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ABSTRACT

The main fungal diseases of sunflower are black stesseaseRhoma macdonaldiji downy mildew
(Plasmopara halstedii Phomopsis stem cankdP{omopsis helianthiand white mold $clerotinia
sclerotiorun). Thanks to genetic improvement, the main methbdlisease control is the use of
varieties with good tolerance or resistance. Crapagement includes a set of measures to reduce the
risk of fungal attacks and to limit the impact bése attacks on the crop. Cultural control is based
prevention (e.g. by crop rotation), escape (e.gabjusting the sowing date) or the promotion of
microclimatic conditions unfavorable to pathogetisrdugh control of vegetative growth), all of
which have been shown to be effective. A suitaiphetl combination, organized at the regional level,
of cultural, genetic, chemical and biological cohtnethods is the key to an effective, integrated a
sustainable control of diseases in sunflower.

Keywords
Sunflower, fungal diseases, crop management, Pheimbplianthi, Phoma macdonaldii

INTRODUCTION

Sunflowers were grown in France on 680 000 ha i22ind the grain yield averaged 2.3t hahile
potential yield is about 4 t.Han experimental plots where most limiting factare controlled. Water
stress and fungal diseases are the two most frequeh detrimental factors limiting crop yield
(Jouffret et al., 2011). A dozen phytopathogeniwgitare currently reported as potential problenms fo
this oilseed crop, but only four diseases causaifgignt yield losses nationally: downy mildew
(Plasmopara halstedii phoma Phoma macdonaldi phomopsis Fhomopsis helianthi and
sclerotinia Gclerotinia sclerotiorum (Cetiom, 2002). Their main biological and ecotaji
characteristics are reported in Table 1.
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The incidence and severity of a disease result tomplex interactions between a pathogen, a host
plant and their common biophysical and biologicatienment defined by soil, weather and crop
management.

The biological cycle of sunflower diseases confomvith the general scheme proposed by Lucas
(2007) in Fig.1.

Figure 1. Simplified life cycle of a fungus on a plant, kit a crop, or at landscape scale (Lucas,

2007).

dissemination

multiplication

Reducing the harmfulness of disease attacks ield iin a given year is the main objective of crop
protection. But reducing injury (sporulating lessdneven in the absence of detrimental effects on
annual crop yield, is a way to reduce the productibprimary inoculum and thus future epidemics.
For example, in Argentina, where verticillium issarious problem on sunflower, the response of
varieties is evaluated from the symptoms they esgyrbut also on their ability to multiply the fuhga
inoculum (by assessing the amount of microscleiiatithe stem pith). Hence the planning of disease
control methods must consider both temporal antiadgiimensions as soon as the fungus is able to
spread widely.

To avoid (or at least limit) the injury (symptoma)d the damage (loss of yield and quality of the
crop), farmers have three possible control stratetp trigger (Delos et al., 2004; Attoumani-Ronceu
et al., 2010):

- prevent the disease risk (prophylactic methods)

- avoid the contamination when inoculum is stikkgent

- mitigate crop injury and damage after infection

There are four ways to control fungal diseaseseterfthrough the choice of resistant or tolerant
varieties), chemical (fungicidal), biological (e.§Goniothyrium minitansagainst sclerotinia) and
agronomic (or cultural) (Aubertot et al. 2005).

During the last two decades there has been a l@rajress in controlling sunflower diseases by

genetic methods (Vincourt et al 2011; Vear and Bmll2011); nowadays it is surely the most

efficient, practical and repeatable method to @lntnost of the diseases. Nevertheless, the other
methods should not be neglected, especially cullamatrol (Sackston, 1992). Most of these effects

are presented in Table 2.



Table 1: Characteristics of four main sunflower diseaseBrance (from CETIOM, 2002 ; Deled
al., 2000 ; Delo®t al,, 2004; Gulyaet al, 1997 ; Moinarct al, 2009).

Phoma

Downy mildew

Phomopsis

necrotrophous

Sclerotinia

Al

Type of fungus biotrophous necrotrophous necrotrophous
widespread local attacks widespread widespread (excep
for stem base attacks
Most detrimental Stem base Dwarf plants (for | Girdling spots on| Stem base and head
symptoms necrosis and primary systemic | stem rot
premature attacks)
ripening
Potential yield loss 30 to 50 % 50 % (if primary 0.1 to 0.3 t.ha >50 %
attacks) for 10 % of plants
with girdling
lesions
Attacks responsible for | Stem Sporulating dwarf Stem (girdling Stem, collar, head
the spread of inoculum plants and non-girdling
spots)
Inoculum Form Mycelium Oospores, Mycelium Sclerotia
survival mycelium
Support Crop residues, | Crop residues, Crop residues Crop residues, soil
seeds seeds, soil
Life span | > 3 years 10 years 1 year 7 to 10 years

Key period for disease
development

Attack at stem

Synchronism

base early enough between plant

to provoke a stem
base sheath at
anthesis

emergence and
presence of free
water in the soil

Time to reach the
stem from an
attack at leaf
margin

Anthesis coincides
with spore emission

Favorable conditions for

Strong inoculum

50 mm of

Relative humidity

Free water during

the establishment of the| pressure, precipitation > 90% during 42h at floret surface
fungus environmental required within 10| 36h,

conditions days around optimal

moderately sowing time, soil | temperature rang

limiting temperature > 20-24°C

10°C

Time for symptoms to | 8 to 15 days 10 daysto 7 20-25 days (leaf | 3-8 weeks on heads
appear after weeks (primary | spots) then 20
contamination infection) more days before

Distribution (France)

Rare

Present
Frequent
Very frequent
No data

stem lesions

—



Table 2: Efficacy of control methods (from Aubertet al, 2005).
(+) efficacy level of the method, (-) no method itadale

Downy Phoma Phomopsis Sclerotinig
mildew
Genetic control +++ + +++ ++
Chemical control +++ + +++ -
Biological control - - - +
Cultural control + + + ++

In order to reduce the application of pesticidasefiavironmental and public health concerns, and to
preserve the sustainability of genetic resistarag¥ponomic control should also be part of crop
protection programs. For this, the interactionsveen the pathogen, its host plant, the biophysindll
biological environment and crop management mustlissected and modeled in a comprehensive
system approach (Desanlis et al., 2013).

When genetic control is based on the use of sgea@fistance (e.g. mildew), agronomic control is
necessary for maintaining the effectiveness ofrémssstance over time.

The reduction of the initial inoculum is the figep in the disease control strategy. The main adeth

is lengthening the crop rotation, i.e. delaying ttikeirn of the same crop on the same field but thiso
‘previous effect’ of each crop. The rotation couldd diversified by alternating host and non-host
species, together with soil tillage methods, ineortb break the reproductive cycle of soil-borne
diseases. At regional level, an optimal landscapsane should be arranged to prevent unwanted spore
dissemination from sources of primary inoculum ¢sthplants. The second lever is the management
of infected crop residues which are the main sowofcgrimary inoculum: crushing and burying the
crop residues reducése inoculum'’s life span and its ability to continits cycle. The sanitary quality

of seeds is also an important criterion.

Avoidance strategies consist of reducing the risgyachronism between the period of maximal crop
receptivity and the phase of emission of contarmgaspores. The main lever is the choice of the
sowing date, associated with the choice of suitabtesties (when earliness is possible).

Mitigating the impact of diseases in crops considtseducing the magnitude of disease injury and
damage when contamination occurs. Usually the mameagt objective is to manipulate the canopy
vigor through various cultural practices (sowindedaeeding rate, nitrogen fertilization, irrigatjo
Variety choice is also involved, through its leeglgenetic resistance to the initial infection lalgo
other characters such as earliness, plant aralmgeeind tolerance (i.e. ability to limit the damage
caused by the pathogen injury).

Studies on the impact of crop management on theesgjopn of sunflower diseases began in the mid-
80s, but are still limited as compared to othepsr@or instance wheat). The purpose of this chiapte

to review the results of these studies with a spéatus on two major fungal diseases (phomopsis an
phoma) which have been intensively studied in @ Hecade by agronomists and pathologists
because they are significantly influenced by caltpractices.



Figure 2: A schematic diagram representing the strategiesdntrollingPhomopsis helianttand the
technical solutions than can be applied: 1. praptti¢ methods ; 2. tolerance (genetic control) ; 3
escape ; 4. avoidance; 5 attenuation (chemicak@dnCultural control is 1 (cropping system level,
before sunflower crop or on adjacent fields), 3 arfdrop management system, intra-field).
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REDUCE PRIMARY INOCULUM

The inoculum of major fungal diseases persistsamous forms, either as spores produced by asexual
or sexual reproduction (oospores, ascospores) amjmglium and sclerotia, on different organs of the
plant (vegetative parts, seeds) or diffuse in thik ks survival time is variable (1-10 years) daging

on environmental conditions and agricultural pi@gi Knowing this duration is critical to evaluate
the effectiveness of the methods applied for inaeuteduction.

1.1. Longer rotations. a more effective practice when the inoculum is not widespread at regional
level

In general, short rotations or landscapes withgh bbncentration of sunflower fields both incretme
risk of disease. They contribute to the frequerilt sarichment in contaminated residues (mildew,
phomopsis, phoma) or various forms of storage K(stée of Sclerotinia oospores of mildew,
microsclerotia oMacrophominaor Verticillium), which constitute different sources of inoculuon f
the following sunflower crop. Spreading the sun#owrop on the largest possible number of plots to
delay the return of sunflower on the same plot ipuzelps reduce risk. Whatever the cropping
system, crop rotation is always an effective pcacto prevent the risk of disease. Two successive
sunflower crops are banned in France to prevensphead of mildew (Delos et al., 2004). Masirevic
and Gulya (1992) recommended a minimum period etlyears between two successive sunflower
crops.

In the case of mildew, although weather conditiarmind sowing are critical for infection, the risk
particularly great in areas where rotations arey \&hort, because the level of infestation of adfiel
depends on the presence of plants with mildew symgtin previous years. A survey of 225 fields
monitored between 2007 and 2008 in southwestemcEreevealed a significant effect of crop rotation
duration on the percentage of infected plants amdhe infectious potential of the field, these two



effects being closely associated with soil types tlsk was higher in calcareous clay soils and for
short rotations (one sunflower every two years) gared to rotations where sunflower returned not
less than one year in three (Moinard et al., 2009).

In the case of sclerotinia, the risk of attack @ases with the amount of sclerotia in the soil. fEtern
frequency of susceptible crops (e.g. oil or protgipps) in the rotation potentially increases ibk of
contamination of the field. Lengthening the cropation is a good way of reducing the bank of
sclerotia in the soil, part of which disappearsuraty each year due to insufficient melanisation o
because of mycoparasites (Huang and Scott Erick3008). This measure will be all the more
effective if it is applied as soon as the firshakis occur (Heffer-Link and Johnson, 2007), arathr
susceptible crops are considered (such as oilsg® pea, soybean) (Delos et al. 2004). Gulya. et al
(1997) consider that a minimum of 5 years withosuaceptible crop in the rotation is necessary to
reduce the infectivity potential of a plot.

In the case of phomopsis and phoma, the shorspiée of the inoculum on crop residues and the long
distance dissemination of ascospores both redéceffact of the return period of sunflower cropping
(Jouffret, 2005). When the next crop (often a d¢resa established after simplified tillage, the
sunflower-infected debris remains on the surfacghieat plots, thus constituting a source of inogulu
for the surrounding sunflower plots. In the caselbbdma, this was verified in recent years: in the
Poitou-Charentes region (center-west of Franceypitke sunflower returning less often than in the
southwest for many years (10 to 15% of plots wé$slthan one sunflower crop every 3 years against
40 to 50% in the southwest, Wagner and Lieven, R0di@nificant attacks of phoma and premature
ripening syndrome were still observed in 2010.

1.2. Management of primary inoculum: at field level, but not only ....

Assessing the amount of primary inoculum is critiiwapredict the risk of disease; this amount is
dependent both on the severity of attack in pres/imars and how infected crop residues are managed
after harvest.

Crop residues infected l@homopsisand Phomaare a source of inoculum for attacks in sunflower
fields in subsequent years. These two fungi costitloeir cycle by producing fruiting bodies
(perithecia and/or pycnidia) on residues, whichstitute new sources of contaminating spores. Thus,
the fate of these residues after harvest deternimedevel of inoculum that can infect sunflowers
grown in the following year. Crushing sunflowerlktaalso accelerates the decomposition of stalks
and limits the trophic support for different furghich are sources of inoculum (Delos et al., 2004).
addition, burying residues disrupts the cycle dadsth fungi (Jinga et al., 1992), the formation of
fruiting bodies being determined by light.

Given the ability of the inoculum dPhomaand Phomopsisto be released into the air, measures
promoting the rapid degradation of infected ressdwél be more effective if they are applied in all
the fields in a region (Delos et al., 1994). In tlase of phomopsis, the dissemination of contamigat
spores generally follows the direction of prevaliwinds (Masirevic and Gulya 1992); for phoma,
ascospores may be dispersed over long distanceaimyand wind (Maric et al., 1998) and were
identified in former Yugoslavia as the source dheis on sunflower in places where it had never
previously been grown.

Regarding sclerotinia, soll tillage influences thevival of sclerotia and their ability to germiaah

the mycelial form (responsible for the stem basacks) or to form apothecia, sources for airborne
contamination by ascospores. However, some reeultsoybean in the United States appear to be
contradictory: a deep tillage can bury sclerotiggiding the formation of apothecia, but may
encourage attacks at the stem base. Maintainimgasia less than 5 cm deep with a shallow tillage
would promote their germination but also would eseothem to degradation by mycoparasites present
in this layer (Duncan et al., 2005; Heffer, 2007).



According to Quiroz et al. (2009), the combinatamo-tillage and highly resistant cultivars proess

to be an interesting tool to manayge dahliaeand Verticillium wilt in sunflowerDoran and Linn
(1994)found that conservation tillage (no tillage) inced the level of microbial populations from
0.5 t02.7 times in the top 15 cm of soil. Increases ih microbial activity would provide dighly
competitive environment, leading to competitioneeté between soil microbes and encouraging
disease suppression (Chen et al., 1988).

1.3. Biological control against sclerotia of Sclerotinia

Among mycoparasite€oniothyrium minitanss a fungus that can destroy hyphae and scleoftia
Sclerotinia sclerotiorum Mycelium penetrates into sclerotia through thgigmented bark or by
altering the surface, and fully colonizes them (kwpand Kokko, 1987). Under optimal conditions,
sclerotia can be destroyed in 15 days. Today, ganic product based on spores of this fungus is
available on the market: Contans ® WG. Studiesheneffectiveness of this control method against
sclerotinia in oilseed rape suggest that parasditi&zderotia cease to produce apothecia, resultiray i
reduction in crop attacks of 20 to 30% (PenaudMruti, 2009). Moreover, this biological control is
more effective when it is applied to each cropha totation (Penaud et al., 2003), because not all
sclerotia are fully destroyed after a single aggtian.

1.4.The sanitary quality of seeds

The sanitary quality of seeds is an important metbbcontrol for all fungi that can be transmitted
through this way. Mildew is the disease for whible transmission of the disease by seeds played a
crucial role in the spread of the 703 and 710 rat&sance. Sunflower seeds can harbour the mildew
in the form of oospores and mycelium. In case séwere attack, the proportion of infected seeds can
reach 100% (CETIOM, 2000). The use of certifieddsds imperative to avoid the intake of inoculum
from outside.

Today, phoma is a fungus whose ability to be traniechby seed (especially in unclean seed lots) has
been clearly shown, which explains its sudden omsebuntries where sunflower was not grown till
now (Luo et al., 2011). This would not be the dasghomopsis.

REDUCE THE RISK OF DISEASE BY ESCAPING INFECTION

The success of an infectious event and its exmegsijury) depends on the crop growth stage when
it occurs.

The choice of sowing date should be based on thiemof an escape strategy, which consists of
optimizing the delay between the phase of cropptdey and the usual periods of contaminating
events, as derived from historical records, i.e. date of ripening of perithecia féthomopsisand
Phoma and rainy periods favoring the emissionSafierotiniaspores or the germination of mildew
oospores in soil.

2.1. Adjusting sowing date according to weather conditions: a key factor in mildew control.

Primary mildew attacks are the most serious: theyr@sponsible for dwarf plants and head sterility.
Rainfall plays a major role in the success of ititets: these occur at the time of crop germinatam,
contaminating oospores (arising from the dormannfof the fungus) need free water in the soil to
come into contact with sunflower rootlets. The clative rainfall between 10 and 20 days around
sowing time is thus a risk factor, especially ifetceeds 50 mm in 10 days around sowing. Soil
temperature is also involved, the success of ildfestbeing greatly reduced for temperatures lems th
10°C (Delos et al., 2000).



2.2. Phomopsis: higher risk for early sowing

The period of crop receptivity tBhomopsiganges between flower bud stages E1 (star bue)staml

E5 (pre-anthesis). According to several studiesly esowings often result in severe attacks while
delaying planting can shorten the overlap betwherperiod of crop receptivity and the time when the
risk of attack is at its maximum (spring rainy etgn

In 1992, Jingaet al. were the first to demonstrate the effect of sowdate on phomopsis incidence: a
sowing made 20 days later than usual (late Apsilead of early April), reduced the fraction of irgd
plants by nearly 30%.

From two experiments done in Toulouse in 1996 a@@02it was evident that delayed sowing
significantly reduced the fraction of plants infedt delaying sowing by 12 days (2000: from April 22
to May 3) or 35 days (1996: 10 April to 15 May) ¢dlger with low input management, resulted in 3%
attacks in 1996 (against 73% in high input, eadyis management) and 42% in 2000 (against 97%)
(Debaeke et al., 2003). However, a delay suchaigdited in 1996 has a major drawback, as potentia
yield was affected too.

The escape effect can be attributed to the pheiwalogtage of the crop during the period highly
conducive to infection: although infections aregibke as long as green leaves are present, thegtigh
proportion of infected stems results from attackat toccur in the early stages of flower bud
development. Late planting can usually limit thenfyer of infections due to less favorable weather
conditions (less frequent rainfall events and higinequency of days with lethal temperatures for
fungus) coinciding with a shorter duration of theg receptivity phase and of the time of canopy
closure (Debaeke et al., 2003).

These experimental approaches have been confirgedhd use of the Asphodel model, an
epidemiological model which was applied to a rang@nnual weather patterns and sowing dates to
simulate the risk of infection (Debaeke et al., P00

2.3. Phoma: the random effect of sowing date

Sackston (1950) first described a wilt and statkofaunknown etiology as “premature ripening”,dn
earlier evidence showed that stem base girdlingkeranaused by. macdonaldiiwas its primary
cause. Crops show loss of vigor from mid- to laiemser; leaves become wilted and necrotic, the
stalk turns dark brown to black, and this is folemhby senescence and plant death a few weeks before
physiological maturity (Donald et al., 1987).

Regarding phoma, the periods of crop receptivity @amissions of contaminating ascospores are both
very broad : attacks can take place throughougtbeing season. Consequences of delaying planting
appear less clear than with phomopsis: accordirsgveral authors (Fayazalla and Maric, 1981; Delos
et al, 1998), the risk of attack on stems andatesty would be lower with late plantings. Indekde
plantings tend to reduce the infection rate becab@ismver rainfall before flowering (escape strateg

On deep soils, avoiding too early planting (laterdfd can reduc®homaattacks which are generally
frequent on these high potential situations (Ta@eR005). However, deferring planting to late sprin

is not always effective, especially if June angy &uk wet: in three experiments carried out inedéht
regions of France (1999 and 2000), it was obsetivaitdthe attacks increased by an average of 23% on
stems and 12% at stem base when delaying sowitly &y to four weeks (Debaeke and Peres, 2003).

Besides, although early plantings (early April) aften more exposed to attacks on stems (including
phoma), they can escape terminal water stress @asily, with limited risk of premature ripening.

The optimum planting date is thus a balance betvgaenficing potential yield (which needs a long



season), escaping water stress (through early gpveind mitigating/escaping disease attacks by
delaying sowing and thus avoiding risky periodsdisease infection.

Other examples of sowing date effects on diseasidence were given foflternaria helianthiin
Brazil where sunflower is planted as a second aftgy soybean (Leite et al., 2008).

MITIGATE DISEASE IMPACT

Several elements of crop management can reducasdisgevelopment and the final proportion of
diseased plants. This is the case for phomopsiplocha at stem level, phoma and sclerotinia at stem
base level, and sclerotinia on heads.

The severity of symptoms can also be reduced: éncthise of phomopsis, harmful symptoms are
girdling lesions; for phoma, crop management care teamajor influence on premature ripening due
to attacks at stem base level (Seassau et al.).2010

3.1 Practicesto reduce the proportion of infected plants

Phomopsis

In the case of phomopsis, plant density has afignt effect on the fraction of plants with lessoon
leaves and stems.

From nine experiments done at INRA Toulouse betw#@®4 and 2001, Debaeke et al. (2003)
observed that increasing plant density from 5 & plants.rif resulted in an increase of 22% in
infected stems.

Similarly, when early infections and rainfall arenducive to the onset of symptoms on stems, crop
irrigation around anthesis favors and secures thdseks: from 1997 to 2000, on 41 experimental
situations, irrigation has contributed to a 22%@ase in the percentage of attack on stems (Debaeke
et al., 2003).

Regarding the effect of nitrogen fertilization undeonditions of low inoculum pressure, the
proportion of infected stems increased by 36% wimeneasing N fertilization from 60 to 120 kg
N.ha* (Debaeke et al., 2003).

When weather conditions are such that the inoculkimot limiting, relative humidity conditions
within the canopy are favorable to the successfettions even if the field is sparsely covereddém
these extreme conditions, the dissemination ofasomating spores would be favored within a more
open canopy, causing more spots on leaves; theeddpiant growth (smaller leaf size and petiole
length due to nitrogen deficiency in these condgjowould facilitate the leaf-to-stem passage ef th
fungus (Desanlis et al., 2013). Disease severitytivas accentuated by the smaller stem diameter due
to high plant density (Debaeke et al., 2003; Deloal., 2004).

Hence, on the same soil, with the same weathefanithe same inoculum pressure, changing plant
density, nitrogen fertilization and irrigation caary the percentage of infected stems for a susitept
genotype from 0 to 100% (Debaeke et al., 2003).

Phoma
The impact of crop management Bhomaattacks at stem and collar level have been regpadrte
several studies (Formento and Velasquez, 2000;dkeba@nd Peres, 2003; Seassau et al., 2010).

The influence of N fertilization on phoma incidene@s illustrated by the 2005 experiment in
Toulouse (Debaeke and Taverne, 2006). The numbBhofmaspots per stem was evaluated for 2
cultivars and 6 nitrogen treatments differing irahMount and splitting. Irrigation was fully supplied
The number oPhomaspots per stem increased dramatically with exeedsifertilization (120-160
kg N.ha'), cv.Melody being always less infected than cviatell (Fig.3).



Figure 3 - Effect of N management on phoma incidence foultivars (Toulouse, France - 2005) —
LSD at5 %
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Fifteen field experiments between 1996 and 200@puin French regions, with different combinations
of sowing date, sowing density, nitrogen fertilizat (0 to 120kg N.ha') and irrigation (rainfed or
different dates and amounts of irrigation) werejascted to naturaPhomaattacks (Debaeke and
Peres, 2003).

The fraction of plants with stem spots was highsdar wetter conditions in June (heavy rainfall or
irrigation): 94% cf. 77%. This percentage and thenber of spots per stem were both closely related
to the N available to the crop: on average, 5.8 spots with 120 kg N.Aaand 4.2 with 60 kg N.ha
The higher the number of spots per plant, the higieeinoculum potential for future sunflower crops
in the area (Debaeke and Peres, 2003).

At a given plant density, the proportion of infettgants increased steadily with N fertilizationera
An interaction between the level of N fertilizatiamd plant density was also shown: when the crop
was N-limited, the number d?Phomaspots on the stem increased with plant densitpve€ely, in
non-limiting N conditions, the highest number ofotpwas observed in low-density conditions
(Debaeke and Peres, 2003). This effect can béuwattd to the fact that the troughs at the insertion
points of petioles on the stem, which act as readps for free water, are deeper in low density and
high N conditions and that the frequent burstingpefiole tissue at groove level may favor the
penetration of the fungus within the plant (Delbale 2000).

Regarding stem base attackPtioma a positive correlation was found between thetiibacof plants
with a girdling lesion at stem base and leaf anélax at flowering (Fig. 4).

Figure 4: Relationship between the proportion of plantshwigrmful lesions oPhoma macdonaldii
(a) on stems (class 4) ; (b) on stem base (clagn@)leaf area index at flowering. Field trialSaint-
Florent (central France), year 2000 (Debaeke anesP2003).
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Thus, below a leaf area index of 2.5 at flowerithg, risk of potentially harmful attacks Bhomaat
stem base remains low (below 30%). This synthetiex (LAI) being the result of complex
interactions between each of the factors of cropagament (sowing date, plant density, water and
nitrogen availability before flowering), probablgveals the underlying existence of an impact of any
or all of these factors on the extent of collaaeits, even if each individual relationship was not
demonstrated in this series of experiments.

Phomopsis and Phoma: the extent of canopy development for predicting the attacks on stem

The extent of canopy development is commonly exga@dy leaf area index, which is a synthetic
indicator of crop growth and development. The fractof photosynthetically active radiation
intercepted by the canopfPAR) is closely related to LAl and thus to the intéynsif management
before flowering (nitrogen fertilization, plant d@ty, irrigation) and partly to the variety.

Concerning phomopsis, in experiments where the heeatonditions and crop management (early
sowing, pre-flowering irrigation) favored naturdtaaks, the percentage of infected stems increased
exponentially from 0 to 100% with the fraction @idration intercepted by the canopy (55 to 95%)),
whatever the susceptibility level of the variet&usceptible, Moderately Susceptible, Tolerant).
BeyondfPAR of 85% at flowering (i.e. LAl > 2.5), the propani of stems with infected lesions
increased rapidly; below this threshold, the atteate remained below 20% (Fig. 5). Therefore,
obtaining a high leaf area index by increasing fptiensity and nitrogen fertilization increased the
fraction of infected stems, regardless of the msid susceptibility of the varieties (Debaeke and
Estragnat, 2003).

Figure 5 — Relationship between the proportion of stems teidy Phomopsisand the fraction of
PAR intercepted by the sunflower crop at anthesisifeather conditions promoting leaf and stem
infection (n = 129) — Genotypes were susceptibledenately susceptible or tolerant (Debaeke et al.,
2003).

90 1
y = 0.00003.8"°*

R% = 0.668**

Infected stems (%)

50 60 70 80 90 100
fPARI at anthesis (%)

This relationship is also valuable in the cas€@bbmaattacks on stems (Debaeke and Peres, 2003):
within a range of variation dPAR, from 65% to 95% (corresponding to a LAI range & b 5 at
flowering), the proportion of infected stems in@ed with the value dPAR. The number of spots on
stems increased significantly abov8PAR, of 85% (up to 12 spots per plant) while it remdibelow

7 per stem below thi® AR, threshold (Fig. 6).



Figure 6. Relationship between the proportion of stems withple Phomaspots (class 2) and the
fraction of PAR intercepted by sunflower (cv. Sé€lext early anthesis for different crop management
systems (INRA, 1994). D1 = 5.2 plant&nD2 = 6.8 plants.ii N30 and N60: N fertilization at
sowing time (kg N.hd), irr = one irrigation before anthesis, sprayede@pplication of Punch CS
0.8 L.ha', water stress : plots where senescence okasrved before anthesis as a result of water
stress (Debaeke and Peres, 2003).
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For Phomopsisthis close relation can be explained by the ¢fiécrop management on the dynamics
of canopy closure: with a high population density6(5 plants.ii), canopy closure is faster, creating
suitable microclimatic conditions (notably relativemidity) for leaf infection (Debaeke and Moinard,
2010; Desanlis et al., 2013); these conditions gseto early attacks, causing the most seveusyinj
to yield and oil concentration. In addition, destands are characterized by smaller leaves andehin
stems, which are more quickly destroyedRlyomopsigDesanlis et al., 2013). N concentration of
plant tissues does not appear to affect the fusgyewth within the tissue, and thus the leaf-to¥st
passage (Berault, 2000; Desanlis et al., 2013)n@dmin the rate of spread of symptoms are retated
the susceptibility of the variety and the microd@dtm conditions (temperature and relative humidity)
irrigation causing an acceleration of the fungys@gression, which on a susceptible variety may var
from 1.5 to 4 cm.day; depending on weather conditions.

For phoma, unlike phomopsis, successful infectatrthe collar seem more dependent on the weather
than on microclimatic conditions. Changes in mitiroate within the canopy appear more critical for
attacks on leaves than at the stem base, wherensature concentrated near the collar generally
provides favorable conditions for the infectionstacceed. This "lesser requirement” may explain the
high incidence of collar attacks under natural dbos in areas where the inoculum is abundant
(Bordat et al., 2011). Sometimes, however, low lkeeé attack are observed when weather conditions
in June and July are particularly hot and dry. Reéigg attacks on the stem, they are widespreadl in a
areas of sunflower cultivation. Unlikehomopss, where the fungus necessarily infects the leaves
before infecting the sten®homaattacks on the stem can occur at its insertiontpaith the petiole.
The trough that forms at this level (generally frtma 10-12 leaf stage) is conducive to water smrag
This creates a microenvironment extremely favorédrdéhe germination oPhomaspores as soon as
free water is maintained.

Intensifying crop management in sunflower (nitrodertilization, plant density, and irrigation) thus
increases the fraction of plants infecteditnomopsiandPhoma



Sclerotinia at stem base: an underground transmission of the disease

Germination of sclerotia and mycelial growthSxdlerotiniaaffect the root system of sunflower plants.
The disease is more common in soils rich in orgamétter (deep silt soils, marshland). Reducing
plant density (plants spaced at least 40 cm apadit)ces plant-to-plant contamination. Similarlye th
distribution of sclerotia down the soil profile efts the attack rate: it decreases from 50% totabou
20% when sclerotia are buried at 20 cm, rather fiteom, depth (Huang and Hoes, 1980).

Sclerotinia on heads: avoid synchronizing flowering and irrigation

The period of sunflower susceptibility tBclerotinia attacks on the capituluum starts from the
beginning of flowering and lasts until mid-flowegnascospores from apothecia settle at floret level
on one side of the head. Conditions of high humiditte necessary for spore germination and early
colonization of the inflorescence: the presencecofitinuous free water for at least 39 hours
determines the success of the infection phase @Paand Lamarque, 1981). Attacks take place during
rainy periods in July. In case of dry weather, t@n element of crop management that affects the
percentage of infected heads is irrigation at flomge: in low inoculumpressure conditions, for the
same total amount of irrigation (100 mm), infectraes can increase from 1% with two applications
to 27% with 5 applications around flowering (Peaesl Allard, 2000). Stand structure, through inter-
row spacing, also appears to have a significaecefin the percentage of heads v@therotinia for

the same population density (60,000 plant§.ha row spacing of 50 cm increases the attacK lave
heads (17% of injured plants) compared to an iraerof 80 cm (10% of injured plants) (Peres et al.,
1992; Peres and Allard, 2000).

3.2. Practicesto reduce the severity of symptoms

Phomopsis- The harm caused by Phomopsis to yield and oilectt is related to the fate of spots on
stems, the most detrimental symptom being at theligg lesion, where the pith is completely
destroyed, leading more or less rapidly to a wifikzoht.

Delaying sowing till May helps to reduce the extehtattacks on stems and also has a significant
effect on the fraction of plants with at least girelling spot: depending on the delay (betweenri® a
35 days), late planting associated with low-inp@nagement results in reduced vegetative growth
that can limit the infection rate to between 2% &id6, as against 73% to 85% with high-input
management (Debaeke et al., 2003). In additionhthelry periods most common after late infections
are unfavorable to fungal growth on plants.

Debaeke et al. (2003) also showed in nine expetisndrat increasing plant density from 5 to 7.5
plants.nf increased the proportion of plants developing lifigdspots by up to 82%. The effect of

plant density on disease severity is the same digsar of the varietal susceptibility (Debaeke and
Moinard, 2010).

Irrigation around flowering is the third crop maeawent factor which may affect the severity of
attacks: with reinforced semi-natural infectione tiaction of plants with at least one girdling spo
increased by 48 % (from 27 to 40%) with two wateplaations of 35 mm around flowering
(Debaeke and Moinard, 2010). Irrigation at flowgrincreases leaf area duration and thus offers more
chances for the fungus to progress on the leawisli@relop girdling lesions on stems.

From 1994 to 2005, several field experiments wergedn south-west France by INRA and CETIOM
to quantify the influence of crop management systemn disease occurrence and yield loss in
sunflower (Debaeke et al., 2003).



To illustrate the main results on phomopsis, the22@xperiment is presented here: 8 cultivars (from
tolerant to very susceptible) were submitted toahagement systems differing in plant density (3 vs
plantsm?), N fertilization (25, 70, 25+80 kg N.Hp and irrigation (0 vs 40 mm at anthesis) (Debaeke
and Taverne, 2006). The proportion of stems wittroté lesions was observed on early August. The
treatments had a big effect on the proportion efmst severely infected byhomopsig5 - 95 %)
confirming previous results (Debaeke et al., 20@83ease incidence increased with plant density, N
rate and irrigation, irrespective of genotypic talece (Fig.7). Splitting nitrogen at sowing and sta
bud stage appeared to be a good strategy to lihdtmppsis occurrence, but an interaction with
genotype susceptibility was observed: increasimg 8 rate was detrimental to susceptible cultivars
in spite of splitting. In 10 plots out of 32, yieldss was below the injury threshold (15 % of stems
with girdling lesions) and chemical treatment coblave been replaced by cultivar tolerance and
canopy management in these situations.

Figure 7 - Effect of crop management (N fertilization andgation) on phomopsis incidence for 8
cultivars differing in their susceptibility to thidisease: (T) tolerant, (S) susceptible, (VS) very
susceptible, (-) moderately S or moderately T (dosé, 2002) — Comparison of means by LSD at P <
0.05 (Debaeke and Taverne, 2006)
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A relationship betweefPAR at flowering and the fraction of plants with aadé one girdling lesion
due toPhomopsigPHO) was suggested for susceptible to moderatedgeptible varieties (Debaeke
and Estragnat, 2009):

PHO (%) = 1.1GPAR (%) - 38.3 (r 2= 0.661, P <0.0001)

On two experiments done in 2000 and 2001 in Auley81), the fraction of plants bearing at least
one girdling lesion oPhomopsisvas closely related to relative humidity (RH) dgrithe infection
period (Fig. 8). RH was monitored by placing therygrometers at 40 cm above the soil.
Intensifying crop management through plant deresiy nitrogen fertilization resulted in higher vaue
of LAIl, fPAR and RH, with a greater risk of disease developniensunflower (Debaeke and
Moinard, 2010).

The observation of the onset of symptoms on a pabte variety studied in 2000 in Toulouse showed
that the earliest attacks on leaves, affectingothteom layers (leaf nodes 1 to 9), have a lowencka
of reaching the stem than those infecting the gitet at upper nodes (leaf nodes 10 to 16). There
two reasons for this: physiological leaf senescewbtich begins at the bottom of the plant due & le
age and shading, and the attack$®bbmaon the stem, which begin at the bottom of the fpéard
prevent the passage Bhomopss from leaf to stem (Debaeke and Moinard, 2010).



Figure 8 - Relationship between the percentage of planth girdling spots on the stem and the
average relative humidity (RH) in the canopy durthg infection period. The figures indicate the
number of days suitable for infection as simuldigdhe Asphodel model in 2000 and 2001 (Debaeke
and Moinard, 2010).

100

= = 2000
X 90 15
%; g 02001
2 g0
o
2 16
g 7107 .
o 60 7 [ ]
=)
T 50 o (] ]
IS 13
= 407 o
2 30 A ]
[0}
E 20
Q
¢ 10 A

0 ‘ ‘

70 75 80 85

Mean RH (%)

The effect of high-input management Bhomopsigs therefore obvious on both its incidence and
severity. Although under favorable weather condgi@associated with abundant inoculum the effects
of crop management, however, remain limited (Deloal., 1994), tests of crop management systems
have shown that a given level &homopsisattack could be achieved either by conventional
management based on fungicide or by an integratetagement without fungicide, provided crop
management is adapted to disease risk; i.e. bycigglplant density and N fertilization and delaying
sowing date in a coordinated way (Debaeke and ¢isita2003).

Table 3 gives an overview of the effects of irrigat N fertilization, plant density and variety tre
three disease components of phomopsis : numbezabfsymptoms, leaf-to-stem passage (%) and
fraction of girdling symptoms (%) which all contute to the final number of girdling symptoms of
Phomopsiper plant (Desanlis et al., 2013).

Table 3 - Effects of crop management on the three componeingshomopsis injury (+: factor
promoting the disease; -: factor impeding the disga

Leaf symptoms (number) Leaf-to-Stem passage | Girdling symptoms
(% leaf symptoms) (% stem symptoms)
High plant | early symptoms> + | small leaves + | thin stems +
density microclimate early senescence -

late symptoms> -
green leaf area

High Microclimate + | big leaves - | thick stems -
Nitrogen Green leaf area + | more phoma -
high N tissue content +
Irrigation Microclimate + | delayed senescence +
green leaf area +
Susceptible| low tissue resistance + | low tissue resistance + | low tissue +
genotype | (leaf) (stem) resistance (stem)

Phoma and premature ripening
Regarding premature ripening caused by phoma adtéme base, which is the most harmful form of
the disease, the idea emerged in 1984 that a camdnnof biotic stress (related to the pathogen:



nature, quantity, aggressiveness) and abioticss{re$ated to water status and crop nitrogen gtatus
could be the cause of this syndrome (Gulya el 884).

OncePhomahas infected the plant collar, the onset and @sgjon of premature ripening are strongly
influenced by crop water and nitrogen status, tegufrom the combined actions of soil, weather and
management (N fertilizer, irrigation, plant denkity

Four experiments were carried out at INRA Toulobstveen 2006 and 2009 to study the effects of
crop management on this syndrome (Seassau et04D, 2012). The tests were conducted on two
varieties with different susceptibility to phomav(dMelody vs cv. Heliasol), during very contrasting
growing seasons, combining:

- two water regimes (rainfed vs irrigated aftemftying)

- three levels of nitrogen fertilization (0, 50/Z8d 150 kg N.H3

- three densities, 4, 6.5 and 9 plantzs.m

The effects of these factors were characterizest afitural or artificial infection of plants at stdase
by mycelium of a single conidium culture Bhoma macdonaldiselected for its aggressiveness.

The analysis of the percentage of prematurely adeplants (i.e. ripened about 2-3 weeks before
plants in disease-free conditions) observed fro®620 2009 was used to estimate the proportion of
variability explained by each crop management fa¢iater regime, nitrogen availability, variety,
population density) and by the method of contanmmain order to rank their own contribution to the
pathological syndrome (Table 4).

Table 4 — Contribution of five agronomic factors to thealovariance of prematurely ripened plants
(PR, %) — about 1500 plots observed ; - : the fasts not studied (Seassau, 2010)

Factor 2006 2007 2008 2009
Variety 26,5% 23,4% - -

N availability 13,7% 60,2% 84,1% 72,5%
Post-flowering water regimegl  31,4% 0 0 7,9%
Plant density - - 3,9% 7,8%
Contamination method 13,3% 3,9% - -

Of the factors studied, N availability contributdge most to the explanation of the PR fraction. Its
contribution ranged from 14% (2006: a dry year34&6 (2008: a wet year) to the variance of PR.
Varietal susceptibility appears as the second mxsianatory factor. Water regime may have a strong
effect on the disease, but this factor is highlyialde depending on precipitation in spring and
summer. In 2006 and 2009, when post-flowering stweas pronounced, water regime had a bigger
effect on the disease.

In 2007 and 2008, the effect of water regime wascealed by the importance of the nitrogen effect,
which alone accounted for between 60 and 84% ofXRession.

Population density contributed little to the vaiiitgyp of PR expression (4-8 %).

Crop management appears to be sufficient by iteeffiodify disease expression and to increase the
proportion of PR plants: a variety susceptible &y Bnder conditions of natural contamination, hyghl
fertilized and not irrigated can sustain 100% of pt&ts when N deficiency and water satisfaction
may result in totally healthy plants. This should bonsidered in trials used for testing the
susceptibility of inbreds and commercial hybrids.

From these experimental results, a simple lineadehwvas built to relate PR plants (from artificial

and natural contamination) to crop indicators cdridl water status. NNI, the Nitrogen Nutrition Index
was selected to represent the crop N status akeflog and the ratio of actual evapotranspiration
(ETa) to maximum evapotranspiration (ETo) was ugedstimate the plant water status during the
post-contamination period (Seassau et al., 2010):



PR (%) = 27.8+ 118.3 NNI — 102.1 (ETa /ETo) (n s, r 2 = 0.787)

This relationship emphasizes how the adjustmentitobgen fertilization and satisfaction of water
requirements both affect the control of prematipening.

Plant density is a management factor that wouldstttoiee a further control lever of PR. Increasing
plant density (D) increased the proportion of P& in 83 % (2008) and 100% (2009) of the paired
plots (low vs high density) (Seassau et al., 2012).

For this reason, in spite of the slight quantiwtffect of plant density, Seassau et al. (201@)ased

a second regression model with 4 variables desgritdaf area (LAI), stem diameter growth (SBD,
mm), N shoot content (Nm, %) and water satisfactiate (ETa/ETo, %) explaining 73 % of the
variability of PR:

PR (%) = 105.79 + 45.3 Nm — 103.0 (ETa /ETo) -(5BD) + 12.4 LAl
(n= 36 plots, r2=0.731

PR increased with LAl and Nm (indicators of plantwgth and N status) and decreased with SBD and
ETa/ETo, indicators of plant density and waterustat

In these experiments, the average stem diamewllat level for plants grown at different densstie
(4-9 plants.iif) can differ from 8 mm between extreme densitidsusT a population density greater
than 7 plants.i by reducing the stem diameter, accelerates tableshiment of PR and the resulting
damage. By contrast, highly fertilized plants am@ensusceptible to PR in spite of their thickense

It could be a dominant effect of nitrogen: plansaptibility to disease is independent of collar
diameter, but due to a trophic effect of nitrogdricl stimulates the development of fungus inside th
plant (Seassau, 2010).

Unlike Phomopsisthe severity oPhomaattacks at collar level appeared less relatedhéoctnopy
microclimate (Seassau et al., 2012).

From the canopy characterization by agronomic mdics related to N shoot status, plant growth and
architecture, stem base morphology, plant watesfaation rate and microclimate, Seassau et al.
(2012) proposed a conceptual framework of the efiéplant density on the expression of the disease
(Fig. 9). The microclimate apparently has a modegedfect on disease epidemiology and PR, unlike
the other variables that directly affect PR. Highflarea index (due to high N fertilization andhhig
plant density) accelerates soil water exhaustiah amrop in transpiration after anthesis. Avoiding
excessive N fertilization by using the soil N balanmethod could significantly reduce disease
severity. Also, manipulating the stem diameter,ntyaihrough planting density and N supply, could
be exploited more, instead of resorting to fungicicse. This is probably a morphological trait that
breeders could exploit in the future. Indeed, genelerance to PR should be evaluated in order to
achieve complete non-chemical control (Bordat gt2011). Promising cultivars, with thick stems,
should therefore be tested at high density and pplguunder water-limited conditions, a procedure
which could be used in resistance tests duringdimggprograms for an effective control of sunflower
PR.

Sclerotinia

Regarding white mold attacks on heads, the sevefigymptoms depends on the level of genotype
resistance and on weather conditions. The headteymspappear within 3 to 8 weeks after infection at
flowering. In areas at risk, the choice of sowirgedand the use of early maturing varieties allet w
weather at maturity and hence poor drying conditibor the heads (after mid-September) to be
avoided, and may limit the losses at harvest peabidhat sowing is not too late in spring (CETIOM,
2002). Plant nutrition has a substantial influencethe predisposition of plants to be attacked or
affected by diseases. Miladinovic et al. (2008)nib@& high positive correlation between N content of
infected sunflower plants and resistance, whichicatés the important role of this nutrient in
sunflower defense froi§iclerotiniaattack.



Figure 9 - Potential effect of crop management (wateraitefigh nitrogen supply and plant density)
on crop canopy development (architecture, morphdlatducing favorable conditions for the spread
of P. macdonaldiin the plant (xylem) leading to premature ripenffrgm Seassau et al., 2012)
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CONCLUSION

Cultural control must be seen as a combinationrattires which can exert some control over the
development and expression of fungal diseases €Tajpl Crop management, especially through
techniques that control canopy establishment andlutration (plant density, row spacing, nitrogen
fertilization, irrigation), can significantly modifthe expression of sunflower diseases which develo
during the vegetative period.

In the case of phomopsis, manipulating plant dgnsitrogen fertilization and irrigation can vatyet
percentage of stems from 0 to 100% under the samditons of soil, weather and inoculum pressure.
However, in high-risk conditions and with abundeaihs in late spring, agronomic measures are not
sufficient alone to maintain a level of infectiomrltw the threshold of economic profitability of
fungicide when susceptible varieties are grown @k et al., 2003).

In the case of phoma and premature ripening, thgeraf variation is similar to phomopsis and
efficient levers are available (Seassau et al.022@12). These practices are most effective whewn t
are combined with other practices to help reduamay inoculum and disease impact on the crop,
varietal choice being one of the main levers.

However, although significant genetic progress Ibesn made by breeders to increase the level of
resistance / tolerance of sunflower varieties tjomangi, varietal choice may not be the only noeth

to control disease.

In the case of phomopsis, in very favorable cooddifor disease, from the observation of 125
varieties over 10 years of experimentation in sauglstern France, it was concluded that even
varieties with good levels of tolerance may regultO to more than 30% of plants with girdling spot
which is more that the economic injury threshol@lfBeke and Estragnat, 2009).

In the case of sclerotinia diseases, for which direg is particularly difficult given the highly
guantitative genetic determinism of plant-pathogeeractions, all the varieties identified with aogl



response could be 100% infected when faced withlyigonducive weather conditions, or could bear
sclerotia before harvest with harmful consequefmefllowing crops and penalties for the harvest.
Finally, with mildew, as the sustainability of sg@cresistance is uncertain, the choice of vageti
with different types of resistance is a crucialiden to be made from year to year (Moinard et al.,
2009).

In addition, cultural practices can contribute lte tecision of whether to use chemical controlnas i
the case of phomopsis: for instance, LAl or plagight values at star bud stage can be assessed to
estimate the risk of disease and influence theygpyalecision (Debaeke and Estragnat, 2009).

It is therefore important to enter a virtuous @talvhere cultural control has its own place and lval
more effective when the disease pressure is loler.combination of all control methods with partial
effects, by their additive or complementary effeatsikes for the appropriate overall strategy (Lucas
2007). In the case of sunflower, current survey$aoming practices in France provide opportunities
for progress (judging nitrogen fertilization, stk sowing time, longer rotations) (Wagner and
Lieven, 2010; Jouffret et al., 2011). In addititime implementation of appropriate farming practices
can help to reduce the number of sprays (2.1 texa8nButault et al, 2010.) which is one of themmai
agronomic advantages of this low input and drouglgrant oilseed crop

The sound association, in time and at regionallleMecultural, genetic, chemical and biological
control methods is the key to an effective, intégplaand sustainable control of sunflower diseases.



Table 5- Assessment of the effects of agronomic contndl @her control methods on sunflower diseases.

+ Favorable to the disease, 0: no effect or raneffect, - unfavorable to the disease, @: not apple.

Cultural control

Management

. Rotation of infected High High C.Senetm - Biological
Disease . . Early S resistance ol Fungicide
lengthening | residues sowing plant N Irrigation tolerance control
(field level) | (crushing & density | fertilization
burying)
Mildew - 0 - 0 0 0 - - %]
Leaf spots 0 - + + + + - - %]
Phomopsis | Non girdling spots (stem) 0 - + + 0 + - 0 %)
Girdling spots (stem) 0 - + + + + - 0 %)
Stem spots 0 - 0 + + + - - g
Phoma Stem base spots 0 - 0 + + 0 - - %)
Premature ripening 0 - - + + - - 0/- %]
Sclerotina [>em base - - 0 u ¥ 0 - 2 -
Capituluum - - - + + - %) -
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