 600 g a.i. ha−1

had no effect on the plant’s visual appearance, height or weight

TABLE 2 | Phelipanche aegyptiaca control and tomato yield as influenced
by five split applications of maleic hydrazide (MH) at various rates at Ein
Harod Ihud and Hulata, 2010.

Treatment
MH g a.i. ha−1 × no. of
applications

P. aegyptiaca shoots per m2 Yield kg m−2

Ein Harod Ihud Hulata Ein Harod Ihud

Days after planting

75 85 63 76

Control 12.4a 31.2a 3.8a 5.2a 6.0a

67.5 × 5 6.4ab 13.7a 2.7ab 2.7ab 6.7a

135 × 5 6.0ab 11.8ab 3.9a 5.2a 6.4a

270 × 5 3.8b 4.6b 0.7b 0.7b 7.6b

540 × 5 0.0c 0.0c 0.2b 0.2b 7.8b

67.5, 125, 192.5, 270, 540 6.4ab 6.6ab 0.5b 1.6ab 7.1ab

In both experiments, MH was applied five times, 19 [197 growing degree days
(GDD)], 32 (381 GDD), 46 (620 GDD), 60 (770 GDD), and 73 (980 GDD) days after
planting (DAP) in Ein Harod Ihud and 21 (185 GDD), 35 (390 GDD), 49 (602 GDD),
64 (789 GDD), and 77 (990 GDD) DAP in Hulata. The data for each experiment
were compared separately using Tukey–Kramer honest significant difference (HSD)
test (P < 0.05) with JAMP program. Different letters indicate significant differences
between treatments.

TABLE 3 | Phelipanche aegyptiaca control and tomato yield as influenced
by one, two, three, or four split applications of MH at a constant rate of
540 g a.i. ha−1 at Ein Harod Ihud in 2011 and 2012 and at Mevo Hama in
2011.

Treatment P. aegyptiaca shoots per m2

MH g a.i.
ha−1 × no. of
applications

Ein Harod Ihud Mevo Hama Yield kg m−2

Days after planting Ein Harod Ihud Mevo Hama

105 84 2011 and 2012 2011

2011 and 2012 2011

Control 28.9a 18.3a 7.4a 4.6a

540 22.5b 12.1b 8.6b 4.6a

540 × 2 11.7b 6.5c 9.0b 3.6a

540 × 3 1.1c 0.1d 9.3b 4.5a

540 × 4 1.0c 0.0d 9.1b 4.7a

Maleic hydrazide was applied at 51 (355 GDD), 70 (548 GDD), 86 (740 GDD), and
103 (1000 GDD) DAP in Ein Harod Ihud and at 29 (400 GDD), 36 (627 GDD),
49 (817 GDD), and 77 (1020 GDD) DAP in Mevo Hama. The two experiments
in Ein Harod Ihud (2011, 2012) were compared by Fisher’s t-test which showed
homogeneity of variances, and therefore data were combined. The data for each
experiment were compared separately using Tukey–Kramer HSD test (P < 0.05)
with JAMP program. Different letters indicate significant differences between
treatments.
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TABLE 4 | Phelipanche aegyptiaca control and tomato yield as influenced by five split foliar applications of MH or three split applications through the
drip-irrigation system at Kibbutz Mesilot and Havat Eden, 2012.

Time of applicationa

100 200 400 700 1000 P. aegyptiaca shoots per m2 Yield kg m−2

Days after planting Days after planting Mesilot Havat Eden

24 38 53 73 90 Mesilot Havat Eden

Treatment 106 109

MH g a.i. ha−1

Control 25.0a 6.2a 2.8a 10.0a

270 270 540 540 540 0.1c 0.0b 8.7b 11.3b

400 400 400 400 400 0.9c 0.1b 7.1b 11.3b

2700 2700 2700b 11.4b 2.3ab 5.4ab 8.2c

2700 5200 7900b 9.0b 2.4ab 5.6ab 8.4c

Data for each experiment were compared separately using Tukey–Kramer HSD test (P < 0.05) with JAMP program. Different letters indicate significant differences between
treatments. aGrowing degree days. bApplied through the drip-irrigation system.

FIGURE 1 | Effect of maleic hydrazide (MH) on Phelipanche aegyptiaca seed germination in Petri dishes. Experiments were initiated 2 days after the
addition of 10-6 M GR24 by adding 30 µL water (control plates) or 30 µL MH solution at 1.4, 2.1, 2.8, 5.6, 11.2, or 22.4 mM (treated plates). Radical length of the
germinating seeds was measured 7 days after water or MH applications. The results were compared using Tukey–Kramer honest significant difference (HSD) test
(P < 0.05) with JAMP program. Uppercase letters indicate significant differences in P. aegyptiaca seed germination between treatments. Lowercase letters indicate
significant differences in the number of tubercles shorter than 3 mm between treatments or in the number of tubercles longer than 3 mm between treatments. To
meet the assumption on ANOVA, percentage data were arcsine-transformed before analysis. On the graphs, back-transformed means are presented.

or on fruit number or weight. MH applied at the indicated rates
and timing directly to P. aegyptiaca-infested soil had no effect on
the number of parasitic shoots or the time of their aboveground
emergence. Foliar MH application experiments were repeated
with tomato grown in P. aegyptiaca-infested soil treated at 200
GDD and again at 400 GDD with 25, 50, 75, 150, 300, or 600 g
a.i ha−1 MH. The treatments had no influence on tomato foliage

or root dry weight as compared to the non-treated plants. The
total number of P. aegyptiaca counted on the roots of the treated
plants was significantly lower at 75 g a.i. ha−1 MH and higher.
Nevertheless, P. aegyptiaca biomass was significantly reduced at
the lowest MH rate of 25 g a.i. ha−1 and further reduced, to close
to 0, at the higher rates of 150, 300, and 600 g a.i. ha−1 MH
(Figure 5).
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FIGURE 2 | Effect of MH and the herbicides sulfosulfuron (SS) and
imazapic (IM) on P. aegyptiaca in the polyethylene-bag (PEB) system.
MH (75, 150, 300, and 600 µM), SS (10 µM), and IM (0.5 µM) were applied
2 weeks after the addition of 10−5 M GR24. The number of P. aegyptiaca
attachments was counted 7 and 14 days after herbicide application (DAT).
Data from each observation date were compared separately using
Tukey–Kramer HSD test (P < 0.05) with JAMP program. Different letters
indicate significant differences between treatments. Uppercase letters
represent observations made after 7 days and lowercase letters, observations
made after 14 days.

Field Experiments
Ein Harod Ihud and Hulata, 2010
The number of P. aegyptiaca shoots counted in the Ein Harod
Ihud and Hulata experiments was significantly lower than
in the control plots at the two highest MH rates (270 and

540 g a.i. ha−1) at the 75 and 63, and 85 and 76 DAP in Ein Harod
Ihud and Hulata, respectively (Table 2). The tomato yield at Ein
Harod Ihud was significantly higher than that in the control plots.
No yield was harvested in Hulata due to pest attack on the last
2 weeks of the growth season. The number of broomrape was
significantly lower at the plots treated with five MH applications
of 270 or 540 or increasing application rates of 67.5, 125, 192.5,
270, and 540 g a.i. ha−1 at 63 DAP at Hulata but at the next
observation, about 2 weeks later, only 5 applications of 270 or 540
g a.i. ha−1 MH caused a significant reduction in the number of
P. aegyptiaca shoots between this treatment and the control.

Ein Harod Ihud 2011, 2012 and Kibbutz Mevo Hama
2011
At 540 g a.i. ha−1, MH was enough to significantly reduce the
number of P. aegyptiaca shoots per m2 at both locations. Two
applications at the same rate did not improve the control at
Ein Harod Ihud but it did at Mevo Hama. Three and four
split applications of the same rate further improved the control
efficacy, with almost no P. aegyptiaca shoots at Mevo Hama and
only 1 shoot m−2 at Ein Harod Ihud. The harvested yield in
the Ein Harod Ihud experiments was significantly higher for all
treatment applications, whereas at Mevo Hama, there was no
detectable change in yield between the control and treated plots
for any treatment (Table 3).

Kibbutz Mesilot and Havat Eden, 2012
Maleic hydrazide applied 5 times × 400 g a.i. ha−1 or in five
split applications of 2 × 270 + 3 × 540 g a.i. ha−1 significantly
reduced the number of P. aegyptiaca shoots to close to zero in
the experiments conducted in Kibbutz Mesilot and Havat Eden

FIGURE 3 | Effect of MH and the herbicides SS and IM on P. aegyptiaca in the PEB system. MH (75, 150, 300, and 600 µM), SS (10 µM), and IM (0.5 µM)
were applied 2 weeks after the addition 10−5 M GR24. The number of P. aegyptiaca attachments was counted at the time of application (0) and 14 days later. Data
for each observation date were compared separately by LSD on the basis of the Tukey-Kramer Honestly Significant Difference test (P < 0.05). Different letters
indicate significant differences between treatments. Uppercase letters indicate significant differences in the number of tubercles shorter than 3 mm between
treatments for the observation at time 0, and between treatments for the observation at 14 days. Lowercase letters indicate significant differences in the number of
tubercles longer than 3 mm between treatments for the observation at time 0, and between treatments for the observation at 14 days.
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FIGURE 4 | Effect of MH, SS and IM on mortality of P. aegyptiaca
attachments on tomato roots 2 weeks after their application in the
double-polyethylene-bag system. Each bag contained half of the tomato
root system (Bag A – herbicide-treated PEB; bag B – non-treated PEB). Five
ml of 10−5 M GR24 were applied to both bags 10 days after planting. MH,
SS, and IM were applied only to bag A 1 week after the addition of GR24.
Data from MH-treated and non-treated PEBs were compared separately using
Tukey–Kramer HSD test (P < 0.05) with JAMP program. Different letters
indicate significant differences between treatments. Uppercase letters refer to
comparison of MH-treated PEBs, lowercase letters to the non-treated PEBs.

in 2012. As a result, the yield was increased in both treatments
and at both locations by an average of 1.3–5.9 kg m−2. Three split
MH applications through the drip-irrigation system of 2700 g
a.i. ha−1 (total of 8100 g a.i. ha−1) or three split applications
at increasing rates of 2700, 5200, and 7900 g a.i. ha−1 (total of
15 800 g a.i. ha−1) reduced the number of P. aegyptiaca shoots
significantly in Kibbutz Mesilot as compared to the control, but
was less effective than five foliar split applications of 400 g a.i.
ha−1 or five foliar split applications of 270 × 2 + 3 × 540 g
a.i. ha−1. The treatments through the drip-irrigation system at
Havat Eden were not effective and did not reduce P. aegyptiaca
infection. The treatments through the drip-irrigation system had
no effect on the yield at Kibbutz Mesilot and had a negative effect
on the yield at Havat Eden (Table 4).

DISCUSSION

Maleic hydrazide has never been used for broomrape control
in tomato, and its ability to control the parasite has thus never
been compared to other relevant herbicides such as SS and
IM (Eizenberg et al., 2013). The Petri-dish experiments were
used to investigate MH’s effect on P. aegyptiaca seeds at early
developmental stages, i.e., seed germination and germ tube
development and elongation, before reaching the host root.
MH demonstrated limited capacity to prevent seed germination.
Only the two highest MH concentrations, 11.2 and 22.4 mM,
were able to reduce the seed-germination percentage by 25
and 45%, respectively, as compared to the untreated controls.
Lattice seed germination was reduced by 93% in response
to 15 mM MH, (Haber and White, 1960), and Grant and

Harney (1960) did not find any inhibitory effect on tomato
seed germination at 10 mM MH, while Albizia lebbeck L. seeds
responded in a positive germination rate to increase of MH
concentration (Tomar, 2008). These results demonstrate the
variation in seed sensitivity of different plant species to MH.
Using dormant lettuce and y-irradiated wheat seeds, Haber and
White (1960) concluded that MH inhibits cell division but has
no effect on cell expansion. Similar experiments were conducted
by Hershenhorn et al. (1998) with sulfonylurea herbicides.
Chlorsulfuron, bensulfuron, primisulfuron, and thifensulfuron
under similar conditions reduced seed germination rate by
17, 18, 25, and 19% at a concentration of 10 µM, which is
1000–2000 times lower than the MH concentrations used in
our experiments. The same concentration, 10 µM, of seven
phytotoxins—fusarenon X, nivalenol, deoxynivalenol, T-2 toxin,
HT-2 toxin, diacetoxyscirpenol, and neosolaniol produced by
Fusarium species caused 100% inhibition of Phelipanche ramosa
seed germination (Zonno and Vurro, 2002).

Maleic hydrazide was much more efficient at preventing germ
tube elongation. The two highest MH concentrations reduced
germ tube length of all treated germinating seeds to less than
3 mm. Hershenhorn et al. (1998) reported that the sulfonylurea
herbicides chlorsulfuron, bensulfuron, nicosulfuron, triasulfuron
and thifensulfuron reduced germ tube length by ∼50% at a
concentration of 10 µM. The fact that MH and the sulfonylurea
herbicides were less effective at preventing seed germination and
much more efficient at inhibiting seed germ tube elongation is not
surprising, because most herbicides are active at the post-seed-
germination stages rather than during initial seed germination
phase (Cathey, 1964; Parka and Soper, 1977).

A PEB system was used to study the ability of MH, as
compared to SS and IM, to prevent or inhibit the initial parasitism
stages of P. aegyptiaca, namely, penetration and establishment
in the host root tissues. In the first set of experiments, MH,
SS, and IM were applied 2 days after the roots were exposed to
GR24. The number of tubercles that formed on the control roots
7 DAA was high whereas in the treated plants, almost no tubercles
formed, with no differences between the treatments. These results
indicated very high control efficacy when the herbicides were
applied shortly after the P. aegyptiaca seeds were triggered to
germinate. These and the Petri-dish results suggest that the main
MH inhibition mechanism is located at the penetration and
establishment stages, because MH’s effect on the germination
process in the Petri-dish experiments was rather limited. The
observation made 14 DAA revealed no change in the treatments’
efficacy; except for 75 µM MH which, although somewhat less
effective, still reduced tubercle number by 72% as compared to the
control plants. To investigate the effect of the herbicides on a later
stage of P. aegyptiaca parasitism, namely after tubercle formation,
they were applied 2 WAA of GR24, when tubercles were already
formed and were present on the roots. There were no significant
differences between the treatments and the control plants in the
number of healthy tubercles or their size at the time of herbicide
application. However, all treatments significantly reduced the
number of healthy tubercles and their size 2 WAA of herbicides.
All treatments were equally effective, even the lower MH rate
of 75 µM. This set of experiments demonstrated that MH can
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FIGURE 5 | The effect of MH applied to tomato foliage at 200 growing degree days (GDD) and 400 GDD on tomato foliage and root biomass and
P. aegyptiaca number and biomass in pot experiments. The experiments were terminated when broomrape inflorescences in the non-treated control pots
began to develop seeds, about 7 weeks after the last herbicide application. Data for each parameter (tomato foliage and root biomass and P. aegyptiaca number
and biomass) were compared separately using Tukey–Kramer HSD test (P < 0.05) with JAMP program. Different letters indicate significant differences between
treatments.

control P. aegyptiaca at the tubercle stage and is as effective as SS
and IM, albeit at higher rates.

Translocation and movement of MH in the root system could
enhance control efficacy if the compound flows, without being
detoxified, into the P. aegyptiaca attachments, which serve as a
strong sink (Fernández-Aparicio et al., 2016). The MH would
then accumulate in the attachments until a lethal dose is achieved.
To investigate MH translocation and flow in the roots, we used
the double-PEB system. All attachments in the treated PEB were
dead 2 WAA of herbicides regardless of the herbicide used—MH,
SS, or IM. As expected, these results were in complete agreement
with those obtained when using a PEB containing the whole
plant root system. In the adjacent non-treated PEBs containing
the other portion of the plant’s root system, 93, 77, and 75% of
the attachments were dead in the MH, IM, and SS treatments,
respectively. These results suggest that MH moves through the
root system without being degraded to non-toxic metabolites.
Uptake from solution of MH by barley roots and its translocation
to shoots is pH dependent. Uptake and translocation was higher
with the decrease of the solution pH probably by passive diffusion
of the undissociated form of the acid. Translocation to shoots
was approximately proportional to the chemical concentrations
in the roots (Briggs et al., 1987). Radioactive labeled MH applied
to leaves of Zebrina pendula, Tradescantia fluminensis and barley

seedlings moved relatively free in both phloem and xylem (Crafts
and Yamaguchi, 1958). MH absorption from Ricinus communis
petioles was rather slow but was readily phloem-translocated
from the mature leaves allowing appreciable quantities to reach
the roots and the nutrient solution (Rigitano et al., 1987).
MH absorption by foliar application, translocation to roots and
between roots without being detoxified suggests an increase
chances for successful broomrape control under greenhouse and
field conditions.

Greenhouse experiments in pots revealed that MH up to
600 g a.i. ha−1 applied twice, at 200 and 400 GDD, has no
negative effect on tomato foliage or root biomass, demonstrating
that MH is very safe for use on tomato plants. Further
applications were not conducted and fruit number and weight
were not determined as the pot volume became the main limiting
factor for plant growth. The total number of P. aegyptiaca
counted on the roots was significantly lower at application rates
of 75 g a.i. ha−1 or more as compared to the non-treated plants,
and P. aegyptiaca biomass was reduced significantly at 25 g a.i.
ha−1, the lowest rate tested. Those results prompted us to test
MH control of P. aegyptiaca under field conditions.

Over 30 field experiments were conducted during 2010–2014
to optimize the timing, number and rates for maximal
P. aegyptiaca control and tomato safety, as well as to minimize

Frontiers in Plant Science | www.frontiersin.org May 2017 | Volume 8 | Article 691196

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00691 May 13, 2017 Time: 16:27 # 10

Venezian et al. Maleic Hydrazide for Broomrape Control in Tomato

the total amount of MH applied. MH is registered in Israel for
the prevention of onion and potato sprouting at rates of 2.2 and
2.5 kg ha−1, respectively. Our goal was to limit the total rate used
for P. aegyptiaca control to this range, in order to facilitate MH
registration for its new purpose—P. aegyptiaca control in tomato.

The first set of field experiments was aimed at detecting the
most effective rate under a constant number of applications.
We used five split applications following the application
scheme established for P. aegyptiaca control in tomato with SS
(Hershenhorn et al., 1998, 2009; Eizenberg et al., 2004, 2013;
Ephrath et al., 2012), which dictates three split applications of
sulfonylurea herbicides at 200 GDD intervals starting at 200
GDD, followed by two applications of IM, for a total of five
split applications. A significant reduction of P. aegyptiaca shoots
in the 2010 experiments at Ein Harod Ihud and Hulata was
achieved with 270 g a.i. ha−1 MH and a further reduction with
540 g a.i. ha−1, a total of 1.35 and 2.7 kg a.i. ha−1 of MH,
respectively. Gradually increasing the rates along the applications
had no influence on P. aegyptiaca shoot number in Ein Harod
Ihud but significantly decreased their number in Hulata at
the early observation of 65 DAP; this effect then diminished
and disappeared by 76 DAP. A positive correlation was found
between P. aegyptiaca control and yield in Ein Harod Ihud. The
yield was significantly higher with the treatments that were also
effective at reducing the number of P. aegyptiaca shoots. Based
on the results of these experiments, we further examined the
minimal number of applications needed with 540 g a.i. ha−1, the
most successful rate in the 2010 experiments.

We conducted three experiments aimed at testing the efficacy
of an increased number of applications under a constant MH
rate of 540 g a.i. ha−1. The results (Table 3) indicated that even
one or two MH applications significantly reduce the number
of P. aegyptiaca shoots. This was true for the two Ein Harod
Ihud experiments whose results were combined. At Mevo Hama,
two applications were more efficient than one application, which
also reduced the number of P. aegyptiaca shoots significantly
as compared to the non-treated control plots. In all three
experiments, three and four MH applications gave superior
results, with no aboveground P. aegyptiaca shoots in Mevo Hama
and one aboveground P. aegyptiaca shoot per m2 in the Ein Harod
Ihud experiments. The higher control efficacy achieved in Mevo
Hama may be explained by the lower P. aegyptiaca infestation
level in that field, with 18 shoot m−2 in the non-treated plots as
opposed to about 30 shoot m−2 in the Ein Harod Ihud control
plots. Although the infestation level in Mevo Hama was lower
and the P. aegyptiaca control efficacy higher than at Ein Harod
Ihud, the yield—irrespective of the control efficacy—was lower.
This was probably a result of pest and disease outbreaks in the
field toward the end of the growing season. All treatments in
Ein Harod Ihud improved the yield regardless of the number of
applications.

Maleic hydrazide at a rate of 700 g a.i. ha−1 applied on tobacco
once at 40 DAP reduced the number of P. ramosa plants by
60–80% depending on the tobacco cultivar. The same rate applied
twice at 40 and 60 DAP reduced the number of P. ramosa plants
by 80–90% and led to a considerable yield increase (Lolas, 1986).
Lower rate of 4500 + 4100 g a.i. ha−1 applied at 40 and 60

or 50 and 70 DAP resulted only in a moderate control (Lolas,
1994). Those results are in agreement with the results obtained
in the present study were increased MH rates improved the
control efficacy. However, Lubanov (1973) reported complete
broomrape control with one MH application of 450 g a.i. ha−1 on
tobacco at the bud formation stage. This complete control may be
explained by the fact that the field was previously disinfected with
metam-sodium. Similar results were also reported by Jelev (1988)
were MH was applied once to tobacco 40 DAP. MH at 2000 g
a.i. ha−1 applied once on tobacco foliage 55 DAP prevented
completely the appearance of P. ramosa plants above ground but
the same rate applied 20 days later had no effect on the number
of P. ramosa plants as compared to the control plots (Covarelli,
2002) emphasizing the importance of the application timing.
The main parameter dictating broomrape parasitism process and
as a consequence herbicide application is the accumulated heat
expressed as GDD (Joel et al., 2007; Hershenhorn et al., 2009;
Eizenberg et al., 2013). Comparison to our results cannot be
conducted without available GDD data. However, it should be
noted that MH early application had phytotoxic effect on tobacco
plants. In our experiments one MH application of 540 g a.i.
ha−1, only 25% of the rate used by Covarelli (2002), 20 DAP
reduced the number of P. aegyptiaca plants by 12% in the two
experiments conducted at 2011 and 2012 at Ein Harod Ihud
and by 34% in Mevo Hama without any phytotoxic effects. The
host plant roots grow and penetrate in to deeper soil layers
during the growing season and stimulate new broomrape seeds
to germinate. Therefore repeated MH applications are needed
to effectively control the parasite during the whole growing
season. It may be hypothesized that complete control of the
parasite by one MH application may occur if MH stays at an
effective lethal concentration level in the tobacco roots during
all the growing season. These contrasting results demonstrate the
problematic of comparing experiments conducted in different
crops under different conditions. Differences in physiology and
morphology of the host plant species, soil type, environmental
conditions such as temperature and rainfall, irrigation regime
and equipment, growth conditions and as a result plant status
and stress, broomrape species and sampling methods, spraying
equipment and MH formulation and surfactants, infestation level
and cultivation practices are only some of the factors which
influence control efficacy.

In irrigated water melon a reduction of the infestation level
by 67–96% was achieved with MH at 5000 g a.i. ha−1 repeated
twice at 10–20 days (Prokudina, 1976). Such high MH rates were
not tested in our experiments. In our preliminary experiments
one MH application of 1100 g a.i. ha−1 caused a significant
damage to tomato plants (curly and silvery leaves, flower drops
and as a result extensive vegetative growth) and therefore were
not continued to be tested (Sarkar et al., 2014).

In the last set of experiments conducted at Kibbutz Mesilot
and Havat Eden in 2012 (Table 4), we tried two different options
to reduce the total MH amount applied to the field during
the growing season. Since we had found, in preliminary pot
experiments, that moving the first application to 100 GDD has
no negative effect on the tomato plant, we reduced the rate of
the two first applications to 270 g a.i. ha−1 and started the first

Frontiers in Plant Science | www.frontiersin.org May 2017 | Volume 8 | Article 691197

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00691 May 13, 2017 Time: 16:27 # 11

Venezian et al. Maleic Hydrazide for Broomrape Control in Tomato

application at 100 GDD. The second option was a constant rate of
400 g a.i. ha−1, also starting at 100 GDD. As MH may be absorbed
by roots and was proven in our double-PEB experiments to
flow through the root system to P. aegyptiaca attachments, we
applied a very high amount of MH through the drip-irrigation
system. Five foliar applications, regardless of rate, had excellent
control efficacy, almost completely preventing the appearance of
P. aegyptiaca shoots aboveground. This was especially impressive
at Kibbutz Mesilot as the infestation level was high. MH applied
three times through the drip-irrigation system had no effect on
the number of P. aegyptiaca shoots in Havat Eden, and three split
applications of 2700, 5200, and 7900 g a.i. ha−1 reduced shoot
numbers significantly as compared to the non-treated plots but
were not as effective as the foliar treatments. The effective control
of the foliar applications resulted in a significant yield increase
in both locations. The drip-irrigation applications had no effect
on yield at Kibbutz Mesilot and a negative effect at Havat Eden.
The inefficiency of MH control when applied through the soil,
even at the very large amounts applied in our experiments, may
be explained by the soil characteristics. Although MH is readily
absorbed by roots, it rapidly disappear form soil (Levi and Crafts,
1952; Hoffman et al., 1962; Helweg, 1974). There are several soil
components that enhance MH adsorption and inactivation, such
as clay, specific surface area and pH, but not organic matter
content (Hermosin et al., 1987) The end result is less herbicide
available to the plant roots and therefore to P. aegyptiaca.

Based on these results and many other field and observation
trials, MH was registered in March 2013 for P. aegyptiaca control
in processing tomato fields in Israel under the two protocols
presented in Table 4. Since its registration, MH has been widely
used by Israeli tomato growers with excellent control results, crop
safety and yield increases.
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The plant-parasitic plant interaction is a interesting model to study sink-source

relationship and phloem unloading. The parasitic plants, such as the achlorophyllous

plant Phelipanche ramosa, connect to the host phloem through the haustorium and act

as supernumerary sinks for the host-derived photoassimilates, primarily sucrose. The

application of the fluorescent symplastic tracer, carboxyfluorescein (CF) derived from

carboxyfluorescein diacetate (CFDA), to the leaves of the host plant (Brassica napus)

showed direct phloem connections at the host-parasite interface. These experiments

also evidenced the dominant apoplastic pathway for phloem unloading in major

vegetative sinks of the parasite, including tubercles and shoots, except the adventitious

root apices. The CF experiments showed also the symplastic isolation of the phloem

tissues from the sink tissues in tubercle and shoot of the parasite, then suggesting the

pivotal role of sucrose transporters in sucrose unloading in P. ramosa sinks. Three cDNAs

encoding sucrose transporters (PrSUT ) were isolated from the parasitic plant. PrSUT1

transcripts accumulated at the same level in the tubercle throughout the parasite growth

while a significant increase in transcript accumulation occurred after emergence in the

flowering shoot, notably in the growing apical part. The in situ hybridization experiments

revealed the PrSUT1 transcript accumulation in the mature phloem cells of both

subterranean and flowering shoots, as well as in shoot terminal sinks corresponding to

apical meristem, scale leaf primordia and immature vasculature. The transient expression

experiments in Arabidopsis protoplasts showed that PrSUT1 was localized at the plasma

membrane, suggesting its role in phloem functioning and sucrose uptake by the sink cells

in P. ramosa. Conversely, the PrSUT2 transcript accumulation was constantly low in

tubercles and shoots but PrSUT3 transcripts accumulated markedly in the subterranean

and flowering shoots, in concordance with the PrSUT3 mRNA accumulation in multiple

sink areas including apical meristem, scale-leaf primordia, immature vasculature and
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even storage parenchyma. However, the PrSUT3 transcripts did not accumulate in the

mature phloem cells. The transient expression experiments in Arabidopsis protoplasts

suggested a tonoplast localization of PrSUT3, for which nevertheless the involvement in

intracellular sucrose transport needs clarification.

Keywords: broomrape, parasitic weeds, phloem unloading, sink strength, sink-source relationships, sucrose

carriers

INTRODUCTION

Sucrose is the main photosynthetic product in higher plants
and its long-distance translocation through the phloem from
source organs to sink organs enables cell growth and resource
storage in sink organs. Sucrose phloem unloading is extensively
studied, considering the important issues of understanding and
controlling the development of sink organs of economic interest
for agri-food industry, such as tubers, fruits and seeds (Zhang
et al., 2006; Yadav et al., 2015). The symplastic pathway is
characterized by sucrose release from phloem cells into sink
cells through plasmodesmata and symplastic continuum. Sucrose
unloading is controlled by the decreasing gradient of sucrose
concentration between phloem and sink cells triggered by the
intensive sucrose metabolism and/or sucrose accumulation into
the vacuoles in sink cells. In the apoplastic pathway, sucrose is
transported from the phloem cells into the apoplast and is either
uptaken by plasma membrane-localized sucrose transporters
of the sink cells or hydrolyzed by apoplastic invertase into
hexoses, which are imported into the sink cells by plasma
membrane-localized hexose transporters. Besides, some SWEET
proteins, corresponding to mono—and disaccharide facilitators,
have been recently identified as the sucrose effluxers into the
apoplast (Chen, 2014; Patil et al., 2015). Apoplastic unloading
is particularly relevant in growing fruits to prevent symplastic
backflow as the fruits accumulate large amounts of sugars (Jin
et al., 2009).

Sucrose transporters (SUT proteins) are involved in sucrose
phloem loading in the source organs, sucrose retrieval by
the sieve elements during phloem translocation, and sucrose
uptake and intracellular transport in the sink cells (Kühn and
Grof, 2010; Lemoine et al., 2013). Among the SUT (or SUC)
genes and proteins characterized in plants, most correspond
to plasmalemma-specific or tonoplastic specific transporters
utilizing the proton motive force for sucrose/H+ symport into
the cytosol from the apoplast or the vacuole, respectively (Eom
et al., 2011). Beside, some vacuolar sucrose transporters should
act as sucrose/H+ antiporters for sucrose import into vacuoles in
sucrose accumulating species, however the genes encoding these
proteins remain to be identified (Getz and Klein, 1995; Kühn and
Grof, 2010). For example, AtTMT is a proton-coupled antiporter
capable of high-capacity loading of glucose and sucrose into the
vacuole (Schulz et al., 2011).

The parasitic plants represent a particular group of higher
plants due to either their ability (facultative parasites), or their
obligation (obligate parasites) to parasitize another plant to
fulfill their development and reproductive functions. Some of
them exhibit a weedy behavior in grasslands and crops and

are major pests which are difficult to control (Parker, 2009).
Among these harmful parasitic weeds, the obligate root parasitic
plant Phelipanche ramosa (syn. Orobanche ramosa) is widely
distributed in the Mediterranean region and parasitizes many
cultivated species including tobacco, tomato, hemp and oilseed
rape. Following germination and seedling attachment to host
roots through the haustorium, a specific organ which connects
the host and the parasite phloem tissues (Yoshida et al., 2016), the
parasitic plant acts as a strong competitive sink for water, growth
regulators and nutrients especially photoassimilates (Hibberd
and Jeschke, 2001). Then it develops a tubercle and in turn
a subterranean shoot. Flowering and self pollinization occur
rapidly after shoot emergence from the soil.

In this parasitic relationship, sucrose is thus the major organic
compound transferred from the host to the parasite (Aber
et al., 1983; Abbes et al., 2009). Consequently, sucrose transfer
at the host-parasite interface, in addition to sucrose phloem
unloading in the sink tissues of tubercle and shoot represent key
processes in the parasite growth. Although the understanding of
the mechanisms and regulation are still unknown, it has been
shown that sucrose phloem unloading in P. ramosa leads to a
strong sugar enrichment in the tubercle and primarily in the
shoot. Both organs elaborate a complex carbohydrate pattern
with very low sucrose levels in contrast to high hexose, mannitol
and starch levels (Singh et al., 1968; Delavault et al., 2002).
Interestingly, such a sugar pattern is common in broomrapes
(Orobanche and Phelipanche species) and reveals the high activity
in sucrose degradation of those parasites (Harloff andWegmann,
1993; Abbes et al., 2009; Aly et al., 2009). The genes encoding
sucrose-degrading proteins were characterized in P. ramosa.
Among the five invertase genes and two sucrose synthases (Sus)
genes identified, PrSai1 was shown to encode a putative vacuolar
invertase protein and to be mostly expressed in the tubercle
and especially in the shoot during growth. Indeed, both organs
display a dominant PrSAI1 activity. These findings suggest that
PrSAI1-mediated sucrose hydrolysis in the vacuoles of the sink
cells takes a central place in sucrose phloem unloading in the
parasitic plant (Draie et al., 2011). PrSus1 was shown to encode
a sucrose synthase and its transcripts accumulate in the young
xylem cells of tubercle, suggesting that PrSUS1 is involved in
cellulose synthesis and xylem maturation (Péron et al., 2012).

The host plant-parasitic plant interaction in which the
vegetative sinks of the parasitic plant represent the dominant
sinks of the interaction is thus a particular and interesting
model for studying sucrose phloem unloading in plants. The
present study focuses on the oilseed rape–P. ramosa interaction
and the use of a fluorescent dye as symplast tracer provides
evidence that the host phloem and the parasite phloem
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tissues are symplastically connected within the haustorium. The
confocal laser scanning microscopy (CLSM) analysis highlights
that most of the vegetative sinks of the parasitic plant are
symplastically isolated from the phloem network, showing that
nutrient (especially sucrose) phloem unloading in those sink
areas is apoplasmic. In this context, three sucrose transporter
encoding cDNAs were isolated from P. ramosa (PrSUTs).
The expression pattern analysis in addition to the in situ
hybridization experiments and the transient expression assays
in Arabidopsis thaliana protoplasts suggest the dominant role
of the plasmalemma-specific transporter PrSUT1 in phloem
functioning and sucrose import into sink cells of the shoot in
P. ramosa. Previous reports underlined the preponderant role of
the vacuolar invertase PrSAI1 in sucrose utilization in the sink
cells of the parasite (Draie et al., 2011; Péron et al., 2012), then
requiring the involvement of a tonoplastic sucrose transporter
upstream for the sucrose influx into the vacuole. The present
study suggests the tonoplast location of PrSUT3, nevertheless its
involvement in the intracellular sucrose transport in sink cells
still needs to be clarified.

MATERIALS AND METHODS

Plant Materials
Phelipanche ramosa seeds were collected in an infested oilseed
rape field (sampling site: Saint-Jean-d’Angely, France, in 2005)
and stored in the dark at 25◦C until use. Oilseed rape (Brassica
napus, var. Campo)-P. ramosa L. Pomel interactions were grown
in rhizotrons, as described by Gauthier et al. (2012). Various
developmental stages of P. ramosa seedlings were harvested,
including young tubercles developing numerous adventitious
roots (stage III, phenotype “spider”), tubercles with a growing
subterranean shoot (stage IV) and tubercles with emerged
and flowering shoot (stage V) (Draie et al., 2011). The plant
material was immediately frozen in liquid nitrogen and stored
at −80◦C prior to RNA extraction. The in situ hybridization
experiments were performed on extemporaneously harvested
tissues following paraformaldehyde fixation.

Confocal Laser Scanning Microscopy
(CLSM)
Two hundreds of µl of 5(6) carboxyfluorescein diacetate (CFDA)
(CFDA, Sigma-Aldrich, St. Louis, MO, USA) in an aqueous
solution (1:20 dilution of a 6 mg/ml stock in acetone), was
loaded for 2 h on an abraded mature leaf of the parasitized host
plant. First, CF transfer in the parasitic plant (stages III–V) was
monitored by fluorescence Leica MZ FL III binoculars (480/535
nm excitation/emission). Then parasite tubercles and shoots
(stages III and IV) were subsequently cut using a vibratome (HM
650V, Microm) into transverse or longitudinal sections (200 µm
thick) and soaked immediately into immersion oil to prevent
dye loss. The tissue distribution of CF was monitored using a
Nikon A1 confocal laser scanning microscope (x4 objective).
The images were acquired using a 488 nm laser for excitation
and the emission was collected via a photomultiplier through
band-pass filter at 500–530 nm. The images were processed using
the NIS-Element Software (Nikon).

Total RNA Extraction and cDNA
Preparation
Frozen tissues were ground in liquid nitrogen and total RNA was
extracted with the RNeasy Plant Mini Kit (Qiagen, Courtaboeuf,
France) according to the manufacturer’s instructions. Extracts
were treated with DNase I (0.02 U µL−1, New England Biolabs,
Ipswich, MA, USA). The total RNA integrity was checked by
electrophoresis on 1% (w/v) agarose gels. Using oligo(dT)20 as a
primer, cDNA was prepared from samples (0.5 µg) of total RNA
using the Superscript II Reverse Transcriptase kit (Invitrogen,
Carlsbad, CA, USA).

Molecular Cloning of P. ramosa cDNAS
The cDNAs isolated from flowering shoot (stage V) were used
for PCR amplification. Degenerate primers corresponding to
highly conserved SUT regions were designed (Table 1). After
denaturation at 94◦C for 5 min, the amplification consisted of
35 cycles of 45 s at 94◦C, 45 s at 55◦C. An additional final step
of elongation was done at 72◦C for 5 min. The amplified DNA
fragments were purified and cloned into pGEM-T Easy vector
(Promega, Madison, WI, USA). Recombinant plasmid DNA
were prepared and then sequenced by GATC Biotech (Konstanz,
Germany). Based on the initial PrSUT sequence informations,
new primers were generated for RACE of each fragment using the
Generacer kit (Invitrogen). The RACE products corresponding
to SUT-encoding genes were cloned and sequenced. To
amplify full-length PrSUTs, specific primer pairs were designed
(Table 1).

Real Time RT-PCR
The determined sequences were used to design gene-specific
primers for real time RT-PCR (RT-PCR). Six primer pairs were
designed (maximum length, 150 bp; optimalmelting temperature
Tm at 60◦C; GC percentage between 30 and 80%) using Primer
Express 3.0 software (Applied Biosystems, Carlsbad, CA, USA)
(Table 1). The selected primers underwent an extensive search
using the BLAST tool to avoid any significant homology with
other known nucleotide sequences.

A RT-PCR using SYBR Green technology was carried out on
an Applied Biosystems 7300 real-time PCR system, as previously
described by Péron et al. (2012). All RT-PCR runs contained
negative controls with no cDNA template. The amplicon of the
constitutive elongation factor PrEF1α (Table 1), which showed
low cycle threshold variation (SD<0.5 cycle threshold), was used
as an internal control to normalize all the data. Three biological
replicates were performed, each in three technical replicates.
An analysis of variance (ANOVA) was performed on the results
from RT-PCR analyses using SigmaPlot version 10.0 (P < 0.05,
SNK test).

In situ Hybridization Experiments
The digoxigenin (DIG)-labeled RNA probes were prepared
using digoxigenin-11-UTP (Roche Diagnostics, Meylan, France)
and an in vitro transcription kit (Riboprobe Combination
Systems, Promega) according to the manufacturer’s instructions.
The riboprobes were synthesized from the full-length PrSUTs
clones. The antisense and sense probes were transcribed from
SP6 or T7 RNA polymerase promoters after linearization
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TABLE 1 | Primers used in the present study.

Gene Primer Forward and reverse primers 5′
→ 3′ size (bp) Application

PrSUT1 SUT-fwd-deg TWHATHTGGYTNTGYGGNCC 718 Partial cDNA cloning

PrSUT2 SUT-rev-deg TCNYKNSCCATCCARTCDGTRTC 898

PrSUT3 709

PrSUT1 FLfwd-Pr-SUT1 ACACCTACTACTCTCTACACTCCTATGCTT 1787 Full-length cDNA cloning

FLrev-Pr-SUT1 ATGCAATCCCACAATATCATATAGTATTC

PrSUT2 FLfwd-Pr-SUT2 TTTTCACATAGAATTATGGATGCAGATTCG 2176

FLrev-Pr-SUT2 GATCTTTCCCCAACTATTATTCAAAATCAG

PrSUT3 FLfwd-Pr-SUT3 TAGTCAAGAAATAAGATTAGTTAGATATACTGA 1662

FLrev-Pr-SUT3 AACCAACAAGTACTAGTTTATTTAGGTAGTCTC

PrEF1α1 Q-Pr-EF1-UP TTGCCGTGAAGGATCTGAAAC 63 RT-PCR

Q-Pr-EF1-DOWN CCTTGGCAGGGTCGTCTTTA

PrSUT1 Q-Pr-SUT1-UP CGGGTTCATACACCCACCTCTA 66

Q-Pr-SUT1-DOWN AGTATATGTCGCAGGCTGTGGTT

PrSUT2 Q-Pr-SUT2-UP GCATTTGGTTTGCTATTGAATTCTG 67

Q-Pr-SUT2-DOWN GGCACATTGGCTCAATAAAGAAG

PrSUT3 Q-Pr-SUT3-UP CCTTCGGTGCGGCTCTT 54

Q-Pr-SUT3-DOWN CAGCGGCATAACCAATCAAA

PrSUT1 Pr-SUT1-GaWafwd CACCATGGAGGCCGGTGATAATCTG 1513 CDS cloning for fusion with fluorescent dyes

Pr-SUT1-GaWarev ATGAAATCCTCCCATAGTCATAGCCTTG

PrSUT3 Pr-SUT3-GaWafwd CACCATGGGTAATTCGGACATTATGGA 1495

Pr-SUT3-GaWarev GTGAAATCCTCCGACAGCCAAAGGCTT

AtSUC2 AtSUC2-GaWafwd CACCATGGTCAGCCATCCAATGGAGAAAG 1540

AtSUC2-GaWarev ATGAAATCCCATAGTAGCTTTGAAGGCAGGA

AtKCO5 AtKCO5-GaWafwd CACCATGGAACCACTCATCAGCCCACA 1228

AtKCO5-GaWarev CAAAGGATCCCCCAAAAGATCAGGTA

of the vector with ApaI or NdeI, respectively. The full-
length probes were treated by alkaline hydrolysis, as described
previously by Péron et al. (2012), thus producing 250
bp fragments. The in situ hybridization methods used for
PrSUTs transcript localization on the parasite shoot sections
(10 µm thick) were performed as previously described in
Péron et al. (2012).

Transient Expression into Arabidopsis

thaliana Protoplasts
The PrSUTs corresponding coding sequences (CDS) were fused
with the red fluorescent protein (RFP), in the vectors designed
for transient expression in A. thaliana leaf protoplasts. The same
procedure was used to obtain vectors with CDS of AtSUC2
(accession number: At1g22710) andAtKCO5 (accession number:
At4g01840) fused with the green fluorescent protein (GFP).
AtSUC2-GFP and AtKCO5-GFP were used in coexpression
experiments to validate plasmalemma and tonoplast localization,
respectively (Sauer and Stolz, 1994; Voelker et al., 2006). The
Phusion proofreading polymerase (Thermo Fisher Scientific,
Waltham, MA, USA) was used for amplification following
the PCR conditions recommended by the manufacturer. The
different primers used for each coding sequence amplification
are listed in Table 1. The same procedure as Candat et al.
(2013) was used to make the fluorescent dyes-tagged proteins
(FDP) constructs. The PCR products corresponding to the full

coding sequence (without stop codon) were cloned first in
the pENTR/D-TOPO cloning vector (Thermo Fisher Scientific,
Waltham, MA, USA) and then recombined using the LR
clonase II kit (Thermo Fisher Scientific, Waltham, MA, USA)
into the appropriate expression vector (p2GWR7.0; p2GWF7.0)
(Karimi et al., 2002) obtained from Plant System Biology (Ghent
University. Ghent, the Netherlands). Each coding sequence
was cloned upstream from the RFP or GFP sequence in the
expression plasmid to produce a C-terminal FDP. The cloning
and expression plasmids were amplified in Escherichia coli One
Shot DG1 cells (Invitrogen, Carlsbad CA, United States) and
purified from an overnight culture using the NucleoSpin plasmid
purification kit (Macherey Nagel, Hoerdt, France).

Protoplast isolation from A. thaliana leaves, as well as
transient expression assays and CLSM analysis of the subcellular
FDP localization were conducted as previously described by
Candat et al. (2013, 2014). GFP, RFP, and chlorophyll were
excited with 488-, 561-, or 638-nm laser lines, respectively, with
an emission band of 500 to 550 nm for GFP detection, 570
to 620 nm for RFP detection, and 662–737 nm for chlorophyll
autofluorescence.

Sequence Analysis
The bioinformatics analyses were performed using Vector NTI
9.1.0 software (Invitrogen, Invitrogen Corporation, Carlsbad,
CA, USA). The sequence homologies were verified against
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GenBank databases using BLAST programs (http://www.ncbi.
nlm.nih.gov/blast). The phylogenetic analyses were conducted
with MEGA4 software (Tamura and Akutsu, 2007). The
neighbor-joining consensus tree was inferred from 500 bootstrap
replicates. The amino acid sequences were aligned with Clustal
W. Structural insights about PrSUT proteins were obtained
using PSIPRED application (Protein Structure Prediction Server,
http://bioinf.cs.ucl.ac.uk/psipred/). The subcellular targeting
predictions were performed using the freely available online
program: WoLF PSORT (http://wolfpsort.org/) (Horton et al.,
2007), which is used as a general subcellular localization predictor
using the plant data sets.

RESULTS

Phloem Unloading Pathways in Tubercle
and Shoot
The phloem continuity between the host and the parasite was
analyzed by using carboxyfluorescein (CF) as a symplastic tracer
which is produced from CFDA by plant esterase activities.
Two hundred microliter of CFDA solution was applied on an
abraded mature leaf of the host plant (Brassica napus). The CF
confinement in leaf phloem was confirmed by the observation
of fluorescence in the leaf veins 1 h after CFDA treatment
(data not shown). Although autofluorescence was not detected
in the host root and the tubercle without CFDA treatment, both
organs exhibited a bright green fluorescence 2 h after CFDA
treatment, indicating that CF was translocated from the host
root to the tubercle through symplastic phloem connections
(Figure 1A). The CF fluorescence signal was relatively diffuse
in the tubercle but still appeared stronger in the conducting
tissues, notably in the adventitious roots (Figure 1B). According
to the CLSM images, CF was restricted to the phloem tissues
inside the tubercle, showing the symplastic isolation of the
phloem tissues from the storage parenchyma (Figures 1Ca–Cc).
In contrast, the CF release in the cortex was observed at the apex
of the adventitious roots (Figures 1Da–Dc). When CFDA was
applied on a host leaf later during the subterranean development
of the parasite, CF accumulation in the parasitic plant was
restricted to the phloem tissues in the tubercle as well in the
growing shoot, the adventitious roots being senescent at this
developmental stage (Figure 2). A CF-related fluorescence was
not observed in the shoot apex. In addition, the dormant floral
buds appeared symplastically isolated from the shoot phloem
tissues. All these results demonstrate that the apoplastic phloem
unloading prevails in multiple sink areas during growth of the
parasitic plant, except in the apices of adventitious roots, and
then underline the critical role of sucrose transporters in sucrose
phloem unloading in the parasitic plant.

Cloning and Characterization of Three
PrSUT Sucrose Transporter Genes
Three partial P. ramosa cDNAs were cloned using sets of
primers designed from conserved regions of plant sucrose
transporter sequences. Using RACE strategies, three full-length
cDNAs: PrSUT1, PrSUT2, and PrSUT3 (accession numbers:

KR559018, KR559019 and KR559020, respectively) were isolated.
The PrSUT1, PrSUT2, and PrSUT3 sequences encode 503, 605
and 497 amino-acid proteins, with predicted molecular masses of
52.5, 65.3, and 52.3 kDa, respectively. The PrSUT1 and PrSUT3
amino acid sequences share the highest levels of identity with
AmSUT1 sequence (Alonsoa meridionalis, AAF04295; 76.6 and
68%, respectively) (Knop et al., 2001), whereas the PrSUT2 amino
acid sequence shares high identity with the PmSUC3 sequence
(Plantago major, CAD58887; 78.7%) (Barth et al., 2003). The
analysis of the deduced amino acid sequences of the putative
PrSUT genes, using PSIPRED application (Protein Structure
Prediction Server, http://bioinf.cs.ucl.ac.uk/psipred), revealed
that all three SUTs contained 12 transmembrane domains with
both N- and C-termini on the cytoplasmic side (data not shown),
as often found in other sugar and notably sucrose transporters
(Lalonde et al., 2004). The PrSUT2 sequence differs from others
PrSUT sequences by an N-terminal extension and a central
cytoplasmic loop (between transmembrane segments VI and
VII) (Supplemental material 1). A phylogenetic analysis of SUT
orthologs, based on the five phylogenetic groups defined by
Kühn and Grof (2010) and including the PrSUT predicted
proteins was realized (Figure 3). Groups 3 and 5 represent the
monocot-specific branches and group 1 represents the dicot-
specific branch. PrSUT1 and PrSUT3 belonged to the group 1,
whereas PrSUT2 falls into the group 2. Groups 2 and 4 are both
composed of monocot- and dicot-specific subclades.

Development-Related Changes in PrSUT

Transcript Accumulation
While PrSUT1 had a constant transcript accumulation level in
tubercle throughout the complete parasite development, PrSUT1
mRNA accumulated to a two-three fold higher extent in both
basal and apical parts of the growing shoot once emerged from
the soil (Bp.V, FS.V) (Figure 4). In contrast, PrSUT2 transcripts
were constantly accumulated at low levels in both tubercle and
shoot (Figure 4). PrSUT3mRNA was preferentially accumulated
in the shoot, primarily during post-emergence growth. PrSUT3
transcripts were four-fold more abundant in the apical (growing)
part than in the basal part of the emerged shoot.

Tissue-Specific Expression of PrSUT1 and
PrSUT3 and Subcellular Localization of the
Respective Proteins
Because PrSUT2 expression was low throughout the parasite
development, the analyses of tissue-specific expression of
transcripts and subcellular localization of the respective proteins
were only conducted for PrSUT1 and PrSUT3. Based on PrSUT
gene-expression profiles, both subterranean and flowering shoots
(S.IV, FS.V) were chosen for in situ hybridization experiments
(Figure 5). Tissue organization was outlined with Toluidine
blue O (TBO) staining of sections (Figures 5A–C) which
highlighted young vascular tissue (vasculature) in stem and scale
leaf and multiple sink areas including shoot apical meristem,
scale leaf primordia, large parenchyma cells close to vascular
tissue in stem (storage parenchyma) and scale leaves. Positive
hybridization (purple stain) with the specific antisense probes
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FIGURE 1 | Analysis of phloem unloading into P. ramosa parasite using fluorescent dye. CFDA was loaded on abraded mature leave of host plant. After 2 h

CF translocation from host to parasite (tubercle) was monitored by fluorescence microscopy and CLSM. (A) Fluorescence image of a Brassica napus (cv. Campo)

host root bearing a P. ramosa tubercle. (B) Fluorescence image of a free hand cross section of the same tubercle. (Ca) CLSM image of a vibratome cross-section

(200 µm thick) of tubercle. (Cb) Transmitted light picture of the same region. (Cc) Computer-assisted overlay of the CLSM and the transmitted light picture. (Da)

CLSM image of a vibratome longitudinal-section (200 µm thick) of an adventitious root of tubercle. (Db) Transmitted light picture of the same region. (Dc)

Computer-assisted overlay of the CLSM and the transmitted light picture. ar, adventitious root; ara, adventitious root apex; hr, host root; ph, phloem; sp, storage

parenchyma; tu, tubercle. Green, GF signal. Bars: 500 µm.
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FIGURE 2 | Analysis of phloem unloading into P. ramosa parasite using fluorescent dye. CFDA was loaded on abraded mature leave of host plant. After 2 h

CF translocation from host to parasitic tissues was monitored by CLSM. (A) Transmitted light picture of a vibratome longitudinal-section (200 µm thick) of parasitic

tubercle bearing the growing subterranean shoot. The two white boxed areas, one in tubercle another in shoot, are computer-assisted overlay of the CLSM and the

transmitted light pictures. (B) CLSM image of the tubercle boxed area. (C) CLSM image of the shoot boxed area. fb, floral bud; ph, phloem; sh, subterranean shoot;

sp, storage parenchyma; tu, parasitic tubercle. Green, GF signal. Bars: 500 µm.

revealed PrSUT1 (Figures 5G–I) and PrSUT3 (Figures 5J–L)
transcript accumulation, whereas no significant signal was
observed after hybridization with sense probes (Figures 5D–F).
A weak staining suggests PrSUT1 transcript accumulation in
the apical sink tissues (Figure 5G), including meristem, scale-
leaf primordia and likely immature vascular tissues (vasculature,
diffuse staining). More evident accumulation in the vascular
tissues was detected especially in the mature phloem cells of
subterranean (basal part, scale leaves) and flowering (apical part)
shoots (Figures 5H,I). No PrSUT1-related staining was observed
in the storage parenchyma (Figures 5G,H). In the meantime,
an evident PrSUT3 transcripts accumulation was detected in
multiple apical sink tissues including apical meristem, leaf-scale
primordia, vasculature and even storage parenchyma (Figure 5J),

but no transcripts were found in the mature vascular tissues
(Figures 5K,L).

As sucrose transporters of the group 1 family, PrSUT1
and PrSUT3 are expected to reside in the plasma membrane.
However, an in silico analysis with the sub-cellular predictive
software WoLF PSORT (http://wolfpsort.org) (Horton et al.,
2007) suggests that PrSUT3 could be a tonoplast protein, since
among the list of 14 k-nearest neighbors for PrSUT3 analysis, 11
proteins are tonoplastic. In the case of PrSUT1, the PWolfSort
analysis concluded to a plasma membrane localization (8/14
proteins), but five others proteins in the k-nearest neighbors list
were localized in the tonoplast. To go beyond these predictions,
we investigated the subcellular localization of PrSUT1 and
PrSUT3 using transient expression of proteins tagged with
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FIGURE 3 | Phylogenetic tree for confirmed or predicted sucrose transporter sequences from publicly accessible databases. Complete Phelipanche

ramosa sucrose transporter predicted protein sequences were compared to sucrose transporters from other plant species using ClustalW. Five phylogenetic Groups

defined by Kühn and Grof (2010) are indicated. Accession numbers of presented sucrose transporter sequences are: AbSUT1 (Asarina barclaiana; AAF04294),

AgSUT3 (Apium graveolens; ABB89051), AmSUT1 (Alonsoa meridionalis; AAF04295), AtSUC1 (Arabidopsis thaliana; At1g71880), AtSUC2 (At1g22710), AtSUC3

(At2g02860), AtSUC4 (At1g09960), AtSUC5 (At1g71890), AtSUC6 (At5g43610), AtSUC7 (At1g66570), AtSUC8 (At2g14670), AtSUC9 (At5g06170), BoSUC1

(Continued)
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FIGURE 3 | Continued

(Brassica oleracea; AAL58071), BoSUC2 (B. oleracea; AAL58072), BoSUT1 (Bambusa oldhamii; AAY43226), CsSUT2 (Citrus sinensis; AAM29153), DgSUT4 (Datisca

glomerata; CAG70682), DcSUT1 (Daucus carota; BAA89458), EeSUCx (Euphorbia esula; AAF65765), EuSUT2 (Eucommia ulmoides; AAX49396), HbSUT2b (Hevea

brasiliensis; ABJ51932), HbSUT5 (H. brasiliensis; ABK60189), HvSUT1 (Hordeum vulgare; CAB75882), HvSUT2 (H. vulgare; CAB75881), JrSUT1 (Juglans regia;

AAU11810), LjSUT4 (Lotus japonicus; CAD61275), MdSUT1 (Malus × domestica; AAR17700), MeSUT2 (Manihot esculenta; ABA08445), MeSUT4 (M. esculenta;

ABA08443), NtSUT1 (Nicotiana tabacum; X82276), NtSUT3 (N. tabacum; AAD34610), OsSUT1 (Oryza sativa; AAF90181), OsSUT2 (O. sativa; AAN15219), OsSUT3

(O. sativa; BAB68368), OsSUC4 (O. sativa; Q2QLI1), OsSUT5 (O. sativa; BAC67165), PmSUC1 (Plantago major; CAI59556), PmSUC2 (P. major; X75764), PmSUC3

(P. major; CAD58887), PrSUT1 (Phelipanche ramosa; ALI88692), PrSUT2 (P. ramosa; ALI88693), PrSUT3 (P. ramosa; ALI88694), Pt × PtSUT1-1 (Populus tremula ×

Populus tremuloides; CAJ33718), PsSUT1 (Pisum sativum; AAD41024), RcSCR1 (Ricinus communis; CAA83436), SdSUT2 (Solanum demissum; AAT40489), SlSUT2

(Solanum lycopersicum; AAG12987), SlSUT4 (S. Lycopersicum; AAG09270), ShSUT1 (Saccharum hybridum; AAV41028), SoSUT1 (Spinacea oleracea; Q03411),

StSUT1 (Solanum tuberosum; CAA48915), StSUT4 (S. tuberosum; AAG25923), TaSUT1A (Triticum aestivum; AAM13408), TaSUT1B (T. aestivum; AAM13409),

TaSUT1D (T. aestivum; AAM13410), VfSUCx (Vicia faba; CAB07811), VvSUCy (Vitis vinifera; AAL32020), VvSUC11 (V. vinifera; AAF08329), VvSUC12 (V. vinifera;

AAF08330), VvSUC27 (V. vinifera; AAF08331), ZmSUT1 (Zea mays; BAA83501), ZmSUT2 (Z. mays; AAS91375), ZmSUT4 (Z. mays; AAT51689). The neighbor-joining

consensus tree was inferred from 500 bootstrap replicates. Bar indicates the evolutionary distance.

fluorescent proteins into Arabidopsis protoplasts (Figure 6). The
results revealed a clear fluorescence co-localization of PrSUT1-
RFP with that of AtSUC2-GFP, a plasma membrane protein
(Figures 6Aa–d). Both fusion proteins were systematically
detected in a thin layer at the periphery of protoplasts, with
additional spots that could possibly correspond to Golgi vesicles
in which the proteins would accumulate during their routing
toward plasma membrane. In the case of PrSUT3-RFP, which
was co-expressed with AtKCO5-GFP, a tonoplastic protein, the
pattern of expression of the fusion was different from that of
PrSUT1-RFP/AtSUC2-GFP (Figure 6). Both the fact that the
fusion proteins were largely co-localized, and that fluorescence
was peripheral in the regions without large organelles, such as
chloroplasts, and delineated the internal side of chloroplasts and
cytoplasmic strands, argue in favor of a tonoplast localization
(Figures 6Ba–d; Ca–d; Da–d). However, there are also regions
with differential accumulation of the two fusion proteins (e.g.,
punctae of PrSUT3-GFP), and others where the fusion proteins
can be observed on the external part of chloroplasts (e.g.,
Figure 6Cd), which would not fit with a tonoplast localization.
In such experiments using an artificial system, one cannot
rule out a possible mis-targeting of the proteins. Although
more experiments would be needed to definitely ascertain the
localization of PrSUT3, these experiments strongly suggest that
this protein is targeted to the tonoplast, while PrSUT1 would be
a plasma membrane protein, as expected.

DISCUSSION

CFDA Application to Host Plant Traces
Phloem Continuity in the Whole
Host-Parasite Interaction
The host plant-parasitic plant interaction represents a distinctive
model in terms of source-sink relationships in plants, in
which the haustorium is a decisive component which connects
host source to parasite sink. Several studies focusing on the
haustorium structure in Orobanchaceae plants and herbicide
or macromolecule trafficking at the host-parasite interface
demonstrated that host and parasite phloem tissues were
connected symplastically through functional interspecific
plasmodesmata within the haustorium (Westwood et al., 2009;
Aly et al., 2011; Smith et al., 2013). This was confirmed in the

present study concerning the parasitic plant species P. ramosa
parasitizing B. napus through the use of the symplastic tracer CF
which was previously used for analysing the phloem unloading
pathways in plants (Zhang et al., 2006; Bederska et al., 2012;
Wang et al., 2015). CFDA experiments here provided evidence
for the symplastic phloem continuity from host leaves to both
tubercle and shoot of the parasitic plant, hence explaining how
the latter can divert resources from the host plant, especially
sucrose, to support parasite growth driven by high sugar
accumulation in vegetative sinks (Aber et al., 1983; Delavault
et al., 2002; Draie et al., 2011). The pathways of sucrose phloem
unloading and storage in tubercle and shoot take an important
place in the host source–parasite sink relationships, which are
clarified in the present study.

The Apoplastic Phloem Unloading Pathway
Dominates in Both Tubercle and Shoot, but
Not in the Adventitious Roots
In the parasitic plant, the CFDA experiments revealed that
phloem tissues were not directly connected to most of the sink
tissues in both tubercle and shoot, but with the exception of
the apical root apices where phloem was shown to connect
symplastically. Interestingly, this scenario differs drastically from
that of a multitude of plants in which the symplastic pathway
predominates for phloem unloading in root and shoots apices
as well as in vegetative storage sinks, such as stems, roots and
tubers (Lemoine et al., 2013). Since the sink strength of the
parasitic plant relies primarily on a large sugar accumulation in
tubercle and shoot, the apoplastic unloading in both vegetative
organs should be interpreted as a relevant strategy to keep
phloem unloading and parasite growth despite the consecutive
enrichment in sugars, thus preventing symplastic backflow.
Similarly, such a strategy was shown to occur in growing
fruits which accumulate large amounts of sugars (Jin et al.,
2009; Lemoine et al., 2013). Concerning the symplastic phloem
unloading in the adventitious root apices, this scenario should
support transient rapid growth of these organs, resulting in a
particular phenotype of tubercles called “spider” and acting as
a major component of the sink strength of the parasitic plant
during early developmental stages. Later, as evidenced by the
CFDA experiments, the growing shoot calls up the host-derived
phloem sap when the adventitious roots of tubercles senesce, and
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FIGURE 4 | Development-related changes in the levels of PrSUT

transcripts in Phelipanche ramosa. PrSUT transcripts accumulation is

expressed relative to EF1-α1 transcript levels. Data are means ± SE (n = 3).

Values with the same letter are not significantly different (ANOVA, SNK test, P

< 0.05). Developmental stages are parasitic stages following attachment to

host roots: growing tubercle (Tub.III); tubercle (Tub.IV) bearing the growing

subterranean shoot (S.IV); tubercle (Tub.V) bearing the flowering shoot

(following emergence); growing flowering shoot (apical part) (FS.V). Basal part

(Bp.V) does not bear flowers and is larger and more fibrous than the flowering

shoot (see Draie et al., 2011 for photographs).

then highlighting change in the dominant sinks during parasite
development.

The Sucrose Transporter (PrSUT) Gene
Family in P. ramosa
It was previously shown that symplastic invertase activities,
primarily the assumed vacuolar PrSAI1 activity, predominate by
far over the apoplastic invertase activity for sucrose utilization
in both tubercle and shoot of P. ramosa (Draie et al., 2011).
These data together with the present finding about the apoplastic
unloading in both organs tend to highlight an important role
of sucrose carriers, especially SUT proteins, as primary actors
in phloem unloading and sugar accumulation in sinks of the
parasitic plant.

Three putative SUT-encoding cDNAs were isolated in
P. ramosa, suggesting that, like in most plants, sucrose
transporters are encoded by a small multigenic family in this
parasitic species (Sauer, 2007; Kühn and Grof, 2010). The in
silico analysis showed that the corresponding proteins display
the plant SUT common structural features previously described
by Lalonde et al. (2004), such as cytoplasmic N- and C-terminal
extensions, 12 predicted transmembrane domains and the central
cytoplasmic loop between transmembrane segments VI and VII.

The phylogenetic analysis revealed that both PrSUT1 and
PrSUT3 belong to the dicot group 1, containing plasma
membrane-localized SUT implied in apoplastic phloem loading,
sucrose import into sink cells and are thus essential for normal
growth (Hackel et al., 2006; Srivastava et al., 2009). PrSUT2
belongs to group 2 of SUT proteins common to monocot and
dicot that specifically display an extension of their N-terminal
extremity and their central cytoplasmic loop. Interestingly,
sequence information from Phelipanche aegyptiaca (a specie
closely related to P. ramosa) contained in the Parasitic Plant
Genome Project (PPGP; http://ppgp.huck.psu.edu) database
confirmed the existence of the 3 cDNAswe cloned but also reveals
the existence of a fourth partial cDNA (OrAeBC1_18026: 402
pb) encoding a predicted protein that shares 65.5% identity with
AtSUC4. An a posteriori analysis was carried out in P. ramosa,
showing that, like PrSUT2 transcripts, the PrSUT4 transcripts
were constantly accumulated at low levels in the parasitic plant
(Supplemental material 2).

The PrSUT1 Gene Encodes a Plasma
Membrane-Localized Protein in Phloem
and Sink Cells
The transient expression assays inA. thaliana protoplasts support
the plasmalemma localization of PrSUT1 which was expected
from in silico analysis. The results of the in situ hybridization
experiments which underlined transcript accumulation in
mature phloem cells of the shoot (stem and scale leaves), as
well as in the shoot apical sinks, such as meristem and scale
leaf primordia, were consistent with the PrSUT1 expression
patterns in which the apical part of shoots appeared to be
the parasitic plant areas where this transcript is the most
abundant. All these findings therefore suggest that PrSUT1
is active in the shoot in both phloem functioning (sucrose
retrieval) and sucrose uptake by the apical sinks. This is in
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FIGURE 5 | Localization of PrSUT expression in P. ramosa. (A–L) Paraffin-embedded sections (10 µm thick) of parasitic tissues. (A,D,G,J) Longitudinal sections

focused on the apical part of growing subterranean shoot (stage S.IV). (B,E,H,K) Longitudinal sections focused on a scale leaf in the basal part of subterranean shoots

(stage S.IV). (C,F,I,L) Cross-sections focused on mature vascular tissues in the apical part of flowering shoots (stage FS.V). (A–C) Sections stained with TBO, showing

the different tissues of shoot. (D–F) Section showing in situ hybridization signal obtained with PrSUT sense probes. The sense probe picture is representative for both

probes. (G–I) Section showing in situ hybridization signal obtained with PrSUT1 antisense probe. (J–L) Section showing in situ hybridization signal obtained with

PrSUT3 antisense probe. Open ovals and black arrows indicate positive hybridization signals. am, apical meristem; cp, cortical parenchyma; p, scale-leaf primordium;

ph, phloem; sl, scale leave; sp, storage parenchyma; v, vasculature (immature vascular tissues); xy, xylem. Bars: (A,B,D,E,G,H,J,K): 100 µm; (C,F,I,L): 25 µm.
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FIGURE 6 | Subcellular localization of PrSUT proteins using transient expression of translational fluorescent proteins fusions in Arabidopsismesophyll

protoplasts. (Aa–d) PrSUT1-RFP fusion protein was co-expressed with an Arabidopsis plasmalemma protein (AtSUC2) fused to GFP. (Ba–d, Ca–d, Da,d)

PrSUT3-RFP fusion protein was co-expressed with an Arabidopsis tonoplast protein (AtKCO5) fused to GFP. Green, GFP; red, RFP; blue, chlorophyll. Bars: 10 µm.

concordance with the statement that although SUT1 proteins
are in the most part essential for phloem loading in leaves,
some members have also been detected in sink organs, notably
in the phloem cells but also in cells different from phloem
cells (sink cells; Kühn and Grof, 2010; Lemoine et al., 2013).

As SWEET facilitators were proposed recently to contribute
next to SUTs in phloem unloading in plants (Lemoine et al.,
2013; Patil et al., 2015), it would be of interest to clarify their
role in sucrose export from phloem cells of sink organs in
P. ramosa.
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The PrSUT3 Gene May Encode a
Tonoplastic Protein in Sink Cells
The expression pattern highlighted the over-expression of
PrSUT3 in the shoot throughout the parasite growth. Indeed,
PrSUT3 is expressed in the young subterranean shoot (S.IV)
and, to a higher extent following emergence, in the apical
(growing) part of the flowering shoot (S.V). The PrSUT3
transcripts accumulated in multiple apical sinks, including
meristem, scale-leaf primordia, immature vascular tissues and
storage parenchyma. Unlike the PrSUT1 transcripts, the PrSUT3
transcripts did not accumulate in the mature phloem cells. The
tonoplastic localization of PrSUT3, predicted by in-silico analysis,
was also supported by the transient expression experiments
in A. thaliana protoplasts. We therefore propose that PrSUT3
acts as a tonoplastic sucrose transporter in sink cells. Although
complementary experiments are necessary to fully ascertain its
localization, PrSUT3 would therefore be the first SUT belonging
to the group 1 which is localized in the tonoplast. Indeed,
according to the localisation of GFP fusions, only fewmembers of
the group 4 are to date assigned to the tonoplast, AtSUT4 (Endler
et al., 2006), HvSUT2 (Endler et al., 2006), LjSUT4 (Reinders
et al., 2008), and PpSUT4 (Zanon et al., 2015).

Sucrose influx from the cytosol to the vacuole occurs against
the proton gradient and is energically unfavorable, then implying
a role for SUT as proton/sucrose antiporter. However up to
date, all SUT have been shown functioning like proton/sucrose
symporters. Then the involvement of the assumed tonoplastic
PrSUT3 in sucrose influx into the vacuole of sink cells is unlikely.
The signification of the changes in the expression profile of
PrSUT3 during shoot growth, notably in intracellular sucrose
transport, needs clarification. Its function to release sucrose from
vacuoles cannot be excluded.

The PrSUT Genes As Targets for Reverse
Genetics in P. ramosa
Reverse genetics in parasitic plants is effective only in few
chlorophyllous parasitic plants to date (Ishida et al., 2011, 2016;
Bandaranayake et al., 2012). These plants are indeed able to
develop without a host, which facilitates the production of
transgenic lines. This is not the case for the achlorophyllous
parasitic plants like P. ramosa. Fernandez-Aparicio et al. (2011)
have described an efficient method for transforming P. aegyptiaca
calli and providing transgenic seedlings by inoculating the roots
of a host plant with infectious transgenic calli. Otherwise,

the efficiency of trans-silencing strategies based on the genetic
transformation of the host plant for producing silencing
signals which are targeted against a parasite’s gene and then
transferred to the parasite thanks to haustorial connections,
was demonstrated in some host-parasite interactions (Tomilov
et al., 2008; Alakonya et al., 2012; Bandaranayake et al., 2012;
Bandaranayake and Yoder, 2013), implying notably Phelipanche
species (Aly et al., 2009, 2011). Then trans-silencing strategies
in addition to reverse genetics and likely gene editing should
be conceivable for P. ramosa in a near future and both
PrSUT1 and PrSUT3, in addition to PrSai1, will be good
candidates for dealing phloem unloading in the parasitic plant in
depth.
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The complex endophytic structure formed by parasitic plant species often represents
a challenge in the study of the host-parasite interface. Even with the large amounts
of anatomical slides, a three-dimensional comprehension of the structure may still be
difficult to obtain. In the present study we applied the High Resolution X-ray Computed
Tomography (HRXCT) analysis along with usual plant anatomy techniques in order to
compare the infestation pattern of two mistletoe species of the genus Phoradendron.
Additionally, we tested the use of contrasting solutions in order to improve the detection
of the parasite’s endophytic tissue. To our knowledge, this is the first study to show
the three-dimensional structure of host-mistletoe interface by using HRXCT technique.
Results showed that Phoradendron perrottetii growing on the host Tapirira guianensis
forms small woody galls with a restricted endophytic system. The sinkers were short
and eventually grouped creating a continuous interface with the host wood. On the
other hand, the long sinkers of P. bathyoryctum penetrate deeply into the wood of
Cedrela fissilis branching in all directions throughout the woody gall area, forming a
spread-out infestation pattern. The results indicate that the HRXCT is indeed a powerful
approach to understand the endophytic system of parasitic plants. The combination of
three-dimensional models of the infestation with anatomical analysis provided a broader
understanding of the host-parasite connection. Unique anatomic features are reported
for the sinkes of P. perrottetii, while the endophytic tissue of P. bathyoryctum conformed
to general anatomy observed for other species of this genus. These differences are
hypothesized to be related to the three-dimensional structure of each endophytic system
and the communication stablished with the host.

Keywords: haustorium, microtomography, endophytic system, Santalaceae, mistletoe

INTRODUCTION

The complex endophytic structure formed by parasitic plant species renders a rather difficult
three dimensional comprehension. Traditional techniques in plant anatomy have been extensively
employed to describe the interface formed between parasites and their hosts. However, due to
difficulties in imbedding and cutting lignified and large materials, these techniques are usually
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applied to small samples, which provide a detailed but restricted
view of the host-parasite interface. Thus, in order to gain a three-
dimensional comprehension of the structure, a huge series of
sequential anatomical sections are necessary.

This issue becomes even more relevant when analyzing
stem hemiparasites, which often form large woody infestation
structures that comprise the interface between these plants and
their hosts. In his work on the anatomy of the endophytic
system of Phoradendron flavescens, Calvin (1967) mentions the
analysis of hundreds of anatomical sections in order to follow the
endophyte’s extension. In this context, the use of High Resolution
X-ray Computed Tomography (HRXCT) arises as a technique
that allows general three-dimensional analysis of these complex
structures, pushing forward the traditional field of plant anatomy.

This technique consists of using a micro-focused X-ray
to illuminate the object while an X-ray detector collects the
magnified projection images. As the object rotates inside the
equipment, hundreds of images are generated. A powerful
computer is than used to stack these images creating a virtual
three-dimensional object allowing the analysis of its internal
structure1. Despite its original development for medical diagnosis
(Hounsfield, 1976), computed tomography have long been used

1Information on the HRXCT technique available at: www.bruker-microct.com/
company/methods.htm

for several other scientific purposes (Staedler et al., 2013),
including studies in the broad field of Plant Sciences (Heeraman
et al., 1997; Kaestner et al., 2006; Brodersen et al., 2012; Gee, 2013;
Breteron et al., 2015; Cochard et al., 2015 and others).

Considering these matters, we combined traditional plant
anatomy with the HRXCT technique in order to broadly and
deeply analyze the endophytic system of Phoradendron species.
Although several studies have dealt with the haustorial anatomy
of this genus (Cannon, 1901; Calvin, 1967; Fineran and Calvin,
2000; Schmid et al., 2011; and others), the large number of
species it comprises is reflected in the structural diversity
of the endophytic system (Kuijt, 1964, 2003). Based on this
proposition, we chose to analyze the endophytic system of two
morphologically similar Phoradendron species of the Neotropical
region.

MATERIALS AND METHODS

Plant Material Sampling
The mistletoe Phoradendron perrottetii Nutt. (Santalaceae)
growing on branches of the host tree Tapirira guianensis Aubl.
(Anacardiaceae; Figure 1A) was sampled in a riparian forest
in Campanha municipality (Minas Gerais state, Brazil). The

FIGURE 1 | Two mistletoes of the genus Phoradendron and their respective host species. (A,B) Phoradendron perrottetii on Tapirira guianensis. (C,D)
Phoradendron bathyoryctum on Cedrela fissilis. (A,C) Parasitic plants on host branches. (B,D) Highly infested trees.
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other mistletoe P. bathyoryctum Eichler parasitizing the host
tree Cedrela fissilis Vell. (Meliaceae; Figure 1C) was sampled
in a wooded area inside the main campus of the University of
Sao Paulo (Sao Paulo state, Brazil). Both parasitic species were
capable of colonizing the host canopies, forming moderate to
heavy infestations (Figures 1B,D).

After sampling we measure the length of all host-mistletoe
interface structures – henceforth called “woody galls.” Half of
the material was then fixed in a 50% solution of formaldehyde-
ethanol-acetic acid (FAA). The other half was air-dried.

An additional mistletoe species – P. affine (Pohl ex DC.)
Engl. and K. Krause (Figure 2A) – was cultivated upon young
specimens of the host tree Melia azedarach L. (Meliaceae;
Figure 2B). This material was used for the testing of contrasting
agents as explained in the next subsection.

Considering the three mistletoe species, we sampled a total
amount of 60 woody galls. Several intact woody galls were added
to the collection preserved in the Xylarium Nanuza Luiza de
Menezes, at Department of Botany of the University of São Paulo
(SPFw).

High Resolution X-ray Computed
Tomography Analysis
In order to compare the three-dimensional structure and the
infestation patterns of P. perrottetii and P. bathyoryctum three
woody galls formed by each species were scanned using a high
performance in vivo X-ray microtomography scanner (Skyscan,
1176). Prior to the scanning these woody galls were fixed in a 50%
solution of FAA. The fixation aimed on preserving the structure
of the endophyte, which are usually composed by abundant
parenchyma cells (Thoday, 1957; Calvin, 1967; Kuijt, 2003).

Previous trials were also carried out in order to evaluate other
preservation methods, such as air-drying and embedding of the
samples. Indeed, the first method was not efficient in preserving
the structure of the endophyte. On the other hand, the embedding
medium (polyethyleneglycol) was observed to severely interfere
with the X-ray penetration into the samples.

Additionally, two woody galls formed by P. affine were used
to test whether the use of contrasting agents could improve
the visualization of the parasite’s endophytic system within the
host branches. Based on the work of Staedler et al. (2013) two

FIGURE 2 | (A) Phoradendron affine on Melia azedarach. (B) Mistletoe species (P. affine) cultivated on young host tree (M. azedarach). (C) Schematic drawing of the
method employed to perfuse contrasting solutions into the parasitic endophyte. H, host branch; P, parasitic plant; C, contrasting solution.
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contrasting solutions were tested – Lugol’s solution (0.1%) and
a lead nitrate (PbNO3) solution (0.2%). A third sample was not
perfused with contrasting agents, thus serving a test control.

Contrasting solutions were applied to the woody galls
according to the method described by Sperry et al. (1988)
(Figure 2C) for vascular infusions. Briefly, one end of a rubber
tube was fitted at one of the branches of the parasite close to
woody gall. The other end of the tube was connected to an
elevated reservoir (0.5 – 1 m) containing the contrasting solution.
This set up was designed so that the flexibletube would be filled
with the contrasting solution forming a liquid column with
enough pressure to force the entry of the solution into the host
branch. Special care was taken to avoid the presence of air bubbles
in the tube that could be pushed into the xylem and clog the
system. Fine surfacing of the wood with a razor blade was also
needed to assure that vessels were open and permeable. After
being perfused with contrasting solutions for ca. 8 h the material
was disconnected from the apparatus and scanned immediately.

The scanning of each woody gall generated hundreds of
X-ray images which were subsequently reconstructed using
the NRecon software in order to provide a three-dimensional
visualization. Analysis and image acquisition were carried out
by using the software Dataviewer (two-dimensional analysis
of internal structures) and the software Dataviewer (three-
dimensional analysis).

Morphological and Anatomical Analyses
The same woody galls used for HRXCT analyses were also
used for morphological and anatomical analyses as a way to
provide a detailed understanding of host-mistletoe interface.
One material of each host-mistletoe pair was air-dried, cut
in transversal and longitudinal sections, and sanded using
sand papers of ascending grifts until a smooth surface
was obtained. The material was studied and photographed

using a stereo-photomicroscope (Leica DML and camera DFC
310FX).

The two remaining woody galls of each mistletoe were
used for anatomical analysis. Samples were imbedded in
polyethyleneglycol (PEG) and sectioned in a sliding microtome
(Leica SM 2000R) to produce 20 µm thick transverse, radial
longitudinal, and tangential longitudinal sections, which were
stained with safranin/Astra-blue (Johansen, 1940; Bukatsch, 1972
adapted by Kraus and Arduin, 1997).

Additional material of host-mistletoe pair was used to
complement the analysis. A total amount of 10 woody galls was
studied through stereo-photomicroscope, while five woody galls
were studied through plant anatomy techniques.

RESULTS

Optimizing the Parameters for HRXCT at
the Host-Mistletoe Interface
The use of HRXCT technique for analyzing the three-
dimensional host-mistletoe interface began by testing a total
of nine scanning parameters. Among these, the voltage and
the current had to be adjusted for each sample. Table 1 lists
the adjustment used for each sample along with sample size,
duration of each scan, and information about the resulting
files.

After the initial test other relevant parameters, such as
resolution, filter, and rotation step were fixed for all samples.
Thus, all samples were scanned with maximum resolution
(9 µm), using a 0.2 mm aluminum filter and a 0.3◦ rotation step.
Despite the increase on scan duration, maximum resolution, and
low rotation steps were used to allow a detailed observation of
the parasite’s endophytic system. Due to longer scan duration all
samples were previously wrapped in thin plastic film to avoid
wood desiccation.

TABLE 1 | Scanning parameters adjustment for each sample scanned using the High Resolution X-ray Computed Tomography technique.

Mistletoe-host pair Species ID Sample
size (cm)

Voltage (kV) Current (µA) Scan
duration

Number of
files

File size (GB)

Phoradendron perrottetii on Tapirira guianensis 1 4.70 45 397 00:41:40 515 58

2 5.80 55 630 01:04:31 721 37

3 5.43 35 456 01:08:55 730 52

Phoradendron bathyoryctum on Cedrela fissilis 1 10.56 50 500 03:19:31 1201 402

2 7.30 62 403 02:27:24 983 108

3 7.02 46 540 02:31:25 990 103

Phoradendron affine on Melia azedarach Control

1 6.00 45 397 01:38:38 815 39

Lugol’s solution

2 5.90 37 396 01:26:21 802 39

PbNO3 solution

3 5.75 35 375 01:26:16 711 33
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Three-Dimensional Structure of the
Endophytic System
During the sampling and the measurement of the woody galls
P. bathyoryctum was observed to form larger infestation
structures on branches of C. fissilis when compared to
P. perrottetii on branches of T. guianensis. These observations
served as an initial clue to understanding the extension of
the endophytic system of each mistletoe species. The HRXCT
technique allowed us to assess not only the endophyte’s
extension but also its spread pattern within the host
branch.

A series of six internal images of the woody gall formed
by P. perrottetii illustrates the interface between this mistletoe
and the host T. guianensis (Figure 3). The images taken from

proximal and distal ends of sample showed the host branch
with no sign of infestation (Figures 3A,F, respectively). In
the actual region comprising the endophyte (Figures 3B–E)
parasitic tissue was observed to spread both within the
wood and the bark of the host. Initially, few wedge-shape
sinkers were observed (Figure 3B). As the number of sinkers
increased, the amount of cortical strands also increased
(Figure 3C). The sinkers progressively clustered into the
parasite’s wood (Figure 3D), which then occupied half of the
branch circumference (Figure 3E).

A similar series of images was obtained for the woody
gall of P. bathyoryctum on C. fissilis (Figure 4). In this
case, the parasite’s endophyte extended within the host branch
from one end to the other (Figures 4A–F). Large cortical

FIGURE 3 | Sequence of six internal images of the woody gall formed by P. perrottetii on the host T. guianensis. (A) Proximal end of the host branch free
of parasitic tissue. (B) Wedge-shape sinkers penetrating the host wood. (C) Increased amount of sinkers and cortical strands. (D) Grouping of sinkers. (E) Parasitic
tissue occupying the upper half of the branch circumference. (F) Distal end of the host branch free of parasitic tissue. Hx, host xylem; Hb, host bark; S, sinker; Pw,
parasitic wood; white arrow-head, cortical strands.
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FIGURE 4 | Sequence of six internal images of the woody gall formed by P. bathyoryctum on the host C. fissilis. (A) Proximal end of the host branch
already showing infestation by parasitic tissue. (B) Large cortical strands associated with elongated sinkers. (C) Initial clustering of cortical strands. (D) Further
clustering of cortical strands. (E) Parasitic tissue associated to the parasite’s wood. (F) Distal end of the host branch still showing infestation by parasitic tissue.
Hx, host xylem; Hb, host bark; CS, cortical strands; S, sinker; Pw, parasitic wood.

strands were associated with elongated sinkers (Figure 4A).
The cortical strands grew larger (Figure 4B) and began to
cluster (Figures 4C,D) until the parasite’s wood becomes visible
(Figure 4E). Unlike the endophyte of P. perrottetti, only the
cortical strands of P. bathyoryctum are eventually grouped into
its wood as the sinkers remain separated.

The analysis of the three-dimensional internal structure
of both parasites’ endophytic systems revealed two opposite
patterns. The sinkers of P. perrottetii did not penetrate deeply into
the host wood and the endophytic tissue was usually restricted to
half of the branch circumference forming a concise endophytic
pattern. As for P. bathyoryctum, its longer sinkers projected
throughout the woody gall area in all directions forming a spread
out pattern. Please refer to Supplementary Material for short
videos that provide a three-dimensional internal view of the
structure formed by each parasite.

Anatomy of the Host-Parasite Interface
Despite their morphological similarities, P. perrottetii and
P. bathyoryctum showed remarkable differences regarding their
endophytic structure and anatomy (Figure 5). A transversal
section of the woody gall shows the haustorium of the
parasitic species P. perrottetii forming a continuous interface
with the host branch of T. guianensis (Figure 5A). In this
old infestation, the parasite encircled the host branch almost
completely forming sinkers around the whole circumference of
the host branch. The endophyte was composed of small cortical
strands of the parasite, which were observed to give rise to
short wedge-shaped sinkers that penetrate into the host xylem
(Figures 5B,C).

On the other hand, the transverse section of the woody
gall formed by P. bathyoryctum on branches of C. fissilis
showed a fragmented interface due to the diffuse organization
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FIGURE 5 | Comparative cross-sections of the host-parasite interfaces. (A–C) P. perrottetii on T. guianensis. (D–F) P. bathyoryctum on C. fissilis. (A,D)
Macroscopic cross-sections showing the maximum size observed for the parasite’s primary haustorium. (B,E) Detail of the macroscopical cross-section showing
sinkers arising from cortical strands. (C,F) Microscopy cross-section showing the general anatomy of cortical strands and sinkers. Arrow-heads, cortical strands;
Arrows, sinkers; CS, cortical strand; H, host; Hb, host bark; Hx, host xylem; P, parasite; S, sinker.

of the endophytic system (Figure 5D). The contact between the
mistletoe and the host tissue is accomplished by the multiple
cortical strands that spread out through the thick host bark of
C. fissilis (Figure 5E) and give rise to a large number of long
needle-shaped sinkers (Figure 5F).

Despite being smaller than the cortical strands of
P. bathyoryctum, the strands formed by P. perrottetii on the
host tree T. guianensis caused morphological alterations to
surface of host xylem (Figure 6A). At the beginning of its
penetration into the host tissues, the cortical strand is composed
almost exclusively of parenchyma cells (Figure 6B). Later on
during its growth, tick-walled fibers and vessels elements are
developed in the strands (Figure 6C). The vessel elements in
the sinker are connected to vessel coming from the cortical
strand (Figure 6D). A reduced number of cortical strands
were observed to undergo secondary growth in P. perrottetii
(Figure 6E). Direct vessel contact between the parasite and the
host was also observed (Figure 6F).

The large cortical formed by P. bathyoryctum on the host
tree C. fissilis were observed to cause severe alterations to the
host wood (Figure 7A). The large number of cortical strands
allowed us to observe these structures in different growth stages
(Figure 7B), from primary to secondary growth (Figure 7C).

The needle-shaped sinkers were composed of lignified
parenchyma which encircled short vessel elements (Figure 7D).
Few lignified vascular parenchyma cells were also present. Direct

vessel contact between the parasite and the host was also observed
(Figure 7E). The formation of cross-grained wood was observed
in some areas of the host xylem close to the sinkers (Figure 7F).

Additional images showing the morphology and anatomy of
the host-mistletoe interface were compared with images obtained
via HRXCT analysis, as suggested by Steppe et al. (2004). These
figures are provided as Supplementary Material.

The Use of Contrasting Agents in HRXCT
The endophytic tissue of P. perrottetii and P. bathyoryctum
showed a natural contrast against the wood of T. guianensis
and C. fissilis, respectively. In both cases the entire parasitic
endophyte was observed in white, while the host wood showed
dark shades of gray. However, this was not entirely the case
for P. affine parasitizing M. azedarach. The cortical strands of
P. affine actually showed natural contrast against the host wood,
but the sinkers was seen as light gray structures penetrating the
wood of M. azedarach (Figures 8A,B).

The use of contrasting agents was observed to improve the
contrast between the endophytic tissue of the parasite and the
wood of the host. In the sample perfused with Lugol’s solution
both the cortical strands and the sinker showed a higher contrast
(Figure 8C). When lower density tissue was removed from the
image, the whole extension of the cortical strand became visible
in bright white along with short parasitic sinkers, host vessels and
a wood knot (Figure 8D).
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FIGURE 6 | Aspects of the host-parasite interface between P. perrottetii and T. guianensis. (A) Macroscopic view of the woody gall after removal of host
bark, showing cortical strands on host xylem. (B) Young cortical strand penetrating the host xylem (scale bar = 200 µm). (C) Developed cortical strand giving rise to
a sinker (scale bar = 500 µm). (D) Detail of the sinker showing lignified parenchyma cells (scale bar = 100 µm). (E) Cortical strand showing secondary growth (scale
bar = 200 µm). (F) Direct vessel connection between parasite and host (scale bar = 200 µm). Black arrow-heads, cortical strands; white arrow-heads, lignified
parenchyma cells; CS, cortical strand; CSp, phloem tissue of the cortical strand; CSx, xylem tissue of the cortical strand; H, host; Hb, host bark; Hx, host xylem;
P, parasite; S, sinker.

The use of lead nitrate solution also provided a higher
contrast to the parasitic tissues and to some of the host’s
vessels as well (Figure 8E). Nevertheless, the contrasting
solution was observed only within the vessels as the
surrounding parasitic tissue was again observed in shades
of gray (Figure 8F).

It’s noteworthy that the control sample had longer and
more developed sinkers when compared to the other two
samples perfused with contrasting agents. Although all mistletoe
seeds were applied to host branches on the same day, their
morphological and anatomical development rates varied greatly.
Still, it was possible to compare the structure endophytic tissue
among the samples.

DISCUSSION

As other member of the “Viscaceae” clade (currently within the
Santalaceae family; Stevens, 2001), Phoradendron species attach

to their hosts via a single connection (primary haustorium)
that frequently form swollen regions referred by Many (1964)
as woody galls. Their endophytic system is conspicuous
and extensive, which is considered to be a feature of
evolutionary derived species due to an increased protection
conferred to the parasitic tissue (Heide-Jorgensen, 2008). The
endophytic tissue is generally organized in cortical strands
that grow longitudinally within the host bark and give rise
to sinkers, which then penetrate the host xylem (Calvin,
1967).

However, minor variations to this general organization
are observed in some species, such as P. perrottetii. In this
species an eventual fusion of sinkers occurs and the distinction
between sinkers and cortical strands becomes unclear, forming
a continuous endophytic tissue and connects to the host. This
peculiarity was also observed by Thoday (1957), who analyzed
P. perrottetii growing on the host Protium insigne (Burseraceae).
The uniqueness of this endophytic system could be related to
preferred, although not restricted, use of a host species. At the
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FIGURE 7 | Host-parasite interface between P. bathyoryctum and C. fissilis. (A) Macroscopic view of the woody gall after removal of host bark, showing
cortical strands on host xylem. (B) Multiple cortical strands in different developmental stages within the host bark (scale bar = 2 mm). (C) Cortical strand showing
secondary growth (scale bar = 500 µm). (D) Detail of the sinker showing lignified parenchyma cells and vessel elements (scale bar = 200 µm). (E) Direct vessel
connection between parasite and host (scale bar = 200 µm). (F) Region of the host xylem with cross-grained wood close to the sinker (scale bar = 500 µm).
Arrows, sinkers; arrow heads, cortical strands; CS, cortical strand; CSp, phloem tissue of the cortical strand; CSx, xylem tissue of the cortical strand; H, host;
P, parasite; S, sinker.

study site P. perrottetti was mostly observed to use T. guianensis
as its host despite the presence of other tree species. This host
preference was also recorded2 for other areas of the Cerrado
(Brazilian savanna).

On the other hand, the endophytic anatomy of
P. bathyoryctum showed more generalized features commonly
reported for other Phoradendron species (Kuijt, 2003). A great
number of mature cortical strands are also observed. Regarding
host selection, P. bathyoryctum has been reported to grow on
species from a total of 14 different plant families showing little
predilection for hosts within the Sapindaceae and Meliaceae
family2.

Not only had the anatomy of the endophytic tissue differed
between the studied species, the three-dimensional internal
pattern of each parasite’s endophytic system was also diverse.
To our knowledge, this is the first study to show the three-
dimensional structure of host-mistletoe interface by using
HRXCT technique.

While P. perrottetii formed small woody galls with a
concise endophytic restricted to one area of the host branch,

2According to herbaria data available at http://inct.splink.org.br (INCT – Virtual
Herbaria of Flora and Fungi).

P. bathyoryctum had a spread out pattern of the endophyte with
longer sinkers that grew throughout the area of the woody galls.
The understanding of these internal patterns was readily achieved
through the X-ray tomography analysis.

Given its non-destructive method, we chose to begin our study
by employing the tomography technique. The high-resolution
images and three-dimensional models obtained for the woody
galls allowed us to select the most interesting area of the
host-parasite interface to be used in the following anatomical
analysis eliminating the need for a long series of anatomical
sections.

Higher resolutions are also possible, as showed by Dhondt
et al. (2010) who made images of Arabidopsis thaliana at the
cellular level. Nevertheless, due to scan duration and size of
generated files, this increased resolution would require a previous
reduction of the host-mistletoe interface. This reduction would
result in loss of the whole three-dimensional pattern.

Additionally to guiding subsequent anatomical studies, the
understanding of the endophytic spread allowed us to better
understand the host-parasite communication. Although lumen-
to-lumen contact was observed for both host-mistletoe pairs,
the sinkers of P. perrottetii had a greater amount of vessel
elements when compared to the sinkers of P. bathyoryctum. The
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FIGURE 8 | Comparative internal images of the woody gall formed by P. affine on the host M. azedarach showing the test of contrasting solutions.
(A,B) Control sample (no contrasting solution) showing cortical the natural contrast of the cortical strands as opposed to the sinkers. (C,D) Sample perfused with
Lugol’s solution showing the parasitic tissue with a higher contrast. The whole extension of the cortical strand is visible, along with short parasitic sinkers, host
vessels and a wood knot. (E,F) Sample perfused with lead nitrate solution showing the parasitic tissue with a higher contrast, especially within the vessels of the
parasite and the host. Hx, host xylem; S, sinker; Pw, parasitic wood; black arrow-head, cortical strands.

observation may be related to spread of each endophytic system.
The spread-out sinkers of P. bathyoryctum could compensate the
reduced amount of vessel elements by increasing the contact area

with the host xylem. Future in vivo analysis, such as those carried
out by Brodersen et al. (2010) and Cochard et al. (2015) should
help addressing this hypothesis.
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The host-parasite communication was also indirectly assessed
by the use of contrasting solutions. When analyzing the
infestation pattern of each parasitic species the high contrast of
the endophytic tissue against the host wood was an important
factor during the analysis. This was due to the different density
between the endophyte and the host tissue. Therefore, the low
natural contrast between the sinkers of P. affine and the wood
of M. azedarach was probably related to a similar density of
these structures. As observed by other authors (Metscher, 2013;
Staedler et al., 2013), the use of contrasting solutions proved to be
an efficient way to improve the analysis of this situation.

Each contrasting solutions employed here had an interesting
result. Lugol’s solution perfused to the whole endophytic tissue
of P. affine due to the presence of iodine, which bound to
starch grains previously observed within the parasite’s endophyte
(data not shown). Host vessels close to the endophyte were
also perfused with this solution highlighting the vascular
communication between host and parasite. The same occurred
in the specimen perfused with lead nitrate solution. However,
this solution was only observed within vessels, thus indicating an
apoplastic connection between the two plants.

In synthesis, the use of High Resolution X-ray Computed
Tomography analysis is proven to be an important non-invasive
tool for the understanding of the connection and organization
between hosts and their parasites. However, up to the current
technology and computing development the use of traditional
methods of plant anatomy are still needed for a comprehensive
understanding of these complex structures. We are currently
testing the use of the HRXCT, as well as the use of contrasting
solutions in other host-parasite models.
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Phelipanche aegyptiaca Pers. is a root holoparasitic plant considered to be among the

most destructive agricultural weeds worldwide. In order to gain more knowledge about

the metabolic profile of the parasite during its developmental stages, we carried out

primary metabolic and lipid profiling using GC-MS analysis. In addition, the levels of

amino acids that incorporate into proteins, total protein in the albumin fraction, nitrogen,

reduced sugars, and phenols were determined. For the assays, the whole plants from

the four developmental stages—tubercle, pre-emergent shoot, post-emergent shoot,

and mature flowering plants—were taken. Thirty-five metabolites out of 66 differed

significantly between the various developmental stages. The results have shown that

the first three developmental stages were distinguished in their profiles, but the latter

two did not differ from the mature stage. Yet, 46% of the metabolites detected did

not change significantly during the developmental stages. This is unlike other studies of

non-parasitic plants showing that their metabolic levels tend to alter significantly during

development. This implies that the parasite can control the levels of these metabolites.

We further studied the metabolic nature of five organs (adventitious roots, lower and

upper shoot, floral buds, and flowers) in mature plants. Similar to non-parasitic plants,

the parasite exhibited significant differences between the vegetative and reproductive

organs. Compared to other organs, floral buds had higher levels of free amino acids

and total nitrogen, whereas flowers accumulated higher levels of simple sugars such

as sucrose, and the putative precursors for nectar synthesis, color, and volatiles. This

suggests that the reproductive organs have the ability to accumulate metabolites that

are required for the production of seeds and as a source of energy for the reproductive

processes. The data contribute to our knowledge about the metabolic behavior of

parasites that rely on their host for its basic nutrients.

Keywords: developmental stages, GS-MS analysis, parasite’s organs, Phelipanche aegyptiaca, primary metabolic

profiling, total nitrogen
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INTRODUCTION

Orobanche and Phelipanche spp. are obligate plant-parasitic
plants in the Orobanchaceae family (Joel et al., 2007). Due to
their achlorophyllous nature, they are constrained to obtain their
nutritional resources by feeding off broad-leaf plants using the
haustorium, a unique organ in parasitic plants that links the
parasite to the root of the hosts. Through the haustorium, the
parasite diverts water, and nutrients from the host (Westwood,
2013), leading to severe yield loss, and quality in numerous
vegetables crops (Joel et al., 2007; Pérez-de Luquea et al., 2010;
Fernández-Aparicio et al., 2016). It was suggested that once the
connection between the parasite and the host roots is established,
the parasite functions as an active sink, redirecting solutes away
from autotrophic sink tissues and subsequently leading to a
decrease in the accumulation of host biomass (Péron et al., 2016).

Despite accumulated knowledge about the parasite’s
agricultural damage, lifecycle and mode of action, our knowledge
about the primary metabolic profiling and its metabolism is
mostly unknown. Several studies previously measured the levels
of a few amino acids, sugars, or polyols in several parasitic
plants (e.g., Aber et al., 1983; Abbes et al., 2009a,b; Delavault,
2015), however, they usually concentrated on one group of
metabolites, or even on one metabolite. Metabolic profiling
or metabolomics is a rapidly developing technology of the
post-genomics era that focuses on global changes in biological
samples and enables determining metabolic differences in plants
during various developmental stages, growth conditions and
stresses (Nakabayashi and Saito, 2015).

We recently carried out a primary metabolic profiling analysis
of the tips of young shoots of Phelipanche aegyptiaca Pers. that
emerged from the “spiders” stage. In addition, the parasite’s
infected tomato roots and non-parasitized roots were analyzed
(Hacham et al., 2016). Major differences in metabolites contents
between the parasite and the tomato roots were defined,
suggesting that P. aegyptiaca has its own metabolism that differs
significantly in its regulation from those found in their host.
These findings support previous lines of evidence showing
significant accumulations of metabolites such as mannitol in
the parasite (Delavault et al., 2002). In addition to primary
metabolites, we also determined the total phenolic compounds
that mostly belong to secondary metabolites, revealing that their
levels were about three-fold higher compared to the host-infected
roots (Hacham et al., 2016). The results have also shown that
the levels of most of the metabolites in the infected roots were
similar to the levels detected in the non-infected roots, except for
seven metabolites whose levels increased in the infected vs. the
non-infected roots (Hacham et al., 2016).

The motivation of the current study is to enhance our
knowledge about the P. aegyptiaca primary metabolic profiling.
To achieve this, we defined the changes in the whole plant of
P. aegyptiaca during four distinct developmental stages and in
five different organs of the mature and flowering plant. Such data

Abbreviations: GC-MS, Gas chromatography-mass spectrometry; GABA,

γ-aminobutyric acid TCA, tricarboxylic acid cycle; PCA, principal component

analysis.

could not only contribute to our knowledge about the behavior of
parasitic plants and their metabolic nature, but also provide more
data about the similarity to non-parasitic plants.

MATERIALS AND METHODS

Plant Material
Tomato (Solanum lycopersicon) cultivar M-82 seeds were
obtained from Tarsis Agricultural Chemicals Ltd., Israel. Seeds
were collected from inflorescences of P. aegyptiaca parasitizing
tomato grown on Kibbutz Beit Ha’shita in the 2015 season. Seeds
were stored and held in the dark at 4◦C until use. M82 tomato
seedlings were planted in 2-L pots (Tefen Nachsholim, Israel)
using medium-heavy clay-loam soil containing a dry weight basis
of 55% clay, 23% silt, 20% sand, 2% organic matter, pH 7.1
(one plant per pot). Slow-release fertilizer at a concentration of
0.6% (w/v) (Osmocote, ScottsMiracle-Gro, Marysville, OH) and
P. aegyptiaca seeds at a concentration of 15 ppm (15mg seeds
kg−1 soil∼2,250 seeds kg−1) were added to the soil. The above-
mentioned components were mixed to homogeneity in a cement
mixer for 10 min. The pots were placed in a net house and
drip-irrigated as needed.

The different developmental stages and different organs were
collected 12 weeks after planting. Four different developmental
stages were collected (Figure 1): Tubercle carrying adventitious
roots; pre-emergent shoots that also include adventitious roots;
post-emergent vegetative shoots that also include very small
and condense floral buds; and whole mature P. aegyptiaca that

FIGURE 1 | Comparative illustration of the four key life stages and five

organs collected from mature flowering plants of Phelipanche

aegyptiaca. The developmental stages are: Tub, Tubercle; PeES,

Pre-emergent shoot; PoES, Post-emergent shoot; and Mat, Mature flowering

plant. The different organs are: Rt, Adventitious roots; LS, underground

pre-emergent shoot; St, post-emergent shoot; FB, Floral buds; and Fwr,

Flowers. Samples were collected 12 weeks after planting.
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have adventitious roots, pre- and post-emergent shoots and
reproductive tissue, including floral buds and flowers (according
to Westwood et al., 2012). Five organs were collected from
mature adult plants that have all the organs: Adventitious roots;
underground pre-emergent shoot; post-emergent stem; floral
buds; and flowers (Figure 1). The whole parasitic plants during
the four developmental stages and the five organs were frozen
in liquid nitrogen and dried by lyophilization. The samples were
then ground to dried powder using TissueLyser (Qiagen Retsch
MM301) for the various analyses.

Extraction and Analysis of Primary
Metabolites Using Gas
Chromatography-Mass Spectrometry
(GC-MS)
Primary metabolites were extracted from 20mg P. aegyptiaca
dried powder in 1 mL of pre-cooled extraction buffer containing
HPLC-grade methanol:chloroform:H2O (2.5:1:1 v/v/v) and
transferred into new 2 mL lock-cap Eppendorf tubes. Each
sample was added with 4.6 µL of norleucine internal standard
(2mg mL−1 in HPLC-grade H2O), vortexed for 10 s, and
centrifuged for 10 min at 20,817 g at 4◦C pre-cooled table-top
centrifuge to permit the separation of polar (methanol/water)
and non-polar (chloroform) phases. The methanol-water
fractions were treated and derivatized as previously described
(Matityahu et al., 2013; Cohen et al., 2014). The single-ion mass
method was used for soluble and protein-incorporated amino
acid determination with the RXI-5-Sil MS capillary column
(RESTEK; 30 m, 0.25-mm i.d., and 0.25-mm thickness), while
the total-ion-count method was used for metabolic profiling
and separation using the VF-5 ms capillary column (Agilent;
30m+ 10m EZ-guard, 0.25-mm i.d., and 0.25-mm thicknesses).
All analyses were carried out on a GC-MS system (Agilent
7890A) coupled with a mass selective detector (Agilent 5975c)
and a Gerstel multipurpose sampler MPS2 (Cohen et al., 2014).
Peak finding, peak integration and retention time correction
were performed with the Agilent GC/MSD Productivity
ChemStation package (http://www.agilent.com). Areas of
the peaks were normalized to integral standard (norleucine)
signal. The identification of these metabolites was based on
standards (amino acids, fatty acids, and most of the primary
metabolites), and the spectra of all the peaks were compared with
commercially available electron mass spectrum libraries, NIST,
and WILEY.

Extraction of Total Amino Acids
For total amino acid determination including protein-bound
amino acids, 20mg of P. aegyptiaca dried powder from different
developmental stages and plant organs were mixed with distilled
water. After two centrifugation cycles (14,000 rpm for 20
min), 25 µl of protein extraction were placed in a glass
tube with norleucine solution (60 µg/ml). The samples were
frozen at −70◦C and lyophilized, followed by 6N HCl acidic
hydrolysis for 22 h at 110◦C under vacuum (Frank et al., 2015).
Hydrolysis products were suspended in 0.45 ml DDW and 0.3
ml chloroform. Following centrifugation (14,000 rpm, 20 min),

0.3 ml aliquots from the upper phase were collected, and samples
were silylated, and analyzed as previously described (Matityahu
et al., 2013).

Determination of Fatty Acid Contents
Using GC-MS
Fatty acid composition was analyzed using an established GC-MS
protocol (Bai et al., 2012). Three hundred microliters from the
non-polar chloroform phases taken from the samples prepared
for metabolic profiling were collected and transferred into
new Eppendorf tubes. To each sample, 7 µL of heptadecanoic
acid (C17:0) internal standard (5mg mL−1 in HPLC-grade
chloroform) was added. The chloroform phase was dried under
a stream of nitrogen gas, and lipids were transmethylated
with 2% (v/v) H2SO4 in methanol at 85◦C for 1 h. The
reaction was terminated by the addition of water, and fatty
acid methyl esters (FAMEs) were extracted in hexane and
transferred to 300 µL autosampler vials. FAMEs were quantified
and identified on a GC-MS system (Agilent 7890A) coupled
with a mass selective detector (Agilent 5975c) and a Gerstel
multipurpose sampler MPS2. Helium was used as the carrier
gas at a flow rate of 0.87531 mL/min. A 1 µL sample was
injected into the split mode, the inlet temperature was 250◦C
and the pressure was 15.0 psi. Separation was achieved on
a 70% cyanopropyl polysilphenylene-siloxane column (BPX70,
SGE Analytical Science, 25 m, 0.22 mm, 0.25 µm) using the
temperature gradient from 130◦C (hold time 1 min) to 210◦C
(linear increase of 3◦C min−1; hold time 5 min) and finally to
240◦C (linear increase of 10◦C min−1; hold time 2 min). FAMEs
were identified by co-chromatography with authentic standards
(Sigma-Aldrich).

Total Protein and Nitrogen Determinations
For total protein determination, 20mg of P. aegyptiaca dried
powder of tissues from the samples were ground in 400
µL buffer phosphate pH = 7.8 with a protease inhibitor
cocktail (Sigma, P9599). After two centrifugation cycles (14,000
rpm for 20 min), total protein was determined using a
Bradford reagent (Bio-Rad Hercules, Calif.) in three sample
concentrations (Bradford, 1976). Bovine serum albuminwas used
as standard.

For total nitrogen measurement, 20mg dried powder of the P.
aegyptiaca tissues was digested with 0.4 mL of H2SO4 overnight.
Afterwards 2 mL of H2O2 were added for 24 min at a heating
block at 280◦C. Samples were then cooled for 15 min at room
temperature and left overnight in order to enable the evaporation
of H2O2. Double-distilled water (DDW) was added to bring
the total volume to 100 mL. The solution was diluted 10 times
and used to determine the concentration of total N (Wolf,
1982; Prodhan et al., 2016). The total dissolved nitrogen was
determined using a total organic N analyzer (Multi NC 2100S,
Analytik Jena, Jena, Germany).

Total Reducing Sugars Determination
Reducing sugars were measured colorimetrically using the
Sumner method following carbohydrates and starch hydrolysis
(Sumner, 1924). Forty mg dry weights of each of the P. aegyptiaca
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samples from the different developmental stages and different
organs were ground using a Restch MM 301 homogenizer and
extracted in 40 ml HCl 1N at 70◦C for 2 h. After cooling, the
pH was adjusted to 7.3 and the volume to 50 ml with water.
One half ml of the samples was then mixed with 1.5 ml water
and 2 ml of Sumner reagent and left for 5 min at 90◦C. After
cooling, the reducing sugars were detected at 550 nm by the UV-
vis spectrophotometer 1240 (Shimadzu) (Hacham et al., 2016). A
standard curve was created using glucose in a range of 50–500µg.

Total Phenolic Compounds Content
Determination
For total phenolic compounds content determination, most of
which are secondary metabolites, 20mg dried powder from
samples of P. aegyptiaca were ground in 0.5 ml water, and
the colorimetric method, which modified the Ben Nasr method
for small volumes (Ben Nasr et al., 1996), was employed. Ten
microliters of the extraction sample were loaded on a 96-well
ELISA plate. To each well, 50 µl of 10% Folin-Ciocalteu reagent
and 40 µl of 7.5% (w/v) Na2CO3 were added. The plate was
incubated for 40 min at 37◦C and then read at 765 nm (Infinite
M200PRO Tecan, Grodig Austria). A standard curve was created
using gallic acid in a range of 0.5–10 µg.

Statistical Analyses
For the developmental stages, 5–10 parasitic plants were taken
for each biological replicate, while for the different organs
at least five plants for each biological replicate were taken.
The data represent the mean of four independent replications.
Statistical significance was evaluated using JMP software version
8.0 (SAS Institute Inc., Cary, NC). Significant differences between
treatments were calculated according to the Turkey-Kramer HSD
test (p < 0.05). Principal component analysis (PCA) and a heat-
map of GC-MS data were conducted using theMetaboAnalyst 3.0
comprehensive tool (http://metaboanalyst.ca/; Xia et al., 2015)
with Auto scaling (mean-centered and divided by the standard
deviation of each variable) manipulations. Graphs were compiled
using GraphPad Prism 5.01 scientific software (http://www.
graphpad.com/).

RESULTS

Metabolic Profile of P. aegyptiaca during
Four Developmental Stages
Four different developmental stages were taken from P.
aegyptiaca for primary metabolic profiling analyses: Tubercle;
pre-emergent shoot; post-emergent vegetative shoots; and
mature flowering plants (Figure 1). The whole plants from each
developmental stage were ground and used for global primary
metabolic profile analyses, as well as a lipid profile analysis,
using established GC-MS protocols (Bai et al., 2012; Cohen et al.,
2014; Hacham et al., 2016). The analysis revealed 66 annotated
metabolites having a significantly higher signal-to-noise value.
The annotated metabolites belong to seven distinct biochemical
groups: Amino acids (19); sugars (16 in total, 13 annotated and
3 non-annotated); polyols (6); tricarboxylic acid cycle (TCA)

intermediates (4); organic acids (5); sugar acids (5); fatty acids
(6); and others (5) (Supplemental Table S1).

The metabolite profiles of these four developmental stages
were plotted onto a PCA (Xia et al., 2015). The two
principal components account for 65% of the total variance
(Figure 2A). The PCA analysis showed that the first three
developmental stages—tubercle, pre-emergent shoot, and post-
emergent vegetative shoot—were separated from one another.
However, the pre-emergent shoot and post-emergent shoot stages
were not separated from the mature stage (Figure 2A). A heat-
map analysis showed that compared to the other developmental
stages, the tubercle has the lowest contents of most of the
metabolites detected (Figure 2B; Supplemental Table S1).

To gain a better resolution, each metabolite whose level
changed significantly between the different stages was plotted
separately on Figure 3. Examination of the tubercle metabolites
revealed that trehalose showed significantly higher level at this
stage compared to the other developmental stages (Figure 3).
In addition, the level of γ-aminobutyric acid (GABA) was high
at this stage compared to the last two developmental stages
(Figure 3). The metabolic profile of the different developmental
stages basically shows that the levels of ninemetabolites gradually
increased during the four developmental stages. These are
methionine, isoleucine, valine, tryptophan, cysteine, proline,
arabinose, ribose, and fumaric acid (Figure 3; Supplemental
Table S1). In the pre-emergent shoots, only glutamate and
aspartate were significantly higher compared to the other stages,
however, the levels of 16 other metabolites, serine, homoserine,
threonine, fructose, rahmnose, NA1, NA3, glycerol, myo-inositol,
glyceric acid, erythronic acid, galactonic acid, pyroglutamic acid,
phosphoric acid, ethanolamine, and C18:3, were higher than at
least one of the other stages (Supplemental Table S1).

Among the 19 amino acids detected, leucine, serine, aspartate,
glutamate, asparagine, and glutamine (the last two are amides
that have an additional nitrogen molecule) were found at
the highest levels, above 100 nmol/g DW during at least
one developmental stage (Figure 3; Supplemental Table S1).
Since most of the soluble amino acids were incorporated
into proteins (Cohen et al., 2014), we next studied if the
compositions of the protein-incorporated amino acids that
changed during the developmental stages. We tested the albumin
fraction, which is the aqueous-soluble protein, representing
about 80% of leaf proteins (Galili and Hofgen, 2002). The
levels of isoleucine, valine, and aspartate increased significantly
throughout the development, having the highest levels in mature
plants (Table 1).

We also studied fatty acid composition using another GC-
MS method (Bai et al., 2012). The analysis detected six fatty,
three saturated and three unsaturated acids (Supplemental Table
S1). Except for α-linolenic (C18:3), whose levels significantly
decreased from the pre-emergent shoot to the mature flowering
stage (Figure 3), the levels of the other fatty acids did not change
significantly between the four developmental stages. Notably,
although the levels of most of the metabolites detected were
relatively lower in the tubercle stage, the level of fatty acids did
not decrease at this stage compared to the other developmental
stages (Supplemental Table S1).
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FIGURE 2 | Graphical representation of changes in Phelipanche aegyptiaca metabolite profiles at four developmental stages. (A) Principal component

analyses (PCA) applied to the four developmental stages according to their entire primary metabolome set of 66 metabolites. The data points are displayed as

projections onto the two primary axes (eigenvectors). Variances explained by the first two components (PC1 and PC2) appear in parentheses; (B) heat-map of these

66 primary metabolites detected by GC-MS. The data represent three replicates for each developmental stage.

Metabolic Profile of Five Different
P. aegyptiaca Organs Taken from Mature
Flowering Plants
The metabolic profiling of five different organs of the mature
parasite was determined: Adventitious roots; underground pre-
emergent shoot; post-emergent shoot; floral buds; and flowers
(Figure 1). The metabolic profiles of these five organs were
plotted onto a PCA to reveal that a separation exists between
the three vegetative tissues, adventitious roots, pre- and post-
emergent shoots to the reproductive organs, floral buds and
flowers (Figure 4A). A heat-map analysis indeed determined that
the two reproductive tissues (buds and flowers) have higher levels
of most of the metabolites detected than the three vegetative
organs (Figure 4B).

To gain a better resolution, each metabolite whose level
changed significantly between the different organs was plotted
separately on Figure 5. The results showed that the levels of
the 15 soluble amino acids increased significantly in the floral
buds compared to the three vegetative organs. The levels of
11 of them decreased significantly in the flowers (Figure 5;
Supplemental Table S2). In addition, the levels of non-protein
amino acids (homoserine and GABA) increased significantly in
the floral buds. The levels of asparagine and the three aromatic
amino acids (tyrosine, phenylalanine, and tryptophan) displayed
similar high levels in both flowers and buds, while the level of
cysteine was found to be higher in flowers. Notably, the levels
of aspartate and glutamate did not differ significantly between

the five organs, while those of asparagine and glutamine, which
show relatively high levels, accumulated preferentially in the
reproductive organs (Figure 5; Supplemental Table S2). The
amino acids whose levels were the highest (over 100 nmol/g
DW) in the floral buds were leucine, valine, serine, asparagine,
glutamate, threonine, alanine, and proline.

The higher levels of soluble amino acids in the floral buds

might be the result of lesser incorporation of these amino
acids into proteins. To test this possibility, we studied the

compositions of the protein-incorporated amino acids in the

albumin fraction of the different organs. The analysis shows that
five out the 13 amino acids changed significantly between the

organs. Adventitious roots had higher levels (by means of mol%)
of phenylalanine and tyrosine compared to the flowers, while

the floral buds had significantly higher levels of the three branch
chain amino acids, isoleucine, leucine, and valine, compared to

the other organs (Table 2). Therefore, the results suggest that the

total levels of branch chain amino acids (soluble and protein-

incorporated) increased in the floral buds. The higher levels
of other soluble amino acids did not significantly affect their

incorporation to the proteins.

In addition to amino acids, the levels of other 28 metabolites

changed significantly in at least in one organ compared to the

others. The levels of the sugars sucrose and mannose were

significantly higher in the flowers, while fructose, ribose, and
NA2 had higher levels in flowers as well as in floral buds
(Table S2). Flowers and/or floral buds had higher levels of
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FIGURE 3 | The levels of primary metabolites and lipids of Phelipanche aegyptiaca during four developmental stages. Only metabolites whose levels

changed significantly in at least one developmental stage were presented. The developmental stages are: Tub, Tubercle; PeES, Pre-emergent shoot; PoES,

(Continued)
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FIGURE 3 | Continued

Post-emergent shoot; and Mat, Mature flowering plant. The y axis of amino acids is shown in nmol/g DW, for fatty acid in µg/g DW, while for the other metabolites it

represents the area of relative m/z response of each metabolite following normalization to the norleucine internal standard. Data shown are means ± SE of three

replicates for each type of developmental stage. Significance was calculated according to the Turkey-Kramer HSD test (p < 0.05) and is identified by different small

letters. G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; 3-PGA, 3-phosphoglyceric acid; 2-PGA, 2-phosphoglyceric acid; PEP, phosphoenolpyruvic acid; Glu

(glutamic acid); Gln (glutamine); Asp, aspartic acid; Ser, serine; Ile, isoleucine; Val, valine; Leu, leucine; Trp, tryptophan; Cys, cysteine; Met, methionine; Thr, threonine;

Glu, glutamic acid; Pro, proline; GABA, γ-aminobutyric acid.

TABLE 1 | The levels of total amino acids in the four developmental stages of Phelipanche aegyptiaca after protein hydrolysis of the soluble proteins

fraction, given in mol%#.

Protein-bound amino acids (%) Tubercle Pre-emergent shoot Post-emergent shoot Mature

Glutamate 3.23 ± 0.31(a) 2.31 ± 0.22(a) 3.1 ± 0.14(a) 2.87 ± 0.22(a)

Aspartate 25.86 ± 1.5(a) 24.66 ± 1.24(a) 27.8 ± 0.95(a) 31.37 ± 0.28(a)

Lysine 1.48 ± 0.14(a) 2 ± 0.18(a) 0.94 ± 0.05(a) 1.24 ± 0.09(a)

Methionine 1.33 ± 0.08(a) 1.85 ± 0.09(a) 1.67 ± 0.08(a) 1.5 ± 0.08(a)

Threonine 5.23 ± 0.45(a) 4.94 ± 0.3(a) 4.44 ± 0.11(a) 4.21 ± 0.2(a)

Isoleucine 2.52 ± 0.2(b) 2.56 ± 0.16(b) 3.7 ± 0.14(ab) 5.21 ± 0.22(a)

Leucine 7.37 ± 0.44(a) 8.97 ± 0.53(a) 11.25 ± 0.44(a) 12.78 ± 0.25(a)

Valine 5.89 ± 0.26(b) 5.29 ± 0.23(b) 7.54 ± 0.31(ab) 10.05 ± 0.33(a)

Phenylalanine 10.9 ± 0.75(a) 8.14 ± 0.57(a) 8.31 ± 0.32(a) 8.7 ± 0.92(a)

Tyrosine 4.29 ± 0.34(a) 3.46 ± 0.29(a) 4.3 ± 0.54(a) 1.78 ± 0.2(a)

Glycine 10.37 ± 0.8(a) 8.05 ± 0.58(a) 10.72 ± 0.64(a) 9.84 ± 0.66(a)

Serine 7.77 ± 0.67(a) 8.24 ± 0.63(a) 7.39 ± 0.26(a) 7.53 ± 0.35(a)

Proline 1.68 ± 0.15(a) 1.89 ± 0.2(a) 1.94 ± 0.09(a) 2.92 ± 0.09(a)

#The levels of amino acids were measured using GC-MS. The peak area was normalized to norleucine internal standard. For each biological replicate, the percentage (%) was calculated

from the total of all amino acids that were detected at the specific sample, and then the average was calculated for all five biological replicates. Values are the mean ± standard deviation

of five biological replicates, each taken from at least five plants. Significance was calculated according to the Turkey-Kramer HSD test (p < 0.05) and identified by different letters.

glycerol, xylitol, malic acid, succinic acid, glyceric acid, benzoic
acid, pyroglutamic acid, putrescine, and ethanolamide. In total,
37 metabolites increased in one or both of these two reproductive
organs. However, adventitious roots showed the highest levels of
trehalose and arabinose, while the pre-emergent shoot had the
highest levels of quininc and galactaric acids (Figure 5).

Next, we studied fatty acid composition. As shown for most
of the other metabolites, floral buds have higher levels of three
fatty acids, linoleic (C18:2), α-linolenic (C18:3), and palmitic
(C16:0), compared to the previous stages. However, oleic acid
(18:1) was higher in the pre-emergent shoot compared to the
adventitious roots, post-emergent shoot, and flowers (Figure 5;
Supplemental Table S2). The level of stearic acid (18:0) did not
change significantly between the different organs.

The Contents of Total Nitrogen, Total
Soluble Protein in the Albumin Fraction,
and Total Reducing Sugars (Represented
as Starch)
The higher levels of 11 out of the 18 amino acids in the
last three developmental stages, and the relatively higher
levels of the total amino acids (Figure 6A), encouraged us to
determine the total nitrogen content in these stages. The analyses
revealed that there were no significant differences between
the different developmental stages (Figure 6A). Next, the total
soluble proteins (albumin fraction) were examined using the

Bradford analysis. The analyses again revealed that there were
no significant differences between the different developmental
stages (Figure 6A).

The levels of total soluble amino acids, total nitrogen, and
soluble proteins were also examined in the five organs of the adult
plants. Floral buds had significantly higher levels of total free
amino acids and nitrogen compared to other organs (Figure 6B),
while soluble proteins were higher in floral buds and flowers.
This indicates that the reproductive organs, especially the floral
buds, have higher levels of free amino acids, nitrogen, and soluble
proteins. Adventitious roots, however, had about 5-, 2-, and 4-
fold lower levels of total soluble amino acids, nitrogen and soluble
proteins, respectively, than the floral buds.

Changes are also expected due to the finding that the levels of
simple sugars changed significantly during the development and
in the organs tested. To this end, we examined the levels of total
reducing sugars (represented as starch) following carbohydrate
hydrolysis. The reducing sugars did not change significantly
during the developmental stages. However, their levels increased
significantly in the underground pre-emergent shoot by 2.7-fold
compared to the adventitious roots and flowers (Figure 6B).

Determination of Total Soluble Phenolic
Compounds
We previously determined that P. aegyptiaca has about a three-
fold higher level of total phenols (most of them secondary
metabolites) compared to the host’s roots (Hacham et al., 2016).
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FIGURE 4 | Graphical representation of changes in metabolite profiles of five organs of mature Phelipanche aegyptiaca. (A) Principal component

analyses (PCA) applied to the five organs according to their entire primary metabolome set of 66 metabolites. The data points are displayed as projections onto the

two primary axes. Variances explained by the first two components (PC1 and PC2) appear in parentheses; (B) heat-map of these 66 primary metabolites detected by

GC-MS. The data represent three to four replicates for each organ. The different organs are: Rt, adventitious roots; LS, underground pre-emergent shoot;

St, post-emergent shoot; FB, Floral buds; and Fwr, Flowers.

Determination of total phenols content showed that their levels
did not change significantly in the four developmental stages
(Figure 6A). In plant organs, however, the floral buds had 45 and
34%more phenols than the adventitious roots and post-emergent
shoot, respectively (Figure 6B).

DISCUSSION

Differences in Metabolic Profiling during
the Four Developmental Stages
Determination of the metabolic profile of the four developmental
stages revealed that the levels of 35 out of the 66 metabolites,
which come from all determined biochemical groups, differed
significantly in at least one of the developmental stages. However,
the levels of 31 metabolites (constituting 45% of the total) still
did not change significantly during development (Supplemental
Table S1). This finding is unlike those reported for various
developmental stages in different organs of non-parasitic
plants. In the latter plants, the levels of most of the detected
metabolites changed significantly during development. For
example, significant changes were found in the levels of soluble
and protein-bound amino acids during the development of all
Arabidopsis aerial organs (rosette leaves, upper leaves, flowers,
siliques, seeds) (Frank et al., 2015). In addition, the levels of
all metabolites examined in the primary metabolic profiling of
Arabidopsis, sunflower, and tobacco leaves changed significantly

during their developmental stages (Watanabe et al., 2013; Li
et al., 2016; Moschen et al., 2016), and also in the upper leaves
and siliques in Arabidopsis (Watanabe et al., 2013). Although we
compared between the whole P. aegyptiaca plants to the organs
in non-parasitic plants, we assume that the metabolic behavior
of the parasite is considerably less altered during development
compared to non-parasitic plants. We hypothesize that the gap
between P. aegyptiaca and non-parasitic plants in the levels of the
different metabolites is one of the significant differences between
the two types of plants. Although the reasons for such changes
are not yet known, we assume that it is related to the life cycle of
these two types of plants. For example, the leaves of non-parasitic
plants served as a sink when they were young, as a source when
they matured, and at senescence, most of their metabolites
transferred toward the developing reproductive tissues including
seeds. These led to significant changes in their metabolic profiling
during development (Gregersen and Holm, 2007; Lim et al.,
2007; Gregersen et al., 2008; Watanabe et al., 2013; Distelfeld
et al., 2014; Moschen et al., 2016). However, P. aegyptiaca, as a
parasitic plant, does not have functional leaves, and as a parasite,
it relies at least for its carbon source on its hosts. This might be
the reason for lesser change in the levels of their metabolites. The
results also proposed that the parasite can control the levels of
about half of its metabolites during its developmental stages.

Basically, the tubercle stage tends to have the lowest average
level of amino acids, sugars and other metabolites compared to
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FIGURE 5 | The levels of primary metabolites and lipids of Phelipanche aegyptiaca in five organs of mature plants. Only metabolites whose levels

changed significantly in at least one developmental stage were presented. The different organs are: Rt, adventitious roots; LS, underground pre-emergent shoot; St,

(Continued)
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FIGURE 5 | Continued

post-emergent shoot; FB, Floral buds; and Fwr, Flowers. The y axis of amino acids is shown in nmol/g DW, for fatty acid in µg/g DW, while for the other metabolites it

represents the area of relative m/z response of each metabolite following normalization to the norleucine internal standard. Data shown are means ± SE of three to

four replicates for each type of plant’s organ. Significance was calculated according to the Turkey-Kramer HSD test (p < 0.05) and is identified by different small

letters. For abbreviations of metabolite names, see Figure 3, except for abbreviations of Asn, asparagine; Gly, glycine; Tyr, tyrosine; Phe, phenylalanine; Ala, alanine;

Lys, lysine; Gln, glutamine.

TABLE 2 | The levels of total amino acids in five organs of mature flowering plants of Phelipanche aegyptiaca after protein hydrolysis of the soluble

proteins fraction, given in mol%#.

Protein-bound amino acids (%) Adventitious roots Lower shoot Stem Floral buds Flowers

Glutamate 4.68 ± 0.45(a) 4.44 ± 0.37(a) 2.88 ± 0.25(a) 1.15 ± 0.22(a) 2.16 ± 0.55(a)

Aspartate 22.71 ± 1.13(a) 18.92 ± 1.18(a) 22.52 ± 1.26(a) 16.94 ± 0.3(a) 23.31 ± 0.7(a)

Lysine 2.31 ± 0.83(a) 1.16 ± 0.08(a) 0.82 ± 0.04(a) 1.77 ± 0.09(a) 1.84 ± 0.13(a)

Methionine 1.76 ± 0.15(b) 3.08 ± 0.12(a) 1.59 ± 0.14(b) 2.42 ± 0.15(ab) 1.7 ± 0.12(b)

Threonine 3.84 ± 0.08(a) 5.07 ± 0.19(a) 4.34 ± 0.34(a) 6.25 ± 0.52(a) 5.26 ± 0.32(a)

Isoleucine 3.59 ± 0.08(b) 4.99 ± 0.13(b) 4.73 ± 0.3(b) 8.49 ± 0.21(a) 8.1 ± 0.25(a)

Leucine 7.64 ± 0.35(c) 10.7 ± 0.26(b) 9.32 ± 0.6(bc) 15.38 ± 0.23(a) 13.7 ± 0.23(ab)

Valine 8.76 ± 0.48(b) 10.6 ± 0.42(b) 10.25 ± 0.64(b) 17.2 ± 0.44(a) 12.4 ± 0.68(ab)

Phenylalanine 15.84 ± 0.44(a) 12.9 ± 1.08(ab) 11.3 ± 1.18(ab) 5 ± 0.51(b) 6 ± 0.32(b)

Tyrosine 3.75 ± 0.33(a) 1.13 ± 0.15(b) 2.19 ± 0.19(ab) 2.14 ± 0.25(ab) 1.27 ± 0.13(b)

Glycine 13.56 ± 0.55(a) 13.72 ± 0.54(a) 9.14 ± 0.85(a) 11.58 ± 1.25(a) 11.97 ± 0.77(a)

Serine 7.77 ± 0.17(a) 9.63 ± 0.34(a) 8.53 ± 0.61(a) 8.47 ± 0.36(a) 8.78 ± 0.44(a)

Proline 3.79 ± 0.32(a) 2.77 ± 0.09(a) 2.62 ± 0.17(a) 3.22 ± 0.18(a) 3.44 ± 0.32(a)

#The levels of amino acids were measured using GC-MS. The peak area was normalized to norleucine internal standard. For each biological replicate, the percentage (%) was calculated

from the total of all amino acids that were detected at the specific sample, and then the average was calculated for all five biological replicates. Values are the mean ± standard deviation

of five biological replicates, each taken from at least five plants. Significance was calculated according to the Turkey-Kramer HSD test (p < 0.05) and identified by different letters.

the other stages (Figures 2B, 3). This suggests that the parasite
at this stage attracts metabolites relatively less from the host,
or has a lesser ability to produce many of these metabolites
compared to the more advanced developmental stages. Among
the metabolites identified, only trehalose was significantly higher
at the tubercle stage compared to the other stages. The level
of trehalose increased significantly in P. aegyptiaca infected
tomato roots compared to the non-infected roots (Hacham et al.,
2016). Trehalose is known to be involved in stress responses,
plant-microorganism interactions and defense response against
pathogens (Zhang et al., 2016). Therefore, it might be that the
significantly higher level of trehalose in the tubercle stage resulted
from the infected roots that had higher levels of this metabolite
that transferred to the parasite. Despite this assumption, we
cannot exclude the possibility that they also form in the parasite.

The second stage (pre-emergent shoot) had the highest total

hydrophilic metabolites (55% more than the tubercle and 33%
more than in the two later developmental stages; Supplemental

Table S1). This implies that the pre-emergent shoot became a
much stronger sink than the tubercle, gained more abilities to

synthesize these metabolites, and/or utilized these metabolites

less. However, the levels of all of these metabolites tend
to decrease in the last two developmental stages when the
reproductive organs are produced (Figure 3). This implies that
they are used as precursors for the synthesis of other metabolites,
and/or as respiratory and energy substrates. We also assume
that the plant at this pre-emergent stage accumulates metabolites

to support emergence from the ground when relatively rapid
growth occurred.

Differences in Metabolic Profiling in the
Five Different Organs of the Mature Plant
Non-parasitic plants exhibit significant differences in their
primary metabolites between different organs during
development (Watanabe et al., 2013; Frank et al., 2015).
However, only 44 metabolites out of 66 changed significantly
between the different organs of the mature P. aegyptiaca plants
(Supplemental Table S2). Yet, 22 metabolites (representing 32%
of the total) were not significantly changed, suggesting that the
parasite has the ability to control the levels of these unchanged
metabolites in its organs.

PCA and heat-map analyses of the organs of the mature
parasite showed a distinguished separation between the
vegetative and reproductive organs. Indeed, it was observed
that floral buds and flowers have the highest levels of most
metabolites compared to vegetative organs (29 in buds and 19
in flowers). The gap in levels between floral buds and flowers
proposed that several metabolites were used in the flowers to
synthesize other metabolites that cannot be detected by the
methods used in the current study, or they were used as an
energy source, as proposed from the higher levels of malate
and succinate in this organ (Figure 5). These results are similar
to those reported for non-parasitic plants that exhibit diverse
primary metabolic profiling in their different organs during
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FIGURE 6 | The levels of total free amino acids, nitrogen, soluble

proteins, reduced sugars and total phenols in Phelipanche aegyptiaca

at four developmental stages (A); and in five organs from mature plants (B).

Total free amino acids contents measured by GC-MS analysis; total protein

contents in the albumin fraction as measured using a Bradford assay; total

reducing sugar contents analyzed after hydrolysis by the Sumner method; and

total polyphenol content (represented as mg gallic acid equivalents per L of

water extract). Data shown are means ± SE of three to four replicates for each

sample. Significance between plants was calculated according to the

Turkey-Kramer HSD test (p < 0.05) and is identified by different small letters.

Tub, Tubercle; PeES, Pre-emergent shoot; PoES, Post-emergent shoot; Mat,

Mature; Rt, adventitious roots; LS, underground pre-emergent shoot; St,

post-emergent shoot; FB, Floral buds; and Fwr, Flowers.

development (Gregersen and Holm, 2007; Watanabe et al.,
2013; Distelfeld et al., 2014). The major differences in the
metabolom is largely shown during the transition between the
vegetative to the reproductive stage (Gregersen et al., 2008;
Watanabe et al., 2013; Li et al., 2016; Moschen et al., 2016).
This metabolic shift is a key for the mobilization and recycling
of nutrients from senescing leaves to sinks, such as young
leaves, storage tissues, and/or developing seeds (Lim et al.,
2007).

Out of the 16 soluble amino acids whose levels changed
significantly in reproductive organs, 12 had the highest contents
in floral buds (Figure 5; Supplemental Table S2). The total
soluble amino acids in this organ were 4.8-fold higher than
in adventitious roots, which exhibited the lowest accumulation
(Figure 6B). Relatively higher levels were also detected in
flowers. These elevations were in accordance with a higher
level of soluble proteins, and higher total nitrogen content
in these organs, especially in the floral buds (Figure 6B),
which are required to prepare the flowers and the internal
reproductive tissues. Additionally, higher levels of ethanolamine,
putrescine, GABA, and pyroglutamic acid were detected in
buds and/or flowers (Figure 5; Supplemental Table S2). This
suggests that these organs required further nitrogen compounds
(in addition to amino acids), since all of them have an
amine group. They are proposed to contribute to the high
levels of nitrogen, at least in the buds. However, they might
also play a role in flowers, since putrescine synthesis is
correlated metabolically during flower development in Citrus
and Polianthes, and its changes are involved in floral initiation
and development (Huang et al., 2004; Zierer et al., 2016).
As suggested for non-parasitic plants, the higher soluble
compounds in the reproductive organs decreased the water
potential and attracted more metabolites toward this organ from
the other organs, which were then used for flower and seed
production.

The levels of three soluble aromatic amino acids increased
in the flower buds compared to the other organs (Figure 5).
In addition, the levels of phenylalanine decreased in the buds
and flowers in the protein fraction. These two observations
proposed that the pathways derived from phenylalanine (such
as phenylprepnoinds) were enhanced in these two organs,
which apparently contribute to the color (anthocyanins) and
volatiles (like benzenoids) of flowers. Indeed, the high level
of benzoic acid in flowers proposed that it is used for the
synthesis of volatile benzenoids that are known to attract
pollinators (Khurana and Cleland, 1992). This reduction of
phenylalanine in the protein fraction is also apparently related
to the significantly higher levels of total phenols found in
the buds (Figure 6). Higher levels of aromatic amino acids
and total phenols (about 3-fold) compared to the host’s
roots were previously detected in tubercle (Hacham et al.,
2016), suggesting that these pathways are active in the
parasite.

In addition to these compounds, flowers exhibit high levels of
sucrose andmannose, while fructose, ribose andNA2 have higher
levels in flowers and in floral buds (Supplemental Table S2). The
level of sucrose, which was relatively very low in the vegetative
organs of the parasite, increased in flowers by about 3.3-fold
compared to the adventitious roots. Sucrose is proposed to be
one of the main carbohydrates that are channeled from the host
toward the O. crenata (Aber et al., 1983). However, the sucrose
level in P. aegyptiaca was 77% lower than in the infected tomato
roots, while the level of its two components, glucose and fructose,
increased significantly in the parasite (Hacham et al., 2016). This
is mainly due to the invertase activity that was indeed detected in
P. ramosa (Draie et al., 2011). We assume that the high levels of
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sucrose and hexoses in flowers are due to the presence of nectar,
which are the predominant floral nectar sugar in many species
(Wolff, 2006).

Althoughmost of themetabolites, including the total proteins,
nitrogen, and phenols are accumulated in the reproductive
organs, the levels of the reducing sugars representing starch
increased significantly in the underground pre-emergent shoot
(Figure 6B). The accumulation of reducing sugars proposes that
this organ serves as a reservoir of carbohydrates for the upper
organs. One possibility is that this reservoir can be used when
the upper shoot is removed, which enables the synthesis of other
shoots, an assumption that should be tested, and/or when the
sullies from the host are reduced. We also assume that the less
soluble sugars in this organ (Figure 5) enable the water coming
from the host to be channeled through this organ to the upper
organs at the mature stage.

This study provides more knowledge about changes occurring
in the metabolic profiling during the developmental stages and in
five organs of mature P. aegyptiaca plants. In the future, it would
be worthwhile to reveal which metabolites are derived from the
host, and which are mainly synthesized inside the parasite. Such
data could contribute to our knowledge about the behavior of P.
aegyptiaca and its metabolic nature. Differences in the metabolic
pathways and their regulation between P. aegyptiaca and its hosts
could enable additional approaches in the future to control this
parasite.
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The holoparasitic broomrapes, Orobanche spp. and Phelipanche spp.
(Orobanchaceae), are root parasites that completely depend on a host plant for
survival and reproduction. There is considerable controversy on the taxonomy of
this biologically and agronomically important family. Flowers of over 25 parasitic
Orobanchaceae and a number of close, parasitic and non-parasitic, relatives emitted a
complex blend of volatile organic compounds (VOCs), consisting of over 130 VOCs per
species. Floral VOC blend-based phylogeny supported the known taxonomy in internal
taxonomic grouping of genus and eliminated the uncertainty in some taxonomical
groups. Moreover, phylogenetic analysis suggested separation of the broomrapes into
two main groups parasitizing annual and perennial hosts, and for the annual hosts, into
weedy and non-weedy broomrapes. We conclude that floral VOCs are a significant
tool in species identification and possibly even in defining new species and can help to
improve controversial taxonomy in the Orobanchaceae.

Keywords: broomrapes, Orobanche, Phelipanche, volatile organic compounds, weeds, taxonomy, floral scents,
phylogenetic patterns

INTRODUCTION

Just as humans and other animals use sound to communicate with organisms in their environment,
flowering plants have a sophisticated language for communication, floral scents or floral volatile
organic compounds (VOCs). Flowers often emit hundreds of different VOCs and there are large
differences between species (Pichersky and Gershenzon, 2002; Raguso, 2008a). These complex
blends present a detailed language for communication with other organisms (Dudareva et al.,
2006). Floral scent is one of the adaptations that plants have evolved to attract and guide pollinators
(Kaiser, 2006; Raguso, 2008b), but VOCs act as a filter at the same time (Junker et al., 2010).
The scent of flowers of different species is never the same. This is caused by the large diversity
of VOCs and their relative abundance (Knudsen et al., 2004). So far, over 1700 compounds
have been identified in floral blends (Knudsen et al., 2006) and one species may emit from one
to over a hundred different compounds (Knudsen and Gershenzon, 2006). This implies that
the flower VOC blend contains an enormous amount of information (Dudareva and Pichersky,
2006), potentially also on taxonomic relationships. However, only a few studies report on their
significance in phylogeny. In male euglossine bee-pollinated orchids, floral fragrance data did not
reliably indicate phylogeny (Williams and Whitten, 1999). In two genera of Nyctaginaceae, and
in four Licuala species (Arecaceae) flower VOCs did not reflect classification (Levin et al., 2003;
Meekijjaroenroj et al., 2007). While phylogenetic relations based on major floral VOCs revealed
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no distinct patterns at higher taxonomic levels (Knudsen et al.,
2006), phylogenetic patterns were detected in Cypripedium
(Orchideaceae) (Barkman, 2001) and within Nicotiana (Raguso
et al., 2006). In the present study we explored the possibilities of
using flower VOCs as phylogenetic markers in the taxonomically
complicated group of parasitic flowering plants, the broomrapes
(Orobanchaceae). These root parasitic plants have significant
impact on the ecosystem and often severely reduce host
performance (Press and Phoenix, 2005). It has been suggested
that the host range and life history of the broomrapes evolved
in a concerted fashion (Schneeweiss, 2007) and that the ancestor
broomrape had a narrow host range (Manen et al., 2004).
However, species with a wide host range have evolved (Parker,
2009), and mostly grow as weeds on annual crops (Rubiales et al.,
2009), while the broomrapes in natural ecosystems usually have
only one or a few, usually perennial, hosts (Teryokhin, 1997).

The latest monograph of the Orobanche sensu lato (Beck-
Mannagetta, 1930) and current keys (Teryokhin et al., 1993)
stress floral characters as species-discriminative characteristics.
These morphological traits are difficult to determine (Musselman
et al., 1981). Host specificity is therefore often employed as
a major factor in classification. To better establish taxonomic
relationships various other approaches have been employed.
Nuclear rDNA internal transcribed spacer (ITS) sequence data
(Wolfe et al., 2005), DNA sequences of rbcL (large subunit
of the enzyme ribulose-1,5-bisphosphate carboxylase), ndhF
(NADH dehydrogenase subunit 5), the plastidic rps (ribosomal
proteins) (Tank et al., 2006), rps2 (ribosomal proteins 2) (Park
et al., 2008), phytochrome A (PHYA) (Bennett and Mathews,
2006) and the low-copy nuclear locus (PHYB) (McNeal et al.,
2013) have been used to discriminate genera. Random amplified
polymorphic DNA (RAPD) analysis (Román et al., 2003),
proteomics (Castillejo et al., 2009), amplified fragment length
polymorphism (AFLP) analysis (Vaz Patto et al., 2009), more
detailed plastid rbcL sequencing (Manen et al., 2004) and nuclear
ITS sequences (Schneeweiss et al., 2004; Carlón et al., 2005, 2008)
were employed to discriminate species. Only the last three studies
dealt with the Old World Orobanche genus as a whole. It was
split into an Orobanche and a Phelipanche genus. Nevertheless the
phylogenetic relationships remain still insufficiently understood
and controversial (Park et al., 2008).

The present study offers insight into the floral scent chemistry
of Orobanchaceae. We used ultra-sensitive, unbiased, floral
headspace metabolite profiling and advanced data-analysis and
statistical methods normally applied in metabolomics. The floral
volatile blends of 32 species from the root parasitic plant
genera Orobanche, Phelipanche, Boulardia, Cistanche, Striga, and
parasitic outgroup Cynomorium as well as the non-parasitic
but related species from the genera Antirhinum, Mimulus,
and Paulownia were analyzed and the VOC data used to
infer taxonomic relationships. The results are compared with
previously established phylogenetic relationships as based on
taxonomic considerations or molecular markers.

We show that the analysis of the floral chemistry is a reliable to
infer phylogenetic relationships within the Orobanchaceae as we
can confirm relationships established based on other approaches.
Moreover, our study highlights a number of disputed and/or

unreliable phylogenetic relationships. We argue that floral scent
can be used to distinguish species, which are difficult to discern
based on morphological traits. Finally, our analysis suggests
separation of the broomrapes into two different groups, of species
growing on annual and short lived perennial hosts and species
growing on perennial hosts, suggesting the correlation between
VOC profiles and host features.

MATERIALS AND METHODS

Plant Material
A total of 32 plant taxa were screened for floral VOCs. We
focused on the two most important genera of Orobanchaceae,
Orobanche (16 species) and Phelipanche (4 species). Other
parasitic broomrapes from genera Cistanche (2 species), and
Boulardia (1 species), and non-broomrape (but Orobanchaceae)
parasitic species, Striga spp. (3 species) were included as well. In
addition, six outgroup species, one non-Orobanchaceae parasitic
Cynomorium sp. (1 species) and five closely related non-parasitic
species, Antirrhinum spp. (2 species), Mimulus spp. (2 species),
and Paulownia sp. (1 species) were used (see Supplementary Table
S1). Of all species more than five samples were used for headspace
collection as some samples, especially in the field, were influenced
by water or had poor signal intensity. As it is difficult or
sometimes impossible to cultivate some of the broomrapes under
greenhouse conditions, VOCs of 18 broomrapes were trapped
under natural conditions in situ. Four of them, Orobanche alba,
O. caryophyllacea, O. flava, and O. reticulata were checked in
different locations and O. lutea in two different years. These
are referred to within figures and tables using numbers, e.g.,
O. alba 1, O. alba 2 (Supplementary Table S1). The remaining
14 species were grown under greenhouse conditions as described
by Kroschel (2001). The seeds were sown in a soil-sand mixture
3:1 in a top layer of approximately 3–10 cm deep. The seed
density was 10 mg/L of soil. To break dormancy the pots with
the broomrape seeds were watered daily with 60 ml of water,
during 12 days at 16 h light/8h dark, 21/18◦C, and 60% relative
humidity (Matúšová et al., 2004). Subsequently, germinated host
plant seeds were introduced to the pots and watered daily for
5 days, after which the watering regime was changed to three
times per week until broomrapes flowered. The same conditions
were used for non-parasitic plants. For more details about the
species used in this study see Supplementary Table S1.

Headspace/VOC Trapping
The VOCs emitted by flowers were collected using dynamic
headspace sampling as described by Kappers et al. (2010). Two
or three flowering shoots (=plants) or only flowers (in the
case of non-parasitic plants) were cut, placed into vials filled
with water and immediately transferred to a glass jar (720 ml),
which was tightly closed with a Teflon lid with an in- and
outlet. Air was drawn from the jar through a stainless steel
cartridge (Markes, Llantrisant, UK) containing 200 mg Tenax
TA (20/35 mesh; Grace-Alltech, Breda, The Netherlands) and
the incoming air was purified by passing through a similar
cartridge containing Tenax. In the field the air was drawn off
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the jar using the portable PAS-500 Micro Air Sampler (Supelco,
Sigma–Aldrich) with Low Flow Orifice and in the greenhouse
using electric pumps (ADC, The Analytical Development Co Ltd,
Hoddesdon, England). The air flow was controlled by a flow
controller (Brooks Instr. Veenendaal, The Netherlands) which
was set to approximately 100 ml min−1. VOCs were trapped for
5 h, mostly in the morning from 9:30. Four to six collections and
its respective control (empty glass jar) were made simultaneously.
After sampling, the Tenax cartridges were capped and stored
under room temperature until analysis.

Gas Chromatography – Mass
Spectrometry (GC–MS) Headspace
Analysis
Analysis of the trapped volatiles was performed as described
by Snoeren et al. (2010) with some modifications on a Trace
Ultra GC coupled to a Thermo Trace DSQ quadrupole Mass
Spectrometer (Interscience, The Netherlands). Control samples
(blank Tenax cartridges) were used to disqualify any non-
biological compounds during each GC run. Trapped VOCs
were released from the Tenax by heating the cartridge at
250◦C for 4 min with a helium flow of 30 ml min−1 and
re-trapped on a multi-bed sorbent at 10◦C. By heating this
sorbent, the compounds were injected into a capillary column
(RTX-5MS, 30 m, 0.25 µm id, 1.4 µm df, Restek, Interscience,
The Netherlands). The GC temperature program started at
60◦C (hold for 2.5 min) and rose to 250◦C at 12◦C min−1

(hold for 1.5 min) with a column flow of 1 ml min−1. The
column effluent was ionized by electron impact ionization
at 70 eV. Mass spectra were collected over the mass range
m/z 35 to 300 at a scan rate of three spectra sec−1. The
chromatography and spectral data were evaluated using Xcalibur
software (v. 2.0.7, Thermo Fisher Scientific Inc.). Compounds
were annotated by comparing the mass spectra with mass
spectral libraries (Wiley 7th edition and NIST08), and by
comparing calculated retention indices with those given by
NIST08, Adams (2007) and El-Sayed (2012). The annotation of
many compounds was verified using an in house developed mass
spectra/RI library. Any suspicious compounds (e.g., benzene,
toluene, 1,4-dichlorobenzene) were carefully checked in the
literature and in The Pherobase (El-Sayed, 2012) for known
biological properties and occurrence in other plants, to be
accepted as flower VOCs or at least potential volatiles as
there are no data about in connection with broomrapes in the
literature.

Data Analysis
Prior to statistical analysis the entire set of chromatograms was
baseline corrected and aligned using Metalign software version
010110 (Lommen, 2009). Masses that were present in less than 5
samples and had a signal below 100000 were removed using an
in-house script called MetAlign Output Transformer (METOT;
Plant Research International, Wageningen, The Netherlands)
and mass spectra reconstituted using MsClust (Tikunov et al.,
2005). In this way Metalign output was reduced from 16366
mass peaks to 639 putative compounds. Non-biological chemicals

were traced using Xcalibur software (v. 2.0.7, Thermo Fisher
Scientific Inc.) and removed from the dataset. Samples that
were too much influenced by polysiloxanes (column related
compounds with m/z 207, 267, 355, etc.) or water, or had poor
quality (signal intensity) were excluded from the dataset. Data,
peak intensities obtained after Metalign were2 log transformed
and the mass signals normalized by subtraction of the average
peak height of all signals of that mass across all samples from
each individual signal for that mass (mean centering). Principal
component analysis (PCA) was performed on compounds whose
peak heights were significantly different between taxa (P < 0.05
as determined using ANOVA) using GeneMath XT (v. 2.12,
Applied Maths NV, Belgium). Hierarchical clustering analysis
(HCA) with 10000 bootstrap re-samplings was performed in R
(v. 2.10.1; R Development Core Team) following Shimodaira
(2004).

RESULTS

Floral Scent Chemistry
Dynamic headspace sampling was performed either in the
greenhouse or headspace collection chamber (14 plant species)
or in the field (18 species). All the headspace samples (at
least five per species) of the 32 plant species (Supplementary
Table S1) were analyzed using GC–MS. The entire GC–MS
dataset allowed the detection of 639 compounds of which
482 were significantly different between any of the species
analyzed. Most of these compounds could be (putatively)
identified. These data are completely novel as this is the
first report of VOCs for any holoparasitic Orobanchaceae.
The significantly different metabolites were used for further
analysis using unsupervised PCA. For four Orobanche spp.
(O. alba, O. elatior/Figure 1A/, O. flava, and O. reticulata), two
Phelipanche spp. (Ph. aegyptiaca and Ph. ramosa/Figure 1F/)
and two outgroup species (Mimulus luteus and Paulownia
tomentosa) a detailed annotation of the floral VOCs is shown
in Supplementary Table S2. In these six broomrapes, 393
VOCs could be tentatively identified, and although each
species was characterized by a different VOC composition,
there was also considerable overlap (Supplementary Table
S2). A total of 59 from 278 metabolites were present in the
blend of all four Orobanche spp., 95 from 219 compounds
were present in both Phelipanche spp. and 43 VOCs were
common in all six broomrapes shown in Supplementary
Table S2. The Phelipanche spp. emitted about 13% more
VOCs than the Orobanche spp. Floral scents of outgroup
species represented rather simple blends in comparison
with broomrapes, containing only from 66 (M. luteus) to
71 compounds (P. tomentosa) (Supplementary Table S2).
Spectrum of VOCs across all 20 holoparasitic broomrape
species (Orobanche spp. and Phelipanche spp.) was very rich
and unusually diverse, including representatives of at least 12
functional groups: alcohols, aldehydes, amines, hydrocarbons
(including monoterpenoids and sesquiterpenoids), aromatic
hydrocarbons, carboxylic acids, esters, furans, ketones, phenols,
sulfur compounds, and diverse functional groups. Many
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FIGURE 1 | Examples of some morphologically, taxonomically, and
evolutionary difficult to distinguish broomrape species, (A) Orobanche
elatior, (B) Orobanche kochii, (C) Orobanche alsatica, (D) Orobanche
mayeri, (E) Phelipanche arenaria, and (F) Phelipanche ramosa.

compounds are known as semiochemicals with behavioral
function (e.g., kairomones, attractants, and pheromones). Each
species has its own characteristic VOCs profile. However, 40
compounds were presented in the scent of all 20 broomrapes
studied (Supplementary Table S3). These mutual compounds
were strongly dominated by hydrocarbons, which represented
37.5% of them, followed by aldehydes (17.5%), alcohols
(15%), aromatic hydrocarbons (10%), ketones (10%), esters
(5%), carboxylic acids (2.5%), and diverse functional groups
(2.5%). Certain compound, as acetone, toluene, pentanal,
dibutyl phthalate, 4-methylpentan-2-one, and many others
within broomrape VOCs are unusual, however, already

known from plants. The striking exception within mutual
compounds features pentane-2,4-dione and 2-decen-1-
ol which are known from no other plants so far. Very
characteristic chemicals for most of broomrapes (except,
e.g., Ph. aegyptiaca) are also isopropyl tetradecanoate and
isopropyl hexadecanoate. There are many other interesting
compounds emitted by broomrapes. Scent of some broomrapes
is aromatic, e. g., strong clove-like odor of O. alba brings on
4-ethylguaiacol and 4-vinylguaiacol, very strong fusel-like smell
of O. foetida causes tetradecane and tetradecanal, and earthy,
mushroom fragrance of Ph. aegyptiaca is result of benzyl tiglate
emission.

Floral Scent Relations and Clustering
In order to assess the total variation in the whole dataset
of all species, the volatile profiles were analyzed by principal
component analysis (PCA). PCA clearly showed the species
differences in VOC composition, clustering the 32 species into
separate groups, with the replicate samples of each species
usually clustering close together (Figure 2). This is remarkable
and demonstrating the reproducibility of our collection and
analysis methods as some of the species were sampled in
different locations and years. There was no or just negligible
effect of trapping location on relative emission of VOCs. See
for example O. alba 1–2, O. flava 1–4, O. caryophylacea 1–
2, O. reticulata 1–2 (Figure 2). Also the year of sampling did
not affect the volatile profile. See for example O. lutea 1–2
(Figure 2).

The first three principal components (PCs) explained 25.6%
of the observed variation in the VOCs while the first six
PCs explained 39.6%. All analyses resulted in two distinct and
highly supported groups. Broomrapes growing on perennial
hosts (Figure 2, left side) clearly separated from the rest of the
broomrapes growing on annual and short-lived perennial hosts
as well as other parasitic plant species and non-parasitic plants
(Figure 2, right side). The non-Orobanche parasitic Boulardia
latisquama, and non-parasitic P. tomentosa, Antirhinum majus
nanum, A. majus pumilum, and M. cardinalis clustered separately
from each other and as group in between the parasitic
annual host Orobanche (O. cernua, O. cumana, O. foetida,
O. minor), Phelipanche (Ph. aegyptiaca, Ph. mutelii, Ph. ramosa)
and Striga spp. (S. asiatica, S. gesnerioides, S. hermonthica).
Non-parasitic M. cardinalis clustered closely with the non-
broomrape parasitic S. hermonthica. Other non-broomrape
parasitic species (Cistanche phelypaea, Cynomorium coccineum)
cluster separately from most broomrapes but are quite similar
(Figure 2). Hierarchical clustering analysis (HCA) showed that
the Phelipanche species – with a remarkable exception for Ph.
arenaria – share the same clade with the non-parasitic A. majus
nanum, A. majus pumilum, M. cardinalis, and P. tomentosa
(Figure 3). O. cumana and O. cernua cluster together with
the non-broomrape parasitic species B. latisquama and Ci.
phelypaea. O. foetida groups with the non-broomrape parasitic
species Cy. coccineum and O. minor with the witchweeds
(Striga spp.) and the non-parasitic M. luteus (Figure 3). The
Approximately Unbiased P-value (AU, lower red numbers),
obtained using Pvclust (a better approximation for reliability
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FIGURE 2 | Principal component (PC) analysis of the floral blends of the 32 species studied. Principal component analysis (PCA) was done with
compounds showing a significant difference between the species (P < 0.05 from ANOVA test) and it was performed by GeneMath XT. Letters and symbols represent
single species. An, Antirrhinum majus nanum; Ap, A. majus pumilum; Bl, Boulardia latisquama; Cpl, Cistanche phelypea (lutea); Cpv, Ci. phelypea (violacea); Cc,
Cynomorium coccineum; Mc, Mimulus cardinalis; Ml, M. luteus; Oa1, Oa2, Orobanche alba (location 1, 2); Oal, O. alsatica; Ob, O. ballotae (white color); Oca1,
Oca2, O. caryophylacea (location 1, 2); Oce, O. cernua; Ocr, O. crenata; Ocu, O. cumana; Oe, O. elatior; Of1–Of4, O. flava (location 1,2,3,4), Ofy1,2,4, O. flava
yellow morph (location 1,2,4); Ofo, O. foetida; Oh, O. hederae (white color); Ok, O. kochii; Ol1, Ol2, lutea (year 1,2); Oma, O. mayeri; Omi, O. minor (white color);
Or1, Or2s, O. reticulata (location 1,2); Pa, Phelipanche aegyptiaca; Par, Ph. arenaria; Pm, Ph. mutelii; Pr, Ph. ramosa; Pt, Paulownia tomentosa; Sa, Striga
asiatica; Sg, S. gesnerioides; Sh, S. hermonthica.

of clustering than the Bootstrap Probability P-value; BP,
upper green numbers) shows that most clusters within the
data set are reliable and significant (Figure 3). In order
to explore how robust the clustering is, we analyzed the
stability of the clustering after modifying the dataset. HCA
on smaller subsets (e.g., without non-parasitic plants) resulted
in the very similar output as the whole dataset (Figure 4).
Figure 4 shows that broomrapes growing on perennial hosts

are further subdivided into a cluster containing the genus
Orobanche and a cluster containing the genus Phelipanche,
section Arenariae (bottom Figure 4). The same is true for the
annual host broomrapes, where the genus Phelipanche, section
Phelipanche is markedly separated from the genus Orobanche
(top Figure 4). Based on the VOC data, Orobanche and
Phelipanche are not monophyletic groups (taxon forming a
clade).
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FIGURE 3 | Hierarchical clustering diagram of the flower VOC profiles of 32 species studied. HCA was performed with R and based on PCA of significantly
different flower blends. Numbers at nodes are bootstrap probability P-value (BP, upper green numbers) and approximately unbiased P-values (AU, lower red
numbers). The definition of the two genera of Orobanche is designated in orange (genus Orobanche) and blue (genus Phelipanche) bar; section Arenariae is also
indicated (subsections within genus Orobanche are shown in Figure 6).
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FIGURE 4 | Hierarchical clustering diagram of the flower VOC profiles of all parasitic plant species studied. HCA was performed with R and it was based
on PCA of significantly different flower blends after all non-parasitic plant species where removed from the data set. Numbers at nodes are bootstrap probability
P-value (BP, upper green numbers) and approximately unbiased P-values (AU, lower red numbers). The definition of the two genera of Orobanche is designated by
orange (genus Orobanche) and blue (genus Phelipanche) bars; section Arenariae is also indicated (subsections within genus Orobanche are shown in Figure 6).
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Phylogenetic Patterns within the
Broomrapes
To visualize the phylogenetic relationships between the
broomrapes in more detail, PCA was done on the VOC
data of Phelipanche and Orobanche using Boulardia as an
outgroup (Figure 5). The broomrapes were divided along the
first PC (explaining 11.2% of the variation) into two groups,
the perennial-host- and the annual-host-broomrapes. The
first group comprises species exclusively growing in the wild;
the second group comprises mostly weedy broomrapes. The
statistically well supported position of Ph. arenaria (between
Orobanche spp.) is particularly surprising. The annual-host
broomrapes are subdivided into two groups along the second
PC (explaining 19.8% of variation) into a cluster containing
the aromatic (=strong fragrant VOC blend) weedy species O.
crenata, O. lutea, and the non-weedy and aromatic O. ballotae
and a cluster containing all other weedy species of the genera
Orobanche (O. cumana, O. cernua, O. minor, O. foetida)
and Phelipanche (Ph. aegyptiaca, Ph. mutelii, Ph. ramosa)

(Figure 5). Figures 6 and 7 illustrate the association of host
specificity and host life history on phylogenetic relationships. The
weedy cluster comprises almost exclusively species growing on
annuals or short-lived perennial hosts. Most of these species are
weeds in agriculture, except O. ballotae and B. latisquama. The
latter is growing on a perennial host. Boulardia is not, but was
in the past regarded to be an Orobanche spp., so we included it
here as a closely related out-group. The host range of the weedy
group ranges from monophagy (O. ballotae, O. cumana, O. lutea)
through broad oligophagy (O. cernua, O. foetida,) to polyphagy
(O. crenata, O. minor, Ph. aegyptiaca, Ph. mutelii, Ph. ramosa,).
The typical feature of wild species is monophagy (O. elatior,
O. hederae, O. kochii/Figure 1B/, Ph. arenaria/Figure 1E/) or
narrow oligophagy (O. alsatica/Figure 1C/, O. flava, O. alba,
O. caryophyllacea, O. reticulata, Orobanche mayeri/Figure 1D/)
(Figures 6 and 7). In general, the hierarchical clustering of the
genera Orobanche and Phelipanche reflects the known taxonomy
especially in internal taxonomic grouping of genus (subsections).
Distribution and composition of the minor clades was very

FIGURE 5 | Principal component analysis of the floral blends of the 21 European broomrapes studied (including Boulardia latisquama). PCA was done
with compounds showing a significant difference between the species (P < 0.05 from ANOVA test) and it was performed by GeneMath XT on a data subset with
broomrapes only. Letters and symbols represent single species. Group of wild broomrapes: Oa1, Oa2, Orobanche alba (location 1, 2), Oal, O. alsatica;
Oca1, Oca2, O. caryophylacea (location 1, 2); Oe, O. elatior; Of1–Of4, O. flava (location 1,2,3,4); Ofy1,2,4, O. flava yellow morph (location 1,2,4); Oh, O. hederae
(White color); Ok, O. kochii; Oma, O. mayeri; Or1, Or2, O. reticulata (location 1,2); Par, Phelipanche arenaria. Group of weedy broomrapes: Ob, O. ballotae (White
color); Oce, O. cernua; Ocr, O. crenata; Ocu, O. cumana; Ofo, O. foetida; Ol1, Ol2, O. lutea (year 1,2); Omi, O. minor (White color); Pa, Ph. aegyptiaca; Pm, Ph.
mutelii; Pr, Ph. ramosa. Other broomrapes: Bl, Boulardia latisquama.
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FIGURE 6 | Hierarchical clustering diagram of the flower VOC profiles of broomrapes of the genus Orobanche. HCA was performed with R and it was
based on PCA using a subset with data of Orobanche spp. only. Numbers at nodes are bootstrap probability P-value (BP, upper green numbers) and approximately
unbiased P-values (AU, lower red numbers). Internal taxonomic grouping of genus Orobanche as proposed by Teryokhin (1997) is shown by letters and colors which
indicate subsections (sections are not specified here), CO, Coerulescentes; CR, Cruentae; GA, Galeatae; GL, Glandulosae; MI, Minores; OR, Orobanche; SP,
Speciosae.

stable in all cluster analyses performed. Two highly supported
clades in the genus Orobanche within the wild group were
discriminated (bottom half of Figure 6). The first clade (BP/AU

95/99) involves the species from three subsections, Glandulosae
(O. alba and O. reticulata), Orobanche (O. mayeri), and Galeatae
(O. caryophyllacea). The former two, however, did not cluster

Frontiers in Plant Science | www.frontiersin.org March 2016 | Volume 7 | Article 312248

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-00312 March 14, 2016 Time: 18:13 # 10

Tóth et al. Floral Volatiles of Orobanchaceae

FIGURE 7 | Hierarchical clustering diagram of the flower VOC profiles of all broomrapes of the genus Phelipanche. HCA was performed with R and it
was based on recalculated PCA using a subset with data of Phelipanche spp. only. Numbers at nodes are bootstrap probability P-value (BP, upper green numbers)
and approximately unbiased P-values (AU, lower red numbers). Taxonomic grouping of the genus Phelipanche as proposed by Teryokhin (1997) is shown by letters
and colors which indicate sections, PP, Phelipanche and PA, Arenariae.

separately, since O. mayeri clustered closely with O. reticulata.
The second clade (BP/AU 95/99) represents a monophyletic
group and matches with the subsection Orobanche. In this clade,
O. kochii is closer related to O. flava and more distant from
O. elatior, which is closer to O. alsatica. Interestingly, O. mayeri
(mentioned above) differed markedly from the morphologically
difficult to assign O. alsatica aggregate, where it taxonomically
belongs! Unexpectedly the yellow morph of O. flava clustered
separately from the other color morphs of the well supported
O. flava clade (Figure 6). Three well supported clades in the genus
Orobanche were present in the weedy group (top half of Figure 6).
One of these is the cluster of three aromatic species with
differing taxonomy, O. lutea (Galeatae), O. crenata (Speciosae),
and O. ballotae (Minores). Two further clades observed were
the basal lineage corresponding to O. foetida (Cruentae) and
the lineage with O. minor (Minores), and O. cumana and
O. cernua (Coerulescentes). The separate clustering of O. minor
was statistically sufficiently supported and was clearly separate
from O. cumana and O. cernua. The latter two were also
distinct from each other (Figure 6). Weedy species of the
genus Phelipanche (section Phelipanche) clustered together well
supported within the weedy cluster (Figure 7). Within this
cluster, Ph. mutelii and Ph. aegyptiaca constitute one clade
and Ph. ramosa relatively isolated another. The most distinct
species P. arenaria (section Arenariae) clustered completely

separate from the other Phelipanche spp. within the wild
broomrape group (Figures 4 and 7), and constitutes a separate
lineage either alone (Figure 3) or together with O. hederae
(Figure 4).

Synapomorphic Characters
Using Xcalibur software, we identified which VOCs are
differentially emitted by species within the wild and the weedy
clusters. Since these potential synapomorphic characters
(shared, newly evolved features) could carry phylogenetic
information, mapping the presence and absence of VOCs
was realized in all 21 European broomrapes (including
Boulardia and excluding Cistanche). Out of the 544 VOCs
considered, two compounds, 2,3-butanediol and phytone
(hexahydrofarnesyl acetone) were unique to the weedy
species only. Species from the genera Phelipanche [except
Ph. arenaria (!)] emitted both. 2,3-Butanediol occurred in
the weedy group O. cumana, O. cernua, O. minor, O. foetida,
O. ballotae, and non-broomrape B. latisquama and phytone
occurred also in the weedy O. minor, O. cumana, and
O. cernua. On the other hand, the sesquiterpene aristolene
was exclusively emitted by Orobanche spp. with the exception
O. cumana and O. cernua. 2-methylpropan-1-ol and the
monoterpenoid eucalyptol were common VOCs in most
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Orobanche spp. and Ph. arenaria but they were absent in the
weedy species.

DISCUSSION

Phylogenetic Patterns within
Broomrapes
A number of authors have reported on failed efforts to use
floral scent chemistry for phylogenetic analysis (Williams and
Whitten, 1999; Levin et al., 2003; Meekijjaroenroj et al., 2007)
and as far as we know only two studies have yielded credible
phylogenetic patterns (Barkman, 2001; Raguso et al., 2006). One
possible explanation is that the number of species and especially
the number of VOCs used in the studies that failed was quite
low. The number of VOCs we have collected exceeds that of
previous studies. The differences reflect probably unusually high
scent diversity found in broomrapes and the high sensitivity due
to thermal desorption. Our metabolomics approach enabled the
use of the more complete VOC profile. Together this may have
been decisive in generating sufficient data to allow for reliable
statistical analysis and hence reliable phylogeny. The chemical
and statistical analysis of the floral VOCs of 23 European
broomrapes (including Boulardia and Cistanche) resulted in
phylogenetic relationships that are offering new insights into
broomrape phylogeny that can be tested with independent
phylogenetic analyses. The key difference, in comparison
with phylogenetic relations inferred from taxonomical (Beck-
Mannagetta, 1930; Teryokhin, 1997) or recent molecular studies
(Román et al., 2003; Manen et al., 2004; Schneeweiss et al.,
2004; Schneeweiss, 2007; Park et al., 2008), is the separation of
broomrapes into two main groups, a weedy (growing on annual
and short lived perennial hosts) and a wild (growing on perennial
hosts) group.

The clades now recognized are based on functional traits,
such as host range and life history, but these clades are not
easily diagnosed using morphological characters. It has been
hypothesized that the host range and life history of broomrapes
evolved in a correlated fashion (Schneeweiss, 2007). Our floral
scent analyses underline that specialization for the type of host
plant is indeed very likely the driving force of evolution within
the broomrapes (Figures 6 and 7). However, also evolution of
weediness seems to be an important driving force in speciation
in the Orobanche and Phelipanche genera. Weedy broomrapes
were placed into two independent phylogenetic clusters within
the genus Orobanche (O. cumana group and O. crenata group),
and into one within the genus Phelipanche (Figures 6 and 7). This
suggests that weediness originated several times independently
during the evolution of the broomrapes.

The level of host specialization (monophagy, oligophagy,
polyphagy) seems to be less significant for the phylogenetic
patterns than the host lifestyle (annual or perennial).
For instance, in the group of weedy species of the genus
Orobanche, host specialization ranges from monophagy
(O. cumana – weedy forms on sunflower but wild forms
on Artemisia spp.), through oligophagy (O. cernua – weedy
forms on Solanaceae and wild forms on Artemisia spp.

and some other Asteraceae) up to polyphagy (O. minor –
various families) (Teryokhin, 1997). A similar situation
occurs within the aromatic weedy species. O. crenata is a
typical polyphagous species (Parker, 2009), O. lutea ranges
from monophagy to oligophagy (Teryokhin et al., 1993;
Piwowarczyk and Krajewski, 2014), while the non-weedy
O. ballotae is strictly monophagous (Pujadas Salva, 1997)
(Figure 6).

Support for life history of the host plant being a driving force
in broomrape evolution and hence phylogeny is provided by
species from the subsections Orobanche, Galeatae, and Minores.
All species of the subsection Orobanche grow on perennial hosts,
share one monophyletic clade with the exception O. mayeri, and
all clusters just as expected based on the known taxonomical
subsection structure (Teryokhin et al., 1993; Teryokhin, 1997).
However, the other two subsections show clustering that is
not consistent with existing taxonomy (Figures 3, 4 and 6).
Such discordance has been also identified before by molecular-
phylogenetic clades based on a broader species sampling (Manen
et al., 2004; Schneeweiss et al., 2004). This is, for example, clear
in the subsection Minores (Beck-Mannagetta, 1930) (Figures 2
and 5). Minores species O. minor groups with weedy species
that grow on annual hosts, O. ballotae together with aromatic
weeds on short-lived perennials, whereas O. hederae shares a
clade with Ph. arenaria and both are growing on perennial
hosts (Figure 4). Our data support Teryokhin et al. (1993)
rather than Beck-Mannagetta (1930). For instance O. hederae
placement in a separate subsection Hederae and not together
with the rest of Minores is highly supported by our study.
Phylogenetic hypotheses based on DNA sequence data also
suggested the presence of heterogeneity in the O. minor clade
(Schneeweiss, 2007). We propose that this unclear phylogeny
can be resolved by using floral scents. Our data verified
and supported also known morphological (Teryokhin et al.,
1993) and molecular (Schneeweiss et al., 2004; Park et al.,
2008; Castillejo et al., 2009) distinctions between the sections
Phelipanche and Arenariae, and this were statistically supported
here. Besides VOCs data placed interestingly Phelipanche within
Orobanche (Figures 3 and 4).

Figure 5 shows B. latisquama (syn. Orobanche macrolepis)
as a phylogenetically clearly independent group, as was also
concluded by Schneeweiss et al. (2004). On the other hand
B. latisquama and Ci. phelypea are clearly part of the O. cumana
lineage within the weedy broomrape group (Figures 3 and 4). The
genus Paulownia has been placed in a clade with Orobanchaceae
and Phrymaceae (Tank et al., 2006). This placement was
confirmed also here (Figures 2 and 3). Surprisingly, P. tomentosa,
a tree native to China, M. cardinalis (Phrymaceae) of North
American origin, and Antirrhinum spp. (Veronicaceae) of
Eurasian origin clustered together in the weedy Phelipanche spp.
clade. This could point to a New World origin for Phelipanche, in
contrast to the likely Old World Orobanche (Schneeweiss et al.,
2004). The latter shared a mutual clade with the parasitic Striga
spp. (Figure 3). S. hermonthica and S. asiatica, both with host
preference for tropical cereal crops, grouped closely together,
while S. gesnerioides parasitizing fabaceous host species clustered
separately from the two cereal parasites.
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The presence of aromatic VOCs can provide additional
support for clades (Levin et al., 2003). Aromatic species were
found in three different clusters, the O. foetida, O. lutea, and
O. caryophylacea groups (Figures 3, 4, and 6). The strong
aromatic odor seems to be related to the typical habitat –
open, sunny, and warm with abundant insect fauna – of these
broomrapes. However, the very distinct scent of these aromatic
broomrapes does not result in high insect diversity on the
rewarding broomrape flowers (Tóth pers. obs.). Possibly, the
strong fragrance acts as plant defense rather than pollinator lure
as also demonstrated for aloe nectar (Johnson et al., 2006).

Species Determination
In our study, the broomrapes are generally well differentiated
by their floral scents and the samples of single species, even
of individuals from different locations or years, clearly group
together (Figures 3, 4, and 6). As it is often unclear to
what degree the host plant can influence parasite morphology
(Musselman and Parker, 1982), and there is no cardinal feature
that may be employed to distinguish species reliably, VOCs
could be an alternative for solving taxonomical problems. For
example, it is not easy to distinguish O. elatior (Figure 1A)
from O. alsatica (Figure 1C) on the basis of morphological
traits (Zázvorka, 2010) and the same is true for O. alsatica
and O. mayeri (Figure 1D) (Piwowarczyk et al., 2014). Floral
scents provide a useful tool to support species identification and
clearly support the separation of these three into separate species
(Figures 3, 4, and 6). Interesting is the phylogenetic location
of the rare O. mayeri. O. mayeri shares its habitat preference
with O. reticulata with which it closely groups and has an
aromatic scent which explains its phylogentic placement close to
the aromatic group (O. alba, O. caryophylacea) (Figure 6). But
its VOCs clearly separate O. mayeri from the morphologically
similar O. alsatica. The most notable compounds are methyl
3-methylbutanoate (methyl isovalerate) and cuparene [1-methyl-
4-(1,2,2-trimethylcyclopentyl)-benzene)]. Both are absent in
O. alsatica but do occur in O. mayeri. Methyl isovalerate and
cuparene are also present in the floral blend of O. reticulata,
O. alba and O. caryophylacea and absent in O. elatior which
shares a clade with O. alsatica (Figure 6). Morphological and
evolutionary proximity of O. mayeri with O. flava (Zázvorka,
1997) is also rejected by our analysis. All of this suggests
that taxonomy of O. mayeri could be revalued. Additional
support for the reliability of our approach is represented by
the explicit separation of O. elatior and O. kochii (Figure 6).
The host of both species is Centaurea scabiosa. For a long
time, these species were considered two color morphs (yellowish
and carrot-red) of O. elatior, but recently the existence of
two taxonomically distinct species was postulated (Zázvorka,
2010; Frajman et al., 2013), which is clearly supported by our
VOC analysis. Another surprising, color related, separation was
found in O. flava. The VOC profiles of yellow morphs differed
from red wine-color and typical (ochreous-pink) morphs. The
latter two created a well-supported distinct clade (Figures 3,
4, and 6) and the distinct clustering of the yellow morph
(including samples collected from different locations!) suggests
the existence of a new subspecies. Majetic et al. (2007) found

differences in floral VOCs of purple and white color morphs of
Hesperis matronalis (Brassicaceae). They assumed that mutants
(white morph) could divert compounds normally processed to
form pigment to other pathways which could result in changes
in type or amount of VOCs emitted. A similar mechanism
may be responsible for the possible sub-species creation in
O. flava. In addition to a number of minor quantitative
differences in VOC amounts emitted by the two morphs, the
typical morphs emit 6-methyl-5-hepten-2-ol while the yellow
morph does not. This places the yellow morph of O. flava
phylogeneticaly closer to O. elatior. O. elatior (Figure 1A)
is yellowish and also missing 6-methyl-5-hepten-2-ol, whereas
closely related carrot-red O. kochii (Figure 1B) emits this
metabolite.

Phylogenetic and Ecological
Significance of VOC Differences
Floral VOCs are unique features and each broomrape species
has its own blend, which results in the well supported separate
clustering of the species. Two VOCs, 2,3-butanediol and phytone
seem to represent a synapomorphic character as they are closely
connected to weediness. Particularly 2,3-butanediol and its
precursor acetoin seem to be important in this respect. Whereas
acetoin is a common floral VOC, 2,3-butanediol is much less
often reported (Knudsen et al., 2006). Indeed, while acetoin was
emitted by all broomrapes, 2,3-butanediol occurred only in the
weedy species. The reduction of acetoin to 2,3-butanediol (Ryu
et al., 2003) seems to represent a novel evolutionary trait in these
weedy species. Interestingly, both volatile are released abundantly
by plant growth-promoting rhizobacteria (Rudrappa et al., 2010).
Especially 2,3-butanediol is an essential component responsible
for airborne chemical signaling between rhizobacteria and plants
(Ryu et al., 2003). For instance, exogenous application of 2,3-
butanediol to Arabidopsis thaliana seedlings promotes growth
and induces systemic acquired resistance (Ping and Boland,
2004). The intriguing acquisition of 2,3-butanediol emission by
the weedy broomrapes may be speculated to represent a strategy
that results in improved growth of the broomrape host or the
broomrape itself.

The sesquiterpene aristolene is a key feature of most
Orobanche spp. Aristolene is known as floral VOC only from
two families, Araceae and Nyctaginaceae (Knudsen et al., 2006).
Root extracts of Valeriana jatamansi (Valerianaceae), containing
5.2% of this compound, were shown to have insecticidal
activity (Dua et al., 2008). The aristolene in the flower VOC
blend of the Orobanche spp. may have a similar function
and protect the flowers against insect herbivory. The other
compound only present in the weedy Phelipanche broomrapes
is phytone. Phytone is a ubiquitous compound, occurring in
plants and insects (Schulz et al., 2011). It is known for its
allelopathic, antimicrobial, antifungal, and pheromonal activity
(Cakir et al., 2005; Radulovic et al., 2006; Kalinová et al.,
2009).

The presence of synapomorphic characters as well as the
position in the HCD may help to predict potentially problematic
future weedy broomrapes. O. foetida could serve as an example
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as this species became an agricultural problem just a few
decades ago and before grew only on wild host plants (Rubiales
et al., 2005). The floral VOCs in retrospect pre-determine
O. foetida to be a weedy broomrape (Figure 6), which it indeed
became. Looking to the future, O. lutea, a species with weedy
volatile pattern (Figure 6), may be the next problematic species.
Presently, it grows almost exclusively on the wild Medicago
falcata (Piwowarczyk et al., 2011), but it could potentially become
a serious weed of alfalfa and clover (Teryokhin, 1997). The
clustering of B. latisquama and Ci. phelypea in the O. cumana
lineage could also point to a risk that they may develop into future
weeds.

The ultimate ecological relevance of flower VOCs is of
course the mediation of the interaction between flowers
and animal flower visitors (Raguso, 2008a). In Slovakia, the
key broomrape pollinators are social wasps (Dolichovespula
norwegica, D. sylvestris, Vespula rufa on O. flava, and Polistes
nimpha on O. alba, O. alsatica, O. lutea), bumblebees (e.g.,
Bombus lucorum, B. pascuorum, B. hortorum, and B. ruderalis
on O. flava, O. lutea, O. alsatica, O. elatior, O. reticulata),
bees from the Halictidae and Colletidae (O. alba, O. alsatica,
O. elatior, O. flava, O. reticulata, Ph. ramosa), and hoverflies
(Syrphidae) (especially on O. flava). However, no social wasps
and bumblebees were recorded on any weedy species. 2-
methylpropan-1-ol together with acetic acid and 2-methylbutan-
1-ol are highly attractive for wasps especially in a mixture
(Landolt et al., 2007). While these three VOCs are common
across the wild broomrapes (including Ph. arenaria!) as well as
in O. lutea and O. crenata that locate in the “weedy” group,
2-methylpropan-1-ol is completely missing in the other weedy
broomrapes. Eucalyptol, known as the main active ingredient of
the bumblebee foraging alert pheromone (Granero et al., 2005),
is present in the volatile blend of all broomrapes. Nevertheless,
weedy species (e.g., Ph. ramosa) are not visited by bumblebees
despite the fact that they are present and for example pollinate
the crop (e.g., tomato) on which these broomrapes parasitise.
Except β-myrcene, α-pinene, β-pinene, p-cymene, and limonene,
which are present in all broomrapes, there are many other
compounds that could be attractive for bees, e.g., geraniol, trans-
linalool oxide, γ-terpinene and terpinyl acetate (Dobson, 2006;
Dötterl and Vereecken, 2010) present in the volatile blend of
wild species while they are absent in weedy species. The VOC
blends of Phelipanche spp. contain markedly more benzenoids.
Flowers of Ph. ramosa (Figure 1F) were only pollinated by sweet
bees (Halictidae) and polyester bees (Colletidae). Theis (Theis,
2006) showed that sweet bees are attracted to phenylacetaldehyde,
a very general insect attractant (El-Sayed et al., 2008). This
VOC is very common also in Phelipanche spp. (except Ph.
arenaria/Figure 1E/) but it is missing in wild broomrapes
(except O. alba). In conclusion, the loss of pollination by
social wasps and bumblebees in weedy broomrapes coincides
with a change in floral VOCs. Moreover the majority of the
weedy species (including O. cumana, O. crenata, O. minor)
are blue or purple and these colors contribute minimally to

pollinator attractiveness (Sun et al., 2005) while decreasing
herbivore performance (Strauss and Whittall, 2006). On the
other hand, blue and purple flowers have a higher fitness
including higher rates of seed maturation in a short growing
season (Whittall and Carlson, 2009) a feature vital for weedy
species.

CONCLUSION

We showed that floral VOCs can to distinguish broomrape
species. The life history of the host plants seems to be
the driving force in the evolution within these parasitic
plants. In addition, the floral VOCs clearly separated the
weedy broomrapes from the wild species. This and the
synapomorphic characters associated with the weediness could
be of help in forecasting potential future weed problems.
The reproducible character of the VOC blends could be a
useful tool to support the taxonomical phylogeny of the
Orobanchaceae.
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Broomrapes (Phelipanche/Orobanche spp.) are holoparasitic plants that subsist on the
roots of a variety of agricultural crops, establishing direct connections with the host
vascular system. This connection allows for the exchange of various substances and
a possible exchange of endophytic microorganisms that inhabit the internal tissues
of both plants. To shed some light on bacterial interactions occurring between the
parasitic Phelipanche aegyptiaca and its host tomato, we characterized the endophytic
composition in the parasite during the parasitization process and ascertained if
these changes were accompanied by changes to endophytes in the host root.
Endophyte communities of the parasitic weed were significantly different from that
of the non-parasitized tomato root but no significant differences were observed
between the parasite and its host after parasitization, suggesting the occurrence of
bacterial exchange between these two plants. Moreover, the P. aegyptiaca endophytic
community composition showed a clear shift from gram negative to gram-positive
bacteria at different developmental stages of the parasite life cycle. To examine possible
functions of the endophytic bacteria in both the host and the parasite plants, a
number of unique bacterial candidates were isolated and characterized. Results showed
that a Pseudomonas strain PhelS10, originating from the tomato roots, suppressed
approximately 80% of P. aegyptiaca seed germination and significantly reduced
P. aegyptiaca parasitism. The information gleaned in the present study regarding the
endophytic microbial communities in this unique ecological system of two plants
connected by their vascular system, highlights the potential of exploiting alternative
environmentally friendly approaches for parasitic weed control.

Keywords: broomrapes, parasitic weed, endophytic bacteria, tomato (Solanum lycopersicum), biocontrol

INTRODUCTION

Phelipanche aegyptiaca (broomrapes) is an obligate holoparasite that attacks the roots of almost
all economically important crops in the Solanaceae, Fabaceae, Compositae, Brassicaceae, and
Umbelliferae plant families (Parker and Riches, 1993; Westwood et al., 2010). This parasitic
weed invades host plants by using a highly specialized detection system for strigolactones
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(hormones secreted by the host roots), whose presence is essential
for the germination of parasite seeds (Yoder, 1999; Bouwmeester
et al., 2003; Joel et al., 2006; Cardoso et al., 2011). Lacking
functional roots and a photosynthetic system, the parasite
develops special intrusive organs (haustorium) that directly
connect to the vascular system of the host plants (Westwood et al.,
2010; Joel et al., 2013). By developing a metabolic sink stronger
than that of the host, the parasite channels the flow of water and
nutrients from the host, thereby damaging crop (its host plant)
development. Following successful attachment to the host root,
the adjacent broomrape tissue grows into a bulbous structure
called a tubercle (spider stage) from which short root-like organs
arise that can form secondary attachments to neighboring host
roots. After approximately 4 weeks of growth, a floral meristem
is produced (shoot stage), which emerges aboveground to flower
and disseminate seeds.

This parasite is the main limiting factor in processing-
tomato production in numerous Middle East countries (Dor
et al., 2014). A wide variety of parasitic weed control methods
have been applied in attempts to control broomrape (Joel
et al., 2006; Aly, 2007; Aly et al., 2009; Cochavi et al., 2016),
most of which are based on chemical sprays that can be
windborne and toxic to non-target plants. Therefore there
is a need to find alternative solutions to reduce plant–plant
parasitization.

One such alternative is to harness endophytic bacteria that
naturally inhabit the internal tissues of most plants (Hallmann,
2001). These bacteria often play important beneficial roles
in numerous aspects of their host plant’s biology, including
enhanced host growth rate, acceleration of seed germination,
increased stress tolerance, and the provision of critical nutrients
to the host. Endophytic bacteria may also contribute resistance
to their hosts by suppressing pathogens and enhancing the plant’s
immune system (Azevedo et al., 2000; Rosenblueth and Martínez-
Romero, 2006; Ryan et al., 2008; East, 2013). Furthermore, as
recently reviewed by Joel et al. (2013), plant endophytes may
influence the interaction of their hosts with parasitic weeds,
For example the bacterium Azospirillum brasilense inhibits
seed germination and radical elongation in the broomrape
P. aegyptiaca; Pseudomonas fluorescens reduces both the quantity
and biomass of the broomrape Orobanche foetida (Zermane
et al., 2007); and the bacterium Rhizobium spp. reduces not
only seed germination of O. foetida but also the number of
tubercles on its host’s (chickpea) roots (Hemissi et al., 2013).
Despite these reports, to date, there is no published information
regarding endophytic bacteria inhabiting the parasitic weed
during the establishment of parasitism. Furthermore, the parasite
and host connect through their vascular system forming a
unique ecological system that potentially enables movement of
bacteria from one plant to another, resulting in a host-parasite-
endophyte triangle. Therefore, the first step in clarifying the
role of these bacteria in the parasitism is to investigate the
endophytic communities during the phases of parasitization
and compared them with parasitized and non- parasitized host
tissues.

To do so, we used tomato (Solanum lycopersicum) as a host
and P. aegyptiaca as the parasitic weed.

MATERIALS AND METHODS

Plant Materials
The parasitic weed and its host were grown as was previously
described (Eizenberg et al., 2004): Solanum lycopersicum L. ‘MP-
1’ plants were served as hosts for P. aegyptiaca parasitization.
The parasitic seeds were collected from an infested tomato field
near Qiryat Shemona (northern Israel), dried and kept at 8◦C
until use. The host plant was planted into 4 L pots filled with
soil (light-medium clay with 63% sand, 12% silt, and 22% clay)
and grown in a greenhouse under natural lighting with an
average 14 h of daylight and a temperature of 20 ± 6◦C. These
plants were watered and fertilized as needed. Four developmental
stages of P. aegyptiaca were sampled: seeds, pre-haustorium stage,
tubercle (spider stage) and shoot. To ensure that only endophytic
bacteria from the plant tissue were being examined, samples
were surface-sterilized twice by 2-min incubation in 70% ethanol
and 10 min in 6% sodium hypochlorite, followed by a double
rinsing in sterile double-distilled water (DDW) (10 min each).
To deprive contamination by external bacteria, 100 µl of DDW
from the second wash was plated on nutrient agar by Drigalski
spatula. In addition, we examined the plant surface by general
bacterial probe using FISH analysis (Supplementary Figure S1).
No external contamination was detected.

Characterization of Community
Composition of Associated Endophytic
Bacteria in P. aegyptiaca and its Host
Root
DNA was extracted from plant tissue using the
cetyltrimethylammonium bromide (CTAB) method (Chen
and Ronald, 1999).

DNA from sterilized tissues of non-parasitized tomato
roots, parasitized tomato roots (collected a few cm from
parasite-attachment point) and from the tubercle of the
parasite (spider stage). PCR was performed using general 16S
rRNA bacterial primers, which reduce plastid amplification
(63F+1401R) (Supplementary Table S1). The PCR products were
sent for sequencing to the DNA Services Facility (Chicago,
IL, USA) and 10 µl of each reaction was kept at −20◦C as
a reference. Sequencing was performed by high-throughput
amplicon sequencing using the Illumina MiSeq platform at
Research and Testing Laboratory (Lubbock, TX, USA) with the
primers 515F+806R (Supplementary Table S1). We used five
replicates for each treatment.

Characterization of Community
Composition of Associated Microbes of
P. aegyptiaca (the Parasitic Weed)
Across its Developmental Stages
To identify the bacterial community associated with
P. aegyptiaca, DNA was extracted at different stages of the
parasite development (pre-haustorium, tubercles and shoots) and
PCR analysis was performed using general 16S rRNA bacterial
primers, which reduce plastid amplification (27F+783R). PCR

Frontiers in Plant Science | www.frontiersin.org March 2017 | Volume 8 | Article 269256

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00269 February 27, 2017 Time: 16:48 # 3

Iasur Kruh et al. Microbiome of Phelipanche aegyptiaca and its Host

products were isolated with AgencountAMPure R© XP beads
(Beckman Coulter, Nyon, Switzerland) and next generation
sequencing was performed by Ion TorrentTM sequencer (Life
Technologies, Grand Island, NY, USA) using primers 27F+338R
(Supplementary Table S1). We used three replicates for each
treatment.

Two mass-sequencing methods and primer sets were applied
to the parasitic weeds at the spider stage and the resultant
community composition data were similar, indicating that both
can be used interchangeably. Still, we treated these two dataset
independently (Figures 1, 2).

Microbial Community Analysis
Retrieved sequences were analyzed using MOTHUR software
(Schloss et al., 2009). Sequences shorter than 150 bp, as well
as those of low quality (multiple N, chimeras, etc.), were
omitted. Bacterial sequences were aligned using the Silva-
compatible alignment database and a distance matrix was
calculated. Sequences were grouped into OTUs at a 97% sequence
similarity threshold (i.e., sequences that differed by 3% were
clustered in the same OTU). A “sub.sample” command was
performed and all samples were adjusted, by random selection,
to the sample with the lowest number of sequences (13000
and 1100 sequences per sample for Illumina and ion torrent
data, respectively). “Indicator” command was performed in
order to identify the specific OTUs (indicator species) of each
treatment. Diversity indices, principal component analysis (PCA)
and ANOVA statistics (Bray–Curtis distance measure) were
calculated using PAST software (Hammer et al., 2001). Diversity
indices (Supplementary Tables S2, S3) showing observed OTUs,
Chao-1 index of richness – representing the predicted number
of OTUs in each sample, Dominance – representing relative
abundance distribution among species within each sample and
Shannon index of diversity.

Endophyte Isolation and Identification
In order to make sure that the bacteria in the current
study are endophytes, we sterilized the examined plant tissue
twice as specified above. Surface-sterilized tissue (100 mg) was
homogenized with 1 ml of sterile saline solution (9% NaCl) by
sterilized pestle. Lysate (100 µL) was spread on NA plates and
kept at 28◦C in the dark. Three days after incubation, bacterial
isolates were counted and classified according to different colony
morphologies. Five repeats were carried out for each treatment.

To determine the phylogenetic affiliation of the bacterial
isolates, single colonies were collected and subjected to PCR
analysis using 27F+1513R primers targeting the 16S rRNA gene
by direct colony PCR method as was previously described (Iasur-
Kruh et al., 2011) with primers 27F and 1513R (Supplementary
Table S1). The PCR procedure was as follows: DNA was
denatured at 95◦C for 5 min, followed by 30 cycles at 95◦C for
30 s each, 57◦C for 30 s and 72◦C for 1 min, followed by 5 min
at 72◦C. The PCR product was sequenced by 3130xl Genetic
Analyzer (Applied Biosystems). Phylogenetic affiliation of the
isolates was determined by comparing with sequences obtained
from the NCBI GenBank database. These strains are kept in
glycerol at−20◦C in our laboratory collection.

In vitro Seed Germination
Parasite seeds were surface-sterilized, dispersed on Whatman
GF/A glass-fiber filters (0.7 cm diameter), covered with the same
filter and placed on a Petri dish. After 1 week GR24 (1 mg L−1)
was added to the disks. To examine the effect of different isolates
on the germination, each isolate was grown in LB (Luria broth-
Life Technologies, Israel) overnight at 28◦C, centrifuged, the
pellet was washed with DDW and the culture was adapted to an
optical density at 600 nm (OD600) of 0.3. The culture was added
to the disks with the parasite seeds. After incubation in the dark
at 26◦C for 7 days, the seeds were rated for seed germination in
comparison to seed germination control (without bacteria). The
experiment was conducted in five repeats for each isolate.

In planta Test
We used an in planta system in which tomato plants were
transplanted into polyethylene bags and kept moist with half-
strength nutrient solution (Hoagland and Arnon, 1950). Plant
growth conditions were 25◦C, with 14 h light at 100 µE/s m2.
Surface-sterilized P. aegyptiaca seeds were applied on and around
the host roots with care taken to achieve even inoculation
of all plant roots. After allowing 7 days for parasite seed
preconditioning, 10 mL of 2 mg L−1 GR24, a germination
stimulant (Mangnus et al., 1992), was added to each bag to
synchronize the germination of the P. aegyptiaca seeds. To
examine the effect of chosen isolates on parasite development, it
was grown in LB overnight at 28◦C, centrifuged, the pellet was
washed with DDW and the culture was adapted to an OD600 of
0.4 (equivalent to 1.00E+08 cfu\ml). The culture was added to
the polyethylene bags. After 2–3 weeks, parasitism was evaluated
by counting the number of live and dead tubercles on each plant
using a binocular microscope. The experiment was conducted in
five repeats for each treatment (control and endophytic isolate).

Sequence Accessions
Sequences obtained from mass sequencing were deposited in the
European Nucleotide Archive (ENA) (study accession number:
PRJEB7137). Sequences from isolated endophytes were deposited
in GenBank (NCBI) (KP219403-KP219415).

RESULTS

To assess whether bacterial community composition changes
following attachment of the parasite (P. aegyptiaca) to its
host (tomato), we compared the endophytic communities in
parasitized and non-parasitized host roots with those found in
the parasite during ongoing parasitization (i.e., occurring during
the spider stage, the stage of attachment to the host). The results
showed that endophytic communities of the parasite and the
non-parasitized host differed significantly (t-test; p = 0.0048).
Furthermore, the overall community of the parasitized host root
did not differ from that of the parasite on the one hand or from
that of the non-parasitized host root (t-test; p > 0.05) (Figure 1A)
on the other. A greater number of sphingobacterial sequences
were found in the parasitized tomato roots and in the parasite
than in the non-parasitized tomato roots (t-test; p = 0.03)
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FIGURE 1 | Comparison of endophytic communities based on mass sequencing of ribosomal 16S rRNA gene. The bacterial community composition was
determined for parasitized tomato root (red), parasite (Phelipanche aegyptiaca – spider stage) (blue) and non-parasitized tomato root (green) in five repeats each.
Sequences were classified into operational taxonomic units using a 97% similarity threshold. (A) The first and second dimensions of PCA analysis. (B) Relative
abundance of bacterial classes among treatments (an average of all five repeats).

(Figure 1B). We observed higher numbers of beta-Proteobacteria
and fewer gamma-Proteobacteria in the tomato roots (both non-
parasitized and parasitized tomato) in comparison to endophytic
community structure of the parasitic weed. Furthermore, there
was an introduction of additional taxonomic groups such as
actinomycetes in the parasitic weed.

The most abundant OTUs, belonging to the proteobacteria
genera; Rhizobium, Pseudomonas, Comamonadaceae sp.,
Sphingomonas and Burkholderia, are similarly represented in
all three “treatments” (parasitized and non-parasitized tomato
roots and parasitic weed) with no significant differences between
them. However, examination of specific indicator genera showed
that Novosphingobium and Methylophilus (representing 1 and
0.8% of the total sequence dataset, respectively) were specific
for the parasitic weed and Devosia (representing 0.5% of the
total sequence dataset) was significantly associated with the
parasitized tomato root.

Next, we characterized the dynamics of the endophyte
communities in the parasitic weed across its life cycle, that is,
before and after attachment to the host. FISH analysis clearly
showed that endophytic bacteria inhabit the inner tissue of
all developmental stages of the parasitic weed (Supplementary
Figure S1). The endophyte communities of the two stages of
the parasite at the post-attachment stages (spider and shoot)

were more similar to each other than to those detected in the
parasite prior to attachment to the host (pre-haustorium stage)
(Figure 2A). In the pre-attachment stage the dominant classes
found in the parasite were alpha- and gamma-Proteobacteria
(mostly represented by Sphingomonas and Acinetobacter species),
comprising 55 and 35% of the bacterial community composition,
respectively (Figure 2B). Just after attachment, at the spider
stage, there was a decrease in the proportions of these classes
and an increase in the fraction of Flavobacteria and beta-
Proteobacteria (mostly representative of the Flavobacterium and
Methylophilus genera). An increased community of Bacilli and
Actinobacteria (40 and 25%, respectively), mostly representative
of Jeotgalibacillus and Propionibacterium, were found at the shoot
stage (Figure 2B).

In addition, we isolated bacteria from surface-sterilized host
tomato roots and from different surface-sterilized developmental
stages of P. aegyptiaca. Similarly, to the mass sequencing
results the endophytic bacteria isolated from pre-haustorium
stage belonged to alpha- and gamma-Proteobacteria genera;
Acinetobacter and Sphingobium as well as Roseomonas and
Pseudomonas. Gram positive bacteria were isolated from both
the parasite tubercle (spider stage) and its host belonging to
Agrococcus and Bacillus as well as Roseomonas and Pseudomonas
which are gram negative. Unique isolates were identified for
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FIGURE 2 | Endophytic community composition at different stages of the parasite development as obtained from 16S rRNA gene mass sequencing.
The bacterial community composition was determined for P. aegyptiaca germinated seeds before attachment to the host root (pre-haustorium), P. aegyptiaca
tubercles (spider stage) and shoot, after attachment to the host root. Sequences were classified into operational taxonomic units using a 97% similarity threshold.
(A) Neighbor-joining tree calculated by Rho. (B) Relative abundance of bacterial class at different parasite developmental stages.

the parasite: Bacillus sp. and Rhizobium sp. and for its host:
Pseudomonas sp. The diversity of the isolated endophytes was
reduced, containing only one Bacillus species in the shoot stage
and in its host (Table 1).

To examine the effect of different endophytic isolates on the
interactions between the parasitic weed and its host, we then
examined the effect of the isolates on development of the parasitic
weed. We screened for the ability of parasite’s seeds to germinate

in vitro in the presence of each isolate (Table 1) and found
that two isolates (from the host) reduced the germination of the
seeds. Pseudomonas PhelS10 reduced germination by 80% and
Bacillus sp. PhelSh11 reduced it by 70%. These bacteria were
then chosen for examination in planta using the polyethylene
bag test (Figure 3). This test showed that the Bacillus strain
dramatically reduced the viability of tomato roots coincident with
the reduction of the parasite tubercles, while the Pseudomonas

TABLE 1 | Phylogenetic identification of bacteria isolated from internal tissues of different developmental stages (pre-haustorium, spider and shoot) of
Phelipanche aegyptica and from host (tomato roots).

Isolates origin Isolate name Isolate closest match in NCBI
(accession No. – % seq Identity)

Biological test – seed
germination as effected by

isolated endophytes

Pre-haustorium Acinetobacter sp. PhelS2 Acinetobacter johnsonii (KP236314 – 99%) 0%

Pre-haustorium Sphingobium sp. PhelPH4 Sphingobium yanoikuyae (KC355325 – 99%) 0%

Pre-haustorium Roseomonas sp. PhelPH5 Roseomonas musae (NR_113233 – 98%) 0%

Pre-haustorium Pseudomonas sp. PhelS6 Pseudomonas stutzeri (KU749990 – 99%) 0%

Spider and host Pseudomonas sp. PhelPH1 Pseudomonas rhizosphaerae (KT825699 – 99%) 0%

Spider and host Agrococcus sp. PhelS3 Agrococcus jenensis (EF672044 – 99%) 0%

Spider and host Chryseobacterium PhelS7 Chryseobacterium profundimaris (NR_136427 – 99%) 22%

Spider and host Bacillus sp. PhelS6 Bacillus megaterium (KU145691 – 99%) 42%

Spider Bacillus sp. PhelSs Bacillus subtilis (KX268132 – 99%) 20%

Spider Rhizobium sp. PhelS9 Rhizobium rhizoryzae (NR_133844 – 99%) 0%

Host Pseudomonas sp. PhelS10 Pseudomonas aeruginosa (KY203649 – 98%) 80%

Shoot and host Bacillus sp. PhelSh11 Bacillus oceanisediminis (KX767124 – 99%) 70%

The effect of these isolates on P. aegyptica seeds in the presence of germination stimulant (GR24) was examined in comparison to control seed (without inoculation of
bacteria): 0%- no effect- the same germination as control, 100%- no seed germination observed.
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FIGURE 3 | The effect of in planta test of two isolated endophytes (approximately 1.00E+08 cfu\ml each) on parasitic weed development. (A) The
number of P. aegyptica tubercles developing in the presence of selected isolates. (B) The effects of the bacterial isolates on P. aegyptica tubercles and on tomato
roots in PE system. While Pseudomonas PhelS10 reduced the number of tubercles without harming the host root, the Bacillus sp. PhelSh11 destroyed the host root
making the parasitic weed unable to develop. The results are an average of five repeats.

strain reduced the number of tubercles without harming the
tomato roots (Figure 3).

DISCUSSION

Endophytes are microorganisms (bacteria, fungi, etc.) inhabiting
the inner tissue of plants without causing apparent disease.
Tomato is hosting both endophytic fungi and endophytic
bacteria, some of them showing the ability to promote seed
germination and protect tomato plants from pathogens (Larran
et al., 2001; Pozo et al., 2002; Shittu et al., 2009; Xu et al.,
2014). Furthermore, since endophytic mycorrhizal fungi contain
a large amount of bacteria in the ectomycorrhizal root tips
(Sbrana et al., 2002), it might spread endophytic bacteria while
colonizing the tomato. de Vega et al. (2010) demonstrated
tripartite association among a holoparasitic weed (Cytinus),
its host Cistaceae species, and mycorrhizal fungi. However,
studies on endophytic bacteria in parasitic weed have not been
reported yet. In the current work we show that attachment
of a parasitic weed to its host has an effect on the bacterial
endophytic community composition of both plants. Parasitic
weeds are considered ecosystem engineers, due to their ability to
induce changes in the abundance and diversity of plants. Such
changes may lead to up-stream effects on herbivores, pollinators

and seed vectors (Press and Phoenix, 2005). Therefore changes
in parasite endophytic communities may affect parasitism and
as a consequence plant community makeup. In the current
study, we showed for the first time, that bacterial endophytic
communities changed with different stages of parasitism, and
that they also affect the host’s endophytic composition. The
communities inhabiting the root of the host were examined in
parallel to the parasite tubercle because this is the stage that
the parasite is well-established on the host and the endophytic
exchange may occur.

Endophytic bacteria are located in planta, where they are
protected from the outside environment on the one hand, but
are easily affected by changes occurring in the plant tissue on
the other (Ryan et al., 2008). The fact that both the parasitic
weed and its host endophytic communities changed following
parasitization interaction and become more similar to each
other can be explained by the following: the parasite affects the
environment of the inner tissue of the host plant. Such changes
may be exemplified by the reported changes in metabolic profile
of the tomato host that occur following parasitization (Hacham
et al., 2016). Thus, the changes in endophytic community
occurring in the host plant may be affected by the parasite in an
indirect manner.

Alternatively, the endophytic community composition is
affected in direct manner by an exchange of endophytic bacteria
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between the P. aegyptiaca and its host. Indeed, in the
present study the endophytic community of the parasitic
weed did not differ from that of the parasitized tomato
host but was significantly different from the non-parasitized
host. However, the fact that bacterial community composition
in the parasitized tomato root is not significantly different
from either the non-parasitized tomato root or the parasitic
weed itself, makes it difficult to determine the direction(s)
in which the bacteria are being transferred. In general
endophytic bacterial movement can be either apolplasitc via
intercellular space (Maheshwari et al., 2013) or may be
facilitated through xylem tubes (Rosenblueth and Martínez-
Romero, 2006; Compant et al., 2010). Since the P. aegyptiaca
tubercle is composed mostly of parenchyma cells which are
traversed by both xylem and phloem (Joel et al., 2013), both
movement types can serve as potential transmission routes
between the parasitic weed and its host through the haustorium
bridge.

To date, most of the data in the literature on endophytes
and their biological impact on their host plants were established
by classical microbiological methods resulting in the loss of
much valuable information regarding uncultured endophytes
(Hallmann, 2001; Zermane et al., 2007; Hemissi et al., 2013). By
using molecular tools we were able to show that even though
the dominant endophyte taxonomy in the parasite is similar
to that in other known plant endophytes (Lodewyckx et al.,
2002), the microbial ecology of these endophytic communities
in P. aegyptiaca is greatly affected by its connection to the
host.

The greater similarity between the endophyte communities of
the parasitic weed in the different post-attachment stages to each
other, than to those detected prior to attachment to the host (pre-
haustorium stage) indicate that connection to the host is affecting
the endophytic community composition of the parasite as well
as the host. Isolation of and further investigation of indicator
bacterial species from both the host and parasite may therefore
be of interest. Indeed investigating indicator bacteria such as
Novosphingobium and Methylophilus, from the host P. aegyptiaca
will enable the understanding of their unique interaction with the
parasitic weed.

Endophytes may be equipped with a rich arsenal of
metabolites involved in defense, as well as in interaction with the
plant (Bouwmeester et al., 2003; Brader et al., 2014), supporting
their host plant in different aspects. Therefore, we further
examined specific endophytic bacteria isolated from the tomato-
parasitic weed system and assessed their effect on P. aegyptiaca
development. In agreement to previous studies (reviewed by Joel
et al., 2013), our results showed that two isolates, associated
with tomato-plant, reduced the germination of the parasite’s
seeds. Similar mechanisms were shown in a number of studies
(Azevedo et al., 2000; Eljounaidi et al., 2016), where bacteria
obtained from different crops were shown to protect their
hosts against pests and diseases. Furthermore, Pseudomonas sp.
PhelS10, which originated from the inner tissue of the host

tomato root, was able to suppress both seed germination (in vitro)
and parasitism (in vivo) of P. aegyptiaca, suggesting it may be
used by the host for protection against parasitic weed attack.
This protection may be through secreting different substances
that suppress the pest and\or enhancing the plant’s immune
system (ISR), enabling higher resistance against the parasite as
was demonstrated by other beneficial endophytes against other
pathogens (Berg et al., 2005; Compant et al., 2005; Innerebner
et al., 2011). Therefore it may be possible to harness these
naturally occurring microbial partners as possible bio-controls
agents against parasitization, reducing the need for harmful
chemical pesticide agents.

CONCLUSION

In this study, we showed that attachment to the host
had a major effect on all tested bacterial parameters of
the parasitic weed, suggesting an exchange of endophytes
between the host and the parasite. Considering the impact
of parasitic weeds on agriculture and the difficulty in
establishing efficient control methods further research is
required to characterize additional endophytic isolates and
to fully optimize this mechanism of resistance. Moreover, a
deeper understanding of the relationships in the host-parasite-
endophyte triangle may lead to new weed control methods and
help alleviate weed-related ecological, agricultural, and economic
issues.
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Sorghum is a major food staple in sub-Saharan Africa (SSA), but its production is

constrained by the parasitic plant Striga that attaches to the roots of many cereals

crops and causes severe stunting and loss of yield. Away from cultivated farmland, wild

sorghum accessions grow as weedy plants and have shown remarkable immunity to

Striga. We sought to determine the extent of the resistance to Striga in wild sorghum

plants. Our screening strategy involved controlled laboratory assays of rhizotrons, where

we artificially infected sorghum with Striga, as well as field experiments at three sites,

where we grew sorghum with a natural Striga infestation. We tested the resistance

response of seven accessions of wild sorghum of the aethiopicum, drummondii, and

arundinaceum races against N13, which is a cultivated Striga resistant landrace.

The susceptible control was farmer-preferred variety, Ochuti. From the laboratory

experiments, we found three wild sorghum accessions (WSA-1, WSE-1, and WSA-2)

that had significantly higher resistance than N13. These accessions had the lowest Striga

biomass and the fewest and smallest Striga attached to them. Further microscopic and

histological analysis of attached Striga haustorium showed that wild sorghum accessions

hindered the ingression of Striga haustorium into the host endodermis. In one of the

resistant accessions (WSE-1), host and parasite interaction led to the accumulation of

large amounts of secondary metabolites that formed a dark coloration at the interphase.

Field experiments confirmed the laboratory screening experiments in that these same

accessions were found to have resistance against Striga. In the field, wild sorghum

had low Area under the Striga Number Progressive curve (AUSNPC), which measures

emergence of Striga from a host over time. We concluded that wild sorghum accessions

are an important reservoir for Striga resistance that could be used to expand the genetic

basis of cultivated sorghum for resistance to the parasite.

Keywords: Striga resistance, witchweed, sorghum, wild sorghum relatives, Sub-Saharan Africa

Nomenclature: Striga hermonthica benth., witchweed, sorghum bicolor
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INTRODUCTION

Domestication—the process of transforming wild species into
elite cultivars—inevitably leads to decreased genetic diversity
in the selected crops (Doebley et al., 2006). In some cases,
the lost genetic diversity may represent the organism’s capacity
to adopt changes, such as pathogen resistance, in a dynamic
ecosystem (Sakai and Itoh, 2010). Based on this possibility, many
crop improvement programmes are now using genomics and
molecular genetic technologies to reclaim lost genetic diversity
by specifically targeting genes responsible for pathogen resistance
(Zhu et al., 2012; Jones et al., 2014). Success of these programmes
is based on well-documented evidence that wild relatives of
crops are useful reservoirs of disease resistance genes (Brozynska
et al., 2016). In this study, we explore the resistance interactions
between wild sorghum accessions and the parasitic plant Striga
hermonthica at their the parasite’s center of origin in northeastern
Africa.

Striga is also infamously known as witchweed and can destroy
a crop with up to a 100% yield loss (Ejeta, 2007). It is estimated
that over 60% of farmland under cultivation in sub-Saharan
Africa (SSA) is infested with one or more species of Striga,
which impacts over 300 million farmers in over 25 countries
with yield losses of over seven billion dollars (Ejeta, 2007). Three
species of Striga are particularly destructive—S. hermonthica
(Del.) Benth. and S. asiatica (L) Kuntze, which attack cereals, and
S. gesnerioides (Willd.) Vatke, which is parasitic to cowpea plants.

Such great losses indicate a successful parasite, and for Striga,
this success can be attributed to two aspects of its lifecycle:
elevated fecundity, each Striga flower spike can produce over
50,000 seeds that remain viable in the soil for up to 14
years (Yoder and Scholes, 2010), and its remarkable ability to
intimately link its life cycle to that of a host, such as when
germination of Striga seeds and attachment to the host only occur
in response to chemical cues (strigolatone) contained in the host
and in some cases, non-host root exudates (Bouwmeester et al.,
2007).

To manage Striga, smallholder farmers in SSA have fought
back with different controlmethods aimed at reducing Striga seed
density in the soil. These methods include reducing the amount
of Striga-seed-contaminated crop seed supplies, hand weeding,
crop rotation, and the use of “trap crops” that induce germination
of the parasite but are not hosts. Although these methods have
been extensively encouraged for many years, crop losses and the
host range of Striga has continued to increase, which underscores
the need for a sustainable Striga management strategy (Cotter
et al., 2012). The ideal strategy would be an integrated approach
that greatly exploits natural resistance. However, sources of Striga
resistance are limited and are often overcome by the parasite
(Ejeta, 2007). Therefore, additional sources of Striga resistance
need to be found for introduction to farming systems and to
promote long-term resistance.

We hypothesized that Striga-resistant sorghum was likely to
be found in northeastern Africa since this region harbors the
greatest diversity of both wild and cultivated sorghum (Paterson
et al., 2013) and because this area is the natural range of the
Striga parasite (Musselman and Hepper, 1986). Sorghum in

northeastern Africa is highly variable and complex, but most
genotypes can be classified as wild, cultivated, or cultivated-
wild crossbreeds—all species can be classified as subspecies that
are completely inter-fertile (Harlan and de Wet, 1972). On one
hand, cultivated types are classified as subsp. bicolor and further
subspecies are classified into five different races based on grain
shape, glume shape, and panicle type (Harlan and de Wet, 1972).
The five basic races are bicolor, durra, kafir, caudatum, and
guinea (Paterson et al., 2013). On the other hand, wild sorghums
are classified as subsp. Verticilliflorum, which consists of the
races arundinaceum, virgatum, aethiopicum, and verticilliflorum
(Harlan and de Wet, 1972). In addition, crossbreeds between
bicolor and wild sorghum occur and are classified as drummondii
(Paterson et al., 2013).

Domesticated sorghum genotypes are to a great extent
susceptible to Striga (Ejeta, 2007). In contrast, wild sorghum can
be found on uncultivated land as weeds that are immune to Striga
infestation, which suggests there is potential for wild sorghum to
be used a source of Striga resistance.

Indeed, for cultivated sorghum, only a few races are known to
harbor Striga resistance. Among these is landrace N13 (S. bicolor
subspecies bicolor race durra), which has a resistance mechanism
that was described in detail by Maiti et al. (1984). N13 has been
known to resist Striga by cell wall-thickening as well as depositing
silica. In addition, Striga can induce extra lignification in the
pericycle cells to the point that the haustorium encounters the
endodermis. The haustorium then becomes weak and is limited
by xylem-xylem connections with the host (Maiti et al., 1984).

In this study, N13 was used as a resistance control alongside
a susceptible control—Ochuti classified as S. bicolor, subspecies
bicolor. Ochuti is a sorghum variety preferred by farmers and is a
popular crop in Western Kenya (Ngugi et al., 2016).

With regard to the resistance of wild sorghum to Striga,
several studies have previously described low germination
stimulant production, germination inhibition, and low haustorial
initiation production as a form of resistance (Rich et al.,
2004) as well as hypersensitive reaction (HR) resistance against
S. asiatica (Mohamed et al., 2003). Furthermore, HR has been
observed as an incompatible response between the hypervirulent
S. gesnerioides race SG3 and resistant b301 cowpea variety (Li and
Timko, 2009).

There is another possible mechanism of resistance against
Striga—physiological barriers could lead to deposits of material
that obstruct haustorium penetration. This mechanism was
demonstrated in resistance against S. gesnerioides (Okonkwo and
Nwoke, 1978). Substances that are stained darkly by toluidine
blue characterize this mechanism of resistance (Maiti et al., 1984).
Although this resistance was not well characterized, it is believed
that these substances soften and/or dissolve the cell wall of host
tissues (Rogers and Nelson, 1962). Aside from enzymes that
degrade host tissues, there are secondary metabolites whose role
in defending hosts against pathogens is becoming apparent (van
Dam and Bouwmeester, 2016). Although not characterized well
in parasitic plants, their role in acquiring hosts is undeniable.

The wild sorghum accessions described in this paper
include the S. bicolor subspecies verticilliflorum and the races
arundinaceum, aethiopicum, and drummondii. These are part
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of a large collection maintained at the Agricultural Research
Corporation (ARC) in Sudan. The collections were carried out
in Striga-prone areas of Sudan.

To determine the resistance response of these wild sorghum
accessions and their potential to function as donors of Striga
resistance, we used laboratory and field screening assays. We
showed remarkable Striga resistance in wild sorghum accessions
of aethiopicum and arundinaceum races. We found this
resistance was mediated by possible mechanical or biochemical
barrier mechanisms. Our study thus provides the potential to
increase the genetic basis of cultivated sorghum. These findings
will have wide-reaching implications for Striga control because
of the ability to pyramid (i.e., combine) multiple genes in a single
variety so that resistance is durable and covers a broad spectrum.

MATERIALS AND METHODS

Plant Materials
Before this study was conducted, the Agricultural Research
Cooperation (ARC) in Sudan conducted a countrywide collection
of wild sorghum accessions and maintained them at a research
station. The collection consisted of cultivated sorghum as well as
wild sorghum. Genotypes collected from different locations were
treated as different accessions. For this study, we selected a wild
sorghum germplasm comprised of three wild races: aethiopicum
(1 accession), arundinaceum (3 accessions), and drummondii (3
accessions). These accessions were referred to as WSE-1, WSA-
1, WSA-2, WSA-3, WSD-1, WSD-2, and WSD-3, respectively.
The initials “W,” “S,” “E,” “A,” and “D” denote Wild, Sudan,
aEthiopicum, Arundinaceum, and Drummondii. The Striga-
resistant landrace N13 was used as a resistant control for both
laboratory and field experiments. In addition, Ochuti, which is
sorghum cultivar that is popular among farmers in Kenya, was
used for the susceptibility check. Both N13 and Ochuti were
part of a sorghum collection maintained at Kenyatta University
and originally obtained from the International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT) in Nairobi.
S. hermonthica seeds were collected from sorghum growing in
Striga-infested fields in Western Kenya at Kibos, Mbita, and
Alupe.

Preconditioning of Striga Seeds
Prior to germination, Striga seeds were preconditioned as
described in Gurney et al. (2003). Seeds (25mg) were first
surface sterilized in 10% (v/v) commercial bleach for 10 min with
gentle agitation. The seeds were then rinsed three times with
double distilled water and spread on a glass fiber filter paper
(Whatman GFA) placed on sterile petri dishes. Sterile distilled
water (5ml) was added to Striga seeds followed by incubation
at 29◦C for 11 days for pre-conditioning. Preconditioned seeds
were germinated by adding 3ml of 0.1 ppm GR24 and incubated
overnight at 29◦C. Germinated Striga seedlings were analyzed
for germination efficiency under a Leica MZ7F stereomicroscope
fitted with a DFC320FX camera (Leica UK), and only plates
showing >70% germination were used to infect sorghum roots.

Infection of Sorghum Roots with Striga
Sorghum seeds were germinated between moistened blocks
of cotton wool lined with filter paper. After 7 days, each
sorghum seedling was transferred to a root observation chamber
(rhizotron)—25 × 25 × 5 cm Perspex plate—packed with
vermiculite, as described by Gurney et al. (2006). The rhizotrons
were covered with aluminum foil and supplied with 25 ml of 40%
Long Ashton nutrient solution (Hudson, 1967) twice a day. The
plants were maintained in a glasshouse for 11 days in a 12-h
photoperiod. Day and night temperatures were set at 28 and
24◦C, respectively, and the relative humidity was set at 60%.

After 11 days, sorghum seedlings with well-developed roots
were infected with 25mg of pre-germinated S. hermonthica
seedlings by aligning them on sorghum roots using a soft
paintbrush. Three different ecotypes of Striga (Kibos, Mbita, and
Alupe) were used for infection. Five sorghumplants per accession
were screened, and the experiment was replicated three times.

Macroscopic Screening of Sorghum for
Striga Resistance
Rhizotrons containing sorghum roots infected with Striga were
observed for resistance at 3, 9, and 21 days after infection (DAI).
Observations at 3 and 9 DAI were done using a Leica MZ7F
stereomicroscope fitted with a DFC320FX camera (Leica UK). At
21 DAI, rhizotrons were photographed using a Canon EOS600D
camera.

To screen sorghum for post-attachment resistance and the
effects of host plants on parasite development, Striga plants were
harvested from the infected roots at 21 DAI. Harvested Striga
seedlings from each host plant were placed in a 90 mm Petri
dish and photographed using a digital camera. The number
and length of Striga seedlings parasitizing each host plant was
determined from the photographs using the image analysis
software ImageJ, v. 1.45 (http://rsb.info.nih.gov/ij/). In addition,
total Striga biomass was determined after extracting all Striga
seedlings parasitizing each sorghum and drying the seedlings at
45◦C for 2 days. The same metrics—Striga length, number, and
biomass—were used to deduce the virulence of Striga ecotypes.

Microscopic Screening of Striga
Resistance
To determine the extent of parasite development within the
host root cortex, root tissue at the point of Striga haustoria
attachment was dissected from host plants at 3 and 9 days
(DAI) for sectioning. We used Technovit 7100 (embedding) and
Technovit 3040 mounting kits (Haraeus Kulzer GmbH). The
samples were fixed using Carnoy’s fixative (4:1, ethanol:acetic
acid) then dehydrated twice in 100% ethanol for 30 min. Next,
the samples were pre-infiltrated in Ethanol-Technovit solution
(1:1) for 1 h then in 100% Technovit solution for an additional
1 h. Fresh Technovit solution was added, and the samples were
incubated for 3 days at 4◦C.

To embed the tissues, the samples were placed into Eppendorf
(1.5ml) tube lid molds and Technovit solution:hardener 1 (1:15)
was added. The molds were mounted onto wooden blocks
using the Technovit 3040 kit according to the manufacturer’s

Frontiers in Plant Science | www.frontiersin.org February 2017 | Volume 8 | Article 116266

http://rsb.info.nih.gov/ij/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Mbuvi et al. Striga Resistance in Wild Sorghum

instructions. For sectioning, 5 micron-thick slices were cut using
a Leica RM 2155 microtome (Leica instruments GmbH) and
transferred to microscope slides. The sections were stained using
0.1% toluidine blue O (Sigma, USA) in 100mM phosphate buffer
at pH 7 for 2min, thenwashed in distilled water and dried at 65◦C
for 30 min on a hot plate. The sections were then mounted onto
glass slides with DePex (BDH, Poole, UK) then observed and
photographed using a Zeiss microscope mounted with a Canon
camera.

Field-Site Screening of Sorghum
Accessions for Striga Resistance
The field evaluation of Striga resistance reported in this paper was
part of a larger study involving 107 sorghum accessions that was
conducted for a genome-wide association-mapping project. A
sketch of the field layout is provided in Supplementary Figure 1.
We planted sorghum in plots that are naturally infested with
Striga in two field sites (Kumi and Bukedea) in eastern Uganda
and one plot in Western Kenya (Alupe) for two seasons. The
experiment was replicated three times in each of the locations
using a completely randomized block design (CRBD). For control
experiments, sorghum accessions were simultaneously planted in
Striga-free plots within the same locations.

Each accession was planted in a sub-plot (size 3.2 × 2.5m)
separated by a one-meter footpath at a spacing of 80 cm between
rows and 30 cm between plants (Supplementary Figure 1). To
ensure uniform Striga infection in the infested fields, artificial
inoculation with Striga seeds harvested from the same and
adjacent fields was conducted. At planting, each hill was infested
with approximately 3000 Striga seeds that were prepared by
mixing 5 g of Striga seeds with 5 kg of washed sand and 1
tablespoon of inoculum and applied to each hill according to
the methods of Jamil et al. (2013). Each accession was planted in
five rows and five hills per row at a population density of 80,000
plants ha−1. In addition, 50 kg ha−1 of diammonium phosphate
(DAP) fertilizer were applied. To ensure there were no gaps, three
seeds were sown in each hole and thinned after 21 days, which left
only one plant per hole. The first weeding was done 21 days after
sowing using a hoe while subsequent weeding was conducted by
hand pulling to avoid disturbing the emerging Striga plants.

Statistical Data Analysis
The generalized linear model (GLM) implemented in SAS
version 9.1 was used for analysis of Striga resistance data from
the laboratory experiments. Analysis of variance (ANOVA) was
performed to compare the means for biomass, length and
number of infecting Striga and to fit a factorial ANOVA for each
replicate across the night accessions. In addition, Tukey’s honest
significant difference (HSD) test was performed to calculatemean
separations. These data were presented as relative means± SD in
the form of graphs using Graph Pad Prism version 6 (http://www.
graphpad.com). In addition, mean Striga attachments, length,
and biomass data from sorghum accessions against the 3 Striga
ecotypes were clustered and significant values (p ≤ 0.05) were
visualized as a heat map using a custom hierarchical clustering
R script. Finally, the median length data were used to generate a
heat map as described above.

All nine accessions (the same ones used in laboratory
screening) were evaluated for the number of Striga plants
emerging 44, 58, 72, and 86 days after planting. Successive Striga
counts were used to calculate the “Area under Striga number
progression curve” (AUSNPC) as described by Rodenburg et al.
(2005). The grain yield of sorghum in infected and non-infected
fields from three randomly selected plants was weighed, and
an average was obtained to provide the yield per plant in the
nine sorghum accessions. This was then extrapolated to the
yield in kg ha−1. The Percentage yield reduction was calculated
as a function of the difference between the yield in Striga-
free and Striga-infested fields. In addition, a t-test was used to
determine the significant yield reduction as a result of Striga
infestation. For AUSNPC and mean yields, ANOVA followed
by Tukey’s HSD test was performed to determine the mean
separations.

RESULTS

Resistance Response of Wild Sorghum
Accessions under Controlled Laboratory
Conditions
Striga infection in various sorghum hosts was variable with
respect to the number, length, and biomass of Striga attachments.
These three metrics were used to determine the resistance
of wild sorghum. Susceptible sorghum had numerous Striga
attachments. A representation of the resistance response of wild
sorghum is provided in Figure 1.

We observed a significantly higher level of resistance between
three sorghum accessions (WSE-1, WSA-1, and WSA-2) and
the positive control N13. These three accessions had the
lowest number of Striga attachments (Figure 2A) and the
lowest Striga biomass (Figure 2B). The low number of Striga
attachments and biomass for WSE-1, WSA-1, and WSA-2 were
consistently replicated for each Striga ecotype infecting the
sorghum accessions (Figures 2A,B). Among the three most
resistant accessions, there were significant differences in mean
Striga attachments between WSE-1 and WSA-1 when only Striga
from Kibos was used. However, there were significant differences
in mean Striga biomass among the accessions (WSE-1, WSA-1,
andWSA-2) when the sorghum accessions were infected with the
Alupe Striga ecotype (Figures 2A,B).

Despite the variations observed with regard to Striga
attachments and biomass among the resistant and susceptible
sorghum, we did not observe those variations with regard to
Striga length (Figure 2, Supplementary Figure 2). For example,
in Mbita, there were only significant differences between the
mean Striga length of Ochuti, WSD-1 and the rest of the
accessions. Similarly, for Kibos, there were significant differences
in Striga length between Ochuti—which had the highest length—
and the accession with the next highest length, WSA-3. WSA-3
had a significantly higher Striga length than the rest of accessions.
However, there were more significant variations with regard to
length when Striga from Alupe was used. In this case we found
that: (i) WSE-1 and WSA-1 had the shortest Striga seedlings
attached to them; (ii) Striga seedlings attached to WSA-1 were
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FIGURE 1 | Profile of differential Striga hermonthica attachments in wild sorghum accessions: WSD-1, Ochuti, WSA-1, N13, and WSE-1 21 days

following infection of host roots with Striga seeds collected from Kibos. Red arrows indicate attachment points to the host by the parasite. Susceptible

accessions represented here by WSD-1 and Ochuti showed a high number of Striga attachments compared to the control N13. Resistant accessions represented

here by WSA-1 and WSE-1 showed few Striga attachments.

significantly shorter than those attached to WSE-1 and; (iii)
the length of Striga seedlings attached on N13 were statistically
similar to those onWSA-1 andWSE-1. For Alupe, Ochuti had the
highest mean length, which was significantly different compared
to the accession that ranked second in Strigamean length, WSD-
1. Remarkably, when we used median Striga length to rank and
cluster resistance in sorghum, we obtained a heatmap that was
strikingly similar to the one generated using biomass (Figure 3).

We determined Striga resistance rankings based on mean
Striga count and biomass because of the consistency of these
metrics across the sorghum accessions and Striga ecotypes. In
general, three groups of resistance with respect to N13 emerged: a
highly resistant group comprised of WSE-1, WSA-1, andWSA-2;
an intermediate resistance group comprised of WSA-3, WSD-
2, and WSD-3, and a highly susceptible group with WSD-1 and
Ochuti (Figures 2, 3).

Regarding Striga virulence, we found that the three Striga
ecotypes—Kibos, Alupe, and Mbita—exhibited significant
variations. There were significantly higher numbers of Striga
attachments for all sorghum accessions except WSA-3 when
they were infected with the Kibos ecotype. When we compared
Mbita and Alupe ecotypes on how they infected sorghum,
we found that the Alupe ecotype induced significantly
more attachments in WSD-3, WSA-3, WSA-2, WSE-1, and
N13 but not in Ochuti and WSD-2. For Striga biomass, all
sorghum accessions had significantly more biomass when
they were infected with all Striga ecotypes in the order of
Kibos, Alupe, and Mbita. Similarly, the lengths of Striga

seedlings attached to sorghum were ranked by virulence in
the order of Kibos, Alupe, and Mbita. Six sorghum accessions
(WSA-2, WSE-1, WSA-1, WSD-3, and WSD-1) showed
significantly longer Striga when they were infected with Kibos
seeds compared to Alupe. When the virulence of Alupe and
Mbita were compared in sorghum with regard to length, all
accessions had significantly longer Striga with regard to Alupe
Striga.

Taken together, our results suggested that for the accessions
that were screened, aethiopicum and the arundenaceum races
of wild sorghum exhibited higher levels of resistance compared
to the drummondii races. In particular, WSE-1, WSA-1, and
WSA-2 could provide valuable resistance against S. hermonthica.
Additionally, the resistance of these accessions was effective
against three of the most common Striga ecotypes in Kenya,
which indicated that the resistance had a broad spectrum.

Wild Sorghum Accessions Blocked Striga

Penetration through Mechanical and
Possible Biochemical Barriers
Striga infects its host by using a haustorium that connects
the parasite with the host through xylem vessels (Dörr, 1997).
To understand how wild sorghum accessions resisted Striga
parasitism, we didmicroscopic observations of Striga haustorium
at 3 and 9 DAI. At 3 DAI, Striga had successfully penetrated
all accessions except for WSA-1, WSA-2, and WSE-1. In
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FIGURE 2 | Resistance response of sorghum accessions to Striga hermonthica: (A) Mean Striga attachments; (B) Mean bioass of Striga plants; (C) mean

Striga length on wild sorghum accessions using 3 ecotypes of Striga. The number of Striga plants was measured 21 days after infection of sorghum roots with

S. hermonthica seeds. Vertical bars represent the mean ±SD while letters represent mean separations at p ≤ 0.05. The values given represent the mean for each plant.

Figures 3, 4, we showed the resistance of WSA-1 and WSE-
1 compared to the resistant control N13. We also showed a
susceptible interaction represented by WSD-1.

In susceptible interactions, attachment, and subsequent
formation of vascular connections was characterized by the
swelling of the Striga radicle at the point of contact with the
host roots (Figure 4Ai). Histological analysis of this section
revealed a swollen haustorium with a well-differentiated Striga
xylem that had already connected with the sorghum xylem

(Figure 4Aii). As the infection progressed (at 9 DAI), the
parasite’s vegetative tissue grew vigorously, and the haustorium
significantly expanded for interactions with susceptible sorghum
and N13 (Figures 5Ai, Bi). A transverse section through a
haustorium at 9 DAI showed that it was well-developed with a
hyaline body (Hy), a vascular core (Vc) consisting of the xylem
vessels, and an endophyte (En) that entered the host root cortex
and endodermis (Figures 5Aii, Bii). This progression of infection
and haustorium development was typical of most accessions. For

Frontiers in Plant Science | www.frontiersin.org February 2017 | Volume 8 | Article 116269

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Mbuvi et al. Striga Resistance in Wild Sorghum

FIGURE 3 | Heatmaps (generated using mean Striga attachments,

biomass and median Striga length) showing levels of resistance of

sorghum accessions infected with Striga seedlings. The yellow bar

labeled “S” (Ochuti and WSD-1) represents the most susceptible accessions,

and the orange bar labeled “IR” is a group consisting of WSA-3, WSD-2, and

WSD-3 that had intermediate resistance, while the red bar labeled “R”

represents the most resistant group, which consists of WSA-1, WSA-2

WSE-1, and N13. The heatmaps also provide an indication of the virulence of

Striga ecotypes. More attachments, more biomass and longer Striga seedlings

formed from Kibos and Alupe ecotypes compared to Mbita. The letters

indicate significance differences between ecotypes on the same accession at

p < 0.05.

the resistant control N13, we observed extra thickening on the
pericycle (Figures 4Bii, 5Bii).

Among the three resistant wild sorghum accessions (WSE-1,
WSA-1, and WSA-2), the haustorium did not make vascular
connections by 3 DAI. These connections only occurred for
a few attachments. The haustorium of the parasite invading
a resistant accession did not display any swelling, and as
histological analyses revealed, the haustorium did not penetrate
the host endodermis to make vascular connections with the host
(Figures 4Cii, Dii, 5Cii, Dii). This lack of connections was the
case forWSA-1,WSA-2, andWSE-1. InWSA-1 andWSA-2, only
a small section of the parasite haustorium had penetrated the
host endodermis and made vascular connections (Figure 5Cii).
We also observed deep blue staining at the point of contact
between the Striga haustorium and the host endodermis for both
WSA-1 and WSA-2 (Figures 4Cii, 5Cii). Additionally, WSE-1
showed deposits of secondary metabolites that caused an intense
colouration at the site of parasite attachment (Figure 4Di) as
early as 3 DAI. Most Striga attached to WSE-1 died within the
first few days of attachment. Those attachments that persisted
at 9 DAI showed intense coloration and a poorly developed
Striga plant (Figures 5Ci,Di). A transverse section through a
haustorium from this time point showed deposits of secondary
metabolites characterized by increased colouration and limited
vascular connections (Figure 5Dii).

These results suggest that the mechanical barriers that
inhibited ingression of the haustorium into host tissue may
be the cause of resistance in wild sorghum. The results from
this experiment also suggested that the interactions between
WSE-1 and S. hermonthica could be mediated by host-parasite
biochemical integrations that lead to deposits of secondary
metabolites.

Resistance Response of Wild Sorghum
Accessions under Natural Striga
Infestation
Under natural Striga infestation, we made the following general
observations: (i) The three field sites (Kumi, Bukedea, and Alupe)
had significant differences in their AUSNPC, which alluded to
differences in Striga virulence at these sites; (ii) WSE-1 andWSA-
2 were the most resistant sorghum accessions in both Kumi and
Bukedea but not in Alupe and; (iii) Ochuti and WSD-1 were the
least resistant accessions for all of the field sites. These results are
presented in Figure 6.

In Kumi, WSE-1 and WSA-2 had similar resistance to N13
(Figure 6). Similarly, in Bukedea, the most resistant accessions
wereWSA-2,WSE-1, and N13. The next four accessions:WSD-2,
WSD-3, WSA-1, WSA-3, and Ochuti had similar resistance
responses in Kumi. The same accessions (WSD-2. WSD-3,
WSA-1, and WSA-3) had similar resistance in Bukedea. At this
site, Ochuti was the most susceptible sorghum (Figure 6).

In Alupe—similar to Kumi and Bukedea—the most
resistant accession was WSA-2. However, with an AUSPNC
of 64.17 ± 17.83, this accession showed a significantly higher
resistance compared to WSD-2 (AUSPNC, 182 ± 110.05)
and WSD-3 (AUSPNC, 166.33 ± 53.79). The next cluster
of accessions consisted of N13, WSE-1, WSA-1, and WSA-3
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FIGURE 4 | The host resistance mechanism of sorghum to Striga hermonthica 3 DAI. (Ai) Colonization of WSD-1 sorghum root by S. hermonthica (Kibos

ecotype) showing a well-established haustorium (scale bar 1mm). (Aii) Transverse section of an embedded root tissue of WSD-1 sorghum accession 3 days after

infection with showing penetration of the host root cortex and endodermis as well as connections between the host and parasite xylem (Hx-Px). The scale bar is 0.1

mm. (Bi) Genotype N13. The haustorium is well-developed and shows swelling at the point of attachment. The scale bar is 1 mm. (Bii) Transverse section of

embedded tissue from N13. By this time, the parasite had started developing vascular connections. The scale bar is 0.1 mm. (Ci) A resistant wild sorghum accession

(WSA-1). The scale bar is 5 mm. (Cii) A transverse section of the resistant wild sorghum accession WSA-1. Striga was not able to penetrate the host endodermis to

make vascular connections. The scale bar is 0.1 mm. (Di) Colonization of WSE-1 had more intense phenolic deposits (red arrow). The scale bar is 5 mm. (Dii) A

transverse section through the haustorium of the resistant wild sorghum accession WSE-1.
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FIGURE 5 | Host resistance mechanism of sorghum to Striga hermonthica 9 DAI. (Ai) Colonization of WSD-1 sorghum root by S. hermonthica (Kibos ecotype)

3 days after infection showing a well-established haustorium (the scale bar is 1 mm). (Aii) Transverse section of an embedded root tissue of WSD-1 sorghum

accession showing penetration of the host root cortex and endodermis and vascular connections between the host and parasite xylem (Hx-Px). Scale bar is 0.1mm.

(Bi) Genotype N13 9 days after infection. The haustorium is well-developed and shows swelling at the point of infection. The scale bar is 1mm. (Bii) Transverse

section of embedded tissue of N13 9 DAI. By this time, the parasite had a well-developed endophyte (En) and hyaline body (Hy). The dark areas around

(Continued)
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FIGURE 5 | Continued

the pericycle may indicate a resistance mechanism. The scale bar is 0.1mm. (Ci) A resistant wild sorghum accession (WSA-1) infected with S. hermonthica. The

parasite was weak and did not form much vegetative tissue. The scale bar is 5mm. (Cii) A transverse section of a resistant wild sorghum accession (WSA-1). Only a

small part of the parasite was able to penetrate the host vascular system. The scale bar is 0.1 mm. (Di) Colonization of WSE-1 9 DAI showing more intensive

secondary metabolite deposits (red arrow). In most cases, the parasite died and did not persist past 14 DAI. The scale bar is 5mm. (Dii) A transverse section through

the haustorium of the resistant wild sorghum accession WSE-1. Only a small part of the parasite xylem was able to make vascular connections with the host. In

addition, the hyaline body (Hy) as well as the endophyte (En) were much smaller compared to N13. The scale bar is 0.1mm.

FIGURE 6 | The resistance response of sorghum accessions to Striga hermonthica at the Kumi, Bukedea, and Alupe field sites. Mean Striga emergence

was determined using AUSNPC. The vertical bars represent the mean ± SD while the letters (above each bar) indicate the mean separation and field sites,

respectively, at p ≤ 0.05.

(Figure 6, Supplementary Table 1). In both Kumi and Bukedea,
the least resistant accession was WSD-1 and the susceptible
check Ochuti, although in Alupe N13 recorded a similar profile
of emergence (Figure 6, Supplementary Table 1). Similar to
Kumi and Bukedea, the most resistant sorghum accession was
WSA-2. This resistance was significantly different from WSD-2,
WSD-3, and WSA-3, which were the accessions ranked second,
third, and fourth in terms of resistance at this field site. N13
had a significantly lower resistance than this group of accessions
(Figure 6).

In summary, the field experiments confirmed the laboratory
results that wild sorghum harbored resistance to Striga. In
particular, aethiopicum (WSE-1) and arundinaceum (WSA-2)
showed resistance comparable to the resistance of the control,
N13, at all field sites except Alupe. In addition, the three field
sites showed consistency in the resistance response of sorghum
accessions to Striga.

Effects of Striga Infestation on Sorghum
Yield
We assessed the yield performance of sorghum accessions for
the reduction of yield due to Striga infestation and found the
following: (i) Wild sorghum accessions yielded less compared to
N13 in all field sites and (ii) Striga negatively affected the yields of
all sorghum but more severely affected the susceptible accessions.
These results are described in Figures 7, 8.

Yields of wild sorghum accessions in Striga-free plots varied
significantly among one another with the average of the lowest
yielding accessions being WSE-1 (230.9 kgha−1) compared to

the highest Ochuti with an average yield of 2857.8 kgha−1

(Figure 7). Despite these variations, the yield of a particular
accession did not vary with site. In other words, the yields of each
accession were similar for all three field sites without statistical
significance.

Striga had a negative effect on yield for all accessions. For
some accessions, the effects of Striga infestation were more
significant and depended on the field trial site. For example,
Striga infestation only reduced the yields for N13 in Kumi
(23.21 ± 2.00%) with statistical significance but not in Alupe
or Bukedea (Figures 7, 8). For the most resistant wild accession,
WSE-1, the percentage yield reduction was statistically significant
only at the Kumi field site. Conversely, the yield reductions
were more severe in the susceptible accessions (Figure 7). When
considering the susceptible control (Ochuti), the percentage yield
reduction was most dramatic in Alupe (48.33%), followed by
Bukedea (41.75%) and Kumi (24.88%). These results suggest that
Striga altered the yields of susceptible accessions more drastically
compared to resistant accessions.

We further described the relationship between the percentage
yield reduction and Striga infestation using regression analysis,
and the results are shown in Figure 8. We observed a general
positive relationship between Striga emergence and percentage
yield reduction as well as a negative correlation between host
resistance and percentage yield reduction.

The correlation between Striga emergence and yield reduction
was more significant in Bukedea (R2 = 0.4624; p < 0.0001) and
Kumi (R2 = 0.2136; p< 0.0001) compared to Alupe (R2

= 0.007;
p = 0.047). In general, resistant accessions (WSE-1, WSA-2)
had low Striga emergence and the lowest yield reduction, while
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FIGURE 7 | Yield performance of sorghum accessions at field sites under Striga and Striga-free (control) conditions. The vertical bars represent the

mean ± SD (p ≤ 0.05) and different letters show presence of significant variations between the control and the Striga-infested fields.

for the susceptible accessions, including Ochuti, WSD-1, and
WSD-3, the yield reduction became more severe with Striga
emergence.

DISCUSSION

Our goal was to determine to what extent wild sorghum could
provide resistance to the parasitic weed Striga compared to
the resistant cultivar N13. Successful parasitism by Striga in
host roots was manifested by multiple, fast growing Striga
attachments, i.e., high virulence. Accordingly, a few small Striga
plants parasitizing host roots indicated a resistant host that
did not support the parasite. We showed that: (i) Under
laboratory conditions, wild sorghum accessions WSE-1, WSA-1,
and WSA-2 have significantly higher resistance than the current
Striga resistant control line—N13; (ii) Under field conditions,
WSE-1 and WSA-2 have resistance comparable to that of N13
and; (iii) the resistance in wild sorghum occurred because

Striga was unable to penetrate the host’s endodermis and make
vascular connections due to mechanical and/or biochemical
barriers.

Pertaining to analyses of Striga resistance in the laboratory,
we showed that wild sorghum accessions WSE-1, WSA-1, and
WSA-2 were highly resistant against S. hermonthica compared to
N13. The rankings for wild sorghum resistance had an overall
similar pattern for all three post-attachment metrics of Striga
resistance: Striga length, number and biomass. Previous studies
using rhizotrons to determine Striga resistance in hosts have used
these metrics with results comparable to ours (Gurney et al.,
2006; Cissoko et al., 2011). For example Pescott (2013) found a
mean of 75 attachments on the resistant sorghum genotype Brhan
compared to our mean of 56 on N13. In rice, the most resistant
rice cultivar (Nipponbare) averaged 30 attachments in a study
conducted by Cissoko et al. (2011).

One result that was noteworthy was that although the mean
number of attachments and mean biomass gave the same
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FIGURE 8 | Correlation of Striga emergence to percentage yield loss at

the three sites. The vertical axis represents mean emergence (AUSPNC) at

86 days after planting while the horizontal axis represents the percentage yield

loss expressed as a yield loss between Striga-free fields and yield in

Striga-infested fields as a function of yield in a Striga-free field. The data are

presented as the means ± SD.

level/pattern of resistance and virulence, it was not possible to
determine the resistance of sorghum using the mean length of
Striga attachments. This outcome likely occurred because of the
variability in Striga sizes. For example, a sorghum accession
could have multiple small-sized attachments and one or two long
attachments. This variation likely skewed the data and gave the

impression that the accession was resistant. For this reason, mean
Striga biomass seemed to be a goodmeasure of resistance because
it took both the number of attached parasites as well as their size
into account. Interestingly, when we used median length to rank
the resistance of sorghum accessions and presented the results
in a heat map, we got the same pattern as we got for biomass.
This result suggested that median length rather than mean length
could be a better method to rank resistance if the Striga seedling
length was highly variable.

With regard to mechanism of resistance in the wild sorghum
accessions, we found that Striga had delayed penetration into
the host endodermis for WSE-1, WSA-1, and WSA-2. In
addition, we found that for WSE-1 Striga parasitism induced
secretion of large amounts of secondary metabolites, which were
probably phenolic compounds. These resistance mechanisms
have important implications as platforms for further genetic
improvement of cultivated sorghum for Striga resistance.

We described the resistance mechanisms of WSE-1, WSA-
1, and WSA-2 as qualitative, and the mechanisms were similar
to N13. Like N13, these accessions slowed the ability of
Striga to penetrate host tissue and make vascular connections.
For Striga, successful parasitism must involve overcoming
mechanical barriers, such as the host’s cell wall. This resistance—
which varied from host to host—could be a manifestation
of physiological and/or the biochemical incompatibility of the
parasite growth on its host (Yoshida and Shirasu, 2009). The
biological and genetic mechanisms underpinning this form
of resistance in Striga are not completely understood but it
is plausible that the effect was the result of multiple genes
acting to fortify the host against invasion by the parasite. Such
mechanisms include thickening of cell walls in the pericycle,
lignification and silica deposition, which was suggested in Maiti
et al. (1984). This form of resistance, which is exemplified
by N13, has led to identification of several Quantitative
Trail Loci (QTL) by mapping populations of resistant N13
and susceptible E103 (Haussmann et al., 2004). These QTL
have been integrated into breeding programmes in Africa
(Masiga et al., 2014; Mohamed et al., 2014; Yohannes et al.,
2015). Therefore, for quantitative Striga resistance comparable
to N13, WSE-1, WSA-1, and WSA-2 are good candidate
accessions that could be integrated into varieties preferred by
farmers. Additionally, these accessions could be used in the
identification of Striga resistance loci by exploiting new and high
throughput genotyping technologies, such as high-throughput
sequencing. Therefore, uniquemarkers could be identified, which
would facilitate marker-assisted breeding of Striga resistance in
sorghum.

Additionally, we singled out the resistance shown by WSE-1
as being mediated by biochemical reactions elicited by the
parasite. Although this mechanism is not well-characterized
in parasitic plants, this defense mechanism is reminiscent of
studies that have shown chemical molecules could be produced
as needed during pathogen attack (inducible) or starting with
a small amount of preformed metabolites (Lanoue et al., 2010;
Wurst et al., 2010). Some studies have further demonstrated the
role of root secondary metabolites in induced plant defenses.
For example, Ocimum basilicum secretes rosmarinic acid upon
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attack by the pathogenic fungus Pythium ultimum (Bais et al.,
2002) and induction of iridoid glycosides in root exudates
of Plantago lanceolata in the presence of nematodes was
reported in Wurst et al. (2010). The induction of biochemical
compounds—which was characterized by deep colorations at
the host-parasite interphase in the resistant sorghum accession
WSE-1 could be suggestive of a resistance mediated by these
molecules. Further biochemical studies—such as metabolomics
in a recent review (van Dam and Bouwmeester, 2016)—will be
required to further identify the role of metabolites in Striga-host
interactions.

Laboratory analysis provided the unique opportunity to
minimize environmental variations and ensure that the resistance
rankings that were observed could be confidently associated with
the genotype. However, these data did not always translate to
the field because other factors may influence resistance through
genetic χ environment interactions, which have been observed
before for Striga. These interactions were demonstrated in a
study (Cissoko et al., 2011), who found an upland rice variety
NERICA4 that was resistant using rhizotron assays. NERICA4
was, however, found to be susceptible under field conditions
(Atera et al., 2012).

We therefore complemented our laboratory observations with
field trial data. From the wide array of tools that are traditionally
used tomeasure Striga virulence and the host resistance (Omanya
et al., 2004; Rodenburg et al., 2005) at the field level, we
determined AUSPNC, which was derived by integrating the curve
of Striga emergence over time.

Strikingly, the resistance rankings of sorghum accessions
screened in the laboratory were similar to those found with
field experiments—for all field sites—with WSE-1, WSA-2
showing the most resistance. Additionally, the two least resistant
accessions in all field sites were consistently WSD-1 and Ochuti.
However, in Alupe N13 did not display the level of resistance
observed in Kumi and Bukedea. In fact, the AUSPNC of
N13 in Alupe was similar to that of Ochuti. Previous studies
involving N13 in Kumi and Bukedea obtained an AUSPNC
that averaged <500 (Olupot, 2011) which, is comparable to
what we obtained—476 ± 70 and 288.17 ± 29.11 in Bukedea
and Kumi respectively. This was lower than the AUSPNC of
N13 in Alupe (978.83 ± 308.36). The variability in response
to Striga infestation by site in our field experiments could be
attributed to environmental effects such as different climatic
conditions, differences in soil types or factors inherent to Striga
characteristics such as seedbank or virulence.

With regard to the variability in Striga virulence, our
rhizotron assays showed that the Striga ecotype from Alupe
was significantly more virulent compared to Mbita but was less
virulent than the ecotype from Kibos. This result showed there
were variable differences in the virulence of Alupe seed ecotypes.
In other words, even within the same Striga ecotype, variations
in virulence occurred. This apparent lack of a clear association
between virulence and Striga ecotypes supports the heterogeneity
of S. hermonthica observed by Pescott (2013). Unlike S. asiatica,
which has a highly inbreeding mating system (Gethi et al.,

2005), and S. gesneroides, which has distinct race structures (Li
et al., 2009), S. hermonthica has high outcrossing (Gethi et al.,
2005), and that makes virulence grouping among ecotypes very
nebulous. Therefore, it has been difficult to connect virulence to
a specific eco-geographic region.

Another important consideration when comparing laboratory
and field experiments for Striga resistance is the production
of the germination stimulant strigolactone. Laboratory screens
use artificially pre-germinated Striga seedlings and these screens
forfeit the opportunity to test for pre-Striga germination
resistance as well as resistance during other belowground stages
(e.g., germination, attachment, below-ground development). In
contrast, in field infestations, the host must produce enough
strigolactone to allow Striga to germinate. Therefore, field
screenings test for both pre- and post-Striga germination
resistance. As such, it is important to establish the strigolactone
profile of wild sorghum accessions to determine if they also
exhibit low germination stimulant production as a resistance
mechanism.

There is another important aspect of the Striga-host
relationship, which is tolerance, i.e., the ability of a host to
sustain a certain yield and experience less damage under Striga
infestation (Parker and Riches, 1993; Rodenburg et al., 2006).
Whereas, a resistant host “fights” the pathogen, a tolerant host
“learns to live” with the pathogen thereby ameliorating the
damage inflicted by the pathogen. As expected, Striga reduced
the yields of all sorghum accessions, albeit the reductions in
some accessions were not significant. N13, WSE-1, and WSA-1
tolerated Striga to the greatest extent in some field sites that
did not have any significant yield reductions. In this study, the
resistant accessions were also tolerant, which made it difficult
to dissociate resistance and tolerance. Rodenburg et al. (2006)
observed that tolerance was a complex trait that needs to take into
account the resistance of the host as well as the biomass of the
infecting Striga plants. The authors recommended that tolerance
in resistant genotypes be quantified as a reduced yield loss per
aboveground Striga plant and that the maximum relative yield
loss could be used for susceptible genotypes. Further studies will
be required to determine the correlation between resistance and
tolerance in WSA-1 and WSE-1.

To summarize, our work revealed high Striga resistance in
wild sorghum accessions. These accessions also had at least
two Striga resistance mechanisms and therefore underscored
the importance of wild sorghum as sources of resistance to
Striga. Candidate wild sorghum accessions for Striga resistance
have been identified and are available for multiplication and
subsequent improvement. Our work thus sets a technology
platform for future genetic improvement of cultivated sorghum.
With modern techniques of genetics and genomics, it will
soon be possible to “pinpoint” the genetic components that
are responsible for resistance in wild sorghum. These insights
will facilitate the stacking of appropriate resistance genes/loci
in varieties preferred by farmers and Striga tolerant cultivars to
enhance the durability and stability of defenses over the long-
term.
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Supplementary Figure 1 | Experimental layout of the field sites. Each plot

was 2.5m by 3.2m. Each plot was separated by a 1m path and the spacing was

80 cm between rows and 30 cm between hills. The whole sorghum field was

surrounded by susceptible sorghum (KARI Mtwapa).

Supplementary Figure 2 | A heat map drawn using the Striga mean

length showing levels of resistance of sorghum accessions infected

with Striga seedlings. The yellow bar labeled “S” (Ochuti and WSD-1)

represents the most susceptible accessions, the orange bar labeled “IR” is a

group consisting of WSA-3, WSD-2 and WSD-3 that had intermediate

resistance, while the red bar labeled “R” represents the most resistant group,

which consists of WSA-1, WSA-2, WSE-1, and N13. The heat maps also

provide an indication of the virulence of Striga ecotypes. Longer attachments

formed from Kibos and Alupe ecotypes compared to Mbita ecotypes. The

letters indicate significances differences between ecotypes for the same

accession at p < 0.05.

Supplementary Table 1 | Striga emergence values (Area under Striga

Number Progressive Curve) of wild and cultivated sorghum accessions

across three field sites.
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hermonthica-Resistant Upland Rice
Varieties in Sudan and Their
Resistance Phenotypes
Hiroaki Samejima1,2*, Abdel G. Babiker3†, Ahmed Mustafa4 and Yukihiro Sugimoto1

1 Graduate School of Agricultural Science, Kobe University, Kobe, Japan, 2 International Cooperation Center for Agricultural
Education, Nagoya University, Nagoya, Japan, 3 College of Agricultural Studies, Sudan University of Science and Technology,
Khartoum North, Sudan, 4 Gezira Research Station, Agricultural Research Corporation, Wad Madani, Sudan

Rice has become a major staple cereal in sub-Saharan Africa. Currently, upland rice
cultivation is expanding particularly in rainfed areas where the root parasitic weed
Striga hermonthica, a major constraint to cereal production, is endemic. Laboratory,
pot, and semi-controlled open air experiments were performed to evaluate resistance
of selected rice varieties in Sudan to a resident S. hermonthica population. In the
laboratory, 27 varieties were screened for post-attachment resistance using the rhizotron
technique. Varieties displaying high post-attachment resistance, Umgar, NERICA5,
and NERICA13 together with NERICA4, NERICA18, and Nipponbare, a lowland rice
variety, were further evaluated for performance and Striga resistance in pot and semi-
controlled open air experiments and for germination inducing activity in a laboratory.
In addition, comparative studies on reaction of Umgar, Kosti1 and Kosti2, released
varieties for commercial production in Sudan, to the parasite were performed in two pot
experiments. In the pot experiments Umgar and NERICA5, consistently, sustained the
lowest Striga emergence (<2.2 Striga plants per pot), while NERICA13 and NERICA4
supported 1.8–5.7 and 8.7–16.4 Striga plants per pot, respectively. In an artificially
Striga-infested field, number of emergent Striga plants per 10 rice hills, at harvest,
was 2.0, 2.0, 4.8, 13.5, 13.3, and 18.3 on Umgar, NERICA5, NERICA13, NERICA4,
NERICA18, and Nipponbare, respectively. Striga had no adverse effects on total above-
ground parts and panicle dry weight in Umgar and NERICA5. Germination-inducing
activity of root exudates, at 14 days after sowing onward, was markedly lower for Umgar
than for NERICA5, NERICA13, NERICA4, and NERICA18. Based on these findings,
Umgar has both pre and post-attachment resistance to a resident Striga population in
Sudan. Kosti1 and Kosti2 did not exhibit Striga-resistance at the same level as Umgar.
Further the resistance of NERICA5, a variety reported to be endowed with a broad
spectrum resistance to Striga species and ecotypes, at least to one resident Striga
population in Sudan was clearly indicated.

Keywords: NERICA, parasitic weed, pre-attachment, post-attachment, rhizotron

Abbreviations: ARC, Agricultural Research Corporation; DAI, days after inoculation; DAS, days after sowing; DW, dry
weight; GDD, growing degree days.
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INTRODUCTION

Rice is becoming an important staple crop in Africa. From 1984
to 2013 the area dedicated to rice cultivation increased by 124%,
corresponding to a 215% increase in production (FAO, 2015).
Upland rice varieties that are interspecific cultivars between
Oryza sativa and Oryza glaberrima were developed by the Africa
Rice Center under the name NEw RICe for Africa (NERICA;
Jones et al., 1997a,b). These varieties promoted rice cultivation in
the region and are partly responsible for the recent expansion of
rice into rain-fed areas (Rodenburg et al., 2006; Balasubramanian
et al., 2007; Wopereis et al., 2008). These areas are sometimes
infested by the root-parasitic weed Striga hermonthica (Delile)
Benth. Rice is a genuine host for S. hermonthica and heavy
infestations by the parasite result in severe yield losses. Striga
infestation and damage are expected to be exacerbated by the
predominant low soil fertility, irregular rains and low-input
(subsistence farming) conditions (Babiker, 2007).

Available control measures against Striga, including cultural,
chemical, and biological methods, are either too expensive or
too knowledge-intensive for subsistence farmers (Babiker, 2007).
Under the prevailing farming conditions in sub-Saharan Africa,
resistant crop varieties have been proposed as the most cost-
effective and easy to adopt or deploy as an integral component of
an integrated Striga management strategy (Ejeta, 2007). Various
responses of rice varieties to Striga have been identified, although
the number of resistant varieties is still limited (Rodenburg
et al., 2010). The slow pace of development and deployment
of Striga-resistant varieties is, majorly, due to a paucity of
resistance sources, the complex genetics of resistance and limited
knowledge regarding the specific mechanisms associated with
resistance phenotypes (Amusan et al., 2008). Understanding the
different types of resistance phenotypes facilitates development
of selection methods and strategies to improve crop resistance to
the parasite.

Research on rice has revealed several types of resistance
phenotypes that are expressed in different stages of the Striga
life cycle. As obligate hemiparasites, Striga seeds germinate only
when exposed to host root-derived stimulants (López-Ráez et al.,
2009). Host plants that produce lower amounts or less effective
types of germination stimulants prevent parasite attachment, i.e.,
they have pre-attachment resistance. In a study using 18 NERICA
varieties and their parents, NERICA1 and CG14 were shown to
produce fewer germination stimulants and exhibit less frequent
Striga infections compared with the other varieties (Jamil et al.,
2011). Furthermore, host plants with post-attachment resistance
prevent parasite development. Cissoko et al. (2011) reported
that NERICA1 and NERICA10 exhibited the highest post-
attachment resistance to S. hermonthica and Striga asiatica (L.)
Kuntze. Recently Rodenburg et al. (2015) using a set of 25
rice varieties reported consistency between field and laboratory
data on resistance to S. hermonthica and S. asiatica. A lowland
rice cultivar, Nipponbare, has been reported to exhibit post-
attachment resistance associated with an incompatibility in the
cortex, endodermis, and root stele (Gurney et al., 2006; Swarbrick
et al., 2008). Yoshida and Shirasu (2009) conducted detailed
anatomical studies and proposed that mechanisms occurring

subsequent to establishment of vascular connections contributed
to the resistance of Nipponbare to Striga.

Although there are several Striga-resistant rice varieties,
as noted above, crop resistance against one S. hermonthica
population may not always be effective against other populations
(Huang et al., 2012). S. hermonthica, an obligate outcrosser,
is renowned for its genetic diversity and virulence variability
(Yoshida et al., 2010). Furthermore, development of a virulent
population over time from a subset of Striga individuals within
a seed bank may lead to beakdown of resistance (Huang et al.,
2012; Rodenburg et al., 2015). Cissoko et al. (2011) reported that
NERICA1 showed high resistance to S. hermonthica collected
from maize (Zea mays L.) in Kenya and sorghum [Sorghum
bicolor (L.) Moench] in Sudan and to S. asiatica from maize
in the USA and rice (cultivar Supa) in Kenya. However, it was
susceptible to S. hermonthica collected from a field previously
planted with NERICA1. In addition to differences in Striga
populations, growth conditions such as Striga seed bank size,
soil moisture, fertility, and temperature may influence apparent
resistance in rice varieties (Kim, 1996)

Sudan is attempting to boost its domestic rice production and
the area under the crop increased from 2,100 ha in 1984 to 7,562
ha in 2013 with a corresponding increase in production from
2,000 t to 25,000 t (FAO, 2015). Several NERICA varieties were
introduced to Sudan and evaluated for growth and yield, but
not for resistance to Striga, in the country (Somado and Guei,
2008). Striga, currently pre-dominantly on sorghum and millet,
is expected to be a major production constraint to upland rice
in Sudan as well. Expanding upland rice production without due
attention to the Striga problem is fraught with an element of risk.
Upland rice varieties which combine resistance to resident Striga
populations and adaptability to Sudanese rice upland growing
environments is therefore urgently needed.

The present investigation was therefore undertaken to (1)
identify Striga-resistant upland rice varieties in a series of
laboratory, pot and semi-controlled open air experiments using a
resident Striga population and (2) determine, broadly, resistance
phenotype(s) of the selected varieties. In Sudan, two distinct
S. hermonthica strains, populations from sorghum fields and from
millet fields, have been reported (Ali et al., 2009). We used a
population from a sorghum field in this study, because millet
cultivation area is often too dry for rice cultivation.

MATERIALS AND METHODS

Plant Materials
A total of 27 upland rice varieties, probable candidates for
widespread cultivation in Sudan, were investigated. Three rice
varieties, Umgar (YUNLU 30 originating from China), Kosti1
and Kosti2, released for commercial production in Sudan
(Nyachae, 2011), were obtained from the ARC, Sudan. Eighteen
upland NERICA varieties and their parents, CG14, WAB56-
50, WAB56-104, and WAB181-18, were supplied by the Africa
Rice Center, Benin. Two lowland varieties, Nipponbare (Striga-
resistant) and Kasalath (Striga-susceptible or -tolerant; Gurney
et al., 2006; Swarbrick et al., 2009; Yoshida and Shirasu, 2009;
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Yoder and Scholes, 2010), were used as controls. Nipponbare
and Kasalath were obtained from the GenBank of the National
Institute of Agrobiological Science, Japan. A sorghum variety,
Abu70, a high Striga germination stimulant producer and a
positive control in evaluation of germination-inducing activity of
root exudates, was provided by the ARC. S. hermonthica seeds
were collected from a sorghum field near Wad Madani, Sudan,
where upland rice cultivation is being conducted (Mustafa and
Elsheikh, 2007).

Rhizotron Experiment
Two rhizotron experiments were carried out under laboratory
conditions as described by Hiraoka and Sugimoto (2008). The
first experiment was conducted to evaluate post-attachment
resistance of 27 rice varieties. The second was conducted to
evaluate the repeatability and reliability of rhizotron technique
using a subset of the varieties comprising NERICA5, Umgar,
Nipponbare, Kasalath, and NERICA4. Seeds of each variety, sown
on a moist filter paper and placed in a Petri dish, were incubated
in the dark at 30◦C for 4 days. Each seedling was transferred to a
10-mL test tube and grown hydroponically in 40% Long Ashton
solution for 6 days. The seedlings were maintained in a growth
chamber at 30◦C with a 12-h photoperiod using fluorescent
lights (photosynthetic active radiation of 220 µmol m−2 s−1).
A 10-days-old seedling of each variety (with five replicates) was
transferred to a rhizotron comprising a 15-cm Petri dish filled
with rock wool overlaid by glass fiber filter paper watered with
40% Long Ashton solution. The seedlings were grown in the
same growth chamber for additional 10 days. Striga seeds were
surface sterilized by immersion in 0.75% (w/v) NaClO containing
a few drops of Tween 20 and then subjected sonication for 3 min
in an ultrasonic cleaner. After rinsing with distilled water and
drying in a laminar hood, seeds were pre-treated (conditioned)
for 12 days on 8-mm glass fiber filter paper disk (approximately
50 seeds each) placed on distilled water-saturated filter paper.
Conditioned Striga seeds were treated, in separate Petri-dishes,
with GR24 at 0.34 µM and incubated in the dark at 30◦C for 1 day
prior to inoculation. Roots of each 20-days-old rice seedling, in a
rhizotron, were inoculated with 30 pre-germinated Striga seeds
and subsequently incubated in the same growth chamber.

Growth of Striga seedlings was observed at 14 and 21 DAI
using a stereomicroscope. Growth progression of Striga was
classified into four developmental stages: stage I, failure to attach
to the root due to lack of haustorium formation (Figure 1a); stage
II, successful attachment but no shoot elongation (Figures 1b–d);
stage III, shoot necrosis after reaching the four or more leaf pairs
stage (Figures 1e,f); stage IV, successful parasitism with healthy
shoots (Figures 1g,h).

Pot Evaluation
Three pot experiments were carried out in the open air at
the Sudan University of Science and Technology, Khartoum
North (15◦39′N lat, 32◦31′E long) to compare resistance and
performance of selected rice varieties under the same Striga
seed bank size. Three rice varieties Kosti1, Kosti2, and Umgar
were used for the first experiment. For the second experiment,
six rice varieties were used. NERICA5, NERICA13, and Umgar

FIGURE 1 | Growth of Striga hermonthica seedlings inoculated onto
rice roots in a rhizotron under 100× magnification. (a) A seedling that
failed to attach to the host root at 14 DAI. (b) A seedling that attached to the
root but showed no shoot emergence at 21 DAI, or no shoot elongation from
(c) 14 DAI to (d) 21 DAI. A seedling that (e) reached the four or more leaf pairs
stage before 14 DAI and then (f) died before 21 DAI. A seedling that
parasitized successfully with steady healthy shoot growth from (g) 14 DAI to
(h) 21 DAI.

were selected as potential candidates showing post-attachment
resistance, based on the results of the rhizotron evaluation.
NERICA18 was selected as a susceptible variety and NERICA4
was selected as it is widely used in several sub-Saharan African
countries (Somado et al., 2008; Wopereis et al., 2008). The Striga-
resistant variety Nipponbare, albeit a lowland type, was included
as a resistant control. For the third experiment, NERICA4,
NERICA5, NERICA13, Umgar, Kosti1, and Kosti2 were used.
Nipponbare was not included because of lack of adaptability
to upland rice growing environment confirmed in the second
pot experiment and the semi-controlled open air experiment
mentioned below here.

Plastic pots, 30-cm internal diameter and 30-cm height,
perforated at the bottom were, each, filled with 9 kg of soil
(vertisol, pH 8.31, EC 0.14 mS cm−1, total N 0.48 g kg−1, Olsen-
P 8.15 mg kg−1, organic-C 8.9 g kg−1). Soil was collected from
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a Striga free plot within the college experimental farm. Striga
seeds (1, 2, 4, 8, and 16 mg for the first experiment, 16 mg for
the second and 16, 32, and 48 mg for the third) were mixed into
the top 5 cm of soil in each pot. Striga-infested and Striga-free
controls were included, as relevant, for comparison. Treatments
were organized in a randomized complete block design with three
replicates in the first experiments and six replicates in the second
and third experiments. One day prior to sowing, 100 g of compost
was mixed with the soil in each pot. On the day of sowing, 0.92 g
of N as urea and 0.17 g of P2O5 as single superphosphate were
added to each pot. Five rice seeds were sown in each pot on 30
June 2010, 5 September 2012, and 1 July 2013 for the first, second
and third experiments, respectively. The seedlings were thinned
to two per pot 14 DAS. Weather data were not recorded in the
first experiment. During the experimental period, daily mean
air temperature ranged between 18.1 and 34.0◦C for the second
experiment and between 24.4 and 36.4 for the third experiment.
Total precipitation was 33.4 mm for the second experiment and
111.2 mm for the third and the average daily solar radiation
was 16.5 and 18.6 MJ m−2 d−1, respectively. Rice was grown
aerobically. Prior to heading, all pots were irrigated at 2-days
intervals. After heading, plants were irrigated daily. Panicles were
covered by paper bags 2 weeks after heading to prevent bird
damage.

Emergent Striga plants per pot were counted weekly from 49
to 119 DAS for the first experiment, at 1140, 1453, 1907, 2112,
2305, 2493, 2689, 2875, 3023, and 3178 GDDs for the second
experiment and at 1111, 1286, 1485, 1696, 1908, 2121, 2339, 2530,
3013, and 3203 GDD for the third. Rice was harvested by cutting
the above-ground parts at ground level for the second and third
experiments and no rice sampling was conducted in the first
experiment. NERICA5 was harvested at 117 DAS for the second
experiment and 98 DAS for the third and the other varieties were
harvested at 125 DAS and 118 DAS, respectively. The rice above-
ground parts, severed into panicles and vegetative parts, were
oven dried at 80◦C for 3 days and weighed. Panicle DW was used
as an index for grain yield as described in studies of responses
of sorghum varieties to S. hermonthica (Lendzemo and Kuyper,
2001; Van Ast and Bastiaans, 2006) and for rice in several studies
(Kato et al., 2007; Ohe et al., 2010; Uga et al., 2011; Niones et al.,
2012). Total above-ground parts DW was used as an index for
rice growth, because it is an important factor for improving grain
yield of rice (Fageria, 2007).

Semi-Controlled Open Air Experiment
An experiment was conducted at the college farm to validate
the results of the pot experiments under conditions that were
relatively similar to farmer’s fields. During the experimental
period (16 July 2012 to 14 November 2012) daily mean air
temperature ranged between 26.1 and 34.8◦C, relative humidity
was 52.8% on average hourly measurements from sowing to
60 DAS. Low relative humidity, 37.5% on average hourly
measurement, was predominant from 61 DAS onward. Total
precipitation was 95.8 mm and the average daily solar radiation
was 17.8 MJ m−2 d−1.

The same six rice varieties used in the second pot experiment
were grown in adjacent Striga-free and Striga-infested plots.

The Striga-infested plot was established artificially in the Striga-
free area in 2011 using the same parasite population used in
the previous experiments. The plots were used for sorghum
cultivation in 2011 and before. Striga infestation in the infested
plots was further augmented with 1 mg of the parasite seeds
placed in each rice-planting hole. Treatments were arranged
in a split-plot design. The Striga treatment was the main plot.
The main plot was subsequently divided into four blocks. Rice
planting and husbandry practices were as recommended by
ARC, Sudan for upland rice production under supplementary
irrigation. Each subplot was surrounded by ridges and rice was
grown aerobically using flush irrigation. The crop was irrigated at
3- to 4-days intervals. The rice varieties were randomly allocated
to the subplots (0.75 m × 3.75 m) within each block. Rice
seeds were sown in holes (five per hole) with a spacing of
25 cm × 25 cm. P2O5, as single superphosphate (110 kg P2O5
ha−1) was applied at sowing. Nitrogen, as urea (165 kg N ha−1),
was applied as split equal doses at 14, 35, and 49 DAS. Weeds
other than Striga were manually removed. The field was covered
with a nylon net to evade bird damage.

Emergent Striga plants around 10 fixed rice hills in each
subplot were counted at 926, 1357, 1827, 2436, 2846, and 3333
GDD. Rice above-ground parts from the same 10 hills were
harvested by cutting at ground level. NERICA5, NERICA13,
NERICA18, and Nipponbare were harvested at 107 DAS.
NERICA4 and Umgar were harvested at 111 and 121 DAS,
respectively. The rice above-ground parts were severed into
panicles and vegetative parts, oven dried at 80◦C for 3 days, and
weighed.

Germination-Inducing Activity of Root
Exudates
Seeds of the six rice varieties, used in the second pot and
semi-controlled open air experiments, and those of a sorghum
(cv Abu70), were surface sterilized by immersion in 1% (w/v)
NaClO containing a few drops of Tween 20 and thoroughly
rinsed with distilled water. The seeds sown on moist filter paper
in Petri dishes were incubated in the dark at 30◦C for 3–
4 days for rice and 2 days for sorghum. The seedlings were
transplanted each, to a 50-mL plastic tube wrapped in aluminum
foil to exclude light. Plants were grown hydroponically in 40%
Long Ashton solution in a growth chamber at 30◦C with a 12-
h photoperiod using fluorescent lights (photosynthetic active
radiation of 220 µmol m−2 s−1) throughout growth duration
after the transplanting except during root exudates samplings.
The root exudate was sampled at 7, 14, 21, 28, and 35 DAS.
One day before each sampling date, the roots were thoroughly
rinsed with tap water and the nutrient solution in the plastic tubes
was replaced with tap water. After 1 day incubation and prior to
extraction, water loss was replenished in each tube and 100-µL
of the aqueous solution containing root exudates was sampled,
hence forth referred to as original exudates. The remaining
aqueous solution in each tube was extracted with ethyl acetate
(3 × 10 mL). The respective ethyl acetate extracts, pooled, dried
over anhydrous sodium sulfate, were evaporated in vacuo at 40◦C
to dryness. The residues, were dissolved, each, in 1 mL of ethyl
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FIGURE 2 | Percentage out of 30 seedlings of S. hermonthica at stage (A) I, failure to attach to the root due to a lack of haustorium formation
(Figure 1a); (B) II, successful attachment but no shoot elongation (Figures 1b–d); (C) III, shoot necrosis after reaching the four or more leaf pairs
stage (Figures 1e,f); and (D) IV, successful parasitism with healthy shoots (Figures 1g,h) on the roots of 27 rice varieties in the first rhizotron
experiment at 21 DAI. Means followed by a common letter are not significantly different by Tukey’s HSD test in each growth stage (p < 0.05).

acetate. The original and concentrated root exudates were stored
at −20◦C, for at most 3 days, until completion of evaporating
all samples at each sampling time. The germination bioassay
followed the protocol described by Motonami et al. (2013) using
Striga seeds that had been conditioned under sterilized conditions
for 12 days on 8 mm diameter glass fiber disks (approximately
50 seeds per disk). Disks containing conditioned Striga seeds,
dapped on a filter paper to remove excess water, were treated with
an aliquot (20-µL each) of the original root exudates. Aliquots 20,
10, and 5-µL each, equivalent to 50, 25, and 10-time concentrated
root exudates, respectively) of the concentrated extract were
applied to a new 8-mm glass fiber disk. The disks were allowed to
dry at room temperature for 2 h. Each treated disk was overlaid
by a disk containing conditioned Striga seeds and moistened
with distilled water (40 µL). The disks were incubated in the
dark at 30◦C for 1 day and examined for germination using
a stereomicroscope. The synthetic germination stimulant GR24
was used at 0.34 µM as a positive control and tap water and
distilled water were used as a negative controls. Three plants per
variety were used and the root exudate from each plant was tested
in five technical replicates (five disks).

Statistical Analysis
The statistical package R (Version 3.0.2, R Core Team, 2015)
was used for comparison of treatment means. In the rhizotron

evaluation, the number of Striga seedlings in each growth stage
was examined by Tukey’s HSD test with rice variety as a
factor. In the pot and semi-controlled open air experiments,
the number of emergent Striga plants and DW of rice varieties
were analyzed by Student’s t-test or Tukey’s HSD test. The
percentage values in germination tests were transformed to
arcsine, compared by Tukey’s HSD test and back-transformed
(Kgosi et al., 2012).

RESULTS

Rhizotron Evaluation of Post-Attachment
Resistance
Developmental arrest of the parasite at stage I, failure in
attachment, was common among all varieties (Figure 2A). Of
the seedling inoculums, failure to attach to the host roots was
less than 20, 20–30, 30–40 and more than 40% in 9, 10, 5, and 3
varieties, respectively. The developmental arrest at this stage was
highest in NERICA8 (49.3%) and lowest in NERICA18 (8.7%).

Developmental arrest of the parasite at stage II, successful
attachment but no shoot elongation, was common among all
varieties (Figure 2B). Proportions of Striga seedling showing
arrested development at this stage were less than 30, 30–
40, 40–50, 50–60, and more than 60% in 3, 1, 3, 8, and
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12 varieties, respectively. Successful attachment but no shoot
elongation of Striga was highest in NERICA1 and CG14 (76.0–
78.0%) and lowest in NERICA18 (28%; Figure 2B). Other
than NERICA1 and CG14, there were 10 varieties, including
NERICA13, NERICA5, and Umgar, in which more than 60% of
the inoculated parasites showed arrested development at stage II
(successful attachment but no shoot elongation).

The developmental arrest of Striga at stage III, necrosis of
the parasite shoot, was observed in seven varieties (Figure 2C)
and was highest in Umgar (6.7%). In this variety, 90% of the
inoculated parasites underwent developmental arrest at stage I
(failure in attachment) or stage II (successful attachment but no
shoot elongation). These findings demonstrate that three Striga
seedlings (10% of 30 seedlings) developed elongated shoots, but
two of them (6.7% of 30 seedlings) died on Umgar. In other
words, two-third of Striga seedlings that developed elongated
shoots died on the variety.

The Striga seedlings at stage IV, classified as successful
parasitism with healthy shoots, varied widely among varieties
and represented 2–63.3% of the original inoculums (Figure 2D).
Of the inoculated seedlings less than 10, 10–20, 20–30, 40–50,
and more than 50% were maintained up to successful parasitism
by 12, 6, 5, 2, and 2 varieties, respectively. NERICA18 retained
a considerable proportion (63.3%) of the inoculated seedlings.
In contrast, Nipponbare supported only 5.3% of the inoculated
seedlings. Three varieties, NERICA13, NERICA5, and Umgar
retained less than 5% of the inoculated seedlings up to stage IV
(successful parasitism).

The results in the second rhizotron evaluation with a subset
of the varieties (Figure 3) were similar to those in the first
rhizotron evaluation (Figure 2). Developmental arrest of the
parasite at stage I, failure in attachment, was much lower than
that at Stage II, successful attachment but no shoot elongation
in both evaluation (Figures 2A,B and 3A,B). Developmental
arrest at stage III, necrosis of the parasite shoot, was observed
repeatedly in Umgar and Nipponbare (Figures 2C and 3C). Striga
seedlings at stage IV, successful parasitism, on NERICA5, Umgar,
Nipponbare, and Kasalath (2.7, 3.3, 5.3, and 5.3% in the first
evaluation and 12.0, 5.4, 8.7, and 9.3% in the second evaluation,
respectively) was much lower than on NERICA4 (18.7 and 38.7%
in the first and second evaluation, respectively), albeit significant
differences between the former four varieties and NERICA4 was
observed only in the second evaluation (Figures 2D and 3D).

Pot and Semi-Controlled Open Air
Evaluations of Selected Rice Varieties
In the first pot experiments, Kosti1 supported 0, 0, 0.3, 0.7, 1.0,
and 3.7 emergent Striga plants per pot at seed bank size of 0, 1,
2, 4, 8, and 16 mg Striga (Figure 4). The corresponding numbers
for Kosti2 were 0, 0, 0.3, 1.7, 1.0, and 1.7, respectively. Umgar
supported no emergent Striga plants at seed bank size of 0–8 mg.
It supported 1.3 emergent Striga plants per pot at a seed bank size
of 16 mg. However, the emergent Striga plants in Umgar pots died
over a short period of time.

In the second pot experiment, irrespective of rice variety, no
Striga plants appeared in the Striga-free controls. Emergence

FIGURE 3 | Percentage out of 30 seedlings of S. hermonthica at stage
(A) I, failure to attach to the root due to a lack of haustorium formation
(Figure 1a); (B) II, successful attachment but no shoot elongation
(Figures 1b–d); (C) III, shoot necrosis after reaching the four or more
leaf pairs stage (Figures 1e,f); and (D) IV, successful parasitism with
healthy shoots (Figures 1g,h) on the roots of five rice varieties in the
second rhizotron experiment at 21 DAI. Means followed by a common
letter are not significantly different by Tukey’s HSD test in each growth stage
(p < 0.05).

of the parasite in the Striga-infested pots showed dependence
on time and rice variety (Figure 5). Up to 1907 GDD,
Striga emergence was lower than three plants per pot,
irrespective of rice variety. However, the final parasite emergence
reached 0, 0.5, 2.5, 4.7, 6.7, and 13.0 plants per pot for
Umgar, NERICA5, NERICA13, Nipponbare, NERICA4, and
NERICA18, respectively. There were significant differences
(p < 0.05) between Umgar and NERICA18, between NERICA5
and NERICA18 and between NERICA13 and NERICA18.
The difference between Nipponbare and NERICA18 was also
significant (p < 0.10). Striga had no significant adverse effects
(p > 0.10) on the total above-ground parts and panicle DW
in Umgar, NERICA5, and NERICA13 (Table 1). However,
significant reductions (p < 0.01 or 0.05) in total above-ground
parts and panicle DW were observed in NERICA4, NERICA18,
and Nipponbare (Table 1).
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FIGURE 4 | Number of emergent S. hermonthica plants per pots
planted with rice. Umgar, Kosti1, and Kosti2 were used in the first pot
experiment. The Striga seeds (2, 4, 8, and 16 mg) were mixed into top 5 cm
of soil in each pot. Bars indicate standard errors of each mean value of three
replications.

In the third pot experiment, irrespective of rice variety,
no Striga plants appeared in the Striga-free controls. Striga
emergence in the Striga-infested pots was lowest (2.2 plants
per pot) on Umgar and NERICA5, irrespective of Striga
seed bank size (Figure 6). NERICA13, at seed bank size
of 16, 32, and 48 mg Striga, supported 1.8, 5.7, and 3.8
emergent Striga plants per pot, respectively. The corresponding
numbers of emergent Striga plants were 11.7, 16.4, and 8.7
for NERICA4, 7.4, 5.7, and 3.8 for Kosti1 and 5.7, 15.3, and
10.0 for Kosti2, respectively. The differences between seed
bank size of 16 and 32 mg was significant (p < 0.05) in
NERICA13 and Kosti2. The deference between 32 and 48 mg
was also significant for NERICA4 (p < 0.10). Striga, significantly
(p < 0.05), reduced total above-ground parts DW of all
varieties (Table 2) and the observed reductions were 17.2–36.8,
27.9–44.8, 74.5–84.9, 78.4–88.1, 84.6–86.1, and 71.8–75.9% for
Umgar, NERICA5, NERICA13, NERICA4, Kosti1, and Kosti2,
respectively.

FIGURE 5 | Number of emergent S. hermonthica plants per pot planted
with rice. Umgar, NERICA5, NERICA13, Nipponbare, NERICA4, and
NERICA18 were used in the second pot experiment. The Striga seeds (16 mg)
were mixed into top 5 cm of soil in each pot. Bars indicate standard errors of
each mean value of six replications.

In the semi-controlled open air evaluation, irrespective
of rice variety, no Striga plants appeared in the Striga-
free controls. The number of emergent Striga plants per
10 rice hills in the Striga-infested field reached 2, 2, 4.8,
13.3, 13.5, and 18.3 for Umgar, NERICA5, NERICA13,
NERICA18, NERICA4, and Nipponbare, respectively
(Figure 7). There were significant differences (p < 0.05)
between Umgar and Nipponbare, between NERICA5 and
Nipponbare and between NERICA13 and Nipponbare.
The differences between Umgar and NERICA18, between
Umgar and NERICA4, between NERICA5 and NERICA18
and between NERICA5 and NERICA4 were also significant
(p < 0.10). Striga had no significant adverse effects (p > 0.10)
on total above-ground parts and panicle DW of Umgar,
NERICA5, and NERICA13 (Table 3). However, the parasite
reduced the total above-ground parts DW of NERICA4,
NERICA18, and Nipponbare by 60.4% (p < 0.05), 43.1%
(p < 0.05), and 45.3% (p < 0.10), respectively. Panicle DW
was reduced by 69.5% (p < 0.10), 56.0% (p < 0.05), and
58.2% (p < 0.10) in NERICA4, NERICA18, and Nipponbare,
respectively.

TABLE 1 | Effects of Striga hermonthica on rice total above-ground parts and panicle DW in the second open-air pot experiment in 2012.

Variety Total above-ground parts DW per pot (g) Panicle DW per pot (g)

Striga-infested Striga-free Striga-infested Striga-free

Umgar 39.8 ± 7.1 45.4 ± 5.0 NS 10.5 ± 1.2 8.8 ± 1.2 NS

NERICA5 18.8 ± 3.6 23.8 ± 4.8 NS 3.9 ± 1.1 4.6 ± 1.5 NS

NERICA13 23.0 ± 4.7 32.9 ± 7.5 NS 3.7 ± 1.5 3.5 ± 1.5 NS

NERICA4 10.3 ± 3.2 39.6 ± 9.3∗ 1.6 ± 0.7 6.4 ± 1.0∗∗

NERICA18 15.1 ± 4.3 51.1 ± 3.9∗∗ 3.3 ± 0.8 7.5 ± 1.4∗

Nipponbare 17.8 ± 4.5 31.5 ± 2.7∗ 2.9 ± 1.0 6.5 ± 1.2∗

Data are mean ± standard error of six replications. ∗ and ∗∗ indicate significant differences at p < 0.01 and 0.05, respectively, by Student t-test within a variety. NS
indicates not significant (p > 0.10) within a variety.
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FIGURE 6 | Number of emergent S. hermonthica plants per pots
planted with rice. Umgar, NERICA5, NERICA13, NERICA4, Kosti1, and
Kosti2 were used in the third pot experiment. The Striga seeds (0, 16, 32, and
48 mg) were mixed into top 5 cm of soil in each pot. Bars indicate standard
errors of each mean value of six replications.

Evaluation of Germination-Inducing
Activity as Pre-Attachment Resistance
In all experiments tap water and distilled water induced
negligible to little (0–5.4%) germination, while GR24 at
0.34 µM elicited over 90% germination (data not shown).
Original root exudates of sorghum induced more than 80%
germination. The 10, 25, and 50-time concentrated root
exudates of sorghum induced 89.4, 96.4, and 95.1% germination,
respectively. This confirms that the method used in our study
could extract germination stimulants from hydroponic culture
solutions.

The original root exudates from the rice varieties induced
negligible to little (0.1–16.3%) germination (Figure 8A). Pooled
across sampling dates, there was no significant (p > 0.05)
difference among rice varieties. The 10 and 25-time concentrated
root exudates from Umgar exhibited lower activity (1.9–29.6%)

than those from NERICA4, NERICA13, and NERICA18
(14.7–65.0%) on all sampling dates (Figures 8B,C). Pooled
across sampling dates, root exudates from Umgar exhibited
significantly lower (p < 0.05) activities compared to those
from NERICA4, NERICA13, and NERICA18 and there
was no significant (p > 0.05) difference among Umgar,
Nipponbare, and NERICA5. The 50-time concentrated root
exudate from Umgar exhibited lower activity compared to
those from the other rice varieties on all sampling dates,
except at 7 DAS (Figure 8D). Pooled across sampling
date, root exudates from Umgar and Nipponbare exhibited
significantly lower (p < 0.05) activities compared to those from
NERICA4, NERICA13, and NERICA18. Germination inducing
activity from NERICA5 was intermediate among the six rice
varieties.

DISCUSSION

Expanding upland rice cropping using irrigation water is
one of options to boost domestic rice production in Sudan.
Parasitic weeds thrive in production systems characterized
by degraded soils with a lack of water control (Rodenburg
et al., 2010). However, in the present study, obvious adverse
effects from parasitism of a resident Striga population were
observed on NERICA4 and NERICA18, probable candidates
for widespread cultivation in Sudan, repeatedly in two pot
experiments and a semi-controlled open air experiment
with irrigation. These findings underpin the prediction that
expanding upland rice production using supplementary
irrigation in Sudan without due attention to the Striga problem
is fraught with an element of risk. Identification of rice
varieties with resistance to resident Striga populations and
adaptability to the target environment is imperative to evade the
risk.

The results of the rhizotron evaluation indicated that
resistance to S. hermonthica is an outcome of several restrictions
that block the parasite ingress and development. Failure of the
parasite to attach to the host roots (stage I) due to lack of
haustorium formation, is common to all varieties, however, inter-
varietal differences were considerable. Inter-varietal differences

TABLE 2 | Effects of S. hermonthica seed density on rice total above-ground parts DW in the third open-air pot experiment in 2013.

Total above-ground parts DW per pot (g)

Variety Amount or Striga seeds per pot (mg)

0 16 32 48

Umgar 48.2 ± 2.9a 39.9 ± 5.6ab 30.7 ± 3.9b 30.4 ± 3.8b

NERICA5 23.2 ± 2.1a 13.3 ± 3.1b 12.8 ± 1.4b 16.7 ± 1.9ab

NERICA13 32.3 ± 7.7a 8.2 ± 1.0b 4.8 ± 1.1b 4.9 ± 1.3b

NERICA4 29.1 ± 2.9a 3.7 ± 0.8b 6.3 ± 1.5b 3.5 ± 1.7b

Kosti1 22.3 ± 4.2a 3.1 ± 0.6b 3.4 ± 1.0b 3.2 ± 0.9b

Kosti2 22.5 ± 2.8a 5.9 ± 1.5b 6.4 ± 1.4b 5.4 ± 1.4b

Data are mean ± standard error of six replications. Means within a variety followed by a common letter are not significantly different by Tukey’s HSD test (p < 0.05).
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FIGURE 7 | Number of emergent S. hermonthica plants per 10 rice hills
in an artificially infested field. Umgar, NERICA5, NERICA13, Nipponbare,
NERICA4, and NERICA18 were used in a semi-controlled open air experiment.
Bars indicate standard errors of each mean value of four replications.

in haustorium initiation is at variance with earlier views that
haustorium initiation is not host discriminate and that host
specificity is not associated with haustorium initiation, but
rather with the ability of haustoria to functionally establish
after invading the host (Riopel et al., 1990). However, recent
research associated differential pre-attachment resistance to
S. asiatica in wild sorghum with variability in haustorium-
inducing activity (Rich et al., 2004; Bandaranayake and Yoder,
2013).

Developmental arrest of the parasite at stage II (successful
attachment but no shoot elongation) contributed to the
high post-attachment resistance in NERICA13, NERICA5, and
Umgar. A similar resistance phenotype, namely successful
attachment but no shoot elongation, has been reported in
other rice varieties including Nipponbare, Koshihikari, CG14,
NERICA1, and NERICA10 (Gurney et al., 2006; Swarbrick
et al., 2008; Yoshida and Shirasu, 2009; Cissoko et al., 2011).
However, the reasons for the developmental arrest are unclear
and need to be ascertained. Although deposition of dense staining
material(s) at the interface between NERICA10 and Striga has
been observed (Cissoko et al., 2011), the mechanism was not
always applicable to other cases. In addition, root endodermis
structure did not explain the difference between a resistant variety

(Nipponbare) and a susceptible variety (Kasalath; Gurney et al.,
2006). Furthermore, hypersensitivity, which has been observed in
sorghum (Mohamed et al., 2003), was not observed in this study.

The high post-attachment resistance of Umgar was partly
attributable to the developmental arrest of Striga at stage III,
namely shoot necrosis after reaching the four or more leaf pairs
stage. The developmental arrest at this stage suggests inhibition
following successful establishment of a vascular connection
between the host and the parasite. Resistance following successful
connection with host vascular system has been observed with
several Striga and Orobanche species and is attributed to
blockage of the host vessels and disruption of the flux of water,
nutrients and carbohydrates from host to parasite (Arnaud
et al., 1999; Amusan et al., 2008; Timko and Scholes, 2013).
This resistance phenotype was not observed in NERICA13 and
NERICA5, demonstrating that Umgar has additional resistance
phenotype(s) which come(s) into play after establishment of
connection with the host vascular system.

The results from the pot and semi-controlled open air
experiments corroborated the strong Striga-resistance of
NERICA5 as identified in the rhizotron experiment. NERICA5,
irrespective of Striga seed bank size, sustained the lowest Striga
emergence. The sharp decline in Striga emergence at the highest
seed bank size (48 mg per pot) notable with the susceptible
variety NERICA4 and Kosti2 could be due to intra-specific
competition among the attached parasite seedlings and to severe
inhibition of host growth. Interestingly, NERICA5 was reported
as a variety with broad spectrum resistance to Striga species and
ecotypes (Cissoko et al., 2011; Jamil et al., 2011; Rodenburg et al.,
2015). The results of the current study, invariably, indicate the
resistance of NERICA5 to another population of S. hermonthica.

The strong Striga-resistance of Umgar to a resident Striga
population was also confirmed repeatedly in the rhizotron, the
pot and the semi-controlled open air experiments undertaken
in this study. Umgar is an upland variety released in Sudan for
commercial production (Nyachae, 2011). Two other released rice
varieties in Sudan, Kosti1 and Kosti2, did not exhibit Striga-
resistance at the same level as Umgar. It must be taken into
account that Striga seeds were mixed into the top 5 cm of soil in
the pot experiments and the infested plot was further augmented
with the parasite seeds placed in each rice-planting hole in the
semi-controlled open air experiment. The possibility of having

TABLE 3 | Effects of S. hermonthica on rice total above-ground parts and panicle DW in a semi-controlled open air experiment in 2012.

Variety Total above-ground parts DW (g m−2) Panicle DW (g m−2)

Striga-infested Striga-free Striga-infested Striga-free

Umgar 1010 ± 115 1000 ± 79 NS 293 ± 91 308 ± 41 NS

NERICA5 420 ± 65 378 ± 44 NS 128 ± 34 116 ± 25 NS

NERICA13 552 ± 82 543 ± 71 NS 143 ± 26 208 ± 55 NS

NERICA4 354 ± 140 894 ± 140∗ 92 ± 55 302 ± 80+

NERICA18 366 ± 70 643 ± 51∗ 84 ± 15 191 ± 32∗

Nipponbare 196 ± 46 358 ± 62+ 41 ± 11 98 ± 24+

Data are mean ± standard error of four replications. ∗ and + indicate significant differences at p < 0.05 and 0.10, respectively, by Student t-test within a variety. NS
indicates not significant (p > 0.10) within a variety.
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FIGURE 8 | Germination inducing activity of root exudates from Umgar, NERICA5, NERICA13, Nipponbare, NERICA4, and NERICA18 grown in a
growth chamber. Original (A), 10-time concetrated (B), 25-time concentrated (C) and 50-time concetrated (D) root exudates were used in the germintion test. The
percentage values were arcsine transformed, compared by multiple mean-separation tests among rice and sorghum varieties and back-transformed. Different letters
next to variety name indicate significant difference (p < 0.05) by Tukey’s HSD test pooled across sampling date.

differential response of the rice varieties to Striga due to variations
in root size and architecture and/or vertical distribution of the
parasite seeds cannot be ruled out.

The lower germination inducing activity of root exudates
from Umgar showed pre-attachment resistance. Although
the germination inducing activity from NERICA5 did not
show any significant difference (p > 0.05) to that from
Umgar, the former was always higher than the latter, except
with the test using original root exudates which would
be too diluted to induce Striga germination. This finding
suggest that Umgar has higher pre-attachment resistance
than NERICA5. The mechanism of low induction of Striga
seed germination by Umgar could be further investigated.
The germination test using serial concentration ruled out
the possibility of inhibition of Striga seed germination by
high concentration of the stimulant. However, involvement
of germination inhibitors cannot be ruled out as the solvent
extraction may exclude hydrophilic inhibitors (Yoneyama et al.,
2010).

NERICA13, as revealed by the rhizotron experiment, showed
post-attachment resistance comparable to Umgar and NERICA5.
However, it sustained higher Striga emergence in the pot
and semi-controlled open air experiments. The differential
performance of these varieties may be attributed to the
relatively high germination inducing activity of root exudates of
NERICA13 compared to the other varieties.

The results from rhizotron, pot and semi-controlled open
air evaluations and germination test were at variance for
Nipponbare. The rhizotron evaluation and germination test
confirmed previous reports of a high Striga resistance (Gurney
et al., 2006; Swarbrick et al., 2008; Yoshida and Shirasu,
2009). However, the results from pot and semi-controlled
open air evaluations demonstrated a high Striga emergence.
Notably, Nipponbare displayed poor growth and reached 50%

heading very early at 44 DAS in the semi-controlled open
air experiment (data not shown). The notable high Striga
emergence could thus be due to the attendant stress and/or
differences in ecotypes of Striga used by the previous workers
(Gurney et al., 2006; Swarbrick et al., 2008; Yoshida and
Shirasu, 2009) and the one used in this experiment. The poor
growth and early flowering could be attributed, among other
factors, to photoperiodic sensitivity (Matsubara et al., 2008).
Nipponbare is a lowland variety and not adapted to aerobic
conditions. The results also varied for Kasalath. Although, it
was evaluated as Striga-susceptible or -tolerant in previous
reports (Gurney et al., 2006; Swarbrick et al., 2009; Yoshida
and Shirasu, 2009; Yoder and Scholes, 2010), it exhibited
resistance comparable to Nipponbare repeatedly in the rhizotron
experiments. The variance could be attributable to differences
in Striga populations used in the previous studies and the
present one. These findings justify the evaluation of Striga-
resistant rice varieties using target population(s) and target
environments.

CONCLUSION

The relatively low germination inducing activity of root exudate
together with the notable developmental arrest of the inoculated
seedlings during stage II (successful attachment but no shoot
elongation) and stage III (shoot necrosis) as revealed by the
rhizotron experiments showed that Umgar possesses both pre-
and post-attachment resistance. The high Striga resistance
of Umgar was confirmed in pot and semi-controlled open
air experiments conducted in Sudan. Its multiple resistance
phenotypes to Striga would confer a wider ecological amplitude.
NERICA5, which was reported as a variety with broad spectrum
of resistance to Striga species and ecotypes, exhibited resistance
against a population of S. hermonthica resident in Sudan.
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However, further studies including grain yield data under
farmers’ conditions where Striga is pandemic is essential to
evaluate environmental adaptability and usefulness of Umgar
and NERICA5 in Sudan and to compare the results to other
studies. Other rice varieties not included in pot and semi-
controlled open air experiments in this study could express
high Striga resistance, and therefore screening other rice
varieties is highly recommended. Furthermore, spatial and
temporal stability and durability of Striga resistance have
to be further ascertained taking into account variability in
environmental conditions and virulence between S. hermonthica
ecotypes.
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Faba bean (Vicia faba) production in Mediterranean and Near East agriculture is
severely constrained by broomrape infection. The most widely distributed broomrape
species affecting faba bean is Orobanche crenata, although O. foetida and Phelipanche
aegyptiaca are of local importance. Only moderately resistant cultivars are available to
farmers. Rizotrons studies allowed the dissection of resistance components in faba
bean accessions against the very infective species O. crenata, O. foetida var. broteri
and P. aegyptiaca, and to the inappropriate P. ramosa and O. foetida var. foetida.
Results confirm that some levels of incomplete resistance are available, resulting in
a reduced number of broomrape tubercles successfully formed per faba bean plant.
Interestingly, the intermediate levels of resistance of cv. Baraca were operative against
all broomrape populations and species studied, confirming previous reports on the
stability of resistance of Baraca in field trials in different countries. Low induction
of seed germination played a major role in the resistance against the inappropriate
O. foetida var. foetida but not against the also inappropriate P. ramosa, neither to the
infective species O. crenata, O. foetida var. broteri, or P. aegyptiaca. Negative tropism
of germinated seeds with radicles growing away from faba bean roots was marked for
both inappropriate species but was not observed in any of the infective species. Also, a
proportion of radicles that had successfully contacted faba bean roots became necrotic,
failing in starting tubercle development, particularly frequent for the two inappropriate
species. Such necrosis was significant also on radicles contacting resistant faba bean
accessions, being particularly relevant for Spanish O. crenata population, and lower
although still significant in some accessions against Syrian O. crenata and P. aegyptiaca,
suggesting that this might also be an operative mechanism to be selected and further
exploited in faba bean resistance breeding. Even formed broomrape tubercles might
later become necrotic, particularly in the case of some of the resistant faba bean
accessions to the Spanish O. crenata and to P. aegyptiaca but not to the very infective
Syrian O. crenata or O. foetida var. broteri.

Keywords: breeding, disease resistance, grain legume, parasitic weed

Frontiers in Plant Science | www.frontiersin.org November 2016 | Volume 7 | Article 1747291

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
https://doi.org/10.3389/fpls.2016.01747
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2016.01747
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2016.01747&domain=pdf&date_stamp=2016-11-22
http://journal.frontiersin.org/article/10.3389/fpls.2016.01747/abstract
http://loop.frontiersin.org/people/31347/overview
http://loop.frontiersin.org/people/379056/overview
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-01747 November 19, 2016 Time: 17:36 # 2

Rubiales et al. Resistance to Broomrape in Faba Bean

INTRODUCTION

Faba bean (Vicia faba L.) is a temperate grain legume of high
importance as human food and animal feed (Rubiales, 2010).
However, faba bean cultivation has declined in last 50 years due
to low yields (Rubiales and Mikic, 2015), being broomrapes a
major concern in the Mediterranean Basin and west Asia (Pérez-
de-Luque et al., 2010; Maalouf et al., 2011).

Crenate broomrape (Orobanche crenata Forsk.) is the
most damaging and widespread species infecting faba bean
(Parker, 2009; Rubiales and Fernández-Aparicio, 2012;
Fernández-Aparicio et al., 2016). Other species such as fetid
broomrape (O. foetida Poir. var. broteri) or Egyptian broomrape
[Phelypanche aegyptiaca (Pers.) Pomel (syn. O. aegyptiaca
Pers.)] can be of local importance. O. foetida var. broteri is a
major concern on faba bean in Beja region of Tunisia (Kharrat
et al., 1992). On the contrary, O. foetida var. foetida and var.
lusitanica are widely distributed in natural habitats in the
Western Mediterranean area parasitizing wild herbaceous
leguminous plants belonging to the genera Anthyllis, Astragalus,
Ebenus, Lotus, Medicago, and Trifolium but not legume crops
(Pujadas-Salvá, 2002; Vaz Patto et al., 2008). P. aegyptiaca is
a very damaging species on vegetable crops prevalent in the
Eastern Mediterranean and Near East that can also affect faba
bean (Parker, 2009). P. ramosa (L.) Pomel (syn. O. ramosa L.)
is very similar to P. aegyptiaca and can only very occasionally
slightly infect faba bean, although at low levels, not having raised
major concerns on faba bean growers.

Broomrapes are root parasitic weeds, most of their infection
process taking place underground what complicates diagnosis
and control (Rubiales et al., 2009; Fernández-Aparicio et al.,
2011a). The most desirable control strategy is the use of
resistant cultivars (Sillero et al., 2010). However, the levels
of resistance available in faba bean cultivars are low and of
narrow genetic basis in spite of the many efforts made by
national and international programs (Pérez-de-Luque et al.,
2010; Maalouf et al., 2011; Rubiales et al., 2014). Resistance
against broomrape is a particularly difficult character to asses
as it is highly influenced by environmental factors (Ter Borg
et al., 1994; Pérez-de-Luque et al., 2004; Rubiales et al., 2006).
This, together with the polygenic nature of the trait has made
selection more difficult and has slowed down the breeding
process (Román et al., 2002; Rubiales et al., 2009; Gutiérrez et al.,
2013).

Resistance to parasitic weeds is a multicomponent trait,
resulting from a battery of escape and resistance mechanisms
alone or in combination (Rubiales, 2003; Pérez-de-Luque et al.,
2005a,b). There is a need to find new sources of resistance, and
to understand the underlying resistance mechanisms in order to
facilitate faba bean resistance breeding. Dissecting the possible
specific mechanisms that might be acting at different stages of
the infection process might allow their combination by breeding
in a single genotype resulting in a resistance more likely to be
durable. The main objective of the present study was to dissect the
components of the resistance of six faba bean accessions selected
for their different level of resistance against different broomrape
species and populations.

MATERIALS AND METHODS

Plant Material
Six faba bean accessions (cv. Baraca, cv. Prothabon, ILB4347,
ILB4350, ILB4351, and VFM26) were screened for resistance
against various broomrape species under controlled conditions.
Baraca is a cultivar with intermediate resistance to O. crenata
derived from ICARDA accession Giza 402 that is so far the most
widely deployed source of broomrape resistance in any faba bean
breeding program (Pérez-de-Luque et al., 2010; Sillero et al.,
2010). Accessions ILB4347, ILB4350, ILB4351 were developed
at ICARDA and were identified as resistant against O. crenata
under field conditions (Sillero et al., 1996; Maalouf et al.,
2011). Accession VFM26 and cv. Prothabon were included as
susceptible checks.

Six broomrape populations were used in this study. These
were two different O. crenata populations collected from infected
faba beans, one at Córdoba, Spain and another at Aleppo,
Syria; two O. foetida populations, one of O. foetida var. broteri,
collected from infected faba beans at Beja, Tunisia, and another
of O. foetida var. foetida collected from infected Astragalus
lusitanicus Lam. at Córdoba, Spain; a P. aegyptiaca population
collected from infected chickpeas at Israel; and a P. ramosa
population collected from infected tobacco at Granada, Spain.

Glass Rhizotron Assays
Faba bean seeds were pre-germinated on wet fiber paper placed
in Petri dishes and maintained in darkness at 4◦C for 2 days
and then at 20◦C for 3 days. Seedlings were then placed in the
rhizotron. Broomrape seeds were previously spread on glass fiber
paper (GF/A Whatman), after being disinfected with bleach (2%)
and Tween 20 (0,02%) for 5 min, and conditioned in darkness at
20◦C for 8 days.

Due to the failures experienced before in using the standard
rhizotron systems (Cubero et al., 1994; Pérez-de-Luque et al.,
2005b) in the study of Orobanche/faba bean, a larger rhizotron
system involving growing of host and parasite in sand between
two glasses of 50 cm × 30 cm (Rubiales et al., 2006; Pérez-de-
Luque et al., 2007) was used. This method allows following the
root spatial distribution and the development of the broomrape
at different depths. Two cork strips of 0.5 cm thickness were
placed between both glasses on left and right side, and the lower
side was sealed with porous material to allow the penetration
of the water solution. The faba bean seeds were placed on the
sand in the upper side of the plates, with the radicle on the
sterilized ‘Whatmann’ glass fiber paper sheets containing the
broomrape seeds on it. The glasses were suspended vertically in
boxes in a controlled environment condition chamber, at 20◦C
and 14 h light–10 h darkness photoperiod, with a light intensity
of 148 µmol/m2/s at leaf canopy.

After 30 days of incubation, broomrape seeds in close
vicinity (<3 mm) to the faba bean roots were examined
using a stereoscope microscope (30×magnification). Broomrape
seeds germination percentage was determined by observing
200 seeds per plant and counting the number of them
with a germ tube. Attachment percentage was determined by
counting the broomrape seedlings in contact with the host
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root. Establishment percentage was determined by counting
the number of germinated broomrape seeds that contacted
the faba bean root and formed tubercles. Percentages of both
necrotic broomrape radicles and nodules were also recorded.
For P. ramosa and O. foetida radicles it was noticed that a
number of broomrape radicles changed direction of growth
when approaching the faba bean roots turning around to the
opposite direction. This was recorded and referred to percentage
of radicles with ‘negative tropism.’ After 45 days of incubation,
the total number of broomrape tubercles per faba bean plant was
recorded.

Statistical analysis (ANOVA) was performed with SPSS 10.0
for Windows. Percentages were angular transformed according
to the formula Y = arcsin

[√
(X%/100)

]
.

RESULTS

Results presented in Table 1 shows that faba bean accessions
can be very susceptible to O. crenata, O. foetida var. broteri, and
P. aegyptiaca, but confirm also that some levels of incomplete
resistance are available, resulting in a reduced number of
broomrape tubercles successfully formed per faba bean plant.
Interestingly, the checks VFM26 and Baraca, selected for their
susceptibility and resistance, respectively, to O. crenata in field
trials at Cordoba were the most susceptible and resistant
accessions not only to both populations of O. crenata but
also to the other broomrape species studied. Clear differences
in resistance were observed among the studied accessions.
Interestingly, the intermediate levels of resistance of cv. Baracca
were operative against all broomrape populations and species
studied, confirming previous reports on the stability of resistance
of Baraca in field trials in different countries (Rubiales et al.,
2014). Accessions ILB4350, ILB4347, and ILB4351, previously
selected as resistant in Spanish trials proved resistant to the
Spanish O. crenata population in the rhizotron test, but although
they were more resistant than the susceptible check to Syrian one,
this resistance was significantly weaker to this isolate. Cultivar
Prothabon was susceptible to Spanish population of O. crenata
but resistant to the Syrian one. Interestingly some of these
accessions (ILB4347, ILB4351, and Prothabon) displayed also
some resistance against O. foetida var. broteri, and all of them
(ILB4347, ILB4350, ILB4351, and Prothabon) displayed levels of
resistance similar to Baraca against P. aegyptiaca. Conversely,
Prothabon that was included in the study as check due to
its known susceptibility to O. crenata in Spanish fields was
significantly less susceptible to the Syrian isolate and to O. foetida
var. broteri than VFM26, and interestingly very resistant to
P. aegyptiaca.

Results presented in Table 1 also show that faba bean is highly
resistant to O. foetida var. foetida confirming the lack of infection
ever observed in the faba bean in the field (Pujadas-Salvá, 2002;
Rubiales et al., 2005; Vaz Patto et al., 2008). Some P. ramosa
infection could occur, but at low levels.

Large differences were observed among broomrape species
in the various steps of development, from seed germination
to establishment on faba bean roots. The different broomrape

species differed in the average germination on faba bean roots
(Table 2), being the highest for P. aegyptiaca (range 58–81%)
and P. ramosa (63–73%) followed by O. crenata (36–64%) and
O. foetida var. broteri (45–56%), and very low for O. foetida
var. foetida (4–19%), being in all cases in the levels previously
described for these species (Fernández-Aparicio et al., 2009).
Little genotypic differences were observed among the studied
faba bean accessions on the level of induction of germination,
although remarkable levels of reduced induction of germination
have been reported in other faba bean germplasm (Fernández-
Aparicio et al., 2012).

Once germinated, broomrape radicles contacted faba bean
roots in their vicinity with a level of success that varied with the
species (Table 3), being lower in the case of P. ramosa (range
4–11%) but similar for P. aegyptiaca (21–46%), O. foetida var.
broteri (30–45%), O. foetida var. foetida (15–34%). Interestingly,
there were significant differences between the Syrian and the
Spanish O. crenata population in success of seed germination
(Table 2) and of germinated seed contact (Table 3), being
germination in general lower for Syrian population (37–44% vs.
36–64%) but the success contacting faba bean of the germinated
seeds higher (38–56% vs. 23–38%).

It was remarkable to observe that one of the possible
mechanisms for not contacting with faba bean roots could be
negative tropism, with broomrape radicles changing growing
direction when closer to the faba bean roots (Table 4). This
negative tropism could be high in the case ofO. foetida var. foetida
(32–70%) or P. ramosa (range 21–30%) but was not observed in
radicles on any of the other species.

Broomrape radicles successfully contacting faba bean roots
might later become necrotic (Table 5) or succeed further in
establishment and develop broomrape tubercles on the roots
(Table 6), a few of which might develop and grow further
or fail and become necrotic (Table 7). Table 5 shows how a
proportion of the broomrape radicles became necrotic, with clear
differences among species being highest for the inappropriate
species that hardly infect faba bean such as P. ramosa (range
54–67%) and O. foetida var. foetida (31–93%). On the contrary
necrosis of radicles in vicinity of faba bean roots was low for the
remaining species but could be higher for some species in the
vicinity of roots of the resistant accessions. This was particularly
evident for the Spanish O. crenata population with 20–28% of
necrotic radicles on resistant accessions vs. 1% on the susceptible
checks.

Success in tubercle development is species dependent
(Table 6), being particularly high for the Syrian O. crenata
population (range 68–87%) and for O. foetida var. broteri (76–
97%) but negligible for O. foetida var. foetida. Clear genotypic
effects were observed by some faba bean accessions for the
Spanish O. crenata population (range 22–80%) or even for the
inappropriate P. ramosa (0–34%).

A proportion of these formed broomrape tubercles might later
become necrotic, particularly in the case of some of the resistant
faba bean accessions to the Spanish O. crenata (accessions
Baraca, ILB4350 and ILB4347) and to P. aegyptiaca (Baraca)
but not to the Syrian O. crenata, P. ramosa, or O. foetida var.
broteri.
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TABLE 1 | Total number of broomrapes per plant formed on roots of faba bean accessions.

Orobanche crenata Phelipanche aegyptiaca P. ramosa O. foetida

Accession Spain Syria broteri foetida

VFM 26 59 a 86 a 42 a 5 a 143 a 0,1 a

Prothabon 53 a 37 bc 11 bc 1 b 68 bc 0 a

Baraca 5 c 17 c∗ 5 bc 0 b 38 c 0 a

ILB4350 11 c 51 b∗ 17 b 6 a 99 ab 0,2 a

ILB4347 12 b 48 b∗ 4 bc 0 b 83 b 0 a

ILB4351 11 c 55 b∗ 1 c 0 b 63 bc 0 a

aData with the same letter per column are not significantly different (Duncan test, p < 0,05).
∗Data with asterisk are significantly different between O. crenata populations from Spain and Syria (Duncan test, p < 0,05).

TABLE 2 | Percentage of broomrape seeds germination on the vicinity of faba bean accessions.

O. crenata P. aegyptiaca P. ramosa O. foetida

Accession Spain Syria broteri foetida

VFM 26 36 b 44 a 75 a 70 ab 56 a 19 a

Prothabon 64 a 37 a∗ 78 a 68 ab 56 a 6 b

Baraca 57 a 42 a∗ 58 a 68 ab 45 a 4 b

ILB4350 62 a 37 a∗ 75 a 73 a 56 a 4 b

ILB4347 58 a 38 a∗ 79 a 71 a 51 a 9 b

ILB4351 63 a 42 a∗ 81 a 63 b 52 a 5 b

∗Data with asterisk are significantly different between O. crenata populations from Spain and Syria (Duncan test, p < 0,05).

TABLE 3 | Percentage of germinated broomrape seeds contacting roots of faba bean accessions.

O. crenata P. aegyptiaca P. ramosa O. foetida

Accession Spain Syria broteri foetida

VFM 26 33 a 47 ab 29 bc 11 a 45 a 34 a

Prothabon 38 a 54 a 46 a 9 ab 39 ab 21 ab

Baraca 23 a 48 ab 36 ab 4 b 40 ab 23 ab

ILB4350 29 a 56 a 31 bc 10 a 45 a 28 ab

ILB4347 36 a 38 b 27 bc 7 ab 30 b 15 b

ILB4351 27 a 51 a 21 c 8 ab 32 b 23 ab

TABLE 4 | Percentage of broomrape radicles showing negative tropism when approaching roots of faba bean accessions.

O. crenata P. aegyptiaca P. ramosa O. foetida

Accession Spain Syria broteri foetida

VFM 26 0 0 0 27 a 0 55 ab

Prothabon 0 0 0 21 a 0 32 b

Baraca 0 0 0 30 a 0 40 b

ILB4350 0 0 0 22 a 0 36 b

ILB4347 0 0 0 30 a 0 70 a

ILB4351 0 0 0 26 a 0 45 ab

DISCUSSION

The resistance to broomrape in faba bean is scarce and of complex
nature what complicates resistance breeding (Rubiales et al.,
2006; Sillero et al., 2010). Most resistant cultivars have been bred
using the Egyptian line G402 as the major donor of resistance

that derives mainly from resistant breeding lines developed
at ICARDA, Syria, selected across different Mediterranean
countries, therefore, it is not surprising that the resistance is
operative against different O. crenata populations. We show here
that this resistance is broadly operative not only against diverse
O. crenata populations but also against other species such as
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TABLE 5 | Percentage of broomrape radicles contacting faba bean roots that became necrotic.

O. crenata P. aegyptiaca P. ramosa O. foetida

Accession Spain Syria broteri foetida

VFM 26 1 b 0 b 0 c 57 a 0 b 61 b

Prothabon 1 b 3 b 2 c 54 a 10 a 70 ab

Baraca 24 a 12 a 14 a 58 a 1 b 31 b

ILB4350 28 a 5 b 3 bc 66 a 1 b 64 ab

ILB4347 20 a 5 b 8 ab 67 a 0 b 88 a

ILB4351 24 a 13 a 3 bc 63 a 4 ab 93 a

TABLE 6 | Percentage of germinated broomrape seeds that successfully established a tubercle on faba bean roots.

O. crenata P. aegyptiaca P. ramosa O. foetida

Accession Spain Syria broteri foetida

VFM 26 80 a 75 bc 46 a 34 a 86 ab 1 a

Prothabon 57 ab 86 ab 55 6 bc 76 ab 0 a

Baraca 22 c 68 c 20 b 0 c 84 ab 0 a

ILB4350 33 bc 82 ab 40 a 26 ab 93 ab 4 a

ILB4347 48 abc 87 a 7 b 0 c 97 a 0 a

ILB4351 41 bc 77 abc 0 c 0 c 74 b 0 a

TABLE 7 | Percentage of established broomrape tubercles that became necrotic.

O. crenata P. aegyptiaca P. ramosa O. foetida

Accession Spain Syria broteri foetida

VFM 26 2 c 4 a 0 b 6 a 2 a –

Prothabon 0 c 0 a 1 b 0 a 1 a –

Baraca 23 b 8 a 23 a 0 a 1 a –

ILB4350 55 a 11 a 0 b 0 a 0 a –

ILB4347 38 ab 1 a 0 b 0 a 4 a –

ILB4351 2 c 8 a 0 b 0 a 2 a –

O. foetida and P. aegyptiaca. Still, relying on a single source of
resistance is risky and broadening the genetic basic of resistances
deployed is a major need in order to increase durability of
resistance.

Little conclusive information has been reported on the nature
of the resistance available in faba bean. Existing reports points
toward resistance hampering establishment and development of
broomrape tubercles (Khalaf and El-Bastawesy, 1989; Pérez-de-
Luque et al., 2007, 2010) what confirms some of our findings
(Tables 6 and 7). We found in this study little variation for the
induction of broomrape seed germination among the studied
accessions (Table 2), what is in agreement with most previous
reports that considered this non-existent in faba bean against
both O. crenata and O. foetida (Ter Borg et al., 1994; Pérez-de-
Luque et al., 2010). However, resistance based in no-induction
of broomrape seed germination has been recently described
and characterized in other germplam (Fernández-Aparicio et al.,
2012) and will be most useful in faba bean resistance breeding.

Clear differences in germination were observed between the
two O. foetida populations. This reduced germination might be
related to a low secretion of specific germination stimulants in
the faba bean roots. A host specialization process, which is still in

progress, has been suggested for O. foetida (Román et al., 2007;
Vaz Patto et al., 2008). Its specificity has been related to their
sensitivity to non-strigolactone compounds such as peagol and
a polyphenol (Evidente et al., 2009, 2010). Contrary to the other
species, neither O. foetida var. broteri nor var. foetida respond
to the synthetic strigolactone GR24 (Fernández-Aparicio et al.,
2009), widely used as standard germination stimulant, but it does
respond to other strigolactones such as fabacyl acetate known
to be produced in faba bean (Fernández-Aparicio et al., 2011b).
Host specialization might be mediated by the combination in
the root exudate of a number of signaling chemicals affecting
germination. Separately these chemicals might have a stimulatory
(various strigolactones but also other metabolites) or inhibitory
effect (Whitney, 1978; Evidente et al., 2007; Fernández-Aparicio
et al., 2008), but combined they might have synergistic or
antagonistic effects.

Low induction of seed germination seemed to play a major
role in the non-host resistance against the inappropriate (little
infective) species O. foetida var. foetida (<20% germination) but
not against the also inappropriate P. ramosa (>63%, similar to
that of infective species). Although not identified in any of the
faba bean accessions included in this study, low induction of
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germination can also play a significant role in host resistance and
has been reported in other accessions (Fernández-Aparicio et al.,
2012, 2014), in chickpea against O. crenata (Rubiales et al., 2003),
and in sorghum against Striga (Ejeta, 2007).

A second mechanism was observed only in radicles of the
inappropriate species, showing ‘negative tropism’ with radicles
turning growing direction away of faba bean roots, being as
high as 32–70% for O. foetida var. foetida and for 21–30% for
P. ramosa. This was not observed in any of the infective species.
This might be ascribed to exudation of metabolites by faba bean
roots having a negative effect on growth of radicle of these
species, but we cannot exclude overproduction of stimulants
as directional growth of broomrape radicles is a response to
germination stimulants gradient (Whitney and Carsten, 1981).
We did not measure radicle length, but noticed a reduced success
rate of radicles of P. ramosa to contact faba bean roots, what
in addition to the above described negative tropism might be
ascribed to limited growth, what points toward inhibition. This
deserves further investigations.

Also, a proportion of radicles that had successfully contacted
faba bean roots became necrotic, failing in starting tubercle
development, what also suggest a response to chemicals exuded
by faba bean roots. This necrosis of radicles was particularly
frequent for the inappropriate P. ramosa and O. foetida var.
foetida suggesting a major role of inhibitory/toxic chemicals
on this non-host resistance. Such necrosis was significant also
on radicles contacting resistant faba bean accessions, being
particularly relevant for Spanish O. crenata population, and
lower although still significant in some accessions against Syrian
O. crenata and P. aegyptiaca, suggesting that this might also be an
operative mechanism to be selected and further exploited in faba
bean resistance breeding.

Even formed broomrape tubercles might become necrotic,
particularly in the case of some of the resistant faba bean
accessions to the Spanish O. crenata (accessions Baraca, ILB4350
and ILB4347) and to P. aegyptiaca (Baraca) but not to the very
infective Syrian O. crenata or O. foetida var. broteri. Zaitoun et al.
(1991) and Zaitoun and Ter Borg (1994) already suggested a
barrier in the roots of Baraca leading to the death of O. crenata
in its early developmental stages. This response has frequently
been reported also in other plants against various parasitic
weeds, histology revealing that initial vascular connections are
established but are then blocked by accumulation of mucilage,
secretions and degraded products not allowing nutrient flux
between host and parasite, causing death of tubercles at an earlier
stage (Labrousse et al., 2001; Zehhar et al., 2003; Pérez-de-Luque
et al., 2005b, 2006).

The existence of races of O. crenata has remained a
controversial issue, with little conclusive reports supporting
this. Although variation among O. crenata populations in the
ability to parasitize different faba bean accessions have been
suggested (Radwan et al., 1988), no physiological races have
been reported. It is concluded from our study that the Syrian
O. crenata population is more aggressive than the Spanish one,
causing more infection than the Spanish population on all

resistant accessions, but in all cases, infection was significantly
lower than on the check VFM26. However, the differential
response of cv. Prothabon, being susceptible to the Spanish
population but resistant to the Syrian one, might point toward
some variation for virulence among populations. However,
these results are too preliminary as to claim for existence of
races in O. crenata, what should be further studied. However,
it might well be possible that more virulent biotypes could
be selected when challenged by the widespread use of newly
deployed highly resistant cultivars. This deserves constant
monitoring.

The fact that the resistance of Baraca to the Spanish
O. crenata population is also effective against the Syrian one is
not surprising, as Baraca derives from resistant breeding lines
developed at ICARDA, Syria, having line G402 as the major
donor of resistance in its pedigree. This breeding material has
been the foundation of most faba bean breeding programs for
broomrape resistance and it seems that is in the pedigree of most,
if not all, registered faba bean resistant cultivars. This resistance,
having been selected in various countries, seems to be broadly
effective. Only long term cultivation of these cultivars in large
areas will say if it is indeed durable or will be easily overruled by
the appearance of a most virulent O. crenata population. Time
is needed to verify this, as these cultivars are relatively recent
and are not very widely deployed. For instance, cultivation of cv.
Baraca is still negligible in Spain. All we can speculate is that, the
remarkable fact that this resistance is not only operative against
different populations of O. crenata, but also against different
species such as O. foetida (confirming field studies of Rubiales
et al., 2014) and P. aegyptiaca, suggesting that Baraca carries
broad sense resistance, likely to be durable.

CONCLUSION

Results presented here show the broad base of the resistance of
cv. Baraca, being effective not only against contrasting O. crenata
populations but also against other species such as O. foetida and
P. aegyptiaca. Dissecting specific resistance mechanisms acting
at different stages of the infection process will facilitate their
combination in a single genotype by breeding and selection
providing a resistance more likely to be durable.
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Increased Virulence in Sunflower
Broomrape (Orobanche cumana
Wallr.) Populations from Southern
Spain Is Associated with Greater
Genetic Diversity
Alberto Martín-Sanz1, Jebri Malek2†, José M. Fernández-Martínez2, Begoña Pérez-Vich2

and Leonardo Velasco2*

1 Pioneer Hi-Bred Agro Servicios Spain SL, Sevilla, Spain, 2 Institute for Sustainable Agriculture, Consejo Superior de
Investigaciones Científicas, Córdoba, Spain

Orobanche cumana Wallr. (sunflower broomrape) is a holoparasitic weed that infects
roots of sunflower in large areas of Europe and Asia. Two distant O. cumana gene
pools have been identified in Spain, one in Cuenca province in the Center and another
one in the Guadalquivir Valley in the South. Race F has been hypothesized to have
arisen by separate mutational events in both gene pools. In the Guadalquivir Valley,
race F spread in the middle 1990’s to become predominant and contained so far
with race F hybrids. Recently, enhanced virulent populations of O. cumana have been
observed in commercial fields parasitizing race F resistant hybrids. From them, we
collected four independent populations and conducted virulence and SSR marker-
based genetic diversity analysis. Virulence essays confirmed that the four populations
studied can parasitize most of the race F resistant hybrids tested, but they cannot
parasitize the differential inbred lines DEB-2, carrying resistance to race F and G, and
P-96, resistant to F but susceptible to races G from other countries. Accordingly, the
new populations have been classified as race GGV to distinguish them from other races
G. Cluster analysis with a set of populations from the two Spanish gene pools and
from other areas, mainly Eastern Europe, confirmed that race GGV populations maintain
close genetic relatedness with the Guadalquivir Valley gene pool. This suggested that
increased virulence was not caused by new introductions from other countries. Genetic
diversity parameters revealed that the four populations had much greater genetic
diversity than conventional populations of the same area, containing only alleles present
in the Guadalquivir Valley and Cuenca gene pools. The results suggested that increased
virulence may have resulted from admixture of populations from the Guadalquivir Valley
and Cuenca followed by recombination of avirulence genes.

Keywords: sunflower broomrape, Orobanche cumana, new race, virulence, genetic diversity, gene pools, genetic
recombination

Frontiers in Plant Science | www.frontiersin.org May 2016 | Volume 7 | Article 589299

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://dx.doi.org/10.3389/fpls.2016.00589
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3389/fpls.2016.00589
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2016.00589&domain=pdf&date_stamp=2016-05-03
http://journal.frontiersin.org/article/10.3389/fpls.2016.00589/abstract
http://loop.frontiersin.org/people/321870/overview
http://loop.frontiersin.org/people/305831/overview
http://loop.frontiersin.org/people/305437/overview
http://loop.frontiersin.org/people/196261/overview
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-00589 April 30, 2016 Time: 18:34 # 2

Martín-Sanz et al. Increased Virulence in Sunflower Broomrape

INTRODUCTION

Orobanche cumana Wallr. (sunflower broomrape) is a
holoparasitic plant species with a restricted range of hosts
both in the wild, where it mainly parasitizes Artemisia spp., as
well as in agricultural fields, where it only grows on sunflower
(Fernández-Martínez et al., 2015). The parasitic interaction
between sunflower and O. cumana generally follows a gene for
gene model, with resistance in sunflower (Vrânceanu et al., 1980)
and avirulence in O. cumana (Rodríguez-Ojeda et al., 2013b)
controlled by dominant alleles at single loci. Nonetheless, more
complex genetic control of resistance to O. cumana has been
also reported in some sunflower resistant sources, including
two dominant genes (Domínguez, 1996), one dominant and
one recessive gene (Akhtouch et al., 2002; Akhtouch et al.,
2016), one dominant and one modifying gene (Velasco et al.,
2007), one recessive gene (Imerovski et al., 2016), two recessive
genes (Rodríguez-Ojeda et al., 2001; Akhtouch et al., 2002), or
polygenic genetic control (Labrousse et al., 2004).

The general occurrence of a gene for gene interaction between
sunflower and O. cumana and the associated development of
physiological races of the parasite is an exception in parasitic
systems involving Orobanche spp., which are in general under
quantitative or horizontal genetic control (Pérez-Vich et al.,
2013). Vrânceanu et al. (1980) reported the existence of five races
of O. cumana named as A to E, controlled by resistance genes
Or1 to Or5. New populations overcoming Or5 resistance and
named as race F were identified from the middle 1990’s in most
of the areas infested by O. cumana, namely Spain (Alonso et al.,
1996), Romania (Pacureanu-Joita et al., 2004), Turkey (Kaya
et al., 2004), Bulgaria (Shindrova, 2006), Ukraine (Burlov and
Burlov, 2010), and Russia (Antonova et al., 2013). Nowadays,
increasingly virulent populations classified as races G and H are
becoming predominant in countries around the Black Sea (Kaya,
2014).

O. cumana has been traditionally considered as one of the
few exceptions of the genus that are self-pollinating, which has
been based on its flower morphology, with small lower lips
that do not facilitate the action of big pollinators such as bees
and bumblebees (Satovic et al., 2009), and the structure of its
populations, characterized by low intra-population and large
inter-population genetic variation (Gagne et al., 1998). However,
experimental research using a mutant line lacking anthocyanin
pigmentation evidenced the existence of a percentage of cross
fertilization in this species of up to 40% under the conditions
of the experiments, in which small insects were identified as
pollinating agents (Rodríguez-Ojeda et al., 2013a).

Orobanche cumana is not present in the wild in Spain, but
exclusively found in agricultural fields parasitizing sunflower
(Pujadas-Salvà and Velasco, 2000). Recent studies have identified
two well separated gene pools, one in Cuenca province in Central
Spain and another one in the Guadalquivir Valley in southern
Spain (Pineda-Martos et al., 2013; Molinero-Ruiz et al., 2014).
The study of Pineda-Martos et al. (2013), conducted on 50
populations collected from both areas of Spain, reported very low
intra-population and inter-population genetic diversity within
each gene pool, which was hypothesized to be caused by a founder

effect in separate introductions. Even so, greater genetic diversity
was detected in a small number of populations, in which the
presence of individuals from both gene pools and heterozygotes
resulting from their hybridization were identified. Interestingly,
both gene pools included populations classified as race E and race
F that showed very high genetic similarity, suggesting that race F
probably arose from punctual mutations within each gene pool
(Pineda-Martos et al., 2013). To avoid misunderstanding, we are
naming race F from the Guadalquivir Valley as FGV.

The Guadalquivir Valley in southern Spain is one of the main
areas of sunflower cultivation in this country. O. cumana race
FGV appeared in this area in the middle 1990’s and spread rapidly
to become predominant until the present day. In 2014, small
spots of O. cumana plants parasitizing sunflower hybrids resistant
to race FGV were observed in several fields. The objectives of this
research were (i) to evaluate the virulence of these populations
on a set of differential lines and hybrids; (ii) to analyze their
genetic relatedness to local and foreign populations in order to
test whether they resulted from new introductions; and (iii) to
determine the genetic diversity of the populations.

MATERIALS AND METHODS

Orobanche cumana Populations
Spots of O. cumana plants growing on sunflower hybrids with
complete resistance to race FGV were identified in 2014 in Sevilla
Province, in the Guadalquivir Valley. From them, seeds of mature
O. cumana plants were collected in four independent sunflower
fields at three distant locations in July 2014. Populations BR-
24 (36◦ 58′ 47.9′′ N; 5◦54′ 57.1′′ W) and BR-27 (36◦ 59′ 34.0′′
N; 5◦ 54′ 49.2′′ W) were collected in Las Cabezas de San
Juan, population BR-25 (37◦ 27′ 59.4′′ N; 5◦ 40′ 24.2′′ W) was
collected in Carmona, and population BR-28 (37◦ 24′ 25.8′′ N;
5◦ 14′ 47.6′′ W) was collected in Écija, in the four cases on
commercial sunflower hybrids resistant to race FGV. The reason
for not informing on the names of the hybrids on which the
populations were collected is given below. O. cumana plants were
found scattered in patches of no more than 15 m of diameter.
The longest distance between the fields where the populations
were collected was 98 km between BR-24 and BR-28, while the
shortest distance was 1,6 km between BR-24 and BR-27. Seeds
of a conventional race F population of the Guadalquivir Valley
(FGV) named as SP were used as a control in the phenotypic
evaluations. Seeds of SP population were collected in 2001 in Écija
(Sevilla) and the population is multiplied periodically on cultivar
NR5, resistant to races A to E and susceptible to race FGV. Six
O. cumana populations from several Eastern European countries,
all of them classified as race G on the basis of their ability to
parasitize race F resistant hybrids, were used for comparative
phenotypic evaluation of the alleged new race G population from
the Guadalquivir Valley. They were collected in Ialomita County,
Romania (GRO), Thrace region of Greece (GGR), Edirne area of
Turkey (GTK), southern area of Bulgaria (GBU), Rostov area of
Russia (GRU), and Lugansk area of Ukraine (GUK).

Twenty O. cumana populations from Spain and other
countries were used as a reference to compare the molecular

Frontiers in Plant Science | www.frontiersin.org May 2016 | Volume 7 | Article 589300

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-00589 April 30, 2016 Time: 18:34 # 3

Martín-Sanz et al. Increased Virulence in Sunflower Broomrape

genetic similarity between the four populations under study
with those from other geographical areas. The selection of the
populations did not pretend to be an exhaustive representation
of the main sunflower production areas, but just a set of
geographically diverse populations to test the hypothesis on
whether the new populations with increased virulence evolved
in the Guadalquivir Valley area or, contrarily, whether they
might have resulted from new introductions. The set of reference
populations included four populations from the Guadalquivir
Valley: CO-02, SE-10 (Pineda-Martos et al., 2013), EK-23
(Rodríguez-Ojeda et al., 2013b), and SP; four populations from
Cuenca province in Central Spain: IASCum-4, CU-05, CU-
07, CU-12 (Pineda-Martos et al., 2014b); one population from
Serbia (Boro-9); one population from Romania (Boro-10); one
population from Israel (Boro-11); two populations from Turkey
(Boro-14, Boro-15); and seven populations from Bulgaria (Boro-
16 to Boro-22). In all cases seeds were collected in the respective
areas and tissue from 20 individual plants growing on sunflower
susceptible line B117 was collected for DNA extraction. Equal
amounts of DNA of the plants from each population were pooled
and used as a template for PCR amplification.

The study of intrapopulation diversity was based on the four
populations under study (BR-24, BR-25, BR-27, BR-28). Two
conventional populations of the Guadalquivir Valley (SE-10) and
Cuenca (IASCum-4) were used as a reference for both gene pools
based on a previous study (Pineda-Martos et al., 2013). DNA
from 12 randomly selected individual plants per population was
used as a template for PCR amplification.

Sunflower Lines and Hybrids
Four differential inbred lines, two commercial hybrids susceptible
to race FGV, and 13 commercial hybrids with complete resistance
to race FGV were used in the experiments conducted to evaluate
the virulence of the O. cumana populations. The inbred lines
were B117, susceptible to all tested O. cumana races; NR5,
resistant to Guadalquivir Valley’s race E; P-96, resistant to race
FGV and susceptible to races G from other countries; and DEB-
2, resistant to both race FGV and races G. Commercial hybrids
susceptible to race FGV were 63D82 and P64LE19 (Pioneer).
Commercial hybrids resistant to race FGV were named as Hybrid
1 through Hybrid 13. All of them are hybrids widely cultivated
in the Guadalquivir Valley area for several years with complete
resistance to race FGV. The names of the hybrids are not provided
because the objective of the research was not to conduct a survey
on resistance of commercial hybrids to a new race, but just to
ensure that the new populations under study can be considered as
a new race. Accordingly, the hybrids were not selected following
the criterion of representativeness, and some seed companies may
be overrepresented and others not included in the study, which
might result in an unbalanced impact on the commercial interests
of seed companies.

Phenotypic Evaluation
Virulence of the four populations BR-24, BR-25, BR-27, and BR-
28 together with SP, GRO, GGR, GTK, GBU, GRU, and GUK used as
a control were evaluated on four differential lines (B117, NR5, P-
96, DEB-2) and six hybrids (63D82, P64LE19, Hybrid 1, Hybrid

2, Hybrid 3, Hybrid 4). Because of the limitation in the amount
of O. cumana seed available, the experiments were conducted
on multi-pot trays with a pot volume of 40 cm3. Twenty plants
of each line or hybrid, separated into two replications of ten
plants each, were evaluated for each O. cumana population.
An additional experiment based on a single replication of 10
plants was conducted to test the virulence of population BR-
28, for which additional seeds were available, on 14 hybrids: 13
commercial hybrids resistant to race FGV and the control 63D82,
susceptible to race FGV.

In all experiments, the soil consisted in a mixture of sand and
peat (1:1 by vol). The soil was inoculated with O. cumana seeds
at an approximate concentration of 0.28 mg of seeds per g of soil.
This roughly corresponds to 185 seeds per g of soil or 4,000 seeds
per pot. The soil mixture containing the O. cumana seeds was
carefully mixed to obtain a homogeneously infested substrate.
Sunflower seeds were germinated in moistened filter paper and
then planted in the pots. The plants were grown in a growth
chamber at 25/20◦C (day/night) with a 16-h photoperiod, and
photon flux density of 300 µmol m−2 s−1.

Phenotypic evaluation of virulence was conducted by
determining the level of O. cumana incidence (percentage of
sunflower plants sustaining the growth of O. cumana shoots),
number of O. cumana attachments per sunflower plant, and the
O. cumana stage of development classified as: T1= small nodules
with diameter less than 2 mm; T2 = nodules with diameter
greater than 2 mm and stem differentiation not yet apparent;
T3 = nodules typically between 5 and 10 mm in which stem
differentiation can be clearly observed or even the stem has grown
several centimeters. In this paper we are only reporting the sum
of nodules at T2 and T3 stages.

Tissue Collection, DNA Extraction, and
SSR Analysis
Individual O. cumana plants showing well developed stems (T3
stage) were collected on sunflower line B117 for each population.
The plants were frozen at −80◦C, lyophilized and ground to a
fine powder. DNA was extracted from individual plants using a
modified version of the protocol described in Pérez-Vich et al.
(2004). For the study of interpopulation diversity, equal amounts
of DNA of 24 O. cumana plants from each population were
pooled and used as a template for PCR amplification. For the
study of intrapopulation diversity, DNA from individual plants
was used as a template for PCR amplification. Microsatellite
analyses were carried out as described in Pineda-Martos et al.
(2014b) using 20 high-quality, polymorphic SSR primer pairs
reported in that work: Ocum-003, Ocum-023, Ocum-052, Ocum-
059, Ocum-063, Ocum-070, Ocum-074, Ocum-075, Ocum-
081, Ocum-087, Ocum-091, Ocum-092, Ocum-108, Ocum-122,
Ocum-141, Ocum-151, Ocum-160, Ocum-174, Ocum-196, and
Ocum-197. Amplification products were analyzed by gel
electrophoresis using 3% Metaphor agarose (BMA, Rockland,
ME, USA) in 1x TBE buffer and SaveView Nucleic Acid Stain
(NBS Biologicals Ltd., Huntingdon, UK) and visualized under
UV light. A 100 bp DNA ladder (Solis BioDyne, Tartu, Estonia)
was used as a standard molecular weight marker to get an
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approximate size of DNA fragments. Bands were scored manually
with the aid of Quantity Oner 1-D Analysis Software (Bio-Rad
Laboratories Inc., Hercules, CA, USA). Amplified fragments were
scored for the presence (1) or absence (0) of homologous bands
and compiled into a binary data matrix or for their estimated
molecular weight and compiled into a codominant data matrix.

Analysis of Inter-population Similarities
A dissimilarity matrix was created using DICE dissimilarity
index, from which cluster analysis was conducted using the
UPGMA (Unweighted Pair Group Method with Arithmetic
Mean) method of NTSYSpc ver. 2.21q (Applied Biostatistics, Inc,
Port Jefferson, NY, USA). The cophenetic correlation coefficient
was calculated to test the goodness of fit of the dendrogram to the
original dissimilarity matrix.

Genetic Diversity Analysis
The percentage of polymorphic loci (P), the average observed
number of alleles (Na), the number of different alleles with a
frequency ≥5% (Na ≥5%), the number of effective alleles (Ne),
the number of private alleles unique to a single population (Npa),
the observed and expected heterozygosity (Ho and He), the
Shannon’s diversity index (I), and the fixation index (Fis) were
calculated for all loci at each population using GenAlEx ver. 6.5.
Pairwise genetic distances between populations were calculated as
the genetic distance coefficient GST using GenAlEx ver. 6.5 using
1000 random permutations to assess significance. The matrix
of GST pairwise distances was used as input for a principal
coordinates analysis (PCoA).

The average number of pairwise differences between
individuals within each population was calculated as a measure of
intrapopulation genetic diversity. Analysis of molecular variance
(AMOVA) was conducted on the distance matrix to separate
total variance into variance attributable to differences between
individuals within a population and variance attributable to
differences between populations. In both cases, Arlequin ver.
3.5.2.2 (L. Excoffier, CMPG, University of Bern, Switzerland) was
used.

RESULTS

Phenotypic Evaluation of Virulence
The four alleged race G O. cumana populations BR-24, BR-25,
BR-27, and BR-28 showed a similar pattern of virulence, resulting
in 100% of parasitized plants and a high number of attachments
per plant (9.2 to 25.8) on the race FGV susceptible genotypes
B117, 63D82, NR5, and P64LE19, high level of incidence (75 to
100%) and moderate number of attachments per plant (3.2 to
10.1) on Hybrid 1 and Hybrid 3, moderate level of incidence
(20 to 50%) and low number of attachments per plant (1.3
to 2.0) on Hybrid 2, low level of incidence (0 to 15%) and
low number of attachments per plant (1.0 to 2.0) on Hybrid
4, and no parasitization on lines P96 and DEB2 (Table 1).
Population SP, a conventional race FGV population used as a
control, only parasitized on the four race F susceptible genotypes,
with 100% incidence and between 10.8 and 22.2 attachments per TA
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plant, similar to the populations under study (Table 1). Race G
populations from Romania (GRO), Greece (GGR), Turkey (GTK),
Bulgaria (GBU), Russia (GRU), and Ukraine (GUK) parasitized in
all cases line P96, with incidence between 50% (GRO and GBU)
and 100% (GGR and GTK), which marked a significant difference
between the four populations from the Guadalquivir Valley and
race G populations from Eastern Europe. None of the race G
populations parasitized on DEB2 line. The six race G populations
from Eastern Europe showed some differences between them,
from GBU that failed to parasitize the four race F resistant hybrids
to GRO, GTK, and GUK that parasitized all of them (Table 1).

A second experiment, focused on the evaluation of population
BR-28 with a set of 12 commercial hybrids resistant to race
FGV, revealed a degree of incidence between 56 and 100% and
average number of attachments per plant between 1.4 and 12.8,
compared to 100% incidence and 30.0 attachments per plant in
the susceptible control (Table 2).

Interpopulation Relatedness
Cluster analysis revealed that the four populations with increased
virulence (BR-24, BR-25, BR-27, and BR-28) were genetically
related to conventional populations of the Guadalquivir Valley
(Figure 1). The analysis, with a high cophenetic correlation
coefficient (r= 0.86, P < 0.01), resulted in two main clusters, one
formed by the eight populations of the Guadalquivir Valley and
one population of Bulgaria at a greater distance, and a second
cluster including the populations from Cuenca together with
all other populations from Israel, Serbia, Romania, Turkey, and
Bulgaria.

Genetic Diversity of the New Populations
Compared with the population of the Guadalquivir Valley used
as a reference (SE-10, race F), the four populations collected on
race FGV resistant hybrids showed considerably greater genetic
diversity (Figure 2). The four populations showed greater values
of all the genetic parameters evaluated, except the number

TABLE 2 | Percentage of susceptible plants (%S) and average number of
O. cumana attachments in susceptible plants (Xs) in 12 sunflower hybrids
resistant to O. cumana race FGV and the susceptible control 63D82
evaluated with O. cumana population BR-28.

Hybrid n %S Xs

Hybrid 1 6 100 11,7

Hybrid 2 9 89 3,0

Hybrid 3 10 100 12,8

Hybrid 5 9 56 2,6

Hybrid 6 10 100 5,8

Hybrid 7 10 100 4,8

Hybrid 8 10 100 2,9

Hybrid 9 10 70 1,4

Hybrid 10 5 100 11,6

Hybrid 11 10 100 5,4

Hybrid 12 10 100 5,5

Hybrid 13 9 100 7,0

63D82 10 100 30,0

of private alleles (Table 3). For example, the percentage of
polymorphic loci ranged from 43.75 in BR-25 and BR-28 to 87.50
in BR-24, compared to zero in SE-10, while the average number
of pairwise differences between individuals of a population
ranged from 2.05 in BR-28 to 4.59 in BR-24, compared to
zero in SE-10. The AMOVA confirmed the existence of intra-
population diversity, which accounted for 75.6% of the total
variance (Table 4). All polymorphic loci contained two alleles, the
one found in populations of the Guadalquivir Valley and the one
found in populations of Cuenca (Figure 3). No other alleles were
present in the populations.

DISCUSSION

Four populations of O. cumana, collected on race FGV resistant
hybrids in the Guadalquivir Valley area of Spain, were confirmed
to have increased virulence as compared with conventional
populations in that area. The four populations showed similar
level of virulence and parasitized most of the race FGV resistant
genotypes evaluated, with level of incidence of 100% or close to
it in most cases, with the exception of two lines (P96, DEB2) that
were fully resistant and some hybrids that showed moderate or
low level of incidence and degree of attack. The four populations
from the Guadalquivir Valley clearly differed from race G
populations from Eastern Europe for their inability to parasitize
P96 line, while the reaction on race F resistant hybrids followed
different patterns in the race G populations from Eastern Europe.
Currently, race classification of O. cumana populations is based
on sets of differential lines. However, there is no universal set of
differential lines, as it is for example the case for downy mildew
in this crop (Tourvieille de Labrouhe et al., 2000). Differential
lines used for O. cumana are specific to individual seed companies
or research groups, particularly for races above E (Fernández-
Martínez et al., 2012). For populations of the Guadalquivir Valley,
the line NR5 derived from the differential line P1380 (Vrânceanu
et al., 1980) has been used as differential between races E and FGV,
and line P-96 (Fernández-Martínez et al., 2004) as differential line
with race FGV resistance. The line P-96 was selected as differential
line because it was completely resistant to race FGV and to the
race F predominant in Central Spain, and susceptible to the first
reported race G, which was identified in the Edirne area of Turkey
around 2000 (Kaya et al., 2004). P-96 line has been also reported
to be susceptible to the race G present in Russia (Antonova
et al., 2013) and the Black Sea area of Romania (Hladni et al.,
2014). According to the results of the present study, it is also
susceptible to race G populations from other areas. Therefore it
becomes evident that the virulence of the new populations of the
Guadalquivir Valley area is different to races G populations from
Eastern Europe. We are accordingly naming the new populations
as a local race G of the Guadalquivir Valley (GGV) to differentiate
its level of virulence from the currently predominant race FGV
and from races G described for other areas such as Turkey (Kaya
et al., 2004), Bulgaria (Shindrova and Penchev, 2012), Romania
(Pacureanu-Joita et al., 2009), Russia (Antonova et al., 2013),
China (Shi et al., 2015), Greece, and Ukraine (present study).
This study also concluded that the inbred line P-96 is not valid
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FIGURE 1 | Tree plot of the four populations under study (BR-24, BR-25, BR-27, BR-28) together with reference populations from the Guadalquivir
Valley (CO-02, SE-10, EK-23, SP), Central Spain (IASCum-4, CU-05, CU-07, CU-12), Serbia (Boro-9), Romania (Boro-10), Israel (Boro-11), Turkey
(Boro-14, Boro-15), and Bulgaria (Boro-16 to Boro-22).

as differential line between races FGV and GGV, as it is resistant to
both groups of populations. Research is ongoing to identify and
release a public line to differentiate between both races.

In a previous study, Pineda-Martos et al. (2013) identified
the presence of two genetically distant pools of O. cumana in
Spain, one in the Guadalquivir Valley in southern Spain and
another one in Cuenca province in Central Spain. The study
identified extremely low interpopulation and intrapopulation
genetic diversity within each gene pool, but also the existence
of a few populations with greater genetic diversity that resulted
from admixture between populations of both gene pools
and subsequent hybridization. In the present study, the four
populations classified as race GGV were genetically related to
the Guadalquivir Valley gene pool when compared with a set of
populations of the two Spanish gene pools and from other areas,
mainly Eastern Europe. This suggested that race GGV populations
have evolved in situ and do not correspond to new introductions
from other areas.

Race GGV populations were characterized by greater genetic
diversity than the conventional populations of the Guadalquivir
Valley (Pineda-Martos et al., 2013). The later study included
30 populations from the Guadalquivir Valley area, mainly
belonging to races E and FGV, and even populations previous
to race E. The low genetic diversity between populations and
within populations was attributed to a founder effect, taking
into account that O. cumana is not present in the wild in

FIGURE 2 | Principal coordinates analysis of four Orobanche cumana
populations (BR-24, BR-25, BR-27, BR-28) from the Guadalquivir Valley
with increased virulence, and reference populations from the
Guadalquivir Valley (SE-10) and Central Spain (IASCum-4).

Spain (Pujadas-Salvà and Velasco, 2000). The high genetic
similarity between race E and race FGV populations suggested
that race FGV evolved in situ by punctual mutation from
race E (Pineda-Martos et al., 2013). This was confirmed by
Rodríguez-Ojeda et al. (2013b), who found segregation at a
single locus in segregating populations from crosses between
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TABLE 3 | Genetic diversity parameters of four O. cumana populations (BR-24, BR-25, BR-27, and BR-28) from the Guadalquivir Valley with increased
virulence, and a reference population from the Guadalquivir Valley (SE-10).

Population P Na (±SE) Na ≥5% (±SE) Ne (±SE) Npa (±SE) H0 (±SE) He (±SE) I (±SE) Pairwise differences

BR-24 87.50 1.88 ± 0.09 1.88 ± 0.09 1.65 ± 0.10 0.00 ± 0.00 0.19 ± 0.05 0.35 ± 0.05 0.51 ± 0.06 4.59

BR-25 43.75 1.44 ± 0.13 1.44 ± 0.13 1.26 ± 0.11 0.00 ± 0.00 0.05 ± 0.02 0.14 ± 0.05 0.21 ± 0.07 2.26

BR-27 68.75 1.69 ± 0.12 1.69 ± 0.12 1.49 ± 0.11 0.00 ± 0.00 0.05 ± 0.02 0.27 ± 0.05 0.39 ± 0.08 3.67

BR-28 43.75 1.44 ± 0.13 1.44 ± 0.13 1.25 ± 0.08 0.00 ± 0.00 0.05 ± 0.02 0.15 ± 0.05 0.23 ± 0.07 2.05

SE-10 0.00 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00

P, percentage of polymorphic loci; Na, average observed allele number, Na >5%, number of different alleles with a frequency ≥5%; Ne, number of effective alleles; Npa,
number of private alleles unique to a single population; Ho, observed heterozygosity; He, expected heterozygosity; I, Shannon’s diversity index; Pairwise differences:
average number of pairwise differences between individuals within each population.

TABLE 4 | Analysis of molecular variance (AMOVA) in a set of four populations of O. cumana with increased virulence collected in the Guadalquivir Valley
area (BR-24, BR-25, BR-27, and BR-28).

Source of variation Sum of squares variance components % Variation P value

Among populations 36.52 0.47 24.42 <0.01

Within populations 127.29 1.45 75.58 <0.01

FIGURE 3 | Detail of an electrophoresis gel showing allelic variation at
the Ocum-197 SSR locus in 12 single plants of O. cumana population
BR-24, 5 single plants of population BR-25, and the reference
populations from the Guadalquivir Valley (SE-10) and Central Spain
(IASCum-4).

both races from the same gene pool. Conversely, genetic
differentiation of race GGV populations from the main gene pool
of the Guadalquivir Valley suggests alternative mechanisms of
race evolution. Genetic diversity parameters of the populations
included in the present research are comparable to those
reported by Pineda-Martos et al. (2013) in a set of populations
with increased genetic diversity, with He values between
0.15 and 0.35 in this study compared with values between
0.12 and 0.49 in the previous one. Similarly to the study
of Pineda-Martos et al. (2013), we have observed that the
alleles present in polymorphic markers in the populations with
increased virulence are those from the Guadalquivir Valley and
Cuenca, with no new alleles being detected. Accordingly, we
hypothesize that increased virulence in the four populations
evaluated in the present research may have resulted from genetic
recombination between avirulence genes present in both gene
pools. Molinero-Ruiz et al. (2014) reported differences for
virulence between race F populations from the Guadalquivir
Valley and Cuenca province. Admixture between populations,
hybridization and recombination of avirulence genes has been
identified as an important mechanism to create increasing

virulent races in sunflower downy mildew (Ahmed et al.,
2012). In Orobanche spp., the occurrence of gene flow between
populations has been previously documented in O. minor
(Thorogood et al., 2009) and O. cumana (Pineda-Martos et al.,
2014a).

The previous study of Pineda-Martos et al. (2013) included
two populations with increased genetic diversity from the
Guadalquivir Valley area, SE-02 and SE-07. The former was
collected in 1991 and classified as race below E while the latter
was collected in 1999 and classified as race E. The presence of
alleles from the gene pool of Cuenca province was documented in
both populations, although in that study greater genetic diversity
was not associated with increased virulence. The reason for
this could be that both gene pools did not differ for virulence
alleles before the appearance of race F, although this has to be
confirmed. The different situation in the populations collected in
2014 suggests that both gene pools may differ for race F virulence
alleles and that their genetic recombination may be considered as
a plausible mechanism underlying the recent appearance of the
new race GGV.
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Orobanche cumana (sunflower broomrape) is an obligatory and non-photosynthetic
root parasitic plant that specifically infects the sunflower. It is located in Europe and
in Asia, where it can cause yield losses of over 80%. More aggressive races have
evolved, mainly around the Black Sea, and broomrape can rapidly spread to new areas.
Breeding for resistance seems to be the most efficient and sustainable approach to
control broomrape infestation. In our study, we used a population of 101 recombinant
inbred lines (RILs), derived from a cross between the two lines HA89 and LR1 (a line
derived from an interspecific cross with Helianthus debilis). Rhizotrons, pots and field
experiments were used to characterize all RILs for their resistance to O. cumana race
F parasitism at three post vascular connection life stages: (i) early attachment of the
parasite to the sunflower roots, (ii) young tubercle and (iii) shoot emergence. In addition,
RIL resistance to race G at young tubercle development stage was evaluated in pots.
The entire population was genotyped, and QTLs were mapped. Different QTLs were
identified for each race (F from Spain and G from Turkey) and for the three stages
of broomrape development. The results indicate that there are several quantitative
resistance mechanisms controlling the infection by O. cumana that can be used in
sunflower breeding.

Keywords: broomrape, sunflower, resistance, QTL mapping, Orobanche cumana, plant–plant interaction,
candidate genes, parasitic weeds

INTRODUCTION

The parasitic weed Orobanche cumana (sunflower broomrape) is an obligatory and non-
photosynthetic root parasitic plant of the sunflower (Helianthus annuus L.) and is a substantial
threat in Europe, especially in countries around the Black Sea and in Spain (Molinero-Ruiz et al.,
2013). O. cumana has a negative effect on sunflower development. The infected plants are smaller,
the sunflower head diameter is reduced and up to 80% of yield losses are observed (Alcántara et al.,
2006; Duca, 2015).

Unlike other weedy Orobanche species, for which genetic resistance in the host is of quantitative
nature (horizontal), genetic resistance to O. cumana in the sunflower is in most cases qualitative or
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vertical (Fernández-Martínez et al., 2015). For this reason,
O. cumana populations are commonly classified into
physiological races (Vranceanu et al., 1980) that periodically
surpass all the available resistance sources. Eight races of
O. cumana, A through H, have been reported thus far, with races
F, G, and H commonly reported in several countries (Kaya, 2014).
Different mechanisms have been described that might determine
the rapid emergence of new races of O. cumana including
recombination and increase of genetic diversity, mutation and
selection within specific gene pools, or gene flow between wild
and weedy O. cumana populations (Pineda-Martos et al., 2013,
2014).

Several methods of broomrape control are available with
more or less efficiency. Different crop management solutions can
be used: soil solarization (Mauromicale et al., 2005), biological
control (Thomas et al., 1998; Louarn et al., 2012) and the use
of herbicides such as imidazolinone combined with herbicide-
tolerant sunflower hybrids (Tan et al., 2005). However, breeding
for genetic resistance remains the most efficient method. The
first introgression of genetic resistance to broomrape on the
sunflower was conducted in the former USSR (Pustovoit, 1966).
Genetic resistance has been characterized in wild Helianthus
spp., and introgression of the resistance gene from interspecific
crosses has been reported (Jan and Fernandez-Martínez, 2002;
Velasco et al., 2007). Even if neither quantitative trait loci
(QTLs) nor major genes were mapped for the resistance to
O. cumana race G, Velasco et al. (2012) showed that the
resistance (from H. debilis subsp. tardiflorus) to the race G of
O. cumana was dominant and controlled by a single locus in
their population. Several major Or resistance genes controlling
the resistance to specific O. cumana races have been used in
breeding programs (Fernández-Martínez et al., 2008). However,
there are only two reports for the molecular genetic mapping of
resistance loci. The first one concerns the Or5 gene conferring
resistance to race E (Lu et al., 2000; Tang et al., 2003; Pérez-
Vich et al., 2004). The second report details the mapping
of QTLs for resistance to O. cumana race F (Pérez-Vich
et al., 2004). Six QTLs controlling the number of O. cumana
emergences in the field have been detected on five linkage
groups (LG). No genes have been cloned, and the molecular
mechanisms involved in the resistance mechanisms remain
unknown.

The life cycle of broomrape is composed of several steps
from seed germination to plant flowering and seed production
(Gibot-Leclerc et al., 2012; Yang et al., 2015). These steps
can be roughly classified into four stages (Figure 1). During
stage 1, the germination of the O. cumana seeds is induced
by the host. Germination is one of the most studied steps of
the broomrape life cycle. The molecules secreted by the host
root system play a major role in the induction of broomrape
germination (Fernández-Aparicio et al., 2009a). Two main
types of molecules exuded by sunflower roots are known
to induce O. cumana seeds germination: strigolactones and
sesquiterpene lactones (Cook et al., 1966; Joel et al., 2011;
Yoneyama et al., 2011; Raupp and Spring, 2013). Germination
is followed by stage 2, in which the fixation of the parasite
to the sunflower root, root penetration and establishment of

vascular connections between the parasite and the host is
achieved by means of the haustorium developed at the tip
of O. cumana radicle (Hassan et al., 2004). After vascular
connection, broomrape begins to derive phloemic flow acting as
a strong nutrient sink. During stage 3, nutrient storage organ
called tubercle develop quickly at the attachment point from
which an underground shoot will eventually develop (Aly et al.,
2009). The last stage is the above ground stage 4, which begins
with the emergence of O. cumana from the ground and ends
with flowering and seed production and dispersal. During the
broomrape life cycle, several resistance mechanisms operating
at the pre-attachment, pre-haustorial, or post-haustorial stages
of the parasite-host interaction have been reported (Fernández-
Martínez et al., 2015). These include mechanisms acting at the
pre-attached stage such as decreased strigolactone exudation
by host roots (Jamil et al., 2011; Fernández-Aparicio et al.,
2014), or mechanisms such as cell wall deposition, vessel
occlusion, broomrape cellular disorganization occurring during
host invasion leading to incompatible attachments or tubercle
necrosis such as that observed in the sunflower resistant line LR1
(Labrousse, 2001).

Single major resistance genes permit an efficient resistance to
diseases. However, genetic resistance based on major dominant
genes shows weak sustainability. Breeding for sustainable
resistance needs to combine QTLs and major genes (Lindhout,
2002; Palloix et al., 2009; Brun et al., 2010). Additionally,
significant gains can be made through breeding approaches
informed by increasing understanding of the physiology of the
parasitic plant association (Pérez-Vich et al., 2013). Accordingly,
the objective of this study was to determine the genetic
architecture of quantitative resistance in a RIL population
combined with a candidate gene approach based both on race
F field phenotyping and race F and G laboratory screening for
resistance mechanisms.

MATERIALS AND METHODS

Sunflower Lines and Orobanche cumana
Races
A population of 101 recombinant inbred lines (RILs) (F8) was
obtained by single-seed descent from a cross between two
parental lines HA89 and LR1. LR1 is an inbred line derived
from an interspecific cross involving the wild species Helianthus
debilis (ecotype 215 in the INRA collection) (Labrousse, 2001).
The sunflower line 2603 was used as a susceptible control
in each experiment (Labrousse, 2001). All sunflower lines are
part of the French genetic resources collection maintained by
INRA (crb.tournesol@toulouse.inra.fr). The same population
was previously described by Labrousse et al. (2004) for the
resistance to O. cumana race E. A large variability of response
was observed in the population for their capacity to induce the
germination of O. cumana seeds, to control the development
of tubercles and to induce tubercle necrosis. Using O. cumana
race E, the authors found that LR1sunflower line disables the
vascular connection leading to necrosis of 100% established
tubercles (Labrousse, 2001). HA89 was found to be more
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FIGURE 1 | Life cycle of O. cumana. Stage 1 corresponds to broomrape seed germination induced by sunflower root exudates. During stage 2, O. cumana
radicle attaches, invades and connects the vascular system of the sunflower root by means of haustorium. Once O. cumana is attached and the nutrient diversion
towards the parasite is established, O. cumana develops a tubercle (stage 3). During the stage 4, the stem emerges through the soil surface with the subsequent
onset of flowering. The red arrows show putative resistance mechanism to O. cumana at stage 2 (incompatible attachment) and at stage 3 (tubercle necrosis).

susceptible to O. cumana race E than LR1, inducing necrosis
only in 60% of the established tubercles but allowing further
development of the remaining parasites (Labrousse et al.,
2004).

The RIL population was characterized for plant height in
Toulouse (France) in an O. cumana-free experimental field. The
plants were sown in 4 m long rows of 10 plants. Plant height was
recorded by measuring the main stem height in five individual
plants (in the center of the row) at flowering stage during 2015
growing season.

Orobanche cumana seeds, race F, were collected in Marchena
(Province of Sevilla, Spain) in 2012. During field experiments in
2014 and 2015, the O. cumana population parasitized sunflower
line NR5 (carrying the Or5 gene conferring resistance to race
E) but not the P-96 line (conferring resistance to O. cumana
race F), indicating that this population corresponded to race F
(data not shown). O. cumana seeds race G were collected in
2000 in an experimental field located at Çeşmekolu (Kirklareli
Province, Turkey). This O. cumana population was confirmed
as race G because it parasitized sunflower lines K-96, P-96 and
R-96 (carrying resistance to race F) (Fernández-Martínez et al.,
2004).

Rhizotron Experiments: Evaluation of
Resistance to Race F Early
Post-vascular Development
Orobanche cumana seeds were surface-sterilized with 2.6%
NaClO for 5 min and were rinsed thoroughly with sterile water.
Race F of O. cumana seeds were spread on moistened sterile glass
fiber filter paper (GF/A, Whatman) and incubated for 7 days
in the dark at 22◦C to allow O. cumana seed conditioning, a
process used in broomrape experiments to break seed dormancy
and promote seed sensitivity to molecules inducing germination
secreted by host roots (Lechat et al., 2012). The sunflower seeds
were first germinated in moistened filter paper for 3 days and
then transferred to sand for four additional days. Subsequently,
the rhizotron system was used to enable the interaction between
7-days conditioned O. cumana seeds and the roots of 7-days
old sunflower plants. Briefly, a rhizotron is made of two PVC
glasses (12 cm × 12 cm) confining the sunflower roots and
the broomrape seeds on a glass fiber filter. Sterilized blocks
of rockwool (Grodan, ROCKWOOL) of 1cm of thickness kept
the glass fiber filter wet where the root system was deposited.
Rhizotrons were placed in a growth chamber under a 16 h
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photoperiod and a constant temperature of 22◦C during day and
night periods. Plants were watered daily with half strength Long
Ashton Nutrient Solution (LANS, Hewitt, 1966). A balanced
incomplete-block design was performed to study the attachment
stage. Seventeen blocks of 30 different RILs, permitting the
phenotyping of each RIL five times, and the two parental lines
HA89 and LR1 were designed using the R package DBI. After
2 weeks of growth, the numbers of compatible attachments
(CA) and incompatible attachments (IA) were counted under a
stereomicroscope (S6D, Leica). Attachments (stage 2 in Figure 1)
were considered as compatible when the radicle of O. cumana
was observed penetrating the host root, characterized by a slight
swelling of the O. cumana radicle. Attachments were considered
as incompatible when the radicle of O. cumana had initiated host
root penetration but were stopped by host defenses mechanisms.
The O. cumana radicle was not connected to the vascular system
of the host leading to the death of the parasite. In addition,
darkening of host cells at the penetration point was observed. The
rate of IA was calculated as the percentage of IA out the total of
attached O. cumana radicles (IA and CA).

Pot Experiments: Evaluation of
Resistance to Race F and G at Young
Tubercle Development
The evaluation of each RIL for resistance to O. cumana races
F and G (stage 3 in Figure 1) was performed according to
Louarn et al. (2012). Sunflower seeds were first germinated in
moistened filter paper for 3 days. The substrate (charred clay
for race F and a mixture of sand and vermiculite for race G)
was inoculated with 60 mg of O. cumana seeds per liter of
substrate and was moistened with water allowing the Orobanche
seeds to undergo conditioning during 7 days. Then, 3 days pre-
germinated sunflower seeds were sown in the pot (volume of
70 ml) and kept in a growth chamber under a 16 h photoperiod
and a constant temperature of 22◦C during day and night periods.
Plants were watered daily with LANS (∼10 ml/plant). After
5 weeks of growth, the level of infection by O. cumana was
determined for each RIL by counting the number of healthy
and necrotic tubercles on 5 (race F) or 9 (race G) sunflower
plants from 5 or 3 independent experiments, respectively. The
rate of necrotic tubercle was calculated as the percentage of
necrotic tubercle out of the total number of tubercles (healthy and
necrotic). The susceptible line 2603 and the race F resistant line
P-96 were used as controls.

Field Evaluation of O. cumana Race F
Emergence
The RILs were evaluated together with the parental lines for
O. cumana race F resistance under artificial inoculation in field
conditions in the spring and summer of 2014 and 2015 (stage 4
in Figure 1). Sunflower seeds were germinated during 2 days in
moistened filter paper and subsequently transferred to small pots
(7 cm× 7 cm× 7 cm) containing a mixture of sand and peat (1:1,
v:v). Previously, soil (∼180 g) was carefully mixed with 50 mg of
O. cumana seeds to obtain a homogeneously infested substrate.
The plants were watered by hand as needed and kept in a

growth chamber for 15–20 days (time necessary for transplanting
all plants to the field) at 25◦C/20◦C (day/night) with a 14 h
photoperiod for incubation. They were then transplanted to a
field plot at the experimental farm of the Institute for Sustainable
Agriculture (CSIC, Córdoba, Southern Spain) in which only race
F experiments have been conducted since 1999. The assays were
transplanted between the 31st of March and the 2nd of April 2014
and between the 25th of March and the 27th of March 2015. The
evaluation consisted of three replicates of 15 plants by row for
each experiment. The plants were set 33 cm apart in 5 m row with
1 m separation between rows. The race F susceptible lines 2603
and NR5, and the resistant line P-96 were used as controls. The
number of emerged broomrapes per sunflower plant was counted
at the time of sunflower maturity.

Genotyping
Genomic DNA for the 101 RILs and the two parental lines was
extracted using the Kit DNeasy Plant Mini Kit (Qiagen©). The
DNA concentration was adjusted to 10 ng.µl−1 in water.

The hybridization experiments were performed by the
Gentyane platform (Plateforme Gentyane, UMR INRA/UBP
1095 Génétique Diversité et Ecophysiologie des Céréales, 5
chemin de Beaulieu – 63039 Clermont-Ferrand, France) on
a GeneTitan R© (Affymetrix) according to the manufacturer’s
instructions. The AXIOM array was built using a set of 586 985
SNPs in the frame of the SUNRISE project1. Genotypic data were
obtained with the software Axiom Analysis Suite2.

The genotypic data were filtered, and SNPs were selected
according to the following criteria: (a) the three replicates of
the two parental lines were homozygous and consistent, (b)
HA89 and LR1 were polymorphic, (c) the allelic frequency in
the population was between 40 and 60%, (d) the missing data
in the 101 RILs did not exceed 5%, and (e) the number of the
heterozygous data in the whole population did not exceed 5%.
We obtained a set of 21 201 SNPs for the genetic mapping. The
genetic map was obtained using CarthaGène software (de Givry
et al., 2005). After merging the markers (“mrkmerges” function),
the LGs were obtained with the “group 0.2 3” function. The
genetic distance between markers was calculated using the “lkh
1 −1” function and the genetic maps were obtained with the
“bestprintd” function. The resulting genetic map, containing 951
markers obtained from 21 201 heterozygous SNPs, is shown in
Supplementary Figure S1. The sequences of the markers mapped
are included in Supplementary File S1.

QTL Mapping
Quantitative trait loci detection was performed with MCQTL
(Jourjon et al., 2005) with a threshold corresponding to a Type
I error rate of 1% at the genome-wide level, as determined
after 3 000 replications of the resampling process for each trait.
Biomercator (version 4.2) was used for the visualization of the
different QTLs (Arcade et al., 2004).

1http://www.sunrise-project.fr/en/
2http://www.affymetrix.com
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Statistical Analysis
The relationship between the rate of IA, the rate of necrotic
tubercles, the number of healthy tubercles and the number of
broomrape shoot emergences in field in 2014 and 2015 were
studied by a PCA analysis. PCA was performed with the package
FactoMineR using R software (version 3.1.2) under the Rcmdr
environment (version 2.1-7). The Pearson correlation test was
performed to determine the R coefficient between the different
traits.

In Silico Mapping of Candidate Genes
The candidate gene sequences were obtained from Letousey
et al. (2007), Radwan et al. (2008), and Li and Timko (2009).
These sequences were used to search for the putative orthologous
cDNAs in a sunflower transcriptomic database by BLAST3.
The sunflower sequences were then used for in silico mapping
by BLAST alignment to a genetic map obtained from the
international consortium of sunflower genome sequencing and
composed of 454 contigs4. The BLAST results were selected
according to the following criteria: (i) identity between the query
and the subject sequences greater than 95% and (ii) length of
the alignment greater than 400 nt. The colinearity between the
two genetic maps was determined by a BLAST alignment of
the AXIOM markers linked to the QTLs on the 454 contig
database.

RESULTS

Phenotypic Evaluation of the RIL
Population
Evaluation of the Resistance to Race F at the Stage 2
and 3 of Broomrape Development
The first physical interaction between sunflower and broomrape
occurs underground after seed germination when O. cumana
fixes to the root system of the host (stage 2, Figure 1). This stage
was evaluated in rhizotrons, and two different phenotypes were
observed. When a sunflower line was susceptible to O. cumana
race F at this stage, a CA allowed the parasite to attach and
connect with the vascular system of the host root (Figure 2A).
When a sunflower line was resistant, IA was observed. The IA
was characterized by a browning of the interaction zone between
the parasite and the sunflower root (Figure 2B). The two parental
lines showed a significant difference for rate of IA at stage 2
(Figure 2C). Indeed, minimal IA was observed in the parental
line HA89 (3.51%) compared to LR1, which produced a high
rate of IA (46.51%). In the segregating population, RILs showed
a continuous quantitative resistance profile from susceptible
(IA ≤ 10%) to resistant (IA ≥ 50%). Thus, 14 lines showed a
high rate of IA (IA ≥ 50%), and a low rate of IA (IA ≤ 10%) was
observed for 19 lines (Figure 2C).

Following successful attachment and vascular connection
during stage 2, O. cumana develops a storage organ called

3https://www.heliagene.org/HaT13l/
4http://www.sunflowergenome.org/

tubercle (stage 3, Figure 1). The RIL population was phenotyped
in pots for stage 3 development of O. cumana race F, by
counting the number of healthy and necrotic tubercles attached
to each sunflower line (Figures 3A,B). The necrosis of the
tubercles was characterized by browning and death of the parasite
(Figure 3A). In contrast, the healthy tubercles remained yellow
and became larger, allowing the next stages of development
of O. cumana (Figure 3B). Although the size of the tubercles
was not systematically measured, the healthy tubercles observed
after 5 weeks were approximately 1 cm in diameter, the bigger
tubercles showing a differentiated bud (Figure 3A).

The number of healthy tubercles observed in the two parental
lines HA89 and LR1 was similarly low: 3.4 and 2.4 tubercles/plant
on average, respectively. Despite the low number of O. cumana
tubercles observed in the two parental lines, the segregating
population allowed a wider range of tubercle development (from
0 to 18 tubercles/plant, Figure 3C). Some lines exhibited a high
resistance level, with less than 1 healthy tubercle in average,
similar to the level of resistance in the resistant line P-96. Highly
susceptible RILs were also found with a susceptible reaction
similar or higher to sunflower line 2603 (12.85 tubercles/plant on
average) (Figure 3C).

Besides the absolute number of healthy O. cumana tubercles
per plant, the rate of necrotic tubercles out of the total tubercles
developed was also calculated as a possible discriminating
mechanism of resistance (Figure 3D). Negligible values of
necrosis of tubercle were observed in O. cumana attached to
either parental lines HA89 and LR1 or in the susceptible control
line 2603. As mentioned above, O. cumana was unable to develop
beyond stage 2 in the resistant control P-96 and in consequence
no tubercles of any kind (healthy or necrotic) were observed.
Most of the RILs induced negligible or low level of necrotic
tubercles (<30%), except for 3 RILs that exhibited an average of
necrosis higher than 50% (Figure 3D).

Evaluation of the Resistance to Race G at Stage 3 of
Broomrape Development
Race G of O. cumana is found only in countries around
the Black Sea. The population was not evaluated in field, for
precautionary quarantine reasons; therefore the resistance level
at stage 3 of tubercle development was measured in a confined
growth chamber. For race G, the number of healthy tubercles
developing on the susceptible line 2603 was 10.88 tubercles per
plant on average and was 7.22 and 8.44 healthy tubercles/plant
on average, for HA89 and LR1 respectively. However, the number
of O. cumana tubercles on the roots of parental lines in race
G was more than twice that in race F. The level of infestation
was also higher in the RILs population when challenged to race
G. Despite no fully resistant RIL (no tubercle development) was
observed, a wider range of responses was observed in the RIL
population when compared with the parental lines (from 1.14
to 16.55 tubercles/plant, Supplementary Figure S2A). Necrosis of
tubercle was not observed except in 8 RILs with an average of
tubercle necrosis higher than 20%. (Supplementary Figure S2B).
Interestingly, two of these RILs also induced significant necrosis
in tubercles when challenged with O. cumana race F. There was
no correlation for number of healthy tubercles in the sunflower
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FIGURE 2 | Description of the resistance mechanism inhibiting O. cumana development at stage 2 in the RIL population HA89xLR1. The photos show
(A) compatible attachment and (B) incompatible attachment between O. cumana and sunflower roots. The arrows indicate the attachment area between the radicle
of O. cumana race F and the sunflower roots. (C) Distribution of the rate of IA counted 2 weeks after infection by O. cumana race F. The data are calculated from at
least 3 replicates for each sunflower line. Replicates with less than 5 attachments (IA + CA) were discarded. The two parental lines HA89 and LR1 showed 3.5 and
46.5% of IA, respectively.

population between the screenings made with race F and race G
(Supplementary Figure S2C).

Resistance to Race F in the Field
Phenotyping of the RIL population in the field was performed
in 2014 and 2015. In both years, the two parental lines showed
a similar resistance profile to O. cumana race F (Figure 4).
A large number of resistant lines were observed in both years
(12 and 10 RILs showing less than 1 broomrape emergence
per sunflower plant in 2014 and 2015 respectively). In 2015
(Figure 4B), the overall intensity of the attack was higher than
in 2014 (Figure 4A), with a consistent two times (1.94) increase
O. cumana emergence average per sunflower plant across the
entire RIL population allowing to establish a high correlation
between experimental years (Figure 4C).

Plant size can be related with intensity of Orobanche
emergence in the field masking genetic resistance. Vigorous
hosts can increase the chances of parasitic encounter through
bigger root systems or, once Orobanche is attached, they can
provide better nutritive supply, therefore increasing the rate of

parasitic emergence. In order to discover possible associations
between sunflower vigor and the levels of O. cumana emergence
observed in Cordoba, the plant height of the RIL population
was characterized in O. cumana-free field conditions and its
variability (Supplementary Figure S3) was mapped to one
QTL on LG 5 (Supplementary Figure S5). The variability
observed for sunflower plant height was not significantly
related with the level of O. cumana emergence in sunflower
(Supplementary Figure S4).

Correlation between the Resistance Mechanisms at
Stage 2, 3, and 4 of Broomrape Development
PCA analysis was performed to determine the relationship
between the different traits measured for race F of O. cumana
(Figure 5). The first axis of the PCA explained more than
50% of the variability, distinguishing between healthy tubercle
development in pots and shoot emergence in field on the basis
of the rate of IA and the necrosis rate. This PCA analysis
also highlights the correlation between the field observations
in 2014 and 2015, as shown in Figure 4C, as well as the
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FIGURE 3 | Evaluation of the resistance level to O. cumana race F in the RILs population HA89xLR1 at stage 3. Photos illustrate the different
developmental stages observed for either (A) necrotic tubercle or (B) healthy tubercle after 5 weeks post infection. (C) Distribution of the number of healthy tubercle
in the RILs population HA89xLR1 5 weeks after infection. The two parental lines HA89 and LR1 show 3.4 and 2.4 healthy tubercle per plant, respectively
(D) Distribution of the rate of necrotic tubercle in the RILs population HA89xLR1 5 weeks after infection. No necrotic tubercles were observed for the two parental
lines. Value represents the number of RILs for each range of the number of healthy tubercle or rate of necrotic tubercle per sunflower plant. Five independent
experiments were performed with one single plant per RIL in each experiment.

correlation between susceptibility in the field and the number of
healthy tubercles. Interestingly, the rate of IA and the necrosis
of the tubercles were negatively correlated to the number of
healthy broomrape tubercles and the number of O. cumana
field emergences. When resistance data to race G was added, no
correlation was observed in the RIL population for number of
healthy tubercles (data not shown). This result is consistent with
the data from Supplementary Figure S1C.

Finally, the different RILs were distributed according to the
different axes of the PCA (Figure 6). The parental lines HA89 and
LR1 and the control lines P-96 and 2603 were added to the figure
as supplementary individuals. The population was divided into
three distinct groups. The two smaller groups were composed of
7 and 8 RILs and were grouped with the resistant line P-96 and
the susceptible line 2603, respectively. The majority of the RILs
(86) were grouped together with the two parental lines HA89 and
LR1, exhibiting a partial resistance profile to race F of O. cumana.

QTL Mapping
The 101 RILs were genotyped using a high-throughput
genotyping tool. The genotypic data were used to obtain a
genetic map of 1795.8 cM for the 17 LGs of the sunflower
genome. Twenty one thousand two hundred and one markers
were mapped and located on 951 different genetic bins, with

a mean distance between bins of 1.9 cM. Combined with the
phenotypic data, the genotypic data were used for mapping the
QTLs. A total of 17 QTLs were found to control resistance to
O. cumana race F and G (Figure 7). These QTLs were localized on
9 LGs. None of the QTLs controlling the different resistant traits
for race F were mapped in the same region, and only one QTL
controlling the resistance to race F and G colocalized on LG 9.

From the 13 QTLs, we identified two QTLs with a strong effect.
The first, on LG16, controlled the healthy tubercles of race G of
O. cumana. The second controlled the number of emergences
in the field and was mapped on LG13. This QTL was identified
in both years 2014 and 2015 and was the only one controlling
resistance in the field.

The coordinate of the first axis of the PCA was used to perform
QTL analysis. Four different QTLs were identified. Two of these
QTLs localized with QTLs on LG04 and LG11, controlling the
number of healthy tubercles for O. cumana race F and the rate of
necrotic tubercles for O. cumana race G, respectively. The other
QTLs were also found on LG04 (Figure 7).

Analysis of the additive effect showed that the genetic
resistance to race F of O. cumana at 2 QTLs is coming from LR1
and at 4 QTLs from HA89. The QTLs controlling the number of
emergences, E-2014-F-13.1 and E-2015-F-13.1, explain between
14 and 31% of the variability and the resistant alleles are carried
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FIGURE 4 | Characterization of the resistance level in field at the stage 4 on the RILs population HA89xLR1. Distribution of the number of O. cumana
emerged shoots per sunflower plant in 2014 (A) and in 2015 (B). The data represent the mean of three replicates of 15 sunflower plants in field (Cordoba, Spain).
(C) Relationship between the number of O. cumana emerged shoots in 2014 and 2015.

by the parental line HA89 (Figure 7B). IA is induced by a locus
from the parental line LR1 (Figure 7B). For the control of race G,
the two most important QTLs identified HT-G-16.1 and HT-G-
16.2, were found on the same LG and are very close to each other.
These two QTLs have 2 distinct parental origins, HT-G-16.1 is
from LR1 and HT-G-16.2 is from HA89 (Figure 7B).

Candidate Gene Mapping
We attempted a candidate gene approach, based on previous
functional results on the plant–parasite interaction. Nucleotide-
binding site leucine-rich repeat (NBS-LRR) proteins play an
important role in plant resistance to pathogens (McHale et al.,
2006). Radwan et al. (2008) have identified several NBS-LRR
homologs in the sunflower. Based on genetic map positions, only
one QTL, “IA-F-15.1” on the LG15, colocalized with one NBS-
LRR gene identified by Radwan et al. (2008). This NBS-LRR gene
was coded by EF559379.1 cDNA.

Li and Timko (2009) were the first to identify gene-for-
gene resistance to parasitic plants, and they have identified
RSG3-301 and its predicted coiled-coil-nucleotide-binding-site-
leucine-rich repeat (CC-NBS-LRR). BlastX analysis of this
protein was performed on the sunflower genome to identify its
homolog, and the 20 best hits were mapped on the sunflower

genome. Interestingly, only three of these homologs colocalized
with QTLs identified to control the resistance to O. cumana.
These homologs colocalized with QTLs controlling broomrape
field emergence (on the LG13, HaT13l034464), controlling
the capacity to induce IA (on the LG15, HaT13l008311)
and controlling the induction of necrotic tubercle on LG17
(HaT13l008327).

Letousey et al. (2007) have identified HaGSL1 to be induced
during incompatible interactions between O. cumana and the
sunflower root of LR1. HaGSL1 was mapped on the LG09 of the
sunflower genome, but it was not localized under the QTLs found
on this LG.

DISCUSSION

QTL Mapping
In this study, few phenotypic differences were observed between
the two parental lines HA89 and LR1 for races F and G,
as previously observed by Labrousse et al. (2004) for race E.
Interestingly, the IA rate observed for O. cumana race F, was
significantly different between HA89 (3.51%) and LR1 (46.51%).
This difference was not observed at stage 3 of O. cumana
development. It would be interesting to evaluate the two parental
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FIGURE 5 | Relationship between the different sunflower resistance
traits to O. cumana race F. PCA was performed with all phenotypic data
from the 101 RILs. The two first axis of the PCA explain 68.5% of the
variability.

lines in a kinetic of O. cumana development between 2 to
5 weeks in order to determine the importance of this resistance
mechanism. The RILs population was not suitable to map
major genes because the two parental lines do not exhibit a
clear discriminating resistance profiles at stage 3 and at stage
4 of O. cumana development. The parental lines could also
be monomorphic for loci controlling some traits that will not
allow the detection of these QTLs in our study. However, some
recombinant lines obtained from the cross between HA89 and
LR1 exhibited a higher level of resistance or susceptibility than
the two parental lines, which indicates complex multigenic
control of the resistance that can be increased by particular
allele combinations for several loci. Velasco et al. (2012) showed
that the resistance carried by H. debilis subsp tardiflorus was
monogenic; indicating that the use of some H. debilis accessions
in breeding programs could be an additional way to improve
resistance to O. cumana.

The expression of resistance is complex because it arises from a
combination of several resistance mechanisms acting at different
steps of broomrape development. We mapped QTLs controlling
some of these steps. Even though some traits were correlated
(Figure 5), we never observed QTLs that colocalized in the
same genetic region (Figure 7). We identified only one QTL
explaining more than 30% of the phenotypic variability in the
entire population. Almost all QTLs explained between 9 and 30%
of the phenotypic variation of the traits. This result suggests that
many minor quantitative loci are involved in the expression of
the traits and cannot be detected in our genetic design. The first
report identifying QTLs for broomrape resistance in sunflower
was provided by Pérez-Vich et al. (2004), who mapped 7 QTLs

controlling the resistance to O. cumana race F and found that
each of them had a contribution (R2) varying from 11 to 38%,
similarly to those observed in this study. However, the early stages
of the interaction (Figure 1) were not taken into account in this
previous study. We identified a stable and strong QTL on LG13
for resistance in the field, and our results suggest that the final
expression of the resistance in the field is not correlated with
one specific mechanism but is due to a combination of resistance
mechanisms acting at the early stages of broomrape development.

Race-Specific Quantitative Resistance
The number of healthy tubercles at stage 3 was the trait best
correlated with the number of emergences in the field for race F of
O. cumana (Figure 5). The resistance to race G of O. cumana was
only measured in controlled conditions at stage 3. Compared to
race F, twice more tubercles were observed in the RIL population
using O. cumana race G. These experiments were performed
in same controlled conditions (nutrition, light, temperature and
hygrometry). Then, the differences found between the 2 races
cannot be explained by environmental effects but were due to
the higher virulence of race G. No correlation was observed
between the number of broomrape tubercles found for race F
and G in the RIL population (Supplementary Figure S2C). As
expected, the QTL analysis showed that only two QTLs for
the resistance of both races colocalized on LG09 (Figure 7).
The race-specific resistance to broomrape has previously been
reported for quantitative loci (Pérez-Vich et al., 2004) and for
resistance control by major genes (Vranceanu et al., 1980). The
genetic control of the race-specific resistance in the pathosystem
H. annuus/O. cumana is similar to the one found for downy
mildew in the H. annuus/P. halstedii pathosystem (Vear et al.,
2007). It would be interesting to further explore the genetic
control of the race-specific resistance by dynamic phenotyping of
the interaction from the germination of the broomrape seeds to
the final steps of parasite development. Such experiments could
identify the important steps involved in the interaction for the
different races.

New Phenotyping Tools Need to be
Developed
In our study, the induction of iIAs during the early stages
of development played an important role in the resistance
mechanisms. However, the attachment is a small and difficult
structure to observe. New phenotyping tools are necessary
for a better characterization of the interaction between the
sunflower roots and O. cumana. Furthermore, increasing
the depth (qualitative) and the throughput (quantitative) of
phenotyping would enrich the quality of the genetic analysis.
Such phenotyping methods have successfully been used to
describe the development of the roots. These rapid and efficient
tools have been one of the major challenges of the decade. Several
recent reports have helped to improve the characterization of
the root architecture (Iyer-Pascuzzi et al., 2010; Clark et al.,
2013; Slovak et al., 2014). Despite the difficulty in observing
the attachment, the IA shows a browning at the point of
attachment between the host and the parasite. These browning
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FIGURE 6 | Phenotypic diversity within the complete RIL population for O. cumana race F. Three groups were found according to the first dimension of the
PCA. They correspond to resistant lines (A), susceptible lines (C) and partially resistant lines (B). The four control lines HA89, LR1, P-96 and 2603 have been added
as additional samples to be shown on the figure but they have not been taken into account in the PCA analysis.

contrasts with the sunflower root could be used to detect IA
in high definition pictures. Furthermore, the development of
high throughput phenotyping tools will allow for the kinetic
analysis of the infection, which could detect new resistance
mechanisms.

Effect of the Environment and Sunflower
Plant Height on Resistance
The same field in Cordoba (Spain) was used to perform two
experiments in 2014 and 2015. We observed a correlation
between data obtained for the whole population during both
years (Figure 4C; Supplementary Figure S4). However, the
number of O. cumana emergences in 2015 was approximately
twice in average the number of emergences in 2014. Temperature
has been shown to have an effect on O. cumana development.
Sukno et al. (2001) and Eizenberg (2003) have found that a
moderate increase of the temperature had a positive effect on
the intensity of sunflower infection by broomrape. The increase
of the infection level between both years could be due to the
increased temperature in Cordoba in 2015 compared to 2014.
We obtained the climatic data for both years5 between March
and June. In March 2015, an increase of the mean temperature
of 1◦C was observed compared to 2014. After transplanting,
the higher maximal temperature observed during the first week
in 2015 (24.5◦C) than in 2014 (17.9◦C) could improve the

5http://power.larc.nasa.gov

attachment of the parasite to the host root and could explain
the differences in the number of emergences between both
years. In April, the mean temperature was similar, but the
mean temperatures in May and June 2015 were approximately
2◦C higher than in 2014. The effect of the temperature on
the level of infestation did not affect the genetic control of
the resistance. A stable QTL was mapped on LG13 with data
from 2014 and 2015 (Figure 7). Besides temperature, other
environmental factors could influence O. cumana development
across seasons. For the field experiments, we used an artificial
inoculation in controlled conditions during the first 20 days of
the sunflower life. New studies should be conducted to take into
account the soil management, rain, nutritive input, weeds and soil
microflora composition, to provide a complete understanding of
the dynamics of the parasitic interaction and to identify the key
environmental factors affecting the development of O. cumana
and thus indirectly the level of resistance in the sunflower.

It has been observed that the host plant vigor was correlated
with Orobanche shoot emergences in several pathosystems
(Fernández-Aparicio et al., 2009b, 2012a; Fondevilla et al., 2010).
The same RIL population was evaluated in 2015 in Toulouse
(France) for plant height (as estimate of sunflower vigor). Plant
height in the RIL population showed a normal distribution
(Supplementary Figure S3). No correlation between plant height
and the number of broomrape shoot emergences in field season
2014 and 2015 was observed (Supplementary Figure S4). We
mapped a QTL controlling plant height to LG05, where no
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FIGURE 7 | Quantitative trait loci (QTL) mapping of the different quantitative resistance traits to O. cumana race F and G. (A) The genetic map used to
detect QTLs covered the 17LGs (951 genetic bins and 1795.8 cM lengths). QTLs are indicated at the left of each Linkage Group. (B) Summary of the different QTL
found for the resistance to O. cumana race F and G. QTL name nomenclature is: trait-broomrape race-linkage group-QTL number on the linkage group. Additive
effect, (−) be equivalent to a decrease of the value due to LR1 alleles. The traits used for QTL mapping were: IA, ratio of incompatible attachments (IA); Emergence,
the number of emerged shoot broomrape per sunflower plant under field conditions in 2014 and 2015; Healthy Tubercle, the number of healthy tubercles; Necrotic
Tubercle, ratio of necrotic tubercles; ACP-Dim1, the coordinates of the first axis from the PCA analysis. QTL detection was performed with MCQTL (Jourjon et al.,
2005) with a threshold corresponding to a Type I error rate of 1%.

resistance QTLs was mapped (Supplementary Figure S5). These
clues indicate that the resistance to O. cumana race F and plant
height are not linked in our RIL population HA89xLR1.

Candidate Genes Located in the QTL
Regions
For breeding programs, the stable QTL found on LG13, which
controls the number of emergences in the field is the one that

could be most rapidly used. Pérez-Vich et al. (2004) have mapped
a QTL controlling resistance to race F in the same genetic region
using a different mapping population (P-21 × P-96). In our
conditions, this QTL explains 15–30% of the overall phenotypic
variability, which is similar to the effect of the QTL reported
by Pérez-Vich et al. (2004). Furthermore, we identified a cDNA
(HaT13l034464), showing homology with a gene coding for a CC-
NBS-LRR protein described by Li and Timko (2009) that were
located in the interval support of this QTL. NBS-LRR proteins
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play important roles in gene-for-gene resistance (McHale et al.,
2006).

Two NBS-LRR genes (GenBank accession number
EF559379.1 and HaT13l008311) were identified in the interval
support of a QTL mapped to LG15. One of these genes encodes
for a NBS-LRR protein (HaT13l008311) showing homology to
RSG3-301 that controls the incompatible interaction between
Striga gesnerioides and cowpea (Vigna unguiculata) (Li and
Timko, 2009). These authors found that RSG3-301 induces an
early resistance mechanism and acts on the attachment zone
between the roots of Vigna unguiculata and S. gesnerioides. In
our study, a similar phenotype (IA) was observed and evaluated
for all RILs of the population (Figure 2), and one QTL was found
to control this resistance mechanism on LG15. The attachment
of the broomrape radicle to the sunflower root is an essential
step for the parasite to establish the interaction to redirect
sunflower assimilates for its growth. However, we show that the
sunflower has a resistance mechanism to block this interaction.
In some lines, there is a rapidly incompatible interaction
mechanism. This response is characterized by browning at the
point of attachment between the host and the parasite. A similar
incompatible phenotype of the Orobanche penetration process
has been described in several crop species including Vicia spp.
response to O. aegyptiaca (Goldwasser et al., 2000), and the
response of rice (Gurney et al., 2006) or Sorghum (Mohamed
et al., 2003) to Striga spp. Further cytological or biochemical
experiments would be needed to investigate the nature of the
incompatible phenotype observed in sunflower resistant RILs.
Several defense mechanisms could underlay the incompatible
phenotype including hypersensitive response (Morel and Dangl,
1997), a rapid and strong resistance reaction usually mediated by
specific recognition of pathogen-derived effectors by the cognate
resistance protein in the host during a gene-for-gene interaction.
To date, the Orobanche-encoded molecular cues that determine
the resistant phenotype in the host are unknown. Identification
of candidate genes by gene expression comparison between
compatible and incompatible interactions could provide a better
understanding of the interaction mechanism.

With a full sequence of the sunflower genome, we could
identify other candidate genes. For all of the candidate genes that
we have identified, more experiments are needed, and it would be
interesting to test their functional roles in resistance by reverse
genetics using EMS mutants (Sabetta et al., 2011; Kumar et al.,
2013) or to measure their expression level in different genotypes
or during the different steps of the interaction.

CONCLUSION

For the first time, the early stages of the O. cumana/H. annuus
pathosystem were used to map QTLs. No pleiotropic QTLs were
found and, these QTLs controlled specific developmental stages.
To complete the overall panel of possible resistance mechanisms,
it is important to characterize the induction of O. cumana seed
germination by sunflower root exudates and the induction of the
haustorium at the genetic level. It was found that the low capacity
to induce broomrape seed germination by the host was a good

way to control broomrape in field (Jamil et al., 2011; Fernández-
Aparicio et al., 2012b). However, Labrousse et al. (2004) have not
found a correlation between the capacity to induce broomrape
seed germination and the level of infection in the sunflower.

The emergence of new virulent races has frequently been
observed, and new race-specific resistance loci need to be
identified. Even though the introgression of major resistance
genes is an easy and quick solution for breeding, more sustainable
resistance has to be developed. In other pathosystems, the
additive effect of minor QTLs has improved resistance to
broomrape (Fondevilla et al., 2010; Gutiérrez et al., 2013).
Breeding methods that integrate QTLs are a good way to improve
the sustainability of sunflower resistance to broomrape. Our
results show that several quantitative resistance loci can be used.
However, the diversity of broomrape populations needs to be
detailed, and the emergence of new races and new geographical
infected areas must be monitored.

No resistance genes have yet been cloned, and the molecular
mechanism underlying the resistance to O. cumana is poorly
described. One of the main future goals will be to better
understand the interaction between the sunflower and
O. cumana.
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RNA silencing refers to diverse mechanisms that control gene expression at
transcriptional and post-transcriptional levels which can also be used in parasitic
pathogens of plants that Broomrapes (Orobanche/Phelipanche spp.) are holoparasitic
plants that subsist on the roots of a variety of agricultural crops and cause severe
negative effects on the yield and yield quality of those crops. Effective methods
for controlling parasitic weeds are scarce, with only a few known cases of genetic
resistance. In the current study, we suggest an improved strategy for the control
of parasitic weeds based on trans-specific gene-silencing of three parasite genes at
once. We used two strategies to express dsRNA containing selected sequences of
three Phelipanche aegyptiaca genes PaACS, PaM6PR, and PaPrx1 (pma): transient
expression using Tobacco rattle virus (TRV:pma) as a virus-induced gene-silencing
vector and stable expression in transgenic tomato Solanum lycopersicum (Mill.) plants
harboring a hairpin construct (pBINPLUS35:pma). siRNA-mediated transgene-silencing
(20–24 nt) was detected in the host plants. Our results demonstrate that the quantities
of PaACS and PaM6PR transcripts from P. aegyptiaca tubercles grown on transgenic
tomato or on TRV-infected Nicotiana benthamiana plants were significantly reduced.
However, only partial reductions in the quantity of PaPrx1 transcripts were observed
in the parasite tubercles grown on tomato and on N. benthamiana plants. Concomitant
with the suppression of the target genes, there were significant decreases in the number
and weight of the parasite tubercles that grew on the host plants, in both the transient
and the stable experimental systems. The results of the work carried out using both
strategies point to the movement of mobile exogenous siRNA from the host to the
parasite, leading to the impaired expression of essential parasite target genes.
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INTRODUCTION

Parasitic weeds such as broomrapes do not possess functional
roots and do not have effective photosynthesis (Parker and
Riches, 1993). Instead, they develop special intrusive organs
(haustoria) that penetrate crop roots, directly connecting them
to the vascular system of the crop plants that serve as their
hosts (Joel and Losner-Goshen, 1994; Yoder, 1999; Westwood,
2000). The haustorium is the organ that distinguishes parasitic
from non-parasitic plants (Kuijt, 1969). This organ forms the
physical and physiological connection between parasite and host,
and its interaction with tissues is important for the translocation
of molecules and macromolecules (Aly, 2013). By acting as a
strong sink relative to the host, broomrapes channel the flow of
water, nutrients, and other molecules from the host to themselves,
thereby damaging crop development and greatly reducing yields
(Joel, 2000). Broomrapes have evolved sophisticated systems for
detecting the presence of host plants and coordinating their
development with it (Joel and Losner-Goshen, 1994; Yoder,
1999; Bouwmeester et al., 2003). Following successful attachment,
broomrape tissues adjacent to the host root grow into a bulbous
structure called a tubercle (Kuijt, 1977). After approximately
4 weeks of growth, a floral meristem is produced, which emerges
above ground to flower and disseminate seeds. Effective means
for the control of broomrapes are few (Aly, 2007).

The best long-term strategy for controlling parasitic weeds
may be through the identification and breeding of resistant crop
genotypes (Cubero and Hernández, 1991; Ejeta et al., 1991).
However, despite many years of work by plant breeders, only a
handful of resistant crop cultivars are currently available.

Plants have evolved a variety of gene-silencing pathways
mediated by small RNA sequences (siRNA), which are 21 or
24 nt in size. siRNA suppresses the expression of sequence-
homologous genes at the transcriptional and post-transcriptional
levels (Baulcombe, 2004; Ding, 2010). The production of hairpin
RNA (hpRNA) in transgenic plants is a powerful tool for
suppressing gene expression in plants (Wesley et al., 2001;
Mansoor et al., 2006; Bandaranayake and Yoder, 2013) through
a process known as post-transcriptional gene-silencing (PTGS).

Gene-silencing in plants has been shown to effectively control
nematodes (Atkinson et al., 2003; Huang et al., 2006) and
viruses (Prins et al., 2008; Leibman et al., 2015), and evidence
is available to suggest a natural antiviral role for RNA silencing
in vertebrates, fungi, worms, and flies (Fire et al., 1998; Denli
and Hannon, 2003). RNAi strategies have also been tried for the
control of parasitic plants such as Triphysaria pusilla (Benth.) T.I.
Chuang and Heckard (Tomilov et al., 2008), Striga hermonthica
(Delile) Benth. (de Framond et al., 2007; Ejeta and Gressel,
2007), Phelipanche aegyptiaca (Pers.) Pomel (Aly et al., 2009), and
Cuscuta pentagona Engelm. (Alakonya et al., 2012).

Virus-induced gene-silencing (VIGS) is an RNA silencing-
based technique used for the targeted down-regulation of a host
gene, to allow the analysis of the function of that gene (Lu
et al., 2003). It has also been used to silence a wide variety of
genes in plants (Robertson, 2004). VIGS-derived dsRNA can be
transferred from a host plant to herbivores (Kumar et al., 2012)
and parasitic plants and suppress the expression of target genes

(Aly et al., 2014). Using the VIGS technique, we have shown
that transient knock-down of Phelipanche aegyptiaca CCD7 and
CCD8 inhibits the development of parasite tubercles and the
infestation process in tomato host plants (Aly et al., 2014).

The specific genes selected for silencing are genes that
play critical roles in the life cycle of the parasite: 1-amino-
cyclopropane-1-carboxylate synthase (PaACS synthase; accession
no. AB219097) is a key regulatory enzyme in the ethylene
biosynthetic pathway, which delays the flowering of the parasite
growing on transgenic plants (Trusov and Botella, 2006).
Mannose 6-phosphate reductase (PaM6PR; Aly et al., 2009)
regulates mannitol content in P. aegyptiaca; mannitol is essential
for the movement of water and nutrients from the host to the
parasite (Everard et al., 1997; Delavault et al., 2002). Peroxidase
(PaPrx1; accession no. AY692263) plays an important role in
mediating the parasite’s responses and signals during the early
stages of infection (Keyes et al., 2001). It may also play a role in
the infection process or in the development of the parasite, or
even loosen the host cell wall (Foreman et al., 2003; Liszkay et al.,
2004), thereby facilitating penetration.

We used two silencing strategies to degrade the RNA of
three important P. aegyptiaca genes and demonstrated that
levels of endogenous PaACS synthase and PaM6PR transcripts
from P. aegyptiaca tubercles grown on transgenic or tobacco
rattle virus (TRV)-mediated Nicotiana benthamiana plants were
significantly reduced and significantly inhibited the development
of the parasite.

MATERIALS AND METHODS

Selection of the Candidate Genes, Vector
Construction and Generation of
Transgenic Plants
Three P. aegyptiaca genes, PaPrx1, PaM6PR, and PaACS,
were selected to be knocked down. The sequences of PaPrx1
(AY692263), PaM6PR (Aly et al., 2009), and PaACS (AB219097)
of P. aegyptiaca were fished out from NCBI and confirmed with
the PPGP website.1 The unique and non-homologous sequences
of respective candidate genes were selected as described by Aly
et al. (2009). RNA was isolated from P. aegyptiaca tubercles
(SpectrumTM Plant Total RNA Kit, STRN50, Sigma) and then
used to prepare cDNA (Verso cDNA kit, AB-1453/A, Thermo)
for the further amplification of selected sequences. The selected
region of PaPrx1 cDNA was amplified using the forward primer
5′-CGAGCTCCCAAGCAATTAAGTTTAGTG-3′ and the
reverse primer 5′-GGGGTACCCCTCTCACGTGATATTGC-3′,
flanking the SacI and KpnI sites, respectively, and cloned
into pUC19. The selected region of the PaM6PR gene was
amplified using the forward primer 5′-GGGGTACCTCCAAT
GAGGATATGGAACTG-3′ and the reverse primer
5′-GCGTCGACGAGGTTGGAAGAGAACAATAC-3′, flanking
the KpnI and SalI sites, respectively, and fused to the
PaPrx1 gene in the recombinant pUC19. The selected
fragment of PaACS was amplified using the forward primer

1http://ppgp.huck.psu.edu
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5′-GCGTCGACTTGATGACGATCGAGTGGCG-3′ and the
reverse primer 5′-CCCAAGCTTATTTGCGGGCCAGCTG
GAG-3′, flanking SalI and HindIII, respectively, and cloned
in recombinant pUC19 containing both parts of the PaPrx1
and PaM6PR genes. The recombinant clones containing the
three fused genes were confirmed with restriction analysis
and nucleotide sequencing. For the VIGS assay, the pma
sequences (including the three segments of the parasite genes)
were amplified using the forward primer 5′-GCGGCCGC
TCTAGACCAAGCAATTAAGTTTAGTG-3′ and the reverse
primer 5′-CCGCTCGAGGGATCCATTTGCGGGCCAGCT
GG-3′, and then cloned into the pTRV2 vector at the XbaI and
BamHI sites.

The above three fragment genes (799 nt) were also cloned
in a hairpin configuration in a binary vector pBINPLUS under
the control of the CaMV35S promoter, as described by Leibman
et al. (2015). The transgenic tomato plants were generated using
kanamycin as a selection marker (Barg et al., 1997; Leibman et al.,
2015). T1 seeds were collected and sterilized with 70% ethanol
for 1 min and 1% sodium hypochlorite and 0.01% Tween for
15–20 min, and then rinsed three times with sterilized distilled
water. Ten seeds from each of the tomato T1 lines were grown
on media (20 g sucrose, 4.4 g MS, pH 5.8, with 6 g phytagel)
containing 100 µg/ml kanamycin. The petridishes containing the
seeds were kept in a dark growth chamber for 3 days. After that
period, the transgenic seedlings were transplanted into pots in a
greenhouse.

RNA Isolation, RT-PCR, and qRT-PCR
Analysis
Total RNA was extracted from 5 to 10 mm P. aegyptiaca tubercles
grown on silenced and non-silenced N. benthamiana plants,
and tubercles attached to transgenic tomato and control tomato
plants. First-strand cDNA was synthesized using 1 µg of total
RNA extracted from P. aegyptiaca tubercles. The quantitative
reaction was performed using an ABI-Prism 7000 Real-Time PCR
Detection System (Applied Biosystems) and SYBR Green Master
Mix (Thermo-AB4162) according to the manufacturer’s protocol.
For real-time experiments, we used the following primers: for
the PaACS gene, forward 5′-GGGCATGGTGGGTATTTGC-3′
and reverse 5′-TACTATGTGAGAATCTTGGGCTTGA 3′; for
PaM6PR: forward 5′-CCAATGAGGATATGGAACTGTTGA-3′
and reverse 5′-CATGGGAGAGAAACTTATGCGAAAA-3′; and
for PaPrx1: forward 5′ ATCCATCAACTTTGTTGCTGTGA-
3′ and reverse 5′-ACGACATGTGCGAGAGTAGAATG-3′.
Expression of the candidate target genes was normalized to
the expression of the Actin gene using the forward primer
5′-ATGGGCCAGAAAGATGCATATGTT-3′ and the reverse
primer 5′-GTGTGATGCCAAATTTTCTCCATGT-3′. Relative
gene expression was calculated using the 2−11Ct method (Livak
and Schmittgen, 2001). The qRT-PCR reaction conditions
were as follows: 15 min activation at 95◦C, followed by 40
cycles of 95◦C for 10 s, 60◦C for 15 s, and 70◦C for 20 s.
The qRT-PCR experiment was performed in biological and
experimental duplicates using PCR Master Mix (cat.42-138;
ApexTM).

siRNA Analysis in Transgenic Roots and
in VIGS-Assayed Plants
Total RNA was isolated from roots of transgenic tomato plants
using an EZ-RNA II kit (Total RNA Isolation Kit, 20-410-
100, Biological Industries). Expression of transgene siRNA were
detected by northern blot analysis using a cDNA-transcript
probe harboring the three target genes (32P-labeled cDNA probe)
according to a standard protocol (Aly et al., 2009).

VIGS Assay
Tobacco rattle virus-virus-induced gene-silencing experiments
were performed with N. benthamiana seedlings that had 3–4
leaves. Agro-infiltration of tobacco leaves were performed
as described by Bachan and Dinesh-Kumar (2012). In brief,
the following plasmids: TRV-RNA1 (TRV), TRV-RNA2
(pTRV2:PaPrx1-PaM6PR-PaACS, abbreviated TRV:pma), and
empty TRV were transformed with Agrobacterium strain
EHA105 using standard protocols. Single colonies were
inoculated for primary broth culture (5 ml), followed by
secondary broth culture (50 ml) in the presence of suitable
antibiotics. The colonies were then grown overnight at 28◦C.
The next day, 50 ml of cell culture was pelleted by centrifugation
at 3000 rpm for 15 min. The recovered pellet was dissolved in
infiltration medium (10 mM MES; 10 mM MgCl2; 250 µ M
acetosyringone in double-deionized water) adjusted to an OD
of 1.0 (600 nm), and then incubated at room temperature for
3 h. Agrobacterium was introduced into the lower surface of
the tobacco leaf with a 2.0 ml syringe. Just before infiltration,
a culture of TRV and TRV:pma in a 1:1 ratio was prepared.
RNA was isolated from TRV- and TRV:pma-infected leaves
and roots 10 days after infiltration and then subjected to RT-
PCR analysis. The expression analyses of TRV and TRV:pma
were performed using the following primers: pTRV1 forward:
5′-CCTTTGAACGCGGTAGAACG-3′, pTRV1 reverse: 5′-
TGCAGAGCAGGAACTCTATC-3′ and pTRV2 forward:
5′-TTACGGACGAGTGGACTTAG-3′ and pTRV2 reverse:
5′-CTATGGTAAGACAATGAGTCG-3′.

Evaluation of Plant Resistance to the
Parasite
Phelipanche aegyptiaca seeds were collected from an infested
tomato field in the Bet She’an Valley in eastern Israel.
N. benthamiana plants were used as hosts for TRV infection. Host
plants were transplanted into 2.0-L pots filled with soil (light-
medium clay with 63% sand, 12% silt, and 22% clay) and grown in
a greenhouse under natural light with an average 14 h of daylight
and a temperature of 20 ± 6◦C. The plants were watered and
fertilized as needed. N. benthamiana seedlings were transplanted
into pots containing soil infested with P. aegyptiaca seeds (20 mg),
7–10 days before agro-infiltration. Host roots from TRV-VIGS
and control plants were collected 25–30 days after they were first
exposed to the P. aegyptiaca seeds. P. aegyptiaca tubercles larger
than 2 mm were counted and weighed and their RNA was then
isolated.

The host resistance of transgenic tomato lines (T1) was
evaluated by challenging the host plants with the parasite seeds in
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2.0-L pots. The roots were washed after the parasite inflorescences
emerged above the ground. P. aegyptiaca tubercles larger than
2 mm were counted and weighed, and RNA was then isolated
from those tubercles for the analysis of target gene expression.
Host and parasite morphology and biomass were measured as
described by Aly et al. (2009).

Peroxidase Assay
Peroxidase activity was evaluated using the Amplex R© Red
Hydrogen Peroxidase/Peroxidase Assay Kit (A22188, Molecular
Probes). Briefly, 200 mg of the parasite tubercles attached to
transgenic and non-transgenic host roots were collected and
frozen in liquid nitrogen, and then homogenized in 1.2 ml
of 0.2 M potassium phosphate buffer (pH 7.8). Samples were
centrifuged at 15000 rpm for 20 min at 4◦C. The supernatants
were stored and the pellet was re-suspended again in 0.8 ml of the
same buffer followed by centrifugation. Both supernatants were
combined and stored on ice, and used to determine peroxidase
activity.

RESULTS

P. aegyptiaca Target Gene Sequences
Based on the database of P. aegyptiaca ESTs from the Parasitic
Plant Genome Project2 (Westwood et al., 2011), PubMed-NCBI
data sequences and an older database of P. aegyptiaca sequences
(Aly et al., 2009), we identified and confirmed suitable DNA
sequences (Supplementary Figure S1) from non-homologous
regions of the three target genes that differ between P. aegyptiaca,
tomato and N. benthamiana, to avoid silencing any host genes.

Silencing of P. aegyptiaca Target Genes
via TRV Vectors
The selected target regions of PaM6PR (268bp), PaACS (299bp),
and PaPrx1 (232bp) from P. aegyptiaca (Supplementary
Figure S1) were cloned in a transient expression system
(TRV) vector (Figure 1A), as described by Liu et al. (2002).
N. benthamiana plants were agro-infiltrated with the
recombinant TRV2:pma and TRV (Figure 1A) according
to the method described by Bachan and Dinesh-Kumar (2012).
Accumulation of TRV and TRV:pma in roots and leaves of
N. benthamiana plants was confirmed by RT-PCR (Figure 1B).
The expression levels of the target gene mRNA in P. aegyptiaca
grown on assayed N. benthamiana plants were evaluated using
quantitative RT-PCR. This analysis showed that the transcript
amounts of PaACS and PaM6PR were significantly reduced in
the parasite tubercles growing on N. benthamiana plants infected
with recombinant TRV as compared to N. benthamiana plants
infected with TRV (Figure 1C). No significant suppression
of the production of PaPrx1 transcripts was observed in the
parasite tubercles grown on N. benthamiana plants infected with
recombinant TRV (Figure 1C).

2http://ppgp.huck.psu.edu/

Retardation of P. aegyptiaca
Development on N. benthamiana Plants
Infected with TRV:pma
Nicotiana benthamiana plants were assayed for resistance to
P. aegyptiaca in pots in which infected plants were pre-
challenged with the parasite seeds 10 days before agro-infiltration
in the greenhouse (Aly et al., 2014). Parasite infection rates
and the number and total weights of P. aegyptiaca tubercles
larger than 2 mm were determined on TRV:pma and TRV
control plants 2 weeks after agro-infiltration. TRV:pma-treated
plants expressing the target sequences of PaACS, PaM6PR, and
PaPrx1had significantly fewer parasite tubercles and the weight
of those tubercles was also more than 50% lower among these
plants, as compared to the control plants (Figures 2A,B). Growth
of the parasite shoots also ceased (Figure 2C). Our data suggest
that mobile siRNA might move from the host plant to the parasite
tubercles and differentially affected the silencing of the target
genes.

Since the efficacy of the trans-silencing of the target
sequences in P. aegyptiaca was confirmed for at least two
genes (ACS and M6PR) through the use of the transient VIGS
strategy, we conducted experiments for stable transformation
into tomato Solanum lycopersicum L.‘MP-1’plants, to determine
efficacy of this trans-silencing strategy in stable transgenic
lines.

Characterization of Stable Transgenic
Tomato Lines and Their Resistance to
the Parasite
The binary pBINPLUS35:pma construct (Figure 3A) harboring
fragments of PaPrx1, PaM6PR, and PaACS in a hairpin
configuration was transformed into tomato Solanum
lycopersicum ‘MP-1’as described by Leibman et al. (2015).
Several independent lines of transgenic tomato containing
pBINPLUS:pma were developed through Agrobacterium-
mediated transformation. Twenty-six independent transgenic
tomato lines were generated and five lines (2, 17, 35, 45, and 59)
were selected for use in further experiments based on transgene
expression as determined by RT-PCR. PCR was used to confirm
the presence of the transgene in the selected T1 transgenic lines
(Figure 3B). A segregation ratio of close to 3:1 was noted for
kanamycin resistance (data not shown), which may indicate the
presence of a single locus in those transgenic lines. Expression
levels of the transgene transcripts of lines 2, 17, 35, 45, and 59 (T1
progeny) were analyzed by RT-PCR, using target gene-specific
primers (Figure 3C).

The transgene transcripts were detected only in the transgenic
lines using specific primers (Figure 3C). Interestingly, the level
of transgene transcript varied between the different target genes:
Prx1 ≥ M6PR ≥ ACS. This could be due to the orientation
and position of the fragment in the inverted repeat construct,
as was demonstrated by Wroblewski et al. (2014). In addition,
the differences in transcript levels (Figure 3C) may reflect
rapid processing of transgene dsRNA by DCLs to siRNA.
So the low level of transcripts in line 59 may indicate a
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FIGURE 1 | Suppression of PaACS, PaM6PR, and PaPrx1 mRNA in Phelipanche aegyptiaca via Tobacco rattle virus-virus-induced gene-silencing (TRV-VIGS)
assayed in Nicotiana benthamiana plants. (A) Schematic representation of the construct cloned in the pTRV2 vector according to Liu et al. (2002). (B) Systemic
infection of recombinant TRV:pma and the TRV control in leaves and roots of N. benthamiana plants. RT-PCR was used to assess the accumulation of TRV RNA1
and 2. The actin gene served as a control. (C) Quantification of PaACS, PaM6PR, and PaPrx1 mRNA by qRT-PCR analysis was normalized to actin transcript levels
in P. aegyptiaca tubercles attached to N. benthamiana plants that were infected with TRV and TRV:pma. All analyses were performed using three biological
replicates. TRV-infected plants were calibrated to the value 1.

rapid processing to siRNA. This could explain why the low
level of transcript in line 59 is associated with more efficient
silencing.

To verify the transgene dsRNA processing by DICERs, we
used northern blotting to analyze the accumulation of transgene
siRNA in the roots of transgenic and non-transgenic lines. The
accumulation of transgene siRNA was detected and confirmed
in several lines, including lines 2, 17, and 59 (Figure 3D). The
horticultural traits of the transgenic T1 tomato lines appeared
normal and the plants were fertile under greenhouse conditions.
No phenotypic differences were observed between these plants
and the corresponding non-transformed MP-1 plants during the
vegetative (Figure 3E) or reproductive growth stages (data not
shown).

To determine whether transgene siRNA produced in the host
would move into P. aegyptiaca and affect the accumulation
of the parasite mRNA targets, we examined the expression
levels of the target genes (PaPrx1, PaM6PR, and PaACS) in
viable P. aegyptiaca tubercles. Our quantitative RT-PCR analysis
showed that the level of endogenous target mRNA in the parasite
tubercles was reduced relative to the levels in P. aegyptiaca
tubercles grown on transgenic T1 tomato plants containing
an empty vector (EV) or non-transgenic tomato plants (NT;
Figure 4A).

Levels of PaACS, PaM6PR, and PaPrx1 mRNA in P. aegyptiaca
tubercles attached to plants of line 59 were significantly
suppressed (more than 6-, 12- and 3-fold, respectively;
Figure 4A). Significant mRNA suppression of PaM6PR and
PaPrx1 was observed among plants of line 17 and, among
the plants of line 2, only PaM6PR mRNA was significantly
suppressed (Figure 4A).

The resistance of the best candidate lines (2, 17, 45, and
59) to parasite development was evaluated in pot experiments.
P. aegyptiaca infestation was examined in three separate
experiments, which each included 10 biological replicates. To
evaluate the resistance of the transgenic lines, we considered
and counted only fresh and viable parasite tubercles. Our results
indicate that the number of attached parasite tubercles was
decreased significantly relative to the non-transgenic plants: 7-
fold in line 59, 5-fold in line 17, and more than 2-fold in line 2
(Figure 4B). The fresh weights of parasite tubercles and shoots
attached to lines 2, 17, and 59 were also significantly lower than
those of the parasite tubercles and shoots attached to the control
plants (Figure 4C). Dry weights of transgenic tomato shoots were
significantly higher for lines 2, 17, and 59, as compared to the
non-transgenic control plants (Figure 4D).

The resulting plants appeared normal and were fertile
(Figure 5A). When grown in soil inoculated with P. aegyptiaca,
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FIGURE 2 | Retardation of P. aegyptiaca development on VIGS-assayed N. benthamiana plants. The resistance of N. benthamiana plants to P. aegyptiaca was
assayed by transplanting N. benthamiana seedlings into pots containing soil infested with P. aegyptiaca seeds (20 mg) 7–10 days before agro-infiltration. To evaluate
host resistance to the parasite, host roots of rec-TRV- and TRV-treated plants were rinsed 25–30 days after they were challenged with P. aegyptiaca seeds.
Tubercles larger than 2 mm (Diameter) were considered for analysis. The number of parasitic tubercles (A), average weight of tubercles (B), and representative
tubercle growth of the parasitic plants attached to rec-TRV- and TRV-treated plants (C) were analyzed. Bars represent means of 10 replicates and vertical lines
indicate SE values. Asterisks (∗) indicate means different from that of the control and significant differences between empty vector (EV)-infiltrated plants and
vector-containing target genes in the VIGS trials, as determined by Student’s t-test, α = 0.05.

transformed tomato lines 2, 17, 45, and 59 had significantly
higher biomass accumulation than non-transgenic tomato lines
(Figure 5A). Additionally, the transformed plants had higher
proportions of necrotic and dead tubercles (Figure 5B),
as compared to the non-transformed plants (Figure 5C).
Specifically, the mean proportion of necrotic tubercles on non-
transformed plants was 1%; whereas among the transgenic lines
2, 17, 45, and 59, the proportion ranged from 50 to 90%.

DISCUSSION

As described previously (Aly, 2007; Joel et al., 2007, 2013),
parasitic weeds are difficult to control by conventional means due
to their life style; they live in close association with the host roots
and are concealed underground and out of sight until they have
already inflicted irreversible damage. In this study, our hypothesis
was based on our previous results showing partial silencing of
a single gene (M6PR) in P. aegyptiaca (Aly et al., 2009). In
order to increase the robustness of this resistance, we pyramided
multiple hairpin sequences into single vector. We assumed that
resistance to P. aegyptiaca in tomato would be improved by
expressing dsRNA of multiple gene sequences involved with
essential regulatory pathways in the parasite. We selected three
genes that are important for the parasite’s metabolism (PaACS,
PaM6PR, and PaPrx1) for silencing. Suitable DNA fragments

(Supplementary Figure S1) from non-homologous regions of the
target genes that differ between P. aegyptiaca and tomato (to
prevent silencing of endogenous genes in the host) were used.

To evaluate host resistance to parasitism by P. aegyptiaca, we
used two different strategies to knock out three parasite target
genes: VIGS and hairpin silencing. Using a VIGS system, we were
able to knock-down two candidate genes, PaACS and PaM6PR
(Figure 1C), but not PaPrx1 (Figure 1C) in parasite tubercles
attached to the host. However, in a stable transgenic system
(hairpin-silencing strategy), significant suppression of PaPrx1
transcripts was observed in the parasite tubercles attached to the
roots of transgenic tomato plants of lines 17 and 59 (Figure 4A).
The lacks of PaPrx1 transcript suppression in the transient
transformation system can be explained by the instability or
inefficiencies of PaPrx1-siRNAs derived from TRV. Additionally,
it might be that the siRNA itself was unable to reach the target
gene due to its localization in the tissue.

It is also possible that the targeted PaPrx1genes is redundant
with other members of their gene family compensating for the
silenced genes. This assumption was confirmed, by a nucleotide
blast of the selected PaPrx1 region with the transcriptomic data
of P. aegyptiaca ESTs from the Parasitic Plant Genome Project3

at different developmental stages. Indeed, several members of

3http://ppgp.huck.psu.edu/
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FIGURE 3 | Integration and expression of the PaACS, PaM6PR, and PaPrx1 fragments in T1 transgenic tomato lines. (A) Schematic representation of the silencing
construct pBINPLUS35S:pma binary vector harboring the target genes PaACS, PaM6PR, and PaPrx1 in hairpin configuration. (B) The presence of the transgene in
selected T1 lines (2, 17, 35, 45, and 59) was confirmed by PCR analysis of extracted DNA. Lanes NT and pl show the PCR products from the non-transgenic control
plants and the pBINPLUS35S:pma binary vector, which served as a positive control. For RT-PCR analysis, total RNA was extracted from tomato roots and cDNA
was then prepared using random hexamer primers. (C) Levels of the transgene transcripts were analyzed by RT-PCR of the self-pollinated progenies (T1) of the
transgenic lines 2, 17, 35, 45, and 59. Expression of the actin gene was used as a control for the RT-PCR procedure, the construct pBINPLUS35S:pma (pl) served
as a positive control and (–RT) served as a negative control. (D) Northern blot analysis of transgene-siRNA (t-siRNAs) accumulated in transgenic lines 2, 17, and 59.
Non-transformed tomato (NT) served as a negative control. Approximately 30 µg of total RNA from each sample were separated on a 15% urea-PAGE gel and then
transferred to a nylon NX membrane. Hybridization was performed with 32P-labeled transcripts of the transgene clone. The gel was stained with ethidium bromide
for RNA evaluation prior to transfer to nylon (EtBr stain). (E) Growth and appearance of the transgenic tomato plants (Tr) and non-transgenic (non-Tr) tomato plants in
a greenhouse.

PaPrx1 were expressed during the early stages of host infection
by the parasite (Supplementary Table S1).

We also measured peroxidase activity in tubercles attached to
the roots of selected transgenic plants and found no significant
suppression of peroxidase activity in either the VIGS system
or the hairpin-silencing system (Supplementary Figure S2),
with the exception of line 45, in which peroxidase activity
was not correlated with the transcript level (Figure 4A). The
observed peroxidase activity probably reflects the activity of
multiple peroxidases rather than the targeted sequence of PaPrx1.
Nevertheless, low-level suppression of the PaPrx1 target gene
did not affect the number or weight of the parasite tubercles
that developed on the assayed plants treated with the silencing
construct (TRV:pma sequences). The number and weight of
the tubercles on these host plants were significantly lower than
those observed for the control treatment (TRV), as a result of
PaACS and PaM6PR silencing (Figures 2A,B). Additionally, the
parasite tubercles that developed on the VIGS-assayed plants
were small and necrotic and developed abnormally (Figure 2C).
Accumulation of M6PR siRNA in transgenic tomatoes was shown
to correlate with decreased levels of M6PR mRNA (Aly et al.,
2009). A similar correlation was previously observed between

the accumulation of siRNA and virus resistance (Bucher et al.,
2006).

We assume that a silencing signal (i.e., mobile siRNA) travels
a long distance (Molnar et al., 2011) and can move from
host to parasite through haustoria and targeted the tubercles
of the parasite genes. Such long-distance movement of mobile
siRNA has also been observed between host plant tissue and
the parasites Triphysaria (Tomilov et al., 2008) and Phelipanche
(Aly et al., 2009). Although, TRV-VIGS strategy is based on
transient expression and does not rely on transformation, it offers
a tremendous advantage to analyze gene functions. Promising
target genes identified by TRV-VIGS might be used for stable
transformation. Therefore, for stably transformed tomato plants,
constructs containing the selected sequences (PaACS, PaM6PR,
and PaPrx1) from P. aegyptiaca were cloned into the pBINPLUS
plasmid in hairpin configuration, as illustrated in Figure 3A
and introduced into tomato [S. lycopersicum (Mill.)] plants. The
presence of the transgenes in transgenic plants was verified by
PCR and RT-PCR (Figures 3B,C). The accumulation of a large
amount of siRNA in the transgenic host plants (2, 17, and 59;
Figure 3D) could explain the significant reductions in the mRNA
levels of the parasite tubercles grown on those transgenic plants.
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FIGURE 4 | mRNA levels of PaACS, PaM6PR, and PaPrx1 in P. aegyptiaca tubercles and resistance of transgenic and non-transgenic lines to the parasite.
(A) Quantification of PaACS, PaM6PR, and PaPrx1 mRNA levels by qRT-PCR normalized to equal levels of actin transcripts in the underground tubercles of
P. aegyptiaca including controls and transgenic tomato plants. Total RNA was extracted from 0.5 g of 3 to 5 pooled P. aegyptiaca tubercles grown on five transgenic
T1 tomato plants (lines 2, 17, 45, and 59), a non-transgenic control plant (NT) and transgenic plants carrying an EV. Quantitative RT-PCR analysis was performed
using primers specific for PaACS, PaM6PR, and PaPrx1. The data presented are relative values calculated following normalization to P. aegyptiaca actin with the
2-11ct program. The data are the means of three biological replicates. Bars represent the standard errors of three independent measurements. The graphs in panels
(B,C) show the number and fresh weights of P. aegyptiaca tubercles attached to the transgenic and non-transgenic tomato plants in the greenhouse pot assay.
P. aegyptiaca tubercles were collected from five transgenic T1 tomato plants (lines 2, 17, 45, and 59), a non-transgenic control plant (NT) and transgenic plants
carrying an EV. Means ± SE were calculated based on 10 independent plants. For both experiments, ∗ and ∗∗∗ indicate means different from NT and EV as
determined by Student’s t-test at α = 0.05 and α = 0.001, respectively. (D) Dry weights(g) of host plants were obtained as described by Hamamouch et al. (2005).
Means ± SE were calculated based on 10 independent plants. For both experiments, ∗and ∗∗∗ indicate means significantly different from NT and EV as determined
by Student’s t-test at α = 0.05 and α = 0.001, respectively. (The weight in graph C and D represent individual average amount of each line).

FIGURE 5 | Phenotypes of transgenic tomato plants and P. aegyptiaca tubercles grown in pot experiment in the greenhouse. (A) Growth and appearance of a
representative transgenic tomato plant Tr (line 59) and a representative non-transgenic (non-Tr) plant. (B) Roots of transgenic line Tr (line 59) and the parasite
tubercles originated from this line. (C) Roots of non-transgenic (non-Tr) and the parasite tubercles originated from this line.
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Other transgenic lines (data not shown) had lower amounts
of siRNA, reflecting lower levels of mRNA targeting of the
parasite.

Silencing efficiency could be related to the amount of siRNA in
the plant tissue or to the specific selected sequences of the target
genes (Dunoyer et al., 2005). It is also possible that the efficiency
of the haustorial connection varied between the different host
lines. Silencing variability was shown for GUS activity in GUS-
expressing Triphysaria that was grown on transgenic lettuce
expressing GUS (Tomilov et al., 2008). In our study, the
transgenic plants expressing the selected parasite genes were
similar in appearance to non-transformed plants (Figure 3E),
suggesting that the parasite target genes are not detrimental to
the host.

Our results demonstrate differential silencing efficacy of the
siRNA on target endogenous (PaACS, PaM6PR, and PaPrx1)
mRNA from P. aegyptiaca tubercles grown on transgenic lines
(2, 17, 45, and 59) (Figure 4A). For example, the quantity of
PaACS transcript was significantly reduced in only in one line
(line 59), the quantity of PaM6PR transcript was significantly
reduced in three lines (2, 17, and 59), and the quantity of PaPrx1
transcript was significantly reduced in two lines (17 and 59;
Figure 4A).

Differences in the transcript levels or efficiency of mRNA
silencing among the different transgenic lines could be related
to the amount of siRNA in the host plant tissue or possibly to
the efficiency of the haustorial connection to the host lines. In
our previous study, accumulation of M6PR siRNA in transgenic
tomatoes was shown to correlate with decreased levels of M6PR
mRNA (Aly et al., 2009). Recently, the up-regulated expression
of SHOOT MERISTEMLESS-like (STM) home box transcription
factors was demonstrated during haustoria formation in Cuscuta
(Alakonya et al., 2012). That study of transgenic tobacco
expressing siRNA of STM specific to Cuscuta reported the
reduced efficacy of dodder infection on transgenic tobacco
plants and defects in haustorial connection, development, and
establishment on the host (Alakonya et al., 2012).

In the current study, the transgenic lines (2, 17, and 59) had
significantly fewer tubercles on their roots and the weight of those
tubercles was also significantly reduced, as compared the control
plants (Figures 4B,C). The transgenic plants (2, 17, 45, and
59) accumulated more biomass than both the non-transformed
plants and the plants transformed with an empty vector in
the presence of the parasite (Figure 4D). Furthermore, plants
expressing the parasite target genes showed enhanced resistance
to P. aegyptiaca as evidenced by abnormal parasite development
and higher parasite mortality after attachment, as compared to
non-transformed plants (Figures 5A–C). These results indicate
that the resistance induced in lines 2, 17, and 59 through the use
of hairpin silencing was considerable.

CONCLUSION

In light of the importance of parasitic weeds to world agriculture
and the difficulty of obtaining resistance by conventional
methods, we assume that genetic resistance based on the silencing
of key metabolic genes in the parasite is now feasible. We
used different experimental systems and demonstrated that the
TRV-VIGS system can provide a rapid screening process for the
silencing of potential candidate parasite genes. In addition, the
results of our work involving a hairpin-silencing strategy showed
that short interfering RNA molecules expressed in host plants
affect gene expression in parasitic plants attached to host roots.
However, in this context, further research will be required to
identify more gene sequences critical to the growth of the parasite
and to optimize the system for siRNA signal transmission from
host to parasite for use with other promoter sequences.
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