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The Colletotrichum orbiculare species complex:
Important pathogens of field crops and weeds
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Abstract Colletotrichum orbiculare causes anthracnose of
Cucurbitaceae and is phylogenetically closely related to
pathogens of several other herbaceous hosts belonging to
the Asteraceae, Fabaceae and Malvaceae. Most of them are
known for their hemibiotrophic infection strategy and as
destructive pathogens either of field crops or weeds. In order
to study the phylogenetic relationships of these fungi, a
multilocus analysis (ITS, GAPDH, CHS-1, HIS3, ACT,
TUB2, GS) of 42 strains of C. orbiculare and related species
was conducted. The analysis resulted in nine clades that
confirmed the four species previously known as belonging
to this species complex, C. lindemuthianum, C. malvarum,
C. orbiculare and C. trifolii, and recognised four new species
from weeds, namely C. bidentis, C. sidae, C. spinosum and
C. tebeestii. The name C. orbiculare itself is widely used in
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plant pathology and science, but is invalid according to
current nomenclatural rules. Therefore we described a new
species with the same epithet and a type specimen that agrees
with our current understanding of this species, and is linked
to a living culture. Following the recent epitypification of C.
lindemuthianum, we chose appropriate specimens with as-
sociated strains to serve as epitypes of C. malvarum and C.
trifolii, and selected an authentic specimen of C. trifolii as
lectotype.

Keywords Ascomycota - Host specificity - Morphology -
Phylogeny - Systematics

Introduction

Colletotrichum orbiculare is an important anthracnose path-
ogen of Cucurbitaceae, especially of cucumber (Cucumis
sativus), melons (Cucumis melo), watermelon (Citrullus
lanatus), pumpkin (Cucurbita pepo) and squash (Cucurbita
maxima), but is reported on more than 40 plant host species
worldwide (Farr and Rossman 2013). The pathogen causes
lesions on seedlings, leaves, petioles, stems and fruits of
cucurbits. On cucumber fruits, for example, circular sunken
water-soaked lesions are formed that expand and turn black
in moist weather, eventually becoming covered with pink
spore masses. On leaves however, lesions are pale brown to
reddish, and centres may crack and fall out (Sitterly and
Keinath 1996).

Colletotrichum orbiculare is characterised by straight
conidia with an obtuse apex and tapered towards the base, dark
brown to black or greyish black cultures and a slower growth
rate than C. gloeosporioides (Sutton 1992). Colletotrichum
lagenarium is regarded as a synonym of C. orbiculare (von
Arx 1957a) and sexual morphs linked to each of these names
were described as Glomerella lagenaria by Stevens (1931) in
the USA and by Watanabe and Tamura (1952) in Japan, and
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Glomerella cingulata var. orbiculare by Jenkins and Winstead
(1962) in the USA.

Because of the morphological similarity of strains from
beans and different Cucurbitaceae hosts, Halsted (1893a)
considered C. lindemuthianum as a synonym of C. lagenarium.
Other authors (Kriiger 1913; Shear and Wood 1913) regarded
C. lindemuthianum and C. lagenarium as separate species
based on pathogenicity tests. Von Arx (1957a) regarded C.
orbiculare as indistinguishable from C. gloeosporioides
based on morphology, and considered C. orbiculare, C.
lindemuthianum, C. mavarum and C. trifolii as divergent forms
(‘abweichende formen’) of C. gloeosporioides that are
specialised for particular host families. Von Arx and Miiller
(1954) considered G. lagenarium as well as G. lindemuthianum,
the sexual morph of C. lindemuthianum, as synonyms of G.
cingulata. However, several molecular studies based on DNA
sequences of the nuclear ribosomal gene (Sherriff et al. 1994;
Bailey et al. 1996; Sreenivasaprasad et al. 1996; Johnston and
Jones 1997; Farr et al. 2006) have shown that C. orbiculare is
distinct from other species including those in the C.
gloeosporioides complex.

Sherriff et al. (1994) studied the large subunit of the
nuclear ribosomal RNA gene (LSU) and the internal tran-
scribed spacer 2 of the nuclear ribosomal RNA operon (ITS-
2) of Colletotrichum isolates from several hosts. Because of
the unifomity of the DNA sequence data they concluded C.
orbiculare, C. lindemuthianum, C. malvarum and C. trifolii
to be one species and suggested the name C. orbiculare in
which host specific forms exist. However, based on sequence
data of the glutamine synthase gene (GS) and a 200-bp intron
of the glyceraldehyde-3-phosphate dehydrogenase gene
(GAPDH), mitochondrial DNA restriction fragment length
polymorphisms (mtDNA RFLP) and vegetative compatibility
and pathogenicity tests of a large number of strains, Liu et al.
(2007) recognised C. orbiculare as a species complex with C.
lindemuthianum, C. malvarum, C. orbiculare and C. trifolii as
distinct species. However, according to the phylogeny in Liu
et al. (2007), C. orbiculare is paraphyletic. The C. orbiculare
complex, represented by a few strains each, occupied a basal
clade in previous Colletotrichum phylogenies based on se-
quence data of the 5.8S nuclear ribosomal gene with the two
flanking internal transcribed spacers (ITS) and partial se-
quences of the beta-tubulin gene (TUB2) (Lubbe et al. 2004)
and ITS/LSU sequence data (Farr et al. 2006). This was
confirmed in recent multigene phylogenies generated by
Cannon et al. (2012) and O’Connell et al. (2012).

The host plants of species of the C. orbiculare complex can
be attacked by other Colletotrichum species as well. For ex-
ample, some Colletotrichum strains from Cucurbitaceae hosts
were included in previous multigene studies belonging to C.
melonis (C. acutatum complex), C. karstii (C. boninense com-
plex) and C. coccodes (Damm et al. 2012a, b; Liu et al. 2013).
This can lead to misidentifications, because of the current host-
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dominated approach for identification of Colletotrichum spe-
cies by some plant pathologists, and the overlapping morpho-
logical characters of many species that also vary depending on
the literature used. For example, according to Baxter et al.
(1983) the average conidial dimensions of C. orbiculare vary
from 16.9 to 20.2x4.2-4.4 um depending on the substrate,
which is outside the size range of C. orbiculare conidia (10—
15x4.5—6 um) given by Sutton (1992), while according to von
Arx (1957a) the conidia of C. orbiculare measure 11-19x4—
6 um. The uncertainty of the identification of species in the C.
orbiculare complex was demonstrated by Cannon et al.
(2012). In a phylogeny based on ITS sequences retrieved from
GenBank, most of the sequences of C. lindemuthianum and C.
orbiculare strains and three sequences of C. trifolii strains
clustered in one clade. However a further three ITS sequences
labelled as C. trifolii clustered with strains of C. destructivum
and C. higginsianum, while one “C. lindemuthianum” strain
clustered with C. boninense. No complete ITS sequence of C.
malvarum is available in GenBank. Additionally, the phylog-
eny in the study of Bailey et al. (1996) indicates the existence
of more than one species among strains associated with differ-
ent Malvaceae hosts.

Because of their intracellular hemibiotrophic infection
strategy and the ease with which they can be cultured and
manipulated, Colletotrichum species have been used as model
organisms in studies of host/parasite interactions. Species in
the C. orbiculare complex, especially C. lindemuthianum and
C. orbiculare, have been intensively studied in recent years to
investigate infection structures and processes and their asso-
ciated molecular and physiological traits (Perfect et al. 1999;
Kubo and Takano 2013). This has included, for example,
melanization and lipolysis in appressoria of C. orbiculare
(Asakura et al. 2012; Lin et al. 2012). In order to study factors
regulating the transition from biotrophy to necrotrophy, C.
orbiculare strain MAFF 240422 (= CBS 514.97=104-T) has
recently been subjected to whole genome-level analysis and
compared with the genome of a C. gloeosporioides (s. lat.)
strain (Gan et al. 2013). Resistance mechanisms in the
Medicago-Colletotrichum pathosystem have been studied in
order to find resistant lucerne cultivars, as well as factors
regulating growth, development and infection of C. trifolii
(Yang and Dickman 1999; Warwar et al. 2000; Chen et al.
2006; Mackie et al. 2007; Jaulneau et al. 2010). However, no
sequence of the wild-type strain of C. trifolii race 1 (ATCC
66954) used in the study of Yang and Dickman (1999), and
only a few sequences of the C. trifolii strains from other
studies are available in GenBank; the identities of all these
strains need confirmation.

Although strains identified as C. orbiculare, C. malvarum
and C. trifolii have previously been intensively studied in
various aspects, the application of these names is uncertain.
Except for C. lindemuthianum, which was recently epitypified
(Liu et al. 2013), no ex-type or authentic culture of species in
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the C. orbiculare complex is available and no multigene
analysis has been applied to delineate the species in this
complex. The aim of this study is therefore to revise the C.
orbiculare species complex based on multigene and morpho-
logical analyses and to select lecto-and epitypes in order to
stabilise phylogenetic application of these species names.

Materials and methods
Isolates

A total of 42 strains was studied, most of which were previ-
ously identified as C. orbiculare and C. lindemuthianum, as
well as other related strains from the CBS and other culture
collections. Type material (holotypes and epitypes) of the
species studied is located in the Fungarium of the
Centraalbureau voor Schimmelcultures (CBS), Utrecht, the
Netherlands, in the IMI and K(M) Fungaria, which are both
based in the Royal Botanic Gardens, Kew, UK, the Herbario
da Universidade Federal de Vicosa (VIC), Brazil and the US
National Fungus Collections (BPI), Beltsville, Maryland,
USA. All descriptions are based on ex-holotype or ex-
epitype cultures as appropriate. Features of other strains or
specimens are added if deviant. Subcultures of the holotypes
and epitypes as well as all other isolates used for morpholog-
ical and sequence analyses are maintained in the CBS culture
collection or the Coleg¢dao Octavio Almeida Drummond
(COAD), Universidade Federal de Vigosa, Brazil (Table 1).

Morphological analysis

To enhance sporulation, autoclaved filter paper and double-
autoclaved stems of Anthriscus sylvestris were placed onto the
surface of synthetic nutrient-poor agar medium (SNA,
Nirenberg 1976). SNA and OA (oatmeal agar, Crous et al.
2009) cultures were incubated at 20 °C under near UV light
with a 12 h photoperiod for 10 days. Measurements and
photographs of characteristic structures were made according
to Damm et al. (2007). Appressoria were observed on hyphae
on the reverse side of SNA plates and on slide cultures. A slide
culture was prepared by placing a 1 cm® PCA (potato-carrot
agar, Crous et al. 2009) block on a slide in a sterile petri dish
containing sterile moist filter paper, inoculating its edges with
conidia and covering it with a sterile cover slip. After 15 days
the appressoria were studied on the underside of the cover slip
and on the slide. Microscopic preparations were made in clear
lactic acid, with 30 measurements per structure and observed
with a Nikon SMZ1000 dissecting microscope (DM) or with a
Nikon Eclipse 80i microscope using differential interference
contrast (DIC) illumination.

Colony characters and pigment production on SNA and
OA cultures incubated at 20 °C under near UV light with a

12 h photoperiod were noted after 10 days. Colony colours
were rated according to Rayner (1970). Growth rates were
measured after 7 and 10 d.

Phylogenetic analysis

Genomic DNA of the isolates was extracted using the method
of Damm et al. (2008). The ITS, GAPDH, and partial se-
quences of the chitin synthase 1 (CHS-1), histone3 (HIS3),
actin (ACT), TUB2 and GS genes were amplified and se-
quenced using the primer pairs ITS-1 F (Gardes and Bruns
1993)+ITS-4 (White et al. 1990), GDF1+GDR1 (Guerber
et al. 2003), CHS-354R+CHS-79 F (Carbone and Kohn
1999), CYLH3F+CYLH3R (Crous et al. 2004b), ACT-
512 F+ACT-783R (Carbone and Kohn 1999), BT2Fd+
BT4R (Woudenberg et al. 2009) or T1 (O’Donnell and
Cigelnik 1997)+Bt-2b (Glass and Donaldson 1995) and
GSF1+GSR1 (Stephenson et al. 1997), respectively. The
PCRs were performed in a 2720 Thermal Cycler (Applied
Biosystems, Foster City, California) in a total volume of
12.5 uL. The GAPDH, CHS-1, HIS3, ACT and TUB2 PCR
mixture contained 1 pL 20x diluted genomic DNA, 0.2 pM of
each primer, 1x PCR buffer (Bioline, Luckenwalde, Germany),
2 mM MgCl,, 20 uM of each dNTP, 0.7 uL DMSO and 0.25 U
Taq DNA polymerase (Bioline). Conditions for PCR of these
genes constituted an initial denaturation step of 5 min at 94 °C,
followed by 40 cycles of 30 s at 94 °C, 30 s at 52 °C and 30 s at
72 °C, and a final denaturation step of 7 min at 72 °C, while the
ITS PCR was performed as described by Woudenberg et al.
(2009). Some isolates occasionally gave two bands (GS), which
were then amplified using a touchdown PCR program (Zhou
et al. 2006). The DNA sequences generated with forward and
reverse primers were used to obtain consensus sequences using
Bionumerics v. 4.60 (Applied Maths, St-Marthens-Lathem,
Belgium), and the alignment assembled and manually adjusted
using Sequence Alignment Editor v. 2.0al1l (Rambaut 2002).
To determine whether the seven sequence datasets were
congruent and combinable, tree topologies of 70 % reciprocal
Neighbour-Joining bootstrap with Maximum Likelihood dis-
tances (10 000 replicates) with substitution models determined
separately for each partition using MrModeltest v. 2.3
(Nylander 2004) were compared visually (Mason-Gamer and
Kellogg 1996). A maximum parsimony analysis was per-
formed on the multilocus alignment (ITS, GAPDH, CHS-1,
HIS3, ACT, TUB2, GS) as well as for each gene separately
with PAUP (Phylogenetic Analysis Using Parsimony) v.
4.0b10 (Swofford 2000) using the heuristic search option with
100 random sequence additions and tree bisection and recon-
struction (TBR) as the branch-swapping algorithm.
Alignment gaps were treated as missing and all characters
were unordered and of equal weight. The robustness of the
trees obtained was evaluated by 100 000 bootstrap replica-
tions using the Fast-stepwise addition algorithm (Hillis and
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Bull 1993). Tree length, consistency index (CI), retention
index (RI), rescaled consistency index (RC) and homoplasy
index (HI) were calculated for the resulting tree. A Markov
Chain Monte Carlo (MCMC) algorithm was used to generate
phylogenetic trees with Bayesian probabilities using MrBayes
v. 3.1.1 (Ronquist and Huelsenbeck 2003) for the combined
sequence datasets. Models of nucleotide substitution for each
gene determined by MrModeltest v. 2.3 were included for
each gene partition. The analyses of two MCMC chains were
run from random trees for 1000 000 generations and sampled
every 100 generations. The first 25 % of trees were discarded
as the burn-in phase of the analysis and posterior probabilities
determined from the remaining trees. For additional compar-
ison, a Neighbour-Joining analysis was performed on the
multigene alignment using PAUP with 10 000 bootstrap rep-
lications. Sequences derived in this study have been lodged at
GenBank, the alignment in TreeBASE (www.treebase.org/
treebase-web/home.html) (S14347), and taxonomic novelties
in MycoBank (Crous et al. 2004a).

Results
Phylogeny

The seven sequence datasets did not show any conflicts in tree
topology for the 70 % reciprocal bootstrap trees, which allowed
us to combine them. In the multigene analyses (gene boundaries
of ITS: 1-542, GAPDH: 553-815, CHS-1: 826-1123, HIS3:
1134-1532, ACT: 1543-1831, TUB2: 1842-2324; GS: 2335~
3317) of 43 isolates of C. orbiculare and related Colletotrichum
species and the outgroup (C. gloeosporioides strain CBS
112999), 3317 characters including the alignment gaps were
processed, of which 240 characters were parsimony-infor-
mative, 604 parsimony-uninformative and 2473 constant.
After a heuristic search using PAUP, 9366 most parsimonious
trees were retained (tree length=1004 steps, CI1=0.919,
RI=0.968, RC=0.890, HI=0.081) of which one is shown in
Fig. 1. The topology of the 9366 trees was similar, which was
verified for a large selection of trees. They differed only in the
position of strains within the subclades. For Bayesian analysis, a
GTR model was selected for ITS, a HKY+G model for
GAPDH and ACT, a GTR+I model for CHS-1 and HIS3, a
HKY model for TUB2 and a JC+I model for GS, and incorpo-
rated in the analysis.

The analyses resulted in detection of 3 main clades and 9
subclades within the C. orbiculare species complex. The first
main clade is formed by C. lindemuthianum strains and is well
supported with a bootstrap support of 100 % and a Bayesian
posterior probability value of 1.00. It consists of two subclades
(bootstrap support/Bayesian posterior probability value
100/1.00 and 92/1.00) comprising about half of the strains each,
both representing strains from Phaseolus vulgaris from
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Germany, USA and the Netherlands. The second main lineage
is represented by a single strain of C. bidentis; the clustering
with the third main clade is not supported. The third main clade
(100/1.00) consists of six subclades: the clades representing C.
trifolii and C. malvarum are well supported (100/1.00) and
group with each other. A sister clade is formed by C. orbiculare
containing the largest number of strains (100/1.00), two smaller
subclades representing C. sidae (90/1.00) and C. spinosum
(100/1.00) as well as a single-strain clade representing C.
tebeestii. The NJ tree (not shown) confirmed the tree topology
obtained with parsimony; the consensus tree obtained from
Bayesian analyses only differs in the grouping of some of the
subclades within the third main clade: C. sidae and C. tebestii
cluster with each other (1.00) and C. spinosum forms a sister
clade to both (1.00). The other Bayesian posterior probability
values agreed with bootstrap supports (Fig. 1). The individual
alignments and maximum parsimony analyses of the six single
genes were compared with respect to their performance in
species recognition. All clades are recognised with GS se-
quences, however some species differ only in one or few bp;
other loci only recognised some of the species (see notes
accompanying each species).

Taxonomy

Based on DNA sequence data and morphology, the 42 strains
studied (Table 1) are assigned to eight species, including four
species that have proved to be new to science. Additionally, C.
orbiculare itself is described as a new species for technical
nomenclatural reasons, as explained below. All species stud-
ied in culture are characterised below. Although there are two
clades formed by strains from Phaseolus spp., here indicated
as C. lindemuthianum 1 (including the ex-epitype strain) and
C. lindemuthianum 2, they are not treated as separate species,
because no difference in host preference, distribution or mor-
phology was observed.

Colletotrichum bidentis Damm, Guatimosim & Vieira, sp.
nov. Fig. 2

MycoBank MB 804691.

Etymology: The species epithet is derived from the host
genus, Bidens.

Sexual morph not observed. Asexual morph on host plant.
Lesions on stems starting as circular spots, cinnamon-brown,
becoming discoid, orange, leading to blight, shrivelling and
death ofinfected plants. Internal mycelium indistinct. External
mycelium absent. Conidiomata acervular, solitary to crowded,
subepidermal, olivaceous-brown, 25-125 pm wide.
Conidiogenous cells terminal, hyaline, cylindrical, rarely
ampuliform, with acute apices, (7-)11-20(—24)*x2-5 pm.
Conidia aseptate, hyaline, smooth-walled, cylindrical, straight
to slightly curved, ends rounded, strongly guttulate, (7-)9—
18(—21)x(3—)4-5(—6) um. Appressoria globose to


http://www.treebase.org/treebase-web/home.html
http://www.treebase.org/treebase-web/home.html

Fungal Diversity (2013) 61:29-59

35

Fig. 1 One of 9366 most
parsimonious trees obtained from a
heuristic search of the combined
ITS, GAPDH, CHS-1, HIS3, ACT,
TUB2 and GS sequence alignment
of the Colletotrichum orbiculare
species complex. Bootstrap support
values above 70 % (bold) and
Bayesian posterior probability
values above 0.95 are shown at the
nodes. Colletotrichum
gloeosporioides CBS 112999 is
used as outgroup. Numbers of ex-
holotype and ex-epitype strains are
emphasised in bold. Strain numbers
are followed by substrate (host //
genus) and country of origin, 44
NL=Netherlands, unkn=unknown.

Branches that are crossed by

diagonal lines are shortened by

50 %

CBS 112999 C gloeosporioides
CBS 569.97 Phaseolus Europe
CBS 153.28 Phaseolus NL
CBS 147.31 Phaseolus Germany
CBS 151.56 Phaseolus France
CBS 131.57 Phaseolus USA
CBS 130841 Phaseolus USA
CBS 150.28 Phaseolus Germany
CBS 571.97 Phaseolus Brazil
CBS 523.97 Phaseolus Costa Rica
CBS 524.97 Phaseolus Costa Rica

CBS 143.31 Phaseolus Germany

CBS 146.31 Phaseolus Germany

CBS 132.57 Phaseolus USA

CBS 133.57 Phaseolus USA

CBS 152.28 Phaseolus NL

CBS 144.31 Phaseolus Germany

CBS 151.28 Phaseolus Germany

COAD 1020 Bidens Brazil

100 | CBS 128554 Medicago USA

1.004 cBS 425.83 unkn unkn

100} ' cBS 158.83 Trifolium USA
’ q CBS 123.24 Malvaceae unkn

1.00 CBS 521.97 Lavatera UK

CBS 133198 Cucumis Japan

CBS 133194 Cucumis Japan

CBS 133195 Cucumis Japan

CBS 133196 Cucumis Japan

CBS 274.54 Cucumis NL

CBS 173.59 Cucumis NL

CBS 172.59 Cucumis NL

C. lindemuthianum 2

C. lindemuthianum 1

C. bidentis
C. trifolii

C. malvarum

100 C. orbiculare

— 10 changes

ellipsoidal, sometimes irregular, dark brown to olivaceous
brown, smooth-walled, wall one-layered, ca. 0.2 um thick,
(6-)7-10(=12) x (4-) 5-8(=9) um.

Asexual morph on SNA. Vegetative hyphae 1.5-7 um diam,
hyaline to pale brown, smooth-walled, septate, branched.
Chlamydospores not observed. Conidiomata acervular, co-
nidiophores and setae formed from a cushion of pale brown,
angular cells 3.5-8 um in diam. Setae medium to dark
brown, basal cell usually pale brown, smooth-walled, 60—
100 um long, 1- to 3-septate, base cylindrical to+inflated,
5.5-8.5 wm diam, tip round to slightly acute, sometimes +
hyaline. Conidiophores pale brown, smooth-walled to verru-
culose, septate, branched, to 60 um long. Conidiogenous cells
pale brown, smooth-walled to verruculose, cylindrical, some-
times surrounded by a gelatinous sheath, 13-28x3.5-7 pm,
opening 0.5-1.5 pum diam, collarette 0.5 pm long, periclinal
thickening not observed. Conidia hyaline, smooth-walled,
aseptate, straight, sometimes slightly curved, cylindrical, with

0.9 CBS 107.17 unkn unkn
CBS 129432 Benincasa Australia
CBS 570.97 Cucumis Europe
CBS 514.97 Cucumis Japan
CBS 122.24 Cucumis UK
CBS 133197 Cucumis Japan
CBS 574.97 Sida USA
CBS 518.97 Sida USA
CBS 504.97 Sida USA
100, CBS 515.97 Xanthium Australia
1.00' cBS 113171 Xanthium Argentina
CBS 522.97 Malva Canada

1.00

C. sidae

1.00 C. spinosum

C. tebeestii

one end round and one end truncate, 12—15(=19.5)x(4-)4.5—
5(=5.5) pum, mean+SD=13.6%1.4x4.5+0.3um, L/W ratio=3.0.

Asexual morph on Anthriscus stem. Conidiomata acervular,
conidiophores and setae formed from a cushion of pale brown,
thick-walled, angular cells 3-8 um in diam. Setae pale to
medium brown, basal cell often paler, smooth-walled to
verruculose, 29-60 um long, 1- to 2-septate, base cylindrical
toxinflated, 4.5-7 um diam, tip+round to slightly acute, often
hyaline. Conidiophores pale brown, smooth-walled to
verruculose, septate, branched, to 60 um long. Conidiogenous
cells hyaline to pale brown, smooth-walled to verruculose,
cylindrical to ampulliform, sometimes surrounded by a gelati-
nous sheath, 8.5-31x3.5-5.5 um, opening 0.5-1 pwm diam,
collarette 0.5 um long, periclinal thickening sometimes ob-
served. Conidia hyaline, smooth-walled, aseptate, straight, some-
times slightly curved, cylindrical to clavate, with one end round
and one end truncate, (11-)11.5-14(=15.5)%(3.5-)4-4.5(-5)
pum, mean+SD=12.7+1.1x4.4+0.3 pum, L/W ratio=2.9.
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Fig. 2 Colletotrichum bidentis (from ex-holotype strain COAD 1020).
a-b. acervuli; c. setae; d—f. conidiophores; g. tip of a seta; h. seta; i—k.
conidiophores; 1-q. appressoria; r—s. conidia. a, c—f, r: from Anthriscus

Culture characteristics: Colonies on SNA flat to low
convex, with entire margin, hyaline to buff, covered by thin,
floccose, whitish, aerial mycelium, the Anthriscus stem, filter
paper and medium partly covered by cinnamon to dark grey
acervuli, the Anthriscus stem and filter paper partly pale
olivaceous-grey to olivaceous-grey, reverse similar; growth
10-12 mm in 7 days (14.5-17 mm in 10 days). Colonies on
OA flat with entire margin, buff, greyish sepia to olivaceous-
grey in the centre, covered with ochraceous, dark grey to black
acervuli, aerial mycelium lacking, reverse buff at the margin,
gradually turning pale olivaceous-grey to iron-grey towards
the centre, growth 11.5-13 mm in 7 days (19-21 mm in
10 days). Conidia in mass apricot to ochraceous.

Specimen examined: BRAZIL, Goias, Jatai, road to Rio
Verde, abandoned gas station, 17°50'30.6"S, 51°26'50.7"W,
from anthracnose symptoms on stems of Bidens subalternans,
13 Feb. 2010, B.S. Vieira (VIC 31566 holotype, CBS H-21140
isotype, culture ex-holotype COAD 1020=CPC 21930).

Notes: Bidens subalternans belongs to the B. pilosa com-
plex (bur marigold, Asteraceae), and is often identified as B.
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stem; b, gk, s: from SNA, 1-q from PCA slide culture. a—b: DM; c—s:
DIC.—Scale bars: a=100 wm; f=10 wm; scale bar of a applies to a-b;
scale bar of f applies to c—s

pilosa because of similar morphology with this species
(Magenta 1998; Grombone-Guaratini et al. 2006). It is dis-
tributed from Uruguay and central Argentina to northern and
western Brazil (Sherff 1937; Cabrera 1974). Species of the B.
pilosa complex infest at least 30 different crops in over 40
countries, and are known to significantly reduce crop yields
(ISSG 2013).

One forma specialis of C. gloeosporioides and one
Vermicularia species were previously described on Bidens.
Colletotrichum gloeosporioides f. sp. pilosae [as ‘pilosa’]
was described on leaves of Bidens pilosa in Varanasi, India
(Singh 1974). The conidia are described as cylindrical to
sybeylindrical with a size (10-21x3.3-4.4 um) overlapping
that of C. bidentis. However, the size range also suggests the
conidia to be narrower and with a larger L/W ratio than C.
bidentis. Since we do not have a living strain of C. gloeosporioides
f. sp. pilosae, we are unable to confirm the identity of this
fungus. Furthermore, formae speciales are host/pathogen
combinations and do not have a taxonomic status, so cannot
be considered to be formal synonyms. Vermicularia bidentis
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was described on Bidens tripartita in Belgium, and forms
fusoid conidia with acute ends, measuring 12-16x3—4 um
(Verplancke and van den Broecke 1936). Although the conid-
ial size also overlaps with C. bidentis, the shape suggests it to
be a species of the C. acutatum species complex. Other reports
of Colletotrichum on Bidens include C. dematium on Bidens
pilosa in Cuba, Venezuela and the West Indies and
Colletotrichum sp. on Bidens pilosa in Florida (Farr and
Rossman 2013). However, there is no DNA sequence of a
Colletotrichum species from Bidens in GenBank.

Colletotrichum bidentis is morphologically similar to C.
lindemuthianum (see Liu et al. 2013), but unlike any of the
other species in the C. orbiculare complex, conidia formed by
C. bidentis are sometimes slightly curved, especially on SNA,
and setae have a conspicuous white tip. However, the base of
the setae of C. bidentis is wider (usually>5 pum diam) than C.
lindemuthianum and the basal cell is often pale brown.
Additionally, C. bidentis is the slowest growing species in this
complex on our diagnostic media.

Colletotrichum bidentis is separable from other species
using all of the loci studied. The closest matches in a blastn
search in GenBank with the ITS sequence of strain COAD
1020, with 99 % identity (4 bp differences), were C. orbiculare
strains MAFF 306685 (AB269941) from Japan (Yoshida S,
published 2007 in database only) and MX-2-153-Mexico
(AY841133) from Annona cherimola (Villanueva-Arce et al.
2008). The closest match with the TUB2 sequence, with 97 %
identity, was C. orbiculare (here: C. spinosum) strain STE-U
5296 (AY376589) from Xanthium spinosum in Argentina
(Lubbe et al. 2004). There is no GS sequence closer than
91 % identical and no full-length GAPDH sequence with
greater than 98 % homology available in GenBank.

Colletotrichum malvarum (A. Braun & Casp.) Southw.,
J. Mycol. 6(3): 116 (1891) Fig. 3

Basionym: Steirochaete malvarum A. Braun & Casp.,
Krankh. Pflanz.: 28 (1853)

Sexual morph not observed. Asexual morph on SNA.
Vegetative hyphae 2—6 um diam, hyaline to pale brown,
smooth-walled, septate, branched. Chlamydospores not ob-
served (but see below). Conidiomata absent, conidiophores
and setae formed directly on hyphae. Setae pale to medium
brown, smooth-walled to verruculose, 65-130 um long, 2-3-
septate, base cylindrical, sometimes slightly inflated, 4—
5.5(=6.5) um diam, tip acute. Conidiophores pale brown,
smooth-walled, septate, branched, to 50 um long.
Conidiogenous cells pale brown, smooth-walled, cylindrical,
9-22x3.5-4.5 um, opening 1.5 um diam, collarette 0.5 pm
long, periclinal thickening sometimes visible. Conidia hyaline,
smooth-walled, aseptate, straight, cylindrical to clavate, with
one end round and the other truncate, (10.5-)11-12.5(—13)x4—
5(-5.5) um, mean£SD=11.6%£0.7x4.5£0.3 um, L/W ratio=
2.6. Appressoria integrated in pale brown mycelium clusters,
medium brown, smooth-walled, oblong in outline, often

curved, with an entire margin, (4.5-)7.5-12.5(-16.5)%
(3.5-)4.5-6(=7) um, mean+SD=9.9+2.5x5.3+0.8 um, L/'W
ratio=1.9. Appressoria-like structures that possibly function as
chlamydospores were found, measuring (5-)6-9.5(—11.5)x
(4-)5.5-7.5(-8) wm, mean+SD=7.7+£1.7x6.4£1.0 um, L/'W
ratio=1.2.

Asexual morph on Anthriscus stem. Conidiomata, conidi-
ophores and setae densely arranged; no angular basal cells
observed. Setae medium brown, smooth-walled to verru-
culose, 50-130 um long, 1-2-septate, base cylindrical to
conical, 3.5-5.5 um diam, tip acute. Conidiophores hyaline
to pale brown, smooth-walled, septate, branched, to 20 um
long. Conidiogenous cells hyaline to pale brown, smooth-
walled, cylindrical, 15-22x3.5-4.5 um, opening 1.5-2 um
diam, collarette 0.5 um long, periclinal thickening some-
times visible. Conidia hyaline, smooth-walled, aseptate,
straight, cylindrical, sometimes clavate with one end round
and the other truncate, (11-)11.5-13.5(—14)x4.5-5(=5.5)
pm, mean+SD=12.6+0.9x4.8+0.3 um, L/W ratio=2.6.

Culture characteristics: Colonies on SNA flat with entire
margin, hyaline, olivaceous-grey towards the centre, aerial
mycelium lacking, reverse same colours; growth 15-16 mm
in 7 days (20-23 mm in 10 days). Colonies on OA flat with
entire margin, dark olivaceous, dark grey-olivaceous to
olivaceous-black, aerial mycelium lacking, partly covered
by rosy buff conidia oozing from black acervuli, reverse pale
olivaceous-grey to olivaceous-grey; growth 11.5-14 mm in
7 days (16.5-18.5 mm in 10 days). Conidia in mass not
visible.

Specimens examined: GERMANY, probably Berlin, from
Malva sp., collection date and collector unknown (PC holo-
type, IMI 69872 slide from holotype). UK, from Lavatera
trimestris cv. Mont Blanc, unknown collection date (deposited
in CBS collection Feb. 1997 by J.A. Bailey), R. Maude (CBS
H-20973 epitype, here designated, culture ex-epitype CBS
521.97=LARS 720=Lav-4; MBT175516). UNKNOWN
COUNTRY, from unknown Malvaceae host, unknown col-
lection date and collector (deposited in CBS collection Jul.
1924 by ABM Haye), culture CBS 123.24.

Notes: Steirochaete malvarum was described from culti-
vated Malva and Lavatera in Germany (Braun 1854). The
fungus caused a disease of Malva verticillata, M. parviflora,
M. mauritiana, M. bryoniifolia and Lavatera plebeja that
starts with greenish black spots on leaves and stems and
leads to wilt and plant death. The original publication states
that the fungus forms stiff brown setae and aseptate, hyaline
to slightly greenish, elliptical, ovoid to oblong conidia, and
(probably inaccurately) that the spores are produced in weak
chains of 3—4 from hyaline, filiform cells. Based on the
drawing in the original description they measure ca 9-
14x4.5-5 um; Saccardo (1886) provided somewhat smaller
measurements, 8—9x3—4 um. The slide from the holotype in
IMI is in poor condition, but measurements from the conidia
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Fig. 3 Colletotrichum malvarum (from ex-epitype strain CBS 521.97).
a-b. acervuli; c. seta; d—f. conidiophores; g. tip of a seta; h. basis of a
seta; i-1. conidiophores; m-r. appressoria; s—t. conidia. a, c—f, s: from

are as follows: (10—)11.5-15(=16)x4-5 pum, mean=SD=1
3.2£1.8%x4.6+£0.3 um, L/W ratio=2.9.

Southworth (1890) described a new species, C. althaeae
that caused a destructive disease on hollyhock (A4lcea rosea)
in the USA and resembled C. lindemuthianum. Alcea and
Althaea are actually different genera of Malvaceae that have
frequently been confused. The following year, Southworth
realised that a similar fungus had been previously described
on Malva species. She regarded the species as synonyms and
combined S. malvarum into Colletotrichum (Southworth
1891). She also reported on strains from prickly sida (Sida
spinosa) from Kansas, USA that looked the same as those
from hollyhock. Conidia from these strains did not produce a
disease on Malva, but nevertheless she considered them to be
identifiable as C. malvarum. These are likely to belong to C.
sidae, described below.

Conidia of Southworth’s fungus from hollyhock were de-
scribed as measuring 10-28 x5 pwm, which is larger than our
measurements from the type of Steirochaete malvarum, and
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Anthriscus stem; b, g, t: from SNA. a—b: DM; c—t: DIC.—Scale bars:
a=100 pwm; f=10 pum; scale bar of a applies to a—b; scale bar of f applies
to c—t.

from the European strains we have assigned to this species.
Bearing in mind the diversity of Colletotrichum species we
have detected from the Malvaceae, it is quite possible that C.
althaeae is actually not a synonym of S. malvarum, but the
validity of the combination C. malvarum that Southworth
(1891) made is not affected.

Grove (1937) listed some reports of C. malvarum in the
UK: on a malvaceous plant from Perthshire (Cooke 1908), on
Lavatera trimestris in Buckinghamshire and Hertfordshire
(Smith 1909) and on stems of Malva sp. in Hampshire. The
strain we have selected as epitype was isolated from Lavatera
trimestris as well, although collected much more recently in
the UK. The host genera Malva and Lavatera are closely
related and both highly polyphyletic (Garcia et al. 2009) and
intergeneric hybrids have been reported (Garcia et al. 2009;
Hinsley 2013).

There are other species of Colletotrichum reported from hosts
belonging to the Malvaceae. Colletotrichum magnusianum has
larger conidia, which measure 16-20x4-5 um and are
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cylindrical and slightly curved, based on the drawing in the
original description. It was found on Malva neglecta close to
Merano, Italy (Bresadola 1892). Allescher (1902) considered C.
magnusianum to be different from C. malvarum. Magnus (1926)
found a species of Colletotrichum on leaves of Malva neglecta in
Austria and regarded it as C. magnusianum because of the
shorter setaec (3040 um) compared to those of C. malvarum
(60—109 um). We have not seen authentic material of
Bresadola’s species, but it seems likely that it and C. malvarum
are not conspecific.

Colletotrichum malvacearum was described on Hibiscus
rosa-sinensis from India and has curved conidia (Pavgi and
Singh 1965), while C. malvarum has straight conidia. The
two species are clearly distinct.

Gloeosporium malvae was described by Sydow (1899),
from leaves of Malva neglecta from Germany; the species
has subcylindrical, straight to slightly curved conidia that are
larger than those of C. malvarum or any of the other species
on Malvaceae in this species complex, measuring 19-27x3—
4 um. It clearly belongs to a different species complex.

Mortensen (1991) reported on C. gloeosporioides strains
isolated from severely diseased plants of Lavatera cvs. ‘Mont
Blanc’ and ‘Silver Cup’ in Canada. These strains have a similar
host range to C. gloeosporioides f. sp. malvae (= C. tebeestii,
this study) from Malva pusilla (Mortensen 1988); however the
disease symptoms were found to be different. The strains from
Lavatera caused leaf and sometimes also stem lesions in the
two Lavatera cultivars, several Malva spp., Althaea rosea and
Carthamus tinctorius (Asteraceae), and to a lesser extent in
other Malvaceae and non-malvaceous plants. The strains from
Lavatera caused most severe disease on leaves, while C.
gloeosporioides f. sp. malvae mostly attacks the stem.
Mortensen (1991) also observed cultural differences: the
Lavatera strains produced more aerial mycelium on
PDA and showed less abundant sporulation compared
with C. gloeosporioides f. sp. malvae. A culture was
reportedly kept (DAOM 211155), but we have not been
able to study it.

Colletotrichum malvarum was reported as an anthracnose
pathogen of Althaea officinalis in greenhouses in Italy, pro-
ducing dark colonies with whitish aerial mycelium and cy-
lindrical conidia measuring 14-25%3—6 um on PDA (Tosi
et al. 2004). The large size of the conidia suggests a possible
relationship with C. althaeae or C. magnusianum. An anthrac-
nose disease of the same host in Switzerland was attributed to
C. orbiculare “f. sp. from A. officinalis” (Michel 2005). The
isolate formed smaller conidia measuring 10—13 x3—4 um, and
setae which were 62—75 um long, was seed transmitted and
caused anthracnose of 4. officinalis, A. rosea and Malva alcea.
Other plants were unaffected, including Lavatera trimestris,
M. crispa, M. moschata, M. sylvestris, Fragaria % ananassa
and Hypericum perforatum. Further studies are needed, but
these strains may well belong to C. malvarum s. str.

There are two reports on C. malvarum on Malva verticillata
in Korea (Cho and Shin 2004; Kim et al. 2008) and one on
Malva sylvestris in China (Tai 1979). Since Malva verticillata
was listed as one of the host species of C. malvarum in the
original description of the species, it is possible that those
reports refer to C. malvarum s. str. However strains from those
collections need to be re-identified using DNA sequence data.

Detailed molecular phylogenetic analysis of strains
assigned to C. malvarum has not previously been carried
out. Based on morphological similarity, affinities to the lectin
Bauhinia purpurea agglutinin (BPA) and the monoclonal
anibody UB 20 and ITS-2/D2 rDNA data, Bailey et al.
(1996) treated isolates from Lavatera trimestris, Malva pusilla
and Sida spinosa as one species belonging to the C. orbiculare
species aggregate. We have reassigned some of these strains as
C. malvarum, C. tebeestii and C. sidae. The four strains
from Lavatera trimestris included in the ITS-2/D2 phylogeny
of Bailey et al. (1996) formed a uniform clade, but two strains
from Sida spinosa apparently had identical ITS-2/D2 se-
quences. It is now widely accepted that such sequences are
too conservative in Colletotrichum to separate taxa robustly at
species level (Cannon et al. 2012). Hyde et al. (2009) specu-
lated that C. malvarum might subsequently be shown not only
to be distinct from C. orbiculare, but to represent a species
complex in its own right. That view has been substantiated in
the current study.

Colletotrichum malvarum is one of the slowest growing
species in the C. orbiculare complex; all other species, exept
for C. bidentis, reached >20 mm in 10 days on SNA.
Colletotrichum malvarum is closely related to C. trifolii; the
ITS and CHS-1 sequences are identical. However, the two
species can be separated with all other genes studied, and most
robustly with GS sequences. Sequences currently lodged in
GenBank as C. malvarum (218981, DQ792859, DQ792860,
DQ792892, DQ792893) belong to C. sidae and C. spinosum
according to our study; sequences of Colletotrichum
from Malva in GenBank are apparently all from strains
from Malva pusilla in Canada, described as C. tebeestii
below. The only sequences of C. malvarum s. str. in GenBank
are very short ITS-2 and LSU (D2) sequences of C.
“orbiculare” generated in the study of Bailey et al. (1996).

Colletotrichum orbiculare Damm, P.F. Cannon & Crous,
sp. nov. Fig. 4

# Cytospora orbicularis Berk. [as ‘Cytispora orbicularis’],
Annls Nat. Hist. 1: 207 (1838)

= Gloeosporium orbiculare (Berk.) Berk., Some Notes upon
the Cryptogamic Portion of the Plants Collected in Portugal
184250 by Dr Friedr. Welwitsch. The Fungi: 7 (1853)
= Myxosporium orbiculare (Berk.) Berk. Outlines of
British Fungology: 325 (1860)

= Colletotrichum orbiculare (Berk.) Arx [as ‘(Berk. &
Mont.) Arx’], Verh. K. Akad. Wet. Amsterdam, tweede
sect. 51(3): 112 (1957), nom. inval. (Art. 34.2)
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Fig. 4 Colletotrichum orbiculare (a—g, j—r from ex-holotype strain
CBS 570.97, h, i from strain CBS 133196). a-b. acervuli; c. tip of a
seta; d. basis of a seta; e—f. conidiophores; g. seta; h—j. conidiophores;

= Sirogloea orbicularis (Berk.) Arx, Verh. K. Akad.
Wet. Amsterdam, tweede sect. 51(3): 113 (1957), nom.
inval. (Art. 34.2)

MycoBank MB 804706

Etymology: The species epithet is based on the widely
used but invalid name by which this species has become
known.

Sexual morph not observed. Asexual morph on SNA.
Vegetative hyphae 2—5 pm diam, hyaline, smooth-walled, sep-
tate, branched. Chlamydospores not observed. Conidiomata
absent, conidiophores and setae formed directly from hyphae.
Setae pale to medium brown, smooth-walled, 30—140 um
long, 1-5-septate, base cylindrical, 3—6.5 um diam, the tip=£-
acute or£rounded, sometimes ending in a conidiogenous opening.
Conidiophores hyaline, smooth-walled, fast disintegrating.
Conidiogenous cells hyaline, smooth-walled, fast disintegrating,
collarette not observed, periclinal thickening not observed.
Conidia hyaline, smooth-walled, aseptate, straight, cylindrical to
clavate, with one end round and the other truncate, (9-)10.5—
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k—p. appressoria; ¢—r. conidia. a, c—f, q: from Anthriscus stem; b, g—p, r:
from SNA. a-b: DM; c—1: DIC.—Scale bars: a=100 pm; e=10 pum;
scale bar of a applies to a—b; scale bar of e applies to c—.

12.5(-14)x4-4.5(-5) um, mean+SD=11.6+1.1x4.4+
0.2 um, L/W ratio=2.7, conidia of strain CBS 514.97 shorter
and broader, measuring (9.5-)10-11.5(—13)x(4-)4.5-5.5(-6.5)
pum, mean+SD=10.8+0.9%x5.2+0.6 um, L/W ratio=2.1. Appre-
ssoria (none observed after 10 days, n=11 after 4 weeks) single,
pale to medium brown, smooth-walled, ovate or clavate in outline,
with an entire to undulate margin, (5.5-)6-8(—8.5)%(4-)
4.5-6(—6.5) um, mean+SD=7.2+1.0x5.1£0.8 um, L/'W
ratio=1.4.

Asexual morph on Anthriscus stem. Conidiomata densely
arranged with setae enclosing conidiophore clusters; no
angular basal cells observed. Setae pale to medium
brown, smooth-walled to verruculose, 60—130 um long,
2—4(—6)-septate, base cylindrical to conical, 3-7.5 um
diam, the tiptrounded. Conidiophores hyaline, smooth-
walled, septate, branched, to 40 um long. Conidiogenous
cells hyaline, smooth-walled, cylindrical, 13—24x3—4 um,
opening 1-1.5 um diam, collarette not observed,
periclinal thickening distinct. Conidia hyaline, smooth-
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walled, aseptate, straight, cylindrical, sometimes clavate
with one end round and one end truncate, (11-)12-14.5
(-16.5)x4-4.5(=5) um, mean+SD=13.3+1.3x4.4+0.3 um,
L/W ratio=3.0.

Culture characteristics: Colonies on SNA flat with entire
margin, hyaline to honey, olivaceous-grey in the centre due
to formation of acervuli, aerial mycelium lacking, reverse
same colours; growth 16—-19.5 mm in 7 days (23-26 mm in
10 days). Colonies on OA flat with entire margin; buff, with
olivaceous to olivaceous-grey sectors covered with very
short whitish aerial mycelium, reverse buff, with pale
olivaceous-grey to olivaceous-grey sectors, growth 17.5—
18 mm in 7 days (26.5-27.5 mm in 10 days). Conidia in
mass not visible.

Specimens examined: ITALY, Orto Botanico di Parma, on
skin of Lagenaria fruit, Nov. 1867, G. Passerini (Erbar.
Crittogam. Ital., ser II, no. 148; K isotype of Fusarium
lagenaria); Orto Botanico e orti privati dei dintorni di
Pavia, summer 1889 (Briosi G and Cavara F, I Funghi
Parassiti delle Piante Coltivate ed Utila no. 99; K isotype of
C. oligochaetum). JAPAN, Kyoto, on leaves of Cucumis melo,
Aug. 2011, Dongliang Jiang, culture CBS 133196=KTU-HS.
PORTUGAL, vicinity of Lisbon, from fruit lesions on skin of
Cucurbita lagenaria (possibly Lagenaria siceraria), 18421850,
F. Welwitsch (K, Cryptotheca Lusitana no. 25, ex. Herb.
Berkeley). UK, King’s Cliffe, on small orange gourds
(Cucurbita pepo?), collection date unknown, M.J. Berkeley; K,
holotype of Cytospora orbicularis, CBS H-4203, isotype.
UNKNOWN COUNTRY IN EUROPE (probably UK), from
Cucumis sativus, collection date unknown (deposited in CBS
collection Mar. 1997 by J.A. Bailey), G.A. Carter (CBS
H-20976 holotype of C. orbiculare, culture ex-holotype
CBS 570.97=LARS 73). UNKNOWN COUNTRY, from
Cucumis sativus, unknown collection date and collector
(deposited in CBS collection Aug. 1924 by W.F. Bewley),
culture CBS 122.24.

Notes: Cytospora orbicularis was published by Berkeley
(1838) with type material collected in King’s Cliffe, UK on
small orange gourds (Cucurbita pepo?) that belongs to a fungus
unrelated to that described here. It forms small straight, ellip-
soidal conidia (CBS H-4203 measures (4—)5-6(—7)%2-3(-5)
pum, mean£+SD=5.6+0.7%2.5+0.7 um, L/W ratio=2.2), that
are discharged in tendrils from acervular conidiomata, and is
not a Colletotrichum species.

A collection from Portugal (listed above) distributed by
Welwitsch as part of his exsiccata set Cryptotheca Lusitana,
six specimens of which are preserved at Kew, was examined
by Berkeley as well. Berkeley (1853) stated that he received
the sample from Montagne, who considered it to belong to a
new taxon with the provisional name Gloeosporium
welwitschii. Although that name was not taken up and has
apparently never been validly published, Berkeley consid-
ered Welwitsch’s specimens as a species of Gloeosporium as

well. However he incorrectly considered it as a synonym of
his previously published species Cytospora orbicularis, and
cited this species as the basionym of the new combination
Gloeosporium orbiculare, which is therefore not a
Colletotrichum either. A few years later Berkeley combined
Cytospora orbicularis in Myxosporium as M. orbiculare,
referring to the minute conidia in tendrils. He did however
not mention the name Gloeosporium orbiculare in his
“Outlines of British Fungology” (Berkeley 1860), and subse-
quent authors assumed that the judgement made by Berkeley
(1853) was correct, and therefore listed Gloeosporium
orbiculare with Cytospora orbicularis as basionym (e.g.
Allescher 1902; Grove 1937; Vassiljevski and Karakulin
1950).

The discordance between the two collections discussed in
the previous paragraphs was noted by von Arx (1957a, b).
His solution was to treat the name Gloeosporium orbiculare
as introduced by Berkeley (1853) as a new species (attribut-
ed inaccurately to Berkeley and Montagne) rather than a new
combination based on Cytospora orbicularis as made clear
by Berkeley. His new combination into Colletotrichum was
based on this notional taxon. The type of Cytospora
orbicularis was considered by von Arx to be a species of
Sirogloea, an obscure coelomycete genus described by
Petrak (1923); neither of the two species assigned to this
genus appears to have been studied subsequently. Von Arx’s
(1957a, b) interpretation of C. orbiculare in the sense of
Berkeley (1853) has been followed by the vast majority of
Colletotrichum workers, whether they are taxonomists or
pathologists. Regrettably, however, von Arx’s actions to
preserve the name C. orbiculare in its modern interpretation
do not conform to modern nomenclatural rules. To treat
Gloeosporium orbiculare as a new species was an invalid
action, because Berkeley (1853) clearly cites Cytospora
orbicularis as the basionym of Gloeosporium orbiculare.
Consequently, the combinations Colletotrichum orbiculare
(Berk.) Arx and Sirogloea orbicularis (Berk.) Arx are both
invalid (Art. 34.2) as they are alternative names based on the
same type.

It would be highly desirable to retain the name for this
economically important cucurbit pathogen, as accepted here.
This is possible under the current nomenclatural rules: since
the name C. orbiculare (Berk.) Arx is invalid and therefore
does not exist in nomenclatural terms, the epithet is available
again. This allows us to describe the fungus as a new species
with the same epithet, based on a specimen that conforms to
our present understanding of this species and linked to a
living culture. The alternative would be to re-adopt the name
C. lagenaria (based on Fusarium lagenaria Pass.), which
admittedly was used by some authors for the fungus in
question in the earlier part of the 20" century. This would
however cause widespread confusion in the applied myco-
logical community. Additionally, we are not certain if the
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two species are indeed synonyms (see below). Since the
invalid name C. orbiculare (Berk.) Arx agrees with the
fungus we describe here as new, we omit the authorities in
the following discussion on the species and elswhere in this
study. Apparently all authors who took up the name
Gloeosporium orbiculare from Berkeley (1853) used it in-
correctly for a species of the genus Collefotrichum as we
understand it today; we assume it might in most cases be the
same fungus newly described here as C. orbiculare.

According to von Arx (1957a), C. orbiculare forms leaf
spots and fruit anthracnose on several Cucurbitaceae hosts.
The fungus usually forms dark mycelium in culture with
little aerial mycelium; a typical form on melon with paler
aerial mycelium was also isolated. Two typical C. orbiculare
isolates from cucumbers did not cause a disease on inoculat-
ed bean plants, while cucumber seedlings and apple fruits
were infected and an isolate from melon with paler aerial
mycelium caused fruit rot on apples as well.

Colletotrichum orbiculare as described here might have a
number of earlier names, none of which is confirmed here
(see below). In order to avoid further name changes and
confusion of this important plant pathogen, we expect the
name C. orbiculare described here to be included in the list
of Colletotrichum names presented for nomenclatural pro-
tection at the 10™ International Mycological Congress 2014.

Fusarium lagenaria was described by Passerini (1868)
from Cucumis melo and Colocynthis (= Citrullus) sp. in Italy.
Roumegueére (1880a) described a collection from France initial-
ly identified as Gloeosporium reticulatum (Mont.) Roum. (syn.
Fusarium reticulatum Mont.) but corrected the identification
shortly afterwards (Roumeguere 1880b) to Fusarium lagenaria.
In the same publication, Roumeguére transferred the fungus to
Gloeosporium as G. lagenaria (Pass.) Sacc & Roum. Shortly
afterwards, Halsted (1893a) combined the name into
Colletotrichum, based on studies of strains from different hosts
in the USA. The holotype specimen of Fusarium lagenaria
could not be located (e-mail from Antonio De Natale: herbari-
um PORU and POR are closed due to renovation of the build-
ing), but an isotype is included in the Kew collection. Its
similarity with C. orbiculare (at least in terms of morphological
characters) can be broadly confirmed, though the collection has
conidia that are very variable in size and shape, with a substantial
proportion of conidia that are clavate rather than cylindrical.
Conidial measurements from the isotype measure (12.2—)13.5—
16.7(-17.5)x(4.2-)4.5-5.7 pum, mean+SD=15.0+1.1x4.9+
0.4 um, L/W ratio=3.0. Wollenweber and Hochapfel (1949)
studied the holotype specimen of F. lagenaria; the conidia
measured 15-18x4.5-6 um, mean=16.5x%5.3 um. The conidial
length/width ratio of the holo- and isotypes of C. lagenaria is
thus somewhat larger than that calculated for the type of C.
orbiculare as described here. Several authors listed
Gloeosporium orbiculare and C. lagenaria (or Gloeosporium
lagenaria) as two separate anthracnose pathogens of
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Curcurbitaceae (Grove 1937; Vassiljevski and Karakulin 1950;
Wollenweber and Hochapfel 1949). Wollenweber and Hochapfel
(1949) keyed the two species out according to their average
conidial size (based on living strains on different media) with
14x5 um as Gloeosporium orbiculare and 17x5.3 pm as
Gloeosporium lagenaria. However, both dimensions are some-
what larger than our measurements of the type of the newly
described C. orbiculare and that of Fusarium lagenaria, respec-
tively. In the absence of authentic cultures it is not possible to
confirm the synonymy of Fusarium lagenaria with C. orbiculare
using current species recognition criteria.

Gloeosporium cucurbitarum was described by Berkeley
and Broome (1882) from the skin of gourds (Lagenaria or
Cucurbita) in Brisbane, Australia. They stated that clavate,
short-stipitate conidia 0.0004 to 0.0009 in. (ca. 10-23 pm) in
length are formed in small cirri that arise from depressed
patches on the host cuticle. Conidia and patches are bright
orange coloured. Two syntypes were assigned, both collect-
ed by F.M. Bailey, both of which are present in Kew. Bailey
393 is fragmentary and rather decomposed, but two speci-
mens of Bailey 371 show a Colletotrichum-like acervular
fungus lacking setae. Conidia from Bailey 371 are variable in
size and shape, measuring (11-)12.5-18%(3.5-)4-5.5 um,
mean+SD=14.7£1.7x4.6+0.4 um, L/W ratio=3.2. Their
dimensions and shape are therefore very similar to those of
C. lagenaria. Von Arx (1957a) listed C. lagenaria and
Gloeosporium cucurbitarum as synonyms of C. orbiculare,
but their precise taxonomic position is difficult to ascertain
without molecular data.

Colletotrichum oligochaetum was described by Cavara
(1889) on leaves and stems of Lagenaria vulgaris from
Italy. Conidia were considered to be aseptate, hyaline, cylin-
drical or ovoid, often constricted in the centre and with one
or both sides truncate, measuring 13—15x4-5 pum. Setae
were olivaceous, 1-2-septate, with an inflated base and ob-
tuse tip, measuring 60—70x5-7 pum. Examination of an
isotype of C. oligochaetum from Kew confirms these obser-
vations, and it is possible that Cavara’s species represents an
earlier name of C. orbiculare in the restricted sense of the
species described here. Conidial measurements are as fol-
lows: (10.5-)11-15(=17)x4-5 pm, mean=SD=13.1+
1.5x4.3+0.3 um, L/W ratio=3.1. Cavara’s species name
has not been used in recent years, and sequence data from
type material are not available. In the interests of nomencla-
tural stability, it would not be appropriate to adopt it as the
correct name for C. orbiculare.

Gloeosporium lagenaria var. citrulli was described by
Potebnia (1907) on the epicarp of Citrullus vulgaris in South
Russia where the taxon was noted to be very common and
destructive. Conidia of this species were observed to be hya-
line and 14x5 pm in size, with conidiophores measuring 20—
30x5 um. No setae were observed, in contrast to other strains
from Russia that were identified as C. oligochaetum. Bearing
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in mind that many strains of C. orbiculare have poorly devel-
oped setae, we think it is possible that Potebnia’s variety
belongs to that species. However, we have not seen material
of this taxon to confirm this. Nomenclatural priority is rank-
limited, so Potebnia’s name would not threaten uptake of C.
orbiculare as a new species.

Colletotrichum gloeosporioides f. sp. cucurbitae was first
introduced for isolates from cucumber that were used in a
pathogenicity trial (Menten et al. 1980) and later reported
from Citrullus lanatus, Cyclanthera pedata and Solanum
muricatum (sweet pepino) (Cardoso et al. 2001). Formae
speciales are host/pathogen combinations and do not belong
in the taxonomic hierarchy of the pathogen, so cannot be
considered to be formal synonyms. We have not been able to
assess the phylogenetic position of these strains, but it is
likely that the fungi concerned belong to C. orbiculare.

Ellis and Everhart (1889) observed a fungus on banana
rind in the USA that they could not differentiate from
Gloeosporium lagenaria on Cucurbitaceae species and
therefore called it Gloeosporium lagenaria var. musarum.
However, a large number of strains from Musa species has
been studied belonging to different species in several
Colletotrichum species complexes, including C. paxtonii in
the C. acutatum complex (Damm et al. 2012a), C. karstii in
the C. boninense complex (Damm et al. 2012b) and C. musae
in the C. gloeosporioides complex (Weir et al. 2012); but none
of them belongs to the C. orbiculare complex (Damm,
unpublished data). Conidia of C. karstii that occurs on banana
in Central and South America have a broadly similar shape
and similar dimensions (Yang et al. 2011; Damm et al. 2012b)
as those of the isotype of Fusarium lagenaria, that could not
be confirmed to belong to the C. orbiculare complex in our
study (see above). It is therefore possible that Gloeosporium
lagenaria var. musarum is a synonym of C. karstii. No mate-
rial has been seen and no morphological details were provided
by Ellis and Everhart (1889), but we think that it is more likely
that their fungus belongs to a different species complex.

Glomerella magna was described from diseased Citrullus
lanatus (watermelon) in the USA (Jenkins and Winstead
1962, 1964). It has larger conidia than C. orbiculare, measur-
ing 24-40x4—-6 um. Based on mtDNA RFLP, DNA finger-
printing and RAPD PCR by Correll et al. (1993), Glomerella
magna isolates formed a haplotype different from that of C.
orbiculare. This agrees with the study of Liu et al. (2007) and
preliminary results based on sequence data (U. Damm,
unpublished data), indicating that Glomerella magna belongs
to a different species complex. Wasilwa et al. (1993) found
that strains of this species were less virulent compared with
those of C. orbiculare.

We have not seen isolates producing sexual structures that
belong to C. orbiculare s. str., but sexual taxa linked by their
authors to C. orbiculare and its relatives have been observed.
Glomerella lagenaria was described by Stevens (1931) from

ultraviolet-irradiated corn meal agar cultures of strains iden-
tified as C. lagenaria from Georgia and Illinois, USA. One
of these was isolated by Stevens himself from melons (host
species not mentioned); the other was isolated by Dr B.B.
Higgins in Georgia. Perithecia were described as globose,
dark, up to 110 um diam, with numerous asci containing
hyaline, aseptate, immature ascospores. The name G.
lagenaria was introduced as a new combination based on
Fusarium lagenaria Pass. Some years later, Watanabe and
Tamura (1952) observed asci and ascospores in potato agar
cultures of fungi identified as C. lagenaria from cucumber in
Japan, and also described the sexual stage as Glomerella
lagenaria. A further study noted a sexual morph referred to
as Glomerella cingulata var. orbiculare (Jenkins and
Winstead 1961). This developed from an isolate identified
as belonging to C. orbiculare race 1 (see Goode 1958), from
edible gourd (Lagenaria leucantha var. longissima) in North
Carolina, USA. The isolate on its own produced few asco-
spores, but abundant ascospore production was observed
when the strain was mated with certain other isolates
assigned to C. orbiculare, and the ascospores themselves
when cultured produced fertile perithecia. Jenkins and
Winstead (1961) regarded their isolate as different from
Glomerella lagenaria as described by Watanabe and
Tamura (1952). The name Ga. cingulata var. orbiculare is
invalid as the abstract published by the authors was not
intended formally to introduce the name, and no Latin de-
scription was provided (Weir et al. 2012).

In the study of Correll et al. (1993) apparently authentic
isolates of the study of Jenkins and Winstead (1961) from
cucuzzi gourd (Lagenaria leucantha var. longissima) and two
further isolates from honeydew fruits (Cucumis melo) formed
a mtDNA RFLP haplotype different from those of C.
orbiculare (s. str.) and Glomerella magna, suggesting these
isolates to belong to a different species, maybe even a different
species complex. One of these isolates was observed to be
homothallic, producing the sexual morph in culture (J. C.
Correll, unpublished data). In inoculation experiments by
Wasilwa et al. (1993), in contrast to isolates of C. orbiculare
(s. str.), isolates of this species were avirulent or only weakly
virulent to cucurbits. This species could well belong to the C.
boninense species complex. Damm et al. (2012b) recently
identified two strains from Citrullus lanatus and Cucumis
melo as C. karstii, a species of the C. boninense complex that
produces a sexual morph in culture without crossing,
suggesting it to be homothallic. Its conidia are slightly larger
but have a similar shape to those of C. orbiculare, and the size
of asci and ascospores of C. karstii is similar to that of the
sexual stage described by Jenkins and Winstead (1962).
However, the strains from the study of Correll et al. (1993)
need to be re-identified using sequence data. None of the
teleomorphic strains referred to in the papers of Stevens
(1931) and Watanabe and Tamura (1952) have been re-
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examined, and we are not confident that any of them represent
a real sexual stage of C. orbiculare either.

There are further species of Colletotrichum associated with
diseases of cucurbits belonging to other Colletotrichum spe-
cies complexes (Cannon et al. 2012). One Colletotrichum
strain from Cucurbita pepo in the CBS collection belongs to
C. coccodes (Liu et al. 2013) and one strain from Cucumis
melo to the recently described species C. melonis belonging to
the C. acutatum species complex (Damm et al. 2012a).
Colletotrichum coccodes has longer and narrower conidia
than C. orbiculare, while conidia of C. melonis have at least
one acute end and a larger L/W ratio (> 3.5) than C. orbiculare
(< 3.0). There are uncharacterised specimens from the C.
gloeosporioides complex in the IMI dried collection associat-
ed with several species of cucurbits.

Among the many historical taxa assigned to Colletotrichum
and Vermicularia (a generic synonym; Cannon et al. 2012)
that have not been assessed using molecular methods, there
are some associated with cucurbits that do not appear to
belong to the C. orbiculare species complex. Vermicularia
cucurbitae (Cooke 1878) was described as forming globose
“perithecia” with linear, tiny (15x%3 um) conidia and hyaline,
lanceolate, acuminate, triseptate conidia measuring 50x5 pm
in fruits of Cucurbitaceae from Aiken, South Carolina, USA.
It can therefore be discounted as a potential earlier name of C.
orbiculare, and is probably not a species of Colletotrichum.
Another species on skin of rotten Cucurbita lagenaria in
Germany and Italy, Vermicularia wallrothii (Saccardo 1884)
produces curved conidia that are longer than those of C.
orbiculare, measuring 25-28%3-3.5 um. It belongs to a dif-
ferent species complex.

Colletotrichum orbiculare is closely related to C. sidae,
C. spinosum and C. tebeestii; their CHS-1 sequences are
identical. Additionally, the GAPDH and TUB2 sequences
are identical with those of C. sidae, and ITS sequences are
not always different from C. spinosum. However, the species
can be separated from the other species with its unique GS,
ACT and HIS3 sequences, and GS sequences provide the
most effective differential data separating these taxa.

Comparison of sequences retrieved from NIAS Genbank
(http://www.gene.affrc.go.jp) showed that strains MAFF
306685, MAFF 306518, MAFF 306681 and MAFF
306589 from Citrullus vulgaris, Cucumis melo, Cucumis
sativus and Gerbera, respectively, in Japan have identical
ITS, GAPDH, ACT and TUB2 sequences with strain CBS
570.97. In blastn searches, the ITS sequence of CBS 570.97 is
identical to those of strain 11-045 (JX997422) from Citrullus
lanatus, four strains (11-100, 11-169, 11-209, 10-151) from
Cucumis sativus (JX997424-JX997427) and strain 11-061
(JX997423) from an unidentified cucurbitaceous rootstock
(all from an unpublished study from Korea by Han KS, Lee
SC, Lee JS, Soh JW and Park MJ), further to strains MAFF
306518 (AB042308) and MAFF 306589 (AB042309)
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(Moriwaki et al. 2002) and to previously published or gener-
ated ITS sequences of two strains that are included in this
study, 104-T (= CBS 514.97, JQ005778, O’Connell et al.
2012) and BBA 71046 (= CBS 570.97, Nirenberg et al.
2002). With 99 % similarity (one bp difference), follow
Glomerella cingulata var. orbiculare strain ATCC 42085
(KC146360) from cucumber in the USA (unpublished study
by Gujjari P, Suh S-O and Zhou J), C. orbiculare strains
MAFF 306685 (AB269941) from watermelon in Japan and
MAFF 306681 (AB269939) from cucumber in Japan (both
published in database only by Yoshida S, 2007) and C.
orbiculare strain MX-2-153-Mexico (AY841133) from
Annona cherimola in Mexico (Villanueva-Arce et al. 2008).
The closest match with the TUB2 sequence of strain CBS 570.
97, with 100 % identity, is C. orbiculare strain 104-T (= CBS
514.97, JQ005862, O’Connell et al. 2012), followed by C.
spinosum (as C. orbiculare) strain STE-U 5296 (= CBS
113171, AY376589, Lubbe et al. 2004); both strains are
included in this study. The GAPDH sequence of strain CBS
570.97 was 100 % identical to that of C. orbiculare s. str.
strains DAR61396 (DQ792862) and MH2 (DQ792863) and
99 % identical (1 bp difference) to that of C. orbiculare s. str.
strains CP6 (DQ792867), JC1 (DQ792866) and RL1
(DQ792868) as well as two strains from Sida (here C. sidae)
3-7-11 (DQ792869), 4-3-12 (DQ792870), all generated by
Liu et al. (2007). In a blastn search with the GS sequence of
strain CBS 570.97, all GS sequences of C. orbiculare (s. str.)
strains from the study of Liu et al. (2007) were 99 % identical
(1-4 bp differences): strains AK9 (DQ792884), JC1
(DQ792889), DAR61396 (DQ792885), JX13 (DQ792888),
RL1 (DQ792891), JX10 (DQ792887), MH2 (DQ792886),
CP6 (DQ792890). GS sequences of the two C. orbiculare
strains from Xanthium (here treated as C. spinosum) were only
93 % identical.

Colletotrichum orbiculare has been used extensively in
recent years to investigate host-pathogen interactions
(Asakura et al. 2009, 2012; Tanaka et al. 2009; Fujihara
et al. 2010; Kubo and Takano 2013), and strain MAFF
240422 (= CBS 514.97=104-T, included in this study) has
been subjected to whole genome-level analysis (Gan et al.
2013).

Colletotrichum sidae Damm & P.F. Cannon, sp. nov. Fig. 5

MycoBank MB 804692

Etymology: The species epithet is derived from the host
genus name.

Sexual morph not observed. Asexual morph on SNA.
Vegetative hyphae 1.5-8.5 pum diam, hyaline, smooth-walled,
septate, branched. Chlamydospores not observed (but see be-
low). Conidiomata absent, conidiophores and setae formed
directly on hyphae. Sefae pale to medium brown, smooth-
walled to finely verruculose, 40-70 um long, 1-2-septate, base
cylindrical, 3.5-5 um diam, tip+acute toxrounded.
Conidiophores hyaline to pale brown, smooth-walled, septate,
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Fig. 5 Colletotrichum sidae (from ex-holotype strain CBS 504.97). a—
b. acervuli; c. seta; d—f. conidiophores; g. seta; h—j. conidiophores; k—n.
appressoria-like structures; o—p. conidia. a, c—f, o: from Anthriscus

branched, to 35 wm long. Conidiogenous cells hyaline to pale
brown, smooth-walled, cylindrical to ampulliform, 12—
18.5%x3.5-4.5 um, polyphialides observed, opening 0.5—
1.5 um diam, collarette 0.5-1 um long, periclinal thickening
not observed. Conidia hyaline, smooth-walled, aseptate,
straight, cylindrical, with one end round and the other truncate,
(9-)10-12(-14)x(4-)4.5-5.5 pm, mean+=SD=11.1+1.0x4.9
+0.4 pm, L/W ratio=2.3. Appressoria not observed on the
undersurface of the medium, but in old cultures appressoria-
like structures that possibly function as chlamydospores were
observed within the medium. These are single, medium brown,
smooth-walled, subglobose, ovate to broadly elliptical in out-
line, with an entire or undulate margin, (3—)4-
6(=7.5)x(2.5-)3.5-5(=6) um, mean+SD=5.2+1.0x4.3+0.
7 um, L/W ratio=1.2.

Asexual morph on Anthriscus stem. Conidiomata, conid-
iophores and setae formed on pale brown, angular cells, 3-8 pm
diam. Setae pale to medium brown, verruculose, 30-75 pm
long, 1-2(—3)-septate, base cylindrical, sometimes inflated, 4—

stem; b, g-n, p: from SNA. a—b: DM; c—p: DIC.—Scale bars:
a=100 wm; f=10 pum; scale bar of a applies to a—b; scale bar of f applies
to c—p.

8.5 wm diam, tip+acute totrounded. Conidiophores pale
brown, smooth-walled, septate, branched, to 50 um long.
Conidiogenous cells pale brown, smooth-walled, cylindrical,
7—18%3.5—6 um, opening 1 um diam, collarette not observed,
periclinal thickening rarely visible. Conidia hyaline, smooth-
walled, aseptate, straight, cylindrical, with one end round and
the other truncate, (12—)12.5-14(—15.5)x4.5-5(=5.5) pm,
mean+SD=13.3+£7>0.9%x4.84+0.2 um, L/W ratio=2.8.

Culture characteristics: Colonies on SNA flat with entire
margin, hyaline; agar medium, filter paper and Anthriscus
stem partly covered with sparse grey to black acervuli,
Anthriscus stem partly covered with low white aerial myce-
lium, reverse same colours; growth 18.5-20 mm in 7 days
(26.5-29 mm in 10 days). Colonies on OA flat with entire
margin; dark olivaceous to olivaceous-black, with a buff
margin, partly covered with very short aerial mycelium,
reverse olivaceous-grey, growth 19.5-21 mm in 7 days
(29.5-30.5 mm in 10 days). Conidia in mass whitish to
rosy-buff.
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Specimens examined: USA, Arkansas, from Sida spinosa,
1 May 1988 (deposited in CBS collection Feb. 1997 by J.A.
Bailey), D.O. TeBeest (CBS H-20975 holotype, culture ex-
holotype CBS 504.97=ATCC 58399=NRRL 8096=LARS
76); Arkansas, Stuttgart, from Sida spinosa, unknown col-
lection date (deposited in CBS collection Mar. 1997 by J.A.
Bailey), D.O. TeBeest (culture CBS 574.97=ATCC
96725=3-1-1=LARS 625=Cm-9); Arkansas, from Sida
spinosa, unknown collection date (deposited in CBS collec-
tion Feb. 1997 by J.A. Bailey), D.O. TeBeest (culture CBS
518.97=LARS 629=Cm-4).

Notes: Prickly sida (Sida spinosa) is an arable weed in the
USA, especially in cotton and soybean fields, where it re-
duces the yield severely. It is especially difficult to control in
cotton, because both plants belong to the Malvaceae
(Templeton 1974). A fungus naturally occuring on this weed
in Arkansas, USA, identified as C. malvarum was tested as a
mycoherbicide for biological control of prickly sida
(Templeton 1974; Kirkpatrick et al. 1982). This fungus first
causes stem spots and later a devasting seedling blight of
young weed seedlings. According to GenBank accession
718981 (28S ribosomal RNA), LARS 076 is the same strain
as C. malvarum ATCC 58399 (= NRRL 8096) that was
patented for biological control of prickly sida by Templeton
(1976). Strains tested by Kirkpatrick et al. (1982) were only
pathogenic to hollyhock (Althaea rosea) and prickly sida, both
Malvaceae. No infection occurred in any other of the 38 plants
tested, including soybeans, cotton, wheat and tomatoes.

Another C. malvarum strain from Sida spinosa, ATCC
96725, was incompatible when mated with C. gloeosporioides
f. sp. aeschynomene strain ATCC 96723 (= Clar-5a) from
Aeschynomene viginica (Cisar et al. 1994), which belongs to
the C. gloeosporioides species complex and has recently been
described as C. aeschynomenes by Weir et al. (2012).

Bailey et al. (1996) recognised this fungus as belonging to
the C. orbiculare species complex, but the five strains from
Sida spinosa included in their ITS-2/D2 phylogeny did not
group; some of them had the same sequences as those from
Lavatera trimestris, which is regarded as C. malvarum s. str.
in this paper. The sequence is too conserved to be diagnostic at
this level. Liu et al. (2007) showed the isolates from Sida
spinosa differed from C. orbiculare and several other closely
related species based on RFLPs and sequences from the GS
and GAPDH genes.

Colletotrichum sidae is only known from Sidae
spinosa from the USA. Few other species are known on
Sida spp. (Farr and Rossman 2013). For example, C. capsici
was reported on Sida acuta in India and Sida spinosa in the
USA (Sarbhoy and Agarwal 1990; McLean and Roy 1991);
C. capsici has strongly curved conidia and was recently re-
vealed to be a synonym of C. truncatum (Damm et al. 2009).
Thaung (2008) lists C. gloeosporioides on Sida sp. in
Myanmar; this is the only report of this species from Sida.
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Because of the wide concept of C. gloeosporioides in the past
(Von Arx 1957a), is possible that this report actually also
represents C. sidae.

Colletotrichum sidae is closely related to C. orbiculare, C.
spinosum and C. tebeestii; their CHS-1 sequences are identi-
cal. Additionally, the HIS3 and ACT sequences of C. sidae are
the same as those of C. tebestii, while the GAPDH and TUB2
sequences are identical with those of C. orbiculare. Therefore,
blastn searches with the TUB2 and GAPDH sequences of
strain CBS 504.97 resulted in the same closest matches as
with that of the ex-epitype strain of C. orbiculare. However,
the species can be separated with GS and ITS sequences.
Closest match in a blastn search with the GS sequence of
strain CBS 504.97 was with 100 % identity that of strain 4-3-
12 (DQ792893), followed by that of strain 3-7-11 with 99 %
(6 bp differences, DQ792893), both from Sida spinosa from
the study of Liu et al. (2007). The closest matches with the ITS
sequence of strain CBS 504.97 with 99 % identity (1 bp
difference) are C. orbiculare MAFF 306685 (AB269941)
from Japan (Yoshida S, published 2007 in database only)
and C. orbiculare MX-2-153-Mexico (AY841133) from
Annona cherimola (Villanueva-Arce et al. 2008). All other
sequences of Colletotrichum strains from Sida that could
be located in GenBank are short ITS-2/LSU (D2) se-
quences from the study of Bailey et al. (1996).

Colletotrichum spinosum Damm & P.F. Cannon, sp. nov.
Fig. 6

MycoBank MB 804693

Etymology: A reflection both of the setose nature of the
conidiomata, and of the name of its host.

Sexual morph not observed. Asexual morph on SNA.
Vegetative hyphae 1.5-8 pum diam, hyaline to pale brown,
smooth-walled, septate, branched. Chlamydospores not ob-
served. Conidiomata absent, conidiophores and setae formed
directly from hyphae. Setae pale brown, smooth-walled, 25—
80 um long, 0—3-septate, base cylindrical or inflated, 3.5—
6 um diam, tip=rounded or+acute. Conidiophores hyaline
to pale brown, smooth-walled, septate, branched, to 40 um
long. Conidiogenous cells hyaline, smooth-walled, cylindri-
cal to doliiform, sometimes with a mucous coating, 8-
20x3.5-5 pum, opening 1.5-2 pum diam, collarette not ob-
served, periclinal thickening distinct. Conidia hyaline,
smooth-walled, aseptate, straight, cylindrical to clavate, with
one end round and the other truncate, (9.5-)12.5—
14.5(—23)x(4-)4.5-5 um, mean+SD=13.5+1.2x4.6+0.
3 um, L/W ratio=3.0. Appressoria (after 4 weeks) formed
singly, pale to medium brown, smooth-walled, subglobose,
ovate or oblong in outline, with an entire to undulate margin,
(5.5-)6.5-10.5(-13) % (4-)5-6.5(-7) wm, mean+SD=8.5+
1.9x5.6+£0.9 um, L/W ratio=1.5.

Asexual morph on Anthriscus stem. Conidiomata, conid-
iophores and setac densely arranged; no angular basal cells
observed. Setae medium brown, smooth-walled to verruculose,
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Fig. 6 Colletotrichum spinosum (from ex-holotype strain CBS
515.97). a-b. acervuli; c. seta; d—f. conidiophores; g. seta; h—i. co-
nidiophores; j—o. appressoria; p—q. conidia. a, c—f, p: from Anthriscus

40-95 pum long, 0-2(—3)-septate, base cylindrical to+inflated,
4-9 pum diam, tipacute toxrounded. Conidiophores pale
brown, smooth-walled, septate, branched, to 40 um long.
Conidiogenous cells pale brown, smooth-walled, cylindrical,
9-24x3-5.5 um, sometimes with a mucous coating, opening
1-2 pm diam, collarette not observed, periclinal thickening
visible, sometimes distinct. Conidia hyaline, smooth-walled,
aseptate, straight, cylindrical, sometimes clavate with one end
round and the other truncate, (12-)12.5-14.5(—16)x4.5-5(=5.5)
pum, mean+SD=13.5£1.0%x4.9+0.3 um, L/W ratio=2.8.
Culture characteristics: Colonies on SNA flat with entire
margin, hyaline to pale cinnamon; the agar medium, filter
paper and Anthriscus stem partly covered with saffron, apri-
cot to dark grey acervuli, aerial mycelium lacking, reverse
same colours; growth 18.5-19.5 mm in 7 days (28.5 mm in
10 days). Colonies on OA flat with entire margin; surface buff,
partly olivaceous-grey to iron-black, margin buff, covered
with black acervuli with saffron to apricot conidial masses
oozing out, reverse olivaceous-grey with a pale purplish grey

stem; b, g—o, q: from SNA. a—b: DM; c—q: DIC.—Scale bars:
a=100 wm; f=10 pum; scale bar of a applies to a—b; scale bar of f applies
to c—q.

margin, growth 19.5-20.5 mm in 7 days (28-29.5 mm in
10 days). Conidia in mass saffron to apricot.

Specimens examined: AUSTRALIA, New South Wales,
Coolah, from stem lesion of Xanthium spinosum, 20 Mar. 1983
(deposited in CBS collection Feb. 1997 by J.A. Bailey), B.
Auld (CBS H-20977 holotype, culture ex-holotype CBS
515.97=LARS 465=DAR 48942). ARGENTINA, Chepes,
from Xanthium spinosum, collection date unknown (de-
posited in IMI collection 1995 by C. Ellison and H.C. Evans
and in CBS collection 2002 by P.W. Crous), culture CBS
113171=IMI 368075.

Notes: Xanthium spinosum (bathurst burr, spiny cockle-
bur, Asteraceae) is a widespread noxious weed of pastures
and crops (e.g. cotton, soybean, lucerne) in Australia, where
it was introduced during the white settlement period (Auld
and Medd 1987). It is native to Argentina (Wapshere et al.
1995). Colletotrichum spinosum was first reported in
Queensland, Australia as Colletotrichum sp. (Veitch 1942)
and in 1941 in New South Wales (Walker 1962), where it
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caused severe damage (50—80 % mortality) in the late 1940s
(Butler 1951). The species was originally identified as C.
xanthii (Butler 1951) and later considered to belong to C.
orbiculare (Simmonds 1965, 1966; Walker et al. 1991).

Colletotrichum spinosum (as C. orbiculare) was found to
be a common pathogen of Xanthium spinosum in eastern
Australia, causing seedling blight and stem anthracnose
(Walker et al. 1991). It was tested as a mycoherbicide against
this weed (Auld et al. 1988, 1990; Auld and Say 1999). Both
isolates included in our study were used in an evaluation of
strains from Argentina and Australia for biological control of
the weed in Australia (Auld and Say 1999). The occurrence
of strains from both Australia and Argentina suggests that
this fungus was introduced to Australia with its host plant.
Conidia from the type strain of C. spinosum measured 11—
15(—=18)x(4-)4.5-5 um on Xanthium host tissue, and 11—
13x4.5-5(—=5.5) um on water agar and carnation leaf and
stem pieces, with only a few appressoria being produced on
glass slides or cover slips (Walker et al. 1991).

In pathogenicity tests (Walker et al. 1991), isolate DAR
48942 (= CBS 515.97) was found to be highly virulent to its
host plants (plants killed), and caused leaf and stem lesions
on some other Xanthium spp. as well as some other
Asteraceae, especially Carthamus tinctorius cv. Gila (not
on two other cultivars tested). In addition, it was found to
infect Citrullus lanatus var. lanatus (Cucurbitaceae),
Eucalyptus cinerea (Myrtaceae) and two Acacia spp.
(Mimosaceae), while other Cucurbitaceae showed no reac-
tion. Additionally, it caused fruit rots of melon, cucumber,
apple, pear and tomato.

Another species from Xanthium, C. xanthii, was described
on stems of Xanthium canadense in the USA by Halsted
(1893b). Walker et al. (1991) studied the type material of C.
xanthii and found acute conidia, and concluded this fungus to
be a synonym of C. acutatum. Even if it is not identical with C.
acutatum 8. str. as defined by Damm et al. (2012a), C. xanthii is
clearly a different fungus to C. spinosum and almost certainly
belongs to the C. acutatum species complex. Other
Colletotrichum species reported on Xanthium spp. are C.
dematium, C. coccodes and C. truncatum (Alcorn 1976; Roy
1982; Hartman et al. 1986; Walker et al. 1991), all belonging to
different species complexes (Cannon et al. 2012). One strain
from Xanthium sp. (CBS 125346=DAOM 212643) was con-
firmed as being C. dematium s. str. (Damm et al. 2009).

Colletotrichum spinosum is closely related to C.
orbiculare, C. sidae and C. tebestii; the four species have
identical CHS-1 sequences. In a blastn search on GenBank,
the ITS sequence of strain CBS 515.97 was 100 % identical
with that of C. orbiculare strain MAFF 306685 from water-
melon in Japan (AB269941, Yoshida S, published 2007 in
database only) and C. orbiculare MX-2-153-Mexico
(AY841133) from Annona cherimola (Villanueva-Arce et al.
2008). In our study, one of the C. orbiculare strains from
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Japan (CBS 133197) also had the same ITS sequence, while
all others differed. This means that ITS sequences are not
reliable for distinguishing C. spinosum from other species.

While there is only one bp difference in the ACT sequences
of C. spinosum and C. orbiculare, C. spinosum can be sepa-
rated effectively based on GAPDH, HIS3, TUB2 and GS
sequences. Some strains from previous studies were con-
firmed as being C. spinosum by performing blastn searches
in GenBank with TUB2, GAPDH and GS sequences of strain
CBS 515.97: the TUB2 sequence of the strain was identical
with that of strain STE-U 5296 (= CBS 113171, AY376589)
from Xanthium, another strain of C. spinosum included in this
paper previously treated as C. orbiculare by Lubbe et al.
(2004), while GS (DQ792882, DQ792882) and GAPDH
(DQ792859, DQ792860) sequences of strains LW1 and
LW6 from Xanthium from the study of Liu et al. (2007)
matched with those of strain CBS 515.97.

Colletotrichum tebeestii Damm & P.F. Cannon, sp. nov.
Fig. 7

MycoBank MB 804694

Etymology: Named in honour of David TeBeest, a prominent
researcher on pathology and management of Colletotrichum
diseases and the development of mycoherbicides.

Sexual morph not observed. Asexual morph on SNA.
Vegetative hyphae 1.5-7 um diam, hyaline, smooth-walled, sep-
tate, branched. Chlamydospores not observed (but see below).
Conidiomata, conidiophores and setae formed directly on hy-
phae or on pale brown angular cells, 3-7 pm diam. Sefae
medium brown, verruculose, 35-80 wm long, 1-3-septate, base
cylindrical, sometimes slightly inflated, 3.5-6 pum diam, tip£
acute. Conidiophores hyaline to pale brown, smooth-walled,
septate, branched, to 60 um long. Conidiogenous cells hyaline
to pale brown, smooth-walled, cylindrical to obclavate, some-
times extending to form new conidiogenous loci, 11-18x3.5—
5.5 um, opening 1-1.5(—2) um diam, collarette not observed,
periclinal thickening distinct. Conidia hyaline, smooth-walled,
aseptate, straight, cylindrical to clavate, with one end round and
the other truncate, (7.5-)11-14(—15.5)x4-4.5(—5) um, mean+
SD=12.5+1.3x4.440.3 um, L/W ratio=2.8. Appressoria not
formed after 10 days on the underside of the medium, but in old
cultures appressorium-like structures are formed within the
medium that could function as chlamydospores; these are
single or in small dense clusters, pale to medium brown,
smooth-walled, subglobose, elliptical or clavate in outline,
with an entire to undulate margin, (4-)5-7.5(—10)x(3.5-)4—
6(—8) um, mean+=SD=6.3+1.4%x4.9+1.0 um, L/W ratio=1.3.

Asexual morph on Anthriscus stem. Conidiomata, conid-
iophores and setae formed on pale brown, angular cells, 3.5—
8 um diam. Setae medium brown, smooth-walled, upper part
verruculose, 25-100 um long, 1-3-septate, base cylindrical,
sometimes slightly inflated, 4.5-8 um diam, tip acute.
Conidiophores hyaline to pale brown, smooth-walled, sep-
tate, branched, to 40 um long. Conidiogenous cells hyaline
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Fig. 7 Colletotrichum tebeestii (from ex-holotype strain CBS 522.97).
a-b. acervuli; c. seta; d—f. conidiophores; g. tip of a seta; h. basis of a
seta; i—k. conidiophores; l-q. appressoria-like structures; r—s. conidia.

to pale brown, smooth-walled, cylindrical to subulate, sometimes
extending to form new conidiogenous loci, 9-18x3-5 um,
opening 1-1.5 pum diam, collarette 0.5-1 pm long, but often
not visible, periclinal thickening visible, sometimes distinct.
Conidia hyaline, smooth-walled, aseptate, straight, cylindrical
to clavate, with one end round and the other truncate,
(8.5-)11.5-13.5(-14.5)x4-4.5(—-5) pm, mean+SD=12.5+1.2
x4.5+0.3 pum, L/W ratio=2.8.

Culture characteristics: Colonies on SNA flat with entire
margin, hyaline to pale cinnamon, filter paper sometimes
partly grey-olivaceous; the agar medium, Anthriscus stem
and filter paper partly covered with sparse low white to grey
aerial mycelium and salmon to black acervuli, reverse filter
paper sometimes partly grey-olivaceous; growth 15—19 mm
in 7 days (21.5-25.5 mm in 10 days). Colonies on OA flat
with entire margin, dark grey-olivaceous to olivaceous-black
with a buff margin, aerial mycelium lacking, partly covered
by salmon conidia oozing from black acervuli, reverse pale
olivaceous-grey to olivaceous-grey, growth 18-20.5 mm in
7 days (2629 mm in 10 days). Conidia in mass salmon.

a, c—f, r: from Anthriscus stem; b, g—q, s: from SNA. a-b: DM; c-s:
DIC.—Scale bars: a=100 wm; f=10 wm; scale bar of a applies to a-b;
scale bar of f applies to c—s.

Specimen examined: CANADA, Saskatchewan, Raymore,
from Malva pusilla, unknown collection date (probably
1982, deposited in CBS collection Feb 1997 by J.A.
Bailey), D.O. TeBeest (CBS H-20974 holotype, culture ex-
holotype CBS 522.97=LARS 733=No. 83-43).

Notes: Mortensen (1988) tested the pathogenicity of sev-
en strains identified as C. gloeosporioides f. sp. malvae from
different locations in Saskatchewan, and one from Manitoba,
Canada. An isolate selected from these strains was devel-
oped as a mycoherbicide against the annual weeds round-
leaved mallow (Malva pusilla) and velvetleaf (Abutilon
theophrasti) occuring in lentil and wheat fields in Canada
(Mortensen 1988; Makowski and Mortensen 1992). It was
registered under the name BioMal® by Philom Bios,
Saskatoon, Canada, but to our knowledge is not commer-
cially available. The fungus attacks leaves, stems and peti-
oles of Malva pusilla. The control of round-leaved mallow in
strawberry plots by C. gloeosporioides f. sp. malvae was
found to increase the strawberry yield. Strawberry plants
themselves were apparently infected, but the fungus does
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not cause disease symptoms (Mortensen and Makowski
1995). In other field crops such as wheat, lentil and sugar
beet, the fungus causes only latent infections of non-target
species, except for safflower (Makowski and Mortensen
1998). Bearing in mind the apparently strong host specificity
of species in the C. orbiculare clade, the identity of fungi
isolated from such non-target sources should be reconfirmed.
Goodwin (2001) studied the hemibiotrophic interaction of
strains of this biological control agent with its host. Host and
pathogen genes expressed during infection were studied by
Dean et al. (2003) and Goodwin and Chen (2002a, b).

The strain we have studied (CBS 522.97=LARS
733=No. 83-43, from Raymore, Saskatchewan, Canada) is
not the same strain that was patented and registered as
BioMal (Mortensen et al. 1994; Mortensen 1987); the latter
was designated as ATCC 20767 (= Regina 83-43-1), from
Regina, also in Saskatchewan. Bailey et al. (1996) list a
strain from the USA (94116) as the BioMal fungus; we are
unsure how this discrepancy arose. All seven strains from
Malva pusilla included in the ITS-2/D2 phylogeny of Bailey
et al. (1996) formed a uniform clade, one of which is includ-
ed in our study; we assume they all belong to the species
described here as C. tebeestii.

Because of the similar morphology and the limited se-
quence variation (ITS-2/D2) of the strains from Malva pusilla
compared to strains from other Malvaceae genera, Medicago
and Cucumis sativus, Bailey et al. (1996) recognised this
fungus as being one of the forms of the “C. orbiculare aggre-
gate species”. Consequently, all of their sequences are lodged
in GenBank as C. orbiculare. However, the multigene phy-
logeny in our study revealed this fungus to form a separate
clade. Colletotrichum tebeestii is indeed closely related to C.
orbiculare, C. sidae and C. spinosum; their CHS-1 sequences
are identical. Additionally, ACT and HIS3 sequences are
identical to those of C. sidae, while there is only 1 bp differ-
ence in the ITS, TUB2 and GS sequences between C. tebeestii
and one or two of the other three species. Colletotrichum
tebeestii can best be differentiated from other species by its
unique GAPDH sequence.

Closest match in a blastn search with the ITS sequence
of strain CBS 522.97 was (with 100 % identity) C.
“gloeosporioides” strain DAOM 212647 (EU400138, Chen
et al. 2012). Closest matches of the TUB2 sequence of strain
CBS 522.97 (with 99 % identity) were C. spinosum (as C.
orbiculare) strain STE-U 5296 (= CBS 113171, AY376589,
Lubbe et al. 2004) and C. orbiculare strain 104-T (= CBS
514.97, JQ005862, O’Connell et al. 2012); both strains are
included in this paper. The GS sequence is 99 % (1 or 8 bp
difference(s), respectively) identical with C. sidae (as C.
malvarum) strains 3-7-11 and 4-3-12 (DQ792892, DQ792893)
and C. spinosum (as C. orbiculare) strains LW1 and LW6
(DQ792882, DQ792882) from the study of Liu et al. (2007).
The latter two strains (from Xanthium) lodged as C. “malvarum”
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also had the most similar GAPDH sequences, but these were
only 93 % identical with that of the ex-type strain of C. tebeestii.

Colletotrichum trifolii Bain, in Bain & Essary, J. Mycol.
12(5): 193 (1906). Fig. 8

Sexual morph not observed. Asexual morph on stem of
Trifolium pratense (BP1 399624). Conidiomata, conidiophores
and setae formed on pale brown angular cells 4-8.5 pm diam.
Setae medium to dark brown, smooth-walled to verruculose,
flexuous, 41-76 um long, 1-2-septate, base cylindrical to
conical, 4.5-6.5 um diam, tip acute toxrounded.
Conidiophores pale brown, smooth-walled, septate, branched,
to 30 um long. Conidiogenous cells hyaline to pale brown,
smooth-walled, cylindrical, 7.5-22%3—6 pum, opening 1.5—
2 pum diam, collarette 0.5-1 um long, periclinal thickening
visible. Conidia hyaline, smooth-walled, aseptate, straight, el-
lipsoidal to cylindrical, sometimes clavate, with both ends
rounded or one end round and the other truncate, (10—)10.5—
13(—16)x(4.5-)5-6(=6.5) um, mean+SD=11.7£1.4x5.4+
0.5 um, L/W ratio=2.2.

Asexual morph on SNA. Vegetative hyphae 1-7 um diam,
hyaline to pale brown, smooth-walled, septate, branched.
Chlamydospores not observed. Conidiomata absent,
conidiophores and setae formed directly on pale brown,
verruculose hyphae. Setae medium to dark brown,
smooth-walled to verruculose, 35-110 pum long, 1-3-
septate, base cylindrical, 2.5-6.5 um diam, tip acute,
sometimes=rounded. Conidiophores pale brown, smooth-
walled to verruculose, septate, branched, up to 40 um long.
Conidiogenous cells hyaline to pale brown, smooth-walled to
verruculose, cylindrical, 8-31%4—4.5 um, opening 1.5-2.5 um
diam, collarette 1-1.5 um long (rarely observed), periclinal
thickening sometimes visible. Conidia hyaline, smooth-
walled, aseptate, straight, cylindrical, sometimes slightly
constricted in the middle, with one end round and one end
truncate, (8.5-)9.5-12.5(-16)x4-5 pum, mean+SD=11.1+
1.5%x4.5+£0.3 um, L/W ratio=2.5, conidia of strain CBS
128554 shorter and broader, measuring (7—)8—10(—12)x
(5-)5-6(—6.5) um, mean+SD=8.9+1.2x5.5+0.4 um, L/'W
ratio=1.6. Appressoria (not formed after 10 day, n=22 after
4 weeks) single or in small dense clusters, pale to medium
brown, smooth-walled, subglobose, elliptical or clavate in out-
line, with an entire to undulate margin, (4.5-)5-9.5(-14)x
(4-)4.5-6(—6.5) pm, mean=SD=7.4+2.3x5.3+0.7 um, L/'W
ratio=1.4.

Asexual morph on Anthriscus stem. Conidiomata, conid-
iophores and setac formed on pale brown, verruculose hyphae;
no angular basal cells observed. Setae medium to dark brown,
smooth-walled to verruculose, bent outwards (giving the ap-
pearance of a sea anemone), 60—120 pm long, 2-3-septate,
base cylindrical-conical, sometimes with a short branch, 3.5—
6.5(-9.5) um diam, tip acute, sometimes*rounded.
Conidiophores rarely observed, pale brown, smooth-walled,
septate, branched, to 40 um long. Conidiogenous cells rarely
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Fig. 8 Colletotrichum trifolii (a—h. from lectotype BPI 399624; i—ad.
from ex-epitype strain CBS 158.83). a—b. acervuli on host tissue; c—e.
conidiophores; f. conidia; g-h. setae; i—j. acervuli; k. tip of a seta; 1.
basis of a seta; m—p. conidiophores; q. tip of a seta; r. basis of a seta; s—
v. conidiophores; w—ab. appressoria; ac—ad. conidia. a—h: from host

tissue; i, k—p, ac: from Anthriscus stem; j, q—ab, ad: from SNA. a-b, i—j:
DM; c—h, k—ad: DIC.—Scale bars: a=1 mm; b=100 um; f=10 um;
i=100 um; p=10 pm; scale bar of f applies to c—h; scale bar of i applies
to i—j; scale bar of p applies to k—ad.
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observed, very inconspicuous; pale brown, smooth-walled, cy-
lindrical, 10-26x4-5 wm, opening 1-2 um diam, collarette
1 um long, periclinal thickening sometimes visible. Conidia
hyaline, smooth-walled, aseptate, straight, cylindrical, some-
times clavate with one end round and the other truncate,
(9-)10.5-12.5(—14.5)x(3.5-)4-4.5(—5) um, mean£SD=
11.5£1.2x4.2+£0.3 um, L/W ratio=2.7. Conidia of strain
CBS 128554 shorter and broader, measuring (6.5-)8—
10.5(—=12)x(4.5-)5-6(—6.5) wm, mean+SD=9.4+14x5.5+
0.4 pum, L/W ratio=1.7.

Culture characteristics: Colonies on SNA flat with entire
margin, hyaline to pale honey; agar medium, Anthriscus
stem and filter paper partly covered with grey to black
acervuli, aerial mycelium lacking, reverse filter paper partly
pale olivaceous-grey; 16.5—18 mm in 7 days (24-25.5 mm in
10 days). Colonies on OA flat with entire margin;
olivaceous-black with a buff margin, aerial mycelium lack-
ing, partly covered by rosy-buff acervuli, reverse olivaceous-
grey to iron-grey, 18—19.5 mm in 7 days (25.5-28 mm in
10 days). Conidia in mass rosy-buff.

Specimens examined: USA, Tennessee, Knoxville, from
Trifolium pratense, 1 Aug 1905, S.H. Essary, S.W. Bain,
(BPI 399624 lectotype, here designated; MBT175536);
from Trifolium sp., collection date and collector unknown
(deposited in CBS collection Jan. 1983 by Z Klocokar-Smit,
No. 255) (CBS H-20978 epitype, here designated, culture
ex-epitype CBS 158.83=BBA 70709; MBT175537);
Wisconsin, from stem lesion of Medicago sativa, collection
date and collector unknown (deposited in CBS collection
2010 by PR Johnston: C1210-3, who received it from SL
Nygaard: N85ANW), CBS 128554=ICMP 12934. UN-
KNOWN COUNTRY, unknown host, (deposited in CBS
collection 1983) culture CBS 425.83.

Notes: Bain and Essary described a new anthracnose
disease on clover in the USA that caused 25-75 % yield loss
in Tennessee and was also prevalent in Ohio and West
Virginia (US Department of Agriculture 1905: 609). The
species was described as C. trifolii, and observed on stems,
petioles and rarely leaves of red clover (Trifolium pratense)
and alfalfa (Medicago sativa) and additionally reported from
Kentucky and Arkansas (Bain and Essary 1906). The conidia
were reported as measuring 11-13x3—4 pum and straight
with rounded ends. Conidia measured in this study from
the lectotype BPI 399624 were found to be (10-)10.5—
13(—16)x(4.5-)5-6(—6.5) um in size, agreeing in length.
Conidia from both the lectotype and the living cultures
(CBS 158.83, ex-epitype, and CBS 128554) are therefore
broader than indicated by Bain and Essary (1906).

Bain and Essary (1906) did not explicitly cite type material,
but list the two host species and the states of the USA where the
species was collected or reported from: “Tennessee, Kentucky,
Arkansas; Virginia (J. M. Westgate); West Virginia, Ohio
(Yearbook U. S. Department of Agriculture, 1905, p. 609)”.
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There are several specimens identified as this species in the
USDA collection (BPT) that were collected at locations listed in
the prologue of the species prior to its publication and can
reasonably be assumed to be specimens on which the name
C. trifolii was based. One of these was collected from Trifolium
pratense (BPI 399624), collected in Aug. 1905 from
Tennessee, USA by the authors of the species. Three further
specimens (BPI 399604, BPI 399605 and BPI 399606) from
Medicago sativa in Virginia and collected in Jul. 1905 may also
be authentic material, one of which lists as collector
“Westgate?”. An earlier collection on M. sativa from
Mississippi from Nov. 1902 (BPI 399607) was not cited by
Bain and Essary, and cannot be considered part of the type
material. BPI 399624 is an obvious choice for the lectotype, as
the only available material from Trifolium and the only collec-
tion definitely linked to the authors of the species. Moreover,
this collection is from Knoxville; Bain and Essary were appar-
ently working at the University of Tennessee in Knoxville at
that time, because this institution is listed at the end of their
publication, just after the description of the species. The dried
material is in very good condition, but we nevertheless desig-
nate an epitype based on a sequenced culture also to fix
application of the name on a molecular basis.

Several other Colletotrichum and Gloeosporium species
have been described from Trifolium and Medicago. O’Gara
found a Colletotrichum species on red clover and alsike clover
(T. hybridum) in Utah, USA that attacks leaves and petioles of
these hosts and named it C. destructivum (O’Gara 1915). It
forms conidia that are longer than those of C. #rifolii, measuring
14-22%3.5-5 um, and are straight to slightly curved, while
conidia of C. trifolii are straight and measure (10-)10.5—
13(=16)%(4.5-)5-6(—6.5) on the host (BPI 399624); conidia
of C. trifolii formed on SNA or Anthriscus stem had similar
dimensions or were even shorter. Preliminary studies indicate
that strains matching the conidial features of C. destructivum
(U. Damm, unpublished data) occupy a distinct clade within
Colletotrichum indicated as destructivum clade in Cannon et al.
(2012) and O’Connell et al. (2012). An extensive study on C.
destructivum and related species is in progress (U. Damm,
unpublished data).

Gloeosporium trifolii was described by Peck (1879, publ.
1883) from red clover in Albany, NY, USA. Conidial mea-
surements were given as 0.006-0.009 x0.00016-0.00025 in.
(= 15-23%4-6.3 um). Based on its similar conidia size, it
seems possible that this taxon might provide an earlier name
for C. destructivum, although von Arx (1957a) suggested that
Peck’s fungus was synonymous with Stagonospora meliloti
(Lasch) Petrak. Gloeosporium medicaginis was described on
leaves, petioles and stipules of Medicago sativa from Kansas,
USA by Ellis and Kellerman (1887), with conidia broadly
similar to those of Gloeosporium trifolii. Von Arx (1957a)
also considered this fungus to be a synonym of S. meliloti.
However, material of these species has not been



Fungal Diversity (2013) 61:29-59

53

examined, and living cultures derived from their types
are not available.

More recently described taxa associated with 7rifolium and
Medicago include Gloeosporium trifoliorum Rothers, a species
described from living leaves of 7rifolium in Russia that forms
short-cylindrical conidia, measuring 4-8(—9)x 1.5-2(-2.5) pm
(Vassiljevski and Karakulin 1950). Von Arx (1957a) suggested
that this species might belong in Sporonema. Colletotrichum
medicaginis-denticulatae was described on leaves of Medicago
denticulata from Taiwan (Sawada 1933). Its affinities are cur-
rently unknown. Colletotrichum medicaginis was described on
stems of Medicago sativa in Uttar Pradesh, India (Pavgi and
Singh 1964). Conidia were described as crescent-shaped and
pointed at both ends; this suggests a relationship with the C.
truncatum or C. dematium clades (Cannon et al. 2012). Damm
et al. (2009) reported strains from M. sativa assigned to C.
spinaciae (dematium clade) and C. truncatum s. str.

Colletotrichum trifolii has more conspicuous setae than the
other species in this species complex that are darker and often
knobby. The species is closely related to C. malvarum; the ITS
and CHS-1 sequences of the two species are identical. However,
they can be separated with all other loci studied, best with GS
sequences. The ITS sequence of strain CBS 158.83 is 100 %
identical with C. #rifolii strains DAOM 225587 (EU400136,
Chen et al. 2012) and BBA 70709 (= CBS 158.83, AJ301941,
Nirenberg et al. 2002) and C. “gloeosporioides’ strain DAOM
212639 (EU400137, Chen et al. 2012), while strains UQ349,
CBS 149.34 and UM71, the ITS sequence (AF451909,
AJ301942, HQ148103) of which lodged in GenBank as C.
trifolii by Ford et al. (2004), Nirenberg et al. (2002) and Rosa
etal. (2012), do not belong to the C. orbiculare species complex
(not shown). Closest matches in blastn searches with the TUB2
sequence of strain CBS 158.83 were with 99 % identity C.
orbiculare strain 104-T (= CBS 514.97, JQ005862, O’Connell
et al. 2012) and with 98 % identity C. spinosum (as C.
orbiculare) strain STE-U 5296 (= CBS 113171, AY376589,
Lubbe et al. 2004). The GS sequences of strain CBS 158.83 is
100 % identical with that of C. trifolii strain 14-2-63
(DQ792877) and 99 % identical with C. trifolii strains ON7
(DQ792876) and ON12 (DQ792875), all from Medicago sativa
(Liu et al. 2007). The GAPDH sequences of the latter two
strains (DQ792852, DQ792853) are identical with that of
CBS 158.83. Additionally, strain MAFF 510847 from
Medicago sativa from Japan has identical ITS, GAPDH, ACT
and TUB2 sequences as CBS 158.83 (sequences retrieved from
NIAS Genbank (http:/www.gene.affrc.go.jp); the ITS sequence
(AB087223) was also included in Moriwaki et al. (2003).

Discussion

The species of the C. orbiculare species complex appear to
be restricted to specific herbaceous host species/genera in

four plant families, 4steraceae, Cucurbitaceae, Fabaceae
and Malvaceae. Colletotrichum lindemuthianum is restricted
to Phaseolus vulgaris and P. coccineus (Fabaceae), while C.
orbiculare attacks species of several genera in the
Cucurbitaceae, and possibly some plants in other families
(e.g. Gerbera - Asteraceae). Colletotrichum trifolii causes
anthracnose on Trifolium and Medicago, closely related gen-
era belonging to the Fabaceae, while C. malvarum, C.
tebeestii and C. sidae seem to be restricted to only one or
few host species of the Malvaceae. Colletotrichum spinosum
and C. bidentis are so far only known from Xanthium
spinosum and Bidens subalternans, respectively, both be-
longing to the Asteraceae. However, the number of strains
included in our study is comparatively low; future collec-
tions are needed to confirm or extend the known host spectra
of these species. Three of the species of the C. orbiculare
species complex, C. lindemuthianum, C. orbiculare and C.
trifolii are serious pathogens of agricultural crops, while four
are pathogens of important weeds, namely: C. bidentis, C.
sidae, C. spinosum and C. tebeestii.

Some collections and pathogenicity tests in previous stud-
ies suggest a wider host range and cross-pathogenicity of
some of the species in the C. orbiculare complex. For exam-
ple Halsted (1893a) observed that isolates from bean and
watermelon could both infect citron fruits. Simmonds (1965)
reported C. orbiculare from cucurbits, safflower, bathurst
burr and celery based on cultural and conidial characters.
However isolations from celery and safflower were not path-
ogenic to watermelon. Walker et al. (1991) mention inocu-
lation tests (J. Walker, unpublished data) in which a C.
orbiculare isolate from safflower caused stem lesions and
shoot blight on seedlings of bathurst burr. Walker ef al.
(1991) showed that strains from cucurbits could infect a wide
range of plants, and morphologically similar strains from
Xanthium could infect cucurbits. Shen et al. (2001) demon-
strated that a strain of C. orbiculare from Malva pusilla (here
C. tebeestii) could also infect Nicotiana species (Solanaceae).
According to von Arx (1957a) typical C. orbiculare strains
from cucumber caused a disease on cucumber seedlings and a
root rot on apples, but no disease on young bean plants.

Inoculation experiments by von Arx and van der Velden
(1961) demonstrate the influence of the inoculation tech-
nique on the presumed host spectrum: without wounding,
three C. orbiculare strains caused leaf spots or necroses on
all tested Cucurbitaceae, while all other host plants
(Nicotiana spp., Solanum lycopersicum, Phaseolus vulgaris,
Lathyrus sp.) remained healthy. None of these hosts showed
disease symptoms when inoculated with one of two
Glomerella cingulata strains. However, after wound inocu-
lation, all five strains caused fruit rot of cucumber, melon,
apple, tomatoes and oranges and developed conidia on the
fruits. The inoculation method and host organ tested might
explain some of the controversial results of previous studies.
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However, even if a species has the potential to cause an
infection on a specific host or host organ in an experiment,
it might usually not come in contact with it in nature.
Additionally, the identity of many of the C. orbiculare (or
C. lagenarium) isolates used in previous studies (e.g. Halsted
1893a; von Arx 1957a; von Arx and van der Velden 1961;
Simmonds 1965; Walker et al. 1991) has not been confirmed
by molecular methods.

The infection strategy of these fungi is highly relevant to
pathogenicity, and also to host specificity. Biotrophic fungi
are usually highly host specific, but do not (or do not quick-
ly) kill the host, while necrotrophic fungi usually have a
broad host range but are vulnerable to non-specific host
defence mechanisms. Hemibiotrophic fungi combine both
strategies: they have an initial biotrophic phase (which pred-
icates host specificity) followed by a virulent necrotrophic
phase leading to quick death of the target plants. This makes
them especially destructive to their hosts, and especially
qualified as biological control agents, if they are highly
host-specific (Goodwin 2001).

The infection strategy of most of the species in the C.
orbiculare species complex, specifically of C. lindemuthia-
num, C. orbiculare, C. sidae (as forms of C. orbiculare) and
C. tebeestii (as C. gloeosporioides f. sp. malvae), has been
well studied and characterised as hemibiotrophic (Dargent and
Touzé 1974; Stumm and Gessler 1984; O’Connell et al. 1985;
Xuei et al. 1988; ; Bailey et al. 1996; Morin et al. 1996; Wei
et al. 1997; Goodwin 2001). In the study of Bailey et al.
(1996), strain LARS 629 (= CBS 518.97, included in our
study as C. sidae) formed large globular intracellular infection
vesicles and primary hyphae inside epidermal cells of Sida
spinosa leaves, which they considered as typical for all forms
of the “C. orbiculare aggregate species”. Pain et al. (1992)
raised antibodies against C. lindemuthianum germlings that
showed cross-reaction to C. lindemuthianum from beans and
strains here accepted as C. sidae, C. orbiculare, C. spinosum
and C. trifolii, but not to other Colletotrichum species, but also
to a C. “lindemuthianum” strain from Vigna that does not
belong in the C. orbiculare complex (U. Damm, unpublished
data). All the species that showed a reaction with the antibod-
ies formed intracellular infection vesicles after penetrating
epidermal cells of their hosts (R. J. O’Connell, unpublished
data, see Pain et al. 1992) that is typical for hemibiotropic
pathogens. Therefore, in all known species in the C.
orbiculare complex (except for the recently collected C.
bidentis), typical structures of hemibiotropic infection strat-
egy have been observed. The reasons why Colletotrichum
species from the C. orbiculare complex that establish
hemibiotrophic relationships are highly host specific are
probably to be found in the close cytoplasmatic interactions
between plant and pathogen that is developed during the
initial, biotrophic phase of the infection (Bailey et al.
1992). In contrast, the intramural pathogen C. capsici
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grows only in cell walls and has a wide host range (Roberts
and Snow 1990).

The formation of two clades within C. lindemuthianum
strains was noticed by Cannon et al. (2012) based on ITS
data retrieved from GenBank. They suggested that C.
lindemuthianum could represent more than one taxon. The
phylogenies presented by Balardin et al. (1999) indicate an
even higher variability within the ITS region of C.
lindemuthianum strains from different countries in the
Americas. However, the sequences generated in that study
were not deposited in GenBank and therefore cannot easily
be examined. Manual comparison of the printed sequences
indicates that Balardin et al.’s strain ARGS81 has an ITS
sequence that differs by only 1 bp from that of the epitype
of C. lindemuthianum (Liu et al. 2013), but their most diver-
gent strain MX457 differs by 13 of 546 bp. Analysis of the
sequence differences as given in Balardin et al. (1999) in-
dicates that most of the discrepancies occur as variations in
the number of bases in strings of identical bases (e.g. AAA
versus AAAA, or AAA- versus AAAA), suggesting that
many of them may be due to mis-reads. The genetic diversity
that they observed may therefore be artefactual.

The recent study of Liu et al. (2013) typifying C.
lindemuthianum based on a multigene phylogeny does not
support different taxa for the bean pathogen, although the
same two groups as observed by Cannon et al. (2012) were
formed by ITS data only (three bp differences, not shown).
However, these differences overlapped with the results of the
other four loci included that were either uniform for all strains
or grouped differently. The strains and sequences included in
the study of Liu et al. (2013) are the same as in our study.
However, in our study GS sequences were generated addition-
ally that support the grouping found with ITS data, displaying
20 bp differences and a 4-bp indel. No consistency of the two
clusters (indicated as C. lindemuthianum 1 and 2 in Fig. 1)
with host preference, distribution or morphology was found in
our study. Both clades contained strains from Phaseolus
vulgaris in Europe (especially Germany and Netherlands),
North (USA) and Central/South America. Based on compar-
ison with ITS or GS sequences generated in previous studies
(data not shown), all four strains from the study of Liu et al.
(2007), most of the strains from the study of Chen et al. (2012)
and one strain from the study of Moriwaki et al. (2003) belong
to C. lindemuthianum 2, while one strain from Chen et al.
(2012) belongs to C. lindemuthianum 1. The strains included
in Chen et al. (2012) were assigned to different races.
However, due to the small number of strains and races includ-
ed, no general connection can be made between the two
groups and previously described races. Future research will
show if physiology, pathogenicity or other characteristics sup-
port describing C. lindemuthianum 2 as a separate species.

Although the species of the C. orbiculare complex occupy
a basal clade in the generic phylogeny derived of known
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Colletotrichum spp. (Cannon et al. 2012), a separation of these
taxa from Colletotrichum at generic level is not suggested. A
preliminary LSU analysis of representatives of the known
families of the Glomerellales (Réblova et al. 2011) and all
previously well studied Colletotrichum species complexes
(Cannon et al. 2012) suggests the genus Colletotrichum to
be monophyletic (not shown). Presently however, not all
Colletotrichum species and species complexes are sufficiently
known from DNA sequence data; some of them might have an
intermediate position between C. orbiculare and other species
complexes. Moreover, the species of the C. orbiculare com-
plex agree with the typical morphological features of the
genus Colletotrichum as currently accepted; they all form
large aseptate, hyaline (in mass bright-coloured) conidia with
enteroblastic, non-catenate succession from phalidic
conidiogenous cells on densely arranged conidiophores, often
together with stiff brown, septate, setae; in nature usually in
acervuli erumpent from the epidermis of plant cells, as well as
brown appressoria formed in nature after the germination of
conidia on the plant surface, facilitating host infection. The
species of the C. orbiculare complex further share many other
morphological characters with certain species and species
complexes that are not monophyletic within Colletotrichum,
for example the shape of conidia and appressoria and the
formation of vesicles and broad primary hyphae inside the
host tissue, characteristic for the biotrophic stage of the
hemibiotropic infection process. Last but not least, these spe-
cies cause the same kind of symptoms on their host plants,
generally referred to as anthracnose.
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