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Sclerotinia sclerotiorum populations: clonal or recombining?
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Abstract
Sclerotinia sclerotiorum, a homothallic plant pathogen, undergoes sexual reproduction via haploid selfing (equivalent to clonal
reproduction), and produces long-lasting surviving vegetative structures called sclerotia, enhancing clonal persistence and
spread. Thus it is not surprising to detect clones of the species. Whether outcrossing can occur in the homothallic S. sclerotiorum
remains unanswered. Early studies showed that S. sclerotiorum has a clonal population structure, consistent with its life history
traits. However, recent studies using polymorphic and co-dominant molecular markers showed frequent genetic recombination,
suggesting outcrossing. This review focuses on recent developments in population genetics studies related to detecting recom-
bination, random association of alleles and dynamic mating type (MAT) alleles in Sclerotinia. Despite frequent reports of random
association of alleles, the mechanisms for outcrossing in a homothallic species remain elusive. Recent intriguing findings are: the
MAT genes in Sclerotinia are subject to inversion or deletion in every meiotic generation, the MAT gene deletion is related to
ascospore dimorphism and mating type switching in S. trifoliorum, and ascospore dimorphism was also observed in S.
sclerotiorum. Determining the nature of the dimorphic ascospores and their prevalence in relation to environmental cues could
significantly advance our understanding how S. sclerotiorum populations behave in nature.
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Introduction

Sclerotinia sclerotiorum is a ubiquitous necrotrophic plant path-
ogen. It causes various diseases generally called white mold or
stem rot on more than 400 plant species including many eco-
nomically important crops (Boland and Hall 1994).
Management of Sclerotinia diseases is difficult because resis-
tance to Sclerotinia is inadequate or unavailable in many crop
cultivars (Bolton et al. 2006). The pathogen produces

recalcitrant vegetative surviving structure sclerotia, but no other
forms of asexual spores (Bolton et al. 2006). Sclerotia can ger-
minate by means of mycelium or are induced to go through
sexual processes by means of self-fertilization to produce
apothecia with ascospores. However, its behavior in nature is
more complicated than what is expected from laboratory obser-
vations, as indicated in many population genetics studies.
Because of its microscopic nature and scarcity of observable
morphological features, a better understanding of its behavior in
nature relies on molecular population genetics studies.

Population genetics, a subdiscipline of genetics, is the
study of genetic variation of populations and its change over
time and space, and molecular population genetics is the study
of genetic variations at molecular level (Casillas and
Barbadilla 2017). Studying the changes and differences in
genetic variation through mathematical modeling allows in-
ference about the behavior of the populations and prediction
of their evolutionary potential (Casillas and Barbadilla 2017).
Even though uniform crops in monoculture are ideal environ-
ments for pathogen proliferation and disease outbreaks, agri-
cultural practices such as crop rotation, deployment of resis-
tant cultivars, and application of pesticides often impose
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purifying (negative) selection on plant pathogens. According
to Fisher’s fundamental theorem of natural selection, patho-
gen populations with less genetic variation for fitness traits
may be vulnerable to extinction (McDonald 1997) and popu-
lations with high levels of genetic variation can easily adapt to
adverse environments (McDonald and Linde 2002). On the
other hand, populations that were highly adapted to a certain
environment could have less genetic diversity due to the ero-
sion of genetic variation under selection pressure (Falconer
and Mackay 1996). Therefore, studying phenotypic and ge-
netic diversity and population structure provides necessary
information for designing and implementing effective disease
management strategies. A thorough understanding of a path-
ogen population may allow prediction of its evolutionary po-
tential. However, microorganisms like Sclerotinia have only a
few observable morphological traits that can be used in deter-
mining population differentiation. Studies on the limited ob-
servable traits of S. sclerotiorum, such as sclerotial formation,
mycelial growth and pigmentation, oxalic acid production,
virulence and fungicide resistance showed that these quanti-
tative traits often exhibit wide range of variations and usually
are not related to origins of host plants or geography (Morrall
et al. 1972; Price and Colhoun 1975; Atallah et al. 2004;
Durman et al. 2005; Mert-Turk et al. 2007; Irani et al. 2011;
Attanayake et al. 2012, 2013). Because of the limited useful-
ness and the scarcity of the observable features of S.
sclerotiorum, molecular population genetics studies are crucial
for a better understanding of the behavior of S. sclerotiorum
populations in nature.

Life history traits and early population
genetics studies of S. sclerotiorum

Although S. sclerotiorum does not produce conidia (asexual
spores), it produces numerous recalcitrant surviving vegeta-
tive structures called sclerotia and it produces sexual asco-
spores through self-fertilization (haploid selfing), both en-
hancing clonal reproduction (Bolton et al. 2006). Sclerotia
can survive in soil for many years (Steadman 1983) and may
regenerate new sclerotia in the absence of a host plant
(Williams and Western 1965), prolonging its survival.
Sclerotial density in soil can reach up to 700 sclerotia per
square meter of soil (Gilbert 1987) or more than 160 sclerotia
in a single diseased cabbage head (Mahalingam et al. 2016).
Sclerotia can germinate either myceliogenically or
carpogenically under cool (4–20 °C) and moist conditions
via self fertilization and produce apothecia with ascospores
(Steadman 1983). Ascospores released to the air can travel
about 100 m radius under crop canopy (Steadman 1983;
Ben-Yephet et al. 1993), but ascospores travelling 3–4 km
from the source was also reported (Cubeta et al. 1997).
Although S. sclerotiorum can reproduce sexually, homothallic

sexual reproduction in a haploid organism is considered
equivalent to clonal reproduction (Billiard et al. 2012).

Early studies on population genetics of S. sclerotiorum
pioneered by Kohn and associates (Kohli et al. 1992, 1995;
Kohn 1995; Cubeta et al. 1997; Kohli and Kohn 1998;
Carbone et al. 1999) employed Mycelial Compatibility
Groupings (MCGs) and Restriction Fragment Length
Polymorphism (RFLP) fingerprinting probed with a repeated
dispersed DNA element, and showed that S. sclerotiorum pop-
ulations have generally low levels of genetic variation and a
clonal genetic structure. Mycelial compatibility grouping is
based on a self and non-self recognition system, and is likely
a multi-genic trait. All the mycelially compatible isolates
based on a mycelium-mycelium interaction assay are grouped
into a single MCG and the MCG grouping was also highly
correlated with DNA fingerprints. Isolates of the same MCG
shared the same DNA fingerprint and isolates in different
MCGs had different DNA fingerprints. All evidence including
association of independent markers showed a clonal genetic
structure of S. sclerotiorum, consistent with the life history
traits such as sclerotial production and homothallic sexual
reproduction. Clonal population structure has been reported
from a variety of crops from Australia, Canada, Iran, New
Zealand, Turkey, UK and the USA (Kohli et al. 1992, 1995;
Kohn 1995; Cubeta et al. 1997; Kohli and Kohn 1998;
Carbone et al. 1999; Hambleton et al. 2002; Phillips et al.
2002; Malvárez et al. 2007; Ekins et al. 2011). Many of these
populations also exhibited other features of clonal structure
such as dominance of a small number of multilocus genotypes
at high frequencies from a wider geographic area and repeated
recovery of the dominant genotypes over several years in the
same area.

Although the MCG grouping is technically easy, occa-
sionally the results could be ambiguous for certain isolates
(Kamvar et al. 2017). Moreover, with increasing number of
MCGs the number of required pairing tests for every isolate
with every MCG increases exponentially and become im-
practical. Another limitation of MCG grouping is that al-
though isolates of the same MCGs can be identified, their
relative relationship with isolates in other MCGs cannot be
assessed. Recently the usefulness of MCG in studying genet-
ic diversity was questioned (Kamvar et al. 2017). The RFLP
based DNA fingerprinting using Southern hybridization is
reliable, but technically demanding, requiring special skills.
The hybridizing bands considered as the same size may not
be due to descent, creating homoplasy and underestimating
genetic diversity. Also the number of fingerprints that can be
unambiguously resolved on a polyacriamide gel is conceiv-
ably limited. Therefore, techniques with higher resolution are
desirable.

Microsatellite (or simple sequence repeat) markers have
advantages that can overcome the limitations of the other
marker systems discussed above. The locus-specific PCR
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primers for microsatellite markers developed by Sirjusingh
and Kohn (2001) have been broadly used in population genet-
ics studies of S. sclerotiorum. Applications of the microsatel-
lite markers and advanced fragment analysis technologies are
found in most of recent studies of S. sclerotiorum and are
shown to be the main reason of increased levels of genetic
variation detected in S. sclerotiorum populations in recent
studies (Lehner et al. 2017; Lehner and Mizubuti 2017).

Genetic variation and population
differentiation

Two main components of population genetics are genetic var-
iation within populations and genetic differentiation among
populations. Genetic variation can be measured in terms of
genic diversity and genotypic diversity. Measures of genic
diversity include the proportion of polymorphic loci, number
of alleles, average number of alleles per locus and allele fre-
quency, and average expected heterozygosity (He, Nei’s
genetic diversity). Measures of genotypic diversity include
genotypic richness, the number of genotypes observed in a
population (g), and the number of shared genotypes between
populations. Stoddart and Taylor’sG (1988), Simpson’s index
(1949) and Shannon-Wiener’s index (Shannon and Weaver
1949) are also commonly used indices in estimating genotypic
diversities. Caution should be taken when sample sizes differ
and a rarefaction approach should be employed to facilitate
comparison (Grunwald et al. 2003). A convenient package
popper in R incorporating many of the tools is available for
most of the population genetics analyses (Kamvar et al. 2014).
Genetic variation reported for S. sclerotiourm populations
varied widely depending on the markers employed and popu-
lations studied, ranging from a few genotypes dominating the
populations to almost every isolate being a unique genotype
(Malvárez et al. 2007; Clarkson et al. 2013; Aldrich-Wolfe et
al. 2015; Clarkson et al. 2017; Kamvar et al. 2017; Lehner et
al. 2017).

Besides the levels of genetic variation within populations,
another important aspect of population genetics is differentia-
tion among populations (McDonald and Linde 2002). One of
the earliest and frequently used methods of quantifying genetic
differentiation is based on estimating the degree of inbreeding
within a subpopulation relative to the total population and
termed as inbreeding coefficient or FST (Wright 1949). FST
was first introduced for bi-allelic loci considering two subpop-
ulations and can have theoretical extremes of one to zero. In
general, the higher the FST value, the greater the population
differentiation (Wright 1978; Hartl and Clark 1997). With the
development of molecular tools it was found that manymarkers
have multiple alleles and Nei (1997) redefined the fixation in-
dex for multiple alleles and termed as GST. A similar
measurement to GST, θ was introduced by Weir and

Cockerham (1984) using the analysis of variance frame work
taking the sample size differences into consideration. With the
rapid development in microsatellite marker technique, a large
amount of data became available for many organisms including
S. sclerotiorum populations. The classical stepwise mutation
model (SMM) is the simplest and most popular model used to
explain evolution of microsatellite loci (Kimura and Ohta
1978). To quantify genetic differentiation, Slatkin (1995) incor-
porated SMM into the pairwise population differentiation in-
dex, termed as RST, an analog to FST. Even though it is a highly
debated issue whether to use FST, GST, θ, RST or the recently
introduced Jost D (Gerlach et al. 2010; Leng and Zhang 2011;
Whitlock 2011), many studies have used RST in detecting pop-
ulation differentiation of S. sclerotiorum.

Using RST type analysis, significant population differentia-
tion has been reported among populations from awide range of
geographic scale: from continents, countries, regions, to fields
or different seasons of the same fields. For example, significant
population differentiation has been observed between canola
fields of China and USA (Attanayake et al. 2013) and among
several countries in Europe (Clarkson et al. 2017). Populations
from North America and South America are differentiated,
although they have similar levels of genotypic variability
(Lehner et al. 2017). When considering the population differ-
entiation within a country, significant differentiation among
canola fields in Australia (Sexton and Howlett 2004), and in
Iran (Hemmati et al. 2009), among fields of a variety of crops
in different States in the USA (Malvárez et al. 2007; Aldrich-
Wolfe et al. 2015) and among dry bean fields in Brazil (Gomes
et al. 2011) has been reported. No population differentiation
was found between different inoculum sources (ascospores vs
mycelium) in the same fields (Sexton et al. 2006; Ekins et al.
2011). However, Atallah et al. (2004) found that ascospore
populations differentiated from lesion derived populations,
even though samples obtained fromdifferent potato fieldswere
not significantly differentiated.

In addition to the RST type analysis, population differentia-
tion or population subdivision could also be detected using
Bayesian iterative algorithm of population assignment devel-
oped by Pritchard et al. (2000), and implemented in the soft-
ware STRUCTURE. It uses a Markov Chain Monte Carlo
(MCMC) method and assigns each individual into pre-
determined clusters regardless of their geographic origin, and
then using allele frequencies it assigns individuals into subpop-
ulations based on analysis of likelihood (Porras-Hurtado et al.
2013). STRUCTURE analysis determines whether a popula-
tion is structured or not, and has been widely used in detecting
genetic subdivision in populations of S. sclerotiorum (Hemmati
et al. 2009; Attanayake et al. 2012, 2013; Sun et al. 2013; Ali et
al. 2014; Engelthaler et al. 2016; Clarkson et al. 2017).
Detecting hidden genetic subdivision using STRUCTURE is
useful for analyzing genetic recombination, particularly in the
multilocus Index of Association (IA) analyses.
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Genetic recombination

Whether a pathogen population is clonal or recombining
(outcrossing) has significant implications in its evolutionary
potential (Billiard et al. 2012). Genetic recombination is the
hallmark of outcrossing (Milgroom 1996; Taylor et al. 1999).
In heterothallic species, the mechanism of requiring mating
with a partner of opposite mating type can prevent selfing.
However, there are no known mechanisms that can prevent
outcrossing in homothallic species. Thus, can outcrossing occur
in the homothallic S. sclerotiorum? This question is best ad-
dressed by studying association of alleles among different loci.
Random association of alleles among unlinked loci would sug-
gest outcrossing, whereas non-random association of alleles
would indicate clonal reproduction. Non-random association
of alleles is called linkage disequilibrium which sometimes is
referred to as gametic disequilibrium to differentiate it from
physical linkage (Hedrick 1987). Because of its common usage
in the literature concerning S. sclerotiorum, linkage disequilib-
rium is used in this article, unless indicated otherwise.

Traditionally linkage equilibrium or random association of
alleles is estimated by testing association of alleles of loci in
pairwise comparisons. The proportion of the pairwise compar-
isons that are at equilibrium provides indication of likelihood
of either clonality or recombination. Significant proportions of
pairwise comparisons were reported to be at linkage equilib-
rium even in S. sclerotiorum populations considered to be
clonal. For example, Kohli and Kohn (1998) reported that
44.5 and 80.5% of pairs of loci were at linkage equilibrium.
Linkage equilibrium was also reported in other populations
even for pairs of loci that are physically linked (Attanayake
et al. 2012, 2014). A more powerful analysis is the Multilocus
Index of Association (IA) tests (Maynard-Smith et al. 1993),
implemented in the program MultiLocus (Agapow and Burt
2001). In the IA test, the null hypothesis is random association
of alleles (random mating). In a recombining population, the
distribution of genetic distance between pairs of isolates is
normal, whereas in clonal populations it is not (Maynard-
Smith et al. 1993; Taylor et al. 1999). This is tested using
the variance of genetic distances between pairs of isolates
and the variance is lower with a normal distribution in
recombining populations than those in clonal populations.
To test the statistical significance, the observed dataset is ran-
domly shuffled by re-sampling without replacement of alleles
within each locus simulating random mating to generate a
recombining dataset for computation (Taylor et al. 1999;
Agapow and Burt 2001). The significance is the proportion
of the reshuffled datasets that have higher IA values than the
observed value. It should be noted that the test is not for a
significant difference from zero (Taylor et al. 1999). Thus,
how the observed data is shuffled profoundly affect the p
value. If the population is subdivided, shuffling the data ran-
domly in the whole population will always be biased toward

clonality (Maynard-Smith et al. 1993; Taylor et al. 1999;
Agapow and Burt 2001).

Many studies have concluded that S. sclerotiorum popula-
tions are clonal mainly because the Multilocus Index of
Association tests rejected the null hypothesis of random asso-
ciation of alleles (Atallah et al. 2004; Sexton and Howlett 2004;
Malvárez et al. 2007; Hemmati et al. 2009; Clarkson et al. 2013;
Aldrich-Wolfe et al. 2015; Clarkson et al. 2017; Lehner et al.
2017). Such a conclusion was reached even for populations that
had high levels of genotypic diversity, such as in cases where
majority (>90%) of the isolates each have a unique genotype
and/or where high proportions of pairwise loci were at linkage
equilibrium. The statistic association of alleles could be caused
by a number of biological processes beside clonal reproduction.
Those biological processes should be carefully examined be-
fore rejecting the null hypothesis of random mating (Maynard-
Smith et al. 1993; Taylor et al. 1999). One of the biological
processes that can cause association of alleles is population
subdivision (Milgroom 1996). In some of the studies on S.
sclerotiorum, population subdivision was not assessed and not
known, and in some other cases population subdivision was
detected in STRUCTURE analysis but this information was
not taken into account in IA analysis.

The statistic significance of the IA value should be
interpreted with caution, especially when the null hypothesis
of random association of alleles is rejected. That is because
other biological processes may lead to an appearance of asso-
ciation of alleles even when the population may actually be
recombining. Such biological processes include linkage, isola-
tion by distance, natural selection, epidemical populations, and
population subdivision (Maynard-Smith et al. 1993; Taylor et
al. 1999). Clone correction can remove the bias presented by
over-presentation of certain clonal genotypes such as in epi-
demic populations. Many examples are available that clone
correction increased sensitivity in detecting recombination
(Atallah et al. 2004; Sexton and Howlett 2004; Attanayake et
al. 2012, 2013; Clarkson et al. 2013; Attanayake et al. 2014;
Aldrich-Wolfe et al. 2015; Clarkson et al. 2017; Lehner et al.
2017; Weber 2017). Population subdivision can also lead to
false significance of an IA value. When the population is
subdivided and the subdivision information is not taken into
account, IA analyses of the whole population will skew toward
clonality (Milgroom 1996; Taylor et al. 1999) as pointed out in
the program manual of MultiLocus and demonstrated in other
fungi; Coccidioides immitis (Koufopanou et al. 1997);
Cryptococcus gattii (Campbell et al. 2005); Phytophthora
infestans (Montarry et al. 2010)\ and Alternaria alternata
(Stewart et al. 2013). The MultiLocus program provides an
option to specify population subdivision, but this option is sel-
dom used in analyzing S. sclerotiorum populations. Specifying
population subdivisions does not affect the statistics of geno-
type diversity or linkage disequilibrium, but does affect ran-
domization process (the way the alleles are shuffled) and
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consequently the p values associated with the statistics (Taylor
et al. 1999). Specifying the population subdivision will main-
tain linkage disequilibrium caused by population subdivision in
the reshuffled datasets used in calculating statistic significance
levels (Agapow and Burt 2001).

Lehner and Mizubuti (2017) pointed out that one form of
genetic subdivision in S. sclerotiorum is MCG. Isolates within
MCGs are more likely to exchange genetic materials resulting in
recombination than isolates belonging to different MCGs. In
some cases genetic subdivision could be hidden, but detectable
using STRUCTURE analysis, as discussed above. For example,
Attanayake et al. (2012) found seemingly conflicting results that
random association of alleles was found in a significant portion
of pairwise loci comparisons, but IA test rejected random asso-
ciation of alleles. However, when the genetic subdivision detect-
ed by STRUCTURE was specified in the IA analysis the null
hypothesis of random association of alleles could not be rejected
(Attanayake et al. 2012). Similarly, Weber (2017) in studying
two populations (N > 90 isolates for each population) of S.
sclerotiorum from sunflower fields found significant association
of alleles in IA tests for both field populations either before or
after clone correction, and also detected two genetic subpopula-
tions in each field population using STRUCTURE analysis.
When the genetic subdivision detected in STRUCTURE analy-
sis was specified in the IA analysis, the null hypothesis of ran-
dom association of alleles could not be rejected. These results
suggest that the isolates may outcross only with other isolates of
the same subpopulation detectable in STRUCTURE analysis.
This resembles the situation depicted by Fig. 1b of Maynard-
Smith et al. (1993) where frequent recombination occurs be-
tween isolates within a subpopulation, but does not occur be-
tween isolates from different subpopulations.

In a comprehensive study of population structure of S.
sclerotiorum in the UK, Clarkson et al. (2013) studied six
populations from five agricultural crops and six populations
from wild meadow buttercup with 32 isolates representing
each of the 12 populations. Clarkson et al. (2013) analyzed
the populations using microsatellite markers and partial DNA
sequences of IGS, and found generally high levels of genetic
variation and populations are generally not well differentiated.
STRUCTURE analysis showed population subdivision of
three subpopulations in each population except the EV1
meadow buttercup population in which all isolates belonged
to one subpopulation. In IA analysis, all populations showed
significant IA values rejecting random association of alleles in
all the populations except the EV1 population (Clarkson et al.
2013). A possible explanation is the clonality bias caused by
population subdivision in the 11 populations in which random
association of alleles was rejected (Clarkson et al. 2013).

Likewise, failure to reject random association of alleles by
an insignificant IA value may be due to either outcrossing or
mutation, particularly for microsatellite loci that have high
mutation rates. Attanayake et al. (2014) developed a novel

method to differentiate whether random association of alleles
was due to outcrossing or mutation. Attanayake et al. (2012)
have observed in pairwise linkage disequilibrium analyses
that loci located on the same chromosomes showed linkage
equilibrium. It is uncertain that such linkage equilibrium ex-
hibited by physically linked loci was due to outcrossing
followed by crossover in meiosis or due to mutation of the
microsatellite loci, since IA test could not differentiate the two
causes. Measuring linkage disequilibrium decay with increas-
ing distance between loci could help differentiate the two
causes because recombination rate due to crossover is related
to physical distances between the linked loci, whereas muta-
tion would be independent of the physical distance. This con-
cept, although has been used in genetic mapping in controlled
populations, has not been previously applied to fungal popu-
lation genetics. In a proof-of-the concept study, Attanayake et
al. (2014) using 12 microsatellite markers located on three
chromosomes showed that linkage disequilibrium decayed
with increasing physical distances in eight populations com-
prising of 268 isolates. The results demonstrated not only that
the observed recombination was due to outcrossing, not mu-
tation of the microsatellite markers, but also that outcrossing
occurs frequently in populations of S. sclerotiorum. This study
provided collaborating evidence of previous observations that
different genotypes were detected among sibling ascospores
from single apothecia (Atallah et al. 2004).

However, despite the overwhelming evidence of genetic
recombination implicating outcrossing, the mechanisms of
outcrossing in the homothallic S. sclerotiorum remain elusive.
Two mechanisms have been suggested. Mycelia of different
genotypes may together form sclerotia on co-infected plants
that provide proximity for outcrossing (Sexton and Howlett
2004; Lehner et al. 2015). Heterokaryons were detected in
some isolates, providing another possibility of outcrossing
(Chitrampalam et al. 2015). There is another possible mecha-
nism of outcrossing in S. sclerotiorum. Because MAT genes
control mating behavior (Coppin et al. 1997), it is very intrigu-
ing to note the dynamic nature of MAT alleles in relation to
mating type switching in Sclerotinia (Chitrampalam et al.
2013; Xu et al. 2016) and the observation of ascospore dimor-
phism in S. sclerotiorum (Ekins et al. 2006), which could be
potentially related to outcrossing.

Dynamic mating type (MAT) alleles
and dimorphic Ascospores in Sclerotinia
species

The genus Sclerotinia includes species with different repro-
ductive modes: homothallic and heterothallic species (Kohn
1995). Isolates of heterothallic species require a partner of
opposite mating type for sexual reproduction, whereas isolates
of homothallic species can complete sexual reproduction by
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itself without a partner. Similar to other fungi, this process is
controlled by the mating type (MAT) locus with two alleles
(idiomorphs) (Coppin et al. 1997). One idiomorph (MAT1-1)
contains a transcription factor with an alpha-1 domain (the
alpha box) and the other idiomorph (MAT1-2) encodes a pro-
tein with a high mobility group (HMG) DNA-binding domain
(Coppin et al. 1997). In the homothallic S. sclerotiorum, the
two idiomorphs are arranged in tandem at the same location
(Amselem et al. 2011). There are four mating type genes:
MAT1-1-1 and MAT1-1-5 of the alpha box and MAT1-2-1
and MAT1-2-4 of the HMG domain (Amselem et al. 2011).
However, the arrangement of the genes at theMAT locus was
later found to be dynamic and changes in every meiotic gen-
eration (Chitrampalam et al. 2013).

It has been recently found that S. sclerotiorum has peculiar
MAT alleles for a homothallic species (Chitrampalam et al.
2013). A 3.6-kb sequence region of the MAT locus inverts
itself in half of its ascospores during meiosis. This inversion
affects orientation of three of the fourMAT genes: a truncation
at the 3′-end of MAT1-1-1 gene, and inversion of MAT1-2-1
and MAT1-2-4 genes (Chitrampalam et al. 2013). The inver-
sion creates two MAT alleles: inversion positive (Inv+) and
inversion negative (Inv-). Although MAT1-1-1 is truncated
in the Inv+ isolates, the Inv+ isolates are capable of selfing
(Chitrampalam et al. 2013). Therefore, the Inv+ and Inv- iso-
lates are capable of self-fertilization (homothallic) and are in-
distinguishable phenotypically. The inverted region is flanked
by a repeating motif of 250 bps in opposite orientation
(inverted repeats) (Chitrampalam et al. 2013). Similarly such
inversions of theMAT locus also occur in the sister species S.
minor and the inverted DNA region is flanked by a 256-bp
inverted repeat motif (Chitrampalam and Pryor 2015).

Sclerotinia trifoliorum, on the other hand, is a heterothallic
species and its definitive identifying character is ascospore
dimorphism (4 large and 4 small ascospores in every ascus)
(Kohn 1979; Uhm and Fujii 1983). Large ascospore-derived
strains are homothallic and produce dimorphic ascospores
again, but small ascospore-derived strains are heterothallic,
which is termed mating type switching (Uhm and Fujii
1983). The mating type switching is due to DNA deletion of
a 2891-bp region, causing the loss of the entire two MAT1-2
genes (Xu et al. 2016). The deleted DNA region is flanked by
a 146-bp DNA repeating motif arranged in the same direction
(direct repeats). The repeating motifs in the three Sclerotinia
species can be unambiguously aligned, indicating a common
origin (Xu et al. 2016). Through tetrad analysis, Xu et al.
(2016) found that strains derived from the small ascospores
have the MAT1-2 genes missing and the strains derived from
the large ascospores have the intact and completeMAT1-1 and
MAT1-2 genes. Because of the lack of MAT1-2 genes, the
small ascospore strains are heterothallic, requiring mating
with microconidia from strains derived from large ascospores
(Uhm and Fujii 1983). The DNA deletion is consistently

associated with the small size of ascospores and heterothal-
lism in S. trifoliorum (Xu et al. 2016). Direct repeat-mediated
mating type switching is also reported in other fungi, although
the repeating sequence motifs are of different origins from that
of the Sclerotinia species (Wilken et al. 2014; Yun et al. 2017).

It is of particular interest to note that ascospore dimorphism
was also observed in some isolates of S. sclerotiorum and S.
minor (Ekins et al. 2006). Both species were described to
produce only monomorphic ascospores (Kohn 1979). Ekins
et al. (2006) carefully examined ascospores in asci and dis-
covered that one out of three S. sclerotiorum isolates had 4.9%
of the asci showing ascospore dimorphism and three out of
five S. minor isolates with 1 to 3.5% of the asci showing
ascospore dimorphism. Whether those small ascospores are
hetherothallic or not was not assessed (Ekins et al. 2006;
Ekins, personal communication), although this observation
was incorrectly cited as “both large and small ascospores were
found to be homothallic” (Malvárez et al. 2007). If what we
know in S. trifoliorum also occurs in S. sclerotiorum, the
small-sized ascospores could also be due to deletion or loss-
of-function of certain MAT genes affected during the MAT
gene inversion process either by chance or potentially in re-
sponse to yet unknown environmental cues. Further research
is needed to determine whether the small-sized ascospores are
capable of self-fertilization and whether the ascospore dimor-
phisms observed in S. sclerotiorum and S. minor are due to
deletion or non-function of certain MAT genes. That would
possibly explain why genetic recombination is so common in
some populations of S. sclerotiorum.

Summary

S. sclerotiorum is homothallic in sexual reproduction via self-
fertilization (haploid selfing), not requiringmating with anoth-
er partner. Strict homothallism in haploid organisms is equiv-
alent to clonal reproduction. Even though S. sclerotiorum does
not produce any asexual spores, it produces long-lasting re-
calcitrant vegetative surviving structures called sclerotia,
which are an efficient means of clonal reproduction, further
enhancing clonal persistence and spread. Thus it is not sur-
prising that clones of the species are detected in many popu-
lations. However, although the mechanisms of heterothallism
can prevent self-fertilization, homothallism has no known
mechanisms preventing outcrossing. Whether and how
outcrossing can occur in the homothallic S. sclerotiorum is
still unknown. Early studies showed that S. sclerotiorum has
a clonal population structure evidenced by association of in-
dependent markers such as MCG and DNA RFLP finger-
prints, and prevalence and persistence of a few dominant ge-
notypes, consistent with the life history traits of S.
sclerotiorum. However, recent studies using highly polymor-
phic and co-dominant molecular markers such as
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microsatellites showed frequent genetic recombination, sug-
gesting outcrossing. This review focused on recent develop-
ments in detecting random association of alleles and discovery
of the dynamic nature of mating type (MAT) alleles in
Sclerotinia species. Random association of alleles is frequent-
ly reported in S. sclerotiorum populations. Hidden population
subdivisions were sometimes overlooked in Index of
Association analyses, creating bias toward clonality, suggest-
ing genetic recombination is more prevalent in S. sclerotiorum
populations than recognized. Yet, the mechanisms for such
widespread genetic recombination in a homothallic species
remain elusive. Suggested mechanisms include formation of
sclerotia by mycelia of different genotypes that co-infect host
plants, providing proximity for outcrossing and formation of
heterokaryon. The revelation of the relationship among MAT
gene deletion, ascospore dimorphism, and mating type
switching in S. trifoliorum, in addition to the observation of
ascospore dimorphisms in S. sclerotiorum is intriguing. The
recent intriguing findings include: the genes in the mating type
(MAT) locus in Sclerotinia species are subject to inversion or
deletion in every meiotic generation mediated by repeating
DNA sequence motifs, the MAT gene deletion is related to
ascospore dimorphism and mating type switching in S.
trifoliorum, and ascospore dimorphism was also observed in
isolates of S. sclerotiorum and S. minor. These findings sup-
port a speculation that the ascospore dimorphism in S.
sclerotiorum and S. minor could also be due to deletion or
otherwise loss-of-function of certain MAT genes.
Determining the nature of the dimorphic ascospores and their
occurrence and prevalence in relation to environmental cues
could significantly advance our understanding how S.
sclerotiorum populations behave in nature.
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