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Abstract

Soybean (Glycine max) is one of the most important cultivated plants worldwide as a
source of protein-rich foods and animal feeds. Anthracnose, caused by different line-
ages of the hemibiotrophic fungus Colletotrichum, is one of the main limiting factors
to soybean production. Losses due to anthracnose have been neglected, but their
impact may threaten up to 50% of the grain production.

Taxonomy: While C. truncatum is considered the main species associated with soy-
bean anthracnose, recently other species have been reported as pathogenic on this
host. Until now, it has not been clear whether the association of new Colletotrichum
species with the disease is related to emerging species or whether it is due to the
undergoing changes in the taxonomy of the genus.

Disease symptoms: Typical anthracnose symptoms are pre- and postemergence
damping-off; dark, depressed, and irregular spots on cotyledons, stems, petioles,
and pods; and necrotic laminar veins on leaves that can result in premature defolia-
tion. Symptoms may evolve to pod rot, immature opening of pods, and premature
germination of grains.

Challenges: As accurate species identification of the causal agent is decisive for dis-
ease control and prevention, in this work we review the taxonomic designation of
Colletotrichum isolated from soybean to understand which lineages are pathogenic
on this host. We also present a comprehensive literature review of soybean anthrac-
nose, focusing on distribution, symptomatology, epidemiology, disease management,
identification, and diagnosis. We consider the knowledge emerging from population
studies and comparative genomics of Colletotrichum spp. associated with soybean
providing future perspectives in the identification of molecular factors involved in
the pathogenicity process.

Useful website: Updates on Colletotrichum can be found at http://www.colletotri
chum.org/.

All available Colletotrichum genomes on GenBank can be viewed at http://www.colle

totrichum.org/genomics/.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | INTRODUCTION

The genus Colletotrichum constitutes a large monophyletic group
of ascomycetes with more than 200 accepted species, classified
into at least 14 species complexes (s.c.) and singletons (Damm
et al., 2019; Marin-Felix et al., 2017). Considered as among the top
10 plant pathogenic fungi, Colletotrichum spp. are the causal agents
of anthracnose in more than 3,000 plant species, leading to con-
siderable yield reduction of economically important crops (Cannon
etal., 2012; Dean et al., 2012; da Silva et al., 2020). Due to its hemib-
iotrophic lifestyle and the facility of being manipulated in the labo-
ratory, the genus is considered a model pathogen for biochemical,
physiological, and genetic studies (Baroncelli et al., 2017; O'Connell
etal., 2012; Perfect et al., 1999).

The soybean crop has great importance worldwide as a source
of vegetable oil and proteins for human and animal feeds (Hartman
et al., 2011; Pagano & Miransari, 2016), contributing 3.3% of the
global human calorie intake (FAOSTAT, 2018). In 2019/20, world
soybean production exceeded 330 million tonnes, of which ap-
proximately 86% were concentrated in Brazil, the United States,
and Argentina (USDA, 2020). Diseases are among the major factors
that can affect soybean production, and anthracnose is becoming a
major threat in production areas around the world (Dias et al., 2016;
Hartman et al., 2015; Nataraj et al., 2020; Subedi et al., 2016;
Wrather et al., 2010;). This disease can reach up to 100% incidence
in the field (Hartman et al., 1999), and incidence as low as 1% can
cause yield losses of up to 90 kg/ha (Dias et al., 2016).

Soybean anthracnose is currently recognized as a disease of com-
plex aetiology (Dias et al., 2018), with C. truncatum the most com-
mon associated species (Sharma et al., 2011). In recent years, several
other species have been reported as causal agents of the disease,
such as C. destructivum (Manandhar et al., 1986), C. coccodes (Riccioni
et al., 1998), C. chlorophyti (Yang et al., 2012, 2013), C. gloeosporioi-
des (Mahmodi et al., 2013), C. incanum (Yang et al., 2014), C. plurivo-
rum (Barbieri et al., 2017), C. sojae (Damm et al., 2019), and, more
recently, C. musicola (Boufleur et al., 2020) and C. brevisporum (Shi
et al., 2020).

Colletotrichum species can affect soybean in all physiological
stages (Sharma et al., 2011). Typical symptoms of anthracnose are
pre- and postemergence damping-off; and dark, depressed, and ir-
regular spots on stems, petioles, and pods that can evolve and cause
premature defoliation of the plants (Yang et al., 2015). Such infec-
tions have the potential to cause severe losses that can reach up
to 100% in soybean-producing areas under favourable conditions
(Yang & Hartman, 2016).

An accurate species identification of a causal agent is decisive
for disease control and prevention. The occurrence of multiple
Colletotrichum species associated with soybean anthracnose may

affect disease management because distinct species might respond

differently to different control strategies. Different studies about
the efficiency of fungicides in the control of soybean anthracnose
showed contradictory results (Chen et al., 2018; Dias et al., 2016;
Poti et al., 2020), which could be due to different responses of
Colletotrichum species to their active compounds.

Few discriminatory morphological characters are available, and
the identification of Colletotrichum species based exclusively on
these features is unreliable (Cai et al., 2009; Jayawardena et al.,
2016). Currently, species identification of this genus is performed
using a polyphasic approach that combines morphological and cul-
tural characteristics with multilocus phylogenetic analyses of DNA
sequences (Cai et al., 2009; Liu et al., 2016).

Several species within the Colletotrichum genus show a wide
genetic variability; however, the mechanisms responsible for such
diversity are not yet fully understood (da Silva et al., 2020). Some
population genetics studies of Colletotrichum species have offered
tools for improving prevention and management strategies for plant
diseases of important agricultural crops (Baroncelli et al., 2015;
Ciampi-Guillardi et al., 2014; Rogério et al., 2019; Urena-Padilla
etal., 2002).

Many unresolved questions about soybean anthracnose remain.
Until now, it has not been clear whether the association of new
Colletotrichum species with the disease is related to emerging spe-
cies or whether it is due to the ongoing changes in the taxonomy of
the genus. Most of the studies available for soybean anthracnose are
focused on C. truncatum, with limited information about the other
Colletotrichum species infecting this crop, which could result in ob-
stacles for the management of the disease in the field. The aim of
this work is to gain a better understanding of soybean anthracnose
and its causal agents, clarify which Colletotrichum species or com-
plexes are associated with the disease, and provide a comprehensive

review for future studies on soybean anthracnose.

2 | COLLETOTRICHUM SPECIES
ASSOCIATED WITH SOYBEAN, LIFESTYLE,
AND GEOGRAPHIC DISTRIBUTION

The lack of reliable morphological characteristics has made the
identification of Colletotrichum spp. a major challenge over the
years (Cai et al., 2009), leading to considerable taxonomic confu-
sion. After the advent of DNA-based characterization, the taxonomy
and nomenclature of Colletotrichum spp. underwent many revisions
(Cannon et al., 2012; Damm et al., 2009, 2012a,2012b, 2014, 2019;
Jayawardena et al., 2016; Liu et al., 2014; Marin-Felix et al., 2017;
Weir et al., 2012). Currently, there are more than 200 recognized
Colletotrichum species, either as singletons or as part of 14 s.c. (Damm
et al., 2019; Marin-Felix et al., 2017). Classification of Colletotrichum

into s.c. can be done using the internal transcribed spacer (ITS)-5.85
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rRNA region. A correct species identification requires a multilocus
approach, with distinct s.c. demanding different loci to be analysed
(Damm et al., 2019; Marin-Felix et al., 2017).

Soybean anthracnose was first described in Korea in 1917,
associated with C. glycines (Nakata & Takimoto, 1934). The same
species was also reported as pathogenic to soybean in the USA
in 1926 (Lehman & Wolf, 1926). Later, C. glycines (a synonym of
C. truncatum) and Glomerella glycines were reported on soybean
(Damm et al., 2019; Sharma et al., 2011; Sinclair, 1989). Until re-
cently, studies of this disease have been mainly focused on C. trun-
catum. In contrast, the C. orchidearum s.c. was described only
recently (Damm et al., 2019), and three species within this complex
have already been reported as pathogenic to soybean (Barbieri
et al., 2017; Boufleur et al., 2020; Lehman & Wolf, 1926). The
recent massive taxonomic revision of this genus has led to an in-
crease of taxonomically wrongly assigned ITS sequences deposited
in GenBank (Crouch, Clarke, et al., 2009; Damm et al., 2009). To
clarify the Colletotrichum s.c. associated with soybean anthracnose,
and the worldwide distribution of this disease, all publicly available
ITS sequences of Colletotrichum isolated from soybean and relative
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information were retrieved and compared with those of reference
isolates through a phylogenetic analysis.

The in silico screening for Colletotrichum species isolated from
soybean plants with and without symptoms whose nucleotide se-
quences are deposited in GenBank yielded 499 ITS sequences orig-
inally assigned to eight Colletotrichum s.c. (C. acutatum, C. boninense,
C. dematium, C. gloeosporioides, C. magnum, C. orchidearum, C. spa-
ethianum, and C. truncatum) and one singleton species (C. chloro-
phyti) (Table S1). While it has been shown that around 10% of all
deposited ITS sequences are assigned to the wrong species (Nilsson
et al., 2006), this number seems to be much higher in the case of
Colletotrichum. In our data set more than 37% of the sequences
were wrongly assigned at the s.c. level and therefore the proportion
could be higher at the species level (Table S1). Our analyses suggest
that Colletotrichum strains isolated from soybean belong to nine s.c.
(C. acutatum, C. boninense, C. dematium, C. gloeosporioides, C. gigas-
porum, C. magnum, C. orchidearum, C. spaethianum, and C. truncatum)
and one singleton species (C. chlorophyti) (Figure 1). To our knowl-
edge this is the first time that species belonging to the C. gigasporum
s.c. have been associated with soybean (Table 1).

2 e

73

Gloeosporioides s.c. -

Spaethianums.c. g .

FIGURE 1 Colletotrichum species complexes (s.c.) associated with soybean worldwide identified based on a Bayesian phylogenetic
analysis of internal transcribed spacer (ITS) sequences. Colletotrichum s.c. associated with symptomatic, asymptomatic, and unknown
soybean plants are indicated by bars of distinct colours. All sequences were aligned using MAFFT v. 7.450 (Katoh, 2002; Katoh &

Standley, 2013) and the multiple sequence alignment was exported to MEGA 10 (Stecher et al., 2020), in which the best-fit substitution
model was calculated for the sequence data set. The concatenated alignment was performed with Geneious v. 2020.0.4 (https://www.
geneious.com). A Markov chain Monte Carlo (MCMC) algorithm was used to generate phylogenetic trees with Bayesian probabilities with
MrBayes v. 3.2.6 (Huelsenbeck & Ronquist, 2001) based on the model of nucleotide substitution. The analyses were run from random trees
for 5,000,000 generations and sampled every 1,000 generations. The concatenated tree was compressed in FigTree v. 1.4.4 (Rambaut, 2014)
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TABLE 1 Colletotrichum species

Species complex Species Distribution Lifestyle References complexes associated with soybean
C. acutatum Unknown Brazil, USA Endophyte Leite anthracnose
etal, 2013
C. boninense Unknown® Brazil, Taiwan Endophyte Leite
etal, 2013
C. gloeosporioides  C. gloeosporioides, Brazil, Pathogen, Weir
C. salsolae Colombia, endophyte etal, 2012;
Hungary, Leite
Taiwan etal, 2013;
Chen
etal., 2006
C. spaethianum C. incanum Canada, USA Pathogen Yang et al.,
2014
C. gigasporum Unknown? Brazil Endophyte Leite
etal, 2013
C. dematium Unknown® Canada Pathogen Unpublished
None C. chlorophyti USA Pathogen Cannon
etal, 2012;
Yang
etal, 2012;
Yang
etal, 2014
C. magnum C. brevisporum Brazil, China, Pathogen, Leite
Taiwan endophyte etal., 2013;
Shi et al., 2020
C. orchidearum C. musicola, Brazil, Iran, Pathogen, Riccioni
C. plurivorum, Italy, Japan, endophyte etal., 1998;
C. sojae Malasya, Leite
Myanmar, etal., 2013;
Serbia, Barbieri
Taiwan, USA etal., 2017;
Batzer &
Muller, 2020
; Damm
etal., 2019;
Boufleur
etal., 2020;
Zaw &
Aye, 2020
C. truncatum C. truncatum Brazil, Canada, Pathogen, Chen
China, endophyte etal.,, 2006;
Colombia, Damm
South Korea, etal.,, 2009;
Taiwan, USA Leite
etal., 2013;
Yang
etal., 2014;
Rogério
etal., 2017;
Zaw &
Aye, 2020

No species could be assigned to the correct taxonomic position within the species complex due
the lack of available information.

Although several s.c. have been associated with soybean to pathogenicity was not available. It is known that Colletotrichum
(Figure 1), it was not possible to confirm if the strains belonging to can go through a quiescent phase before the development of dis-
the C. acutatum, C. boninense, and C. gigasporum s.c. are truly patho- ease symptoms on the host (Prusky, 1996; Prusky et al., 2013; de
genicto soybean, as all the sequences retrieved that belong to those Silva et al., 2017) and can live inside nonhost plant tissues as endo-

complexes came from symptomless plants or information related phytes (da Silva et al., 2020). Strains belonging to the C. dematium,
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C. magnum, C. gloeosporioides, C. orchidearum, C. truncatum s.c., and
C. chlorophyti have been confirmed to be pathogenic (Table 1).

C. coccodes and C. destructivum were also reported to be patho-
genic to soybean (Manandhar et al., 1986; Riccioni et al., 1998), but
no genetic information is available and therefore we could not con-
firm the taxonomic designation of the strains used in those studies.
C. coccodes is a singleton species isolated from soybean in the USA
(Riccioni et al., 1998) and C. destructivum was reported for the first
time as pathogenic to soybean in the 1980s, associated with the sex-
ual morph G. glycines (Manandhar et al., 1986); thus, this species was
recently reclassified as C. sojae (Damm et al., 2019). One of the most
important soybean diseases in Argentina, the third major soybean
producer of the world (USDA, 2020), is the late season disease com-
plex that includes soybean anthracnose caused by C. truncatum and
C. destructivum (Ramos et al., 2010, 2013). However, the real asso-
ciation of C. destructivum with the disease remains unclear, because
those species were identified based only on morphological charac-
teristics (Ramos et al., 2013).

Sixteen countries or regions around the world reported the pres-
ence of at least one Colletotrichum lineage associated with soybean.
Brazil, the USA, and Taiwan have the largest diversity, followed by

China, Colombia, Canada, and Myanmar (Figure 2). C. orchidearum
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= =
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and C. truncatum s.c. were the most widely distributed worldwide,
present in nine countries, with the largest number of ITS sequences
retrieved followed by the C. gloeosporioides s.c. present in four dif-
ferent countries (Figures 1 and 2), whereas the other s.c. seem to be
restricted to one or two countries (Figure 2). Considering the num-
ber of records and the distribution of the C. orchidearum s.c. strains
isolated since 2003 (Table S1) and their presence in several soybean-
producing countries, this complex is probably more important in the
epidemiology of the disease than is currently assumed; thus, more
studies need to be performed to understand its distribution, host
specificity, and impact in soybean fields around the world.

How many and which Colletotrichum species can be pathogenic
or endophytic to soybean is still unclear. Historically, C. truncatum
has been considered the prevalent species isolated from soybean or
associated with soybean anthracnose (Sharma et al., 2011). However,
many questions remain open, and based on the genetic data avail-
able (Table S1) we can hypothesize that the importance of C. trun-
catum has been overestimated. Precise knowledge about pathogen
taxonomic designation and diversity is crucial, having direct implica-
tions on disease management, either by cultural or chemical strat-
egies, as well as on disease resistance breeding programmes (Chen
et al., 2018).

DENMARK
CHINA
Truncatum s.c. (1) C. chlorophity (1)
Magnum (1)
Orchidearum s.c. (1)
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- :”‘“I%L .o | SOUTH KOREA
- HUNGARY = 3 J\.«,ﬁ“' ==_| Truncatum s.c. (3)
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FIGURE 2 Global distribution of the Colletotrichum species complexes (s.c.) associated with soybean based on the information downloaded
with sequences from GenBank. The number of isolates in each country or region is presented to the side of the names of the respective species
complex. Countries or regions with the presence of symptomatic, asymptomatic, and unknown soybean plants are indicated by different colours
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3 | SYMPTOMATOLOGY AND
EPIDEMIOLOGY

Favoured by warm and humid conditions, typical anthracnose symp-
toms can appear on all parts of soybean plants and in all physiologi-
cal stages (Yang & Hartman, 2016). Systemic infections on seeds
can cause pre- and/or postemergence damping-off and cotyledon
lesions (Sharma et al., 2011). Symptoms are commonly character-
ized by dark, depressed, and irregular spots on stems, petioles, and
pods. Leaves may be shrunken, rolled or wilted, and may have ne-
crotic laminar veins, resulting in premature defoliation of the plants
(Figure 3) (Yang et al., 2015). This pattern of symptoms is reported
for C. truncatum, C. coccodes, C. gloeosporioides, C. plurivorum, C.
musicola, and C. incanum (Boufleur et al., 2020; Dias et al., 2018;
Mahmodi et al., 2013; Riccioni et al., 1998; Sharma et al., 2011; Yang
et al., 2014), while C. sojae causes circular to irregular greyish lesions
with dark margins (Damm et al., 2019) and C. chlorophyti causes in-
tra- and interveinal necrotic lesions surrounded by slight chlorosis
(Yang et al., 2012).

Except for C. truncatum, almost no information is available on

the life cycle of other Colletotrichum spp. associated with soybean

anthracnose. C. truncatum survives on seeds, crop residues, and
weeds, and can form soybean-infective microsclerotia (Hartman
et al., 1986; Khan & Sinclair, 1991; Yang & Hartman, 2016). Although
the role of weeds and alternative hosts in the epidemiology of the
disease is still unclear, probably the main source of primary inoculum
of C. truncatum and C. plurivorum is infected seeds, which contribute
to dispersion over long distances and the introduction of new fungal
isolates in an area (Dias et al., 2018; Hartman et al., 1999).

Fungal penetration occurs directly after conidial germination
and formation of an appressorium on the plant surface. C. truncatum
and C. sojae have the same patterns of infection and colonization
of soybean leaves (Manandhar et al., 1985). C. truncatum has a he-
mibiotrophic lifestyle with a first stage during which the penetra-
tion peg develops into a typical primary hypha that is a biotrophic
vesicle between the cell wall and the plasma membrane. The
biotrophic phase is followed by a switch to the necrotrophic phase,
with the production of secondary hyphae that colonize the tissue
intra- and intercellularly, causing cell death (Bhadauria et al., 2013).
The possibility of quiescent/endophytic infection is also reported
(Bhadauria et al., 2013); consequently plant tissues can be infected
without showing any symptoms (Chen et al., 2006). Symptoms of

FIGURE 3 Typical symptoms and signs of Colletotrichum truncatum on infected soybean seeds (a-c). Dark, depressed, and irregular spots

on cotyledons, stem, petioles, and pods (d-f)
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anthracnose appear during the necrotrophic stage, in which the
formation of acervuli containing conidia occurs. The conidia repre-
sent the secondary inoculum of the disease, disseminated by water
splash that dissolves the mucilage in which they are covered, and
aids short-range dispersal (Madden, 1997). The life cycle of C. trun-
catum is illustrated in Figure 4.

Understanding the relative importance of each s.c. in the
development of the disease in the field is fundamental to direct
epidemiological studies, which are essential for its effective man-
agement. Some species associated with soybean anthracnose, such
as C. sojae, C. plurivorum, and C. musicola, have been reported to
undergo the sexual state (Boufleur et al., 2020; Damm et al., 2019;
Ramos et al., 2013). Glomerella glycines (now C. sojae) was consid-
ered the sexual morph of at least three species of Colletotrichum
in the past, creating a taxonomic confusion that was solved by
Damm et al. (2019), while others like C. truncatum and C. destruc-
tivum only occur in the asexual morph (Cannon et al., 2012; Damm
et al., 2014). Can species with a sexual state have greater surviv-
ability on alternative hosts? Can genetic recombination play a role
in survival or be an important source of variability in these spe-
cies? Could sexual spores be spread differently from conidia? Do
ascospores and conidia infect soybean tissues in the same way?
These are some of the questions about the pathogen's epidemi-
ology that still need answers as they directly impact the disease

management.
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4 | DISEASE MANAGEMENT

The need for improvement of disease management motivated all ef-
forts for a better understanding of soybean anthracnose proposed
in this paper. The poor understanding of the life cycle and the epi-
demiological role of the Colletotrichum spp. associated with soybean
may have led to ineffective disease management because it is not
clear which species are responsible for the disease in the field.

Due to the potential for off-season survival of species of
Colletotrichum that infect soybean, and the long-distance dissemina-
tion of the pathogen by seeds (Yang & Hartman, 2016), the manage-
ment of soybean anthracnose should start with sowing disease-free
seeds (Pellegrino et al., 2010) and practising crop rotation. In most
cases, seeds are symptomless; however, even low percentages of in-
fection may lead to severe crop losses (Ciampi-Guillardi et al., 2020;
Pellegrino et al., 2010). To prevent the disease, seeds can be treated
with systemic fungicides such as carboxanilide, dimethyldithiocar-
bamate, benzimidazoles, or triazoles (AGROFIT, 2020). Also, re-
search on potential strategies of biological control with biopriming
have been performed. Soybean seeds inoculated with Pseudomonas
aeruginosa and Trichoderma harzianum reduced C. truncatum field
incidence up to 92%, offering the same efficiency as the fungicide
benomyl (Begum et al., 2010).

Currently, fungicides used as preventives are azoxystrobin, cap-
tan, mancozeb, carbendazim, thiophanate methyl, and members of

Cre
m
Secondary inoculum

DISSEMINATION

al

d -_

J

INFECTION

FIGURE 4 Disease cycle of soybean anthracnose caused by Colletotrichum truncatum
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the sterol demethylation inhibitors (DMI), such as triazoles (Dias
et al., 2016; Nataraj et al., 2020; Poti et al., 2020). However, in re-
cent years several studies have shown that fungicide efficiency is
gradually reducing against soybean anthracnose (Dias et al., 2016;
Poti et al., 2020).

In Brazil, when two seasons of soybean production were evalu-
ated, chemical control with the use of triazoles combined with strobi-
lurins was efficient during the first season, but not during the second
season under natural Colletotrichum spp. infection (Dias et al., 2016).
The resistance of C. truncatum isolates to multiple triazoles (flutri-
afol, fenbuconazole, tebuconazole, and metconazole) and reduced
sensitivity to difenoconazole and propiconazole have been reported,
indicating an inherent resistance as a result of CYP51A and CYP51B
gene variations (Chen et al., 2018).

Carbendazim is a fungicide of the class of benzimidazole or
methyl benzimidazole carbamate (MBC), which acts as a single-site
inhibitor (Oliver & Hewitt, 2014). Different studies showed that
carbendazim is the most effective fungicide reducing C. trunca-
tum growth in vitro (Agam et al., 2019; Ahamad et al., 2018; Kale
& Barhate, 2016). During two seasons of soybean production in
Nepal, in vivo trials showed that carbendazim (12%) combined with
mancozeb (63%) reduced the disease incidence and increased the
yield of the treated plots when compared with the control; this was
considered the best treatment among the tested fungicides (Subedi
et al.,, 2016). In contrast, in a study with 52 C. truncatum isolates
from different fields, 89% of them were considered highly resistant
to carbendazim (EC,, > 1,000 pg/ml) and 86% showed a mutation
at codon 198 of the TUB2 gene, which prevents a hydrogen bond
between carbendazim and p-tubulin and is highly correlated with re-
sistant fungal strains (Cai et al., 2015; Poti et al., 2020).

Although studies on the efficiency of fungicides against an-
thracnose in the field look promising, it remains unclear which
Colletotrichum species are responsible for the disease. This may ex-
plain the contradictory results found in different field studies. The
loss of efficacy has made producers intensify fungicide applications
and doses, increasing their costs and inducing stronger selective
pressure on the pathogen (Poti et al., 2020). The correct identifi-
cation of the causal agent of anthracnose is important to explain
the real reason for the lack of efficiency of the active compounds
in the field.

Besides the potential of losses due to infection by Colletotrichum
species (Wrather et al., 2010), there have been no breeding pro-
grammes for soybean cultivars resistant to anthracnose until now
(Yang & Hartman, 2015). The implementation of resistant cultivars
can generally reduce production costs and so this is a more eco-
friendly solution when compared with chemical control (Talhinhas
et al., 2016).

Anthracnose resistance genes tend to be highly specific, and the
emergence of additional Colletotrichum species associated with the
disease in soybean-producing areas indicates the need to start fo-
cused programmes (Dias et al., 2018). The inheritance of resistance
to soybean anthracnose caused by C. truncatum was demonstrated

to be governed by more than one gene (Nataraj et al., 2020). In a

test with 16 soybean accessions inoculated with a mixture of C. trun-
catum isolates, Dias et al. (2019) found that some soybean genetic
materials with a high level of resistance in stems are highly suscep-
tible to cotyledon infection. They hypothesized that the genetic
resistance of cotyledons and stems might be under the control of
genetically independent mechanisms. Sources of resistance of soy-
bean to anthracnose caused by C. truncatum have been reported
and studies in Brazil, India, and the USA revealed that 22 commercial
cultivars, nine genotypes, and one soybean germplasm are highly re-
sistant to C. truncatum (Costa et al., 2009; Dias et al., 2019; Nagaraj
et al., 2014, 2020; Yang & Hartman, 2015). Research on sources of
resistance to other Colletotrichum species associated with anthrac-
nose has not yet been performed.

5 | IDENTIFICATION AND MOLECULAR
DIAGNOSTICS

Accurate identification of Colletotrichum strains to the species level
is critical in plant pathology with regard to fungal detection in propa-
gative host material, quarantine measures, selection of biocontrol
agents, screening varieties in plant breeding, population genetics,
and genomics (Jayawardena et al., 2016). If cryptic species are con-
fused with a single species, the integrity and understanding of the
species will be compromised (Batista et al., 2017), and the impor-
tance of this is fundamental in population genetics and genomic
studies.

5.1 | Morphological characters

Most Colletotrichum lineages pathogenic to soybean can be divided
into two major groups based on morphology: those that have curved
conidia, including C. spaethianum, C. truncatum, and C. dematium s.c.,
plus C. chlorophyti (Damm et al., 2009); and those with straight cy-
lindrical conidia, including C. gloeosporioides, C. gigasporum, C. mag-
num, and C. orchidearum s.c. (Damm et al., 2012a, 2012b, 2019; Liu
etal., 2014; Weir et al., 2012). The main character of the C. acutatum
s.c. is cylindrical conidia with acute ends (Damm et al., 2012a), while
the C. boninense s.c. have straight cylindrical to clavate conidia
(Damm et al., 2012b). Except for the C. gigasporum s.c., which have
a distinctive morphological feature, with conidia up to 32 pm long
and average length 26 pm (Liu et al., 2014), morphological characters
overlap between species and s.c. associated with soybean, and have
been fully described before (Damm et al., 2009, 2012a, 2012b, 2019;
Liu et al., 2014; Weir et al., 2012); therefore, they should not be used
for identification of Colletotrichum.

5.2 | Molecular identification

Considering the importance of the Colletotrichum genus as a plant

pathogen worldwide, rapid identification of a large collection of
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Colletotrichum isolates is often required. However, there is no con-
sensus on the best molecular markers to discriminate species in
each Colletotrichum s.c. (Vieira et al., 2020). Currently, there is no
minimum or optimal standard set of molecular markers able to dis-
criminate all the Colletotrichum s.c. (Marin-Felix et al., 2017; Vieira
et al.,, 2020). In general, five markers are amongst those commonly
used to differentiate species among the distinct Colletotrichum s.c.,
especially those associated with soybean anthracnose: ITS, GAPDH,
TUB2, CHS-1, and ACT (Damm et al., 2009, 2019). Species within the
C. acutatum s.c. can be effectively differentiated by both TUB2 and
GAPDH markers (Damm et al., 2012a), while GAPDH alone can rec-
ognize all species within the C. boninense s.c. (Damm et al., 2012b).
Combined gene analysis of ITS, GAPDH, CHS-1, ACT, and TUB2 se-
quences can identify all the species within both the C. dematium and
C. gigasporum s.c. (Liu et al., 2014). For the C. truncatum s.c. GAPDH
is the most informative marker, followed by TUB2 and ACT (Vieira
et al., 2020); for C. spaethianum and C. truncatum s.c., the inclu-
sion of HIS3 in the multilocus combination is needed for the pre-
cise discrimination of species, whereas this locus is not informative
for other complexes (Jayawardena et al., 2016). The combination of
ITS, GAPDH, CHS-1, HIS3, ACT, and TUB2 can differentiate species
within the C. orchidearum s.c. (Damm et al., 2019). Species within
the C. gloeosporioides s.c. can be distinguished by a combination of
ApMat and GS sequences (Liu et al., 2015).

Because it might be unrealistic for most researchers to sequence
multiple loci across a large set of isolates, it is useful to recommend
markers with more phylogenetic informativeness (Vieira et al., 2020).
In the majority of the 14 Colletotrichum species complexes GAPDH,
HIS3, and TUB2 were found to be the most variable and informative
markers for discriminating species.

The consensus is that species identification should not be
based on BLAST searches of individual fungal sequences on NCBI/
GenBank, but instead on robust phylogenetic analyses based on
the concordance of multiple gene genealogies, including sequences
from type species (Cannon et al., 2012). One reason is that most
molecular markers alone do not exhibit sufficient polymorphism
to discriminate Colletotrichum species, mainly within complexes, so
that variation level among sequences is low. This is especially prob-
lematic in species with similar morphological characters that can be
easily confused. Another issue is the problem of misidentification in
the sequences deposited in NCBI as mentioned before, most likely as
a consequence of the recent taxonomic reassessment of the genus
that led to a massive increase in incorrectly assigned ITS sequences
(Rogério et al., 2017). The ITS region should not be used singly to
describe new Colletotrichum taxa because there is not enough dis-
crimination for resolving the taxonomy.

Beyond phylogenetic trees, haplotype networks of concatenated
sequences could be employed to infer geographical patterns of dis-
tribution or even host association among fungal lineages, below the
species level. This approach was efficiently carried out in the iden-
tification of distinct clusters in C. truncatum strains causing soybean
anthracnose in Brazil, by identifying groups of lineages associated

with other Fabaceae hosts and weeds as well (Rogério et al., 2017).
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5.3 | Molecular diagnosis

In general, molecular diagnostic tests are developed on the basis
of molecular markers largely used in phylogenetic studies. Despite
some caveats, the most widely used molecular marker to design
specific primers to detect fungal pathogens is the nuclear riboso-
mal cluster (Mancini et al., 2016; Pecchia et al., 2019). Recent stud-
ies have pointed out the lack of variation in the ITS region needed
to develop specific primers for most Colletotrichum species (Da Lio
et al., 2018). However, the intergenic spacer (IGS) region can be an
alternative to ITS because it tends to contain more polymorphic sites
and has proved to be an efficient marker for detecting C. lupini in
lupins by PCR and could, therefore, be considered as an alternative
target for other Colletotrichum species (Pecchia et al., 2019).

Molecular diagnostic techniques based on the detection of
fungal DNA have been widely used for species-specific detection
of Colletotrichum associated with soybean anthracnose. PCR is the
method of choice in the field of molecular diagnosis of soybean
pathogens, as it enables an exponential amplification of the target
DNA sequence, making it a fast, efficient, and attractive technique
(Kumar et al., 2020). Using these molecular techniques, tiny amounts
of host samples are sufficient for the detection of Colletotrichum
in soybean seeds or other plant tissues. Several PCR-based strate-
gies are available for these purposes, such as multiplex PCR, loop-
mediated isothermal amplification (LAMP), real-time or quantitative
PCR (gPCR), and droplet digital PCR (ddPCR), among others, using
specific primer pairs and sometimes excluding the need for DNA
extraction (Ciampi-Guillardi et al., 2020; Tian et al., 2017; Wang
etal., 2017).

Multiplex qPCR assays have been consistently used for patho-
gen diagnosis in plant material by allowing the simultaneous am-
plification of multiple DNA targets in a single reaction (Schena
et al.,, 2017). A highly sensitive multiplex TagMan gPCR assay target-
ing the GAPDH gene was developed to detect and quantify as little
as 0.3 pg of C. truncatum DNA, along with two other pathogens in
soybean seeds (Ciampi-Guillardi et al., 2020). The method was able
to access fungal DNA directly from seed soaking solution, amplifying
only the target species and not any other fungi commonly associated
with soybean seeds. The high specificity of the assay is provided
by the internal TagMan probes, which overcomes the risk of false
positives and/or false negatives. For the diagnosis of C. truncatum,
a multiplex qPCR assay targeting the cox1 gene has also been pro-
posed to distinguish four Colletotrichum species infecting soybean,
C. chlorophyti, C. sojae, C. incanum, and C. truncatum, by using two
duplex sets based on melting point temperatures. While successful
detection was achieved with 0.1 pg of C. truncatum DNA, the assay
may not be suitable for field diagnostics because it was tested only
on purified Colletotrichum DNA, not on host tissue samples (Yang
etal., 2015). The correct identification of Colletotrichum spp. in seeds
is essential for diagnostic laboratories and producers, avoiding the
introduction and dissemination of the pathogen in soybean fields
(Ramiro et al., 2019). To date, there are still no diagnostic tests for all

Colletotrichum species associated with soybean.
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New tools have been developed to quickly detect Colletotrichum
DNA in host samples. LAMP is a new nucleic acid amplification tech-
nology that enables the synthesis of large amounts of DNA in a short
period of time with high specificity (Fu et al., 2011; Notomi et al.,
2000). It could be a potential alternative to PCR because the LAMP
protocol does not require a thermocycler. Despite the great poten-
tial attributed to the technique, LAMP has not been widely used for
detecting Colletotrichum species associated with soybean anthracnose
so far. Rapid LAMP diagnostic assays were proposed to detect C. trun-
catum, targeting the large subunit of RNA polymerase Il (Rpb1) coding
gene (Tian et al., 2017), and C. gloeosporioides, whose target was a glu-
tamine synthetase (GS) gene (Wang et al., 2017) in soybean samples.
For C. truncatum the detection limit of the LAMP assay was 100 pg/pl
of fungal DNA per reaction, a hundred times greater than the amount
detected in the gPCR assay proposed by Tian et al. (2017) and more
than a thousand times less sensitive than the gPCR assay developed
by Ciampi-Guillardi et al. (2020).

An alternative approach would be to identify genomic regions
specific to emerging Colletotrichum species or even to particular
lineages using a computational approach based on whole-genome
comparison of distinct isolates or lineages. This approach has been
successfully used to develop specific markers for the detection
of C. lupini and other plant pathogens (Pecchia et al., 2019; Pieck
etal.,2017; Thierry et al., 2020). Specific care must be taken in cases
of recently diverged taxa, bearing in mind that it is unlikely that a
single genomic region would perfectly meet all the requirements of
a specific detection, especially in fungal lineages with very low diver-
gence levels and recent genetic exchanges between them (Thierry
et al., 2020).

6 | POPULATION GENETIC STUDIES

Genetic variability in the form of the presence of different alleles oc-
curring at different frequencies in genes is crucial to provide greater
endurance to environmental changes and to increase species local
adaptation over time (Barrett & Schluter, 2008; Hartl & Clark, 1997).
Genetic investigation using a group of individuals provides a broader
overview of species variability than a study with few individuals
(McDonald, 1997) and can be used to make inferences about the
predominant mode of pathogen reproduction and their impact on
genotypic diversity (McDonald & Linde, 2002). In recent years, plant
pathologists have been interested in investigations of genetic varia-
tion in pathogen populations, providing tremendous insights into the
biology of fungal plant parasites (Giraud et al., 2008).

Knowledge of genetic structure, that is, the amount and distri-
bution of genetic variation within and among populations, allows us
to investigate the evolutionary forces (gene flow, genetic drift, mu-
tation, and natural selection) acting as modulators of genetic diver-
sity in populations (Giraud et al., 2008). The evolutionary potential
of pathogen populations is directly guided by their genetic diversity
(Croll & Laine, 2016). Thus, knowledge of the genetic structure gives
information about the evolutionary processes that influenced plant

pathogen populations in the past and provides insights into their fu-
ture evolutionary potential (McDonald & Linde, 2002). Such infor-
mation could be useful to optimize the management of resistance
genes and fungicides in agriculture, and therefore to control plant
diseases more effectively (Zhan, 2009).

Several population genetic studies of Colletotrichum species
have been published over the years, and these investigations have
increased our knowledge of the genetic variation of many import-
ant agricultural species (Banniza et al., 2018; Baroncelli et al., 2015;
Ciampi-Guillardi et al., 2014; Crouch, Tredway, et al., 2009; Urena-
Padilla et al., 2002; Xavier et al., 2018). Despite the importance of
soybean anthracnose, few studies are available on this pathosystem,
and population genetic studies are even more scarce. Previous re-
search mainly focused on genetic differences among C. truncatum
isolates obtained from a range of hosts using distinct types of ge-
netic markers, which revealed high genetic diversity and possi-
ble genetic recombination (Ford et al., 2004; Katoch et al., 2017,
Ranathunge et al., 2009; Rogério et al., 2017; Sant’anna et al., 2010;
Sharma, 2009; Vasconcelos et al., 1994;).

As C. truncatum was the only fungal species associated with
soybean anthracnose in Brazil up to 2007 (Rogério et al., 2017), an
investigation of the genetic structure of C. truncatum populations
in the main soybean production areas was performed (Rogério
et al., 2019). High levels of genetic diversity within populations and
no evidence of intraregional gene flow were revealed by microsat-
ellite data. This study also suggested that Brazilian C. truncatum
populations resulted from at least three founder events, which led
to three genetic groups that spread throughout the country, con-
serving syntopy (Rogério et al., 2019). Another study investigated
populations of C. truncatum from Brazil and Argentina and identi-
fied that intragroup similarity was greater among the Argentinian
isolates than the Brazilian group, with a strong correlation between
geographical origin and genetic grouping (Dias et al., 2019). Such a
large difference in genetic diversity was associated with a greater
geographic breadth of the sampling in Brazilian populations, in ad-
dition to a greater genetic variability of host cultivars, which could
be reflected in the variability of the isolates among Brazilian regions.

Considering the increase of soybean anthracnose in South
America, population studies suggest an association between the in-
herent variability of the pathogen and the climatic and cultural fea-
tures, as well the genetic makeup of commercial soybean cultivars
used (Dias et al., 2019; Rogério et al., 2019). These population studies
highlight intraspecific pathogen variability as a major feature in genetic
breeding for anthracnose resistance. Efforts in breeding programmes
aiming at anthracnose resistance should take into account the pop-
ulation structure and the genetic diversity levels of the pathogen by
using representative isolates of the genetic variability of the species
for screening soybean resistant cultivars.

Although there have been advances in understanding the ge-
netic variation in C. truncatum infecting soybean and its impact on
disease management strategies, many gaps have not yet been filled.
Expanding the discrimination of genetic groups recently detected

and the estimation of recombination rates may provide a potent
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approach to elucidate the pathogen life history and to address fun-
damental questions about the evolution and demographic history of
this species (Rogério et al., 2019; Stukenbrock, 2016).

7 | GENOMICS AS A TOOL FOR
UNDERSTANDING PATHOGENICITY
FACTORS

Recent technological advances in next-generation sequencing and
computational tools have made it possible to sequence and analyse
whole genomes of many plant pathogens (Sant’Anna et al., 2010).
These technologies continue to advance rapidly, and costs have de-
clined to the point that it is becoming affordable to sequence ge-
nomes of many individuals within a species (Griinwald et al., 2016;
Raffaele & Kamoun, 2012). This genomic revolution provides a major
opportunity to connect the gaps between molecular biology, evolu-
tionary genetics, and epidemiology (Plissonneau et al., 2017), play-
ing a key role in plant disease management strategies (Klosterman
etal., 2016).

The availability of a large number of genetic markers distrib-
uted throughout the genome enables the refinement of molecular
variation investigations. The use of these markers provides fine-
grained resolution of genetic divergence, recombination, demog-
raphy, as well as evolutionary biology of pathogen populations,
enabling more robust inferences compared to studies based on a
limited number of genetic markers (Brumfield et al., 2003; Helyar
et al., 2011; Luikart et al., 2003). Population genomics analyses of
a large number of loci offer an excellent opportunity to determine
the genetic basis of many fungal phenotypes, including virulence
(Plissonneau et al., 2017; Sarrocco et al., 2020). Furthermore, tech-
niques such as genome-wide association studies (GWAS), quanti-
tative trait locus (QTL) mapping, and genome scans for signatures
of selection and selective sweeps are powerful tools to identify
genes involved in host-specific interactions of fungal pathogens
(Griinwald et al., 2016; Plissonneau et al., 2017).

To date, four Colletotrichum genomes isolated from soybean
plants with symptoms have been sequenced: C. truncatum (IMI
507125), C. plurivorum (IMIl 507127), C. musicola (IMl 507128),
and C. sojae (IMI 507126) (Rogério et al., 2020). Additionally,
the genome of two other strains of C. truncatum, MTCC 3114
and TYU, isolated from Capsicum annuum and Taxus cuspidata,
respectively, and a strain of C. chlorophyti (NTL11) from tomato
(Solanum lycopersicon) are currently available (Gan et al., 2017,
Rao & Nandineni, 2017; Rogério et al., 2020). A summary of the
genome assembly statistics is available in Table 2. The pathoge-
nicity of the four Colletotrichum spp. sequenced by Rogério et al.
(2020) to soybean fulfilled Koch's postulates on soybean. While
the other sequenced isolates (MTCC 3114, TYU, and NTL11) be-
long to species pathogenic to soybean, it was not confirmed if they
can infect soybean. The genome sequence data of Colletotrichum
species pathogenic to soybean currently available may greatly aid

our understanding of host-pathogen interactions besides offering
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a useful resource for further research in comparative genomics
and evolutionary studies of Colletotrichum.

Scanning the Colletotrichum genomes for identification of full
putative effector repertoires of the pathogen may be a useful tool
for soybean breeders in the development of new cultivars with du-
rable resistance against anthracnose (Barsoum et al., 2019; Lenman
et al.,, 2016; Oliver & Solomon, 2010; Prasad et al., 2019; Van de
Wouw & Idnurm, 2019). Although there is no breeding programme
aimed at screening resistance to soybean anthracnose so far, the
genomic resources now available may support the development of
future programmes. Additionally, genome resources can be used to
accelerate the development of diagnostic tools for plant pathogens
(Klosterman et al., 2016), impacting the application of more accurate
management strategies.

Advances in comparative genomics and population genomic
approaches open new perspectives to increase our understanding
of the molecular mechanisms underpinning the pathogenesis and
adaptive processes of these pathogens (Klosterman et al., 2016;
Stukenbrock & Bataillon, 2012). Mechanisms regarding C. truncatum
pathogenicity have been investigated to understand the factors in-
volved in the pathogenesis of different hosts (Auyong, 2015; Auyong
et al.,, 2012; Madden, 1997; Ranathunge et al., 2009). With the avail-
ability of genomic sequences for Colletotrichum species pathogenic
to soybean, new advances into pathogenic processes at the molecu-
lar level are possible, contributing to improving our knowledge in the
host-fungal interactions in the soybean-anthracnose pathosystem,
and thus developing effective and novel strategies to combat the

pathogens.

8 | CONCLUSIONS AND FUTURE
PERSPECTIVES

Knowing precisely the diversity of a pathogen is crucial from tax-
onomic, biological, and ecological standpoints. Indeed, patho-
gen identity has direct implications for disease management by
cultural or chemical strategies as well as for disease resistance
breeding programmes. Furthermore, an effective management of
new Colletotrichum species requires tools to discriminate between
emerging and established fungal populations associated with soy-
bean, aiming to detect the pathogens at the earliest point to monitor
and limit their spread.

C. truncatum has been considered the most important causal
agent of soybean anthracnose. However, our survey showed that at
least 12 Colletotrichum lineages are associated with soybean, with the
C. truncatum and C. orchidearum s.c. having the greatest impact and
the broadest worldwide distribution. Most of the information avail-
able on soybean anthracnose until now has been limited to C. trunca-
tum. Taking into account the numerous Colletotrichum species causing
the disease, there is a gap in the knowledge of epidemiology, world-
wide movement, distribution, identification, control measures, fungi-

cide efficiency, and genetic resistance for all of the species.
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In agreement with Vieira et al. (2020), more robust genomic
sampling is required to improve our understanding of relationships
among taxa in the genus Colletotrichum, and also our ability to dis-
tinguish species within s.c. Genome data is now available for several
Colletotrichum species associated with anthracnose in soybean, such
as C. truncatum, C. musicola, C. plurivorum, C. sojae, and C. chlorophyti
(Gan et al., 2017; Rao & Nandineni, 2017; Rogério et al., 2020), yet
a comprehensive phylogenomic study of the genus is still needed. A
population genomics approach and comparative genomics investi-
gations can be used to identify candidate genes involved in patho-
genicity, virulence (or aggressiveness), host specialization, fungicide
resistance, and adaptation to different environments with higher
precision, contributing to a better understanding of Colletotrichum
species dynamic in the agroecosystems.
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