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Abstract

Incidence of Xanthomonas arboricola pv. corylina, the causal agent of hazelnut bacterial blight, was analyzed spatially in
relation to the pedoclimatic factors. Hazelnut grown in twelve municipalities situated in the province of Viterbo, central Italy
was studied. A consistent number of bacterial isolates were obtained from the infected tissues of hazelnut collected in three
years (2010-2012). The isolates, characterized by phenotypic tests, did not show any difference among them. Spatial
patterns of pedoclimatic data, analyzed by geostatistics showed a strong positive correlation of disease incidence with
higher values of rainfall, thermal shock and soil nitrogen; a weak positive correlation with soil aluminium content and a
strong negative correlation with the values of Mg/K ratio. No correlation of the disease incidence was found with soil pH.
Disease incidence ranged from very low (<1%) to very high (almost 75%) across the orchards. Young plants (4-year old)
were the most affected by the disease confirming a weak negative correlation of the disease incidence with plant age. Plant
cultivars did not show any difference in susceptibility to the pathogen. Possible role of climate change on the epidemiology
of the disease is discussed. Improved management practices are recommended for effective control of the disease.
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Introduction

Hazelnut (Corplus  avellana L.) represents an economically
important nut crop of Italy. The country is the second largest
producer worldwide after Turkey [1]. In Italy, the production of
this crop is concentrated in Campania, Latium, Sicily and
Piedmont regions in order of importance [2]. The province of
Viterbo has 90% of the hazelnut cultivations of Latium region
where Tonda Gentile Romana is the predominant cultivar in over
85% of the orchards [3].

Bacterial blight of hazelnut is caused by Xanthomonas arboricola
pv. corplina (hereafter Xac) [4]. The disease first occurred in the
U.S.A. on Corplus maxima [5] and further spread in other continents
[6,7,8,9,10]. Recent reports of bacterial blight disease on hazelnut
regard the countries like Iran [11], Germany [12], Poland [13]
and Chile [14] explaining the movement of the pathogen between
the countries via propagation materials. However, this disease is
not widespread in Europe and as such the European and
Mediterranean Plant Protection Organizations included this
pathogen in the A2 list of quarantine microorganism [9,10]. The
damage caused by Xac regards mainly young hazelnut plants (14
year old) in orchards killing up to 10% [9,10]. The losses are even
more severe in nurseries, where suckering is widely practiced on
the mother plants. However, devastating damage can occur also
on older (7-8 years) plants [10].

In Italy, Xac was first reported in Latium [15,16] and
successively in Campania regions [17]. During the early nineties,
endemic presence of the pathogen was described in central Italy
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[18]. Recently, hazelnut plants infected by Xac were noticed also
from the Italian islands [19-21]. Nonetheless, no economically
important loss, associated to hazelnut bacterial blight, was
reported previously, from central Italy [22].

The current status of the bacterial blight has been changing
drastically, for some years now. Frequent occurrence of this
disease with severe damage, found across the orchards, was a
serious matter of concern by growers. A prime example could be
the severe canker symptoms caused by bacterial blight on cv.
Tonda di Giffoni [23], the only Italian cultivar that did not bear
the canker symptoms in the field for a century [24].

The need to carry out a detailed epidemiological study raised
following the outbreaks of this disease across central Italy.
Apparently, distribution and incidence of the disease were
heterogeneous across the Viterbo province which suggested the
possible role of pedoclimatic factors in disease occurrence. Recent
finding of the disease in other European countries [12,13] and the
outbreaks in central Italy [23] could in part be associated to the
possible effect of climate change. The role of the latter on crop-
disease interaction has been a serious matter of concern by many
authors [25-28]. Regarding the soil, its physical and chemical
properties play an important role in the plant health and the
consequent disease occurrence and spread [29,30]. In addition,
crop management practices influence significantly the occurrence
and control of hazelnut bacterial blight [31].

Spatial patterns of plant pathogens and diseased plants can
facilitate the determination of relationships between inoculum
density and disease incidence; optimal sampling parameters; the
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influence of cultural, biological and environmental factors on
population dynamics; and the risk assessment of genetically altered
microorganisms [32-36]. Different methods of spatial pattern
analysis are used to characterize the spatial position of plant
pathogens and diseased plants [37-44]. Spatial autocorrelation
functions use the linear correlation between the spatial series and
the same series at a further distance interval to detect spatial
dependence and have been applied to studies in plant pathology
[41,45,46].

Geostatistics represent one of the most applied techniques to
study spatially related data [47]. Their application has undergone
a rapid expansion in plant disease epidemiology and management
[48-52]. More specifically, spatial pattern analysis has been used
to investigate factors affecting plant diseases [53-56]. The spread
of plant diseases can be estimated by spatial interpolation methods,
due to its relation with geographical variables such as soil and
climatic characteristics [56]. These techniques were successfully
applied to analyze plant disease epidemics even at plot or field
scales [33,57-59]. Modelling of the spatial autocorrelation
represents a crucial point of geostatistical analysis. This can be
performed by examining the variogram estimation. The model
variogram Is incorporated into a procedure for surface interpo-
lation known as “kriging”. The advantage of the latter is of having
two outcomes, a surface map of the variable and a surface map of
the kriging standard deviation (KSD). The second provides a
relative measure of confidence in the estimates [60-63]. Pedocli-
matic factors can be considered as regionalized variables and as
such they can be investigated by means of geo-statistics and
kriging. Furthermore, regression analysis can be applied on
frequency distribution of disease incidence in relation to the
several spatialized pedoclimatic parameters investigated.

The aims of this study were a) to investigate the current status of
the bacterial blight disease and its incidence across the main
hazelnut cultivated areas of central Italy and b) to analyze the
possible correlation between the disease incidence and the spatial
distribution of pedoclimatic factors that can contribute in
occurring and spreading of the disease, by means of geostatistics.

Materials and Methods

Ethics Statement

No specific permits were required for the described field studies.
At each study site, the landowner granted us permission to collect
hazelnut samples. The studies carried out during the consecutive
years 2010-2012 did not involve endangered or protected species.
Field surveys were made across the hazelnut orchards, in the
Province of Viterbo, central Italy while laboratory and green
house studies were carried out at Tuscia University.

Description of the study area

Viterbo province is located in Latium region, central-western
part of Italy between 42.15° and 42.74° north latitude and 11.60°
and 12.44° east longitude (Figure 1). Large-scale mechanized
production of hazelnut occurs in the province, which is situated in
the inner part of the coastal area adjacent to the Tyrrhenian Sea.
The topography of the study sites is hilly, and the elevation ranges
from 265 to 520 m above sea level (asl). The hill areas where main
hazelnut orchards are located are known as “Cimini Hills”.

Field surveys and data collection

The need to mvestigate on the current status of the bacterial
blight disease, across the hazelnut orchards of central Italy, was
based in part on growers report of disease outbreaks in hazelnut
fields throughout the province during early summer of 2010 [23].
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Twelve municipalities, known for the cultivation of hazelnut,
within the province of Viterbo were surveyed (Figure 1). The
observations were made over the time period between March and
September for all the three years. Each municipality had different
number of sites, ranging from a minimum of 1 to a maximum of 6,
depending on their extent of hazelnut cultivated area. The size of
site varied from 5 to 25 ha and, the total number of sites was 30.
From each site, 900 hazelnut trees were randomly surveyed (300/
year). Data related to the surveyed municipalities, average age of
plant from each site and the cultivars are reported in Table S1.
Each site surveyed for bacterial blight infection, was geographi-
cally referenced by the Universal Transverse Mercator (UTM)
coordinate system [64] with a handheld Global Positioning system
(GPS) instrument. The instrument used was a Garmin III Plus
(Garmin International Inc., Olathe, KS).

Sample collection and isolation

Samples were collected over the time period between March
and September for all the three years. Plant parts showing
characteristic symptoms of bacterial blight (Figures 2, 3 and 4), as
those reported in literature [6,9,17,18,22,23,31,65,66], were cut,
separately put into sterile plastic lab bags and brought to the
laboratory. The pruning shears, knife and hand-saw used to cut
the samples were sterilized, each time the sample was taken, by
immerging them in copper solution for 2 min followed by two
rinses in sterile distilled water (SDW), each for 1 min. The number
of the samples taken from each site ranged from 15 to 60,
depending on the presence and incidence of bacterial blight. In
fields where the disease symptoms were sporadic, only few samples
were collected within an approximate radius of 100 m. In fields
where the disease incidence was high, samples were collected from
several neighboring plants. This sampling scheme was adopted to
obtain more bacterial isolates possible from different diseased
tissues of a given site in order to further investigate the possible
phenotypic differences among them.

Immediate sample processing was made, for the isolation of the
causal agent. The samples were surface sterilized in 1% NaOCI for
1 min followed by two rinses in SDW (each for 1 min), excised and
each section was then crushed in SDW, left for 5 minutes, in order
to allow bacterial streaming [23]. Streaking was made by taking a
loopful of the resulting suspension onto the surface of the following
media: nutrient agar supplemented with 5% sucrose (NAS), yeast
extract-dextrose-calcium carbonate agar (YDCA), glucose yeast
extract calcium carbonate agar (GYCA) and yeast extract bacto
peptone glucose agar (YPGA) media [10,14,23]. The plates were
incubated at 26+1°C and examined daily up to three days for
bacterial growth.

Disease incidence

One thousand hazelnut trees/site were randomly analyzed each
year (total of 3000 trees/site) for the presence of bacterial blight on
leaves, stems, fruits, twigs and branches. Any symptoms suggestive
to bacterial blight, based on the literature review, were taken into
consideration. The incidence of the disease was calculated by the
proportion of diseased plants within the total [67]. Statistical
analysis were performed using software package Statistica ®
(StatSoft, Inc., Tulsa, USA). Student’s t test, Pearson correlation
and regression analysis were performed to determine the effect of
plant age and pedo-climatic factors on disease incidence (DI).
However, the influence of plant cultivars on DI was not evaluated
for the fact that over 85% of the cultivation in Viterbo is
represented by cultivar Tonda Gentile Romana and the remaining
are grown in different proportions from one site to another.
Moreover, the aforementioned cultivars are the clonal populations
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Figure 1. Feature map of the municipalities monitored for bacterial blight. The yellow balls within each municipality represent the number
of investigated sites for each municipality, within the province of Viterbo, central Italy.

doi:10.1371/journal.pone.0056298.g001

derived from the asexually multiplied local hazelnut accessions and
as such may not present genetic differences.

Characterization of the isolates

A consistent number of bacterial isolates were obtained from the
diseased tissues sampled across the sites. The colony morphology
was evaluated on the media described above. The shape, size,
color, margin and pigment were considered. In addition, the

Figure 2. Characteristic leaf symptoms of bacterial blight
observed across the hazelnut field in the spring. Water-soaked
necrotic spots developed on the leaves at the beginning of the
infection (A and B), the presence of extended browning area on the
leaves, due to the merging of the necrotic spots, in the late stage of
infection (C and D), presence of longitudinal necrosis on the mid-ribs
and secondary veins of the lower leaf surface (E) and on young stem (F).
doi:10.1371/journal.pone.0056298.g002
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ability of the isolates to metabolize succinate-quinate was tested on
SQ medium [68]. Ten isolates from each site were used for the
biochemical and nutritional tests prior to their identification. One
recommended strain, NCPPB 2896 [10] and strains (Xacol,
Xaco2) isolated recently from central Italy, were used as reference
[69]. Successively, the isolates were tested for the production of
levan, oxidase, pectinolytic enzyme, urease, indole, catalase,
lecithinase, tobacco hypersensitivity, metabolism test, HyS from
peptone and cysteine; hydrolysis of gelatin, aesculin, arbutin and
starch; lypolisis of tween 80; tyrosinase activity; tolerance to 0.1%
2,3,5-triphenyltetrazolium chloride (TTC); maximum growth
temperature; growth in 2% and 5% NaCl and litmus milk
reaction [70,71]. In addition, growth ability by using different
carbohydrates as sole carbon source was tested [72].

Lesion tests

The ability of the isolates to induce the hypersensitive defense
reaction (HR) was tested on bean pods [73]. The hypersensitive
reaction to infection of bean pods by the plant pathogenic

Figure 3. Characteristic symptoms of bacterial blight observed
on hazelnut fruit in the field at the beginning of the summer.
QOily lesions developed on fruit involucres (A) and fruit shell (B).
doi:10.1371/journal.pone.0056298.g003
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Figure 4. Characteristic symptoms of bacterial blight observed
on woody parts across the hazelnut field during late summer.
Canker symptoms and cracking of bark tissues, caused by Xatnthomo-
nas arboricola pv. corylina, on the twigs and branches of hazelnut
observed in the field (A, B and C), browning of the sub-cortical tissues
(D), wilting of shoots (E) and dieback of branches (F). Figures E and F
report the symptoms caused by Xac, rarely found in the field and very
similar to those caused by Pseudomonas syringae pv. avellanae.
doi:10.1371/journal.pone.0056298.g004

Xanthomonads, except those pathogenic to bean, was considered
as an indicator of bacterial plant pathogenesis [74]. Pantoea
agglomerans (strain Pagl) was used as negative control [69].

Pathogenicity tests

Two-year-old, healthy potted hazelnut plants (cvs. Tonda
Gentile Romana and Tonda di Giffoni) were inoculated with 30
isolates (one from each site) obtained during our study. The
inoculum containing 10° cfurmL ™' was prepared as described
previously [23]. Two different inoculation techniques were used
on different plants. In the first case, leaves were spray inoculated
(10 mL per plant) with a sprayer containing the bacterial
suspension. All the plants were covered with plastic bags from
2 hrs before until 2 hrs after spraying to maintain a high relative
humidity (90 to 100%). In the second case, wounds made on the
woody parts of the plant (twig and branch) were drop inoculated
(0.10 uL per wound). The wounds were then sealed with parafilm
(Pechiney Plastic Packaging, Chicago, IL, USA) for three days. For
each isolate, eight plants were used (4 plants for each cultivar, 2
plants each inoculation technique). Aforementioned reference
strains and the SDW were used respectively as positive and
negative controls on the same number of plants. The plants were
maintained in the greenhouse. The inoculated plants were
mspected weekly until the symptoms appeared.

16S rDNA gene sequencing

Bacterial cultures for DNA extraction were grown on NA
medium for 24 h at 26%£1°C. DNA was extracted with Pure-
Link™kit (Invitrogen, Carlsbad, CA, USA) following manufac-
ture’s instruction. The purity and integrity of DNA was
determined by 1% agarose gel electrophoresis. The concentration
of DNA was measured by Qubit™ fluorometer (Invitrogen,
Carlsbad, CA, USA), and the final concentration was adjusted
to 60 ng/uL.

Molecular identification was achieved by sequencing the
complete 16S rRNA gene. To this purpose we used the universal
primers NOCIF (AGA GTT TGA TCA TGG CTC AG),
NOCIR (GTA TTA CCG CGG CTG CTG GCA C), NOC3F
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(GCATGG CTG TCG TCA GCT CGT G) and NOC3R (ACG
GTT ACC TTG TTA CGA CTT). The PCR reaction was
prepared by mixing 1 uL of 60 ng concentrated template DNA,
1 uL. of each primer at 10 uM and 12 uL. of DNA Polymerase
master mix (GoTaq®Flexi, Promega). The final volume was
adjusted at 25 uL. by adding SDW. The PCR reactions were
performed according to the following program: 1 cycle at 95°C for
5 min., 35 cycles consisting of 30 sec. at 95°C,, 1 min. at 55°C and
1 min. at 72°C and 1 cycle (final elongation) at 72°C for 4 min.

The PCR product was loaded on 1% agarose gel electrophoresis
to determine the presence and size of the bands. The bands at the
expected size were sequenced, analyzed with chromas version 1.45
(32-bit) and aligned with other sequences present in the Genebank
by using CLUSTAL W software available online. The similarity of
our sequences was compared with those of reference strains
present on NCBI by blasting and the sequences were deposited in
GeneBank.

Climatic and environmental data

The meteorological data recorded hourly by different stations,
located around the Cimini Hills, were collected. Temperature data
(°C), only of the last ten years, were recorded by 19 stations across
the province. Regarding the rainfall (mm), data collected from
1970 to 2012 from several meteorological stations, most of them
not active any longer, were considered. In addition, a database of
soil chemical-physical analysis of more than 180 geo-referred sites
in the area was set up (Figure 5). Besides meteorological data,
some essential soil parameters contributing to the presence and
spread of the disease were investigated. In particular, the effects of
rainfall [75], total Nitrogen amount (%) in the soil [76,77], soil
Mg/K ratio were evaluated. The latter is of considerable
importance that explains certain specific Mg deficiency w planta,
especially on acidic soils [76]. Our study sites, characterized by the
volcanic soils, have this deficiency which might increase plant
susceptibility to various diseases [78-80]. The influence of lower
pH associated to soil aluminium (meq/hg) was investigated given
its influence in plant-pathogen interaction [81-83]. Finally, the
average thermal shock (A), given by the difference among the day/
night temperature, associated to every frost event recorded was
calculated. The latter was found strictly associated to dieback of
hazelnut, caused by Pseudomonas syringae pv. avellanae, in the same
arca [84]. All the wvalues were spatialized according the
geostatistical methods as described above. Kriging was applied
to the real or log-transformed data. An exception was made for the
average rainfall data given that they were collected in a period of
about forty years since 1970 from several meteorological stations,
most of them not active any longer. In particular, rainfall map
consisted in a vectorial filled contour layer made up of interpolated
level curves with an interval of 1 mm of rainfall. The level curves
traced were at a distance of 100 mm for simplicity although the
actual resolution was of 1 mm. Estimated meteorological and
pedo-chemical parameters, together with their associated standard
error (SE), were then correlated with the average DI for each site
by means of Regression Analysis (RA). In all the correlation graphs
the real DI is expressed in logarithmic scale, thus the correlations
between the incidence itself and the various parameters are
straight-line logarithmic correlations.

The analyses were performed on the incidence averaged over
the three years rather than on each temporal observation
independently. Previous preliminary tests conducted on the
seasonal epidemiological data, of bacterial canker and bacterial
blight of hazelnut, in relation to the seasonal rainfall trend in
Viterbo showed no significant correlation at year level. However, a
significant correlation was found between the average rainfall of at
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Figure 5. Feature map showing the locations from where pedoclimatic data were collected. Soil analyzed areas (blue beads) and
meteorological stations (green triangles) across the hazelnut sites of Viterbo province.

doi:10.1371/journal.pone.0056298.g005

least 10 years and the incidence of bacterial canker caused by P.
avellanae [84]. Additionally, the spread of the bacterial diseases
seemed very less correlated to specific rainfall events which may
occur throughout the territory as a rainstorm over the years.
Indeed, the disease does not spread with a particular way across
the territory, within the single year characterized by particular
meteorological events or intense periods of drought, remaining
confined to areas more or less circumscribed [85]. All these data
suggest that incidence averaged over the three years is much more
reliable compared to the single temporal observation, especially
when the range of the sites is wide.

Geostatistical analysis and kriging of the meteorological
and pedological data

In order to obtain a basic knowledge of the data set,
conventional statistical analysis of the pedoclimatic data was prior
conducted using software package Statistica ® (StatSoft, Inc.,
Tulsa, USA). Student’s t test, Pearson correlation and regression
analysis were performed to determine the correlation of pedocli-
matic factors with DI. Prior to conduct geostatistical analyses, on
the spatial patterns of data collected from the meteorological
stations and sites of Cimini Hills, the latitude and longitude
coordinates of the points were first transformed into plane
coordinates with a Universal Transverse Mercator (UTM)
projection, Zone 33N, European Datum 50, in ArcGIS (version
8.0, ESRI, Redlands, CA). The UTM coordinates were used in
the subsequent statistical analyses. The UTM system gives the
positions in meters and is preferred over latitude-longitude in
decimal degrees. The position coordinates in meters facilitate the
correct computation of distances between sample locations in a
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plane (two dimensions), essential in a geostatistical analysis.
Geostatistical results are presented as semivariograms, which
represent the average of squared differences in values between
pairs of samples separated by a given distance [86]. Semivario-
grams are statistical measures that assume normally distributed
input sample data where local neighbourhood means and standard
deviations show no trends [42,43]. Statistically, abnormal distri-
bution of pedoclimatic data can have an adverse impact on
semivariogram analysis and further interpolation of data sets. To
moderate this effect, the logarithmic transformation was also
applied to measured pedoclimatic data before geostatistical
analysis [60,61]. Coeflicient of skewness (Cs) and coefficient of
kurtosis (Ck) are calculated for pedoclimatic data, before and after
the logarithmic transformation. Although transformed data cannot
pass relative test for normal distribution, they obviously obtained
lower Cs and Ck in comparison with those untransformed ones.
Semivariogram calculation was then conducted with log-trans-
formed data.

The experimental variograms of the data were fitted by a
spherical model with different ranges and sill variances. Eight lags,
with a lag distance of 1600 m, were used for the semivariogram
calculation, then the model fitting give us key parameters
describing spatial structure of data. These parameters include
the Nugget value (N), Partial Sill (pS), Sill (S=N+pS), and Range
value. Sill is an estimated semivariance that marks where a plateau
begins. The Nugget value presents the variability at zero distance
(spatial random variance of regional variable). The pS wvalue
presents the sill proportion of explainable semivariance. The
Range is defined as the separation distance corresponding at about
95% of the Sill [60,61]. The N/S ratio (NSR) was selected to
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express short-distance autocorrelation of regionalized variables
[87]. Low NSR indicates high spatial autocorrelation or spatial
continuity over short distances. The spatial dependence was
defined using the nugget to sill ratio convention [88], whereby
nugget/sill <0.25, >0.25-<0.75 and >0.75 corresponds to
strong, moderate and weak spatial dependence, respectively.

The theory of regionalized variables [89] was applied. The
objective was to model and identify the spatial structure of the
variable and to estimate its values across the studied area. Linear
and nonlinear models were fitted to semivariograms by least
squares regression using Geostatistical Analyst module of ArcGIS
(ESRI). The pedoclimatic variables modelled were regressed on
distance with or without logarithmic transformation. Successively,
the Gaussian, spherical, linear, linear to sill, and exponential
models, were used to describe semivariograms [90]. The
coefficient of determination (r%), structural variance (proportion
of spatial structure), and mean square error (MSE) were used to
evaluate the goodness-of-fit of data and to choose the best
regression model [91]. Anisotropy was determined by comparison
of semivariogram characteristics. Oriented semivariograms that
displayed differences among semi-variogram characteristics for
different directional orientations indicated anisotropy or direc-
tionality in the degree of spatial dependence [86]. Ordinary
kriging was applied to estimate logarithmic values of pedoclimatic
data for each of 19 meteorological stations or 180 soil analysis
sites. In addition, vectorial maps were gained using anti-logging
calculation. The whole application, including semi-variogram
calculation and kriging (ArcGIS version 8.0, ESRI, Redlands, CA,
USA), was applied to log-transformed data. The reliability of the
applied model was tested by cross validation between measured
and interpolated values. Interpolated data have been depicted as
colored raster maps, limiting the prevision to the areas where data
were collected.

Results

Disease symptoms in the fields

Initial symptoms began to appear on leaves, during the early
spring, when the phase of leaf development was terminated and
the temperature was more favorable to leaf infection. Also the stem
and new shoots were affected over time. The woody parts of the
plants were asymptomatic until the late spring but the symptoms
began to appear afterwards.

Water-soaked necrotic spots (Figure 2 A and B) appeared on the
leaf surfaces. Initially, only few spots were seen but their number
increased from March to September and over the sampling years
2010-2012. The type, the number and the size of the spots varied
significantly within and among the orchards (Figure 2). Often,
leaves showed numerous oily polygonal lesions which merged
together causing a general chlorosis of the lamina. Infected leaves
sometimes showed browning of the leaf margins (Figure 2 C and
D). Longitudinal browning and necrosis along the mid-ribs and
secondary veins on the lower leaf surface were frequently found
(Figure 2 E). In some cases, even the lesions on the new stems can
be seen (Figure 2 F). The dieback of new lateral shoots was
common. During the summer, black heel symptoms with the
browning of the shell and corresponding part of the involucres
were observed on the fruits. In addition, oily lesions of different
size (2-6 mm long) can be seen, on the involucres and shell before
lignifications (Figure 3 A and B). The formations of 10-20 c¢m long
cankers, with longitudinal cracking of the bark, were seen along
the branches and main trunks, especially on young plants (Figure 4
A and B). Moreover, the appearance of brownish and/or black
necrosis was observed over time on the convex side of the layered
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branches and shoots (Figure 4 C). When the bark of the infected
branch was excised, the necrosis was visible also on the cortical
tissues (Figure 4 D). Interestingly, affected twigs were often bent
and the swelling was very common on the bent parts. In the late
summer, shoot wiltings and necrosis (Figure 4 E) was spread to the
trees stump causing the complete dieback of one or more branches
(Figure 4 I).

Leaf spots and new shoots dieback were equally present both on
the plants younger than 6-year old and those having older age.
The presence of canker and the dieback of one or more branches
can be seen only on the plants younger than 6 years. All the
examined cultivars were infected.

Disease incidence

The incidence of the disease ranged from <1% to almost 75%
across the study sites (Figure 6, Table S1). All the surveyed sites
presented the characteristic symptoms on the herbaceous parts of
the plant whereas the canker symptoms and the consequent
dieback of one or more branches were present only on young
plants. Equal to the plant age, disease incidence varied from site to
site (Table S1). Disease incidence and plant age ahowed a weak
negative correlatin (t= —3.74; P<<0.001; = 0.33)(Appendix S1).

Identification of the isolates

Yellow-mucoid, shiny and rounded bacterial colonies were
observed on NAS, YDCA, GYCA and YPGA media after 72 hrs
of incubation. The colonies were of approximately 2.5 to 3 mm in
diameter on NAS but they were slightly smaller on the other
media. All of them showed oxidative metabolism and produced
the HR on tobacco leaves and bean pods. The isolates were
negative for gram, oxidase, indole, lecithinase, urease, tyrosinase,
nitrate reduction, growth in 5% NaCl, lypolisis of tween 80 and
positive for catalase, growth in 2% NaCl, hydrolysis of gelatin,
esculin, arbutin and starch, growth at 35°C and production of HyS
from peptone and cysteine. In addition, all of them gave alkaline
reaction to litmus milk, tolerated to 0.1% T'TC and produced dark
green and yellow pigments on SQ and YDCA media respectively.
The isolates used glycerol, D-mannitol, fructose, galactose,
trealose, sucrose, glucose, maltose, L-asparagine, D-sorbitol, L-
arginine, salicin and inulin as sole carbon sources and caused their
acidification except of the last four. All of them were negative for
the utilization of L(+) tartrate.

On the basis of the results obtained from the morphological,
physiological, biochemical and nutritional tests, the isolates
causing the aforementioned symptoms were identified as Xantho-
monas arboricola pv. corylina. The comparison of our sequences with
those present in the database further confirmed the results
regarding the belonging of our isolates. Our sequences (Accession
numbers JQ861273, JQ861274 and JQB861275) shared 99%
identity with the analogous sequences of Xac available in the

NCBI database.

Lesion tests

All Xac isolates produced water-soaked lesions at the site of
inoculation of bean pods, after 4 days. No symptoms were
observed on those inoculated with P. agglomerans (Figure S1).

Pathogenicity tests

All the isolates reproduced the symptoms of the disease on the
plants artificially inoculated. Water-soaked necrotic spots (Figure
S2 A) followed by shoot witlings (Figure S2 B) were observed on
leaves within a month after the artificial inoculation. By contrast,
canker symptoms began to appear only after a month (approx. 5
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weeks) (Figure S2 C). The canker observed on the artificially
moculated plants were smaller (2-4 cm) than those observed in the
field. Results showed that both of the cultivars are similarly
susceptible (t=0.59; P=0.64; r*=0.23) to the pathogen. No
significant difference (t=1.38; P=0.43; r*=0.17) in time of
symptom appearance was found among the isolates and reference
strains. Plants inoculated with the reference strains produced the
same symptoms whereas control plants inoculated with SDW
remained healthy. Bacteria re-isolated from the diseased parts of
the plants had the same characteristics of the inoculated strains.

Statistical analysis and kriging of the meteorological and
pedoclimatic data

Details on the type of distribution (leptokurtic and platykurtic) of
pedoclimatic data and the difference between normal and log-
transformed data are provided in Appendix S2.

Table 1 shows the semivariogram parameters of the spherical
model applied to the pedoclimatic data. The spatial dependence
ranged from moderate (for the total nitrogen and Mg/K ratio) to
high (for the thermal shock). In particular, total nitrogen data had
an N/S ratio of 0.636, inferring moderate spatial dependence.
This means that 36.4% of the total variation in total nitrogen
present can be explained by spatial variations while the remaining
63.6% was attributable to unexplained sources of variations. For
thermal shock, an N/S ratio of 0.153 was indicative that 84.7% of
total variation was spatial variation while only 15.3% was due to
other sources of variation. The spatial dependence was moderate
also for soil aluminium and pH (Table 1).

PLOS ONE | www.plosone.org

Summary statistics of cross validation prediction errors (CVPE)
applied to Log data are shown in table 2. Here the term
“prediction error” was used for the difference between the
prediction and the actual measured value. Cross-validation
provides indexes useful to determine the goodness of the model
used in the study. For a model that provides accurate predictions,
the mean prediction error (MPE) should be close to 0 if the
predictions are unbiased, the standardized root-mean-square
prediction error should be close to 1 if the standard errors are
accurate, and the root-mean-square prediction error should be
small if the predictions are close to the measured values. The goal
should be to obtain the standardized mean prediction errors
(SMPE) close to 0, the small root-mean-square prediction errors
(RMSPE) and the average standard error (ASE) near root mean

Table 1. Semivariogram parameters object of study.

Parameter N pS N/S ratio Range (m)
Total Nitrogen 0.116 0.066 0.636 12649
Mg/K ratio 0.082 0.102 0.446 5635

A 0.005 0.026 0.153 10335
Aluminium 1.222 1.592 0.434 12648

Soil pH 0.008 0.005 0.611 12650

N: nugget; pS: partial Sill; S: sill; N/S ratio = [N/(N+pS)]; A: thermal shock.
doi:10.1371/journal.pone.0056298.t001
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Table 2. Summary statistics of cross validation prediction
errors applied to log-transformed data.

Parameter Mean RMSPE ASE SMPE SRMS

Total Nitrogen 0.000089  0.052660 0.053480 —0.002782 0.975300
Mg/K ratio —0.012700 0.349200 0.292900 —0.059400 1.235000
A —0.134000 1.553000 1.883000 —0.051540 0.825100
Aluminium 0.106900  0.908300 4.045000 0.020600  0.283700

Soil pH —0.007366 0.561900 0.537800 —0.011860 1.040000

RMSPE: root mean square prediction error; ASE: average standard error; SMPE:
standardized mean prediction error; SRMS: standardized root mean square; A:
thermal shock.

doi:10.1371/journal.pone.0056298.t002

square prediction error (RMSPE); and the standardized root-
mean-square prediction errors (SRMSPE) close to 1.Among the
mvestigated parameters, the best fitting model was found for total
nitrogen followed by soil pH, Mg/K ratio, thermal shock and then
for aluminium (Table 2).

Appendix S1 reports the correlation results of statistical tests, p-
values and Pearson correlation coefficient matrixes of the
logarithmic disease incidence (Log DI) with pedoclimatic variables
and plant age. The degree of freedom for the correlation analysis
(Appendix S1; Table 1), Pearson correlation analysis (Appendix
S1; Table 2) and regression analysis (Appendix S1; Table 1) are
28, 22 and 7.22, respectively. Values showed a strong positive
correlation of DI with average rainfall (t=11.54; P<<0.001;
r?=0.82), thermal shock (t=11.65; P<<0.001; r>=0.82) and
average soil nitrogen (t = 17.34; P<<0.001; r* = 0.91). Additionally,
the correlation was strong negative for Mg/K ratio (t= —10.64;
P<0.001; r*=0.80) and weak positive for aluminium (t = 3.99;
P<0.001; r?=0.36). No correlation of DI was found with soil pH
(t=—1.10; P=10.28; r*=0.04).

The incidence of bacterial blight, expressed in logarithmic scale,
in relation to the average rainfall data of the last 40 years, are
reported in Figure 7A. The incidence appeared well correlated
with the higher average annual rainfall (1000-1300 mm rainfall
classes of rain per year). The correlation was further confirmed by
linear regression analysis (r* = 0.82) (Figure 8A, Appendix S1).

The thermal shock values (in °C) in correspondence to the
disease incidence are shown in figure 7B. The incidence increased
across the areas where these values ranged between 13 and 15°C.
The linear regression between the data of the heat shock,
estimated with the logarithm of the real values of the disease
incidence confirmed the correlation. The significance of the
correlation itself was confirmed by the value of r* equal to 0.82
(Figure 8B; Appendix S1). The change in temperature was divided
into eight classes covering a distance of values between 8.5 and
14.5°C, which are also associated with a kriging standard error
(from 1.784 to 2.128).

The estimated total amount of nitrogen, divided into eight
classes, and the incidence of bacterial blight are demonstrated in
Figure 7C. The lowest class corresponded to an estimated content
of nitrogen that varied from 0.015 to 0.075% up to the highest
class, where the content of this element was between 0.21 and
0.375%. A kriging standard error (ranging from 0.047 to 0.06) was
associated to the prediction of the amount of total nitrogen in the
soil. A direct linear relationship between the nitrogen contents and
the logarithm of the disease incidence was confirmed by the linear
regression value (r? = 0.91) (Figure 8C; Appendix S1). A low global
standard error was observed for this correlation which is able to
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better discriminate the DI per site in relation to the nitrogen
content. The Mg/K ratio in the soils, divided into eight classes, are
reported in Figure 7D. The ratio ranged from the minimum of 0.1
up to the maximum of 2.7. For each of these values a standard
error (between 0.297 to 0.412) was associated. At low Mg/K ratios
the disease incidence was greater showing an inverse correlation.
The correlation was confirmed by analysis of linear regression with
an r? value of 0.80 (Figure 8D; Appendix S1).

Pearson correlation values among each pair of variables are
reported in Appendix SI1. Results showed that nitrogen was
negatively correlated with Mg/K ratio (P<<0.001; r=—0.95) and
plant age (P<<0.001; r=—0.54) while it was positively correlated
with thermal shock (P<<0.001; r=0.95), rainfall (P<<0.001;
r=0.95) and aluminium (P<<0.001; r=0.68). Likewise, Mg/K
ratio was negatively correlated with thermal shock (P<<0.001;
r=-—0.92), rainfall (P<<0.001; r=—0.96), soil
(P<0.001; r=—0.68) and positively correlated with plant age
(P<<0.001; r=0.62). Equally, a negative correlation of thermal
shockwith plant age (P<<0.001; r = —0.48) and a positive one with
rainfall (P<<0.001; r=0.93) and soil aluminium (P<<0.001;
r=0.64) were observed. Regarding the rainfall, its correlation
was negative with plant age (P<<0.001; r=—0.59) and positive
with soil aluminium (P<<0.001; r=0.65). Finally, a moderate
negative correlation of soil aluminium (P<<0.01; r=—0.49) was
observed with plant age whereas there was a weak positive
correlation (P<<0.05; r=0.38) among soil pH and plant age. It is
important to note that soil pH did not show any correlation with
the pedoclimatic factors analyzed except the weak positive
correlation found with plant age as described above.

Results of multiple regression analysis are shown in Appendix 1.
Only the regression coefficients for nitrogen were highly significant
(B=1.20; t=4.83; P<0.001). It means that the null hypothesis
(Ho: B;=0 for all i, where B;=regression coefficient for every
factor) can be rejected for this value. By contrast, the regression
coeflicient for Mg/K ratio (B=10.36; t=1.55; P=0.13), thermal
shock ($=0.03; t=0.16; P=0.87), rainfall (3=0.06; t=0.29;
P=0.77), aluminium (B=-0.10; t=—1.34; P=0.19), soil pH
(B=-0.03; t=-0.49; P=0.62) and plant age (B=—0.13;
t=—1.75; P=0.09) were not significant and as such the null
hypothesis cannot be rejected.

The correlation maps of DI with soil aluminium content and
pH, reported into eight classes, are shown in Appendix S3. The
values of linear regression analysis demonstrated a weak positive
correlation between the DI and soil aluminium content (r> = 0.36)
whereas no correlation of DI was found with soil pH (Appendix
S1; Appendix S3). . Moreover, in both cases, the associated
standard error of the two pedological parameters was found to be
generally higher for all the sites if compared to the other cases
described above (Appendix S3).

aluminium

Discussion

Our study reports some important results which are significant
to explain the role of pedoclimatic factors in the occurrence and
spread of bacterial blight disease. We did not observe phenotypic
and pathogenic differences among Xac isolates, obtained during
the years 2010-2012. This indicates that different DI across our
study sites might not be related to the different degrees of virulence
of the isolates. In addition, equal susceptibility of hazelnut cultivars
to artificial inoculations further confirms this hypothesis. However,
It should be emphasized that hazelnut grown in the Latium region
(cvs. Tonda Gentile Romana, Tonda di Giffoni and Nocchione)
are the clones derived from local cultivars which are even similar
to Spanish ones [92]. The aforementioned cultivars are the result
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Figure 7. Map illustrating the correlation of average disease incidence (%) with different pedoclimatic factors. Average rainfall values
(A), kriging of thermal shock associated with frost (B), kriging of nitrogen content in the soil (C) and kriging of Mg/K ratio in the soil (D). The values are
expressed in the following units: rainfall (mm), thermal shock (A=°C) obtained from the difference between maximum and minimum daily
temperature, content of nitrogen in the soil (%) and the last is a ratio between magnesium (Mg) and potassium (K) content in the soil. The red circle

size inside the maps indicates the different disease incidence (<1% to 75%) expressed in logarithmic scale.

doi:10.1371/journal.pone.0056298.9g007

of asexual multiplication carried out by farmers, in practicing
traditional agriculture system, in the years sixties-eighties [3,93].
The lack of genetic breeding programs of this crop resulted in the
diffusion of the same clones over the years across Italy by
increasing crop vulnerability to biotic and abiotic stresses [94].
The true variability in infectivity profiles can be detected only by
using different host cultivars, not existing yet in Italy. A previous
detailed study on the genetic and phenotypic characterization
demonstrated that Xac populations of different geographic origin,
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including that of central Italy, are homogeneous [95] which is in
full agreement with the results of our phenotypic tests.

Recent disease outbreaks on cv. Tonda di Giffoni in the
province of Viterbo with the presence of longitudinal canker might
have an explanation. “Tonda di Giffoni” is a typical cultivar
grown in Campania region, which is located to the southern part
of Latium region having a mild winter temperature and rare
spring frosts [24]. Indeed, the presence of bacterial blight
symptoms on leaves and sprouts was described from Campania
region but canker formation did not occur [24]. The cultivar has
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Figure 8. Correlation of the average disease incidence (%) of each site with different pedoclimatic factors. (A) average rainfall values
(t=11.54; P<0.001; r>=0.82), (B) thermal shock associated with frost (t=11.65; P<0.001; r* =0.82), (C) nitrogen content in the soil (t=17.34; P<0.001;
r2=0.91) and (D) Mg/K ratio in the soil (t=—10.64; P<<0.001; r2=0.80). The horizontal and vertical bars represent the standard error of disease
incidence and pedoclimatic variables, respectively. Six were the average number of replicate in each site (n=6).

doi:10.1371/journal.pone.0056298.g008

been introduced very recently by growers in Latium, a region with
cold winter temperatures and frequent spring frosts [84,96],
because this cultivar is characterized by a vigorous growth and an
early production. Introduction of this cultivar to areas of Latium
region may have predisposed trees to infection by Xac which has
an epiphytic phase and enters and cause the canker through
wounds [7-10].

Concerning the relationship of plant age with the DI caused by
Xac, no strong correlation was found among these parameters.
However, the DI was weak and negatively correlated to the plant
age confirming that young plant are the most affected by the
disease as previously reported [9,10]. Geostatistical analysis
showed different levels of spatial autocorrelation for spatialized
parameters. The best autocorrelation was found for the thermal
shock (N/S ratio<<0.25). The other two parameters showed less
spatial autocorrelation (N/S ratio between 0.25 and 0.75). In all
cases, the spherical model adopted results to producing good
CVPE [97-99], especially for total nitrogen.

In recent years, a large number of studies were made on plant
disease epidemics using spatial pattern analysis in order to relate
the observed characteristics of epidemics to the underlying
ecological and pathological processes [100-102]. However,
specific studies on the spatial pattern analysis of the pedoclimatic
factors affecting plant diseases are lacking in the literature. Often,
the role of pedoclimatic factors on the occurrence and spread of
the diseases 1s ignored by the researchers. The lack of information
on the correlation between the plant disease incidence and
pedoclimatic factors hindered our ability to develop more
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sustainable management strategies for many plant diseases [103].
The latter continue to cause large losses on a wide range of
important crops because management practices, including the use
of genetic resistance, are not complete and in many cases, sole
reliance on chemical products has led to pathogen resistance in the
field for many species in the genus [104-110]. This study
demonstrates how the knowledge of pedoclimatic factors could
clearly lead to better understand the role of different factors on
plant disease occurrence and spread.

Geostatistic analysis showed significant correlation among the
DI and investigated pedoclimatic parameters, from geostatistical
point of view. Disease incidence appeared correlated to higher
values of annual rainfall, a higher content of nitrogen in the soil,
higher thermal shock values and a lower Mg/K ratio in the soil.
Additionally, a weak positive and negative correlations of soil
aluminium and plant age, respectively, were detected with DI.
However, The last two factors have less impact on disease
occurrence and development compared to other pedoclimatic
variables investigated. The significance of these correlations is
likely the consequence on the infection process and spread of the
disease.

Higher nitrogen level in contributing disease development
[77,111] is of vital concern. However, it must be emphasized that
the higher nitrogen levels found across our study sites, are not
high, in absolute terms and might not be due to the natural
presence of this trophic element. Especially, large amounts of
mineral nitrogen, indiscriminately used in the last five decades, in
the name of intensive agriculture might have unbalanced
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significantly the nitrogen content in the soil. The return to
balanced fertilization practices with regard to nitrogen may well be
in favor of a restoration of balance that was lacking for long time.
Previously, a possible problem caused by the unbalanced
fertilizations, as a cause of increased occurrence and spread of
hazelnut diseases in the studied area, was hypothesized [112].

High coefficient of determination value confirmed a strong
correlation among the average rainfall and DI. Rainfall is
considered one of the most influencing factors on phytobacterial
disease occurrence [113]. Since Xac has the epiphytic phase on
hazelnut plants [9,10], probably, it becomes airborne in splash
droplets during the rainfall, as other epiphytic bacteria [114]. In
addition, the importance of rainfall in triggering the multiplication
of the epiphytes and the consequence for the epidemiology of
bacterial diseases of plants have been demonstrated [115]. Once
bacteria multiply on the phylloplane high levels of bacterial
populations can be reached. As a consequence, during the rainfall
period (common across our study sites), the bacterial pathogen
spreads at a rate that might cause severe infection, as bacteria
within lesions are released very readily from wet leaves [116-119].
Moreover, the potential number of cells available for dispersal
from a single spot on a single infected leaf may be greater than the
entire epiphytic population on the surfaces of several thousand
leaves or plants [78]. Previous reports suggested that the presence
of leaf symptoms, caused by Xac, are rare in orchards [9,10]. In
contrast to that report, we found very frequent presence of leaf
symptoms across the study sites, especially in certain areas where
the DI was almost 75%. Since hazelnut cultivation is practiced
within a very concentrated area of Viterbo Province, the pathogen
can easily disperse through the rainfall rapidly across the entire
cultivation sites. These considerations might turn very useful in
order to take preventive measures in controlling disease occur-
rence.

In addition to the key role, rainfall might play a secondary role
in causing disease occurrence across our study sites. The presence
of compact soil is common in the area due to the lack of soil
breaking up practices [120]. As the consequence, soil aeration,
drainage and the consequent root elongation did not occur. Root
asphyxia phenomenon is very frequent during the major raining
seasons, causing plants general suffering. All these stress conditions
predispose plants to bacterial attacks [121].

The relationship between the DI and lower values of Mg/K
ratio is more difficult to interpret. No study in literature is available
in this regard. However, this might be partly explained by the fact
that magnesium is an antagonist of potassium or vice versa because
of the competition between the ions [122-125]. Since Mg”" and
K" as Ca” are similar in size and charge, exchange sites cannot
distinguish the difference between them. An indiscriminate
acceptance of ecither of these ions (the most abundant), at the
expense of other, at the exchange sites, is the consequence.
Moreover, the binding strengths of K* is much stronger than Mg**
and for this the first easily out-competes the second at exchange
sites [122]. The presence at very high concentration of one of these
ions results in a complete suppression in uptake mechanism of the
other [124—131]. It is well established that most of our study sites
has the soils of volcanic origin, rich of potassium [132], confirming
the reason of lower Mg/K ratio. Magnesium is one of the essential
elements for plant growth and production [133,134] and its
deficiency renders plants susceptible predisposing them to the
disease.

A strong correlation is likely to show the role of thermal shock
on the DI. The higher thermal shock values, especially those
referred to the critical periods (presence of night frost), damage the
plant tissues and create the micro-lesions. The latter represent an
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ideal route of entry for bacteria and the consequent infection begin
process. Recent studies showed higher thermal shock values
registered across Viterbo province [84,96] with consequent effects
on the health status of hazelnut plants.

In addition to the parameters described above, the role of soil
aluminium (Al) content associated to lower pH values might play
an important role in disease occurrence. Previous studies showed
the presence of acidic soil (pH<5) across some of our study sites
[120,135] which are much lower than the optimal pH values (5.5—
7.8), for hazelnut crop [136]. Soils with lower pH values can
increase the susceptibility of fruit tree species to bacterial diseases,
especially to those caused by pseudomonads [81-83]. In addition,
lower pH values result fatal in association to higher Al in soil. This
metal can be present in different forms in the soil. The trivalent Al
form, (A1%"), dominates in acid condition (pH<5) which is toxic to
plants [137]. Poor root elongation, growth reduction and
premature aging of the plants are the consequence [138,139].
The phytopathogenic bacteria, in these circumstances, easily
explicate their virulence causing the disease. However, we did not
find any significant correlation among the low pH, high
aluminium soil values and the incidence of bacterial blight.
Pearson correlation coefficient matrix, among soil pH and
aluminium, further confirmed no significant correlation with the
DI. This is probably because acidic soils do not increase host
susceptibility to diseases caused by Xanthomonads, unlike those
described for pseudomonads. Nonetheless, the poor correlation of
the DI to soil aluminium values is also affected by the relatively
high CVPE values of the model applied.

Factors that depend strictly by agronomic practices (total
nitrogen and Mg/K ratio of soil), can be improved on behalf of
crop requirement. Nevertheless the negative effect of rainfall and
thermal shock are not easily manageable. In this context, the
potential effects (direct and indirect) of climate change should not
be overlooked. Increased atmospheric COy, heavy and unseasonal
rains, increased humidity, drought, cyclones and hurricanes and
warmer winter temperature are the major climate change factors
influencing disease occurrence, severity and spread [25,140-144].
Changes to any one of these climatic factors can affect the
distribution and biology of plant pathogens with very serious
economic consequences [145,146]. Several studies hypothesized
the increasing CO, as the main cause of changes in crop
architecture, leading to increased humidity within the canopy and
more suitable condition for pathogen survival [28,147]. In
addition, increased photosynthetic rate, under elevated COj levels
[146] might lead to the availability of new growth flushes earlier in
the season for pathogen to colonize and multiply in [27]. Changes
in rainfall pattern and temperature might affect the epidemiology
of plant diseases including the survival of primary inoculums
[148], the rate of disease progress and even the duration of
epidemics [27]. These phenomena might be favorable for growth,
multiplication and spread also of hazelnut bacterial blight
pathogen.

The results presented here confirm the role of some pedocli-
matic factors in the occurrence and spread of hazelnut bacterial
blight disease. This is the first epidemiological study, based on
detailed data, on this disease from central Italy. Improved crop
management, through adequate agronomic techniques, is possible
across our study sites, especially in the areas where the risk of
bacterial blight is higher. Detailed information on biology,
epidemiology and control of Xac are described [7,8,9,10]. This
information is essential for the effective control of the pathogen.
However, besides the general control measures, the disease strictly
related to pedoclimatic conditions, at local level requires specific
control measures. Referring to our study sites, improvement of soil
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drainage system, through soil breaking up practices might be
necessary. The latter might be sufficient once every five years,
provided that it is done at greater depth, without compromising
mechanical harvest. The application of copper-based compounds,
the only chemicals allowed in Italy, should be done following the
phenomena that cause lesions on plants (pruning, spring frost and
hail). Balanced nitrogen fertilization is essential across our study
sites. Increased use of mineral fertilizers, in the last five decades,
caused serious problems in soil mineral equilibrium. Lower soil pH
values in the area are attributed to the indiscriminate use of soil
acidifying nitrogen fertilizers [135]. Reduction in use of mineral
nitrogen and increased use of organic substances must be done.
Soil liming is advisable in areas where pH values are particularly
lower to avoid plant stress [136]. An increase in pH values in these
soils can result in increased absorption of calcium, magnesium and
potassium [138]. Finally, the problem of lower Mg/K ratio can be
addressed by the application of foliar fertilization of magnesium
salts.

Supporting Information

Appendix S1 Statistical tests, Pearson correlation table and
multiple regression analysis of the disease incidence with
pedoclimatic factors and plant age.

DOCX)

Appendix S2
DOCX)

Appendix 83 Maps and correlation graphs of disease incidence
with soil aluminium, pH and plant age.

(DOCX)

Transformation of pedoclimatic variables.

References

1. FAO statistics (2010) Available: http://www.faostat.fao.org/site/339/default.
aspx. Accessed 2012 Feb 9.

2. Me G, Valentini N (2006). La corilicoltura in Italia ¢ nel mondo. Petria 16: 7—
18

3. Pedica A, Vittori D, Ciofo A, De Pace C, Bizzarri S, et al. (1997) Evaluation
and utilization of C. avellana. Genetic resources to select clones for hazelnut
varietal turnover in the Latium region (Italy). Acta Hort 445: 123-134.

4. Vauterin L, Hoste B, Kersters K, Swings J (1995) Reclassification of
Xanthomonas. Int ] Syst Bacteriol 45: 472-489.

5. Barss HP (1913) A new filbert disease in Oregon. Oregon Agricultural
Experiment Station Biennial Crop Pest and Horticulture. Rep 14: 213-223.

6. Bradbury JF (1987) Xanthomonas campestris pv. corplina. CMI Descriptions of
Pathogenic Fungi and Bacteria No. 896. CAB International, Wallingford, UK.

7. OEPP/EPPO (1986) Data sheet on quarantine organisms, 134: Xanthomonas
campestris pv. corylina (Miller et al. 1940) Dye 1978. OEPP/EPPO Bull 16: 13—
16.

8. OEPP/EPPO (1990) Specific quarantine requirements. EPPO Technical
Documents No. 1008.

9. OEPP/EPPO (2004) Diagnosis protocols for regulated pests Xanthomonas
arboricola pv. corylina. OEPP/EPPO Bull 179: 179-181.

. OEPP/EPPO (2004) Diagnosis protocols for regulated pests Xanthomonas
arboricola pv. corylina. OEPP/EPPO Bull 34: 155-157.

11. Kazempour MN, Ali B, Elahinia SA (2006) First report of bacterial blight of
hazelnut caused by Xanthomonas arboricola pv. corylina in Iran. J Plant Pathol 88:
341.

. Poschenrieder G, Czech I, Friedrich-Zorn M, Huber B, Theil S, et al. (2006)
Ester nachweiss von Pseudomonas syringae pv. coryli (pv. nov.) und Xanthomonas
arboricola pv. corylina an Corylus avellana (Haselnuss) in Deutschland. Bayerische
Landesanstalt fur Landwirtschaft-Insitut fur Pflanzenschutz. Jahrb pp. 32-33.

. Pulawska J, Kaluzna M, Kolodziejska A, Sobiczewski P (2010) Identification
and characterization of Xanthomonas arboricola pv. corplina causing bacterial blight
of hazelnut: a new disease in Poland. J Plant Pathol 92: 803-806.

. Lamichhane JR, Grau P, Varvaro L (2012) Emerging hazelnut cultivation and
the severe threat of bacterial blight in Chile. J Phytopathol. doi:10.1111/
jph.12004

. Petri L (1932) Rassegna dei casi fitopatologici osservati nel 1931. Bollettino R.
stazione Pat. Veg Roma 12: 1-64.

. Petri L (1933) Rassegna dei casi fitopatologici osservati nel 1931. Bollettino R.
stazione Pat. Veg Roma 13: 1-73.

PLOS ONE | www.plosone.org

12

Epidemiology of Hazelnut Bacterial Blight

Figure S1 Reaction observed on the bean pods inoculated with
bacteria. Pods inoculated with strains of Pantoea agglomerans (A) and
Xanthomonas arboricola pv. corylina (B). In the first case, the tissues of
the pods inoculated with P. agglomerans did not collapse (C) whereas
tissue collapsing was observed in the second case (D). Figures A
and B are referred to the naked-eye observation whereas
stereomicroscope (Stemi DV4) observation was made for C and
D (5 X).

(TIF)

Figure 82 Characteristic symptoms of bacterial blight developed
on the artificially inoculated hazelnut plant. Water-soaked necrotic
spots on the leaves (A), shoot dieback (B) and canker formation (C)
observed respectively at 3, 4 and 5 weeks after inoculation. Figures
are referred to 2-year old potted plants (cv. Tonda Gentile
Romana).

(T1F)

Table S1  Study areas, hazelnut cultivars, plant age and bacterial
blight incidence across the Viterbo province.
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