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Abstract The genetic structure of 276 Sclerotinia
sclerotiorum isolates representing 37 field popula-
tions from four provinces in northern Iran were
analysed with six polymorphic microsatellite loci. In
total, 80 haplotypes were detected with 19 haplo-
types (23.7%) shared amongst at least two regional
populations. None of the haplotypes were shared
among all four regional populations. Of the 80
haplotypes, 32 haplotypes (40%) occurred in low
frequencies represented by only one isolate. Moder-
ate levels of gene diversity (H=0.51 to 0.61) and
genotypic diversity (Ĝ=12.0 to 22.0; clonal fraction
= 0.39 to 0.67) for regional populations were
observed. Genotypic diversities (Ĝ) did not differ
significantly among populations. All regional pop-
ulations were in linkage equilibrium indicating the
occurrence of outcrossing. Low to moderate levels of
population subdivision (0.03 to 0.07), were observed

among regional populations. Only one large panmictic
population was inferred by STRUCTURE, indicating no
significant population structure. A Mantel test showed
no significant isolation by distance (r=−0.43; P=0.18),
indicating anthropogenic movement of inoculum. The
results demonstrated that S. sclerotiorum populations in
northern Iran, are randomly mating and have a number
of shared haplotypes among regional populations; this
possibly represents recent founder populations and/or a
high occurrence of anthropogenic migration of infected
plant material among populations.
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Introduction

In Iran, canola (Brassica napus var. oleifera) is the
most commonly cultivated oilseed crop. It has been
cultivated since 1996 (Fernando et al. 2007) and there
is a growing interest in canola production. Sclerotinia
stem rot is the most destructive and harmful disease of
canola, especially in favourable climatic conditions
such as those found on the northern flats of the
Caspian Sea (Pakdaman and Mohammadi Goltapeh
2007). Incidence of this disease in canola fields of
Iran has ranged from 3% to 50% (Afshari-Azad
2001).
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Sclerotinia sclerotiorum is a homothallic ascomy-
cete fungus with a wide host range and geographical
distribution. It is one of the most omnivorous plant
pathogens (Purdy 1979). The pathogen has been
recorded on 408 host species belonging to 278 genera
and 75 families; most of them are herbaceous plants
from the subclass Dicotyledonae of the Angiospermae
but several hosts occur in the subclass Monocotyle-
donae (Boland and Hall 1994).

Sclerotia of S. sclerotiorum can survive for many
years in soil (Bourdôt et al. 2001). Soilborne sclerotia
produce apothecia at the time when canola flowers, to
produce airborne ascospores as primary inocula,
which infect petals. Resistance sources to S. sclero-
tiorum in several crops has been identified (Lefol et
al. 1997; Hoffman et al. 2002; Zhao and Meng 2003;
Zhao et al. 2006) and many studies continue to
investigate resistance of canola cultivars as well as
other crops against S. sclerotiorum (Bradley et al.
2006; Chen and Wang 2005; Rönicke et al. 2005;
Kull et al. 2004; Sexton and Howlett 2004; Zhao et al.
2004; Yanar and Miller 2003; Wegulo et al. 1998). In
Iran, the evaluation of tolerance in different lines and
cultivars of rapeseed to sclerotinia stem rot has shown
different levels of tolerance to the disease (Dalili et al.
2002).

In plant-pathogen interactions, development of
new pathogenic races and the breaking down of
resistance are limiting factors in resistance deploy-
ment against plant diseases. The pathogen’s life-
history characteristics and evolutionary potential are
major factors leading to the pathogen overcoming
host resistance (García-Arenal and McDonald 2003;
Coletta-Filho and Machado 2002; McDonald and
Linde 2002). Therefore knowledge of the population
genetic structure and evolutionary potential of the
pathogen will provide insight into the most suitable
breeding strategy for durable resistance (McDonald
and Linde 2002). The pathogens with higher evolu-
tionary potential pose a greater risk of defeating
resistance genes or counteracting other control meth-
ods such as applications of fungicides (McDonald and
Linde 2002). Two important factors for pathogen
evolution are the reproductive/mating system and
gene/genotype flow. The reproduction system will
affect the distribution of alleles in a population.
Sexual reproduction in out-crossing organisms will
result in recombined genotypes, whereas in-breeding
and clonal reproduction will fix the alleles within a

clone. Out-crossing and recombination combine
alleles from different sources into the same genetic
background, resulting in different genotypes that
may have a higher fitness (McDonald and Linde
2002). Furthermore, high levels of gene/genotype
flow may facilitate the exchanging of genetic
resources including isolates with novel virulence
across a large geographical area (McDonald and
Linde 2002).

There are several published reports on the popula-
tion genetic structure of S. sclerotiorum using
different molecular markers (Malvárez et al. 2007;
Mert-Türk et al. 2007; Sexton et al. 2006; Sun et al.
2005; Atallah et al. 2004; Kull et al. 2004; Sexton and
Howlett 2004; Hambleton et al. 2002; Carbone and
Kohn 2001; Carbone et al. 1999; Kohli and Kohn
1998; Cubeta et al. 1997; Kohli et al. 1992). All the
markers employed were convergent in identifying the
same biological units (Kohn et al. 2008). Also, all
studies indicated that populations were genetically
diverse and had a predominantly clonal component
with occasional recombination within populations, as
well as contemporary population diversification at a
local scale. What is still lacking is a global scale
phylogeography study with multilocus sequence
analyses to assess worldwide movement and diversi-
fication of genotypes.

The objective of this research was to investigate
the genetic structure of S. sclerotiorum populations
from canola in four provinces of Iran, and assess
possible host association in broad bean and
tobacco isolates with microsatellite markers. Spe-
cifically, we investigated the evolutionary potential
of pathogen populations by determining their
genetic diversity and reproduction system of
regional populations. We aimed to determine
whether observed patterns of genetic diversity are
consistent with strict clonality or random mating.
In order to answer this question, we determined
the genotypic diversity of populations and the
allelic associations among studied loci by estimat-
ing linkage disequilibrium. Furthermore, the pres-
ence of population substructure was investigated
by estimating population differentiation, the level
of admixture and inference on the number of
clusters present in the population. The results of
this study will allow us to infer the evolutionary
potential of S. sclerotiorum populations in northern
Iran.
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Materials and methods

Sclerotinia populations

In total, 252 S. sclerotiorum isolates were collected
from infected canola stems from four regions in
northern Iran that represented the most important
canola-growing areas with large, almost continual
acreage of canola. These regions included: Ardabil,
Guilan, Mazandaran and Golestan Provinces that are
mostly located around the Caspian Sea in the north of
Iran (Fig. 1). Fields were mostly small and their sizes
ranged from 0.5 to a maximum of 3 ha. All fields
were sampled in a V-shaped transect. Plants sampled
were separated by a minimum distance of 10 m.
Depending on the disease severity and size of each
field, the number of samples obtained varied from
three to nine plants per field from Ardabil, three to 30
plants, two to 28 plants and two to seven plants per
field respectively from Guilan, Golestan and Mazan-
daran from ten, seven, six and 12 fields respectively,
representing a total geographical area of about
1,2000 km2. One sclerotium from each plant was
surface-sterilised, cultured on potato dextrose agar
(PDA; Merck) and incubated at 21 to 24ºC in
darkness for 2 days. Mycelial tips were transferred
to new PDA plates resulting in 49 isolates from
Ardabil, 84 from Guilan, 62 from Golestan and 57
from Mazandaran. In addition to canola, a small

number of isolates were collected from tobacco
(Golestan T; n=14) and broad bean (Golestan BB;
n = 10) in Golestan. Broad bean plants were located
next to one of the infected canola fields, whereas
tobacco plants were located at a tobacco research
centre, 35 km from the nearest canola field in
Golestan (see Appendix 1). For each isolate several
sclerotia were dried and stored in 4ºC.

DNA extraction

Isolates were grown on PDA and incubated at 21 to
24ºC in darkness for 5 days. Two plugs of the colony
margin were transferred to 250 ml flasks containing
50 ml potato dextrose broth (PDB) and incubated at
21 to 24ºC in darkness for 2 days. Cultures were
incubated for a further 4 days at 21 to 24ºC in
darkness with shaking at 100 cycles min−1 in a rotary
shaker. Mycelia were harvested by vacuum filtration,
lyophilised and stored at −20ºC. Fifteen to 20 mg of
dried mycelia were powdered and transferred to 1.5
Eppendorf tubes for DNA extraction according to Liu
et al. (2000) with the following modifications: before
precipitation of DNA, an equal volume of phenol-
chloroform-isoamyl alcohol (25:24:1) was added to
the supernatant, which was then centrifuged at
12,000 rpm for 10 min. Also, the DNA pellet was
washed twice with cold ethanol (70%), and then air-
dried at 37ºC for 20 min. The DNA pellet was

Tehran 
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   : Canola fields in Ardabil Province 
   : Canola fields in Guilan Province 
   : Canola fields in Mazandaran Province 
   : Canola fields in Golestan Province 
   : Broad bean field in Golestan Province 
   : Tobacco field in Golestan Province

Iran 

Fig. 1 Distribution of
sampled fields of canola,
broad bean and tobacco,
infected by Sclerotinia
sclerotiorum in four
provinces of Iran
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dissolved in 30 µl of 1X TE (10 mM Tris-HCl, 1 mM
EDTA) and 2 µl of ribonuclease A (10 mg ml−1) and
stored at −20ºC.

Microsatellite genotyping

Microsatellite primers of seven loci described by
Sirjusingh and Kohn (2001) were tested for polymor-
phism among 16 isolates of S. sclerotiorum. Locus
13-2 was either monomorphic or displayed null
alleles and was therefore excluded from further
analyses. The other six microsatellite loci (5-2, 7-2,
9-2, 12-2, 8-3 and 92-4) were polymorphic and
were chosen to genotype 276 isolates representing
the four regions sampled in Iran. We also included
six Australian isolates obtained from Adrienne
Sexton (Melbourne University, Australia) to cali-
brate our allele size assignments. Then we com-
pared the allelic pattern of the mentioned six and
other 16 Australian isolates (Sexton et al. 2006) for
the six studied loci with the observed allelic pattern of
Iranian populations.

For the six polymorphic loci, the forward primers
were labelled with a fluorescent dye (G5 dye set: 6-
FAM, NED, VIC; Applied Biosystems). Each PCR
reaction was performed in a total volume of 10 µl
containing 10–50 ng of total DNA, 1 µl of 10X
reaction buffer, 2 mM MgCl2 (3 mM for reactions of
primer pairs 5-2 and 9-2), 200 μM dNTPs, 0.25 U of
Taq polymerase (Scientific) and 0.2 μM of each
primer (Applied Biosystems). The amplification was
conducted in an Eppendorf Mastercycler®, and con-
sisted of an initial denaturation step at 95°C for 5 min,
followed by 36 cycles of denaturation at 95°C for
20 s; annealing at 55°C for 30s (except for loci 92-4
and 8-3 where the annealing temperature used was
60°C), and extension at 72°C for 45 s, with a final
extension for 5 min at 72°C. A positive control of an
isolate with known microsatellite allele sizes, as well
as a negative control which did not contain any DNA,
were conducted for each PCR plate analysed. After
amplification 0.8 to 3 µl of PCR product for six loci
were combined and the final mixture was diluted ten
times with sterile distilled water. Then 2 µl of the
diluted combined PCR products was mixed with 8 µl
of Hi-Di formamide and 2 µl of the Gene-Scan 500-
LIZ size standard (Applied Biosystems). Fragments
were separated on an ABI PRISM 3100 Genetic
Analyser (Applied Biosystems) and analysed using

the GENEMAPPER ver. 3.7 (Applied Biosystems). Only
one allele was amplified for all loci as expected for a
haploid organism. Negative controls did not yield any
fragments and positive controls always yielded the
correct allele sizes.

Data analysis

Ewens-Watterson tests of neutrality were performed
with 1,000 simulations to test the selective neutrality
of observed variation in microsatellite loci within
populations using POPGENE ver. 3.2. (Yeh et al. 1999).
Isolates with the same combination of alleles at all six
loci were treated as clonal lineages or haplotypes, the
products of asexual reproduction. The occurrence and
frequency of haplotypes within a population was
expressed as a genotypic diversity (Ĝ) (Stoddart and
Taylor 1988). To compare Ĝ between populations
with different sample sizes and compare with previ-
ously published genotypic diversity estimates of S.
sclerotiorum, we divided Ĝ from each collection by n
(sample size). The significance of difference between
Ĝ of four regional populations was calculated using a
t-test (Chen et al. 1994). Furthermore, a clonal
fraction was calculated for each region. The clonal
fraction was calculated as the occurrence and fre-
quency of clones within a population, n�G

n , where n is
the sample size and G is the number of haplotypes
(Zhan et al. 2002). Genotypic richness is an estimate
of the number of genotypes contained in a population.
A simple estimate of richness is the number of unique
genotypes within a population (g). When sample sizes
are small, increasing sample size will result in
increased g, therefore g is not a valid statistic for
comparing richness of different populations unless
sample sizes are equal (Grünwald et al. 2003).
Multilocus genotypic diversity analysis was therefore
also conducted with the Shannon—Wiener’s index
(Shannon and Weaver 1949). To compare evenness of
genotypes among populations, E5 was calculated
(Ludwig and Reynolds 1988) for all populations.
For all further analyses, only one representative of
each haplotype was selected per population to
construct clone-corrected data sets.

Genetic variation within populations

To determine the extent of population subdivision
among different fields within a region, a null
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hypothesis of no genetic differentiation within region-
al populations was tested by comparing observed θ
for each regional population to that for datasets of
1,000 randomisations on clone-corrected datasets of
field populations. Corresponding 1-tailed P values
were subsequently estimated in MULTILOCUS ver. 1.3
(Agapow and Burt 2001). There were no significant θ
values among field populations of each of the four
regions (θ=0 to 0.06, P=0.12 to 0.51), allowing field
populations to be pooled to represent four regional
populations based on geographic proximity, for
further analyses (Tables 1 and 2).

Nei’s unbiased measure of gene diversity, H (Nei
1978) and its mean measure for all loci and for all
populations over six loci were estimated in GENALEX

ver. 6.1 (Peakall and Smouse 2006). Gene diversity
estimates for each region, including number of alleles
per locus and the number of private alleles were
calculated.

Genetic variation among populations

To estimate the distribution of genetic variation at
different levels of geographical subdivision: among
geographical regions (Ardabil, Guilan, Mazandaran
and Golestan), among field populations within
regions, and within field populations, a hierarchical
analysis of molecular variance (AMOVA) and the
significance levels of genetic variations were calcu-
lated using a permutation test with 1,000 permutations
using GENALEX ver. 6.1. (Peakall and Smouse 2006).
To estimate the amount of population differentiation

among regions, θ was calculated on clone-corrected
datasets for pairwise regional populations and in order
to test the null hypothesis of no genetic differentiation
among four regional populations, P values were
estimated after 1,000 randomisations in MULTILOCUS

ver. 1.3 (Agapow and Burt 2001). Nei’s unbiased
genetic distance was estimated for all pairwise
comparisons of regional populations in POPGENE ver.
3.2 (Yeh et al. 1999).

To estimate the level of admixture and infer the
number of clusters present in the Iranian S. sclerotio-
rum populations, a Bayesian genotypic clustering
analysis was conducted in STRUCTURE ver. 2.2 (Falush
et al. 2007, 2003; Pritchard et al. 2000). In the
programme STRUCTURE ver. 2.2, an admixture ances-
try model-based clustering method with correlated
allele frequencies was used. Four independent runs of
one to 15 subpopulations (K=1–15) were performed
using 100,000 Markov chain steps after a burn-in
period of 50,000 steps. We compared the likelihood
estimate of each of the K values essayed to determine
the number of populations present based on the
maximum ln K (Pritchard et al. 2000).

A Mantel test was performed to determine if there
was a significant correlation between geographic
distance (expressed by the logarithm of geographic
distance between pairs of populations) and genetic
differentiations between all pairs of regional popula-
tions. The significance of the correlation was estimat-
ed after 1,000 permutations in GENALEX ver. 6.1
(Peakall and Smouse 2006). If the degree of genetic
differentiation among populations is affected by
geographic distance, a significant negative correlation

Table 1 Population differentiation (θ) among the fields within
each regional population as measured in MULTILOCUS ver. 1.3
(Agapow and Burt 2001) and gene diversity (H) as estimated in
GENALEX ver. 6.1 (Peakall and Smouse 2006) for four popula-
tions of Sclerotinia sclerotiorum from canola in Iran

Regional
populations

No. of
fields

Gene diversity
(H)

θ Pa

Ardabil 10 0.61 0.05 0.12

Guilan 7 0.51 0.00 0.23

Golestan 12 0.58 0.06 0.25

Mazandaran 6 0.59 0.00 0.51

a 1-tailed P value refers to θ (population differentiation among
fields within each regional population). The null hypothesis is no
genetic differentiation among fields of the same region

Table 2 Genetic differentiation (θ) among four regional
populations of Sclerotinia sclerotiorum in Iran

Ardabil Guilan Golestan Mazandaran

Ardabil ****

Guilan 0.06 (P<
0.001)

****

Golestan 0.04 (P=
0.03)

0.07 (P<
0.001)

****

Mazandaran 0.04 (P=
0.03)

0.06 (P=
0.002)

0.03 (P=
0.97)

****

1-tailed P values refer to θ (population differentiation among
regional populations);

Low P values can reject the null hypothesis of no population
differentiation among regional populations
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should be evident indicating a natural stepwise pattern
of migration.

Random mating

To examine the extent of multilocus gametic disequi-
librium among populations, the index of association
(IA) and rd were estimated using MULTILOCUS ver. 1.3
(Agapow and Burt 2001). The index of association
(IA) is a measure of multilocus linkage disequilibrium,
with a value of 0 in the presence of random mating
(Brown et al. 1980). IA is usually dependent on the
number of loci included in the analysis, which makes
comparisons among studies difficult. To avoid this
problem, a modified statistic rd, was also used which
removed the dependency on the number of loci. The
proportion of compatible pairs of loci was also
calculated in MULTILOCUS ver. 1.3 (Agapow and Burt
2001). Two loci are compatible if all of the observed
genotypes are explained by mutation only, and
therefore no recombination is inferred (Estabrook
and Landrum 1975).

Results

Ewens-Watterson tests of selective neutrality did not
detect significant deviations of haplotype distributions
from those expected for selectively neutral variation
(P≤0.05) in all studied regional populations, indicat-
ing that the observed variation in microsatellite loci
was selectively neutral (data not shown). The number
of alleles obtained for each locus ranged from three
(locus 5-2) to eight with an average of 3.33 over all
loci and populations. Nei’s unbiased gene diversity
(H) for loci over four populations ranged from 0.52
(locus 7-2) to 0.71 (locus 8-3) (data not shown).

Genetic diversity within populations

In total, among 276 isolates, 30 polymorphic alleles
were detected from six microsatellite loci, and 80
multilocus haplotypes were identified. Six of the 80
haplotypes (7.5%) occurred more than 10 times in the
Iranian populations, indicating high levels of clon-
ality. Clones were also identified at the smallest scale
of analysis within 27 out of 37 fields analysed
(including tobacco and broad bean fields). All field
populations, as the smallest scale of the analysis, were

composed of more than one clone, indicating diver-
sification within field populations. Number of clones
per field and clone frequency within field populations
varied depending on sample size. Genotypic diversity
(Ĝ) obtained for populations, was moderate and
ranged from 12.0 to 22.0 (Table 3). According to a
t-test, genotypic diversities were not significantly
different in pairwise comparisons of the four popula-
tions. Clonal fractions were large ranging from 0.39
to 0.67 and haplotypes were distributed evenly within
regional populations (E5=0.77 to 0.86) (Table 3).

Gene diversities for all four populations were high
and ranged from 0.51 to 0.61 (Table 1). Two private
alleles each were detected in Ardabil, Guilan and
Mazandaran. These alleles occurred at a low frequen-
cy (0.03 to 0.05) except for one allele from Ardabil
which occurred at a frequency of 0.17 and one allele
from Mazandaran at a frequency of 0.16 (data not
shown).

Genetic diversity among populations

Although a high number of haplotypes were shared
among two or three populations (23.7%), none of the
80 haplotypes were shared among all four regions.
The highest percentage of shared haplotypes (16.7%)
was between Golestan and Mazandaran (Fig. 2).

All five haplotypes from tobacco shared haplo-
types with canola isolates from Golestan although

Table 3 Indices of multilocus genotypic diversity for four
Iranian populations of Sclerotinia sclerotiorum; Ĝ = Stoddart
and Taylor’s diversity index (Stoddart and Taylor 1988); Ĝ/N
(%) = Stoddart and Taylor’s diversity index scaled by sample
size; H′ = Shannon—Weaver’s diversity index for multilocus
genotypes (Shannon and Weaver 1949); E5 = index of evenness
for multilocus genotypes (Ludwig and Reynolds 1988)

Statistic Regional populations

Ardabil Guilan Mazandaran Golestan

Sample size (n) 49 84 57 62

Number of
haplotypes

30 32 19 23

Ĝ 22.0 17.6 12.0 14.6

Ĝ/N(%) 45.0 21.0 21.0 23.5

Clonal fraction 0.39 0.62 0.67 0.63

H′ 3.3 3.1 2.7 2.9

E5 0.86 0.77 0.81 0.82

622 Eur J Plant Pathol (2009) 125:617–628



some tobacco haplotypes were also shared with the
other three populations. Similarly, all broad bean
haplotypes also occurred in the Golestan population
and two isolates also shared haplotypes with Mazan-
daran and Ardabil populations. No haplotypes on
tobacco isolates were shared with broad bean isolates,

although sample sizes were limited. Estimates of θ
were significant for all pairs of regional populations
except between Golestan and Mazandaran (θ=0.03,
P=0.97) (Table 2). Only one large panmictic popula-
tion could be inferred with STRUCTURE ver. 2.2 (ln
P(D)=−1548; Var[LnP(D)]=12.1), with a low

Ardabil

0
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1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79

Microsatellite multilocus haplotype

Fig. 2 Frequency distribu-
tion of 80 microsatellite
haplotypes among 276 iso-
lates of Sclerotinia sclero-
tiorum from canola in
Golestan (n=62), tobacco in
Golestan (n=14), broad
bean in Golestan (n=10),
and from canola in Mazan-
daran (n=57), Guilan (n=
84) and Ardabil (n=49)
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within-population differentiation for the populations
(FST=0.066). The probability did not improve with
inferring more populations, but remained constant until
decreasing when more than 11 clusters were inferred.

The results of AMOVA showed that 96% of the
total genetic variation was attributable to genetic
differences within regions, whereas only 4% was
due to the variation among regional populations (data
not shown). Based on the Mantel test, no significant
correlation was found between genetic differentiation
and the natural logarithm of geographic distance
(r=−0.43, P=0.18), indicating that there is no
significant isolation by distance.

Random mating

Linkage disequilibrium and proportion of compatible
pairs of loci were estimated within each of the four
regional populations. In order to test the null hypothesis
of complete panmixia, MULTILOCUS compares the
observed dataset to datasets obtained by randomly
shuffling alleles amongst individuals of the same
population (Burt et al. 1996) in 1,000 randomisations.
A 1-tailed P value is then generated to determine if the
value obtained for the observed data set is significantly
different from the randomised data set. Both the index
of association (IA) and rd values obtained were not
significant for all regional populations (Table 4). The
proportion of compatible pairs of loci, a pairwise
measure of association between loci, was also not
significant for all of the regional populations (Table 4).
These results are consistent with recombination and
random mating with frequent sexual reproduction.

Discussion

The genetic diversity of 276 isolates of S. sclerotio-
rum representing four geographic populations from

Iran, were studied using six microsatellite loci. These
populations were characterised by high levels of gene
diversity, moderate levels of genotypic diversity and a
number of shared haplotypes among populations. The
genotypic diversities obtained within Iranian popula-
tions of S. sclerotiorum ranged from 21 to 45% which
on average is lower than that found in Australian
populations (Ĝ/N%=36 to 80%, Sexton and Howlett
2004; Ĝ/N%=28 to 68%, Sexton et al. 2006) by
analysing eight microsatellite loci. The genotypic
diversity obtained in Turkey (63%) (Mert-Türk et al.
2007) was also higher than that in the current study.
However, more loci increases the possibility of
assigning genotypes and might account for the higher
genotypic diversities found in both Australia and
Turkey. Furthermore, a comparison among popula-
tions from Turkey is difficult since different micro-
satellite loci were used and only two of them were
included in the present study. Clonal fractions of
populations from Iran (ranging from 0.39 to 0.67) and
those from Ontario (0.60), California (0.12) and
Washington (0.56) (Malvárez et al. 2007) are similar
and confirm that most populations have a large clonal
fraction. Haplotypes were distributed evenly in Iran
(E5=0.77 to 0.86) indicating no regional influence in
haplotype distribution.

Interestingly, locus 13-2 was either monomor-
phic or displayed a null allele in the subset of
Iranian S. sclerotiorum isolates tested, whereas
seven alleles were found in 239 isolates from
Australia (Sexton and Howlett 2004; Sexton et al.
2006). Similarly two alleles were found for this
locus in 167 isolates from North America (Atallah et
al. 2004).

In total, we detected 30 alleles for the six loci
analysed. For the same six loci, two separate studies
have demonstrated 30 and 32 alleles respectively in
134 and 105 isolates from Australia (Sexton and
Howlett 2004; Sexton et al. 2006). Among 11 micro-

Table 4 Index of association (IA), rd and proportion of compatible pairs of loci (PrCompat) for Iranian populations of Sclerotinia
sclerotiorum from canola

Ardabil Guilan Golestan Mazandaran

PrCompat 0.00 (P=1.00)a 0.07 (P=0.59) 0.20 (P=0.10) 0.20 (P=0.39)

IA −0.05 (P=0.75) −0.18 (P=1.00) 0.06 (P=0.29) 0.01 (P=0.42)

rd 0.01 (P=0.75) −0.04 (P=1.00) 0.01 (P=0.29) 0.00 (P=0.42)

a 1-tailed P values as calculated in MULTILOCUS ver. 1.3 (Agapow and Burt 2001) after 1,000 randomisations
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satellite loci which were used for a population genetic
study of S. sclerotiorum in North America (Atallah et
al. 2004), four loci were in common with ones used in
current study. The number of alleles for these four
loci was 18 and 12, respectively for 276 Iranian and
167 American isolates. The lower numbers of alleles
in North America is consistent with a smaller sample
size used in that study.

Comparison of allelic patterns of 22 Australian
isolates (Sexton et al. 2006) with Iranian populations
revealed 16 of the 30 alleles as common alleles
between Australian and Iranian isolates, although no
shared haplotypes were found. Given the small
sample size of the comparative—Australian popula-
tion (n=22), and the large geographic distance
between Iran and Australia, as well as strict quaran-
tine conditions in Australia, it is plausible that these
two countries do not share haplotypes. Shared
haplotypes is more likely to occur between Turkey,
a neighbouring country of Iran, through exchange of
haplotypes through soil, seeds and other agricultural
products. Different microsatellite loci were studied
(Mert-Türk et al. 2007) therefore, sharing of haplo-
types could not be assessed.

Of the 80 haplotypes identified in this study, 19
haplotypes were shared among two or three of the
regions studied. Shared microsatellite haplotypes
among populations were also found within Australia
and North America (Sexton and Howlett 2004;
Sexton et al. 2006; Atallah et al. 2004). Shared
haplotypes among populations either indicate ex-
change of haplotypes among populations and/or the
populations represent the same founder population.
There are several mechanisms by which haplotypes
can be exchanged among neighbouring countries/
fields. Transporting contaminated soil and fertilising
with manure from animals fed infected plants are two
common ways of spreading fungal inocula in the form
of sclerotia or mycelium from field to field (Abawi
and Grogan 1979). Irrigation is also other way for
spreading of Sclerotinia species among fields. Scle-
rotia remained viable for at least ten to 21 days in
flowing water (Abawi and Grogan 1979). Infected
seeds potentially could be a source of infection,
although this method of transmission has not been
proven. Migration (exchange of haplotypes) among
populations through the movement of sclerotia with
soil over large distances, can link different fields into
one genetic neighbourhood. Furthermore, airborne

ascospores, which are the most common source of
infection within fields (Abawi and Grogan 1979), also
provide a mechanism for long-distance dispersal of
haplotypes among populations.

Shared haplotypes among populations could also
be the result of sexual reproduction, i.e. inbreeding or
out-crossing among similar genotypes. Resultant
ascospores would be genetically similar and appear
clonal. Because ascospores can be dispersed over
long distances (Cubeta et al. 1997), it is not surprising
to find shared clonal genotypes among several
regions.

The mating structure of a fungus is an important
factor dictating whether the population consists of
many clones (asexual), or many haplotypes (sexual).
Sclerotinia sclerotiorum is a homothallic fungus and
thus it is able to produce apothecia (sexual fruiting
bodies) from single ascospores. For a homothallic
fungus, sexual reproduction may not lead to the
recombination of alleles. However, homothallism
(self-fertility) does not rule out the possibility of
outcrossing which can result from somatic recombi-
nation (Ekins et al. 2006). Previous reports provided
direct evidence for outcrossing, ie MCG differentia-
tion among sibling ascospores (Atallah et al. 2004;
Kohli and Kohn 1998). Furthermore, linkage disequi-
librium tests suggested the occurrence of recombina-
tion in populations of S. sclerotiorum from North
America and Australia which provided indirect
evidence for outcrossing (Atallah et al. 2004;
Malvárez et al. 2007; Sexton et al. 2006; Sexton and
Howlett 2004; Kohli and Kohn 1998). The mecha-
nism for the reported outcrossing is, however, still
unclear.

In the Iranian S. sclerotiorum populations, we also
found indirect evidence for outcrossing since all tests
for random association among different loci showed
that populations were in linkage equilibrium. In
addition to the results of a genotypic disequilibrium
test, non-significant proportions of compatible pairs
of loci suggest recombination. Apothecia are com-
monly found on canola in Iran (pers. observation) and
indicate the occurrence of sexual reproduction; how-
ever whether those apothecia have been produced by
means of outcrossing is unknown. Employing more
direct approaches such as analyses of segregation
ratios among ascospores within apothecia is necessary
to determine the occurrence and extent of in/out-
breeding in Iranian populations of this plant pathogen.
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A Mantel test did not detect significant isolation by
distance among regional populations of S. sclerotio-
rum. This result indicated that the studied populations
are not in genetic drift-gene flow equilibrium, thus the
populations are either founder populations, or that
man-mediated dispersal of S. sclerotiorum is occur-
ring through the movement of soil and/or infected
plant material. Furthermore, STRUCTURE results sug-
gest that there is no population structure and all
studied populations belong to one large panmictic
population, irrespective of their geographic origin or
host. This pathogen has a wide host range, and
haplotypes are shared among populations of dif-
ferent hosts, thus different sources of inocula are
likely to be transferred by soil and agricultural
products among regions. All 14 isolates from
tobacco shared haplotypes with the population
from Golestan. Some haplotypes from tobacco
were also shared with all other populations.
Furthermore, all 10 isolates from broad bean
shared haplotypes with Golestan and some hap-
lotypes were shared with the other canola popula-
tions. The occurrence of shared haplotypes from
broad bean with haplotypes from Golestan is
expected since broad bean isolates were sampled
from plants next to an infected canola field in
Golestan. Shared fungal haplotypes among host
populations reiterates the broad host range of the
pathogen and little genetic host specialisation.

A large proportion of genetic variance (96%) was
attributed to the genetic variation within regional
populations, similar to what has been found in North
America (Atallah et al. 2004). This is higher than
what was found within populations in Australia
(79.4% and 90%) (Sexton and Howlett 2004; Sexton
et al. 2006).

In conclusion, our results showed that the popula-
tions of S. sclerotiorum on canola in northern Iran
have moderate levels of genetic diversity and a mixed
reproduction system, but, on the other hand, have
high levels of admixture and represent one large
panmictic population. Combined with no isolation by
distance, the Iranian populations most likely represent
a founder population. Moderate levels of genetic
diversity and linkage equilibrium among loci may
contribute to higher levels of fitness in pathogens and
can contribute to rapid evolution against control
measures such as the deployment of resistance genes
or fungicide applications.
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Appendix 1. Samples of Sclerotinia sclerotiorum in
four northern provinces of Iran

Regions Fields Host No. of
isolates

Location

Guilan Gu 1 canola 20 Anzali port

Gu 2 canola 12 Anzali–Rezvanshahr rd

Gu 3 canola 6 Anzali–Rezvanshahr rd

Gu 4 canola 6 Rezvanshahr–Astara rd

Gu 5 canola 7 Rezvanshahr–Astara rd

Gu 6 canola 30 Rezvanshahr–Astara rd

Gu 7 canola 3 Rasht, Institute of rice

Ardabil Ar 1 canola 5 Sarband–Pars abad rd

Ar 2 canola 3 Sarband–Pars abad rd

Ar 3 canola 5 Sarband–Pars abad rd

Ar 4 canola 5 Sarband–Pars abad rd

Ar 5 canola 5 Pars abad–Bilesavar rd

Ar 6 canola 9 Pars abad–Bilesavar rd

Ar 7 canola 5 Pars abad–Bilesavar rd

Ar 8 canola 4 Pars abad–Bilesavar rd

Ar 9 canola 5 Pars abad–Bilesavar rd

Ar 10 canola 3 Pars abad–Bilesavar rd

Mazandaran Ma 1 canola 5 Soorak (Behshahr)

Ma 2 canola 6 Neka

Ma 3 canola 6 Sari (Dashte naze)

Ma 4 canola 4 Gharakhil

Ma 5 canola 6 Esbukola

Ma 6 canola 4 Baye kola

Ma 7 canola 5 Jooybar–Babol rd

Ma 8 canola 4 Jooybar–Babol rd

Ma 9 canola 7 Babol–Amol rd

Ma
10

canola 3 Mahmoodabad

Ma
11

canola 5 Amol

Ma
12

canola 2 Noor

Golestan Go 1 canola 6 Azadshahr–
Minoodasht rd

Go 2 canola 2 Aliabad

Go 3 canola 9 Golestan
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Go 4 canola 5 Kord kooy

Go 5 canola 12 Torkaman port

Go 6 canola 28 Ghaz port

Go B broad
bean

10 Kordkooy

Go T tobacco 14 Tirtash, Tobacco
research centre

References

Abawi, G. S., & Grogan, R. G. (1979). Epidemiology of
diseases caused by Sclerotinia species. Phytopathology,
69, 899–904. doi:10.1094/Phyto-69-899.

Afshari-Azad, H. (2001). Important diseases of oilseed rape.
Tehran: Agricultural Research and Education Organization
(AREO).

Agapow, P.-M., & Burt, A. (2001). Indices of multilocus
linkage disequilibrium. Molecular Ecology Notes, 1, 101–
102. doi:10.1046/j.1471-8278.2000.00014.x.

Atallah, Z. K., Larget, B., Chen, X., & Johnson, D. A. (2004).
High genetic diversity, phenotypic uniformity, and evi-
dence of outcrossing in Sclerotinia sclerotiorum in the
Columbia Basin of Washington State. Phytopathology, 94,
737–742. doi:10.1094/PHYTO.2004.94.7.737.

Boland, G. J., & Hall, R. (1994). Index of plant hosts of
Sclerotinia sclerotiorum. Canadian Journal of Plant
Pathology, 16, 93–108.

Bourdôt, G. W., Hurrell, G. A., Saville, D. J., & de Jong, M. D.
(2001). Risk analysis of Sclerotinia sclerotiorum for
biological control of Cirsium arvense in pasture: ascospore
dispersal. Biocontrol Science and Technology, 11, 119–
139. doi:10.1080/09583150020029808.

Bradley, C. A., Henson, R. A., Porter, P. M., LeGare, D. G., del
Río, L. E., & Khot, S. D. (2006). Response of canola
cultivars to Sclerotinia sclerotiorum in controlled and field
environments. Plant Disease, 90, 215–219. doi:10.1094/
PD-90-0215.

Brown, A. H. D., Feldman, M. W., & Nevo, E. (1980).
Multilocus structure of natural populations of Hordeum
spontaneum. Genetics, 96, 523–536.

Burt, A., Carter, D. A., Koenig, G. L., White, T. J., &
Taylor, J. W. (1996). Molecular markers reveal cryptic
sex in the human pathogen Coccidioides immitis.
Proceedings of the National Academy of Sciences of the
United States of America, 93, 770–773. doi:10.1073/
pnas.93.2.770.

Carbone, I., & Kohn, L. M. (2001). Multilocus nested
haplotype networks extended with DNA fingerprints
show common origin and fine-scale, ongoing genetic
divergence in a wild microbial metapopulation. Molec-
ular Ecology, 10, 2409–2422. doi:10.1046/j.0962-
1083.2001.01380.x.

Carbone, I., Anderson, J. B., & Kohn, L. M. (1999). Patterns of
descent in clonal lineages and their multilocus fingerprints
are resolved with combined gene genealogies. Evolution;
International Journal of Organic Evolution, 53, 11–21.
doi:10.2307/2640916.

Chen, Y., & Wang, D. (2005). Two convenient methods to
evaluate soybean for resistance to Sclerotinia sclerotiorum.
Plant Disease, 89, 1268–1272. doi:10.1094/PD-89-1268.

Chen, R.-S., Boeger, J. M., & McDonald, B. A. (1994). Genetic
stability in a population of a plant pathogenic fungus over
time. Molecular Ecology, 3, 209–218. doi:10.1111/j.1365-
294X.1994.tb00054.x.

Coletta-Filho, H. D., & Machado, M. A. (2002). Evaluation of
the genetic structure of Xylella fastidiosa populations from
different Citrus sinensis varieties. Applied and Environ-
mental Microbiology, 68, 3731–3736. doi:10.1128/
AEM.68.8.3731-3736.2002.

Cubeta, M. A., Cody, B. R., Kohli, Y., & Kohn, L. M. (1997).
Clonality in Sclerotinia sclerotiorum on infected cabbage
in eastern North Carolina. Phytopathology, 87, 1000–
1004. doi:10.1094/PHYTO.1997.87.10.1000.

Dalili, A., Forutan, A., & Barari, H. (2002). Evaluation of 81
lines and cultivars of canola to Sclerotinia stem rot of
rapeseed in Mazandaran. (Paper presented at the 15th
Iranian Plant protection Congress, Kermanshah).

Ekins, M., Aitken, E. A., & Coulter, K. C. (2006). Homothal-
lism in Sclerotinia minor. Mycological Research, 110,
1193–1199. doi:10.1016/j.mycres.2006.07.014.

Estabrook, G. F., & Landrum, L. (1975). A simple test for the
possible simultaneous evolutionary divergence of two
amino acid positions. Taxon, 24, 609–613. doi:10.2307/
1220730.

Falush, D., Stephens, M., & Pritchard, J. K. (2003). Inference
of population structure using multilocus genotype data:
linked loci and correlated allele frequencies. Genetics,
164, 1567–1587.

Falush, D., Stephens, M., & Pritchard, J. K. (2007). Inference of
population structure using multilocus genotype data: domi-
nant markers and null alleles. Molecular Ecology Notes, 7,
574–578. doi:10.1111/j.1471-8286.2007.01758.x.

Fernando, W. G. D., Ghanbarnia, K., & Salati, M. (2007). First
report on the presence of Phoma blackleg pathogenicity
group 1 (Leptosphaeria biglobosa) on Brassica napus
(canola/rapeseed) in Iran. Plant Disease, 91, 465.
doi:10.1094/PDIS-91-4-0465A. (Abstract).

García-Arenal, F., & McDonald, B. A. (2003). An analysis of
the durability of resistance to plant viruses. Phytopathol-
ogy, 93, 941–952. doi:10.1094/PHYTO.2003.93.8.941.

Grünwald, N. J., Goodwin, S. B., Milgroom, M. G., & Fry, W.
E. (2003). Analysis of genotypic diversity data for
populations of microorganisms. Phytopathology, 93,
738–746. doi:10.1094/PHYTO.2003.93.6.738.

Hambleton, S., Walker, C., & Kohn, L. M. (2002). Clonal
lineages of Sclerotinia sclerotiorum previously known
from other crops predominate in 1999–2000 from Ontario
and Quebec soybean. Canadian Journal of Plant Pathol-
ogy, 24, 309–315.

Hoffman, D. D., Diers, B. W., Hartman, G. L., Nickell, C. D.,
Nelson, R. L., Pedersen, W. L., et al. (2002). Selected
soybean plant introductions with partial resistance to
Sclerotinia sclerotiorum. Plant Disease, 86, 971–980.
doi:10.1094/PDIS.2002.86.9.971.

Kohli, Y., & Kohn, L. M. (1998). Random association among
alleles in clonal populations of Sclerotinia sclerotiorum.
Fungal Genetics and Biology, 23, 139–149. doi:10.1006/
fgbi.1997.1026.

Eur J Plant Pathol (2009) 125:617–628 627

http://dx.doi.org/10.1094/Phyto-69-899
http://dx.doi.org/10.1046/j.1471-8278.2000.00014.x
http://dx.doi.org/10.1094/PHYTO.2004.94.7.737
http://dx.doi.org/10.1080/09583150020029808
http://dx.doi.org/10.1094/PD-90-0215
http://dx.doi.org/10.1094/PD-90-0215
http://dx.doi.org/10.1073/pnas.93.2.770
http://dx.doi.org/10.1073/pnas.93.2.770
http://dx.doi.org/10.1046/j.0962-1083.2001.01380.x
http://dx.doi.org/10.1046/j.0962-1083.2001.01380.x
http://dx.doi.org/10.2307/2640916
http://dx.doi.org/10.1094/PD-89-1268
http://dx.doi.org/10.1111/j.1365-294X.1994.tb00054.x
http://dx.doi.org/10.1111/j.1365-294X.1994.tb00054.x
http://dx.doi.org/10.1128/AEM.68.8.3731-3736.2002
http://dx.doi.org/10.1128/AEM.68.8.3731-3736.2002
http://dx.doi.org/10.1094/PHYTO.1997.87.10.1000
http://dx.doi.org/10.1016/j.mycres.2006.07.014
http://dx.doi.org/10.2307/1220730
http://dx.doi.org/10.2307/1220730
http://dx.doi.org/10.1111/j.1471-8286.2007.01758.x
http://dx.doi.org/10.1094/PDIS-91-4-0465A
http://dx.doi.org/10.1094/PHYTO.2003.93.8.941
http://dx.doi.org/10.1094/PHYTO.2003.93.6.738
http://dx.doi.org/10.1094/PDIS.2002.86.9.971
http://dx.doi.org/10.1006/fgbi.1997.1026
http://dx.doi.org/10.1006/fgbi.1997.1026


Kohli, Y., Morrall, R. A. A., Anderson, J. B., & Kohn, L. M.
(1992). Local and trans- Canadian clonal distribution of
Sclerotinia sclerotiorum on canola. Phytopathology, 82,
875–880. doi:10.1094/Phyto-82-875.

Kohn, L. M., Schaffer, M. R., Anderson, J. B., & Grünwald, N.
J. (2008). Marker stability throughout 400 days of in vitro
hyphal growth in the filamentous ascomycete, Sclerotinia
sclerotiorum. Fungal Genetics and Biology, 45, 613–617.
doi:10.1016/j.fgb.2007.09.013.

Kull, L. S., Pedersen, W. L., Palmquist, D., & Hartman, G. L.
(2004). Mycelial compatibility grouping and aggressive-
ness of Sclerotinia sclerotiorum. Plant Disease, 88, 325–
332. doi:10.1094/PDIS.2004.88.4.325.

Lefol, C., Séguin-Swartz, G., & Morrall, R. A. A. (1997).
Resistance to Sclerotinia sclerotiorum in a weed related to
canola. Canadian Journal of Plant Pathology, 19, 113.
(Abstract).

Liu, D., Coloe, S., Baird, R., & Pedersen, J. (2000). Rapid
mini-preparation of fungal DNA for PCR. Journal of
Clinical Microbiology, 38, 471.

Ludwig, J. A., & Reynolds, J. F. (1988). Statistical ecology: A
primer on methods and computing. New York: Wiley.

Malvárez, G., Carbone, I., Grünwald, N. J., Subbarao, K. V.,
Schafer, M., & Kohn, L. M. (2007). New populations of
Sclerotinia sclerotiorum from lettuce in California and
peas and lentils in Washington. Phytopathology, 97, 470–
483. doi:10.1094/PHYTO-97-4-0470.

McDonald, B. A., & Linde, C. (2002). The population genetics of
plant pathogens and breeding strategies for durable resis-
tance. Euphytica, 124 , 163–180. doi:10.1023/
A:1015678432355.

Mert-Türk, F., Ipek, M., Mermer, D., & Nicholson, P. (2007).
Microsatellite and morphological markers reveal genetic
variation within a population of Sclerotinia sclerotiorum
from oilseed rape in the Çanakkale Province of Turkey.
Journal of Phytopathology, 155, 182–187. doi:10.1111/
j.1439-0434.2007.01223.x.

Nei, M. (1978). Estimation of average heterozygosity and
genetic distance from a small number of individuals.
Genetics, 89, 583–590.

Pakdaman, B. S., & Mohammadi Goltapeh, E. (2007). In vitro
studies on the integrated control of rapeseed white stem rot
disease through the application of herbicides and Tricho-
derma species. Pakistan Journal of Biological Sciences,
10, 7–12. doi:10.3923/pjbs.2007.7.12.

Peakall, R., & Smouse, P. E. (2006). GENALEX 6: genetic
analysis in excel. Population genetic software for teaching
and research. Molecular Ecology Notes, 6, 288–295.
doi:10.1111/j.1471-8286.2005.01155.x.

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference
of population structure using multilocus genotype data.
Genetics, 155, 945–959.

Purdy, L. H. (1979). Sclerotinia sclerotiorum: history, diseases
and symptomatology, host range, geographic distribution,
and impact. Phytopathology, 69, 875–880. doi:10.1094/
Phyto-69-875.

Rönicke, S., Hahn, V., Vogler, A., & Friedt, W. (2005).
Quantitative trait loci analysis of resistance to Sclerotinia

sclerotiorum in sunflower. Phytopathology, 95, 834–839.
doi:10.1094/PHYTO-95-0834.

Sexton, A. C., & Howlett, B. J. (2004). Microsatellite markers
reveal genetic differentiation among populations of Scle-
rotinia sclerotiorum from Australian canola fields. Current
Genetics, 46, 357–365. doi:10.1007/s00294-004-0543-3.

Sexton, A. C., Whitten, A. R., & Howlett, B. J. (2006).
Population structure of Sclerotinia sclerotiorum in an
Australian canola field at flowering and stem-infection
stages of the disease cycle. Genome, 49, 1408–1415.
doi:10.1139/G06-101.

Shannon, C. E., & Weaver, W. (1949). The mathematical theory
of communication. Urbana: University of Illinois Press.

Sirjusingh, C., & Kohn, L. M. (2001). Characterization of
microsatellites in the fungal plant pathogen, Sclerotinia
sclerotiorum. Molecular Ecology Notes, 1, 267–269.
doi:10.1046/j.1471-8278.2001.00102.x.

Stoddart, J. A., & Taylor, J. F. (1988). Genotypic diversity:
estimation and prediction in samples.Genetics, 118, 705–711.

Sun, J.-M., Irzykowski, W., Jedryczka, M., & Han, F.-X.
(2005). Analysis of the genetic structure of Sclerotinia
sclerotiorum (Lib.) de Bary populations from different
regions and host plants by random amplified polymorphic
DNA markers. Journal of Integrative Plant Biology, 47,
385–395. doi:10.1111/j.1744-7909.2005.00077.x.

Wegulo, S. N., Yang, X. B., & Martinson, C. A. (1998).
Soybean cultivar responses to Sclerotinia sclerotiorum in
field and controlled environment studies. Plant Disease,
82, 1264–1270. doi:10.1094/PDIS.1998.82.11.1264.

Yanar, Y., & Miller, S. A. (2003). Resistance of pepper cultivars
and accessions of Capsicum spp. to Sclerotinia sclerotio-
rum. Plant Disease, 87, 303–307. doi:10.1094/
PDIS.2003.87.3.303.

Yeh, F. C., Yang, R. C., Boyle, T. B. J., Ye, Z. H., & Mao, J. X.
(1999). POPGENE 3.2, the user-friendly shareware for
population genetic analysis. Molecular biology and
biotechnology centre. Edmonton: Univ. of Alberta.

Zhan, J., Kema, G. H. J., Waalwijk, C., & McDonald, B.
A. (2002). Distribution of mating type alleles in the
wheat pathogen Mycosphaerella graminicola over spa-
tial scales from lesions to continents. Fungal Genetics
and Biology, 36, 128–136. doi:10.1016/S1087-1845(02)
00013-0.

Zhao, J., & Meng, J. (2003). Genetic analysis of loci associated
with partial resistance to Sclerotinia sclerotiorum in
rapeseed (Brassica napus L.). Theoretical and Applied
Genetics, 106, 759–764.

Zhao, J., Peltier, A. J., Meng, J., Osborn, T. C., & Grau, C. R.
(2004). Evaluation of Sclerotinia stem rot resistance in
oilseed Brassica napus using a petiole inoculation tech-
nique under greenhouse conditions. Plant Disease, 88,
1033–1039. doi:10.1094/PDIS.2004.88.9.1033.

Zhao, J., Udall, J. A., Quijada, P. A., Grau, C. R., Meng, J., &
Osborn, T. C. (2006). Quantitative trait loci for resistance
to Sclerotinia sclerotiorum and its association with a
homeologous non-reciprocal transposition in Brassica
napus L. Theoretical and Applied Genetics, 112, 509–
516. doi:10.1007/s00122-005-0154-5.

628 Eur J Plant Pathol (2009) 125:617–628

http://dx.doi.org/10.1094/Phyto-82-875
http://dx.doi.org/10.1016/j.fgb.2007.09.013
http://dx.doi.org/10.1094/PDIS.2004.88.4.325
http://dx.doi.org/10.1094/PHYTO-97-4-0470
http://dx.doi.org/10.1023/A:1015678432355
http://dx.doi.org/10.1023/A:1015678432355
http://dx.doi.org/10.1111/j.1439-0434.2007.01223.x
http://dx.doi.org/10.1111/j.1439-0434.2007.01223.x
http://dx.doi.org/10.3923/pjbs.2007.7.12
http://dx.doi.org/10.1111/j.1471-8286.2005.01155.x
http://dx.doi.org/10.1094/Phyto-69-875
http://dx.doi.org/10.1094/Phyto-69-875
http://dx.doi.org/10.1094/PHYTO-95-0834
http://dx.doi.org/10.1007/s00294-004-0543-3
http://dx.doi.org/10.1139/G06-101
http://dx.doi.org/10.1046/j.1471-8278.2001.00102.x
http://dx.doi.org/10.1111/j.1744-7909.2005.00077.x
http://dx.doi.org/10.1094/PDIS.1998.82.11.1264
http://dx.doi.org/10.1094/PDIS.2003.87.3.303
http://dx.doi.org/10.1094/PDIS.2003.87.3.303
http://dx.doi.org/10.1016/S1087-1845(02)00013-0
http://dx.doi.org/10.1016/S1087-1845(02)00013-0
http://dx.doi.org/10.1094/PDIS.2004.88.9.1033
http://dx.doi.org/10.1007/s00122-005-0154-5

	Population genetic structure of Sclerotinia sclerotiorum on canola in Iran
	Abstract
	Introduction
	Materials and methods
	Sclerotinia populations
	DNA extraction
	Microsatellite genotyping
	Data analysis
	Genetic variation within populations
	Genetic variation among populations
	Random mating

	Results
	Genetic diversity within populations
	Genetic diversity among populations
	Random mating

	Discussion
	Appendix&newnbsp;1. Samples of Sclerotinia sclerotiorum in four northern provinces of Iran
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


