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Sclerotinia sclerotiorum, causal agent of white mould, is the most destructive and widely distributed soilborne pathogen

of common bean during the autumn–winter season in Brazil. Nevertheless, little is known about the genetic structure

of the pathogen population. Microsatellite (SSR) markers and mycelial compatibility groups (MCGs) were used to

characterize 118 isolates collected from 20 bean fields located in the most important growing regions of Minas Gerais

State (MG). Additionally, the genetic variability among 10 isolates obtained from a single sclerotium was investigated

in 10 different sclerotia. Seventy SSR haplotypes and 14 MCGs were identified among the 118 isolates. The genetic dif-

ferences within bean growing areas accounted for most of the genetic variation (72%). Despite the relatively high geno-

typic diversity, the SSR loci were at linkage disequilibrium. Moreover, 70% of the isolates were assigned to only two

MCGs, and haplotypes of a given MCG were closely related. The discriminant analysis of principal components

revealed five groups. There was strong genetic differentiation between isolates collected in one municipality in southern

MG when compared to other regions. Common bean resistance to white mould should be assessed with representative

isolates of the five genetic groups and, if possible, of the different MCGs detected in the present study. One to five

haplotypes were detected among the 10 isolates obtained from a single sclerotium. Therefore, in order to ensure genetic

identity of an isolate, hyphal tip or monoascosporic isolates should be used.
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Introduction

White mould, caused by Sclerotinia sclerotiorum, is cur-
rently one of the most threatening fungal diseases for
Brazilian agriculture. The pathogen has a wide host
range, forms sclerotia (resting structures that allow sur-
vival when no host is available; Willetts & Wong, 1980),
can be spread by contaminated seeds, and its necrotroph-
ic lifestyle makes development of resistant varieties a
challenge for breeding programmes. In addition to the
characteristics of the pathogen, large acreages of suscep-
tible host crops are cultivated almost year-round in Bra-
zil. The infestation of fields can prevent the cultivation
of susceptible crops in an area for long periods of time.
Common bean (Phaseolus vulgaris) is an important

staple food in Brazil. The country is the world’s largest
producer of common beans and Minas Gerais State
(MG) is the second largest producer in the country

(IBGE, 2013). In this state, 82% of the total common
bean production comes from the northwestern, Alto
Parana�ıba, Zona da Mata, southern and northern regions
(IBGE, 2013). Common bean is produced in the spring–
summer, summer–autumn and autumn–winter growing
seasons. Minas Gerais is the largest producer of common
bean in the autumn–winter season (215 200 tonnes) with
an average yield of 2600 kg ha�1 (CONAB, 2013).
However, low temperature and high humidity favour
outbreaks of white mould, and severe epidemics have
been recorded in the autumn–winter growing season,
when irrigation is needed (Vieira et al., 2012).
Fungicide applications are generally effective in con-

trolling white mould (Vieira et al., 2012), but increase
the production costs and can harm the environment. One
approach to manage white mould would be integrating
genetic control with cultural practices such as low-den-
sity planting, deep ploughing, crop rotations with non-
host crops, biological control and controlled irrigation
(Schwartz & Singh, 2013). There are no commercial
cultivars with complete resistance to white mould, but
partial resistance in common bean has been reported
(Griffiths, 2009). Given that common bean germplasm
may respond differently to genetically distinct isolates,
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screening germplasm against a broad spectrum of patho-
gen isolates found in the target production region
increases the chances of deploying resistant cultivars
(Schwartz & Singh, 2013). Therefore, accounting for the
variability of S. sclerotiorum populations can contribute
to the improvement of the breeding process for white
mould resistance. Moreover, knowledge about the
genetic structure of S. sclerotiorum infecting common
bean will provide additional insights into the epidemiol-
ogy and management of white mould in MG, Brazil.
Different molecular markers and, particularly, mycelial

compatibility groups (MCGs) have often been used to
study S. sclerotiorum populations worldwide. Previous
studies using DNA fingerprinting and MCGs found clo-
nal populations of S. sclerotiorum in canola (Kohn et al.,
1991; Kohli et al., 1992) and soybean fields (Hambleton
et al., 2002) in Canada, and cabbage and different vege-
table crops in the USA (Cubeta et al., 1997; Winton
et al., 2006). These findings are consistent with the
genetic structure of plant pathogens that form asexual
sclerotia and/or that reproduce by self-fertilization (Mil-
groom, 1996). On the other hand, there are studies car-
ried out with microsatellite (SSR) markers that report
evidence of outcrossing among isolates and high variabil-
ity of the pathogen infecting potato in the USA (Atallah
et al., 2004), and oilseed rape in Turkey (Mert-Turk
et al., 2007), Iran (Hemmati et al., 2009) and Australia
(Sexton & Howlett, 2004). Despite the relevance of
white mould epidemics to Brazilian agriculture, only two
studies have been conducted to investigate the population
aspects of S. sclerotiorum, one with SSR markers and
isolates collected from common bean (Gomes et al.,
2011) and another with RAPD markers and isolates
from different hosts (Litholdo J�unior et al., 2011). Both
studies reported high variability of the pathogen.
Gomes et al. (2011) used SSR markers and 79 isolates

from unspecified locations in the Cerrado region to study
the genetic variability of S. sclerotiorum associated with
common beans in Brazil. There was high genotypic vari-
ability among the S. sclerotiorum isolates, but sampling
was performed in only four areas, which prevented
proper analysis of the genetic structure of the pathogen
population. Therefore, little is known about the genetic
structure of the S. sclerotiorum population as a whole
and to date no study has been conducted to analyse
putative differentiation in the population of Minas
Gerais State.
The resolution of the molecular marker and the defini-

tion of the genetic unit (single sclerotium, individual
ascospores, hyphal tips, etc.) may affect the inference
about the genetic structure of S. sclerotiorum popula-
tions. White mould epidemics in common beans are
generally initiated by ascospores, which are produced in
sac-like structures formed in apothecia after carpogenic
germination of sclerotia (Abawi & Grogan, 1979). Each
sclerotium is a hyphal aggregate with an outer rind con-
taining melanin (Willetts & Wong, 1980). Sexual repro-
duction of the fungus may occur in sclerotia by fusion of
two haploid mycelia (Ekins et al., 2006). It is unclear

whether hyphae of different genotypes may form a scle-
rotium, so that a sclerotium would have a mix of geneti-
cally distinct hyphae. Ekins et al. (2011) used RFLP
markers to genotype four isolates per sclerotium and did
not find variability among isolates from a sclerotium.
However, the use of SSR loci would be more efficient
than RFLP to detect variability among isolates from a
sclerotium, due to the high mutation rate and multiallelic
nature of these markers (Sirjusingh & Kohn, 2001).
This study was conducted to assess the genetic vari-

ability among isolates collected from different common
bean production regions, different sites within a region
and different hyphal tips of a single sclerotium. Based on
previous reports (Ekins et al., 2011; Gomes et al., 2011;
Litholdo J�unior et al., 2011), it was hypothesized that:
(i) the S. sclerotiorum populations in MG are highly var-
iable and outcrossing; and (ii) a sclerotium may be
formed by hyphae from different genotypes. To test these
hypotheses, several isolates collected in the major pro-
ducing regions of common bean of MG were genotyped
using SSR markers. The study tried to find whether the
pattern of the observed genetic diversity is consistent
with clonality or random mating. One hundred hyphal-
tip isolates obtained from 10 sclerotia were genotyped to
investigate intra-sclerotium variability.

Materials and methods

Sampling, isolation and DNA extraction

Sclerotinia sclerotiorum isolates were obtained from sclerotia

collected from common bean plants with white mould symp-

toms in fields located in the northwestern, Alto Parana�ıba, Zona
da Mata, southern and northern regions of MG (Fig. 1), which

account for c. 82% of the state’s total common bean production

(IBGE, 2013). In the northwestern and Zona da Mata regions,

from two to 12 sclerotia were collected per field, depending on
the disease incidence and field size. The distance between sam-

Figure 1 Sampled areas (dots) located in common bean-producing

regions in Minas Gerais State, Brazil.
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pled sites within a field was at least 10 m. Samples from the

northwestern region were collected from seven bean fields
located in the municipalities of Cabeceira Grande, Paracatu and

Una�ı; in Zona da Mata, samples came from eight bean fields

located in Cana~a, Coimbra, Orat�orios, Porto Firme, Presidente

Bernardes and Vic�osa. Samples from Alto Parana�ıba were col-
lected from two bean fields located in Ira�ı de Minas and Patos

de Minas. Samples from the southern region were obtained from

two fields in Ijaci and Lambari and those from the northern
region were from one field in Ja�ıba. In total, 118 isolates were

used in this study. The origin and collection date of each isolate

are provided in Table S1.

One sclerotium from each sampled site was randomly
selected. Sclerotia were surface disinfected by immersion in etha-

nol solution (70%) for 1 min followed by immersion in sodium

hypochlorite (1%) for 3 min, rinsed in sterilized water and

transferred to 90-mm-diameter Petri dishes containing 20 mL
potato dextrose agar (PDA) supplemented with chloramphenicol

(100 mg L�1). Dishes were maintained at 23°C in the dark.

After 6 days, mycelial tips were transferred to fresh PDA dishes,

which were maintained at 23°C in the dark for 10–15 days.
Monosporic isolates were prepared from sclerotia collected from

the northern region. To obtain monosporic isolates the sclerotia

collected in the field were deposited in autoclaved sand and
incubated at 18°C with a 12 h photoperiod to induce formation

of apothecia. Tap water was sprayed onto sand to keep suitable

humidity for carpogenic germination. After emergence of apo-

thecia, ascospores were randomly selected and transferred to
PDA as previously described (Atallah et al., 2004). Isolates were

maintained by means of sclerotia formed by pure cultures grown

on PDA. Sclerotia were collected, dried and stored at 4°C. The
number of isolates in each population varied from nine (north-
ern) to 35 (Zona da Mata) (Table 1).

Ten sclerotia (five from the northwestern, two from Alto Par-

ana�ıba and three from Zona da Mata regions) were randomly
selected to assess the genetic variability among isolates from a

single sclerotium. Ten hyphal-tip isolates were taken from the

border of the colonies formed after myceliogenic germination of

each sclerotium. A total of 100 isolates were used in this experi-

ment.
For DNA extraction, the isolates were grown in liquid med-

ium (10 g sucrose, 2 g L-asparagine, 2 g yeast extract, 1 g

KH2PO4, 0�1 g MgSO4.7H2O, 0�44 mg ZnSO4.7H2O, 0�48 mg

FeCl3.6H2O, and 0�36 mg MnCl2.H2O in 1 L dH2O) in Erlen-
meyer flasks at 23°C. After 7 days, the mycelium was washed

with distilled water, transferred to filter paper to dry, and mac-

erated in a mortar with liquid nitrogen. The extraction was con-
ducted following the standard cetyltrimethyl ammonium

bromide extraction procedure (Doyle & Doyle, 1990). The

DNA integrity was analysed in agarose gel electrophoresis and

the concentration was checked with a Nanodrop 2000 spectro-
photometer (Thermo Fisher Scientific).

Species-specific PCR

The primer pair SSasprF/SSasprR specific for S. sclerotiorum
(Abd-Elmagid et al., 2013) was used to identify each isolate.
DNA of S. sclerotiorum LMK 211 was used as a positive con-

trol and DNA of S. trifoliorum CBS 122377 was used as nega-

tive control. Additionally, 30 isolates previously identified by

PCR as S. sclerotiorum were arbitrarily chosen and tested with
the specific primers for S. trifoliorum (STcadF/STcadR) and

S. minor (SMLcc2F/SMLcc2R).

PCR was performed in a final volume of 25 lL with 1 lL
DNA (25 ng lL�1), 1 lL dimethyl sulphoxide (DMSO),
2�5 lL bovine serum albumin (BSA, 50 mg mL�1), 1 lL each

primer (SSaspr F and SSaspr R at 10 lM), 6 lL water and

12�5 lL Dream Taq PCR Master Mix (29) that includes

dATP, dCTP, dGTP and dTTP (0�4 mM each) and 4 mM

MgCl2 (Thermo Fisher Scientific). PCR conditions were 95°C
for 5 min for initial denaturation, followed by 40 cycles at

94°C for 30 s, 60°C for 30 s, 72°C for 30 s, and a final
extension at 72°C for 7 min. Amplification was confirmed by

using 5 lL PCR product subjected to electrophoresis in 1%

agarose gel and 19 TBE and viewed under UV light after

Table 1 Basic population parameters, genetic diversity and multilocus linkage disequilibrium of the Sclerotinia sclerotiorum populations collected

from common bean fields in Minas Gerais State, Brazil

Population na MCGsb Hc E(gn)
d Clonal fractione E5

f Allelic richnessg

Clone-corrected data set

He
h IA

i rd
i

Northwestern 34 6 25 8�18 0�26 0�86 2�95 0�56 1�25** 0�14**
Alto Parana�ıba 17 4 14 8�21 0�18 0�94 2�85 0�48 2�76** 0�35**
Zona da Mata 35 5 22 7�07 0�37 0�62 2�20 0�43 1�31** 0�15**
Southern 23 6 17 8�15 0�26 0�94 2�61 0�46 1�85** 0�27**
Northern 9 1 5 5�00 0�44 0�67 1�38 0�20 nc nc

Minas Gerais 118 14 70 8�25 0�41 0�60 3�02 0�56 0�15** 1�34**

aPopulation sample size.
bNumber of distinct mycelial compatibility groups.
cNumber of haplotypes.
dNumber of haplotypes expected for a sample size of nine isolates.
eClonal fraction calculated according to Zhan et al. (2003).
fEvenness (Gr€unwald et al., 2003).
gAllelic richness calculated using HP-RARE (Kalinowski, 2005).
hGene diversity (Nei, 1973), averaged over all loci, calculated using GENEPOP (Rousset, 2008).
iMeasures of multilocus linkage disequilibrium calculated using MULTILOCUS (Agapow & Burt, 2001).

**Significant at P < 0�001.
nc, not calculated.
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staining with GelRed (Biotium). Fragments were compared

with a 100 bp DNA ladder and scored.

Mycelial compatibility group

The MCGs were determined for all S. sclerotiorum isolates as

described by Schafer & Kohn (2006) with slight modifications.

The 118 isolates were paired in Petri dishes (60 9 15 mm) con-
taining PDA supplemented with 75 lL L�1 of McCormick’s red

food colouring. Mycelial plugs (5 mm diameter) from a 2-day-

old culture of the isolates were used for pairings. The plugs were

placed 18–20 mm apart from each other resulting in four pair-
ings per dish. The dishes were kept at 23°C in the dark. Vegeta-

tive compatibility was checked visually after 3 and 6 days’

incubation. The isolates were initially tested for compatibility

within each of the five geographic regions. Afterwards, at least
two isolates representing MCGs identified in each region were

tested against each other. Each pairing was performed twice.

When the results were inconsistent, two new independent pair-
ings were done.

Microsatellite genotyping

The primers for 10 SSR loci described by Sirjusingh & Kohn

(2001) were used to assess the polymorphism of all isolates. The

forward primers were labelled with fluorescent dye (G5 dye set:
6-FAM, NED, VIC; Applied Biosystems). Multiplex PCR reac-

tions were performed with a Type-it Microsatellite PCR kit as

described by the manufacturer (QIAGEN). DNA of isolate LMK

211 was used as positive control because its SSR allele sizes had
been previously determined. A sample without DNA was used

as negative control. Both positive and negative controls were

included in each run. Five isolates was replicated three times
with independent DNA extraction to confirm the reproducibility

of the results. At each locus, all alleles with frequencies equal to

or <10% were repeated. Among isolates from a single sclero-

tium, all alleles that differed from others of the same sclerotium
were repeated.

PCR products were separated using an ABI PRISM 3100

Genetic Analyzer (Applied Biosystem). All samples were

migrated together with fluorescent molecular size markers to
score the alleles. Data were processed with GENEMARKER v.

1.191 (Sounits Genetics). As described previously, each allele

was numbered according to the number of repeat units at each
locus (Sexton & Howlett, 2004).

Microsatellite analysis

Diversity and random mating
Each isolate was assigned to a haplotype using GENODIVE (Meir-

mans & Van Tienderen, 2004). The number of expected haplo-

types at the smallest sample size (richness index) was estimated

based on rarefaction curves using the R program.
The clonal fraction of each population was calculated as

1�[(no. different genotypes)/(total no. isolates)] according to

Zhan et al. (2003). To estimate how the genotypes are distrib-

uted within the population the evenness was calculated using
the POPPR package (Kamvar et al., 2014) for R. Gene diversity

(Nei, 1973) per locus was calculated among individuals within

populations and estimated as the average over the populations
using GENEPOP (Rousset, 2008). Allelic richness was estimated

after rarefaction for a sample size of nine (nine haploid individu-

als) using HP-RARE (Kalinowski, 2005).

Clone correction was performed to calculate gene diversity

and linkage disequilibrium across all SSR loci. The GENEPOP pro-
gram was used to calculate gene diversity. Linkage disequilib-

rium was assessed with the index of association (IA) and also

with a measure corrected for the number of loci, rd. Both IA
and rd were calculated using MULTILOCUS (Agapow & Burt,
2001) and 1000 randomizations of the data set. Linkage dis-

equilibrium tests were not performed for the northern popula-

tion because its small sample size (n = 9) prevented reliable
conclusions about random mating using IA or rd (Agapow &

Burt, 2001).

To assess the relationships among haplotypes, the Bruvo’s

genetic distance was used, which is recommended for SSR
markers, to construct a minimum spanning network using POPPR

for R.

Population structure
The G″ST, a corrected sampling bias fixation index (Meirmans

& Hedrick, 2011), was calculated as a measure of differentia-

tion between populations using GENODIVE (Meirmans & Van Ti-

enderen, 2004). The distribution of variation through the
hierarchical analysis of molecular variance (AMOVA) and the

number of shared haplotypes between subpopulations of S. scle-
rotiorum were calculated using ARLEQUIN (Excoffier & Lischer,

2010). The distance method was based on the sum of squared
size differences between two haplotypes for SSR data and the

number of permutations was 1000.

Clusters of genetically similar individuals were sought by
applying the discriminant analysis of principal components

(DAPC; Jombart et al., 2010), implemented in the ADEGENET

package (Jombart, 2008) for R. The number of clusters (K) was

allowed to vary from one to 20 and the optimal K was deter-
mined based on the Bayesian information criterion (BIC) as sug-

gested by Jombart et al. (2010).

Genetic variability of isolates obtained from a single
sclerotium

All 100 isolates from the selected sclerotia were SSR genotyped

and the number of polymorphic loci was determined. Gene

diversity and the allelic richness were estimated as described
above. Additionally, DAPC was used to determine whether all

isolates from a single sclerotium belong to the same genetic

group. In this case, K was allowed to vary from one to 10 and
the optimal K was determined as described above.

Results

Species-specific PCR identification

All isolates were identified as S. sclerotiorum based on
the amplification of a 171 bp fragment of the partial
sequence of the aspartyl protease gene. No amplification
was detected when using the primer pairs for S. trifolio-
rum or S. minor.

Mycelial compatibility group

The number of MCGs among the regional populations
of S. sclerotiorum varied from one (northern) to six
(northwestern and southern) with a total of 14 (Table 1).
Only three of these MCGs contained isolates from more
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than one population (Fig. 2a). The most common MCG
was MCG 1, assigned to 64 of the 118 isolates. MCG 1
isolates were detected in all five sampled regions. All iso-
lates from the northern, 82% of the isolates from Zona
da Mata, 59% from Alto Parana�ıba and 22% from the
southern regions were assigned to MCG 1. The second
largest group was MCG 2, comprising 19 isolates,
mostly (74%) from the northwestern region. Three iso-
lates from Alto Parana�ıba, one from the southern and
one from the Zona da Mata region were also MCG 2.
Two isolates from the northwestern (MCG 13 and 14)
and one from the Zona da Mata region (MCG 12) were
not compatible with any other MCG.

Genetic diversity based on microsatellite markers

Diversity and random mating
One allele only per locus was amplified in each isolate,
as expected for a haploid organism. No amplifications
occurred in negative controls and all alleles were at their
correct size in the positive control. A total of 70 haplo-
types were identified among the 118 isolates analysed.
The most frequent haplotype was detected in 15 isolates.
The highest clonal fraction (0�44) and the lowest even-
ness (0�62) were estimated for the northern and the Zona
da Mata populations, respectively. The lowest clonal
fraction and the highest evenness, 0�18 and 0�94, respec-
tively, were estimated in the Alto Parana�ıba region
(Table 1).

All loci were polymorphic. However, in the northern
population the loci 7-2, 36-4 and 106-4 were monomor-
phic. Similarly, the loci 42-4 in the southern and Alto
Parana�ıba populations and 9-2 in the southern region
were also monomorphic. The SSR profile for the 118 iso-
lates is provided in Table S1. The number of alleles at
each locus varied from two (locus 42-4) to 10 (loci 8-3
and 114-4) with an average of six alleles per locus
(Table 2). Gene diversity across loci varied from 0�09
(locus 9-2) to 0�65 (locus 8-3).
Highest allelic richness and gene diversity were

observed in the northwestern population. The rarefied
genotypic richness, E(gn), was similar among populations
and varied from 5�0 in the northern population to 8�2 in
the Alto Parana�ıba population (Table 1).
The values of IA ranged from 1�25 (northwestern) to

2�76 (Alto Parana�ıba) and the corresponding values of rd
ranged from 0�14 to 0�35 (Table 1). These indices
revealed significant linkage disequilibrium within all pop-
ulations (P < 0�01). Therefore, there was strong evidence
to reject the random mating hypothesis among S. sclero-
tiorum isolates that affect common bean at regional or
local scales in Minas Gerais State.

Population structure
Estimates of G″ST varied from 0�08 when comparing
Alto Parana�ıba and Zona da Mata populations to 0�72
when comparing the southern and northern populations
(Table 3). No haplotype was shared between all popula-

(a) (b)

Figure 2 (a) Frequency of occurrence of the 14 mycelial compatibility groups (MCG) of common bean isolates of Sclerotinia sclerotiorum in Minas

Gerais State, Brazil. (b) Minimum spanning network showing the relationships among the microsatellite haplotypes of S. sclerotiorum sampled from

common bean fields in Minas Gerais. The colours of the dotted ellipses correspond to colours of the genetic group of each haplotype according to

the DAPC analysis. Node sizes and colours correspond to the number of haplotypes and geographic population membership, respectively. The

thickness and colours of the lines connecting the nodes are proportional to Bruvo’s distance (Bruvo et al., 2004). Thicker and darker lines represent

smaller distance between nodes. Line length is arbitrary.
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tions. The northern population did not share any haplo-
type with southern, Alto Parana�ıba or northwestern pop-
ulations (Table 3). The northwestern population shared
four haplotypes with Zona da Mata, three with southern
and two with Alto Parana�ıba. Three haplotypes were
shared between Alto Parana�ıba and Zona da Mata and
between Zona da Mata and the southern population.
Two haplotypes were shared between Zona da Mata and
northern and between Alto Parana�ıba and southern pop-
ulations.
Based on the AMOVA, 72�8% of the total genetic varia-

tion was attributed to genetic differences within bean
fields, whereas 5�8% was due to the variation among
fields within regions and 21�4% was due to the variation
among regions (Table 4).
The two main axes of the DAPC analysis explained

98�3% of the total variability among clusters. The most
likely number of clusters was K = 5 (Fig. 3), with 99�7%
of successful reassignment (based on the discriminant
functions) of individuals to their original clusters. The
red group was composed of MCG 1 isolates, found in all
five regions, and the green group of MCG 2 isolates,
mostly from the northwestern region (Fig. 3). The blue
group was composed of MCG 6, 8, 9, 12 and 14 isolates

from the northwestern and Zona da Mata regions. The
yellow group was composed of isolates of two MCGs, 4
and 7. Eight isolates were assigned to the yellow group,
six from the northwestern and two from Alto Parana�ıba
region. Except for one isolate from the northwestern
region (MCG 13), the 17 isolates assigned to the purple
group came from the southern region.

Relationship between MCGs, microsatellite haplotypes
and genetic groups

The MCGs were strongly associated with SSR haplotypes
and also with the five genetic groups (Figs 2b & 3a). All
isolates of the red group were of MCG 1. All isolates of
the green group were of MCG 2. A haplotype was asso-
ciated with a unique MCG, but isolates of a given MCG
were associated with more than one haplotype and the
genetic distance among them was low (Fig. 2b). The Bru-
vo’s distance among isolates of MCGs 1 or 2 ranged
from 0 to 0�36; among those of MCG 3, from 0 to 0�23;
and among those of MCG 4 from 0�05 to 0�32. The
maximum distance among isolates of MCGs 5, 6, 7, 10
and 11 was 0�12, whereas MCG 9 was composed of two
isolates of a single haplotype.

Table 2 Number of alleles, size range and gene diversity for each microsatellite locus used to characterize the Sclerotinia sclerotiorum population

from common bean fields in Minas Gerais State, Brazil

Locusa Repetitive sequence No. of alleles Size range (bp) Gene diversityb

7-2 (GA)14 8 156–172 0�56
8-3 (CA)12 10 240–268 0�65
9-2 (CA)9(CT)9 4 354–368 0�09
12-2 (CA)9 6 211–221 0�75
13-2 (GTGGT)6 7 275–320 0�36
36-4 (CA)6(CGCA)2(CAT)2 3 410–414 0�13
42-4 (GA)9 2 405–407 0�14
92-4 (CT)12 4 371–377 0�40
106-4 (CATA)25 8 496–572 0�47
114-4 (AGAT)14(AAGC)4 10 336–412 0�48

aMicrosatellite loci published by Sirjusingh & Kohn (2001).
bGene diversity (Nei, 1973) among individuals within populations, averaged over populations, calculated using GENEPOP (Rousset, 2008).

Table 3 Genetic differentiation (G″ST) and shared haplotypes among

five regional populations of Sclerotinia sclerotiorum collected from

common bean fields in Minas Gerais State, Brazil

Population NW AP ZM S N

NW – 2 4 3 0

AP 0�09* – 3 2 0

ZM 0�19** 0�08* – 3 2

S 0�45** 0�45** 0�52** – 0

N 0�48** 0�32** 0�24** 0�72**

*Significant at P < 0�01; **significant at P < 0�001.
G″ST calculated using GENODIVE (Meirmans & Van Tienderen, 2004).

NW, northwestern; AP, Alto Parana�ıba; ZM, Zona da Mata; S, southern;

N, northern.

Table 4 Analysis of molecular variance (AMOVA) for five regional

populations of Sclerotinia sclerotiorum collected from common bean

fields in Minas Gerais State, Brazila

Source of variation d.f.

Sum of

squares

Variation

(%)

Fixation

index P

Among regions 4 2615�8 21�4 FCT = 0�21 0�0029
Among bean fields

within regions

15 1611�7 5�8 FSC = 0�07 0�1906

Within bean fields 99 7678�3 72�8 FST = 0�27 <0�0001
Total 118 11905�8

aDistance method based on the sum of squared size differences

(RST) between two haplotypes for microsatellite data. Number of

permutations = 1000.
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Genetic variability of isolates obtained from a single
sclerotium

The number of distinct haplotypes among 10 isolates
from a single sclerotium varied from one to five
(Table 5). For six sclerotia, three haplotypes were iden-
tified out of 10 isolates (3/10 ratio). The 2/10, 1/10
and 5/10 ratios were recorded for two, one and one
sclerotia, respectively. The ratio of haplotypes/isolates

was not associated with the geographic origin of the
sclerotia.
Gene diversity varied from zero for sclerotia labelled

as S2 to 0�26 for sclerotia labelled as S3 (Table 5).
The highest allelic richness (1�59) and the highest num-
ber of polymorphic loci (6) were also observed in S3,
whereas the lowest values (1�00 and 0) were observed
in S2.
The DAPC analysis for the 100 isolates obtained from

10 sclerotia indicated that the number of genetically dis-
tinct groups was K = 9 (Fig. 4). Isolates from the same
sclerotium were assigned in the same group with the
exception of two isolates from S1, three from S3 and one
isolate from S7.

Discussion

There is strong evidence for a clonal population structure
of S. sclerotiorum from common beans in MG, Brazil.
Seventy percent of the isolates were assigned to only two
MCGs; the genetic distance among isolates of a given
MCG was low, and in most cases haplotypes differed in
allele size at one or two SSR loci; there was association
between two independent criteria, MCGs and SSR mark-
ers; and finally, alleles at different loci were at linkage
disequilibrium. Considering all facts presented above,
there is evidence of a clonal population structure and the
initial hypothesis of an outcrossing population in Minas
Gerais State was rejected.
The hypothesis is that each MCG is a putative clone

with little genetic variation among isolates. Previous

Figure 3 Scatterplot of the discriminant analysis of principal components (DAPC) of common bean isolates of Sclerotinia sclerotiorum from Minas

Gerais State, Brazil. Clusters are indicated by different colours. Inset bottom right, the Bayesian information criterion (BIC) and the first four

Eigenvalue components.

Table 5 Geographic origin, gene diversity, allelic richness and number

of polymorphic loci of the Sclerotinia sclerotiorum isolates obtained

from a single sclerotium

Sclerotium Region sampled Ha He
b ARc NPLd

S1 Alto Parana�ıba 3 0�08 1�20 2

S2 Alto Parana�ıba 1 0�00 1�00 0

S3 Zona da Mata 3 0�26 1�59 6

S4 Zona da Mata 5 0�11 1�27 3

S5 Zona da Mata 3 0�04 1�15 2

S6 Northwestern 2 0�04 1�10 1

S7 Northwestern 3 0�07 1�18 2

S8 Northwestern 2 0�04 1�10 1

S9 Northwestern 3 0�09 1�20 2

S10 Northwestern 3 0�07 1�18 2

aNumber of haplotypes out of 10 isolates.
bGene diversity (Nei, 1973), averaged over all loci, calculated using

GENEPOP (Rousset, 2008).
cAllelic richness calculated using HP-RARE (Kalinowski, 2005).
dNumber of polymorphic loci.
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studies using RFLP found identical DNA fingerprinting
among isolates of the same MCG of S. sclerotiorum
(Kohn et al., 1991; Kohli et al., 1992). In the present
study, the higher resolution of the SSR markers was able
to reveal the relatively low genetic variation among iso-
lates of a given MCG. Most differences observed among
isolates were due to small changes in allele size, particu-
larly observed in SSR loci composed of dinucleotide
repeats. These repeats are more prone to new additions
or deletions (Chakraborty et al., 1997) that contribute to
create new alleles and consequently distinct genotypes.
Nevertheless, these genotypes are closely related to each
other as revealed by the conformation of the minimum
spanning network.
Overall, the pattern of genetic variation is consistent

with that expected for a homothallic fungus. Fungal pop-
ulations with sexual reproduction generally have higher
diversity than those with asexual reproduction (Mil-
groom, 1996). Sclerotinia sclerotiorum can reproduce
asexually by sclerotia or sexually by self-fertilization
(Ekins et al., 2006). Although it is a homothallic species,
outcrossing and consequently recombination may occur
among isolates (Ekins et al., 2006). However, the present
study showed that in MG the S. sclerotiorum popula-
tions are in linkage disequilibrium, suggesting that selfing
predominates and/or crosses between genetically distinct
individuals do not commonly occur.
High genotypic diversity in S. sclerotiorum populations

has been reported in studies that used SSR markers to
genotype isolates obtained from different crops (Atallah
et al., 2004; Sexton & Howlett, 2004; Mert-Turk et al.,

2007; Hemmati et al., 2009; Gomes et al., 2011). In
some cases, the authors inferred the occurrence of out-
crossing (Atallah et al., 2004; Sexton & Howlett, 2004;
Hemmati et al., 2009). However, clonality has also been
detected with SSR markers. Clarkson et al. (2013)
reported a clonal structure of S. sclerotiorum in the UK
based on eight SSR markers. A total of 228 haplotypes
were found among the 384 isolates (59%) analysed. In
the present study 70 SSR haplotypes were observed out
of the 118 isolates (59%), the same proportion of haplo-
types found in the UK. It seems that even in clonal popu-
lations of S. sclerotiorum the genotypic diversity tends to
be relatively high when using SSR markers.
There is no evidence of recombination between geneti-

cally distinct individuals in the S. sclerotiorum popula-
tions causing white mould in common bean. In a
previous study (Gomes et al., 2011), high genotypic vari-
ability of S. sclerotiorum was reported for isolates
obtained from common bean fields located in the Cerra-
do area in Brazil. The high variability led the authors to
speculate on the occurrence of recombination because
the genotype diversity varied from 0�64 to 0�71. The
number of alleles observed in the Cerrado population
was higher (6–18) than that reported in the present study
(2–10). Only locus 8-3 from this study had a higher
number of alleles than the previous study. The reasons
for the different pattern of genetic polymorphism are dif-
ficult to clearly determine. They could be related to true
genetic characteristics of the populations or due to varia-
tion in the way SSR alleles were scored. When analysing
a common set of loci, higher allelic richness was

Figure 4 Barplot of the discriminant analysis of principal components (DAPC) showing the probabilities of assignment of 100 isolates obtained from

10 sclerotia (S) of Sclerotinia sclerotiorum to different groups. Each isolate is represented by a bar and the colours represent different groups. Inset

upper right, the Bayesian information criterion (BIC).
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observed in MG in relation to the populations from
potato fields in the USA (Atallah et al., 2004), and oil-
seed rape fields in Turkey (Mert-Turk et al., 2007).
Compared to the UK population (Clarkson et al., 2013),
the number of alleles in Minas Gerais was higher in loci
7-2 and 8-3, but lower in loci 13-2, 92-4 and 114-4. The
number of alleles observed in MG was similar to those
found in canola fields in Australia (Sexton & Howlett,
2004). Direct comparisons must be carefully conducted,
because several other factors such as agricultural prac-
tices, host plant genotypes and climatic conditions may
play a role in the pathogen development during epidem-
ics but, in general, the genetic variability found in the
S. sclerotiorum population from MG is similar to values
reported in other studies.
Association between MCGs and SSR haplotypes was

also observed among S. sclerotiorum isolates from
Australia (Sexton & Howlett, 2004) and the UK (Clark-
son et al., 2013). However, in these two studies one hap-
lotype was sometimes associated with more than one
MCG. In another report there was strong evidence of
outcrossing (linkage equilibrium and ascospore siblings
belonging to different MCGs) and SSR haplotypes were
not correlated with MCGs (Atallah et al., 2004). Associ-
ation of independent markers suggest that the common
bean population of S. sclerotiorum in MG is predomi-
nantly clonal (Kohli et al., 1992; Milgroom, 1996;
Clarkson et al., 2013), which is in agreement with the
measures of linkage disequilibrium of the SSR data.
The seed trade practices of bean production affected

genetic variability of S. sclerotiorum in MG. The north-
western and Alto Parana�ıba regions exhibited high geno-
typic and gene diversity. Isolates of the five genetic
groups were detected in the northwestern region and iso-
lates of four groups were detected in the Alto Parana�ıba
region. One genetic group (yellow) was only detected in
isolates from these regions. Northwestern and Alto Par-
ana�ıba are the main producing regions of common beans
in Minas Gerais. Intensive seed trade is common practice
in these regions, with growers buying seeds from different
parts of the country, which facilitates the introduction of
new pathogen genotypes. Conversely, 80% of the isolates
from Zona da Mata are of the red genetic group. In
this region, common beans are generally cultivated by
small-scale growers, who use little technology and
alternate bean with maize crops on a regular basis. All
isolates from the northern region were assigned to the
red group, but the small sample (only one field) in this
region prevents conclusions about the region as a
whole. In the southern region the isolates from Ijaci
were assigned to the purple group whereas those from
Lambari belong to the red group. Isolates of distinct
genetic groups were found in two municipalities of the
southern region, which indicates different origins of the
source population. Isolates from Ijaci most likely came
from an unsampled region, probably from S~ao Paulo
State given the relatively close distance between these
areas, while those from Lambari probably came from
other regions in MG.

Although direct comparisons among regional popula-
tions were not the purpose of this study, in general, few
differences in the basic population parameters were
found among the five subpopulations in MG. The pair-
wise estimates of G″ST suggest strong genetic differentia-
tion, mainly regarding the southern population.
Seventeen of the 18 isolates of the purple group were
collected in Ijaci, in the southern region, and one isolate
came from the northwestern region. Unfortunately, a
plausible explanation for this fact could not be found.
Moreover, isolates from Ijaci were not vegetatively com-
patible with isolates from other regions (MCGs 3, 5, 10
and 11). As previously mentioned, it is suspected that Ij-
aci is an isolated population with a different genetic ori-
gin (founder effect). However, to properly address this
issue it would be necessary to implement a more consis-
tent sampling scheme in the region.
Gene flow between regions does not seem to play an

important role in shaping the population of S. sclerotio-
rum in MG because a low number of haplotypes was
shared between/among regions. Seeds contaminated with
sclerotia or seeds colonized with mycelium (Tu, 1988)
could have contributed to the introduction of haplotypes
found in one region into the others. Pathogen dispersal
by ascospores seems to be limited to a few hundred
metres (Ben-Yephet & Bitton, 1985).
Unlike a previous report (Ekins et al., 2011), more

than one genotype was detected among different isolates
from a sclerotium. Thus, the initial hypothesis that a
sclerotium may be formed by hyphae from different
genotypes was accepted. Mitotic recombination after
hyphal fusion and formation of a heterokaryotic sclero-
tium may contribute to variability. In laboratory condi-
tions, stable heterokaryons of S. sclerotiorum have been
demonstrated (Ford et al., 1995). However, there is lim-
ited evidence of heterokaryosis in field populations. In
Aspergillus nidulans, mitotic recombination occurs at a
sufficiently high rate to allow an acceleration of the
adaptation to novel environmental conditions (Schoustra
et al., 2007). In the present study, there was no evidence
of recombination within a sclerotium. For each set of 10
isolates from a sclerotium, the maximum number of
polymorphic loci was three for nine out of 10 sets analy-
sed, indicating low genetic variation. Therefore, it seems
more plausible to suggest that mutations are the main
factor generating variability. In the previous study con-
ducted to address intra-sclerotium variability, Ekins et al.
(2011) used RFLP markers to genotype 40 isolates (four
isolates per sclerotium). The use of a higher resolution
marker in the present study (SSR) could have contributed
to different results. In fact, even though haplotypes dif-
fered, the membership probability of each isolate indi-
cates that isolates collected from a single sclerotium tend
to be genetically similar. Nevertheless, two isolates from
the S1, three from the S3 and one isolate from S7 sclero-
tia had a different membership probability from the
other isolates originating from the same sclerotium. This
suggests that hyphae of different genotypes can come
together to form these resistance structures. Therefore, in
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order to conduct population genetics studies from indi-
viduals taken from sclerotia one must use the hyphal tip
or induce ascospore formation to obtain monoascosporic
isolates, thus avoiding biased analyses.
In conclusion, the S. sclerotiorum population sampled

from common bean fields in MG, Brazil, consists of a
mixture of individuals derived from five genetic groups.
A clonal population structure was observed with closely
related haplotypes widely distributed. It is suggested that
the breeding lines for white mould resistance in MG
should be screened against isolates representative of the
five genetic groups, and if possible of the different MCGs
detected in the present study.
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