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Abstract

Stylosanthesanthracnose is an important disease cause@digtotrichum gloeosporioides
which affects the production and utilization &tylosanthesspecies inthe world. Despite their
importance, little progress has been made in understaBtyhgsanthesnthracnose pathogens due to
their insufficient genomic and transcriptomic ddtathe current studywhole genome r8equencing
of sevenC. gloeosporioidestrains was carried out together with next generation RNA sequencing of
C. gloeospowidesstrain CHO08. Whole genome-sequencing was conducted with reference to the
genome othighly virulent C. gloeosporioidestrain CH008. It resulted in 10.06 G of effective data,
with a mean proportion of 67.40% genes mapped to the reference stasn aaveraggenome
coverage of 79.71%. A total of 2,149,030 single nucleotide polymorphisms, 178,620 insertions and
deletions, and 654 structural variations were discovered on the genomes of the seven tested strains.
Transcriptomic analysis produced appnoately 30.5 million high quality reads assembled B2¢g529
contigs and further integrated into 25,376 unigenes. All assembled sequences were annotated against
public databases. A total of 12,398 unigenes were assigned to €htegbries of Gene Ontgy
terms. Among them, 3,717 unigenes were identified and mapped onto 264 pathways against Kyoto
Encyclopaedia of Genes and Genomes pathway database. This study providescim@pishensive
transcriptomic resource available f@r. gloeosporioidesThe genome assembly and the unigenes
identified in the studywill benefit further studies on functional gengs/olved in pathogenicity.
Simple sequence repeat markers developed in this study will facilitate studies on-asar&ied
genomic and pathogenicwdirsities ofColletotrichumgloeosporioides
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Introduction

Stylosanthes guianengi&ublet) Sw., which is native to Africa, SouthemdaCentral Americas
an important forage legumwith the largest planting area and widest application in tropical and
subtropical regions of the wor[@lichalk et al. 1993Kelemuet al. 1996 Munautet al. 2001 Jianget
al. 2005) It is commonly usedsaruminant feed, as green manure and as cover crops for soil protection
and water conservation in plantations and orch@d2001) Cultivation and production of this forage
legume has been threatened $tylosanthes anthracnogiéelemuet al. 1996, Munaut et al. 2001,
Chenet al. 2014) a diseaseaused mainly by the pathog@molletotrichum gloeosporioidefPenz.)
Penz. & Sacc.and occasionally b¢olletotrichum truncatungSchwein.) Andrus & W.D. Moore and
Colletotrichum lindemuthianurtGacc. & Magnuspriosi & Cavara(Fenget al. 1994) The pathogen
forms appressoria on the leaf surface, penetrates into the cuticle, colonizes and initiates infections
resulting in host cell necrosis leadinghtiight-like symptoms. It also induceshlorosis abscission fo
herbage leaves, wilts of stems and petioles, abortion of flowers, and in severe cases, failure in seed
production and finally whole plant deaifMannerset al. 1992, 2000Stephensoret al. 2000,
Chakrabortyet al. 2002).Colletotrichum gloeosporioidekiotypes with high genetic variability and
extensive pathogenic variations have been identified fAamtralia, Brazil, China and Colombia
(Kelemuet al. 1999, Munautet al. 2001, 2002Yi 2001, Chakrabortyet al. 2002 Jianget al. 2005)
Despite their impdance, only few molecular resources such as a transfer DNA insert mutant library
(Chenet al. 2014)and few identified pathogenicity genéstephensoret al. 2000) are available for
this pathogen.

Next-generation sequencing technologies provide costctefée rapid, powerful tools for
genomic and transcriptomic studies to identify and annotate genes in non model orgitabaret
al. 2009,Zhouet al. 2015Verbruggeret al.2015. Whole-genome resequencing can be used to study
genetic variation betaen individuals(Li et al. 2009) as well as to illustrate the pathogenic
mechanisms of biological processes at the molecular. [ieble genome analyses conducted on plant
pathogens, such aBotrytis cinera Fusarium graminearumMagnaporthe oryzaeMetarhizium
anisopliae Mycosphaerella graminicoldNeurospora crass&Sclerotinia sclerotiorumUstilaginoidea
virens Valsa maliand Valsa pyrj facilitate in establishing the foundation for functional genomics
studies(Galagaret al.2003,Deanet al.2005,Amselemet al.2011,Goodwin et al2011,0hmet al.
2012, Xue et al.2012,Zhaoet al. 2013)Yin et al.2015) Transcriptomic analyses of these pathogenic
fungi have led to the development of molecular markers, identification and characterizatiorteof inna
immune system pathways and the discovery of many interesting (e et al. 2014Chenet al.
2015, Verbruggenet al. 2015) These genomic and transcriptomic analyses have been used to
understand the hoglathogen interactions by providing insightdo the mechanisms underlying
disease development, innate defense and gene to gene reqigtaargget al. 2014.Yap et al. 2015,
Xing et al.2016) SinceColletotrichumspecies represent a group of highly devastating pathogens of
many crops, speciesduasC. orbiculareandC. gloeosporioidediave been subjected to comparative
genomic and transcriptomic studies revealing their distinct stpgeific gene expressions including
potential pathogenicity geng¢Robinsonet al. 1998Kim et al. 2000Abanget al. 20090 " Co neh e | |
al. 2012,Yoshinoet al. 2012) In the current study, whole genomesexjuencing and transcriptomic
analyses oC. gloeosporioidesvere conducted using an lllumina higiroughput sequencing system.
We havedesigned 1,505 simpleeguence repeat (SSR) markers, identified 3,242 simple sequence
repeat (SSR) markers, and assembled 30.5 million raw high quality sequencing reads into 25,376
unigenes. Results obtained from this study are vital for obtaining a comprehensive understanding o
the variations of highly pathogeni€C. gloeosporioidesat the genomic level and also provides
foundation for molecular and genetic research on characterization of different biotyp@s of
gloeosporioidesnd identification of key genes involved in thgathogenic processes.
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Materials & Methods

Microorganisms & culture conditions

All the C. gloeosporioidestrains used in this study were obtained from the culture collection
of the Environment and Plant Protection Institute, Chinese Academy of Trogidatkural Sciences,
Haikou, China. For the whole genomesejuencing, seve@. gloeosporioidestrains were used and
the C. gloeosporioidestrain CHO08 was used as the reference strain (Table 1). For the transcriptomic
analysis, biotype B of the highlyathogenicC. gloeosporioidestrain CHO08 was used. Single spore
cultures of all pathogenic strains were maintained on potato dextrose agar (PDA) for 3 to 4 days.

Table 1 Data onColletotrichum gloeosporioidestrains used in the current study

StrainlD Collection date Collection site Host Hoststrain/species

CHO008 1997.12.09 Dongfang City, Hainar S. guianensis CIAT184
Province

CHO010 1997.12.09 Dongfang City, Hainar S. guianensis 722
Province

CHO13 1997.12.09 Dongfang City, Hainar S. guianesis 722
Province

CHO020 1997.05.01 Dianbai County, S. guianensis CIAT184
Guangdong Province

CHO036 1997.12.03 Changjiang Li S. scabra Seca

Autonomous  County,
Hainan province

CH100 1999.12.12 Dongfang City, Hainar S. guianensis CIAT184
Province

CH247 2001.12.01 Danzhou City, Hainar S. scabra RRR9496
Province

CH450 2001.11.23 Qianjiang District, S. guianensis CIAT184

Guangxi Province

Pathogenicity assessment of the strains used for the whole genomeeguencing

Six weeks after sowing and when the plants reddhe height of 480 cm,Colletotrichum
gloeosporioidegpathogens were inoculated orfitylosantheplants. Stylosantheglants with similar
leaf numbers and stem diameters were selected and tagged. Fungal spores were collected by scraping
the mycelium ad conidiomata on the medium, and then, they were suspended in sterilized water to
make a spore suspension with a concentration 8fspéres/ml. Spore suspensions were applied
immediately as a spray onto the plants. For each strain, three inoculatibhorepevere conducted
with six plants in each repetition. After inoculation, the plates with raised seedling were moved into a
basin containing water and covered with an organic transparent plastic cover to ensure saturated
humidity and constant tempereagufor 48 h. Then, the plates were removed from the water basin and
seedlings were cultivated. Fifteen days after inoculation, the degree of the disease was graded from 0
to 7, Disease severity was expressed as disease index (D) according (Pomellet al. 1971)

{Number of stylo plants at each grade x corresponding grade value) y

100
(Total stylo plant number x 7)

DI =

Genomic DNA extraction, library construction & high throughput sequencing

For the genomic DNA extraction, fungi grown on PDA were transferred to 150 ml of potato
dextrose liquid medium and incubated in a rotary shaker at 140 rpm fors3atl&p-28 °C. Then,
mycelia were collected by vacuum filtration through sterilized gauze, followed by washing with
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deionized water. Filtered mycelia were vacuum freeze dried, and stoi@l ‘@t. Genomic DNA was
extracted usingFungal Genome DNA Extractn Kit D2300 (Solarbio, China) by following

ma n u f a dnstwetiens. DA quality was determined using a combination of Nano Drop ND1000
(Thermo Fisher Scientific Inc., USA) and an Agilent Bioanalyzer 2100 (Agilent Technologies, USA).
These total genomiDNA samples were stored-20 °C until further processing.

High quality genomic DNA was fragmented into short segments by sonication. DNA segments
were purified, end repaired, joined withat t he 3* end, and with an ad
of appropriate length were screened by electrophoresis, and amplified using PCR to form a sequencing
library. The concentration of the DNA library was determined by Qubit 2.0 Fluoromatetrggen
Inc., USA), and the size of the DNA library was determingdAgilent 2100 Bioanalyzer (Agilent
Technologies, USA). The whole genomesegjuencing was performeding an lllumina HiSeq 2500
system (Biomarker Technologies Co. Ltd., China).

Read mapping, SNP detection & annotation

Pairedend sequencing libraries veerconstructed forColletotrichum gloeosporioides The
guality-score distribution of each library was checked. If a sequence base had a quality score less than
Q20, which indicates an accuracy of 99% fsor th
with fewer than 90 bp or with Ns at more than 10% of their total base positions were removed.
Remaining reads, with an average length of 126 vbgre aligned to the reference genome of
Colletotrichumgloeosporioidesstrain CHO08 using the Burrowd/heelerAligner (BWAO0.7.7, UK)
with default parameterd.i & Durbin 2010)

Alignments were further processed by Sequence alignment/map (SAM) tool (version 0.1.19)
(Li et al.2009)used for converting SAM files into binary SAM (BAM) file formats, for sorting amd f
indexing purposes. Local-4aignment and realibrations were performed using the Genome Analysis
Toolkit (GATK 3.1) frame work(Mckennaet al. 2010) Initial SNP discovery was performed using
multi-sample SNRealling procedure in the GATK package. Teduce the false discovery rate,
filtering was conducted using the following criteria: Phred scaled polymorphism probability (QUAL)
<30.0, variant confidence normalized by depth (QD) < 2.0, mapping quality (MQ) < 40.0, strand bias
(FS) > 60.0, Haplotype®cr e > 13 . 0, MQRankSum< -Sud. &, -&n@. REe
description of the terms can be found at the GATK website
(https://www.broadinstitute.org/gatk/guide/). All filtered SNPs were assigned using snpEff version 4.0
(Cingolaniet al.2012)

Phylogenetic analysis of the resequenced genomes

Maximum likelihood analysis was conducted based on the SNPs present in the intergenic
regions that presumably were not subjected to selective pressures. A phylogenetic tree was constructed
for the eightColletotrichumgloeosporioidegenomes, including seven-sequenced genomes and the
reference genome, with default parameters of RAx{(8tamatakis2014) Repeated sequences and
genomic regions were excluded to clarify the relationship between strains.

Total RNA extraction & cDNA synthesis for transcriptomic analysis

Fungal mycelia were transferred and incubated in potato dextrose liquid medium using the
same culture conditions as described previously in the sectionTBe3.collected mycelia were
harvested byiltration through Miracloth (Calbiochem, USA), immediately frozen and stored in liquid
nitrogen at-80 °C until further processingiotal RNA was extracted from stored mycelia using an
AxyPrep total RNA extraction kit (Axygen, USA) and then treated \idf¥fase | according to the
manufacturer s instructions. Quality of extrac
(Thermo Fisher Scientific Inc., USA) and Agilent Bioanalyzer 2100 (Agilent Technologies, USA).
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Construction of cDNA library, lllumina sequencing and de novo transcriptome assembly

Attached magnetic beads were utilized to purify mRNA from the total RNA. After purification,
mRNA was fragmented into small pieces using heat treatment in the presencé’ adridgand the
cleaved RNA fragmds were used as templates to synthesize-dtrand cDNA using reverse
transcriptase and random hexamer primers. Followed by sat@mil cDNA synthesis using DNA
polymerase | (Therm&cientific, USA) and RNase H (New England Bio labddSA), they were
Slbjected to paire@nd adapter ligation. The products were then amplified to generate a cDNA library
and sequenced on an lllumina HiSeq 2500 platform (lllumina Inc., USA) to generate 2 x 100 bp
pairedend reads.

Prior to transcriptome assembly, raw dataensranned using Cassava software (version 1.8.1)
and lowquality reads along with adapteequences were removed. The resulted-bighdity reads
weredenovoas sembl ed using progr am “(Grabhemet &.2011). Whet h t |
clean reads were deposited in the NCBI Sequence Read Archive (SRA) database under the accession
number SRP065381.

Functional annotation, classification and pathway analysis

Following de novoassembly, functional annotat®mf all assembled unigenes were searched
against NCBI nofredundant sequence (Nr) database, NCBlmeolundant nucleotide database (Nt)
and manually annotated protein sequence database-Bwisgittp://www.expasy.ch/sprpunder the
threshold parametesf E-value cuto f f 2 Search againstrptein families databasefam (version
27.0) (Finn et al. 2014) was performed usingMMER3 package software with an-vElue
<0.01.Unigenes were also aligned to EuKaryot.i
(http://www.ncbi.nim.nih.gov/COG/|Tatusovet al. 2003)using BLASTx with an Bv al ué&. <1le
Gene Ontology (GO) annotation was obtained by assigning molecular function, biological process and
cellular component terms using Blast2GO program as describé@anesaet al. 2005) Kyoto
Encyclopaedia of Genes and Genomes (KEGG) annotation was performed to assign molecular
interaction networks and metabolic pathways using the online KEGG Automatic Annotation Server
(KAAS) (http:/mww.genome.jp/kegg/kaagiMoriya et al. 2007Kanehisaet al.2008)

Open reading frame (ORF) identification & development of SSR markers

The ORFs of the unigenes were searched wusi
nucleotide size of 100bp (Rice et al. 2000) The MISA tool
(http:/gramene.agrinome.org/db/searches/ssrtool) was used to identify dinucleotide to hexanucleotide
SSRs using the default settings of the SSRIT tool.

Results

We first determined the pathogenic effects of eight diffe@ngloeosporioidessolates on
Stylosanthesp. Five isolates, including strains CH008, CH010, CH013, CH020 and CH247, showed
high pathogenicity (DI > 45), while strains CH036, CH100 and CH450 showed low pathogenicity (DI
< 25), as seenin Table 2.

Raw sequence reads were depadsitethe NCBI sequence reads archive under accession no.
SRP065381 The quality assessment statistics of the genonsegaeencing results of the sev€n
gloeosporioidestrains with different pathogenicity are listed in Table 3. Clean reads with a ziata si
of 10.06 Gb were generated. The Q20 percentage (proportion of nucleotides with a quality value larger
than 20 in the reads) was higher than 90% and the Q30 percentage was higher than 85%. The mean GC
percentage of the clean reads was 51.74% (Table 3).
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Table 2 Results of pathogenicity tests ©. gloeosporioidestrains

NO. Strain ID Mean disease grade DI

1 CHO008 3.00 45.24
2 CHO010 3.50 48.41
3 CHO013 3.33 48.41
4 CH020 3.00 44.44
5 CH247 3.50 47.62
6 CHO036 1.50 17.46
7 CH100 1.67 22.22
8 CH450 1.00 15.08

Table 3 Summary of lllumina genome+sequencing resultsf sevenC. gloeosporioidestrains

BMK_ID Raw Reads Clean Reads  Clean Base Q20 (%) Q30 (%) GC (%)
CHO10 5,772,084 5,487,814 1,382,848,424  91.38 85.14 51.16
CHO036 6,082,@7 5,748,052 1,448,425,036  91.38 85.04 52.49
CH100 6,166,491 5,940,881 1,497,011,207 91.46 85.03 51.96
CH450 6,083,559 5,885,119 1,482,963,529  93.39 85.11 52.19
CHO013 7,405,721 7,172,120 1,680,905,639 92.83 86.84 51.78
CHO020 6,265,325 5,775,326 1,111,®5,800 98.64 94.97 51.16
CH247 8,086,292 7,772,551 1,482,772,200 98.67 95.04 51.42

Whole genomes of th8tylosanthesanthracnose pathogens obtained in the present study were
aligned with that of the highly pathogenic strain CHO08 (data not publishbd)efficiency of the
alignment is shown in Table 3. From 16194.8 million clean reads generated from each genome, 61
90% were mapped to an unique position against the reference genome using BWA, with an average
depth of 20x and average genome coveragéafl% (Table 4). Strains CH036, CH100 and CH450,
which showed low pathogenicity (Tab®, had the lowest total mapped reads and genome coverage
percentages (Table 4). These results indicate that thequencing data were applicable for genetic
difference analyses.

All uniguely mapped regions were subjected to specific single nucleotide polymorphisms
(SNPs) calling. Comparisons between each of tReggoeosporioidese-sequenced genomes with the
C. gloeosporioidestrain CHOO08 reference genome iddatifa total of 2149,030high quality SNPs
with a transition/transversion ratio (Ti/Tv) between 0.51 and 2.19 (Table 5). SBHID36, CH100
and CH450 have the highest SNP numbers and Ti/Tv ratios, consistent with their low pathogenicity
compared to refance strain CH008. These results indicate abundant variations in SNPs between
different strains o€C. gloeosporioides

Indels reflect variations between the samples and the reference genome. In addition, indels in
the coding region lead to frame shift ntidas and thus functional changes in genes. However, our
results showed that there were fewer indels compared to SNPs. We called a total of 178,620 and
18,169 indels in the whole genomes and in the coding regions of the seven samples, respectively.
Strainswith the lowest pathogenicityCH036, CH100 and CH450) showed the highest number of
small indel variations, suggesting that thember ofsmall indel variations might be negatively related
with the pathogenicity o€. gloeosporioidesTherefore, small ingl variations ofC. gloeosporioides
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may play important roles in plant pathogenicity and their presence could potentially be used as markers
for pathogenicity phenotypes. The small indel results are shown in @.able

Table 4 lllumina sequencing and BurreWheeler Aligner mapping statistics

Samples Clean reads Total_ mapped read Genome Genome Number of
number after filtering (%) coveragg%) coverage depth genes
CHO010 10,975,628 67.50 80.64 19 21013
CHO036 11,496,104 61.42 75.40 20 23838
CH100 11,881,762 61.45 75.38 20 23837
CH450 11,770,238 61.69 75.19 20 23789
CHO013 14,344,240 90.60 89.63 28 24984
CHO020 11,116,058 61.55 80.20 14 2108
CH247 14,827,722 68.85 80.33 21 21941

Table 5 Summary of SNPs identified from the genomes of s&egloeosporioidestrains

Sample SNP number Transition Transversion TilTv
CHO010 712,605 486,665 225,940 2.15
CHO036 1,072,656 736,729 335,927 2.19
CH100 1,076,066 738,982 337,084 2.19
CH450 1,064,121 730,868 333,253 2.19
CHO13 14,969 5,115 9,854 0.51
CHO020 707,918 483,613 224,305 2.15
CH247 773,246 526,893 246,353 2.13
Total 2,149,030 1,499,742 649,288 2.3

Table 6 Statistics of thetsuctural \ariations identified in the genomes of sev@ngloeosporioides
strains

Sample SV INS DEL INV ITX CTX UN
CHO10 246 69 129 3 0 44 1
CHO036 183 23 138 7 1 13 1
CH100 230 76 134 6 0 13 1
CH450 178 40 119 5 0 12 2
CHO13 1096 867 83 2 2 141 1
CHO020 609 469 79 5 1 55 0
CH247 2443 2170 132 6 11 122 2

SV: Total number of structural variations; INSlumber of insertiogg DEL: Number of deletions;
INV: Number of inversions; ITX: number of intilhiromosomal translocations; CTXumber of inter
chromosomal tmaslocations; UNUnknown structural variations

Structural variations (SVs) indicate insertions, deletions, inversions and translocations of large
fragments at genome level. In the current study, six kinds of SVs were identified using Break Danc
software(Chenet al.2009) including number of insertions (INS), deletions (DEL), inversions (INV),
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intra=chromosomal translocations (ITX), itelhromosomal translocations (CTX) andkaown SVs
(UN). Among these variations, INS, DEL and CTX were thest abundangVs in the seven re
sequencedC. gloeosporioidegienomes. Strains with tHewest pathogenicityGH036, CH100 and
CHA450) showed the lowest number $¥s, suggesting that theumber ofSVs might be positively
related with the pathogenicity @f. gloeosporioidesThe detailed SV results are shown in Table 6.

Average genome coverage was approximately 80%. The concentric circles showrlimareig
the different features drawn using the Circos progfémywinski et al.2009) with 15 chromosomes
portrayed along the perimeter of each circle. We found that strains with the lowest pathogenicity
(CHO36, CH100 and CH450) had simiBNP densities, indel densities and SV (INS, DEL and INV)
distributions in each chromosome. All these variations in SI®s, and in genes will result in
virulence variation and then affect pathogenicity with functional mutants.
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Fig. 1 — Summary of resequencing data skevenC. gloeosporioidestrains A: CH010; B: CHO036; C:
CH100; D: CH450; E: CHOL3F: CHO020; G: CH247; Patterns from outside to inside represent:
chromosomes, SNP density, indel density and SV (INS, DEL and INV) distribution in each
chromosome (Unit: Mega).

Phylogenies of the reference genome and the sevesgueenced gemes were inferred using
the maximum likelihood approach based on the SNPs. The results are shown in Fig 2. Highly
pathogenic strains CHO08, CH010, CHO013, CH020 and CH247 were clustered in a single clade, while
the lowest pathogenic strains CH036, CH10d &H450 were clustered into another clade. Strain
CHO013 was the closest to the reference strain CHOOS.
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Figure 2 — Unrootedmaximum likelihood phylogenomic tree 6f gloeosporioidestrains used in the
study. This phylogenomic tree was constructed onbtes of SNPs using the Dayhoff amino acid
substitution model, shows the evolutionary relationships between the indicated @ight
gloeosporioidestrains. Bootstrap values are shown near to the relevant tree branches.

To obtain a comprehena overview of the CHO008 transcriptome, a mixed cDNA sample from
mycelia was prepared and sequenced using the HiSeq 2500 platforms. After stringent quality filtering,
30,455,527 clean reads (~6.1 G) with haghality were obtained. The Q20 percentage @untalies
with a quality larger than 20) was higher than 95 % and GC percentage of the clean reads was about
53.6%. All obtained short sequences were assembled into 33,529 transcripts with 1,459 bp mean length
and Ny of 2,606bp. A total of 25,376 unigenegm obtained, among which 9,410 (37.08%) genes
were greater than 1 kb (Table 7). The obtained unigenes exhibited variable lengths, ranging from 201
bp to 13,832 bp.

T able 7 Summaryfor the transcriptome of. gloeosporioidestrain CH008

Length(bp) Numbe of transcripts ~ Number of unigenes
200-500bp 11,853 11,330

500-1kbp 5,716 4,636

1k-2kbp 6,887 4,534

>2kbp 9,073 4,876

Total 33,529 25,376

All identified unigenes were aligned using BLASTx and BLASTn tools against the Nr, Nt,
KEGG, Swss-Prot, Pfam, GO and KOG databases. Among 25,376 unigenes, total of 16,684 (65.74%)
unigenes were successfully annotated in at least in one database. Among them, 15,498 (61.07%) were
matched in the Nr protein database; 4,653 (18.33%) were matched\hdhtabase; 12,398 (48.85%)
had significant matches in the GO database; and 8,331 (32.83%) had similarities in thEr8wiss
database.
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Among all the annotated unigenes, 15,498 (61.07%) had significant matches in the Nr database,
with the remaning 38.93% demonstrating no significant hits. Thedte distribution of the annotated
unigenes in the Nr database showed 94.9% of the mapped sequences having strong homologies (E
value <10 and 87.4% with significantly strong homologies-@lue <10*) to the available
sequences (FIgBA). Further analysis showed that 60.8% of sequences wef@% similar (Fig
3B). In terms of species distribution, 79.3% of unigenes were mappéddgtmeosporioidesand all
together 91.2% were mapped to the ge@o#letotrichum Only 5.1% of the distinct sequences had
matches to sequences3C)from ,other" species (Fig

A B

W 18%-40% B 80%~95%
: g FU 2 :c-e‘g*:o-g B 40%-60% B 95%~100%
e~ e=d5~fe~ i
=, 1e-100~1¢-60 O 1e-30~1¢-15 . CiN=00%

. Collerorrichum glocosporiotdes D Arabidopsis thaltana

l Glomerella gramiicola . Necrria haematococca

.Colk‘.'o.'r.‘clm».- higginsianum n Other

Figure 3 — Similarity analysis of unigenes fdColletotrichum gloeosporioidestrain CH008. A. E

value distribution of BLAST hits for each umige with a cutoff Bvalue of 1.0, B. Similarity
distribution of the top BLAST hits for each unigenes, C. Species distribution of the top BLAST hits for
each unigenes in Nr database.

Gene ontology is an international, standardized functiahadsification system used for
annotating and analyzing the functions of a large number of genes and their products. Among the
15,498 unigenes annotated in the Nr database, 12,398 unigenes were assigned with GO terms. They
were divided into three main egories and 61 swutategories (Fig4). These three main categories
include biological process (25 sghtegories), cellular component (18 stgtegories) and molecular
function (18 sukcategories). Among these three main categories, dominaicasedporie with highest
number of genes include cellular process, metabolic process, cell, cell part, binding and catalytic
activity.

The KOG database helps to classify orthologous gene pro(iiatissovet al. 1997) Each
KOG is a group of three or more proteingerred to be orthologs, and the whole database is built on
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Number of genes

coding proteins with complete genomes as well as system evolutionary relationships of bacteria, algae
and eukaryotes.

Gene Function Classification (GO)

1240 12398
J

124

12

Biological Process Cellular Component Molecular Function

Figure 4 — Gene Ontology annotation and classification of assembled wsgéntotal of 12,398
unigenes with significant similarity in the Nr protein database were summarized into three main
categories: biological processes, cellular components or molecular functiengs ¥ number of
genes in the category.

The current K@ database contains both prokaryotic and eukaryotic clu&emset al. 2000)
We aligned the unigenes to the KOG database to find homologous genes and classify possible
functions (Fig 5). A total of 5,258 unigges (20.84%) had matches in the KOG database, with an E
value <1€&. The possible functions of 5,258 unigenes were classified and subdivided into 25 KOG

categories. The | argest group was , Guwanmstatioad f un

modi ficati on, protein turnover, chaperones®,
catabolism", ., Si gnal transducti on mechani sms*" ,
transport and metabolism" ardd b, Torgemslsatsi“an,T hrei
groups were ,Cell motility", ,Extracellular st
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Figure 5 — Histogram showing the classification of Eukaryotic Orthologous Groups (KOG) of the
annotated unigenes. All unigenes were alijtee the KOG database to predict and classify possible
functions. Out of 15,498 Nr hits, 5,258 unigenes were grouped into 24 KOG classifications.
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The KEGG pathway analysis is helpful to clarify unknown gene function and potential
biological functions. Amog the 25,376 of total unigenes, 3,717 (14.64%) were assigned to five main
categories, including 264 predicted KEGG pathwaysong the five main categories, the largest
group was genes responsible for different metabolisms (3,303, 53.89%), which inahigedes for
carbohydrate metabolism (674), amino acid metabolism (601), overview (485), energy metabolism
(342) and lipid metabolism (297), followed by organismal systems (899, 14.67%), genetic information
processing (811, 13.23%), environmental informatprocessing (572, 9.33%) and cellular processes
(544, 8.88%, Fig6). The metabolic pathways predicted in this study would be useful for subsequent
functional genomic research.

The EMBOSS software “getorf?” fFsl of ¢he assembled a s
sequences. Among 25,376 of assembled unigene sequenCeglokosporioides24,961 (98.36%)
had an ORF longer than 100 bp, with an average length of 807 bp (min length = 102, max length =
13,100)

In order to develop new molecular mark for C. gloeosporioidesall 25,376 annotated
unigenes were mined for potential microsatellites with a minimum of four repetitions. A total of 3,242
potential SSRs were identified by using MISA tool, 487 of which contained more than one SSR, and
149 SSR were present in compound form (Table 8).
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Figure 6 — Kyoto Encyclopedia of Genes and Genomes (KEGG) classification on the annotated

unigenes. In total, 3,717 unigenes were grouped into 264 pathways. A. cellular processes, B.
environmental information processing, C. genetic information processing, D. metabolism, E.

organismal systems

Table 8 Summary of SSR markers developed@gloeosporioides

Numbers
Total no. sequences examined 25,376
Total size of examined sequences (bp) 29,366,384
Total no. identified SSRs 3,242
No. SSR containing sequences 2,609
No. sequences containing more than one SSR 487
No. SSRs present in compound formation 149
Di-nucleotides 725
Tri-nucleotides 1,229
Tetranucleotides 78
Pentanucleotices 23
Hexanucleotides 15
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Considering the inaccuracy of SSRs with only one nucleotide motif, di terneteotide SSRs
were further used to perform type and distribution analyses. Among the remaining 2,070 SSRs, tri
nucleotide repeat motifs were the mabundant (1,229, 59.37%), followed by §r25, 35.02%),
tetra (78, 3.77%), penta(23, 1.11%) and hexaucleotide (15, 0.72%) repeat motifs (Table 8). We
also found that the AC/GT iucleotide repeat was the most abundant motif detected in the newly

developed SSRs (16.91%), followed by AG/CT (16.23%), AGC/CTG (15.89%), ACC/GGT (10.24%)
and CCG/CGC (9.81%, Fig).

e}
~—

16'9116.23 15.89

14

10.24 981

7.54

6.23

Frequency (%)

0 2 4 6 8 10
|

Figure 7 — Frequency distribution of SSRs based on motif sequence tygegtdeosporiales

Based on the identified SSRs on t@e gloeosporioidegienome, 1,505 SSR primers were
designed. Randomly selected 20 SSR primers were used for validation of marker assay performance.
Sixteen primer pairs resulted in successful PCR amplification. Tiessdts demonstrated that the
potential identified SSRs would be a useful resource for the development of highly polymorphic SSR
markers forC. gloeosporioides

Discussion

Due to their low cost, high throughput, high accuracy and rapid nmetheekt generation
sequencing technologies are widely applied for transcriptome sequencing and charact@Biezatien
2006, Maheret al. 2009) Among them, lllumina transcriptome sequencing and assembly have been
successfully applied for a large variadf organisms including mod€éHegeduset al. 2009, Li et al.
2010,Wanget al.2010° and noamodel organismsWu et al. 2010Chenet al. 2013Geet al. 2014,
Jiang et al.2015, Verbruggenet al. 2015) However, due to the agronomical significance ofséhe
Colletotrichum species, they have been subjected to many studies involving fungal pathogenicity
(Perfectet al. 1999Minchet al. 2008) This highly diverse genus consists of different subgroups of
species within a single species complex, a wide rarigeosts and lifestyles varying from possible
endophytes to destructive pathogéBbarmeet al. 2011) Therefore, studying these pathogens provide
opportunities to analyse mechanisms underlying the diverse range ofpathagen interactions.
Before thegenomic and transcriptomic data of the highly destructive pathdgegloeosporioides
become availablestudying thegenomic and pathogenic diversity has been restricted to AkRaRget
al. 2005) RFLP (Braithwaiteet al. 1990Chakrabortyet al. 2002)and RAPD markergMunautet al.
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2002, Weedset al. 2003) However, with the availability of genomic and transcriptomic resources,
many studies has been conducted to analyze genomic and transcriptomic @atglogfosporioides
(Robinsoret al. 1998 Stephasonet al. 20000 C o nehat.2012,Ganet al. 2013)as well as other
Colletotrichumspecies such &. higginsianumC. orbiculare (Narusaka et aR004,Kleemannet al.
2012,0" C o nehakd012,Yoshinoet al. 2012Ganet al. 2013)

In the curret study, we carried out whole genomeseguencing of stylo anthracnose
pathogens using lllumina Hiseq 2500 hidnoughput sequencing technologile provide the first
comprehensive rsequencing data for high and low pathogefic gloeosporioidesgenomes
According to the results, genome assembly s&&2( Gb) obtained by the current study fa.
gloeosporioidesstrains was larger than the assembly size obtained in the previous stud@s for
gloeosporioideg55.6 Mb) (Ganet al. 2013) C. higginsianum53.4 Mb)(O " C o nen a. 20lL2) C.
orbiculare (88.3 Mb) (Gan et al. 2013) C. graminicola (57.4 Mb) (O" C o neat &l.l2012) and C.
acutatum(52.1 Mb) (Han et al. 2016) as well as for other pathogenic fungi suchMegnaporthe
grisea(38.8 Mb) (Deanet al. 2005) However, the average genome coverag€.ofjloeosporioides
strains (79.71%) in the current study is low compared to the genome coverage obtained from other
studies forC. gloeosporioide$96.37%)(Ganet al. 2013) C. orbiculare (97.98% (Ganet al. 2013)
and C. acutatum(99.97%)(Han et al. 2016)as well as foiMagnaporthe grised94%) (Deanet al.

2005) According to our transcriptomic analysid50 and the average length ®fL Gb paireeend

reads produced by lllumina sequencing w&&908 bpand 1,157 bp respectively. These relatively short
reads were of high quality and suitable for novel gene discovery and SSR marker development. Among
all the 25,376 unigenes annotated against Nt, Nr, SRre$, GO, KOG, and KEGG databases, 15,498
(61.07%) showed homology to sequences in the Nr database which is significantly higher than
unigenes annotated in whitef(yvVang et al. 2010)and sweet potat¢/Vang et al.2010) Unigenes
annotated with significant matches in this study @rgloeosporioidess similar to the number of
genes predicted in the. gloeosporioide$l5,469)(Ganet al. 2013)C. orbiculare(13,479)(Ganet al.

2013) C. graminicola(12,006)(O * C o nehat 2012) C. acutatum(13,559)(Hanet al. 2016)andC.
higginsianum(16,172)(0O * @meell et al. 2012) genomesAmong the functional groups annotated for

the unigenes o€. gloeosporioide€ HO 08 transcriptome, ,cel l ul ar
are the most prominent sub categories belonging to the largest main category biqougesks.
Similar results were found iRouttuynia cordataThunb (Wei et al. 2014) whereas irthe chickpea
transcriptome, protein metabolism was selected as the dominant biological fteaesst al. 2011)
Similarly, most of the genes identified fGr gloeosporioidegandC. higginsianunmare associated with

GO terms for primary metabolism and macromolecule biosyntf@aiset al. 2013)

By comparative genomic and phylogenetic analyses condusétd@een the sevenC.
gloeosporioidestrains and the refence strain CHO08, a large number of SNPs, small indels and SVs
were discovered, indicating abundant polymorphism in stylo anthracnose patBoggrared with the
CHOO08 strain, we identified two distinct features in the genomes of the highly pathogams str
versus the low pathogenic strains. Specifically, genomes of the highly pathogenic stralosy had
single nucleotide polymorphisn8NPs) and smalldransitionto-transversion (Ti/Tv) ratioWe also
found thathighly pathogenicC. gloeosporioidetias geaternumber ofstructural variations (SVs) in
large fragments at the genome level.

In accordance to the pathogenicity assessment, the strains with high pathogenicity were found
to be clustered in one group whereas the strains with low pathogenicityouackto be clustered in
another group in the phylogenetic analyses. This indicates significant variations between strains with
different pathogenicity. It can be further deduced that this variation might be caused by significant
variations in the pathogeity related genes between the two groups. When compare the annotated
unigenes of these two groups, 13,357 gene differences were observed between the two groups. Using
COG annotation system, 6810 different genes were annotated as indicateérigm &evhereas GO
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enrichment showed a high level of variability between different groups of genes among these two
groups as shown iRkig. 9. According to GO classification, among the functional groups categorized
under biological process, gene cluster respoadibf mycelial development carry the significantly
higher genetic differences between the strains of two groups. For the functional group summarized
under cellular component, significantly highest genetic differences were shown in the gene cluster
respondble for nucleus function. For the functional category summarized under molecular functions,
gene clusters responsible for hydrolase activity, sequgmeafic DNA binding RNA polymerase
activity, zinc ion binding activity and protein serine/threonine &énactivity show the highest
significant genetic differences among the two groups. These functional groups have also been reported
in other studies for their effects in pathogenicity. For example serine protease gene family has shown
to be implicating thgathogenicity ofMagnaporthe griseaNeurospora crassgldnurm & Howlett
2001,Deanet al.2005) Fusarium graminearug. oxysporumcC. higginsianumC. graminicola C.
gloeosporioidesand C. orbiculare (Ganet al. 2013) Similar to the current study, i observed that

this serine protease family also expanded in exigiingloeosporioidesnd C. orbiculare genomes

(Gan et al. 2013) This observation explains the association of alkalinisation in host tissués of
gloeosporioidesvith virulence duringnfection(Pruskyet al. 2001) Apart from thesegene clusters

with significant variations and responsible for hydrolase activity, cellulase activity and phospholipids
binding activity have shown to expand in the transcriptome€.ohigginsianum C. gramnicola

(O" Co net &@.2012) C. gloeosporioidegGan et al. 2013)and C. orbiculare (Ganet al. 2013)

These enzymes help in degrading polysaccharides, hence important in establishing infection and also
in accessing nutrients during different growthgss.

COG Function Classification of Consensus Sequence

A: RNA processing and madification
B: Chromatin structure and dynamics
C: Energy production and conversion
D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism
F: Nucleotide transport and metabolism
1000 = . G: Carbohydrate transport and metabolism
H: Coenzyme transport and metabolism
. I: Lipid transport and metabolism
.J: Translation, ribosomal structure and biogenesis
. K: Transcription
. L: Replication, recombination and repair
. M: Cell wall/membrane/envelope biogenesis
[ N: Gelt motility
. O: Posttranslational modification, protein turnover, chaperones
. P: Inorganic ion transport and metabolism
.Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only

S: Function unknown
T: Signal transduction mechanisms
U: Intracellular trafficking, secretion, and vesicular transport
V: Defense mechanisms
I W: Extracellular structures
. Y: Nuclear structure
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Figure 8 — Histogram showing the classification of gene differences between the highly pathogenic
and weakly pathogenic groups @blletotrichum gloeosporioidestrains This explains differences in
the functional breakdown of COGs amohg two groups.
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Figure 9 — Gene Ontology annotation and classification for the differences in the assembled unigenes

among highly pathogenic and weakly pathogenic grougdétotrichum gloeosporioidestrains All
the gene di#rences among these two groups were summarized into three main categories: biological
processes, cellular components and molecular functioasisyis number of genes in the category and

the series with the light colors represent all the genes respofmilaigarticular function, whereas the

dark colors represent the genes with the variability among the groups.
Due to the advantages of simple operation, good repetition, abundant polymorphism, large

amount of genetic information, @pominant inheritancand extensive genomic coverggmwellet al.
1996) SSR markers have been widely applied in molecular, phenotypic, gaemetipathogenic
studies inColletotrichum(Kumar et al. 2011,Rampersad?013, Saxenaet al. 2014) In our study,

3,242 SSRs were delped forC. gloeosporioidesAfter theelimination of single nucleotide motjfs
tri-nucleotide repeat motifs were the most abundant, followedlibycleotide repeats. This is

consistent with the previous reports of the species. However, contrastilig we=e reported on plant

species such as sweet pot@fdanget al.2010) celery(Wang& Shen2013)and Oenanthe javanica
(Jiang et al. 2015) in which dinucleotide motifs were the most abundant tygasther analysis

showed that the AC/GT diucleotice repeat was the most abundant motif detected in our SSRs,
followed by AG/CT. Finally, 1,505 SSR primers were successfully designed and 80% of randomly
selected primerwere validated by PCR. These results indicatettteSSR markers developed in our
study will facilitate markerassisted genomic and pathogenic diversity analy<ts ghoeosporioides.
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The data generated from the genomes of seven diverse path&@jegloeosporioides
strainstogether with their transcriptomic data will provide a foundafior future indepth studies
on pathogenic mechanisms goathogenicityrelated genes df. gloeosporioidesin addition, the
transcriptome sequences obtained can also be used as reference sequences for future gene
expression studies and as a transcriptodata resource for further molecular studiesQf
gloeosporioides
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