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Abstract

Colletotrichumis an economically importarglant pathogeit genusworldwide, but can
also haveendophyic or saprolic lifestyles The genus has undergone numerous revisiange
past decdes with the addition typification and synonyny of many speciesin this study, we
providean account of th&90 currently accepted specjesnedoubtful speciesand one excluded
specieghat have molecular dat&pecies are listed alphabetically and dateml with theirmabit,
host andgeographic distributiorphylogenetic positiontheir sexual morphs andses(if there are
any known) There are eleven species complexe€atietotrichumand 23 singleton species. The
main characters of each species camphre detailed with illustrations. Phylogenetic trees are
provided for the whole genus and each species complex. @edembination of genes that can
be used for identificationf the speciexomplexesaresuggestedSpecific genethat can be used in
species identification are given when possible.

Key wordsi Glomerellaceaé nomenclaturé phylogenyi species complek taxonomy

Introduction

The genusColletotrichumwas introduced by Corda (183and belongsto the family
GlomerellaceadGlomerelldes, Sordariomycetesynd isthe sole member of this family (Réblova
et al. 2011, Maharachchikumbura et al. 202®16. Species of this genus areportantpathogens,
someareendophytess well assaprobes (Cannon et al. 20Hde et al. 2014Jayawardna et al.
2016a).

At the timeof the first monographic treatment Gblletotrichum(von Arx 19%), around
750 names existed (Cannon et al. 200)n Arx (1957) reduced this to 11 taxa based on
morphological charactersSutton (1980)accepted 22 speciewhile Sutton (1992)accepted39
species based on morphologieald cultural characteristicblyde et al. (2008) provided the first
comprehensive overview of this genus with 66 namemmon useand 19 doubtful nameand
also highlighted th@eedto revise this genuby usingmolecular methds (Hyde et al. 2009a)l his
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was thebeginningof the still ongoingrevision of the genus based on miditus sequence daia
which several species were revisaadtypified or newly described arskveral species cqiexes
were detectedCannon et al. 2012Damm et al.2009,2012a, b, 20132014, Weir et al. 2012,
Crouchet al. 2009a,2014 Hyde et al. 2014Liu et al. 201%). Index Fungorum (2016) lists28
epithets(www.indexfungorum.org accesses"7August 2016) underColletotrichum but only less
than200 names are currently accepted (Hyde et al. 2014).

Misidentification of Colletotrichumspecies is a frequent mistake that hagphre to few
distinctive morphological chiacters availabldor identification Misunderstanding of their host
specific nature has also lead to misapplication and misidentification of sf€azewmon et al.
2012). Many olderColletotrichumnames lack type specimens and authentic living strains for
molecular analysisThis tend to get in the way of recatructing a natural classification systéan
Colletotrichum(Cai et al. 2009, Hyde et al. 2098 Cannon et al. 2012). Epdr neotypes of the
Colletotrichumspeciesare bang designated to presewthe current application of names according
to the International Code of Nomenclature Adgae,Fungi andPlants (Hawksworth 2011Before
assigning an epitype for a specidg fresh collection needs to be carefully compareithéctype
material, if peservedAn epitype should have morphological characterigtioslar to theholotype
or theoriginal description and originate from the same geographical region and host (Ariyawansa et
al. 20M). Once an epitype islesignatedquestions ofspeciesdiversty of this genuscan be
addressedn the basis of the DNA sequence data of themtype strain

Currently, researchers strongly recommend the application of a polyphasic approach
including the analysis of geogpaical, ecological, morphological and génedatain order to
establisha natural classification systefor the genusColletotrichum(Cai et al. 2009)For species
delimitationwithin this genusphylogentic analysis based on concatenated loci and the application
of the Genealogical Concordanchylvgenetic Species Recognition (GCPSR) have proven to be
poverfultools(Cannon et al. 2012, Liu et al. 2016palescenbased species delimination methods
can be used to infer the dynamic of divergence, evolutionary process and the relationships among
species (McCormack et al. 2009u et al. 2018

Most of the species in this genus are important phytopathpgiile some are endophytes
and saprobed he basis of the current study for the lifestyles is that if a fungus was isolated from a
diseased tisge (fruit, leaf and stem) it is referred toapathogenif a fungus was isolated from a
healthy tissue it is considered as an endophyte and if a fungus was isolatedi&adpgant matter
is considered as a saprobe.

This study uses Cannon et al. (2P48 the starting point for the accepted species, as well as
publishedrecords sinc¢hatstudy.An overview of the currently accepted species in the genus with
their hosts, geographic distribution, phylogenetic positsaxual morphss well as their usgif
there are any known}¥ provided. The main charactersf eachspecies complex are illustrated.
Phylogenetic trees are provided for the whole genus and the species complexescGesssy0
distinguish the speciegithin the different species congxesare also provided/hen possible

Material and Methods

This study deals with thepeciesincluded in Cannon et al. (2012nd newly described
species aftethis publication The USDA fungal database (Farr & Rossman 20l6have been used
in order to @ther information on host association and geographic distribufdditional, new
disease reports were also included.
Morphology

Conidial and appresorial characteres of different species complexes were focused in this
study. Photo plates were created frthra photos provided by U. Damm and F. Liu. Line diagrams
weredrawnwhere necessarysing transparent drawing papers and drawing.pens

Phylogenetic Analysis

Actin ( -Auuling ,(TUBRB), chitin synthase (CH3$), DNA lyase @Apn2),
glyceraldehyde3-phosphate dehydrogenase (GAPDHjlutamine synthetase (GShistone 3
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(HIS3), internal transcribed spaciTS), manganessuperoxide dismutase (SQJ) mating type
gene (Matl)andApn2/MAT1GS Ap/Malb sequencesf each accepted species were downjaiad
available, from NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/) A backbone
phylogenetic treef the whole genuandseparate phylogenetic treelsthe species complexes were
constructed.

Single gene regions weraligned using Clustal X1.81 (Thompson ell. 1997) and
combined using BioEdi.7.0.9.0 (Hall 1999)Further alignment of the sequences was done using
default settings of MAFFT v.7 (Kato& Toh 2008; http://mafft.cbrc.jp/alignment/seryednd
manualadjustment was conducted using BioEdit whageessary. Maximum Parsimony analysis
(MP) was performed using PAUP (Phylogenetic Analysis Using Parsimony) v. 4.0b10 (Swofford
2002) toobtainthe most parsimonious treeGaps were treated as missing data and ambiguously
aligned regions were excludedre€s were inferred using the heuristic search option with Tree
Bisection Reconnection branch swapping and 1000 random sequence additions. Maxtrees were set
up to 5000, branches of zero length were collapsed and all multiple parsimonious trees were saved.
Descriptive tree statistics for parsimortyeé length consistency indexretention indexrescaled
consistencyindex, andhomoplasyindex) were calculated for trees generated under different
optimality criteria. The robustness of the most parsimonioes tnas evaluated by 1000 bootstrap
replications resulting from maximum parsimony analysis (H#li8ull 1993). KishineBHasegawa
tests (Kishino& Hasegawa 1989) were performed in order to determine whether trees were
significantly different.

A maximum likelihood analysis was performédr the whole genugn raxmIGUIv.0.9b2
(Silvestro & Michalak 2010). Rapid bootstrapping with 1000 non parametric bootstrapping
iterations, using the general time reversible model (GTR) with a discrete gamma distribution, was
set as the search strategy.

Bayesian inference (BI) was used in addition to construct the phylogenies using Mr. Bayes
v.3.1.2 (Ronquist et al. 2003). MrModeltest v. 2.3 (Nylander 2004) was used to carry out statistical
selection of besfit modd of nucledide substitutionand was incorporated into the analysis. Six
simultaneous Markov chains were run foQ0 000 generations and trees were sampled every
100" generation. The 2000 trees representing the-uphase of the analyses, were discarded and
the remaining 8000 trees used for calculating posterior probabilities (PP) in the majority rule
consensus tre@he fungal strainghat were used for this study are listed in Tableith details of
type culture and sequence data

Results and Discussion

The Colletotrichumnames that are currently accepted are listed alphabetidtyv, with
notes of the authorities and publication details, lsabibsts, geographical distribution, usewd
sexual morphgif there are anyps well assystematigposition. The 190 accepted names are also
listed in Tablel. Liu et al. (2016)emphazied on the importance of using polyphasic appesach
such asgenealogicalconcordance phylogenetic species recognition (GCPSR) and coalescent
methods when describing new species imphologically conserved genera.backbone treef the
genusColletotrichumcomprising189 species using five gene regions have been constr(i€igd
1). However, several species have been excluded from this analysis due to the lack of sequences.
All the species compleescan be distinguished effectively froeachotherby using ITS sequence
data aloneSpecieswithin speciecomplexes can be resolved with the usadditional genesre
mentioned withthedifferent complexes.

Acutatum species complex

This species complex consists of 34 species that in€u@eutatumand its close relatives
Members of this species complex often cause fruit rots (Damm et al. 2012b). Most species within
this complex have conidia with at least one acute end (Fig. 2) (Detnat 2012b). A combined
gene analysis for this complex using IT&APDH, CHS1, HIS3, ACT and TUB2 sequences is
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given in Fig. 3.In order to differentiate species within this complex effectively, use of DOB2
and GAPDH are recommended (Damm et al.2).
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Fig. 1 One of thel00 most parsimonious trees obtained from a heuristic sedrchmbined ITS,
GAPDH, CHS1, ACT and TUB2 sequencealata ofthe genusColletotrichum Parsimonyand
likelihood bootstrap supportaluesO50 % are indicatect the nodesand branches with Bayesian
posterior probabilitie@bove0.80 are given inbold. The extype strains are itold. The tree is
rooted withMonilochaetes infuscarSBS 869.96
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Fig. 1 (continued)
Species complexes
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Fig. 2 Colletotrichum acutatunffrom extype strainCBS 112996on SNA) da e. Conidiophores f.
Conidia g n. Appressoria. Scale bafs.g= 1 Q scaite bar of f and g applies tbmna(Courtesyof

U. Damn).
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Fig. 3 One of theeight most parsimonious trees oltad from a heuristic search cdbmbined ITS,
GAPDH, CHS1, HIS3,ACT andTUBZ2 sequencelataof taxa from theacutatunmspecies complex.
Parsimony bootstragupport valuesabove50 % are indicatedat the nodes and branches with
Bayesian posterior probabiés above0.95 are given ifold. The extype strains are ibold. The
tree is rooted witlC. orchidophilumCBS 632.80
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Boninense species complex
This species complex is defined as a collectiveCofboninenseand 18 closely related

species with three maisubcladescontaining 3, three and two speciesespectively Typical
characters of species in this complex arecthr@dia that have a prominent basal scar as well as the

conidiogenous cells with rather prominent periclinal thickening that sometimasdextdorm a
new conidiogenous locus (Damm et al. 2012apecies of this complex are pathogems

endophytes (Damm et al. 2G2A combined analysis ofTS, GAPDH, CHS1, ACT, HIS3,

TUB2 and CAL sequence of thispecies complex is given in Fig. Bll species within this

complex can be recognized witBAPDH alone(Damm et al. 2012a).

Fig. 4 Colletotrichum boninens@rom extype strainCBS 1237550n SNA) a. Conidiophores b.
Conidia ¢ h. AppressoriaSc al e bars: b, ¢ = 1iestoh(Ceuwtesyofe

U. Damn).

CGMCC3.18118 C. camelliae japonicae

CBS 127597 C. karstii

CBS 378.94 C. petchii

89 CBS 123755 C. boninense

.‘ CBS 123757 C. cymbidiicola
100 - CBS 128527 C. beeveri

CBS 101059 C. brassicicola

100| —CBS 128525 C. parsonsiae

CBS 128504 C. constrictum

10

CBS 151.35 C. truncatum

Fig. 5 The nost parsimonious tree obtained from a heuristic seardombined ITS, GRDH,

CHS1, ACT, HIS3, TUB2 and CAL sequencealataof taxa from theboninense species complex
Parsimony bootstrap support valugisove50 % are indicatecat the nodes and branches with

Bayesian posterior probabilitiebove0.95 are given imold. The extype strains are ibold. The
tree is rooted wittC. truncatumCBS 151.35.
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Fig. 6 Colletotrichum caudatummedrawn from NaBaj (1993. a Setawith conidiogenous cells
and developing conidia. Germinatingconidium c. Appressoria. Scale barsba20 € m#=5¢ m.
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Fig. 7 The nost parsimonious treebtained from a heuristic search I31S sequencelataof taxa
from thecaudatumand graminicolapecies compleXParsimony bootstrap support valaove50
% are indicatecht the nodes and branches with Bayesian posterior probabditiege0.95 are
given inbold. The extype strains are ibold. The tree is rooted witG. spag¢hianumCBS 167.49

Caudatum species complex

This species complex is defined as a collectivi€otaudatumand seven closely related
species. This complex can be distinguished by the presence of a filiform appendage at the apex of
the conidium (Fig. 6)Grouch 2014)A phylogenetic tree using ITS for the species of caudatum
and graminicola species complexes has been constructed (Fig. 7). According to this phylogenetic
tree, three species;. caudasporumC. duyuensisand C. ochraceawhich were previously
identified to be in the graminicola species complex, clustered with the caudatum species complex.
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