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ABSTRACT

Knowledge of the population structure, genetic diversity, and re-
productive mode of plant pathogens can help to implement effective
disease management strategies. Anthracnose is one of the most promin-
ent diseases in soybean and is mainly associated with the species
Colletotrichum truncatum. However, the genetic structure of
C. truncatum populations associated with soybean remains unknown.
We collected C. truncatum isolates from 10 sites representing two
Brazilian states (Mato Grosso and Goids) and used 13 highly polymorphic
microsatellite markers to investigate the population genetic structure of
the pathogen. Analyses revealed high gene and haplotypic diversity
within populations, as well low genetic differentiation and sharing of
multilocus haplotypes among populations and regions. Bayesian and

multivariate analysis revealed the presence of three distinct genetic
clusters with at least two coexisting in all locations, and all of them
coexisting in eight locations. We found limited evidence for admixture
between clusters, with only two isolates showing nonzero membership
with a second cluster. Analyses of linkage disequilibrium rejected the
hypothesis of random mating in all clusters, but values of the index of
association were low and not consistent with long-term lack of sexual
reproduction. Our findings suggest that Brazilian C. truncatum popula-
tions resulted from at least three founder events that led to three genetic
clusters that spread throughout the country, raising questions with respect
to the factors allowing their maintenance in syntopy without evidence of
admixture between them.

Soybean is one of the main agricultural commodities with high
global economic relevance. The extensive area of soybean sown in
Brazil, including the incorporation of new growing areas in the
northern and central-west regions, characterized by genetically
uniform crops and nontillage system, affect the occurrence and the
intensity of diseases. Among these, one of the most prominent is
anthracnose, as soybeans are susceptible to infection at all stages of
development. Soybean anthracnose is a complex system, with many
unresolved questions about the identity of the causal agent, the
fungicide management and the need to develop a specific integrated
control program (Dias et al. 2016). In Brazil, little information on
control of anthracnose is available. Increasing of disease reports in
northern and central-west regions indicate that chemical control
program for fungal diseases in soybean has not been effective
against anthracnose. The disease can be an important limiting factor
for soybean production in areas with favorable weather conditions,
such as high humidity and temperature, where reports of significant
yield reductions are frequent (Dias et al. 2016).

Soybean (Glycine max (Linnaeus) Merrill) originates from East
Asia, most likely from China, and would have spread to the rest of
the world from this area (Hymowitz 1970). Initially used as forage
plant, it was introduced into North America in 1765, achieving a
prominent role as a grain crop in the 1920s (Hymowitz 1990). In
Brazil, the crop was introduced in 1882 in Bahia state and began to
be widely cultivated in Rio Grande do Sul state. Production was
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boosted in the southern states with the beginning of wheat/soybean
succession, and it was expanded to the Central region (Brazilian
savanna) in the 1960s and 1970s (EMBRAPA 1996). The soybean
cultivars sown in those decades were the outcome of breeding
programs for the development of better-adapted cultivars to
Brazilian conditions, based on cultivars introduced from the South
of the United States (Arantes and Miranda 1993; Hirimoto and Vello
1986; Wysmierski and Vello 2013).

Anthracnose is mainly associated with the species Colletotri-
chum truncatum (Hyde et al. 2009), which can also infect important
plant species belonging to Fabaceae and Solanaceae families
(Cannon et al. 2012; Damm et al. 2009; Weidemann et al. 1988).
The pathogen might be a native of Asia since the first report of a
Colletotrichum species causing soybean anthracnose came from
Korea (Tiffany 1950). However, a report of soybean anthracnose in
Korea in 1917 was attributed to C. glycines (Hemmi 1920 cited in
Damm et al. 2019). Lehman and Wolf (1926) studied soybean
anthracnose in North Carolina (United States) and noticed an
asexual morph associated with the disease symptoms, which was
identified as C. glycines, based on similarity with the pathogen
reported in Korea in 1917. Apparently, this strain is identical to
strain CBS 195.32, isolated by Lehman and deposited in the CBS
collection in 1932, which was later identified as C. truncatum by
Damm et al. (2009) based on the previous classification done by
Andrus and Moore (1935). In Brazil, soybean anthracnose was first
observed in Rio Grande do Sul in 1961 and has been reported more
frequently in the Brazilian savanna currently (Aradjo et al. 1988).

Assuming that the center of origin of pathogenic species should
correspond to the center of genetic diversity of the host species
(Stukenbrock and McDonald 2008), C. truncatum is hypothesized
to have originated in China and established in Brazil as an invasive
species. Pathogens can be introduced into new areas by several
sources, for instance through the spread of agriculture or
globalization of travel and trade, allowing extensive movements
of crop species and plant products, which could lead to un-
intentional transport of fungal pathogens far from their native
location (Desprez-Loustau et al. 2007; Gladieux et al. 2008;

Vol. 109, No. 4, 2019 681


mailto:flavia.rogerio@usp.br
https://doi.org/10.1094/PHYTO-08-18-0321-R

Yarwood 1970). Fungal invaders may adapt to the new environment
after their introduction, and rapid and drastic evolutionary changes
may be facilitated by huge population sizes and mixed mating
systems, causing yield losses in agrosystems (Gladieux et al. 2015).

Knowledge of the population structure, genetic diversity and
sexual recombination of plant pathogens can support definition of
effective disease management strategies, for instance by keeping
pathogen population sizes small in order to limit gene diversity
(McDonald and Linde 2002). Quantifying the amount of gene
diversity in pathogen populations can indicate founder populations,
which is predicted to have the highest gene diversity levels
(Hallatschek and Nelson 2008). Furthermore, population genetics is
a useful approach to infer introduction routes of invasive pathogens
and dispersal of fungal propagules (Baroncelli et al. 2015; Ciampi-
Guillardi et al. 2014; Leo et al. 2015). The inference of historical
patterns of pathogen migration among and within regions can be
useful for management and attenuation of negative effects caused
by invasive pathogens, for understanding current epidemics, for
developing predictive models, and for characterizing the genetic
basis of pathogen adaptation (Ali et al. 2014; Griinwald et al. 2012;
McDonald and Linde 2002; Milgroom and Fry 1997).

Although asexual reproduction predominates in the majority of
plant-pathogenic fungi, many species undergo regular sexual cycles
(Milgroom 1996). The genus Colletotrichum has been predominantly
observed in the asexual state. As reported for other Colletotrichum
species, the identity of the sexual stage is still unclear for
C. truncatum (Damm et al. 2009; Hyde et al. 2009). Reproduction
and mating systems affect how gene diversity is distributed within
and among individuals in a population (McDonald and Linde 2002).
If sexual recombination occurs sporadically, and even in a low
proportion it still could have an important impact on the population
genetic structure by increasing the genotypic diversity (Milgroom
1996). High levels of genetic variability in C. truncatum from
soybean and other hosts were observed in previous studies using
various molecular markers (Ford et al. 2004; Katoch et al. 2017,
Ranathunge et al. 2009; Rogério et al. 2016; Sant’anna et al. 2010;
Sharma 2009; Vasconcelos et al. 1994). Evidences of recombination
coupled with high levels of genetic diversity were shown in
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C. truncatum populations infecting chili from India and China (Diao
et al. 2015; Sharma et al. 2014).

There is no information regarding the population structure of
C. truncatum associated with soybean anthracnose in Brazil.
Previous studies, mainly conducted in Asian countries, focused on
genetic differences among isolates obtained from hosts such as chili
and pepper, using simple sequence repeat (SSR) or other markers
(inter-simple sequence repeats, random amplification of polymor-
phic DNA [RAPD], and nuclear genes), which revealed high genetic
diversity and possible recombination (Diao et al. 2015; Mahmodi
et al. 2014; Ranathunge et al. 2009; Sharma et al. 2014). In Brazil,
pioneer works in this pathosystem using RAPD markers also
evidenced relevant levels of polymorphism in soybean isolates
(Sant’anna et al. 2010; Vasconcelos et al. 1994).

A wide distribution of predominant C. truncatum haplotypes
associated with soybean anthracnose was revealed by a previous
study, suggesting the existence of a highly efficient mechanism of
pathogen dispersal over long distances in Brazil (Rogério et al.
2016). Low differentiation among C. truncatum populations
infecting Capsicum was found in India, which was attributed to
extensive movement of infected material among sampled regions,
indicating that neither topography nor distance acts a barrier in
differentiating them (Katoch et al. 2017).

The objective of this study was to investigate the population
structure of C. truncatum in the most important soybean production
areas in Brazil using microsatellite markers. Based on the
assumption of efficient mechanisms of propagules dissemination
of C. truncatum over long distances and the levels of diversity and
recombination previously reported for this species, we hypothe-
sized that the pathogen should exhibit nondifferentiated popula-
tions across soybean fields and that pathogen populations should
have a recombining population structure.

MATERIALS AND METHODS

Population sampling. We collected symptomatic plant samples
in 10 naturally infected commercial soybean fields in Mato
Grosso (MT) and Goias (GO) states (Fig. 1). These regions are
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Fig. 1. Sampling location of Colletotrichum truncatum populations collected from 10 soybean fields in Mato Grosso and Goids States, Brazil.
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located in the Brazilian savanna and represent the most important
soybean production areas in Brazil. All samples were collected in
2017 but MT2 sample was collected in 2016. In Goias, samples
were collected in Montevidiu and Rio Verde counties (49 km apart).
In Mato Grosso, samples were collected in Lucas do Rio Verde and
Sinop counties (148 km apart). Stems, leaves, and pods showing
typical symptoms of anthracnose were collected from each field.
To minimize the chance of sampling recently propagated clones
of the pathogen, it was maintained a minimal distance of 10 m
between the collected plants.

Isolation of C. truncatum. Symptomatic stems, leaves, and
pods were surface disinfected with 70% ethanol for 30 s, and then
1% sodium hypochlorite for 1 min, and rinsed in sterile distilled
water. Small pieces of leaves and stems were plated onto potato
dextrose agar (PDA) medium and incubated at 25°C for 3 days. Pods
were kept in Petri dishes onto moistened, sterilized filter paper and
checked every day under the microscope to monitor the production
of acervuli and conidia. Hyphal tips and acervuli emerging from
plated tissues or pods were transferred to PDA medium and
cultivated at 25°C. All fungal isolates were single-spored prior to
use. Monosporic cultures were preserved on filter paper (Alfenas
and Mafia 2007) and in sterile distilled water (Castellani 1939), and
kept at 4°C in the Plant Pathology Department of ‘Luiz de Queiroz’
College of Agriculture, University of Sdo Paulo, Brazil. Each group
of fungal isolates collected from the same field was considered as
part of the same population.

DNA extraction and SSR genotyping. Fungal isolates were
grown for 7 days on PDA at 25°C. Microscopic observations were
carried out to certify that the morphological features of the isolates
corresponded to C. truncatum. Mycelium plugs were collected from
the media, ground in sterilized sand, and fungal genomic DNA was
extracted using Wizard Genomic DNA Purification Kit (Promega)
according to the manufacturer’s recommendations. SSR genotyp-
ing was carried out using a set of 13 loci (SSR1, SSR5, SSR10,
SSR17, SSR23, SSR29, SSR34, SSR42, SSR44, SSR53, SSR55,
SSR56, and SSR59) developed by Ranathunge et al. (2009). Loci
were individually amplified by PCR as previously described by the
authors. Forward primers were labeled with the fluorescent dyes
6-FAM, VIC, PET, and NED. Amplifications were performed in
a 15 pl volume containing 25 ng of template DNA, 0.8 mM of
fluorescently labeled forward and common reverse primers, 20 mM
Tris-HCI, 50 mM KCl, 1.5 mM MgCl, 0.15 mM of each dNTP, and
1 U of Taq DNA polymerase in a Techne thermal cycler (TC-512;
Techne Inc., Burlington, NJ) using the following program: 95°C for
2 min, then 30 cycles of 95°C for 1 min, 60°C for 30 s, 72°C for
1 min, and a final extension step of 72°C for 10 min. PCR products
were visualized on 2.0% agarose gel and amplicon sizes were
initially estimated against known molecular size standards (1 kb
plus ladder, Invitrogen). Amplified microsatellite fragments were
electrophoretically separated on an automated DNA sequencer ABI
3500 (Applied Biosystems, Foster City, CA) using GS-600 Liz
(Applied Biosystems) as an internal size standard. Raw data were
collected, scored, and exported as a fragment size for simple
sequence repeats (SSRs) using Genemarker v.1.191 (SoftGenetics).
To avoid any error bias, the genotype of each individual was
confirmed by two independent repeats, revealing that the
amplification patterns were highly reproducible. Statistical binn-
ing of the alleles into fragment size categories consistent with the
repeat unit increments was performed with FlexiBin software (B.
Amos, Cambridge University, U.K.).

Genetic and haplotypic diversity. The GenAlex v.6.5
software (Peakall and Smouse 2006) was used to identify multi-
locus microsatellite haplotypes (MLHs). Only one allele was
amplified per locus, as expected for a haploid organism. GenAlEx
was also used to generate a clone-corrected data set by detecting
isolates with identical MLLHs within each population and retaining
only one representative sample per MLH in the data set. Unbiased
gene diversity (Nei 1978) was calculated for each population using

the poppr package for R (Kamvar et al. 2014). Allelic richness (Ag)
was estimated using a rarefaction method (El Mousadik and Petit
1996), which enables comparisons among populations of unequal
sample sizes by calculating the expected number of alleles in a
subsample of n genes corresponding to the sample size of the smallest
population, implemented in ADZE (Szpiech et al. 2008). We
estimated haplotypic diversity as the number of distinct haplotypes/
sample size in each fungal population. Clonal fraction was estimated
per population as 1 — haplotypic diversity.

Population differentiation. The distribution of genetic
variation within and among C. truncatum populations was estimated
by analysis of molecular variance (AMOVA) (Excoffier et al. 1992)
based on weighted average F-statistic over loci (Weir and Cockerham
1984) and pairwise comparisons of Fst. Analyses were performed
in Arlequin v.3.5 software (Excoffier and Lischer 2010), with
significance testing by using 1,000 permutations. Genetic differen-
tiation between population pairs was considered significant when
P value was less than the 5% nominal level.

We used three methods to examine population subdivision. First,
we used the model-based Bayesian clustering approach imple-
mented in the STRUCTURE v.2.3 software (Pritchard et al. 2000)
to access the number of genetic clusters and estimate admixture.
The software uses multilocus haplotype data to define a set of
clusters that maximizes linkage equilibrium and to probabilisti-
cally assign haplotypes to clusters, without considering in-
formation on their geographic origin (Falush et al. 2003).
STRUCTURE was run using the admixture ancestry model-
based clustering method, allowing mixed ancestry among
individuals from different populations (K) with correlated allele
frequencies among populations. Ten independent runs were
performed using 500,000 Markov chain steps after a burn-in
period of 100,000 steps, assuming 1 to 10 subpopulations. Second,
to confirm the pattern of population subdivision inferred using
STRUCTURE, we used an alternative, non-model-based, cluster-
ing method: the discriminant analysis of principal components
(DAPC). This multivariate method is based on a discriminant
analysis on data transformed after a principal component analysis,
which seeks to maximize the intergroup component of variation
(Jombart et al. 2010). DAPC was carried out using the Adegenet
package 1.3-1 (Jombart and Ahmed 2011) in R environment. We
retained the first 30 principal components. Ten separate runs of
K-means were performed and the mean Bayesian information
criterion (BIC) value at each value of K from 1 to 10 was plotted
(Jombart et al. 2010). Third, to visualize ancestry relationships
among multilocus haplotypes and populations, while taking into
account the possibility of recombination, we built a phylogenetic
network based on a matrix of Euclidean distances obtained using
the neighbor-net method in the SplitsTree software (http://www.
splitstree.org/). Splitstree allows visualizing conflicting phyloge-
netic signals, indicated by the presence of reticulations in the
network and caused by recombination or incomplete lineage
sorting.

Reproductive mode. To assess the predominant reproduction
strategy of the pathogen, the nonrandom association of alleles
between pairs of loci was measured by using the index of association
(I4), a multilocus linkage disequilibrium estimate based on the
variance of pairwise distances between individuals, using clone-
corrected dataset in the R package poppr: Because the magnitude of 7,
depends on the number of loci studied, we also estimated rp, a
measure that is independent of the number of loci (Agapow and Burt
2001). An rp value close to zero indicates random mating, while
significant gametic disequilibrium, and thus higher rp values, is
expected in asexual or inbreeding populations. To examine whether
the observed values deviated significantly from the null hypothesis of
linkage equilibrium among loci, the observed variance was compared
with the expected variance under random mating, which was
obtained after reshuffling the alleles within each clone-corrected
population data set over 1,000 permutations.
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RESULTS

Summary of microsatellite variability. Ten populations
were collected from individual fields, and a total of 237 C. truncatum
fungal strains were isolated across the sampled soybean fields
(Table 1). The sample size ranged from 3 to 53 isolates per
population. All SSR markers were polymorphic and the dataset
showed only 0.9% of missing data. A total of 108 alleles were found
across populations and the number of alleles per locus ranged from 4
(SSR56 locus) to 13 (SSR59 locus), with an average of 8.3 alleles per
locus. The haplotype accumulation curve tended to plateau as the
number of loci increased, confirming the importance of using all 13
loci for discriminating MLHs (Fig. 2). A total of 129 unique MLHs
were detected within the 237 isolates, representing an overall clonal
fraction of 46% (Table 2). For each population, the number of distinct
MLHs ranged from 3 to 35 and was highly dependent on population
sample size (R? = 0.95) (Supplementary Fig. S1). Population GO3,
due to its small sample size (N = 3), was excluded from genetic
diversity analyses. Averaged estimates of allelic richness (Ag) and
Nei’s gene diversity (H) were 8.24 and 0.63, respectively. The GO1
population displayed the highest allelic richness and gene diversity
values (4.4 and 0.76, respectively), while the M T3 population showed
the smallest ones (2.48 and 0.21) (Table 2).

Population differentiation. Hierarchical AMOVA was per-
formed using a clone-corrected data set in which a single
representative of each MLH was kept in each population. When
defining samples from different regions as two distinct groups,
related to their state of origin, low to moderate differentiation was
found (Fst = 0.08; P = 0.05), with 91.51% of genetic diversity
distributed within populations and only 3.69% between states. The
populations from Mato Grosso were significantly differentiated
from other populations in 18 out of 35 pairwise comparisons. The
highest differentiation was between MT1 and MT3 (Fst = 0.334,
P =0.0) and the smallest significant value was between MT5 and
GO4 (Fst=0.07, P =0.018, Supplementary Table S1). Population
MT3 was significantly differentiated from all populations; Fgr
estimates between this population and others tended to be the
highest ones. The populations sampled in Goids were not
significantly differentiated from each other, and they showed
significant differentiation only in comparisons with populations
from Mato Grosso.

Patterns of shared MLHs between populations were consistent
with estimates of population differentiation. Of 129 MLHs
detected, 25 were shared within the same population, within the
same state and even between different states. Results showed five
cases of haplotypes sharing among the sampled states, always
involving some GO populations (sampled in Goids in 2017) and the
MT?2 population (sampled in Mato Grosso in 2016) (Supplementary
Table S2). The MT3 population shared haplotypes only within other
populations from Mato Grosso state.

We used the clustering method implemented in STRUCTURE,
assuming a model with admixture and correlated allele frequencies,
to investigate the number of genetic clusters represented in our

dataset. Patterns of clustering and likelihood values were highly
similar across repeats at each K value, indicating convergence of the
Markov chain Monte Carlo method toward single clustering
solutions. The model with K = 3 had both the highest likelihood
[Pr(K)] and Evanno’s AK, suggesting this model captures the most
salient features of population subdivision in this system (Fig. 3B).
At K =2 and K = 3, differentiation between clusters was clear, with
only limited admixture among groups (only two haplotypes with
maximum membership proportion in a single cluster below 98%,
Figure 3A). The three clusters coexisted in eight locations; in the
remaining two locations, only two clusters were found. K >4 did not
reveal any further biologically relevant structure and mostly
produced genotypes with intermediate membership probabilities,
thus only the membership coefficients for runs with 2 < K < 6 are
presented. A similar pattern of clustering was obtained with the
nonparametric DAPC analysis and the network obtained using the
neighbor-net method (Figs. 3C and 4).

When AMOVA was performed by grouping haplotypes accord-
ing to the inferred clusters, 51% of genetic diversity was distributed
among clusters and only 10.3% among geographical regions within
clusters. However, when we partitioned the variation according to
geographical origin, nested within the inferred clusters, there was
no difference between regions and 78.26% of the diversity was

Genotype accumulation curve for sa

Number of multilocus genotypes

=

2 2 4 5 8 8 : 10 1 12
Number of loci sampled

Fig. 2. Haplotype accumulation curve for 13 microsatellite loci in 10 Colle-

totrichum truncatum populations. Number of observed multilocus haplotypes

are denoted by the vertical axis.

TABLE 1. Populations of soybean-infecting Colletotrichum truncatum evaluated in this study?®

State County Population N Geographical coordinates Cultivar Sampling year

Goids Montividiu GO1 15 17°25'45.3"'S - 51°10'14.2""W Bonus 2017
Montividiu GO2 13 17°24'43.1"'S - 50°57'29.0""W 7739 Monsoy 2017
Montividiu GO3* 3 17°25'50.9"'S - 51°01'10.9""W 7739 Monsoy 2017
Rio Verde GO4 34 17°27'36.2"'S - 51°07"10.3""W PP7200 Macro seed 2017
Rio Verde GO5 53 17°45'51.5"'S - 51°02'06.9""W Nidera 5909 2017

Mato Grosso Lucas do Rio Verde MT1 13 13°10"10.1"'S - 56°04'08.0""W Y-70 Pioneer 2017
Sinop MT2 20 13°18'46.7"'S - 56°02'33.4""W 8766 Monsoy 2016
Lucas do Rio Verde MT3 28 13°24'39.4"'S - 56°04'04.0"'W 8372 Monsoy 2017
Sinop MT4 24 11°55'22.8"'S - 55°37'00.0""W 7709 Nidera 2017
Sinop MT5 34 11°58'58.5"'S - 55°30'28.6""'W 7709 Nidera 2017

4 Population GO3 was excluded from genetic diversity analyses due to its small sample size.
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found among clusters within regions. The highest pairwise
differentiation was observed among clusters within regions
(Supplementary Table S3), which indicates that the genetic
variation was mostly distributed between clusters and not between
geographic regions within clusters.

Genetic diversity was estimated for both samples (Table 2) and
inferred genetic clusters (Table 3). In the clone-corrected dataset of
166 MLHs, 131 unique haplotypes were detected across the three
clusters, not associated with the geographic origin of isolates. The
first cluster (C1), composed of 81 haplotypes, encompassed the
highest proportion of repeated haplotypes (clonal fraction = 0.37)
and was the least diverse (H = 0.24; N, = 3.85; Ag = 2.51). The
second cluster (C2) showed 26 isolates with intermediate level of
diversity (clonal fraction = 0.19; H=0.34; N, = 2.54; A = 2.54).
The 59 isolates assigned to the third cluster (C3) were all unique

MLHs, making this cluster the most diverse one (H = 0.70; N, =
5.46; Ag = 6.65).

Reproductive mode. Levels of multilocus linkage disequilib-
rium rp were low and consistent with recombination within clusters
(rp ranging from 0.03 to 0.07), but the null hypothesis (5 = 0) for a
random association of alleles between pairs of loci was rejected for
all clusters (Table 3). Multilocus linkage disequilibrium was higher
within populations (rp ranging from 0.28 to 0.60; Table 2) than
within clusters, consistent with the coexistence of multiple clusters
within populations (Fig. 3).

DISCUSSION

This study represents the first investigation of C. truncatum
population structure associated with soybean anthracnose in Brazil.

TABLE 2. Estimates of genetic and haplotypic diversity among Colletotrichum truncatum populations associated with soybean anthracnose in Brazil

Population N2 MLHsP Genotypic diversity® Clonal fractiond He Nt AgS rph (P)
GOl 15 13 0.87 0.13 0.76 4.8 (0.3) 4.40 0.33
GO2 13 11 0.85 0.15 0.62 3.9 (0.3) 3.77 0.60
GO3 3 3 1.00 0.00 N/AI N/A N/A N/A
GO4 34 18 0.53 0.47 0.45 4.7 (0.5) 3.85 0.47
GO5 53 35 0.66 0.34 0.61 5.7 (0.4) 2.13 0.54
MTI1 13 13 1.00 0.00 0.68 3.8 (0.2) 3.58 0.28
MT2 20 16 0.80 0.20 0.59 4.6 (0.3) 3.84 0.44
MT3 28 14 0.50 0.50 0.21 2.9 (0.4) 2.48 0.40
MT4 24 19 0.79 0.21 0.66 5.2 (04) 4.12 0.45
MT5 34 24 0.71 0.29 0.64 5.2 (0.4) 3.92 0.31
Total 237 129 0.54 0.46 0.63 4.4 (0.1) - -

2 Sample size.
b Number of distinct multilocus haplotypes (MLHs).

¢ Number of distinct genotypes/sample size or fraction of nonrepeated genotypes in the sample.

d 1 — haplotypic diversity.
¢ Nei’s unbiased gene diversity (Nei 1978).

f Number of distinct alleles averaged across loci and standard deviation in parenthesis.

¢ Allelic richness estimated by rarefaction to N = 11 (Szpiech et al. 2008).
h Multilocus linkage disequilibrium (Agapow and Burt 2001).

i P =0.001 for all r;, values (associated probability estimated after 1,000 randomizations).

I N/A indicates small sample size.
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Fig. 3. Population subdivision of Colletotrichum truncatum associated with soybean anthracnose in Brazil. A, STRUCTURE barplots showing patterns of
clustering in the data. Haplotypes with maximum membership proportion to a single cluster below 98% are denoted by asterisks. B, The most likely number of
clusters (K) based on Evanno’s AK method. C, Bayesian information criteria (BIC) indicating the most probable number of genetic groups by discriminant analysis

of principal components analysis.
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We used SSRs markers developed for the synonym species
C. capsici (Damm et al. 2009) that have already proved to be
highly efficient in the characterization of C. fruncatum populations
(Diao et al. 2015). This set of markers showed sufficient power to
discriminate haplotypes and detect polymorphisms in this species.
Soybean anthracnose is a complex system, with many unresolved
issues. Our previous study, based on C. truncatum isolates obtained
from different soybean-producing regions of Brazil, showed
moderate genetic variability and sharing of haplotypes among
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areas (Rogério et al. 2016). The current study has focused on a
population-level distribution of genetic diversity across pathogen
populations sampled from central-west (Mato Grosso and Goias
states), the main soybean producing areas in Brazil. We tested the
hypotheses that geographical populations of C. truncatum are
genetically homogeneous (hence not subdivided or differentiated)
and that these populations have a recombining population structure.

The C. truncatum isolates obtained in this study showed
relatively high levels of genetic variability, which would be

Fig. 4. Phylogenetic network using the neighbor-net methods of Colletotrichum truncatum isolates used in this study. Reticulation indicates likely occurrence of

recombination.
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unexpected for a recently introduced pathogen. However, multiple
introductions of genetically diverse plant pathogens could increase
the level of genetic variation of local populations (Ciampi-Guillardi
et al. 2014; Leo et al. 2015). C. truncatum populations were also
characterized by moderate to high haplotypic diversity and low to
moderate clonal fractions, with some MLHs shared among areas
separated by more than 800 km. The high genetic diversity observed
in Brazilian populations of C. truncatum is in agreement with
previous reports for populations of C. truncatum isolated from
chili in China and India, using the same set of markers (Diao et al.
2015; Sharma et al. 2014). High levels of genetic variability in
C. truncatum were also observed in previous studies using different
molecular markers (Ford et al. 2004; Katoch et al. 2017; Rogério
et al. 2016; Sant’anna et al. 2010; Sharma 2009; Vasconcelos et al.
1994).

Despite the fact that low population differentiation was detected
between regions, clustering and molecular variance analyses
indicated the existence of three strongly differentiated genetic
clusters within each region. This finding is consistent with a
possible history of introduction of C. truncatum from at least three
distinct source populations, leading to three genetic clusters that
spread throughout the country. The majority of soybean cultivars
currently sown in Brazil are derived of cultivars introduced from the
United States that were used in breeding programs (Wysmierski and
Vello 2013). As C. truncatum is generally seedborne (Manandhar
and Hartman 1999), it could be easily introduced in Brazil by
infected seeds from the United States. Our previous work
corroborates the hypothesis of three distinct source populations
(Rogério et al. 2016). Sequencing data from a historical collection
of C. truncatum isolates from different soybean-producing re-
gions, revealed three genetic clades. A first clade encompassed
C. truncatum strains isolated from soybean in the United States,
which grouped together with the most widely distributed haplotype
within that collection. Interestingly, this clade included strain
CBS19532, which is apparently the same one regarded as the ex-
holotype of Glomerella glycines (ATCC 1936) by Lehman and
Wolf in 1926 (Damm et al. 2019). This strain also corresponds to
drawings and description of the asexual morph of G. glycines
(C. glycines), later classified as C. truncatum by Damm et al.
(2009). It is possible that this strain has a connection with the
C. glycines Hori previously identified at Korea by Hemmi in 1917,
as described by Tiffany (1950) as the first causal agent of
anthracnose disease in soybean. A second clade enclosed
C. truncatum sequences from lima bean in Brazil and the United
States that is also a host susceptible to the species, as some other
Fabaceae (Carvalho et al. 2015; Damm et al. 2009). When soybeans
were introduced in Brazil and became widely planted, other hosts as
lima bean might have already established in the cropping system
(Silva et al. 2017), and due to broad host range of the fungus, that
lineage might be able to maintain itself on this new host. This
hypothesis had already been considered for the widespread
occurrence of C. truncatum, originally from lima beans, on

soybeans in the United States (Tiffany 1950). The third clade
included strains from hosts as weeds and other leguminous plants.
The clade that tends to be exclusively associated with soybean tends
to be the less variable, while the cluster associated with soybean
and weeds was the most variable. These observations suggest that
future studies on the origin of invasive C. truncatum populations
will need to cover multiple geographic regions and multiple hosts.

Although the three clusters detected in Brazilian C. truncatum
were found to coexist in the majority of populations, admixture
between clusters was not detected, indicating the existence of
barriers to gene flow between them. In contrast with our initial
hypothesis of geographical populations of C. truncatum being
genetically homogeneous due to intense movement of infected
material among fields, our results do not indicate a strong impact of
intraregional gene flow on patterns of genetic structure. Our
findings do suggest, however, that haplotype flows have played a
greater role in structuring populations mainly in the maintained the
genetic distribution of the three clusters within fields. Differenti-
ation between regions (Mato Grosso and Goids) was low to
moderate, a substantial proportion of MLHs were shared among
populations across regions and consecutive years, and levels of
variability in the two regions were similar, suggesting extensive
transportation of the pathogen across regions, possibly via
contaminated seed (Ciampi et al. 2008). The fact that populations
from Mato Grosso showed higher differentiation among themselves
than observed in Goias suggests a greater impact of founder events
in the former region. This observation is not consistent with strict
host-tracking of the pathogen during the spread of soybean
cultivation in Brazil, which began in the south and extended toward
the Cerrado, reaching Mato Grosso first (in the late 1980s) and only
later in Goias (Fearnside 2001).

Colletotrichum species have been predominantly observed in the
asexual or vegetative state. Only a small number of species has been
associated with the teleomorph, Glomerella, and in general, these
forms are rarely observed in nature, with a few notable exceptions
(Barcelos et al. 2014; Damm, et al. 2012). The genus Colleto-
trichum has an unusual mating system and to date all the strains
sampled possess only one idiomorph (Barcelos et al. 2014; Chen
etal. 2002; Crouch et al. 2008). For C. truncatum, the identity of the
sexual stage is still unclear, since it has not been described either in
laboratory conditions or in nature (Damm et al. 2009; Hyde et al.
2009; Katoch et al. 2017). A recent study found population genetic
evidence for sexual recombination in C. truncatum populations
infecting chili from China (Diao et al. 2015), which supported our
initial hypothesis that C. truncatum infecting soybean in Brazil may
be recombinant in structure. However, this hypothesis was not fully
corroborated by our population genetic analyses, as estimates of
multilocus linkage disequilibrium were low in all three clusters, but
the hypothesis of random association of alleles was still rejected.
The limited evidence for admixture between clusters is also
consistent with lack of recombination resulted from sexual
reproduction. The moderate to high levels of haplotypic diversity

TABLE 3. Estimates of genetic and genotypic diversity of the genetic clusters of Colletotrichum truncatum associated to soybean in Brazil

Clusters Code Na MLHsb Genotypic diversity® Clonal fractiond He A Agé rp? (P)!
Cluster 1 Cl 81 51 0.63 0.37 0.24 3.85 (0.66) 2.51 0.03 (0.003)
Cluster 2 C2 26 21 0.81 0.19 0.34 2.54 (0.31) 2.54 0.08 (0.001)
Cluster 3 C3 59 59 1.00 0.00 0.61 5.46 (0.72) 4.65 0.07 (0.001)
Total - 166 131 0.79 0.21 0.70 3.95 (0.39) 8.31 0.39 (0.001)
4 Sample size.

> Number of distinct multilocus haplotypes (MLHs).

¢ Number of distinct genotypes/sample size or fraction of nonrepeated genotypes in the sample.

41 — haplotypic diversity.
¢ Nei’s unbiased gene diversity (Nei 1978).

f Number of distinct alleles averaged across loci and standard deviation in parenthesis.

¢ Allelic richness estimated by rarefaction to N = 21 (Szpiech et al. 2008).
h Multilocus linkage disequilibrium (Agapow and Burt 2001).
i P = associated probability estimated after 1,000 randomizations.
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detected in clonal pathogens could be generated by mechanisms such
as extensive chromosome rearrangements mediated by transposable
elements (Stukenbrock 2016). A population genomic approach could
make it possible to resolve the reproductive mode of the three
Brazilian clusters of C. truncatum, by giving access to the mating
types, their frequencies, and genomic rates of recombination.

This study is the first to use SSR markers and analyze the
population structure of C. truncatum isolates infecting soybean in
Brazil. The results obtained here provide novel insights about the
pathogen introduction in Brazil and their implication in distribution
of genetic variation across populations from two important areas of
soybean production. The current genetic structure of the pathogen
reflects possible multiple recent introduction events, represented
by three genetic groups widely distributed across soybean fields,
raising questions with respect to the factors allowing their
maintenance in syntopy without evidence of admixture between
them. These observations can have a direct impact on disease
management strategies. Although there is currently no breeding
program aiming anthracnose resistance for soybean, future
breeding efforts should take into account the current population
structure and the genetic diversity levels of the pathogen, for
instance by using isolates that are representative of the genetic
variability of the species in Brazil for screening resistant varieties.
The possible lack of sexual reproduction is also important from the
plant pathology point of view, as it may contribute to prevent
admixture between clusters and the emergence of recombinant
haplotypes with increased virulence. Population genomics studies
using higher resolution molecular markers such as single nucleotide
polymorphisms may improve the discrimination of clonal lineages,
the detection of recombination events in C. truncatum populations
in Brazil and can provide further insight into the history and
population biology of this important plant pathogen.
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