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ABSTRACT. White mold is a common bean disease caused by the
fungus Sclerotinia sclerotiorum, resulting in economic losses in Brazil
and worldwide. Lack of knowledge about the population structure of
the pathogen makes it difficult to control the disease. The aim of this
study was to characterize strains of S. sclerotiorum obtained from ex-
perimental and commercial common bean fields in Brazil. We analyzed
50 strains of S. sclerotiorum collected at several locations in the state of
Minas Gerais. The strains were characterized according to their ability
and time for developing apothecia. Morphological and physiological
analyses such as the mycelial growth index, colony color, the time re-
quired to form the first sclerotia on media, the number of sclerotia per
plate, average sclerotium size, and sclerotium shape were performed.
We determined the mycelial compatibility, conducted molecular analy-
sis of microsatellites, and evaluated the aggressiveness of 28 strains.
Most strains had the ability to form apothecia. A small group of strains
showed mycelial compatibility, and the strains showed different aggres-
siveness levels. Overall, the population studied here demonstrated wide
variability based on the morphological, physiological, and molecular
traits analyzed. The average size and shape of sclerotia presented a cor-
relation of 0.617, whereas the times required to form sclerotia and the
number of sclerotia per plate showed a correlation of -0.455. The char-
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acterization of the pathogen population described herein will provide
an important tool for promoting the development of bean cultivars re-
sistant to white mold.

Key words: Sclerotinia sclerotiorum; Carpogenic germination;
Mycelial compatibility group; Morphology characterization;
Microsatellite

INTRODUCTION

The common bean (Phaseolus vulgaris L.) crop in Brazil is subject to many biotic and
abiotic stresses that cause expressive reductions in yield and affect the quality of the product.
Among these, the actions of disease-causing plant pathogens stand out. White mold, caused by
the fungus Sclerotinia sclerotiorum (Lib.) de Bary, interferes with the production of this crop
in Brazil, especially in the Cerrado (tropical savanna) region (Ferraz et al., 1999) and in the
winter season in irrigated areas.

Extensive damage to crops, absence of high levels of resistance in the hosts, and the
great difficulty in controlling the diseases caused by S. sclerotiorum have stimulated research
related to this fungus (Bolton et al., 2006). The problems associated with the evaluation of
and selection for resistance to white mold may be due, in part, to the lack of knowledge of the
pathogen population structure (Kull et al., 2004).

In population studies, markers are used to reveal existing variability, including my-
celial compatibility groups (MCGs), DNA fingerprints, and microsatellite and amplified frag-
ment length polymorphisms (AFLPs) (Kohn et al., 2008). In addition, morphological charac-
teristics of the colony, mycelial growth rates, and traits of the sclerotia formed by the fungus
provide additional information for analysis. Morphological characterization of the colonies
and the sclerotia of S. sclerotiorum may be useful as a complementary descriptor in studies
directed toward evaluating the variability of the pathogen (Lehner et al., 2011). Variability
studies within populations in determined geographic regions are important since they might
reveal the changes that occur in the populations over time (Akram et al., 2008).

Information regarding the biology of S. sclerotiorum populations is still emerging,
with most arising from North America and Australia (Mert-Tiirk et al., 2007). Recently, stud-
ies have been performed in Brazil that have illustrated the variability that exists among the
strains of S. sclerotiorum in that country (Gomes et al., 2011; Litholdo Janior et al., 2011).

Litholdo Junior et al. (2011) evaluated 40 S. sclerotiorum strains originating from
diverse areas of Brazil and from different host crops using random amplified polymorphic
DNA (RAPD) markers and MCGs. These strains were separated into three groups with simi-
larity indices of 68.2, 61.8, and 61.8%, and five MCGs. According to the authors, this was the
first high-level report of variability of S. sclerotiorum in Brazil based on the study of strains
of broad geographic origin, with the support of RAPD markers and MCGs. These results
confirmed the prevalence of sexual reproduction of S. sclerotiorum in tropical and subtropical
regions, in contrast with clonal reproduction in temperate regions.

A second study performed with 79 strains collected in the Brazilian Cerrado demon-
strated the existing variability by use of microsatellite markers and polymerase chain reac-
tion-restriction fragment length polymorphisms (PCR-RFLPs). The high variability identified
within and among the populations was proposed to indicate the introduction of new genotypes
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in the areas analyzed, as well as the occurrence of clonal and sexual reproduction in the S.
sclerotiorum populations in the Cerrado (Gomes et al., 2011).

In the absence of a susceptible host, survival structures, i.e., the sclerotia, are produced
by the fungus. Sclerotia remain viable for more than eight years (Adams and Ayers, 1979)
and may germinate in two different ways. Those that germinate in a myceliogenic manner
produce hyphae that can directly attack plant tissues (Le Tourneau, 1979; Bardin and Huang,
2001), whereas in carpogenic germination there is production of apothecia and, afterwards, of
ascospores that infect the plants. This germination is highly affected by soil temperature and
moisture, which impact the number of stipes and apothecia produced (Hao et al., 2003).

It is necessary to perform studies of characterization of the strains of S. sclerotiorum
that are obtained in experimental fields and that are commonly produced in Brazil. This infor-
mation can assist plant breeding programs for the purpose of promoting resistance to white
mold in the respective regions.

MATERIAL AND METHODS

This study was conducted in the Plant Disease Resistance Laboratory and in the
Molecular Genetics Laboratory, both located in the Biology Department of the Universidade
Federal de Lavras, Lavras, MG, Brazil.

Collection and storage of sclerotia

S. sclerotiorum strains were collected from experimental and commercial common
bean fields in the state of Minas Gerais (Table 1).

Table 1. Sclerotinia sclerotiorum strains and their respective collection locations in the state of Minas Gerais.

Strain Cultivar Origin Year Strain Cultivar Origin Year
UFLA1 Talisma Tjaci 2009 UFLA36 Pérola Guarda-Mor 2010
UFLA2 Talisma Tjaci 2009 UFLA37 - Vigosa -
UFLA3* MAV 5.60 Tjaci 2009 UFLA38 - Presidente Bernardes -
UFLAS* - Tjaci 2009 UFLA39 - Cabeceira Grande -
UFLA6* MAV 5.60 Tjaci 2009 UFLA44* Ouro Vermelho Coimbra 2010
UFLA7* - Tjaci 2009 UFLA45 Pérola Paracatu 2010
UFLAS8* BRS executivo Tjaci 2009 UFLA47 Pérola Paracatu 2010
UFLA10* Talisma Tjaci 2009 UFLA48 Ouro Vermelho Porto Firme -
UFLAI1* CNFPI15 175 Tjaci 2009 UFLA49 Ouro Vermelho Porto Firme -
UFLAI12* - Tjaci 2009 UFLAS2* - Oratorios -
UFLA13* - Tjaci 2009 UFLAS54* Ouro Vermelho Vigosa -
UFLA14* MAV I-21 Tjaci 2009 UFLA56* - Vigosa 2010
UFLAI15* MAV 3.36 Tjaci 2009 UFLAS57* - Vigosa 2010
UFLA18* Talisma Tjaci 2009 UFLAS8 - Vigosa 2010
UFLA19* Talisma Tjaci 2009 UFLA59 Pérola Unai 2010
UFLA20* Talisma Tjaci 2009 UFLA60 Pérola Unai 2010
UFLA21* Talisma Tjaci 2009 UFLAG61 - Unai -
UFLA23* Talisma Tjaci 2009 UFLAG63 Pérola Unai -
UFLA24* Talisma Tjaci 2009 UFLA64 - Unai -
UFLA25* Talisma Tjaci 2009 UFLA66 - Unai -
UFLA26 Carioca Lambari 2010 UFLA67 - Unai -
UFLA27* - Lambari 2010 UFLA77 OPNS XVC 3 Lambari 2010
UFLA28* - Lamabri 2010 UFLAS6 - Patos de Minas 2010
UFLA30* Carioca Lambari 2010 UFLA91* Majestoso Patos de Minas 2010
UFLA34 Pérola Paracatu - UFLA92* Majestoso Patos de Minas 2010

*Indicates strains used in the aggressiveness evaluation.
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Sclerotia taken from plants and from the soil were stored in paper bags at room tem-
perature. Afterwards, they were disinfected by immersion in 70% alcohol for 2 min and then
in 1% sodium hypochlorite for 2 min. Soon afterwards, they were washed in sterile distilled
water for 2 min. After disinfestation, the sclerotia were cultivated in a carrot-agar medium
(Leslie and Summerell, 2006) at 22°C. Each strain is derived from a single sclerotium. The
strains were characterized and the sclerotia developed from cultivation in carrot-agar medium
were used for induction of carpogenic germination for the purpose of obtaining the sexual
phase of the fungus.

Characterization of S. sclerotiorum strains
Carpogenic germination

A total of 50 strains collected were evaluated for their capacity of and the time re-
quired for carpogenic germination using the modified methodology of Sun and Yang (2000).
The ideal conditions described therein of high light intensity, high level of soil moisture and a
temperature of 20°C were utilized. The methodology consisted of placing the sclerotia on the
surface of moistened sterilized sand in growth layers with 12 h light per day until the forma-
tion of mature apothecia.

Tests were performed with two replications for each strain. Each replication consisted
of a gerbox container (11 x 11 x 3.5 cm) containing sterilized sand and 15 sclerotia.

Mycelial growth index (MGI)

Colonized agar disks, taken from active growth cultures, were placed in 90-mm-diam-
eter dishes containing potato dextrose agar (PDA) medium. The dishes were kept in the dark at
a temperature of 22°C. The diameters of the colonies (mm) were measured daily (Mert-Tiirk
et al., 2007).

The MGI was calculated using the formula adapted from Oliveira and Machado (1991):

MGI=}(D-Da)
N

where D = current mean diameter of the colony; Da = mean diameter of the colony of the
previous day; and N = number of days after inoculation.

The experiment was conducted using a completely randomized design with three rep-
lications, with each dish comprising a replication. The data obtained were subjected to analy-
sis of variance using the GENES program (Cruz, 2006) and the mean values were compared
by the Scott Knott test at P < 0.05.

Morphological characterization

After thirty days of growth in PDA medium, the numbers of sclerotia formed per dish
were analyzed for each strain. The sclerotia of each strain were characterized according to
their form, and size; in addition, the colony color (Mert-Tiirk et al., 2007), as well as the time
necessary for the formation of the first sclerotium of each strain was also evaluated.
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The experiments for morphological characterization of the strains were conducted and
evaluated under the same conditions cited for the MGI. In addition, the correlations among
these traits were evaluated and significance was tested by the Student #-test at P < 0.01. For
this evaluation, numerical values were attributed to each class of the traits, colony colors, and
form of the sclerotia.

MCGs

Tests for determination of the MCGs were performed for all possible strain x strain
combinations. A colonized PDA disk for each strain was transferred to a dish containing PDA
medium modified with red food coloring (300 uL/L), pairwise, as described by Mert-Tiirk et
al. (2007). The Petri dishes were maintained at 22°C for 5 days in the dark prior to evaluation.

Pairs of strains were considered incompatible when a region of contact between them
was observed, characterized by the formation of a zone of red coloring. The pairs of strains in
which it was not possible to verify the formation of the region of contact, indicating that their
mycelia mixed in a uniform manner, were considered compatible. Each paired combination
was repeated three times.

Molecular characterization

DNA Extraction

To obtain the mycelial mass, three agar disks were taken from an actively growing cul-
ture and transferred to 250-mL Erlenmeyer flasks containing 150 mL 2% liquid malt medium.
The flasks were kept in an incubator at 22°C, with agitation at 120 rpm, for a period of time that
ranged from three to four days, depending on the strain. The moisture of the mycelium obtained
was reduced with the use of filter paper, and mycelium was later freeze-dried for 48 h.

DNA extraction was performed using the methodology of Raeder and Broda (1985),
as modified by Kaufman et al. (1999). Aliquots of DNA obtained from each strain were quanti-
fied on a 1% agarose gel. Through visual comparison of the intensity of the DNA bands, the
concentration of each sample was estimated and afterwards diluted to a concentration of 10
ng/pL, which was used in the amplification reactions.

Microsatellite analysis

In this study, nine pairs of primers were used for microsatellite amplification (Table
2), which, as shown by Sirjusingh and Kohn (2001), are sufficient to display the polymor-
phism existing in a population of S. sclerotiorum.

The microsatellite amplification reactions contained 20 ng genomic DNA, 100 pM
each deoxyribonucleotide (dATP, dGTP, dTTP, and dCTP), 1 U Taq DNA polymerase, 0.5 uM
of each primer of the pair, 2 uM reaction buffer (50 mM, Tris pH 8.3, 2 mM MgCl,, 20 mM
KCI, 10 ng BSA, 0.25% Ficoll 400, 10 mM tartrazine) and double-distilled water, for a 12-uLL
total reaction volume. Amplifications were performed in 0.2-mL tubes in a Mastercycler Ep-
pendorf model thermocycler (Eppendorf, Hamburg, Germany), using the following cycling
conditions (Sirjusingh and Kohn, 2001): 95°C for 8 min initial denaturation, followed by 35
cycles denaturation at 95°C, primer annealing at 47°-55°C (Table 2), and extension at 72°C
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for 30-45 s, with 5-min extension in the final cycle. The amplified products were separated by
electrophoresis on a polyacrylamide gel.

The polymorphic bands obtained with each pair of microsatellite primers were each
given a score of 1 (presence of the band) or 0 (absence of the band) for each strain of the patho-
gen. The matrix generated was used to obtain estimates of genetic similarity using NTSYS
software - pc 2.1 (Rolf, 2000).

Estimates of genetic similarity (sgij) among the strains were determined by the So-
rensen-Dice coefficient by means of the expression sgij = 2a/(2a + b +c), with a representing
the presence of bands in the two genotypes i and j; and b and ¢ representing the presence of
the band only in the individual strains i or j, respectively. The similarity matrix was used to
construct the dendrogram, and cluster analysis was performed by the unweighted pair-group
method, arithmetic average (UPGMA) (Schneider et al., 2000). The errors associated with
each similarity were estimated using the expression sgs = {sgij [(1-sgij)/(n-1)]}0.5, in which
n is the sum of a, b, and ¢ for each pair of strains. Strains belonging to different groups were
identified in the dendrogram based on the estimate of the maximum significant similarity dis-
tance (sgm). The sgm was estimated by the #-test, using the expression sgm = 1- (¢ x sgs), in
which z is the standard value of the Student ¢-distribution at 1% probability, with n - 2 degrees
of freedom, and sgs is the mean error of the comparisons considered in the dendrogram.

Table 2. Primers used for microsatellite detection.

Primers FR Repetitive sequences amplified Primer sequence (5'-3") Annealing temperature (°C)
Primer set 1 (GT), F: GTAACA CCGAAATGA CGG C
R: GAT CAC ATG TTT ATC CCT GGC 55
Primer set 2 (CA), F: CGATAATTT CCC CTC ACT TGC
R: GGA AGT CCT GAT ATC GTT GAG G 55
Primer set 3 [(GT),GAT],(GT), ,GAT(GT), F: CAG ACG AAT GAG AAG CGAAC
[GAT(GT),](GAT), R: TTC AAAACA ACG CTC CTG G 55
Primer set 4 (GD),, F: CCT GAT ATC GTT GAG GTC G
R: ATT TCC CCT CAC TTG CTC C 55
Primer set 5 (TTA), F: TCA TAG TGA GTG CAT GAT GCC
R: CAG GGA TGA CTT TGG AAT GG 47
Primer set 6 TACA,, F: GTT TTC GGT TGT GTG CTG G
R: GCT CGT TCA AGC TCA GCAAG 55
Primer set 7 (CATA),, F: TGC ATC TCG ATG CTT GAATC
) R: CCT GCA GGG AGAAAC ATC AC 55
Primer set 8 (TATG), F: ATC CCT AAC ATC CCT AAC GC
R: GGA GAATTG AAG AAT TGA ATG C 55
Primer set 9 (AGAT),(AAGO), F: GCT CCT GTA TAC CAT GTC TTG
R: GGA CTT TCG GAC ATG ATG AT 55

Evaluation of S. sclerotiorum strain aggressiveness

From the 50 §. sclerotiorum strains used in this study, we determined an aggressive-
ness level of 28 (Table 1). For this, G122 (resistant) and Corujinha (susceptible) common bean
cultivars were used.

One experiment was conducted in a randomized complete block design with a fac-
torial scheme (28 x 2) with three replications. Each plot consisted of a vase of three liters
with three plants.

To obtain mycelium for inoculation, disks of colonized agar with mycelium of each
strain were transferred to plates containing PDA medium that were maintained at 22°C for four
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days. For inoculation, disks were removed from colonized medium using plastic micropipette tips.
The method of inoculation utilized was the straw test proposed by Petzoldt and Dickson (1996).

The inoculation was performed at 28 days after seeding. The vases with inoculated
plants were maintained in a greenhouse at 16°C during the night, and 24°C during the day,
with 70% relative humidity (Pérez-Vega et al., 2012).

Seven days after inoculation, the disease severity was evaluated using a diagrammatic
scale from 1 to 9. Average values of nodes per plot were submitted to variance analysis using
the GENES program and compared by the Scott Knott test at P < 0.05.

RESULTS
Carpogenic germination

Of the 50 strains, 44% produced apothecia at around 35 days of incubation at 20°C.
At 46 days of incubation, an additional 24% were in the phase of appearance of the first stipes

of the apothecia, whereas the other 32% of the strains had not germinated in a carpogenic
manner (Table 3).

Table 3. Sclerotinia sclerotiorum strains and their respective times of carpogenic germination using the
methodology modified by Sun and Yang (2000).

Germination in 35 days Germination in 46 days No germination

UFLAI, UFLA2,
UFLA3, UFLAI3,
UFLAI15, UFLA25,
UFLA26, UFLA2S,
UFLA30, UFLA37,
UFLA39, UFLA45,
UFLA48, UFLAS6,
UFLA59, UFLAGO,

UFLAS, UFLA7,

UFLA14, UFLAIS,
UFLA20, UFLA21,
UFLA24, UFLA38,
UFLA47, UFLAS54,
UFLAS57, UFLA77

UFLA6, UFLAS,
UFLAL10, UFLALL,
UFLAI12, UFLAL19,
UFLA23, UFLA27,
UFLA34, UFLA36,
UFLA44, UFLA49,
UFLAS52, UFLASS,
UFLAG4, UFLA67

UFLAG1, UFLAG3,
UFLA66, UFLASG,
UFLA91, UFLA92

MGI

Variance analysis of the mean MGI values of the 50 S. sclerotiorum strains showed
that there was a significant difference among them. The Scott Knott test separated the strains
into four distinct groups according to their mycelial growth rates (Table 4). The two slowest
growing strains were UFLA20 and UFLA23, which exhibited an average growth rate of 14.75
mm/day. Most of the strains showed a higher MGI, ranging from 23.83 to 30.17 mm/day.

Morphological characterization

Growth of the strains in PDA medium was monitored daily, and after 30 days they
were characterized for colony color. Three distinct categories of predominant coloring were
observed when colonies developed on the PDA medium: white, beige, and from brown to
black (Figure 1). Of the 50 strains, 22% (11) showed white colony coloring, 58% (29) showed
beige coloring, and 20% (10) showed coloring from brown to black (Table 5).
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Table 4. Clustering results (groups A—D) of the mean values of the mycelial growth indices (MGls) (mm/day)
of 50 Sclerotinia sclerotiorum strains using the Scott Knott test, P < 0.05.

Strain MGI/group Strain MGTI/ group Strain MGTI/ group
UFLAL1 24.00 D UFLA23 15.00 A UFLA52 22.00 C
UFLA2 18.33B UFLA24 2583 D UFLAS54 26.67D
UFLA3 27.67D UFLA25 21.00 C UFLA56 25.50D
UFLAS 26.83D UFLA26 27.83D UFLA57 27.83D
UFLAG6 26.833 D UFLA27 30.17D UFLAS58 26.83 D
UFLA7 29.50 D UFLA28 25.50D UFLA59 27.00 D
UFLAS8 26.83D UFLA30 27.83D UFLA60 25.00 D
UFLAI10 28.00 D UFLA34 27.33D UFLAG61 19.50 B
UFLAL11 27.67D UFLA36 26.33D UFLA63 25.50D
UFLA12 28.83D UFLA37 26.67D UFLA64 24.83D
UFLAI13 28.50 D UFLA38 23.83D UFLA66 26.50 D
UFLA14 26.83 D UFLA39 22.50C UFLA67 25.67D
UFLA15 29.17D UFLA44 28.17D UFLA77 27.17D
UFLAI18 22.83C UFLA45 26.67 D UFLAS86 26.17D
UFLA19 21.16 C UFLA47 26.17D UFLA91 25.00D
UFLA20 14.50 A UFLA438 25.50D UFLA92 22.00 C
UFLA21 23.00 C UFLA49 27.00 D

Group A: 14.50 - 15.00 mm/day; Group B: 18.33 - 19.50 mm/day; Group C: 21.00 - 23.00 mm/day; Group D:
23.83 - 30.17 mm/day.

Figure 1. Color of the Sclerotinia sclerotiorum colonies in PDA medium after 30 days of growth. A) White
coloring; B) beige coloring; C) brown to black coloring. PDA, potato dextrose agar.

Table 5. Colony color of 50 Sclerotinia sclerotiorum strains in PDA medium after 30 days of growth.

White coloring (22%) Beige coloring (58%) Coloring from brown to black (20%)
UFLA3, UFLAS, UFLALI, UFLAS, UFLA2, UFLA14,

UFLA21, UFLA26, UFLAG6, UFLA7, UFLA19, UFLA38,

UFLA27, UFLA30, UFLA10, UFLALI, UFLA47, UFLA48,

UFLA37, UFLA39, UFLA12, UFLA13, UFLA49, UFLAS56,

UFLAG0, UFLA64, UFLAL1S5, UFLALS, UFLAG63, UFLA91

UFLA77 UFLA20, UFLA23,

UFLA24, UFLA2S,
UFLA28, UFLA34,
UFLA36, UFLA44,
UFLA45, UFLAS2,
UFLA54, UFLAS7,
UFLAS5S, UFLAS9,
UFLA61, UFLAG6,
UFLA67, UFLASG6,
UFLA92

PDA = potato dextrose agar.
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The time necessary for formation of the first sclerotium of each strain was also ana-
lyzed and variance analysis of these data showed there was a significant difference among the
50 strains evaluated (P < 0.05). The Scott Knott test separated the strains into four distinct
groups (Table 6), and the strains that were delayed most in formation of the first sclerotium
were UFLA25, UFLA37, and UFLA39, with an average time necessary for these strains of
12.44 days. The strains that most rapidly formed the first sclerotium were UFLA1, UFLAG,
UFLA7, UFLA10, UFLA11, UFLA12, UFLA13, UFLA1S, UFLAS2, UFLAS4, UFLAS7,
and UFLASS, with formation of the first sclerotium at around the fourth day of incubation.

Table 6. Clustering results (groups A-D) of the mean values of the number of days to formation of the first
sclerotia of 50 Sclerotinia sclerotiorum strains by the Scott Knott test, P < 0.05.

Strain Time to formation of Strain Time to formation of the Strain Time to formation of the
the first sclerotia/group first sclerotia/ group first sclerotia/ group

UFLALI 4.67 A UFLA23 7.33C UFLAS2 433 A
UFLA2 7.67C UFLA24 9.33C UFLA54 433A
UFLA3 6.33 B UFLA25 12.33D UFLAS56 5.67B
UFLAS 5.67B UFLA26 733C UFLAS7 4.00 A
UFLA6 4.00A UFLA27 6.00 B UFLAS58 433A
UFLA7 4.00 A UFLA28 833C UFLA59 5.00B
UFLAS 533B UFLA30 9.67C UFLA60 633 B
UFLAI10 4.67A UFLA34 533B UFLAG61 533B
UFLAI1 4.00 A UFLA36 6.67B UFLAG63 6.00 B
UFLAI12 4.00 A UFLA37 13.00D UFLA64 733C
UFLAI13 4.00 A UFLA38 8.00 C UFLAG66 5.67B
UFLA14 6.33B UFLA39 12.00D UFLA67 6.67B
UFLALS 4.00 A UFLA44 533B UFLA77 533B
UFLA18 8.00C UFLA45 8.00 C UFLAS86 6.33B
UFLA19 7.00 C UFLA47 733C UFLA91 6.00 B
UFLA20 8.67C UFLAA48 6.33B UFLA92 633 B
UFLA21 533B UFLA49 6.00 B

Group A: 4.00 - 4.67 days; Group B: 5.00 - 6.67 days; Group C: 7.00 - 9.67 days; Group D: 12.00 - 13.00 days.

Evaluation of the sclerotia of the 50 strains demonstrated a significant difference
among the number of sclerotia per dish and among the average size of the sclerotia from
each strain (P < 0.05). In addition, two distinct forms of sclerotia were found. The Scott
Knott test separated the strains into two distinct groups in regard to the number of sclero-
tia formed per Petri dish (Table 7), with the number of sclerotia/dish ranging from 10.33
(UFLAA47) to 46 (UFLAG3).

In relation to the average size of the sclerotia from each strain, the Scott Knott test
separated the 50 strains into three groups (Table 8). The strains that presented the largest
and smallest mean sizes of the sclerotia were UFLA24 (5.33 mm) and UFLA91 (2.03 mm),
respectively. Most strains (82%) showed regular, circular sclerotia. Only UFLA20, UFLA24,
UFLA30, UFLA36, UFLA49, UFLAS2, UFLAS6, UFLAS7, and UFLA77 showed irregular
and elongated sclerotia.

The mean size of the sclerotia and their form showed a correlation of 0.617. Sclerotia
with irregular and elongated format were generally larger. The times necessary for formation
of the first sclerotia and the mean number of sclerotia per dish showed an inverse correlation
of -0.455. This negative value indicated that the greater the time necessary for formation of
sclerotia, the fewer were formed per dish (Table 9).
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Table 7. Clustering results (groups A-B) of the mean values of the numbers of sclerotia per dish of 50
Sclerotinia sclerotiorum strains by the Scott Knott test, P < 0.05.

Strain No. of sclerotia Strain No. of sclerotia Strain No. of sclerotia

per dish/group per dish/ group per dish/ group
UFLALI 24.67 A UFLA23 18.00 A UFLA52 31.67B
UFLA2 17.00 A UFLA24 29.00 B UFLA54 40.00 B
UFLA3 25.67A UFLA25 14.00 A UFLAS6 23.67TA
UFLAS 2433 A UFLA26 19.00 A UFLA57 31.33B
UFLA6 36.00 B UFLA27 39.67B UFLAS58 20.67 A
UFLA7 42.00 B UFLA28 21.00 A UFLAS59 29.33B
UFLAS8 29.00 B UFLA30 20.00 A UFLA60 23.67A
UFLA10 43.67B UFLA34 34.00 B UFLAG61 2933 B
UFLAI1L 42.67B UFLA36 15.00 A UFLAG63 46.00 B
UFLA12 34.67B UFLA37 1333 A UFLA64 28.00 B
UFLA13 35.67B UFLA38 29.33B UFLAG66 13.67 A
UFLA14 1533 A UFLA39 18.00 A UFLA67 35.00B
UFLA15 29.00 B UFLA44 19.00 A UFLA77 1533 A
UFLA18 44.67B UFLA45 22.67 A UFLAS86 26.00 A
UFLAI19 1433 A UFLA47 10.33 A UFLA91 17.33 A
UFLA20 26.67 A UFLA48 36.33B UFLA92 11.00 A
UFLA21 28.00 B UFLA49 21.00 A

Group A: 10.00 - 26.67 sclerotia per dish; Group B: 28.00 - 46.00 sclerotia per dish.

Table 8. Clustering results (groups A-C) of the mean values of the mean sclerotia sizes (mm) of 50 Sclerotinia
sclerotiorum strains by the Scott Knott test, P < 0.05.

Strain Mean sclerotia size/group Strain Mean sclerotia size/ group Strain Mean sclerotia size/ group
UFLAL1 297A UFLA23 4.63C UFLAS52 473 C
UFLA2 327A UFLA24 533C UFLAS54 2.63A
UFLA3 2.83A UFLA25 3.80B UFLAS56 430C
UFLAS 2.80 A UFLA26 237A UFLA57 4.10B
UFLA6 3.07A UFLA27 297A UFLAS8 2.73A
UFLA7 297A UFLA28 2.63A UFLA59 2.63A
UFLAS 3.03A UFLA30 3.67B UFLA60 3.03A
UFLAI10 2.77A UFLA34 353B UFLA61 2.83A
UFLA11 323A UFLA36 4.72C UFLA63 297A
UFLAI12 2.63A UFLA37 337A UFLAG64 3.58B
UFLAI3 3.17A UFLA38 3.17A UFLA66 2.80 A
UFLA14 4.60 C UFLA39 2.53A UFLA67 3.13A
UFLAI15 257A UFLA44 243 A UFLA77 347A
UFLAI18 3.67B UFLAA45 3.62B UFLAS86 2.87A
UFLA19 370 B UFLA47 357B UFLA91 2.03A
UFLA20 297A UFLA48 2.87A UFLA92 320A
UFLA21 3.60B UFLA49 5.00C

Group A: 2.03 - 3.47 mm; Group B: 3.53 - 4.10 mm; Group C: 4.30 - 5.33 mm.

Table 9. Correlations among the morphological traits of Sclerotinia sclerotiorum.

Morphological characteristics CcC TS SN MSS EM
cc -0.165™ -0.009™s 0.185N8 0.014N8
TS -0.455% 0.170% 0.0478
NS -0.163N -0.126M
MSS 0.617*
EM

CC = colony color; TS = time to formation of the first sclerotia; SN = sclerotia number per dish; MSS = mean
sclerotia size; EM = sclerotia morphology; NS = not significant by Student #-test, P < 0.01; *significant by Student
t-test, P<0.01
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MCGs

A total of 2500 pairing combinations of the 50 strains were evaluated. Of these, only
157 (6.28%) showed mycelial compatibility. The rest of the pairings showed a region of con-
tact characterized by a zone of red coloring, thus proving the pairs incompatible (Figure 2).

Figure 2. Representative example of pairings of Sclerotinia sclerotiorum strains in PDA medium modified with
red food coloring. The arrows indicate regions of mycelia incompatibility and the asterisks indicate regions of
compatibility. PDA, potato dextrose agar.

Among the strains evaluated, UFLAS58 was not compatible with any other strain and
showed self-incompatibility, whereas UFLA64 showed a greater number of compatible combina-
tions, being compatible with nine other strains as well as itself (Table 10). Five strains (UFLA19,
UFLA37, UFLA38, UFLAS56, and UFLA63), in addition to UFLASS, showed self-incompatibility.

Table 10. Mycelial compatibility (MC) percentage of 50 Sclerotinia sclerotiorum strains.

Strain % MC Strain % MC Strain % MC
UFLAL1 6 UFLA23 14 UFLAS2 2
UFLA2 6 UFLA24 8 UFLAS54 6
UFLA3 2 UFLA25 4 UFLAS56 4
UFLAS 8 UFLA26 4 UFLAS7 2
UFLA6 10 UFLA27 16 UFLAS8 -
UFLA7 10 UFLA28 2 UFLAS59 4
UFLAS 16 UFLA30 2 UFLA60 8
UFLA10 12 UFLA34 6 UFLAG61 2
UFLAI11 10 UFLA36 2 UFLAG63 2
UFLA12 8 UFLA37 2 UFLA64 20
UFLA13 6 UFLA38 4 UFLA66 12
UFLA14 6 UFLA39 8 UFLA67 6
UFLAI1S5 4 UFLA44 6 UFLA77 2
UFLA18 2 UFLA45 4 UFLAS6 10
UFLA19 2 UFLA47 8 UFLA91 14
UFLA20 4 UFLA48 6 UFLA92 4
UFLA21 6 UFLA49 2
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Molecular analysis by microsatellites

The nine pairs of primers used to amplify microsatellites displayed polymorphism
within the population, amplifying a total of 45 polymorphic bands and generating, on average,
five polymorphic bands per primer set. An example of one of the band patterns generated is
shown in Figure 3.

Figure 3. Pattern of microsatellite bands generated by primer set 3. The image depicts an inverted electropherogram.

Based on the 45 polymorphic bands, a matrix of Os and 1s was constructed, and
using the Sorensen-Dice coefficient, estimates of genetic similarities were obtained, which
ranged from 0.3 to 0.92. A dendrogram was constructed for better visualization (Figure 4).
The cutoff line, given by the sgm estimate at 1% probability by the ¢-test, was 0.77. Analy-
sis of the dendrogram resulted in the formation of 35 groups. Only three groups contained
more than two strains considered genetically similar: group XIII (UFLA60, UFLAG61, and
UFLAG63), group XVII (UFLA38, UFLA44, UFLA, UFLA45, UFLA47, and UFLA48), and
group XXIII (UFLA6, UFLA10, and UFLAS), highlighting the high genotypic variability
of the strains evaluated.

Evaluation of S. sclerotiorum strain aggressiveness

In the variance analysis of the average reaction scores of the two cultivars to the 28
strains of S. sclerotiorum, the strain source of variation and the interaction between cultivar x
strain were significant (P < 0.05).

The average aggressiveness scores of strains varied from 1.27 (UFLA14) to 6.39
(UFLAS56). The UFLA30, UFLA44, and UFLAS56 strains formed a group of more aggressive
strains, while UFLA14 and UFLA20 showed a lower level of aggressiveness (Table 11).
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Figure 4. Dendrogram of the genetic similarity of 50 Sclerotinia sclerotiorum strains with a cutoff line of 0.77,
determined by the sgm estimate at 1% probability (#-test). Sgm, maximum significant similarity distance.

Table 11. Clustering results (groups A-D) of the mean values of the aggressiveness of 28 Sclerotinia
sclerotiorum strains against common bean cultivars by the Scott Knott test, P < 0.05.

Strain G 122/group Corujinha/group Mean/ group
UFLA3 433 A 433C 433B
UFLAS 3.07A 4.17C 3.62B
UFLA 6 4.10 A 4.50C 430B
UFLA 7 4.17A 4.50C 434B
UFLA 8 4.10 A 3.67C 3.89B
UFLA 10 393A 4.00 C 397B
UFLA 11 443 A 4.27C 435B
UFLA 12 3.67A 4.40C 4.04B
UFLA 13 4.10 A 4.67C 439B
UFLA 14 1.20B 1.33D 1.27C
UFLA 15 423 A 4.90C 457B
UFLA 18 3.87A 4.90C 439B
UFLA 19 433 A 3.77C 4.05B
UFLA 20 1.50 B 1.77D 1.64 C
UFLA 21 4.67 A 4.07C 437B
UFLA 23 440 A 4.67C 454 B
UFLA 24 537A 3.77C 457B
UFLA 25 433 A 387C 410B
UFLA 27 3.90A 4.00 C 395B
UFLA 28 4.10 A 387C 3.99B
UFLA 30 4.67A 6.37B 552A
UFLA 44 4.67A 577B 522A
UFLA 52 350A 4.17C 3.84B
UFLA 54 4.00 A 437C 4.19B
UFLA 56 557TA 720 A 6.39A
UFLA 57 4.10 A 4.80 C 445B
UFLA91 450 A 423C 437B
UFLA 92 4.70 A 4.17C 444 B
Mean/ group 4.05A 430 A

Cultivars groups: Group A: 4.05 - 4.30. Strains groups: Group A: 5.22 - 6.39; Group B: 3.62 - 4.57; Group C: 1.27 - 1.64.

Genetics and Molecular Research 14 (2): 6879-6896 (2015) ©FUNPEC-RP www.funpecrp.com.br



M.J. Abreu and E.A. Souza 6892

DISCUSSION

Evaluation of the 50 strains of S. sclerotiorum showed that there was genetic variation
in regard to the capability of and time for occurrence of their carpogenic germination. This
variation was not related to the location from where the strains were collected, with strains
from different origins germinating at the same period of time and strains originating from
the same location forming apothecia at different times. As the conditions for conducting the
experiments were the same for all strains, this variation was most likely due to genetic differ-
ences between them.

According to the methodology described by Sun and Yang (2000), carpogenic germi-
nation of the sclerotia occurs at approximately two months. These two months are in reference
to the pre-conditioning process of the sclerotia at 4.5°C. However, this study demonstrated
that the pre-conditioning process is not necessary since, upon placement of the sclerotia di-
rectly on the surface of sterile sand, formation of apothecia occurred in 35 days.

Evaluation of apothecia production is important since the apothecia, resulting from
the carpogenic germination of sclerotia, are the major source of inoculation of the fungus be-
cause they produce a large quantity of ascospores (Steadman, 1983). Nevertheless, there is no
information regarding the production of apothecia by strains collected from the common bean.
Mylchreest and Wheeler (1987) evaluated 35 strains of S. sclerotiorum from colza in regard to
production of apothecia, and they observed 100% carpogenic germination, although the time
necessary for formation of stipes varied considerably.

Some data have shown that a correlation exists between the sclerotia size and apothe-
cium production. Dillard et al. (1995), performing studies on green beans, showed that me-
dium to large size sclerotia produce more apothecia than do small ones. According to Bolton
et al. (2006), the sclerotia of S. sclerotiorum vary a great deal in size, depending on the host. A
survey of the literature performed by Bag (1999) showed that sclerotia ranged from 2-11 mm
on various hosts. In this study, the medium size of the sclerotia fell within this size variation,
and ranged from 2.03-5.33 mm in diameter. However, no relationship was observed between
the occurrence of carpogenic germination and sclerotia size.

The MGI of the strains evaluated ranged from 14.5 (UFLA20) to 30.17 mm/day
(UFLA27) and the time for formation of the first sclerotium ranged from 4 to 13 days. These
data revealed the variability existing among the strains with respect to these traits. Akram
et al. (2008), upon evaluation of 16 strains of S. sclerotiorum from chickpeas, demonstrated
variation in the radial growth of the strains, which were classified into three groups (rapid,
intermediate, and slow growth). According to this classification, 39 of the 50 strains (78%)
evaluated in this study showed rapid colony growth.

Of the 11 strains that most rapidly formed the first sclerotium, 10 were among those
that showed a greater MGI. This comparison is pertinent since the formation of sclerotia oc-
curs after mycelial growth in a nutrient-limited environment (Christias and Lockwood, 1973).

Evaluation of sclerotia numbers demonstrated that 27 of the 50 strains (54%) formed a
reduced number of sclerotia, ranging from 10.33 to 26.67 sclerotia per dish. The others strains
presented from 28 to 46 sclerotia/dish, on average. This variation is within the range expected,
as Lehner et al. (2011) previously identified from 9 to 59 sclerotia per dish in 30 strains also
taken from the common bean in fields in the state of Minas Gerais.

Sclerotia produced by S. sclerotiorum strains found in cabbage are mainly regular
and circular (Bag, 1999). The sclerotia produced by most of the 50 strains in this study also
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exhibited regular and circular morphology. Only nine strains showed irregular and elongated
morphology. The sclerotial morphology groups did not have any relationship to the size of the
sclerotia from each strain, nor to the number of sclerotia per dish.

Three distinct colony colorings (beige, brown to black, and white) were observed for
the strains; most showed predominantly beige colonies. Lehner et al. (2011) also observed
these three main colony colorings; however, most of the strains in their study developed white
colonies. It is important to note that the culture medium used in that study and in the present
study was the same (PDA), as colony color might be affected by the culture medium used to
cultivate the fungus.

Evaluation of mycelial compatibility of the 50 strains studied found only a small per-
centage of compatible strains (6.28%). This result demonstrates that there was considerable
variability among the genotypes evaluated. Most strains were self-compatible; however, six
self-incompatible strains were identified. No relationship was identified between strain com-
patibilities and their sites of origin.

Similarly, no relationship to geographic origin was identified in the study of Litholdo
Junior et al. (2011), in which 40 S. sclerotiorum strains originating from various regions of
Brazil and from different crops were evaluated. The mycelia compatibility study separated the
strains into five distinct groups. Comparing these results with those of the present study, it can
be observed that the diversity found in present study is greater, reconfirming the genetic vari-
ability found among strains obtained from the same host (common bean) and from a smaller
collection region.

Otto-Hanson et al. (2011) evaluated 156 S. sclerotiorum strains taken from the common
bean, both from the field and from the greenhouse, and they identified 64 groups of mycelial
compatibility, of which more than half were composed of only one strain. These data demon-
strate great diversity even among strains taken from the greenhouse, revealing the great extent of
variability that can be found in pathogen populations even in restricted collection areas.

The nine pairs of microsatellite primers used in the present study were also used by
Sirjusingh and Kohn (2001) in a study of strains from North America, primarily from Canada.
Eight of the nine pairs were also used by Mert-Tiirk et al. (2007) to study colza strains in Tur-
key. Analysis of the molecular data of present study demonstrated high genotypic variability
among the strains as 35 groups were generated, most (25) formed from a single strain.

In another study performed with 79 S. sclerotiorum strains collected from the com-
mon bean in the Brazilian Cerrado, 10 pairs of microsatellite primers were used, eight of
which were polymorphic. Analyses based on genetic diversity and on fixation indices indicat-
ed variability among and within populations. These data suggested that the intrapopulational
gene flow level was high, which indicated that the white mold in the common bean crop in the
Brazilian Cerrado was caused by genetically diverse S. sclerotiorum populations, and that this
pathogen was highly variable within small geographic areas (Gomes et al., 2011).

Molecular analysis of the strains evaluated in the present study, together with the mor-
phological and physiological characteristics presented, shows that there is also great variabil-
ity among and within S. sclerotiorum populations in the locations analyzed in Minas Gerais.
The groupings of the strains in reference to their morphological and physiological traits, as
well as molecular analysis, did not have any relationship to their locations of origin.

Therefore, we highlight here the strains that originated from the municipality of Ijaci,
which were collected in a single crop area. Of the 50 strains evaluated, 20 (40%) were of this
origin and showed variability in all traits analyzed. Among these, the time necessary for car-
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pogenic germination stands out because the strains showed greater variability between them.
According to the groupings based on strain similarity as determined by microsatellite analysis,
15 groups were formed among the 20 strains, with three being composed of only two strains
and one composed of three. The other eleven strains of this origin formed distinct groups com-
prised of only one strain each.

Wide variability present in the pathogen population becomes an important concern
in common bean breeding programs designed to develop white mold control. However, the
search for resistance under field conditions is often problematic without the assistance of artifi-
cial inoculation (Zhao et al., 2004). The reaction evaluation of the two common bean cultivars
to 28 S. sclerotiorum strains showed that the strains exhibited different aggressiveness levels.
The UFLA30, UFLA44, and UFLAS56 strains were more aggressive, while the UFLA14 and
UFLA20 strains formed a group with a lower level of aggressiveness. No significant differ-
ence was observed between the Corujinha and G122 cultivar reactions, even though G122
is considered a standard of pathogen resistance; however, cultivar x strain interactions were
significant. Pratt and Rowe (1995) evaluated the reaction of nine alfalfa cultivars to five S.
sclerotiorum strains which showed differences in their aggressiveness level; in this case, how-
ever, cultivar X strain interactions were not observed. The experiment in the present study was
conducted under greenhouse conditions with favorable environmental conditions for fungus
development, whereas studies using G122 as a classic resistant cultivar were conducted in the
field, without temperature and humidity control (Miklas et al., 2001). Furthermore, G122 is
unadapted to the environmental conditions of Brazil and has been used in crosses with adapted
common bean lines that have favorable traits such as high productivity and grain type.

High variability of strains of S. sclerotiorum found within and between field locations
can influence the disease phenotype of putative white mold resistant germplasm (Otto-Hanson
et al., 2011). Once the most aggressive strains have been identified, these should be used for
the discrimination of common bean genotypes with higher resistance levels. Furthermore, the
characterization of the S. sclerotiorum population structure and variability in aggressiveness
among strains can guide the development of strategies for disease management.

Comparisons between the aggressiveness results of the strains with the results found
in the microsatellite analysis and the evaluation of the MCG did not identify any relationship
among them. For example, some compatible strains showed different aggressiveness levels,
while other incompatible strains showed similar aggressiveness levels. Similar results were
found for Zancan (2014), working with 25 S. sclerotiorum strains of different dry bean cul-
tivars from several states in Brazil, also found differences in aggressiveness levels of strains
belonging to the same MCG. In contrast, Otto-Hanson et al. (2011), working with 156 S.
sclerotiorum isolates collected both in the greenhouse and field from common beans in the
United States, only found differences among strains in different MCGs and not among strains
in the same MCG.

S. sclerotiorum has a sexual cycle and most of the strains used in this study were ca-
pable of producing apothecia. The sexual cycle is important in the generation of variability and
in the evolutionary potential of pathogen populations (Chen and Mcdonald, 1996). Neverthe-
less, this pathogen has homothallic behavior (Bolton et al., 2006). Therefore, it is important to
investigate which mechanisms are generating variability, the importance of the sexual phase
in the generation of variability, and if homothallic behavior is really predominant in this spe-
cies. It is also important to understand the genetic population structure of S. sclerotiorum in
the common bean since the variability found in our study was quite substantial even in a small
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collection area, as could be seen in the strains originating from ljaci.

The common bean is cultivated in three seasons in Brazil. The first is known as the wet
season, the second is called the dry season, and the third is the irrigated crop season (MAPA, 2012).
White mold has greater incidence in winter in irrigated areas, but has been found in all three crop
seasons, thus being one of the diseases of greatest importance to this crop in the country.

Studies directed toward characterization of S. sclerotiorum strains in regard to mor-
phology, physiology, and molecular traits are rare. This is the first report of a study linking all
these traits for strains collected from common bean in a region of Brazil, which enables a bet-
ter perspective of the variability of the pathogen population within a single geographic region.
Overall, the characterization of pathogen populations in the state of Minas Gerais, evaluated
in the present study, will provide a very important tool to assist in the development of white
mold resistant common bean cultivars.
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