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Abstract

Strawberry anthracnose is an important disease in China that resiysificant economic
losses. A number dfolletotrichumspecies are known to be pathogens of strawberry. A survey of
strawberry fields in eight provinces of China was carried out to identify the causal agents of
strawberry anthracnose. The disease paiauses crown rot, leading to plant wilt and death in the
nursery stage, after transplanting in green house, which makes anthracnose a major threat to
strawberry production and quality. Multicus sequence analysis coupled with morphological
assessmentevealed that the diseaassociated taxa belong to twGolletotrichum species
complexes: Colletotrichum nymphaeadacutatum species complex),C. fructicola and C.
changpingense sp. noyloeosporioidespecies complex). The novel species is introducebisn
paperand illustratedThe new species is closely relatedtotheobromicoland pathogenicity tests
proved that it is pathogenic to the strawberry crown, fruits and leaves.

Keywords — C. nymphaeae crown rot—molecular phylogeny morphology- pathogen

Introduction

Strawberry(Fragariax ananassis a major crop cultivated in Chinié et al 2010).
Strawberry production hasxpandedrapidly in recent years and China has become one of the
world’s |l argest str awbtewbery cufivatiobecupies 160.5af@la e x p o
with ayield of 2.8 million tonnesin 2013(The Mi ni stry of Agriculture
China2014. With the increase of production, many fungal diseases have become a major problem
in strawberry prduction, reducindruit yield and quality Mass1998 Smith 2008. One of the
most important diseases of strawberry is anthracnose, which is caused by species of
Colletotrichum.
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Colletotrichumis one of the most important plant pathogenic genera worldi@denonet
al. 2012 Hyde et al.2014, Nilsson et al.2014 Yan et al.2015, occurring predominantly in
tropical and subtropical regions on a wide range of crops (WHI88 Hyde et al.2009 a, b,

2014. A summary of names (Hyde et aD093 and a revew of the confusion with names in the
genus (Hyde et ak009h, helped to kick start a series of studies that used molecular phylogeny
and morphology, that have helped to define species in the genus (Cannon et al. 2012). Anthracnose
caused byColletotrichum species is a major disease affecting strawberry production across the
world (Mass1998. Colletotrichumspecies infect all plant parts causing serious crown rot, irregular
leaf spots, necrotic lesions on the petioles and runners, as well as black spetfaits (Mass

1998. Anthracnose can cause up to 80% of plant death in nurseries and over 50% of yield losses in
strawberry fields (Sreenivasaprasad & TalhinR8€5. For successful implementation of any
resistance breeding and disease managemegrapnme, accurate pathogen identification is
important (Freeman et @998.

Strawberry anthracnose was first reported in China as late as 199®989u Shao 1992
reported strawberry anthracnose in Shanghai for the first time and identified theepatsdg)
acutatum(Dai et al.2006. Zhang et al. 2007 contributed to these findings by identifyirig
gloeosporioidesand C. fragariae (syn C. theobromicolp as the causal agents based on
morphological characters. Rem al. (2008 2011) concluded thathese three species are the main
pathogens causing anthracnose of strawberry in China. Crown rot is the most severe disease
problem in most strawberry producing areas in China (&eal. 2008. In the Zhejiang region,
nearly 50% of seedling deaths in renies and over 40% of yield losses in strawberry fields has
been recorded (Xie et @010. The yield of greenhouse cultivated strawleErrwasreducedby
over 10%due tocrown rot in Donggangity in Laoning Province in 2009 (Wan@013. The
average inadence ofcrown rotin green houses of Hubei Province was 41.7% in 2011 (Xiang et al.
2012. However, the majority of studies conducted in China regarding this disease were mainly
based on morphology and single gene (mainly ITS) analysis (Dai 20@6, Ren et al. 2008
2011). Due to the overlapping characters, species delimitation based on morphology alone is difficult
in this genus. Use of multjene analysis combined with morphology can provide a better resolution
(Cai et al. 2009, Hyde et al. 2014)herefore the objective of this study was to identify the
pathogens causing strawberry anthracnose in China using a morphological andemnaulti
approach.

Materials and Methods

Sample collection, Isolation and Identification of fungi

Disease samples showiranthracnose symptoms were collected from different locations
(Anhui, Hainan, Hebei, Hubei, Liaoning, Shandong Provinces and Beijing, Shanghai cities) in
China during 20132014. To promote fungal development and facilitate isolation, samples were
incubatel in a clean polythene bag with sterilized tissue dipped in distilled water. Samples were
surface sterilized ir8.5% Sodium hypochlorite for-2 minutes and then rinsed three times in
sterilized water before culturing on Potato Dextrose Agar (PDA) mediu@8&C. Single
germinating conidia were transferred to fresh PDA medium and incuba®&f@tto obtain pure
colonies of the fungi (Chomnunti et @2014). The pure isolaewere maintained on PDA medium
with sterilized filter paper and incubated ferl® days a8 °C. Cultures on the filter papers were
dried and stored at20 °C for further study Fungal mycelia and spores were observed and
photographed using ZEISS Imager M1 microscope and measurements were made on 40 conidia.
All microscopic measureemts were made with the Axio vision v 4.8 and images used for figures
were processed with Adobe Photoshop CS3 Extended version 10.0 software (Adobe Systems, The
United States). Facesoffungi and Index Fungorum numbers are provided (Jayasiri et al. 2815, Ind
Fungorum 2016).
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DNA extraction, PCR amplification and DNA sequencing

Total genomic DNA was extracted by the modified protocol of Daghral. (2008. Total
genomic DNA was extracted from fresh mycelium (500 mg), scraped from the margin of a colony
on aPDA plate incubated at 2Z& for 710 days. The 5.8S nuclear ribosomal gene with the two
flanking internal transcribed spacers (ITS), a -BPOintron of the glyceraldehye®phosphate
dehydrogenase (GAPDH), partial sequences of the chitin synthase 11(GHS act i n- ( ACT
tubulin genes were amplified using primer pairs ITS1/ITS4 (White et al. 1990), GDF/GDR
(Templeton et al. 1992), CHS79F/CHS345R (Carbone & Kohn 1999), ACT512F/ACT783R
(Carbone & Kohn 1999) and BT1/ BTtely(RCRIwasn ne | |
performed in a BIORAD 1000 Thermal Cycler in a total volume of2%CR mixtures contained
TaKaRaEx-Taq DNA polymerase 0.81, 12.5m of 2 x PCR buffer with 2.5 of dNTPs, I of
each primer, 9.21 of doubledistilled waterand 100-500 ng of DNA templateThe thermal
cycling program followed that reported in Weir et al. (2012). The PCR products were visualised by
staining with Ethidium bromide on 1.2% agarose electrophoresis gels and purified according to the
manuf act ur es df a Qiagenspurificatiort kit Qiagen, USA). DNA sequencing of the
genes was conducted by Sunbiotech Company Ltd., Beijing, China. The sequence data from this
study are placed in GenBank.

Phylogenetic Analysis

Consensus sequences from the sequencesagetdérom forward and reverse primers were
obtained using DNAStar v.5.1 and SegMan v.5.00 (Burland 2000). A combined dataset of the five
gene regions was prepared using Clustal X1.81 (Thompson et al. 1997). Further alignment of
sequences was achieved gsirdefault settings in MAFFT v.7 (Katoh & Toh 2008,
http://mafft.cbrc.jp/alignment/server/) and manual adjustment was conducted using
BioEditv.7.0.9.0 (Hall 1999) where necessary. Two separate phylogenetic trees were constructed
for the acutatumspecies comlex and for the gloeosporioidesspecies complex. Maximum
Parsimony analysis (MP) was performed using PAUP v. 4.0b10 (Swofford 2002) to obtain the most
parsimonious trees. Gaps were treated as missing data and ambiguously aligned regions were
excluded. Tres were inferred using the heuristic search option wide Bisection Reconnection
(TBR) branch swapping and 1000 random sequence addifitersrees were set up to 5,000,
branches of zero length were collapsed and all multiptsimonious trees were sa Descriptive
tree statistics for parsimony (Tree Length [TL], Consistency Index [Cl], Retention Index [RI],
Rescaled Consistency index [RC], and Homoplasy index [HI]) were calcdtatéetes generated
under different optimality criterial he robustnesof the most parsimonious trees was evaluated by
1000 bootstrap replications resulting from maximum parsimony anglMdiss & Bull 1993).
Kishino-Hasegawa tests (KHT) (Kishino & Hasegawa 1989) were performed in order to determine
whether trees were sigicantly different.

Bayesian inference (BIl) was used in addition to construct the phylogenies using Mr. Bayes
v.3.1.2 (Ronquist et al. 2003YIrModeltest v. 2.3 (Nylande2004) was used to carry out statistical
selection of besfit modd of nucleotide substitution. HYK+l model was selected for ITS, a
HKY+G model f o rtub@ B R80+I+& nabdel For CHE, a GTR+G model for
ACT were incorporated into the analysis. Six simultaneous Markov chains were run for 2000000
generations and trees were séedpevery 100 generation. The 2000 trees representing the-fourn
phase of the analyses were discarded and the remaining 8000 trees used for calculating posterior
probabilities (PP) in the majority rule consensus tree. The alignments and trees aredi@posi
TreeBASE (Sanderson et al. 1994) under accession numbers S20238 respectively. The fungal
strains used for the phylogenetic analysis in this study are listed in Table 1.

Genealogical concordance phylogenetic species recognition (GCPSR) analysis

New species and their most closely related species were analysed using the GCPSR model.
A pairwise homoplasy index (PHI) (Philippe & Bryant 2006) test was performed in SplitsTree4
(Huson 1998, Huson & Bryant 2006) as described by Quaedvlieg et al. (2014)den to

determine the recombination level within phylogenetically closely related species usindoaise
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concatenated dataset forchangpingensand its related specids$ the pairwise homoplasy index

is below a 0.05 threshold (®éw < 0.05), it i nd
in the dataset. The relationships between closely related species were visualised by constructing a
split graph, using bbtthe LogDet transformation and splits decompositiptions(Fig. 6).

Pathogenicity test

In order to test the pathogenicity of the new species, detached fruits and leaves inoculations
were conducted. To determine whether this new species can infetizbme (crown), seedling
inoculations were carried out.

Detached fruits and leaves inoculation

Healthy strawberry fruits, leaves and seedlings were used for the pathogenicity test. Fruits
and leaves were surface sterilized with 75% ethanol and washedtithes with distilled water.
Fifteen leaves and 15 fruits per isolate were wounded by means of sterilized insect needle, while 15
leaves and 15 fruits remained mreounded. Conidial suspension {AfiL, emended by a
haemocytometer) was applied on the waeshand nomwounded fruits and uniformly sprayed onto
the leaves. Control fruits and leaves were inoculated with sterilized water. The inoculated fruits and
leaves with the controls were put into a plastic box covered with plastic film and incubated at 25
°C.

Seedling/ Rhizome inoculation

In order to check the pathogenicity towards the strawberry rhizonsa®berry seedlings
plantedin plastic potsvere inoculatedvith spore suspensiotach seedling was planted in one pot
anda 100mL spore suspensiovas addedThe control seedlingswere inoculated with sterilized
water The inoculated seedlingsd the controls were kept in a growth chamber at 25 °C with a 12
h day/ night

Results

Isolation of fungi

Colletotrichumspecies were isolated from strawdyefruits, petioles, rhizomes and stolons
showing typical anthracnose symptoms (Fig. 1). One hundred and tommtysolates were
obtained from the disease samples and are deposited @hith@ General Microbiological Culture
Collection (CGMCC) /Mae FahLuang University Culture Collection, ThailafFLUCC) and
the China Agricultural University Beijing (SA), China.

Phylogenetic analysis

Twenty-one representative strains were used in the analysis. Phylogenies were
reconstructed using combined ACT, GAPDBHS, ITS andB-tubulin sequence data for our
isolates ofColletotrichumwith those in recent publications @wolletotrichum(Damm et al. 2012,

Weir et al. 2012, Sharma et al. 2013, Yan et al5201a0 et al. 201)/ A single phylogenetic tree

was consticted for allColletotrichumstrains including our sequence data using five combined
gene alignments. The tree was compared with the backbone tree in Hyde et al. (2014) and species
narrowed down tohe acutatumandgloeosporioidespecies complexes. Twopate phylogenetic

trees were therefore constructed for the complexes. Maximansimony and Bayesian inference
produced nearly identical topologies (Bayesian trees are not shown).

The combined gene alignment fdre acutatumcomplex comprised 37 taxa Grl712
characters including gaps wit. orchidophilum(CBS 632.80) as the outgroup taxon. Parsimony
analysis indicated that 1249 characters were constant, 229 variable characters uninformative and
234 characters parsimoiyformative. The parsimony analgsof the data matrix yielded a single
most parsimonious tree (TL = 689, CI = 0.729, Rl = 0.820, RC = 0.597, HI = 0.271) which is
presented in Fig 2. Five isolates (SA0017, SA0024, SA0041, SA0069 and SA0070) clustered
together withC. nymphaeawith strongsupport.
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Fig. 1 - Symptoms of strawberry anthracnose a. Wilted seedling pédrgarly disease stage
greenhouse, b. Wilted and dead plants in the field, c. Dead plants with crown rot symptoms, d.
Redlish browntissueof a strawberry crowmfectedby Colletotrichumsp.

The combined gene alignment tbe gloeosporioidesomplex comprise82 taxa and 1932
characters including gaps witi. boninensg CBS 123755) as the outgroup taxon. Parsimony
analysis indicated that 1350 characters were cons&if, variable characters parsimeny
uninformative and 264 characters parsimarfprmative. Parsimony analysis resulted in 100 most
parsimonious trees, one of them (TL = 1040, Cl = 0.696, Rl = 0.779, RC = 0.542, HI = 0.304) is
shown in Fig. 3 where 15 isoéa obtained in this study clustered together Witliructicola(CBS
130416) with a high support, while isolat&\0016 and SA005@re sister to the clade that
containsC. grevilleag C. grossumandC. theobromicolalso with high support (100/1.00).

Pathogenicity studies

Detached fruits and leaves inoculation

All of the inoculated leaves and fruits showsanptoms after 78 inoculation Symptoms
on the wounded leaves and fruits appe&#Ht earlier tharthe noAawounded tissues. Orange spore
massegppeared on the lesion under high humidity condition.

Seedling inoculation

The inoculated strawberry seedlindgseganwilting after 10 d inoculation. The wilting
seedlingsvere stunt compared wittontrol plants.Necrosis was observed in the ot the wilted
plant. The longitudinal sectiorof the crownshowedred brown, hard lesions in rofwenty-four
inoculated seedlings (80%ied after 20d inoculation.Control seedlings remained healthy
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ZJUC41 C. citri

CBS 126529 C. scovillei

CBS 112989 C. laticiphilum

CBS 853.73 C. cosmi

IMI 165753 C. paxtonii

E

IMI 364297 C. sloanei

CBS 330.75 C. costaricense

I-_ CBS 159.84 C. melonis
i

e
-

CBS 129814 C. tamarilloi
IMI 304802 C. cuscutae

CBS 126519 C. chrysanthemi

CBS 128517 C. fioriniae

CBS 607.94 C. salicis

CBS 128531 C. pyricola

CBS 112996 C. acutatum

Fig. 2 — One of the 100 most parsimonious trees obtained &omeuristic searcbf combined
ACT, GAPDH, CHS, ITS and3-tubulin sequenced data ahe acutatumspecies complex
Parsimony bootstrap support values greater than 70% are indicated above thendoolesiches
with Bayesian posterior probabilities above 0.90 are givdroid The extype strains are ibold,;
isolates of this study arén red. The scale bar indicates ten changes. The tree is roote€ with
orchidophilumCBS 632.80.
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ICMP 18187 C. nupharicola

GZAAS5.08601 C. viniferum
A [L-ICMP 18578 C. siamense

|l —— ICMP18653 C. tropicale

N ICMP 1778 C. queenslandicum

MFLUCC13-0726 C. hebeinses

| ICMP 17919 C. alatae

80 83 ICMP 18649
N 11 c1266.6

T T
A C. grossum

ICMP 17903 C. xanthorrhoeae

ao| 85I CGMCC 3.17363 C. jiangxiense
. | 1 ‘“ICMP17816 C. kahawae

| | “ceMCC 3.14925 C. camelliae
00 | ] MFLUCC 10-0624 C. syzygicola
[ | |['Coll883 C. temperatum
| =/ '-icmP4s32C.ti

ICMP 10492 C. horii

C. theobromicola

Fig. 3-One of the 100 most parsimonious trees obtained from a heuristic séamrhbinedACT,
GAPDH, CHS, ITS andB-tubulin seqenced data ofthe gloeosporioidesspecies complex
Parsimony bootstrap support values greater than 70% are indicated above thendoolesiches
with Bayesian posterior probabilities above 0.90 are givdroid The extype strains are ibold;
isolates of this study aran red. The scale bar indicates ten chandé® tree is rooted witlC.
boninenseCBS 123755.
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Fig. 4 — Pathogenicity test results &. changpingens€SA0019. a-f. Symptoms on leaves and
fruits after 80h of inoculation. a, d. Woundnoculation. b¢c. Nonwound inoculation. §.
Symptoms of the seedlings and on root after 14days of inoculation. g. Seedling with-beddish
rhizome and wilted leaves. i, k. Reddisiown rhizome with retarded root growt}) f, j, |. Control
fruit, leafand rhizome.

Taxonomy
Colletotrichum fructicolaPrihast., L. Cai & K.D. Hyde

Colletotrichum fructicolawvas originally reported from coffee berries in Thailand (Prihastuti et
al. 2009) and has a wide host range (Weir et al. 2@d@)etotrichumfructicoa belongs tothe
gloeosporioidesspeciescomplex and has been reported from Canada and the USA causing
strawberry anthracnose (Weir et &012. Fifteen strains of this species were isolated from
strawberry in this study; one strain from a fruit, twaits from petioles, 11 strains from rhizomes
and one strain from a stolon. In the phylogram, our strains clusteredCwitucticola (ICMP
18581) with 99% bootstrap support and posterior probability values of 1.00 (Fig. 3).

Colletotrichum nymphaeaéPass) Aa.

A detailed description of. nymphaeaeavas provided by Damm et al. (2012). This species
has a wide host rangad belongs tthe acutatum species compleé3olletotrichumnymphaeaéas
been recorded from Bulgaria, Canada, France, Israel, Italy, &Kevgtherlands, South Africa,
Spain, Switzerland, the UK and the USA (Damm et 2012, where it causes strawberry
anthracnosekive strains of this species were isolated from strawberry; two from fruits, two from
petioles and one from a stolom the plylogram, our strains clustered wit. nymphaeae
(CBS515.78) with 100% bootstrap support and posterior probability values of 1.00 (Fig. 2).
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Colletotrichumchangpingensés. ZhangJayawardena & KD Hyde&p. nov.

Index Fungorum NoltF552575;Facesoffungnunmber: FoF:00644 Fig. 4

Etymology This species is named after the locality, where this species was found.
Holotype:MFLU 15-0212

Pathogenon strawberry rhizomeColoniesgrowing from single conidia on PDA white,
reverseblack in centre, pale yellow greywtards the edgeeaching a maximum of 78 mm diam. in
7 days at 28 °C, growth rate-28 mm/day. Aerial mycelium, white, dense, cottony. Vegetative
hyphae 32.1 mm hyaline, smoottwalled, septate, brancheflsexual morprdeveloped on PDA.
Conidiomata208-425mm diam.,abundantplack, an acervulus, oval, solitary to aggregated, with
orange spore mass&etaeabsentConidiophores26 mm long, hyaline to light brown, cylindrical
or clavate, smootwalled, simple, wide at the base, occuring in densly arrangesters.
Conidiogenous cell§-26x1.5-3 (X= 18.5¢<1.9 n = 10, enteroblastic, hyaline, smoethalled,
cyllindrical, tapering from base to apexyeming with a 0.51.5 um diam. collarette,< 0.5 pum long,
periclinal thickening conspicuou€onidia9-15x%2.5-6 nm (X= 12.3x4.6, n = 40 hyaline, smooth
walled or minutely verruculose, aseptate, ovoid to cylindrical or clavate with rounded apices,
contents granular and mostly present at the polar ends leaving anopaque region in the centre
AppressorianotobservedSexual morpmot observed.

Material examined- CHINA, Beijing City, Changping XingshouTown, from rhizome of
Fragaria x ananassaNovember 201, ZhangGuozhen{MFLU 15-0212 holotype),ex-type living
culture, SA0016 MIFLUCC 150022, CGMCC3.17582); CHINAGuangzhou from rhizome of
Fragaria x ananassaApril 2012, ZhangGuozheriving culture, SA0050.

Fig. 5 - Colletotrichum changpingenséMFLUCC 150022, extype culturg. a. Conidioma on
PDA b. Orange coloured spore massd.cConidiogenous cells—& Conidia. g. Upper view of
colony (7 d old). h. reverse view of colony (7 d old). Scale=&ns.
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Notes—Based on mutl ocus sequence data ( A@bulin)CHS, C
changpingenseis phylogenetically closely related t&. grevilleag C. grassum and C.
theobromicola Sequence data derived from the ITS region does not segarateangpingense
from C. grevilleae C. theobromicolaandC. grossumThe BLASTn search with the ITS sequence
of this strain showed 100% similarity to JX573319gloeoporioidesisolate. The closest match in
a BLASTn search in GenBank with the GAPDH sequence was JX0@9&i&obromicolastrain
with 99% similarity. The closest matches in a BLASTn search in GenBank with the CHS sequence
was KF77206QC. siamensstrain wih 97% similarity, with the ACT sequence was KT936435
siamensest rain with 99% si mil ar i t-wbulinTshdenticBlItla€S Tn s
grossum (CAUG7, KP890171) andC. theobromicola(C1273, JX010382).Colletotrichum
changpingensdiffers fromthe type strain o€. grevilleaeby 17bp changes in ACT, 11bp changes
in CHS, 6bp changes in GAPDH and 8bp changes in Cdletotrichumchangpingenseliffers
from the type strain o€C. theobromicolaby 17bp changes in ACT, 12bp changes in CHS, 2bp
chang s i n GAPDH, 9bp changes i-tubulinl CdBetotgchuch 8 b p
changpingensdiffers from the type strain . grossunby 18bp changes in ACT, 9bp changes in
CHS and 5bp changes in GAPDH. Theref@echangpingenserovides sufficient dataotbe
accommodated as a new speck$HI test revealed no significant recombination event between

C. changpingensand its closely related taxa (Fig. 6).
C. theobromicola

C1266.6 ICMP 18649

C. changpingense

CBS 132879 C. grevilleae

SA0016
SA0050
CAUG7
CAUG31
C. grossum
[ i 0.01
dw = 0.84
Fig. 6 — The results of the pairwise homoplasy index (PHI) test of closely related species using
bot h LogDet transformation and splits decomp

significant recombination within the dataset.

Discussion

Previous studies ololletotrichum species causing strawberry anthracnose were mainly
based on morphologitaharacters and single gene based identifications, which would have been
identified to species complexes rather than individual species (Ye et al. 2009). Due to the high
variability in morphological charactersSittort992 Johnston & Joned997), differetiation
between two main strawberry pathogefs, gloeosporioidesand C. theobromicola(fragariae)
became problematic (Ye et al. 1997, Xie et al. 2010), which led to the use of molecular methods
(Cai et al. 2009) as they provide useful data in clarifyirgdystematics dEolletotrichum(Hyde
et al. 2014, Yan et al. 2015). Xie et al. (2010) identified @wdletotrichum species causing
anthracnose disease of Strawberry cv. Toyonoka in Zhejiang and Shanghai, China&Cto be
acutatum C. gloeosporioideandC. theobromicolausing morphology and ITS gene region alone.
As ITS gene alone does not resofvelletotrichumspecies wel(MartinezCulebras2002, Jelev et
al. 2008 Xie et al.2010, multigene analysis has been adopted to resobleetotrichumspecies
satisfactorily(Cai et al.2009 Hyde et al2014), and the present study has followed this protocol.
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Table 1List of GenBank accession numbers for the IAST, CHS-1, GAPDHa n dtub@lin gene sequences of thetgge isolates belonging to the
gloeospomides species complex, acutatum species complex and the strains used in this study with information on taxa, host licd aEdignap

Strains sequenced in this study are bolded.

Species name Isolate number Host Location GenBank Accession Numbers
ITS ACT CHS-1 GAPDH b -tubulin

C. acerbum ICMP 12921* Malus domestica New Zealand JQ948459 JQ949780 JQ949120 JQ948790 JQ950110

C. acutatum CBS 112996* Carica papaya Australia JQO05776 JQO005839 JQO05797 JQ948677 JQO05860

C. aenigma ICMP 18608* Persea americana Israel JX01024 JX009443 JX009774 JX010044 JX010389

C. aeschynomenes  ICMP 17673* Aeschynomene virginica  USA JX010176 JX009483 JX009799 JX009930 JX010392

C. alatae CBS 304.67* Dioscorea alata India JX010190 JX009471 JX009837 JX009990 JX010383

C. alienum ICMP 12071* Malus domestica New Zealand JX010251 JX009572 JX009882 JX010028 JX010411

C. aotearoa ICMP 18537* Coprosmasp. New Zealand JX010205 JX009564 JX009853 JX010005 JX010420

C. asianum ICMP 18580* Coffea arabica Thailand FJ972612 JX009584 JX009867 JX010053 JX010406

C. australe CBS 116478* Trachycarpus fortunei South Africa JQ948455 JQ949776 JQ949116 JQ948786 JQ950106

C. brisbanense CBS 292.67* Capsicum annuum Australia JQ948291 JQ949612 JQ948952 JQ948621 JQ949942

C. camelliae CGMCC 3.14925* Camellia sinensis China KJ955081 KJ954782 N.S KJ954363 KJ955230

C. cairnsense BRIP 63642* Capsicum annuum Australia KU923672 KU923716 KU923710 KU923704 KU923688

C. carthami SAPA 100011* Carthamus tinctorium Japan AB696998 N.S N.S N.S AB696992

C.changpingense SA0016 (MFLUCC Rhizome of Fragaria China, Beijing KP683152 KP683093 KP852449 KP852469 KP852490

15-002%) xananassa (Changping

C.changpingense SA0050 Rhizome of Fragaria x Ching Guangzhou KY214473 KY214470 KY214471 KY214472 KY214474
ananassa

C. chrysanthemi IM | 364540* Chrysanthemum China JQ948273 JQ949594 JQ948934 JQ948603 JQ949924
coronarium

C. citri CBS 134233* Citrus aurantifolia China KC293581 KC293621 N.S KC293741 KC293661

C. communis MTCC 11599+ Mangiferasp. India JQ894681 JQ894546 JQ894617 JQ894632 JQ894602

C. cordylinicola ICMP 18579* Cordyline fruticosa Thailand JX010226 HM470235 JX009864 JX009975 JX010440

C. cosmi CBS 853.73* Cosmossp. Netherlands JQ948274 JQ949595 JQ948935 JQ948604 JQ949925

C. costaricense CBS 330.75* Coffea arabica Costa Rica JQ948180 JQ949501 JQ948841 JQ948510 JQ949831

C. cuscutae IM1 304802* Cuscutasp. Dominica JQ948195 JQ949516 JQ948856 JQ948525 JQ949846

C. endophytica MFLUCC 130418* Pennisetum purpureum Thailand KC633854 KF306258 N.S KC832854 N.S

C. fioriniae CBS 12837~ Fiorinia externa USA JQ948292 JQ949613 JQ948953 JQ948622 JQ949943

C. fructicola ICMP 18581* Coffea arabica Thailand JX010165 FJ907426 JX009866 JX010033 JX010405

C. fructicola SA0003 Rhizome of Fragaria China, Beijing KP683149 KP683090 KP852446 KP852466 KP852487
xananassa (Changping

C. fructicola SA0015 Rhizome of Fragaria China, Beijing KP683148 KP683089 KP852445 KP852465 KP852486
xananassa (Changping

C. fructicola SA0029 Rhizome of China, Beijing KP683153 KP683094 - KP852470 KP852491
Fragaria xananassa (Changpingy

C. fructicola SA0038 Stolon of China, Beijing KP683151 KP683092 KP852448 KP852468 KP852489
Fragaria xananassa (Changping)

C. fructicola SA0053 Petiole of China, Liaoning KP683150 KP683091 KP852447 KP85247 KP852488
Fragaria xananassa (Donggang)

C. fructicola SA0054 Rhizome of China, Liaoning KP683147 KP683088 KP852444 KP852464 KP852485
Fragaria xananassa (Donggang)

C. fructicola SA0056 Rhizome of China, Shanghai KP683138 KP683079 KP852435 KP852455 KP852476
Fragaria xananassa (Shanghai)




Species name Isolate number Host Location GenBank Accession Numbers
ITS ACT CHS-1 GAPDH b -tubulin

C. fructicola SA0064 Rhizome of China, Shandonc KP683139 KP683080 KP852436 KP852456 KP852477
Fragaria xananassa (Qingdao)

C. fructicola SA0083 Rhizome of China, Beijing KP683143 KP683084 KP852440 KP852460 KP852481
Fragaria xananassa (Fangshan)

C. fructicola SA0090 Rhizome of China, (Changfeng) KP683142 KP683083 KP852439 KP852459 KP852480
Fragaria xananassa Anhui

C. fructicola SA0091 Rhizome of China, (Changfeng) KP683145 KP683086 KP852442 KP852462 KP852483
Fragaria xananassa Anhui

C. fructicola SA0092 Rhizome of China, Beijing KP683140 KP683081 KP852437 KP852457 KP852478
Fragaria xananassa (Tongzhou)

C. fructicola SA0095 Rhizome of China, Hubei KP683144 KP683085 KP852441 KP852461 KP852482
Fragaria xananassa (Wuhan)

C. fructicola SA0097 Petioleof China, Beijing KP683141 KP683082 KP852438 KP852458 KP852479
Fragaria xananassa (Fangshan)

C. fructicola SA0098 Fruit of China, Hainan KP683146 KP683087 KP852443 KP852463 KP852484
Fragaria xananassa (Haikou)

C. fructivorum CBS 133125 Vaccinium macroarpo USA JX145145 N.S N.S N.S JX145196

C. gloeosporioides IM| 356878* Citrus sinensis Italy JX010152 JX009531 JX009818 JX010056 JX010445

C. grevilleae CBS 132879* Grevilleasp. Italy KC297078 KC296941 KC296987 KC297010 KC297102

C. grossum CAUGT* Capsiamsp. China KP890165 KP890141 KP890153 KP89015 KP890171

C. godetiae CBS 133.44* Clarkia hybrida Denmark JQ948402 JQ949723 JQ949063 JQ948733 JQ950053

C. guajavae IM| 350839* Psidium guajava India JQ948270 JQ949591 JQ948931 JQ948600 JQ949921

C. hebeiens MFLUCC 130726* Vitis vinifera China KF156863 KF377532 KF289008 KF377495 KF288975

C. henanense CGMCC 3.1735#4 Camilla sinensis China KJ955109 KM023257 N.S KJ954810 KJ955257

C. horii ICMP 10492* Diospyros kaki Japan GQ329690 JX009438 JX009752 GQ329681 JX010450

C. indonesiense CBS 127551* Eucalyptussp. Indonesia JQ948288 JQ949609 JQ948949 JQ948618 JQ949939

C. jiangxiense CGMCC 3.17363 Camilla sinensis China KJ955201 KJ954471 N.S KJ954902 KJ955348

C. johnstonii CBS 128532* Solanum lycopersicum New Zaland JQ948444 JQ949765 JQ949105 JQ948775 JQ950095

C. kahawae ICMP 17816* Coffea arabica Kenya JX010231 JX009452 JX009813 JX010012 JX010444

C. kinghornii CBS 198.35* Phormiumsp. UK JQ948454 JQ949775 JQ949115 JQ948785 JQ950105

C. laticiphilum CBS 112989 Hevea brasiliensis India JQ948289 JQ949610 JQ948950 JQ948619 JQ949940

C. limetticola CBS 114.14* Citrus aurantifolia USA JQ948193 JQ949514 JQ948854 JQ948523 JQ949844

C. lupine CBS 109225* Lupinus albus Ukraine JQ948155 JQ949476 JQ948816 JQ948485 JQ94986

C. melonis CBS 159.84* Cucumis melo Brazil JQ948194 JQ949515 JQ948855 JQ948524 JQ949845

C. musae CBS 116870* Musasp. USA JX010146 JX009433 JX009896 JX010050 HQ596280

C. nupharicola CBS 470.96* Nuphar lutea USA Jx010187 JX009437 JX009835 JX009972 JX010398

C. nymphaeae CBS 515.78* Nymphaea alba Netherlands JQ948197 JQ949518 JQ948858 JQ948527 JQ949848

C. nymphaeae SA0017 Petiole of China, Beijing KP683133 KP683074 KP852430 KP852450 KP852471
Fragariax ananassa (Daxing)

C. nymphaeae SA0024 Petiole of China, Beijing KP683135 KP683076 KP852432 KP852452 KP852473
Fragariax ananassa (Xiaotangshan)

C. nymphaeae SA0041 Fruit of China, Hubei KP683134 KP683075 KP852431 KP852451 KP852472
Fragariax ananassa (Baoding)

C. nymphaeae SA0069 Fruit of China, Beijing KP683137 KP683078 KP852434 KP852454 KP852475
Fragariax anarassa (Changping)

C. nymphaeae SA0070 Stolon of China, Beijing KP683136 KP683077 KP852433 KP852453 KP852474
Fragariax ananassa (Changping)

C. orchidophilum CBS 632.80* Dendrobiumsp. USA JQ948151 JQ949472 JQ948812 JQ948481 JQ949802

C. paranaense CBS 134729 Malus domestica Brazil KC204992 KC205077 KC205043 KC205026 KC205060
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C. paxtonii IMI 165753* Musasp. Saint Lucia JQ948285 JQ949606 JQ948946 JQ948615 JQ949936
C. phormii CBS 118194* Phormiumsp. Germany JQ948446 JQ949767 JQ949107 JQ948777 JQ950097
C. proteae CBS 132882* Proteasp. South Africa KC297079 KC296940 KC296986 KC297009 KC297101
C. psidii CBS 145.29* Psidiumsp. Italy JX010219 JX009515 JX009901 JX009967 JX010443
C. pyricola CBS 18531* Pyrus communis New Zealand JQ948445 JQ949766 JQ949106 JQ948776 JQ950096
C. queenslandicum  ICMP 1778* Carica papaya Australia JX010276 JX009447 JX009899 JX009934 JX010414
C. rhexiae CBS 133134 Rhexia virginica USA JX145128 N.S N.S N.S JX145179
C. rhombiforme CBS 129953* Olea europaea Portugal JQ948457 JQ949778 JQ949118 JQ948788 JQ950108
C. salicis CBS 607.94* Salixsp. Netherlands JQ948460 JQ949781 JQ949121 JQ948791 JQ950111
C. salsolae ICMP 19051* Salsola tragus Hungary JX010242 JX009562 JX0098%3 JX009916 JX010403
C. scovillei CBS 126529* Capsicunsp. Indonesia JQ948267 JQ949588 JQ948928 JQ948597 JQ949918
C. siamense ICMP 18578* Coffea arabica Thailand JX010171 FJ907423 JX009865 JX009924 JX010404
C. simmondsii CBS 122122* Carica papaya Austrdia JQ948276 JQ949597 JQ948937 JQ948606 JQ949927
C. sloanei IMI 364297~ Theobroma cacao Malaysia JQ948287 JQ949608 JQ948948 JQ948617 JQ949938
C. syzygicola MFLUCC* Syzygium samarangense Thailand KF242094 KF157801 N.S KF242156 KF254880
10 0624

C. tempeatum CBS 133122 Vaccinium macrocarpon ~ USA JX145159 N.S N.S N.S JX145211
C. tamarilloi CBS 129814* Solanum betaceum Colombia JQ948184 JQ949505 JQ948845 JQ948514 JQ949835
C. theobromicola CBS 124945* Theobroma cacao Panama JX010294 JX009444 JX009869 JX010006 JX010447
C.ti ICMP 4832* Cordylinesp. New Zealand JX010269 JX009520 JX009898 JX009952 JX010442
C. tropicale CBS 124943* Theobroma cacao Panama JX010264 JX009489 JX009870 JX010007 JX010407
C. truncatum CBS 151.35* Phaseolus lunatus USA GU227862 GU227960 GU228352 GU228254 N.S

C. viniferum GZAAS5.08601* Vitis vinifera China JN412804 JN412795 N.S JN412798 JN412813
C. walleri CBS 125472* Coffeasp. Vietnam JQ948275 JQ949596 JQ948936 JQ948605 JQ949926
C. xanthorrhoeae ICMP 17903* Xanthorrhoea preisi Australia JX010261 JX009478 JX009823 JX009927 JX010448

[*Abbreviation: CBS Culture Collection of the Centraalbureau voor Schimmelcultures, Fungal Biodiversity Centre, Utrelieth€Hands; CGMCC: China General

Microbiological Culture CollectionChina; GZAAS Guizhou Academy of Agricultural Sciences herbarium, China; ICMP International Collection ofMicroorganismgifitsm P
Landcare Research, Auckland, New Zealand; IMI: Culture collection of CABI Europe UK Centre, Egham, UK; MFLUCC: Mae Fdbnivensgy Culture Collection, Thailand;

SA Culture collection of China Agriculture University, Beg, China; N.S. not sequenced

1159



The main taxa reported to cause strawberry anthracnose worldwide a@itatum, C.
gloeosporioidesand C. fragariae (Mass 1998, the latter which has been synonimized under
theobromicola(Weir et al.2012. BesidesC. acutatum, C. gloeosporioidesd C. theobromicola
C. coccode¢Buddie et al1999 Cannon et aR012), C. cuscutadDamm et al2012), C. fructicola
(Weir et al.2012, C. fioriniae (MacKenzie et al2009 Damm et al2012, C.godetiag(Damm et
al. 2012, C. nymphaeaéDamm et al.2012, C. salicis(Damm et al.2012 andC. simmondsii
(Whitelaw-Weckertet al 2007, Damm et al.2012) have been reported to lessociated with
strawberry anthracnose; most of these taxa belofig &a@utatunspecies complex.

In this study, we have determined the specie€alfetotrichumthat are associated with
strawberry anthracnose in eight strawberry growing provinces of CAingew Colletotrichum
species that causes strawberry anthracnose in China is descriBectl@gpingensebased on
morphological features, mugene phylogenetic analysis and pathogenicity assays. The five gene
multi-loci analysis revealed that thisolate from rhizomes, clustered separately from other
Colletotrichum species. Pathogenicity testing showed that the newly introduced species is
pathogenic not only on the strawberry crowns, but also on fruits and |&wespecies is capable
of causing mown rot disease which is characterized by reddish brown rhizomes with less roots and
wilted leaves. Anthracnose lesions on ripe strawberry fruits are firm, slightly sunken and covered
with pink massesThis species is also capable of causing leaf sposirawberry characterized by
brown to black necrotic spots along the veins and-weer regionsFifteen strains o€. fructicola
were recorded from a fruit, petioles, rhizomes and a stolon and five stralhsgimphaea&vere
also recorded from fruitpetioles and a stolon. As the latter two species arekmelivn pathogens
causing strawberry anthracnose in different countries (Damm 2052 Weir et al.2012), this
paper further contributes that these two species are also associated with strantbeagnose in
China. In this study we did not find. theobromicolaHowever, there were 15 more isolates in the
single phylogenetic tree which consisted of all @elletotrichumspecies that were not well
resolved. Further clarifications of those igekare neededhis study contributes in updating the
Colletotrichumspecies associated with strawberry of ChiByecies with similar morphology may
have a considerable physiological and pathogenic variation. It is important to know the host
distribution of a particularColletotrichumspecies which will be important in implementing -bio
security measures in quarantine (Jayawardena et al. 2016).
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