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Abstract
Colletotrichum is one of the most important plant pathogenic genera that is responsible for numerous diseases which can 
have a profound impact on the agricultural sector. Species delineation is difficult due to a lack of distinctive phenotypic vari-
ation. Therefore, in this study three different genomic approaches based on phylogenetic, evolutionary and coalescent-based 
methods are applied to establish robust species boundaries. The reliability of five different DNA barcodes was also assessed to 
provide further insights into species delineation. The ITS region can resolve the placement of taxa up to the species complex 
level. The GAPDH and TUB2 markers are determined to be the most informative for most complexes. However, no single 
marker could discriminate between species in all complexes, therefore different molecular approaches based on multi-locus 
datasets are recommended. This is the first study to provide an estimated divergence time for all species complexes in Colle-
totrichum. The estimated divergence time for species complexes ranged between 4.8 to 32.2 MYA. Based on the high level 
of congruent results obtained from the different molecular approaches, a new species complex, the Colletotrichum agaves 
complex is introduced. This complex consists of five taxa which are characterised by the presence of straight or slightly 
curved conidia with obtuse apices. This study shows that coalescent approaches and multi-locus phylogeny are crucial to 
establish species boundaries in Colletotrichum. The taxonomic placement of three singleton taxa Colletotrichum axonopodi, 
C. cariniferi and C. parallelophorum is revised. We accept 248 species and provide recommendations regarding species 
boundaries in the graminicola–caudatum complex.

Keywords BEAST · General mixed yule coalescent method · Glomerellaceae · Multi-rate poisson tree process · 
Sordariomycetes · Taxonomy

Introduction

Colletotrichum was introduced by Corda (1831) with C. 
lineola as the type species and it is the only member of 
Glomerellaceae (Glomerellales, Sordariomycetes) (Maha-
rachchikumbura et  al. 2016; Hyde et  al. 2019, 2020b). 
Colletotrichum species are endophytes, pathogens and sap-
robes (Tao et al. 2013; Hyde et al. 2014; Jayawardena et al. 
2016a, b; Rashmi et al. 2019). As endophytes, they are one 
of the most widely distributed genera and can produce a 
range of secondary metabolites (Moraga et al. 2019). As 
plant pathogens, species can cause anthracnose and posthar-
vest fruit rots (Phoulivong et al. 2010), leading to yield loss 
especially in high-value crops worldwide. Some species are 
associated with a single host while others can infect multiple 
hosts, and this hinders effective disease management (da 
Silva et al. 2020). Colletotrichum species have also been 
known to cause human infections for example, C. dematium, 
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C. gloeosporioides and C. graminicola can cause Keratitis 
(Cano et al. 2004; Shivaprakash et al. 2011).

Accurate species delineation is vital especially among 
plant pathogenic genera and in studies focusing on bio-
diversity, conservation and evolution as well as for the 
establishment of quarantine measures. Morphology based 
delimitation of species is problematic due to overlapping 
morphological characters in asexual morphs and the lack 
of sexual morphs in this genus (Hyde et al. 2009; Cannon 
et al. 2012). The reliability of morphological characters 
is also biased due to variation in culture conditions such 
as the choice of synthetic media among different studies 
(Cai et al. 2009; Rojas et al. 2010; Weir et al. 2012; Doyle 
et al. 2013). The application of a standard medium such 
as potato dextrose agar (PDA) for morphological studies of 
Colletotrichum would minimize the phenotypic variability 
within isolates, thus potentially maximizing differences 
between species (Cannon et al. 2000). Several species have 
been wrongly named based only on their host’s specificity 
(Cannon et al. 2012). However, our understanding of host 
specificity in Colletotrichum is limited as most studies have 
mainly focused on economically important crops or orna-
mental crops (Cannon et al. 2012). Accurate DNA-based 
identification of species is also hindered due to the lack of 
ex-type or authenticated sequences (Cai et al. 2009).

There is also no agreement on the barcodes that should be 
used for species identification as different markers have been 
used in different studies. Up to 13 different markers have 
been used for species delineation in Colletotrichum which 
is impractical in terms of time and cost (Damm et al. 2012a; 
Weir et al. 2012; Hyde et al. 2013; Crouch et al. 2014; Liu 
et al. 2016). Many of these markers provide little resolu-
tion for species delineation as the phylogenetic significance 
of a marker varies among complexes (Hyde et al. 2013). 
Over 900 epithets are listed in Index Fungorum (2020) 
under Colletotrichum, which comprises 247 accepted spe-
cies (Jayawardena et al. 2020). The majority of the species 
are grouped into 14 species complexes namely acutatum, 
boninense, caudatum, dematium, destructivum, dracaeno-
philum, gigasporum, gloeosporioides, graminicola, mag-
num, orbiculare, orchidearum, spaethianum and truncatum 
(Jayawardena et al. 2016a; Marin-Felix et al. 2017; Damm 
et al. 2019). Cai et al. (2009) recommended a polyphasic 
approach including multi-loci sequence analyses, analyses 
of ecological, geographical and morphological data for bet-
ter taxonomic resolution for this genus, however such poly-
phasic approaches can be difficult to apply. The identifica-
tion of cryptic species based on the phylogenetic species 
concept can lead to an artificial increase in the number of 
taxa in a group. Therefore, advances in coalescent methods 
could represent a new approach for species delineation for 
cryptic species as they can provide insights in divergence 
and evolutionary relationships among species. Coalescent 

methods can be based on a maximum likelihood or Bayesian 
function whereby species delimitation models are evaluated 
differently (Fujita et al. 2012). In the maximum likelihood 
approach, point estimates are used for the genealogies at 
each locus and for the population. The Bayesian approach 
incorporates genealogical uncertainty by estimating gene 
trees directly from sequence data for each locus.

Coalescent based methods have been commonly used for 
species delineation in the plant and animal kingdom, but 
rarely in fungal research. Coalescent based methods such as 
the multi-rate Poisson tree processes (mPTP) and the gen-
eral mixed Yule-coalescent method (GMYC) were designed 
for single-locus analysis, but have successfully been applied 
to concatenated multi-locus datasets (Arrigoni et al. 2016; 
Nieto-Montes de Oca et al. 2017; Renner et al. 2017). These 
approaches can incorporate the process of lineage sorting 
and the presence of incongruent genomic regions into phy-
logenetic estimation procedures (Carstens and Knowles 
2007). Coalescent based method computes the likelihood 
of a species tree from the probabilities of the individual 
gene trees which can be used to investigate causes of gene 
trees discordance (Liu et al. 2016). The species boundaries 
detected by coalescent based methods are considered as ini-
tial hypotheses and should therefore be validated using find-
ings from for example the phylogenetic species concept. The 
GMYC method is based on the assumption that independent 
evolution leads to the appearance of distinct genetic clus-
ters which are separated by longer internal branches (Barra-
clough et al. 2003). It delimits these clusters by finding the 
maximum likelihood solution for a model that combines 
diversification between species (based on a Yule model) 
and genealogical branching within species. The advantage 
of the GMYC framework is that it allows for statistical 
inference and hypothesis testing across the entire sampled 
clade (Fujisawa and Barraclough 2013). The advantage of 
the mPTP method is that it incorporates different levels of 
intraspecific genetic diversity derived from differences in 
the evolutionary history or sampling of each species (Kapli 
et al. 2017). We therefore aim to elucidate species and spe-
cies complex boundaries within Colletotrichum by using 
phylogenetic analyses, evolutionary analyses coupled with 
coalescent-based methods including mPTP and GMYC as 
well as determine the phylogenetic significance of five dif-
ferent DNA barcodes for species delineation.

Materials and methods

Taxon sampling

The type species included in Jayawardena et  al. (2020) 
are used as the starting point for this study. The dataset 
includes the genes actin (ACT ), β-tubulin2 (TUB2), chitin 
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synthase (CHS-1), glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), and the internal transcribed spacers (ITS) 
region of all the species that have been published until June 
2020 (Table S1). These DNA regions were selected based on 
their previously reported usefulness and wider availability 
of genomic data in GenBank.

Phylogenetic analyses

Phylogenetic analyses were performed using seven datasets: 
(1) single genes (ACT , CHS-1, GAPDH, ITS, TUB2), (2) 
multi-locus dataset, (3) a larger dataset. The multi-locus 
dataset included only the type species and the larger dataset 
included up to two strains for each of the type species. The 
selected strains were from different geographic locations and 
different hosts. The sequences were aligned by MAFFT v. 
7.036 (https ://mafft .cbrc.jp/align ment/serve r/) using default 
settings. The alignments were manually improved using 
BioEdit v. 7.0.5.2 (Hall 1999) and AliView v. 1.26 (Larsson 
2014).

Maximum likelihood, maximum parsimony and Bayesian 
inference methods were used for the phylogenetic recon-
structions of the multi-locus and individual genes. Maxi-
mum likelihood analyses were performed by running 1000 
pseudoreplicates using RAxML-HPC2 on XSEDE (8.2.8) 
(Stamatakis 2014) in the CIPRES Science Gateway platform 
(Miller et al. 2017). Maximum parsimony analyses were 
conducted using PAUP v.4.0b 10 (Swofford 2002) using 
the heuristic search option with 1000 bootstrap replicates. 
The Tree Length (TL), Consistency Indices (CI), Retention 
Indices (RI), Rescaled Consistency Indices (RC) and Homo-
plasy Index (HI) were calculated. The best-fitting substitu-
tion models were determined by jModelTest version 2.1.10 
(Darriba et al. 2012). Bayesian inference analyses were 
conducted using MrBayes v. 3.2.2 (Ronquist et al. 2003). 
Six simultaneous Markov chains were run for 50,000,000 
generations and trees were sampled every 1000th generation. 
The suitable burn-in phases were determined using Tracer 
version 1.7 (Rambaut et al. 2018) and were discarded. The 
remaining trees were used to calculate posterior probabilities 
in the majority rule consensus tree. FigTree v. 1.4 was used 
to view the resulting trees (Rambaut 2014) and the final 
layout was done with Adobe Illustrator CS v. 22.1 (Adobe 
Systems, USA).

Divergence time estimation

Divergence times were estimated in BEAST 2.6.2 (Bouck-
aert et al. 2019) based on the best fitting substitution models 
used for phylogenetic analyses. The dataset (ITS, GAPDH, 
CHS-1, ACT  and TUB2) was partitioned and the XML file 
was prepared in BEAUTI 2.6.2. An uncorrelated relaxed 
clock model with lognormal distribution was used for the 

fossil analysis. A Yule speciation process birth rate was used 
for the tree prior. The fossil Protocolletotrichum deccanensis 
represents an ancient lineage of extant Colletotrichum and 
it was used to constrain the common ancestor of Colletotri-
chum to the minimum age of 61 million years ago (MYA) 
(Kar et al. 2004; Hacquard et al. 2016; Samarakoon 2019). 
The analysis was carried out for 200 million generations and 
trees were sampled every 10,000th generations. The out-
put was visualized in Tracer version 1.7 to ensure an effec-
tive sample size (ESS) greater than 200 (Drummond et al. 
2012). Five independent analyses were performed to ensure 
congruence. The first 10% of the generated trees represent-
ing the burn-in phase were discarded. The remaining trees 
were combined using LogCombiner 2.6.2, summarized in 
TreeAnnotator 2.6.2 (BEAST packages) and visualized with 
FigTree v.1.4.0.

Multi‑rate Poisson tree processes

The multi-rate Poisson tree processes (mPTP) incorporates 
different levels of intraspecific genetic divergences for each 
species (Kapli et al. 2017). The RAxML tree was used as 
the input file as this approach takes in a binary phylogenetic 
tree. The phylogenetic tree was rooted in mPTP v. 0.2.4 at 
Monilochaetes camelliae (BRIP 24607) and Monilochaetes 
infuscans (CBS 869.96) as the outgroup taxa.

The general mixed Yule‑coalescent method

The GMYC method uses a likelihood approach, which is 
a combination of the neutral coalescent theory with Yule 
speciation model (Fujisawa and Barraclough 2013). It aims 
to detect shifts in branching rates between intra- and inter-
specific relationships by comparing two models, the null 
and GMYC models. Under the null model, all the individu-
als belong to a single species or population (Fujisawa and 
Barraclough 2013). In the GMYC model, a Yule speciation 
and extinction model is applied whereas a coalescent pro-
cess is applied to intraspecific relationships (Parnmen et al. 
2012). If the GMYC model fits the data significantly better 
than the null model, the threshold can be used to estimate the 
number of species. The GMYC approach takes in an ultra-
metric and bifurcating tree file. The input tree was prepared 
from the output tree from the BEAST analysis with TreeAn-
notator 2.6.2 using the maximum clade credibility method. 
The GMYC analyses were performed in R (R Core Team 
2017) using the splits package v. 1.0-19 (Ezard et al. 2015). 
The analyses were performed using the single and multiple-
threshold method. In the single threshold method, a single 
transition model is applied which assumes that all species 
have the same coalescent branching rate whereas in the mul-
tiple-threshold method variable transition is applied from 
coalescent to speciation across different clades (Monaghan 

https://mafft.cbrc.jp/alignment/server/
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C. musae CBS 116870
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C. camelliae CGMCC 3.14925

C. condaoense CBS 134299

C. asianum ICMP 18580

C. jasminigenum CGMCC LLTX-01

C. jiangxiense CGMCC 3.17363

C. citricola CBS 134228

C. clidemiae ICMP 18658

C. arecicola CGMCC 3.19667
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C. proteae CBS 132882
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C. cordylinicola MFLUCC 09-0551
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CORCG6
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C. endophytica MFLUCC 13-0418
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C. chrysophillum URM7368
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C. artocarpicola MFLUCC 18-1167

C. aenigma ICMP 18608

C. grossum CAUG7 

C. queenslandicum ICMP 1778

C. curcumae IMI 288937

C. yulongense CFCC 50818

C. viniferum GZAAS5.08601

C. dacrycarpi CBS 130241

C. parsonsiae CBS 128525
C. brasiliense CBS 128501

C. xanthorrhoeae BRIP 45094

C. kahawae IMI 319418

C. oncidii CBS 129828

C. truncatum CBS 151.35

C. novae-zelandiae CBS 128505

C. doitungense MFLUCC 14-0128

C. hebeiense MFLUCC13-0726

C. camelliae-japonicae CGMCC 3.18118

C. salsolae ICMP 19051

Gloeosporioides complex 

Truncatum complex 

Boninense complex  

mPTP GMYC

MP/ML/BYPP

85/94/0.99

83/92/1

75/80/0.99

87/83/0.99

97/98/1

100/100/0.99

98/99/1

94/94/1

60/66/0.95

63/-/0.92

100/100/1

93/93/1

100/91/-

100/100/1

69/83/0.99
100/99/1

-/77/1

100/100/1

93/100/185/100/1

76/76/1
100/100/1

96/99/1

100/100/1

97/99/1

94/90/0.99

94/95/1

100/100/1
96/100/1

93/98/1

77/82/1

76/86/0.99

99/99/1

96/95/1

100/100/1

82/92/0.99

64/65/0.98

-/73/0.96

-/71/0.99

-/75/-

-/62/0.96

68/100/1

-/99/1

63/80/1

-/71/0.99

96/77/0.99

C. hystricis 

C. karstii 

C. hippeastri 
C. constrictum 

Gloeosporioides complex 

Truncatum complex 

Boninense complex  

Agaves complex   
Orchidearum complex    
Magnum complex     

Orbiculare complex      
Gigasporum complex       

Dracaenophilum complex        
Graminicola-caudatum complex         
Spaethianum complex          
Destructivum complex           
Dematium complex            

Acutatum complex             

Fig. 1  One of the most parsimonious tree generated by maximum 
parsimony analysis of combined ITS, GAPDH, CHS-1, ACT  and 
TUB2 dataset of Colletotrichum type sequences. RAxML bootstrap 
support and maximum parsimony values ≥ 60% (BT) as well as 
Bayesian posterior probabilities ≥ 0.90 (BYPP) are shown respec-
tively near the nodes. The ex-type strains are in bold and the scale bar 

indicates 80 changes. The tree is rooted with Monilochaetes camel-
liae (BRIP 24607) and Monilochaetes infuscans (CBS 869.96). The 
columns present the results of mPTP and GMYC based on the type 
sequences. The figure in the upper left corner represents the place-
ment of all the complexes based on the maximum parsimony analysis. 
Each complex is represented by a different colour
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C. vietnamense  CBS 125478

C. lindemuthianum CBS 144.31
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C. magnum CBS 519.97

C. merremiae CBS 124955
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C. navitas CBS 125086

C. metake NBRC 8974

C. gigasporum CBS 133266

C. bletillum CGMCC 3.15117
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C. endophytum CGMCC 3.15108 

C. sublineola CBS 131301

C. orchidearum CBS 135131

C. cattleyicola CBS 170.49

C. cereale CBS 129663

C. lobatum IMI 79736

C. hanaui MAFF 305404

C. cacao CBS 119297

C. nicholsonii MAFF 511115

C. axonopodi IMI 279189

C. eleusines MAFF 511155

C. magnisporum CBS 398.84

C. coelogynes CBS 132504

C. cariniferi MFLUCC 14-0100

C. excelsum-altitudinum CGMCC 3.15130

C. spaethianum CBS 167.49

C. baltimorense BPI892771

C. plurivorum CBS 125474

C. sojae ATCC 62257

C. neosansevieriae CPC 25127

C. caudatum CBS 131602

C. miscanthi MAFF 510857

C. hsienjenchang MAFF 243051

C. somersetense CBS 131599

C. guizhouensis CGMCC 3.15112

C. pseudomajus CBS 571.88 

C. graminicola  M 1.001

C. tongrenense GZU TRJ1-37/GMBC0209

C. echinochloae  MAFF 511473
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CBS 134725

C. vittalense CBS 181.82

C. alcornii IMI176619

C. yunnanense CBS 132135

C. chiangraiense MFLUCC 14-0119

C. verruculosum IMI 45525

C. jishouense GMBC0209

C. piperis IMI 71397
C. brevisporum BCC 38876
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Fig. 1  (continued)
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et al. 2009). All the analyses in this study (divergence time 
estimation, mPTP and GMYC) were repeated using the 
larger dataset.

Results

Phylogenetic analyses

The ITS dataset consisted of 250 taxa with 322/635 con-
served sites, 289/635 variable sites and 212/635 were par-
simony informative. The parsimony analysis of the dataset 
yielded one most parsimonious tree out of 1000 (CI = 0.375, 
RI = 0.882, RC = 0.331, HI = 0.625, Tree Length = 1260). 
The best scoring RAxML tree had a final likelihood value 
of -7658.697005. The general time reversible (GTR) model 
with a discrete gamma distribution plus invariant site 
(GTR + I + G) substitution model was implemented in the 
Bayesian analysis of the ITS dataset. The GAPDH dataset 
consisted of 217 taxa with 52/461 conserved sites, 382/461 
variable sites and 317/461 were parsimony informative. The 
parsimony analysis of the dataset yielded one most parsimo-
nious tree out of 1000 (CI = 0.314, RI = 0.858, RC = 0.270, 
HI = 0.686, Tree Length = 2723). The best scoring RAxML 
tree had a final likelihood value of − 12,518.203342. The 
Hasegawa–Kishino–Yano (HKY) model with a discrete 
gamma distribution plus invariant site (HKY + I + G) sub-
stitution model was implemented in the Bayesian analysis 
of the GAPDH dataset. The TUB2 dataset consisted of 235 
taxa with 195/619 conserved sites, 365/619 variable sites 
and 307/619 were parsimony informative. The parsimony 
analysis of the dataset yielded one most parsimonious tree 
out of 1000 (CI = 0.268, RI = 0.856, RC = 0.230, HI = 0.732, 
Tree Length = 2857). The best scoring RAxML tree had a 
final likelihood value of − 14,703.137100. A HKY + I + G 
model was implemented in the Bayesian analysis of the 
TUB2 dataset. The CHS-1 dataset consisted of 201 taxa 
with 155/282 conserved sites, 127/282 variable sites and 
100/282 were parsimony informative. The parsimony analy-
sis of the dataset yielded one most parsimonious tree out 
of 1000 (CI = 0.228, RI = 0.813, RC = 0.186, HI = 0.772, 
Tree Length = 871). The best scoring RAxML tree had a 
final likelihood value of − 4786.387059. A GTR + I + G 
model was implemented in the Bayesian analysis of the 
CHS-1 dataset. The ACT  dataset consisted of 232 taxa with 
72/340 conserved sites, 248/340 variable sites and 206/340 
were parsimony informative. The parsimony analysis 
of the dataset yielded one most parsimonious tree out of 
1000 (CI = 0.319, RI = 0.862, RC = 0.275, HI = 0.681, Tree 
Length = 1594). The best scoring RAxML tree had a final 
likelihood value of − 8269.293999. A GTR + I + G model 
was implemented in the Bayesian analysis of the ACT  
dataset.

The multi-locus dataset (ITS, GAPDH, CHS-1, ACT  and 
TUB2) consisted of 250 taxa with 796/2337 conserved sites, 
1411/2337 variable sites and 1142/2337 were parsimony 
informative. The parsimony analysis of the dataset yielded 
one most parsimonious tree (Fig. 1) out of 1000 (CI = 0.282, 
RI = 0.844, RC = 0.238, HI = 0.718, Tree Length = 9953). 
The best scoring RAxML tree had a final likelihood value 
of − 52,302.678794. With some exceptions, all three phy-
logenetic approaches resulted in similar tree topology and 
major clades based on the multi-locus dataset. The gigaspo-
rum and dracaenophilum complexes formed a sister clade to 
the gloeosporioides/truncatum and agaves/boninense com-
plexes in the Bayesian Inference analysis (0.99 BYPP). In 
the maximum parsimony and maximum likelihood analysis, 
the dracaenophilum and gigasporum complexes are closely 
related to the orbiculare/orchidearum/magnum complexes 
(> 70% BT). Two taxa from the graminicola complex (C. 
endophytum and C. falcatum) clustered together with strong 
support (1.00 BYPP), forming a basal clade to the caudatum 
complex in the Bayesian Inference analysis. The singleton 
C. hsienjenchang clustered with the singleton C. metake at 
the basal lineage of the graminicola complex in the maxi-
mum likelihood and Bayesian Inference analysis (68% 
MLBT/0.81 BYPP). In the maximum parsimony analysis, 
C. metake formed a sister taxon to the graminicola complex 
with low support (< 50% BT) and C. hsienjenchang formed 
a sister taxon to the spaethianum complex with low sup-
port (< 50% BT). The caudatum complex formed an inner 
clade in the graminicola complex based on all three phy-
logenetic analyses (98% MLBT/84% MPBT/1.00 BYPP). 
Five singleton taxa C. agaves, C. euphorbiae, C. ledebou-
riae, C. neosansevieriae and C. sansevieriae formed a new 
complex in the maximum parsimony, maximum likelihood 
and the Bayesian inference analyses with strong support 
(100% MLBT/100% MPBT/1.00 BYPP). These species 
formed a sister clade to the boninense complex in all the 
phylogenetic analyses. The singleton C. parallelophorum 
(MFLUCC 14-0083) formed a sister taxon to C. coelogynes 
in the dracaenophilum complex with strong support (100% 
MLBT/100% MPBT/1.00 BYPP). The singleton C. carin-
iferi (MFLUCC 14-0100) clustered in the dracaenophilum 
complex, forming a basal clade to C. parallelophorum and 
C. coelogynes (80% MLBT/52% MPBT/0.99 BYPP). The 
singleton C. axonopodi (IMI279189) formed a sister taxon 
to C. hanaui in the graminicola complex with strong support 
(100% MLBT/63% MPBT/0.94 BYPP).

The phylogenetic trees from the single genes were com-
pared to the phylogenetic tree from the multi-locus dataset 
in terms of topology and support for species relationships. 
The ITS dataset resolved the placement of all the taxa up 
to complex level, except C. cereale and C. orchidis which 
clustered in the spaethianum and destructivum complexes 
respectively (Fig. S2). The caudatum complex formed an 
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Fig. 2  Maximum clade credibility tree with divergence time estimates 
using BEAST. The divergence time are shown in million years and 
the numbers at the nodes indicate posterior probabilities (BYPP) for 
node support. Bars correspond to the 95% highest posterior density 
(HPD) intervals. The figure in the upper left corner represents the 

placement of all the complexes based on the maximum clade cred-
ibility tree and the estimated crown ages for all the complexes are 
shown in MYA. Each complex is represented by a different colour. 
Geological time scales are given at the base, together with scale in 
MYA (Cohen et al. 2013)
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inner clade in the graminicola complex based on all three 
phylogenetic analyses of the ITS region (90% MLBT/83% 
MPBT/1.00 BYPP). The truncatum complex formed a sis-
ter clade to the boninense complex in the ITS dataset (95% 
MLBT/97% MPBT/1.00 BYPP) whereas the truncatum com-
plex formed a sister clade to the gloeosporioides complex 

in the multi-locus dataset (100% MLBT/85% MPBT/1.00 
BYPP). Based on the phylogenetic tree derived from the ITS 
dataset, the dracaenophilum complex is closely related to the 
gigasporum complex in the maximum parsimony and the 
Bayesian inference analyses (1.00 BYPP) whereas it forms 
a sister clade to the orchidearum/magnum complexes in the 
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maximum likelihood analysis (56% MLBT). A new complex 
with five taxa C. agaves, C. euphorbiae, C. ledebouriae, 
C. neosansevieriae and C. sansevieriae was formed in the 
maximum parsimony, maximum likelihood and the Bayes-
ian inference analyses based on the ITS dataset with strong 
support (100% MLBT/99% MPBT/1.00 BYPP). Colletotri-
chum axonopodi formed a sister taxon to C. hanaui in the 
graminicola complex based on the phylogenetic tree derived 
from the ITS dataset (99% MLBT/72% MPBT/0.97 BYPP). 
Colletotrichum parallelophorum formed a sister taxon to C. 
cariniferi in the dracaenophilum complex with strong sup-
port only in the maximum likelihood analysis based on the 
ITS dataset (93% MLBT). The single marker GAPDH and 
TUB2 recovered the highest number of species in the acu-
tatum, boninense, dematium, destructivum, dracaenophilum, 
magnum and spaethianum complexes as monophyletic with 
strong support (≥ 70% BT/ ≥ 0.90 BYPP). The TUB2 gene 
was the most informative in the gloeosporioides, gramini-
cola and orchidearum complexes whereas GAPDH was the 
most informative in the gigasporum, orbiculare and trunca-
tum complexes. The ACT  gene was the next best marker in 
the graminicola and spaethianum complexes. The GAPDH, 
ACT  and TUB2 markers were all equally effective in species 
recognition in the caudatum and agaves complex.

Coalescent‑based species delimitation methods

The mPTP method recovered 26 entities in the multi-locus 
dataset (Fig. 1). The acutatum, gigasporum, gloeospori-
oides, magnum, orbiculare, orchidearum and truncatum 
complexes were each recovered as distinct taxonomic enti-
ties. Colletotrichum axonopodi, C. hsienjenchang, C. metake 
as well as all the species from the caudatum, graminicola, 
and spaethianum complexes were recovered as conspecific. 

The remaining complexes were split into several entities 
(boninense into 2 entities; dematium 2; destructivum 2; 
dracaenophilum into 3 entities). C. agaves, C. euphorbiae, 
C. ledebouriae, C. neosansevieriae and Colletotrichum san-
sevieriae were all recovered as one entity. The singleton C. 
coelogynes and C. parallelophorum from the dracaenophi-
lum complex were recovered as conspecific.

The GMYC approach detected 97 entities based on the 
multi-locus dataset in the single and multiple threshold 
method (Fig. 1 and Fig. S3). The GMYC model provided 
a better fit to the ultra-metric tree based on the likelihoods 
for the null  (L0) and GMYC  (LGMYC) models (single thresh-
old:  L0: 396.29,  LGMYC: 403.0176, likelihood ratio (LR): 
13.4552; multiple threshold:  L0: 396.29,  LGMYC: 409.6819, 
LR: 26.78377). All the singletons were recovered as con-
specific with few exceptions as detailed in Fig. 1. Colletotri-
chum axonopodi and all the species from the graminicola 
complex were recovered as one taxonomic unit. Colletotri-
chum parallelophorum and all species from the dracaeno-
philum complex were recovered as conspecific. Both the 
magnum and orchidearum complexes were divided into two 
distinct entities. The remaining complexes were divided into 
several entities (acutatum into 6 entities; boninense 10; cau-
datum 3; destructivum 6; dracaenophilum 4; dematium 6; 
gigasporum 9; gloeosporioides 9; graminicola 12; orbiculare 
3; spaethianum 5; truncatum complex into 5 entities). Colle-
totrichum ledebouriae and C. sansevieriae were recovered 
as conspecific.

Divergence time estimation

The topology of the maximum clade credibility (MCC) tree 
from the BEAST analysis (Fig. 2) was generally congruent 

Table 1  Estimated crown and 
stem ages for all the complexes 
based on multi-locus and larger 
dataset. The median and the 
95% Highest Posterior Density 
are provided in MYA

Complexes Multi-locus dataset Larger dataset

Crown age Stem age Crown age Stem age

Acutatum 9 (7.7–10.3) 15.4 (13.4–17.6) 9.3 (8–10.7) 16.1 (13.7–18.7)
Agaves 9.1 (7.3–10.9) 33.3 (29.6–37) 9.5 (7.7–11.5) 34.5 (31–38.2)
Boninense 19.2 (16.8–21.6) 33.3 (29.6–37) 19.1 (16.9–21.5) 34.5 (31–38.2)
Graminicola-caudatum 18.6 (16.5–20.8) 23.3 (21–25.8) 18 (16.1–20.1) 23 (20.7–25.1)
Dematium 32.2 (28.2–36) 41.3 (38–44.6) 28 (24.2–32.8) 34.6 (31.1–38.6)
Destructivum 13.9 (11.7–16) 29.5 (26.7–32.4) 13.4 (11.4–15.6) 30 (27.1–33.2)
Dracaenophilum 21 (18.3–24.8) 39.1 (34.7–43.3) 21.4 (18.8–24.3) 35.5 (31.5–39.3)
Gigasporum 21.1 (16.4–25.3) 39.1 (34.7–43.3) 20.6 (17.12–24) 35.5 (31.5–39.3)
Gloeosporioides 9.9 (8.6–11) 31.7 (27.9–35.3) 10.25 (9–11.7) 36.1 (32.1–40.5)
Magnum 6.2 (5–7.3) 14.8 (12.7–17) 5.8 (4.7–7) 14.1 (12–16.1)
Orbiculare 6.9 (5.6–8.3) 55.8 (50.5–60.9) 6.7 (5.4–8.1) 48.8 (42.7–58)
Orchidearum 4.8 (3.8–5.9) 14.8 (12.7–17) 5.3 (4.3–6.6) 14.1 (12–16.1)
Spaethianum 15.3 (13–17.6) 17.5 (14.9–20.5) 16 (13.7–18.4) 20.7 (18.1–23.4)
Truncatum 22.9 (20–25.7) 38.2 (34.5–41.6) 23.7 (20.8–26.7) 40.6 (37.1–44)
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with the result from the maximum likelihood, maximum 
parsimony and Bayesian inference analysis with some 
exceptions. The dracaenophilum and gigasporum com-
plexes formed a sister clade to the agaves/boninense and 
gloeosporioides/truncatum complexes similar to the Bayes-
ian Inference analysis (0.98 BYPP). Three species from the 
graminicola complex C. eleusines, C. endophytum and C. 
falcatum formed a basal clade to the caudatum complex. The 
caudatum complex formed an inner clade in the graminicola 
complex. Colletotrichum axonopodi formed a sister taxon to 
C. hanaui in the graminicola complex with strong posterior 
probability (0.99 BYPP). Colletotrichum parallelophorum 
formed a sister taxon to C. coelogynes in the dracaenophi-
lum complex with strong posterior probability (1.00 BYPP). 
Colletotrichum cariniferi clustered in the dracaenophilum 
complex, forming a basal clade to C. parallelophorum and 
C. coelogynes (0.93 BYPP).

The crown age of the acutatum complex at 9 MYA, 
boninense, complex at 19.2 MYA, caudatum complex was 
estimated at 9.5  MYA, dematium complex at 32.2 MYA, 
destructivum complex at 13.9 MYA, dracaenophilum com-
plex at 21 MYA, gigasporum complex at 21.1 MYA, gloe-
osporioides complex at 9.9 MYA, magnum complex at 6.2 
MYA, orbiculare complex at 6.9 MYA, orchidearum com-
plex at 4.8 MYA, spaethianum complex at 15.3 MYA and 
the truncatum complex at 22.9 MYA (Table 1). Colletotri-
chum agaves, C. euphorbiae, C. ledebouriae, C. neosanse-
vieriae and C. sansevieriae formed a separate complex with 
a crown age of 9.1 MYA. The stem age of this complex and 
the boninense complex was estimated at 33.3 MYA. The 
caudatum and graminicola complex (including the single-
ton C. axonopodi) diverged at 18.6 MYA. The stem age of 
the gigasporum and dracaenophilum complex (including the 
singleton C. parallelophorum and C. cariniferi) was esti-
mated at 39.1 MYA. The orchidearum and magnum complex 
diverged at 14.8 MYA. The orbiculare complex diverged 
from the orchidearum and magnum complex at 55.9 MYA.

Larger dataset results

The larger concatenated dataset consisted of 555 taxa and 
sequences which did not cluster with their respective types 
based on all three phylogenetic analyses were removed. 
The final dataset consisted of 512 taxa with 824/2289 con-
served sites, 1409/2289 variable sites and 1232/2289 were 
parsimony informative. The parsimony analysis of the 
dataset yielded one most parsimonious tree (Fig. S4) out 
of 1000 (CI = 0.273, RI = 0.920, RC = 0.251, HI = 0.727, 
Tree Length = 10,334). The best scoring RAxML tree had a 
final likelihood value of -55,865.238686. With few excep-
tions, all three phylogenetic analyses based on the larger 
dataset resulted in clades with similar topology. The trun-
catum complex formed a sister clade to the gloeosporioides 

complex in the maximum likelihood analysis and Bayesian 
Inference analysis (99% MLBT/1.00 BYPP), but it formed 
a sister clade to the boninense and new species complex in 
the maximum parsimony analysis (87% MPBT).

Phylogenetic trees derived from the larger dataset was 
similar to that from the multi-locus datasets, except for the 
gigasporum and dracaenophilum complexes, as well as for 
few taxa from the graminicola complex. In the maximum 
parsimony analysis, C. hainanense formed a basal clade to 
the caudatum complex (100% MPBT). In the maximum like-
lihood analysis and Bayesian Inference analysis, C. eremoch-
loae and C. sublineola formed a basal clade to the caudatum 
complex (100% MLBT/1.00 BYPP). The taxonomic place-
ment of the gigasporum and dracaenophilum complexes did 
not differ in the different phylogenetic analyses based on 
the larger dataset. Colletotrichum hsienjenchang clustered 
with C. metake in the maximum likelihood and the Bayesian 
inference analyses (51% MLBT/0.70 BYPP). In the maxi-
mum parsimony analysis, C. metake formed a sister taxon 
to the graminicola complex with low support and C. hsien-
jenchang formed a sister taxon to the spaethianum complex 
with low support. The caudatum complex formed an inner 
clade in the graminicola complex based on all phylogenetic 
analyses of the larger dataset (100% MLBT/87% MPBT/1.00 
BYPP). Colletotrichum agaves, C. euphorbiae, C. ledebou-
riae, C. neosansevieriae and C. sansevieriae formed a new 
complex in the maximum parsimony, maximum likelihood 
and the Bayesian inference analyses with strong support 
(100% MLBT/100% MPBT/1.00 BYPP). This complex 
formed a sister clade to the boninense complex in all phylo-
genetic analyses. Colletotrichum parallelophorum formed a 
sister taxon to C. coelogynes species in the dracaenophilum 
complex (100% MLBT/100% MPBT/1.00 BYPP). Colle-
totrichum cariniferi clustered in the dracaenophilum com-
plex with strong support in the Bayesian inference analysis, 
forming a basal clade to C. parallelophorum and C. coelogy-
nes (58% MLBT/0.98 BYPP) whereas C. axonopodi formed 
a sister taxon to C. hanaui in the graminicola complex in all 
phylogenetic analyses (81% MLBT/0.86 BYPP).

The mPTP method delineated a higher number of enti-
ties (58 entities) in the larger dataset (Fig. 3) compared to 
the multi-locus dataset. Compared to the multi-locus data-
set, mPTP did not recover C. hsienjenchang, C. metake 
and the spaethianum complex as part of the caudatum and 
graminicola complexes in the larger dataset. In the larger 
dataset, C. coelogynes was not recovered as part of the dra-
caenophilum complex as compared to the multi-locus data-
set. All the species in the gigasporum, magnum, orbicu-
lare and orchidearum complexes were identified as distinct 
entities. The remaining complexes were divided into sev-
eral entities (acutatum complex into 3 entities; boninense 
8; dematium 2; destructivum 5; dracaenophilum 4; gloe-
osporioides 8; spaethianum 6; truncatum into 5). All the 
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species from the caudatum and graminicola complexes 
including C. axonopodi were recovered as conspecific. 
Colletotrichum agaves, C. euphorbiae, C. ledebouriae, 

C. neosansevieriae and C. sansevieriae were identified as 
one taxonomic unit in the larger dataset. Colletotrichum 

Fig. 3  Maximum clade cred-
ibility tree of the larger dataset 
with divergence time estimates 
using BEAST. The node repre-
sents the calibration point and 
the divergence time are shown 
in million years. Numbers at 
the nodes indicate posterior 
probabilities (BYPP) for node 
support. Bars correspond to the 
95% highest posterior density 
(HPD) intervals. Each complex 
is represented by a different 
colour and the number of taxa 
(including the type taxa) in 
each complex is indicated. The 
columns present the results of 
mPTP and GMYC based on the 
larger dataset. Geological time 
scales are given at the base, 
together with scale in MYA 
(Cohen et al. 2013)
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parallelophorum along with the dracaenophilum complex 
were recovered as conspecific.

The GMYC method detected 279 entities in the larger 
dataset with the single and multiple threshold method (Fig. 3 
and Fig. S5), which is over twice the number of entities 
detected in the multi-locus dataset. In the larger dataset, 
C. axonopodi was not recovered as part of the graminicola 
complex and C. parallelophorum was not recovered as 
part of the dracaenophilum complex. In the larger dataset, 
the GMYC model provided a better fit to the ultra-metric 
tree based on the likelihoods for the null  (L0) and GMYC 
 (LGMYC) models (single threshold:  L0: 1676.793,  LGMYC: 
1688.774, likelihood ratio (LR): 23.96139; multiple thresh-
old:  L0: 1676.793,  LGMYC: 1707.259, LR: 60.93233). All the 
complexes were divided into several entities (acutatum into 
41 entities; agaves 5; boninense 28; caudatum 10; dematium 
17; destructivum 14; dracaenophilum 7; gigasporum 12; 
gloeosporioides 58; graminicola 24; magnum 9; orbiculare 
5; orchidearum 13; spaethianum 9; truncatum into 5 enti-
ties). All the singleton species were recovered as conspecific.

The maximum clade credibility tree (MCC) tree based on 
the larger dataset resulted in similar estimated crown ages as 
the MCC tree for the multi-locus dataset of type species with 
the exception of the truncatum complex and few taxa from 
the graminicola complex. In the larger dataset, the trunca-
tum complex formed a sister clade to the agaves/boninense 
complexes (1.00 BYPP) and the taxa from the graminicola 
complex (C. endophytum, C. eremochloae, C. falcatum 
and C. sublineola) formed a basal clade to the caudatum 
complex. The topology of the maximum clade credibility 
(MCC) tree from the BEAST analysis of the larger dataset 
(Fig. 3) was generally congruent with the result from the 
maximum likelihood, maximum parsimony and Bayesian 
inference analysis with some exceptions. The gigasporum 
and dracaenophilum complexes formed a sister clade to 
the gloeosporioides and boninense/sansevieriae/truncatum 
complexes in the MCC tree (0.99 BYPP). The caudatum 
complex formed an inner clade in the graminicola complex 
in the MCC tree. Three singleton taxa clustered in species 
complexes based on the MCC tree. Colletotrichum paral-
lelophorum formed a sister taxon to C. coelogynes species 
in the dracaenophilum complex with strong posterior prob-
ability (1.00 BYPP). Colletotrichum cariniferi clustered in 
the dracaenophilum complex with strong support, forming a 
basal clade to C. parallelophorum and C. coelogynes (1.00 
BYPP) and C. axonopodi formed a sister taxon to C. hanaui 
in the graminicola complex (0.90 BYPP).

The estimated crown age based on the larger dataset 
was similar to the multi-locus dataset (Table 1). The crown 
age of the acutatum complex was estimated at 9.3 MYA, 
boninense complex at 19.1 MYA, caudatum complex at 5.8 
MYA, dematium complex at 28 MYA, destructivum com-
plex at 13.4 MYA, dracaenophilum complex at 21.4 MYA, 

gigasporum complex at 20.6 MYA, gloeosporioides complex 
at 10.25 MYA, orbiculare complex at 6.7 MYA, orchide-
arum complex at 5.3 MYA, magnum complex at 5.8 MYA, 
spaethianum complex at 16 MYA and the truncatum com-
plex at 23.7 MYA. Colletotrichum agaves, C. euphorbiae, C. 
ledebouriae, C. neosansevieriae and C. sansevieriae formed 
a separate complex with a crown age of 9.5 MYA. The stem 
age of the dracaenophilum and gigasporum complex (includ-
ing the singleton C. cariniferi and C. parallelophorum) was 
estimated at 35.5 MYA. The magnum and orchidearum 
complex diverged at 14.1 MYA. The orbiculare complex 
diverged from the magnum and orchidearum complex at 
48.9 MYA.

Discussion

In this study, we evaluated the phylogenetic significance 
of five markers for species delineation within each species 
complex. The highest percentage of parsimony informative 
sites was recovered from the GAPDH gene (69%), followed 
by ACT  (60%), TUB2 (50%), the multi-locus dataset (49%), 
CHS-1 (36%) and the ITS region (33%). Phylogeny based on 
the ITS marker effectively resolved the placement of all the 
taxa up to complex level, except C. cereale and C. orchidis 
which clustered in the spaethianum and destructivum com-
plexes respectively. However, the placement of these two 
taxa can be resolved by using the multi-locus dataset. In the 
multi-locus dataset, C. cereale clustered in the graminicola 
complex and C. orchidis clustered in the dematium complex. 
The ITS region has been suggested to represent the universal 
barcode for fungi (Schoch et al. 2012) but with several con-
cerns (Lücking et al. 2020) and a database of annotated ITS 
region of plant pathogens was published in UNITE (Nilsson 
et al. 2014).

Phylogenetic trees derived from the ITS, multi-locus 
and the larger dataset resulted in 14 strongly supported 
major clades, including a new complex, the agaves complex 
(Fig. 1, Fig. S2 and Fig. S4). This is in accordance to previ-
ous studies for 13 of the complexes (excluding the agaves 
complex) (excluding the agaves complex) (Cannon et al. 
2012; Jayawardena et al. 2016a, 2020). The caudatum com-
plex formed a strongly supported inner clade in the gramini-
cola complex based on phylogenetic trees derived from the 
ITS, multi-locus dataset and the larger dataset which is also 
supported by previous studies (Jayawardena et al. 2016a, 
2020). Based on phylogenetic trees derived from the ITS, 
multi-locus and larger dataset, three singleton taxa C. axo-
nopodi, C. cariniferi and C. parallelophorum clustered in 
species complexes with strong support.

Five of the 13 markers that have been used in previ-
ous studies for species delineation in Colletotrichum were 
selected in this study. These markers were selected based 
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on the availability of data especially for the type species 
and these represent the minimal set of markers to accu-
rately delineate species in any of the species complexes. 
The intergenic region of DNA lyase (apn2) and mating type 
(MAT1-2-1) genes (ApMat) and Glutamine synthetase (GS) 
genes, which are important markers for the gloeosporioides 
complex (Liu et al. 2015; Sharma et al. 2015) were not 
included due to the lack of data available for isolates from 
complexes other than the gloeosporioides complex. The 
GAPDH and TUB2 were the most informative markers for 
seven species complexes which is in accordance with previ-
ous studies for the acutatum and destructivum complexes 
(Damm et al. 2012b, 2014). However, the performance of 
the most informative marker was not the same for all the 
complexes. The GAPDH gene for example was the most 
informative marker for the gigasporum, orbiculare and trun-
catum complexes. The TUB2 marker was the most informa-
tive for the gloeosporioides, graminicola and orchidearum 
complexes. The GAPDH, ACT  and TUB2 markers were all 
equally informative for the caudatum and the new complex. 
However, the assessment of the phylogenetic significance 
of the different markers is hindered by the lack of data, for 
example, the CHS-1 marker is not available for the caudatum 
complex and the GAPDH marker is missing for most of the 
species in the graminicola complex. Therefore, the phylo-
genetic significance of these markers could not be assessed.

The mPTP method has been used for species delinea-
tion in several organisms with limited phenotypic variation 
(Liu et al. 2016; Correa et al. 2017; Marki et al. 2018). In 
this study, mPTP detected 26 taxonomic units in the multi-
locus dataset compared to 58 entities in the larger dataset. 
In the multi-locus dataset, all the species from the cauda-
tum, graminicola, and spaethianum complexes as well as 
the singletons Colletotrichum axonopodi, C. hsienjenchang, 
C. metake were recovered as conspecific. In the larger data-
set, all the species from the caudatum and graminicola 
complexes including C. axonopodi were recovered as con-
specific. Five singleton taxa C. agaves, C. euphorbiae, C. 
ledebouriae, C. neosansevieriae and C. sansevieriae were 
identified as one taxonomic unit in the multi-locus and the 
larger dataset. Colletotrichum parallelophorum was identi-
fied as part of the dracaenophilum complex in both data-
sets. In the larger dataset, C. axonopodi and the gramini-
cola complex were identified as one entity. The results from 
mPTP therefore provides further support for the new agaves 
complex. It also supports the taxonomic placement of C. 
axonopodi, C. parallelophorum and the placement of the 
caudatum complex in the graminicola complex.

Coalescent based approaches such as GMYC have been 
crucial for identifying cryptic species in numerous organ-
isms (Liu et al. 2016; Correa et al. 2017; Servis et al. 2020). 
The GMYC approach detected 97 entities in the multi-locus 
dataset compared to 279 entities in the larger dataset. In the 

larger dataset, GMYC showed a tendency of over-splitting in 
some cases compared to phylogenetic and mPTP analyses. 
Over-splitting has been observed in some cases based on 
previous studies (Miralles et al. 2013; Zhang et al. 2013; 
Pentinsaari et al. 2016). Based on low congruence between 
the GMYC result of the larger dataset and the phylogenetic 
analyses, we refer to the GMYC results from the multi-locus 
only. Colletotrichum axonopodi and the graminicola com-
plex were recovered as one taxonomic unit whereas C. par-
allelophorum and the dracaenophilum complex were recov-
ered as conspecific and two taxa from the new complex were 
recovered as conspecific. The results from GMYC based on 
the smaller dataset were in accordance with phylogenetic 
and mPTP analyses, thereby supporting the placement of 
C. axonopodi, C. parallelophorum and two taxa from the 
new complex.

Our study provides a global evolutionary picture of all the 
species in Colletotrichum and provides an estimated diver-
gence time of all the complexes. The topology of the MCC 
tree based on both datasets yielded similar results except 
for three species from the graminicola complex. The cau-
datum complex formed a strongly supported inner clade in 
the graminicola complex based on both datasets which is in 
accordance with phylogenetic analyses, mPTP and GMYC 
results. The divergence time estimates for the crown age 
of the complexes were similar in both datasets except for 
the caudatum complex. The MCC tree supported the phy-
logenetic placement of three singleton taxa (C. axonopodi, 
C. cariniferi and C. parallelophorum within species com-
plexes. The MCC tree based on both datasets strongly sup-
ported a new species complex with an estimated divergence 
time of 9.5 MYA. The MCC tree based on both datasets 
resulted in 14 strongly supported major clades including the 
new species complex. The estimated divergence time for 
the complexes varied from approximately 4.8 MYA in the 
orchidearum complex to 32.2 MYA in the dematium com-
plex. The estimated divergence time of the new complex fits 
within the range of the divergence time of the complexes 
in Colletotrichum, which provides further support for the 
agaves complex.

The evolutionary estimates from this study were congru-
ent with divergence estimates from previous studies. Hac-
quard et al. (2016) estimated the divergence time based on 
a penalized likelihood method of genome sequence data 
using the crown age of Pezizomycotina, Sordariomycetes 
and Cordyceps-Metarhizium divergence as the calibration 
points. They estimated that C. incanum and C. tofieldiae 
diverged approximately 8.8 MYA compared to 8–11 MYA in 
our study. Liang et al. (2018) estimated the divergence time 
of several complexes based on a penalized likelihood method 
of genome sequence data using the crown age of Colletotri-
chum, Sordariomycetes, and Sordariomycetes-Leotiomycetes 
crown as the calibration points and the estimates were based 
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on four calibration schemes. In the gloeosporioides com-
plex, C. fructicola and C. gloeosporioides diverged approx-
imately 3.8–5.1 MYA compared to 4.6–8.6 MYA in our 
study. In the graminicola complex, C. graminicola and C. 
sublineola diverged approximately 11–15 MYA compared 
to 12–16 MYA in our study. In the spaethianum complex, 
C. tofieldiae and C. incanum diverged approximately 7.5–11 
MYA compared to 8–11 MYA in our study. In the acutatum 
complex, C. fioriniae, C. nymphaeae, C. salicis and C. sim-
mondsii diverged approximately 8–10.9 MYA compared 
to 7.7–10.3 MYA in our study. The most recent common 
ancestor (MRCA) of the acutatum, destructivum, gramini-
cola and spaethianum complex was estimated at 37–49 MYA 
compared to 35–41 MYA in our study. The most recent com-
mon ancestor (MRCA) of the acutatum, graminicola, spa-
ethianum and destructivum complex was estimated at 37–49 
MYA compared to 35–41 MYA in our study. The MRCA of 
the graminicola and spaethianum complex was estimated 
at 19–26 MYA compared to 21–25 MYA in our study. The 
stem age of orbiculare complex was estimated at 47–60 
MYA compared to 42–60 MYA in our study. Lelwala et al. 
(2019) estimated the divergence time based on a penalized 
likelihood method of genome sequence data using the crown 
age of Leotiomycetes-Sordariomycetes, crown age of Sor-
dariomycetes and Colletotrichum crown as the calibration 
points. In the destructivum complex, C. higginsianum and 
C. tanaceti diverged around 9.9 MYA compared to 7.6 MYA 
in our study. In the gloeosporioides complex, C. fructicola 
and C. gloeosporioides diverged around 6.1 MYA compared 
to 7 MYA in our study. Colletotrichum graminicola and C. 
sublineola diverged around 15.8 MYA compared to 14.3 
MYA in our study. In the acutatum complex, C. fioriniae, C. 
nymphaeae, C. salicis and C. simmondsii diverged around 
10.9 MYA compared to 9 MYA in our study. The MRCA of 
the acutatum, destructivum, graminicola and spaethianum 
complex was estimated at 48.9 MYA compared to 38.7 MYA 
in our study. The MRCA of the destructivum, graminicola 
and spaethianum complex was estimated at 34.7 MYA com-
pared to 29.5 MYA in our study.

Our results were therefore congruent with divergence 
estimates from previous studies which have used several 
calibration points, genome sequence data and a penalized 
likelihood method compared to the Bayesian analysis of 
five loci in our study (Hacquard et al. 2016; Liang et al. 
2018; Lelwala et al. 2019). Achieving congruent results 
from different methodologies therefore provide reliable 
support for divergence time estimation in our study. The 
evolutionary tree was calibrated by setting the crown age 
of Colletotrichum at minimum 61 MYA based on the fossil 
Protocolletotrichum deccanensis. The estimated crown age 
of Colletotrichum in our study was 61–63 MYA which is in 
agreement to previous studies which were based on several 
calibration points (Hacquard et al. 2016; Samarakoon et al. 

2019). Divergence time estimates can provide an insight in 
the evolutionary history of taxa, but at intraspecific diver-
gence, it is still difficult to propose any taxonomic rearrange-
ment due to overlap in estimated age.

Based on the resulting chronogram, the estimated crown 
age of Colletotrichum lies within the Paleocene epoch of 
the Paleogene period (61–63 MYA) which coincides with 
the period when modern angiosperm appeared (Coiffard 
et al. 2012; Phillips et al. 2019). The Cretaceous-Paleogene 
extinction event resulted in the disappearance of over 50% 
of plant species, thus causing a loss of plant species diver-
sity (Wilf and Johnson 2004; McElwain and Punyasena 
2007). The conditions of high humidity and reduced solar 
insolation after the extinction event favoured an increase 
of saprobic fungi which flourished on the detritus (Vajda 
and McLoughlin 2004). Colletotrichum species can occur as 
endophytes, pathogens and saprobes and can switch lifestyle 
from endophytes to pathogens as a result of host senescence 
or wounding (Hyde et al. 2009). For example, C. fructicola 
has been isolated as an endophyte and pathogen (Prihastuti 
et al. 2009a, b) with an estimated divergence time of 0.78 
MYA. Colletotrichum endophytica has been isolated as an 
endophyte and saprobe (Manamgoda et al. 2013; Uday-
anga et al. 2013) with an estimated divergence time of 0.98 
MYA. Colletotrichum dematium has been recorded as an 
endophyte, pathogen and saprobe (Damm et al. 2009) with 
an estimated divergence time of 1.49 MYA. This suggests 
that the endophytic phase is common to all species and other 
lifestyles could have evolved from this (Hyde et al. 2020a) 
The fossil Protocolletotrichum occurred as leaf spot disease 
during the Paleocene epoch of the Paleogene period which 
demonstrates that the pathogenic strategies of Colletotri-
chum were already well established (Kar et al. 2004).

The different complexes started to evolve at 28.2–36 
MYA which lies within the Oligocene–Eocene epoch of the 
Paleogene period. The warm climate at the beginning of 
the Paleogene period favoured dense forest plants, then the 
humid subtropical conditions favoured an increase in the 
prevalence of several plants and grasses (Xing et al. 2014). 
As a result of evolution and dispersal of several plants 
including flowering plants during the Oligocene period 
(23–34 MYA), it can be hypothesised that Colletotrichum 
species diversified to adapt to various hosts. The Eocene 
epoch witnessed the appearance and diversification of sev-
eral modern groups of organisms including mammals and 
the late Oligocene was linked to the expansion of grazing 
animals which could have facilitated the subsequent diver-
sification of fungal species (Ring et al. 2020). The earliest 
primitive stone tools were dated at 3.3 MYA which could 
be attributed to hominin lineage (Lewis and Harmand 2016) 
and the earliest stone tools associated with Homo were esti-
mated at 2.58 MYA (Braun et al. 2019). Stone tools were 
used for animal butchery as well as for plant processing at 
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2 MYA (Dominguez-Rodrigo 2009). At around 2 MYA, 
key adaptive behaviours were recorded in Homo including 
changes in body size and the ability of long-distance running 
(Bramble and Lieberman 2004). The new mobility allowed 
humans to explore new lands and allowed long range trans-
port of materials and food (Potts 1991; Plummer 2004) as 
resources became scarce in their immediate environment. It 
can therefore be hypothesised that during this period the lack 
of food supply also led to the establishment of agricultural 
practices and monocropping although the earliest indication 
of cultivation is estimated at 23,000 years ago (Snir et al. 
2015). Intensive disturbance to the environment caused by 
the onset of cultivation could be associated with the further 
diversification of Colletotrichum species.

The morphology of the singleton C. axonopodi, C. carin-
iferi and C. parallelophorum were compared to the gramini-
cola and dracaenophilum complexes respectively. Colletotri-
chum axonopodi (IMI279189) was isolated from Axonopus 
affinis and it is morphologically similar to grass-associated 
taxa in Colletotrichum (Crouch et al. 2009). It is a patho-
gen which is characterised by falcate conidia. The presence 
of widely falcate conidia is a characteristic feature of the 
graminicola complex and most of its species are important 
pathogens (Damm et al. 2009). Colletotrichum cariniferi 
(MFLUCC 14-0100) was isolated as an endophyte from 
the stems of Dendrobium cariniferum. It has ellipsoidal to 
cylindrical conidia, with rounded ends when mature. Colle-
totrichum parallelophorum (MFLUCC 14-0083) was also 
isolated as an endophyte from Dendrobium sp. This species 
has smooth-walled, cylindrical conidia with rounded ends. 
The presence of cylindrical conidia with rounded ends is a 
characteristic feature of dracaenophilum complex (Damm 
et al. 2019). Therefore, the morphological characters of 
C. axonopodi, C. parallelophorum and C. cariniferi cor-
respond to the graminicola and dracaenophilum complexes 
respectively.

The morphology of all the taxa in the new complex (C. 
agaves, C. euphorbiae, C. ledebouriae, C. neosansevieriae 
and C. sansevieriae) was also compared. Colletotrichum 
sansevieriae (MAFF239721) causes leaf blight of Sanse-
vieria trifasciata (Nakamura et al. 2006). It forms straight, 
cylindrical, conidia with obtuse apex. Colletotrichum aga-
ves is associated with foliar diseases of agave plants (Farr 
et al. 2006). This species has hyaline, cylindrical, straight 
or slightly curved conidia with broadly rounded apex. 
Colletotrichum euphorbiae was isolated from the leaves of 
Euphorbia sp. (Crous et al. 2013). It forms pale brown con-
idiogenous cells and hyaline to pale orange, cylindrical to 
clavate conidia with round end on one side and truncate end 
on the other. Colletotrichum neosansevieriae (CBS 139918) 
is associated with leaf spot disease of Sansevieria trifasciata 
(Crous et al. 2015). This species has hyaline conidiogenous 
cells and subcylindrical, straight to slightly curved, hyaline 

conidia with obtuse apex. Colletotrichum ledebouriae (CBS 
141284) is associated with anthracnose disease on Ledebou-
ria (Crous et al. 2016). It forms hyaline to pale brown conid-
iogenous cells and hyaline, straight, subcylindrical conidia 
with obtuse apex. Therefore, the species in this complex are 
mostly pathogens with a wide range of hosts and they are 
characterised by the presence of straight or slightly curved 
conidia with obtuse apices. This species complex is named 
following the name of the species which was described first 
and therefore, this monophyletic group of five closely related 
species is named as the Colletotrichum agaves complex.

In this study, we compare the species boundaries in Colle-
totrichum using different genomic approaches including 
phylogenetic analyses, evolutionary analyses and coalescent-
based methods. The coalescent and evolutionary methods 
provided congruent results to the phylogenetic analyses 
for most of the complexes. All analyses based on the ITS 
region, multi-locus dataset and larger dataset recovered the 
caudatum and graminicola complexes as one. Therefore, 
we recommend that these two complexes should be treated 
as one. Based on our findings, C. axonopodi is accepted 
in the graminicola complex whereas C. parallelophorum 
and C. cariniferi are accepted in the dracaenophilum com-
plex. Based on congruent results from different molecular 
approaches, we accept 248 species and the vast majority are 
classified in 14 species complexes (40 species in acutatum 
complex, 25 in boninense, 17 in dematium, 17 in destruc-
tivum, 8 in dracaenophilum, 9 in gigasporum, 52 in gloe-
osporioides, 24 in graminicola-caudatum, 8 in magnum, 8 
in orbiculare, 9 in orchidearum, 5 in sansevieriae, 9 in spa-
ethianum, 5 species in truncatum complex and 12 singleton 
taxa). We recommend multi-locus dataset for accurate spe-
cies delineation in Colletotrichum as there is currently no 
single marker that can discriminate between species in all 
the complexes. Our study has identified the most informa-
tive marker for different complexes which must be included 
for species identification for each of the complexes. The 
implementation of coalescent based approaches supported 
our findings based on phylogenetic analyses. We therefore 
recommend the application of coalescent-based methodolo-
gies to delineate species in complex genus such as Colle-
totrichum as achieving congruent results across different 
genomic methods provides a robust framework to reliably 
elucidate species and species complex boundaries.
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