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Abstract The transcriptome-based gene set expression of

a unique sugarcane stalk infecting fungal pathogen reveals

novels insights in deciphering the class of pathogenicity

genes present in Colletotrichum falcatum. This study gains

significance in understanding the genetic signature of this

pathogen using RNA-Seq technology. A total of

53,410,513 reads (24,732 transcripts) specific to C. falca-

tum were generated, and 13,320 genes were predicted.

Gene ontology distributions have been grouped into three

domains as biological (3053), cellular (1601) and molec-

ular functions (3444). KEGG annotations represented

pathway biomolecules such as carbohydrates, lipids,

nucleotides, amino acids, glycans, cofactors, vitamins,

terpenoids and polyketides. The genes for virulence have

been classified and grouped into candidate effectors, tran-

sition-specific and secondary metabolites, proteases,

transporters and peptidases which revealed that C. falcatum

transcripts encode a large number of secondary metabolites

and membrane transporters. Gene enrichment analysis

revealed that the number of transporters encoded by C.

falcatum is significantly more as compared to that encoded

by several other Colletotrichum spp. Phylogenomics anal-

ysis indicated that C. falcatum is closely related to C.

graminicola and C. sublineola infecting related host plants,

maize and sorghum, respectively. This study provides a

comprehensive understanding of C. falcatum pathobiology

and has identified many candidate genes/putative functions

possibly required for its pathogenesis .
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Introduction

Sugarcane (Saccharum spp. hybrid) is an economically

important crop cultivated in the tropical and subtropical

regions across the world and contributes to nearly 70% of

global white sugar requirements (http://www.statista.

com/statistics/249679/total-production-of-sugar-worldwide,

accessed November 12, 2014; http://www.sucden.com/

statistics/7_white-sugar-trade, accessed November 12,

2014). This also emerges as an alternate source for bioenergy

since ethanol from sugarcane is used as automobile

biofuel in Brazil and other countries. In addition, bagasse a

by-product of sugar industry is used to generate electricity

and utilized as a raw material for paper production. In

India, sugarcane is cultivated in around 4.32 M ha and the

country ranks second after Brazil in terms of cultivable area

and sugar production (http://www.vsisugar.com/india/

statistics/world_indiasugar.html, accessed November 12,

2014). In India, *580 sugar mills depend on sugarcane as

the raw material to produce sugar, ethanol and electricity.

The crop contributes to 2% of country’s GDP and 8–10%

of country’s agricultural GDP (http://www.vsisugar.com/

india/statistics/world_indiasugar.html, accessed November
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12, 2014). Under Indian conditions, the crop production is

severely affected by different diseases and in particular by

red rot, caused by the fungus Colletotrichum falcatum

Went (Ascomycotina, Perfect stage: Glomerella tucuma-

nensis [Speg.] Arx & Muller) (Viswanathan 2010). The

occurrence of severe red rot epidemics in sugarcane is

attributed to the frequent emergence of new virulent

pathotypes of the fungus (Viswanathan and Rao 2011). In

India, new sugarcane varieties are released for cultivation

based on their yield potential, sugar content and essentially

with red rot resistance. Replacement of established cane

varieties due to its susceptibility to red rot affects the

sustainability of the farmers and the sugar industry. During

the last 100 years, several disease epidemics have been

reported in the country and many high sugar varieties such

as Co 419, Co 997, Co 1148, Co 6304, Co 7805, CoC 671,

CoC 85061, CoC 92061, CoJ 64 and CoS 8436 were

withdrawn from cultivation owing to red rot, thus leading

to great economic losses in sugar industry. Sugarcane is a

complex polypoid, and inheritance of red rot resistance is

poorly understood (Viswanathan 2010). Moreover, C. fal-

catum pathotypes of Indian origin possess/exhibit genetic

variation, and the pathogenic variation could be mainly due

to gradual adaptation of the existing pathotypes to the

newly introduced varieties in the field (Malathi et al.

2006, 2010). Unlike other Colletotrichum hemibiotrophs,

C. falcatum infects stalk tissues in sugarcane, which ulti-

mately leads to drying of foliage tissues, but occasionally,

the pathogen infects leaves, causing only lesions on midrib

and infects laminar tissues. The pathogen infects the stalk

and converts the stored sucrose into glucose and fructose

through inversion, which makes the infected canes

deprived for sugar extraction (Viswanathan 2010). The

stalk infection causes lesions in leaves and subsequently

drying of whole stalk, and in severe cases, the entire field

dries up (Fig. 1a). Internally, the entire parenchymatous

tissues turn reddish with horizontal white patches (Fig. 1b);

pith regions show longitudinal cavities very often filled

with dark greyish mycelium of the fungal pathogen (Vis-

wanathan and Samiyappan 1999). The intriguing fungal

pathogen has made several epidemics in India, and limited

information is available to study the establishment of

fungal pathogenesis. Except for a few attempts on studying

the pathogen variability at molecular level in C. falcatum

(Suman et al. 2005; Malathi et al. 2010), not much work

has been done in India to understand the molecular basis of

virulence or pathogenicity mechanisms. Further, complete

characterization of the pathogenic fungus with genomic

information is very much necessary, and there is a need to

generate transcriptome data of the fungus to understand its

pathogenicity mechanism.

New types of sequencing technology have brought a

revolutionary insight in large genome/transcriptome

sequencing which is capable of generating large data in

identifying biological signature of an organism (Mardis

2013). This recent advancement made in next-generation

sequencing (NGS) platforms precisely RNA-Seq technology

has brought in revolutionary insights in deciphering gene

arrangements, expression patterns and functional interaction

among gene families in many important plant pathogens.

NGS has made a landmark achievement in sequencing draft

genome/transcriptome using short reads and exploited mul-

tiple-level sequencing (Baroncelli et al. 2014; Gan et al.

2013; O’Connell et al. 2012; Wu et al. 2013). The RNA-Seq

technology generated remarkable outcome in sequencing

several organisms, and de novo assembly of short reads

becomes very promising and generated ample information

which helps to study those organisms completely (Morozova

and Marra 2008; Lister et al. 2009; Wang et al. 2009;

Wilhelm and Landry 2009). Here we described the C. fal-

catum transcriptome and obtained genomic insights on this

pathogen using Illumina Hi-Seq2000. A total of 24,732

contigs were assembled from C. falcatum transcriptome;

13,320 genes were predicted and putatively characterized

their functions. This study also predicted the secretome,

effectors and genes putatively involved in virulence. Also

the phylogenomic study of Colletotrichum spp. with respect

to other ascomycete fungal pathogens has been carried out.

This is the first detailed report on transcriptome of C. fal-

catum using the NGS platform, the results of which suggest

that C. falcatum has a close synteny with C. graminicola and

C. sublineola whose lifestyles have been deciphered

(O’Connell et al. 2012; Baroncelli et al. 2014). Unraveling

the genes involved in C. falcatum has given a comprehen-

sive understanding of its pathogen biology and their putative

genes functions. The present study has opened up new vistas

in making a beginning to look into the pathogenicity

mechanism of C. falcatum.

Materials and Methods

Fungal Culture Used

The C. falcatum pathotype Cf671 (isolated from the sug-

arcane variety CoC 671) (MTCC accession number-12142)

maintained at the red rot culture collection facility of the

institute was used for the current study. The fungus was

multiplied on oatmeal agar (oatmeal 30 g, agar 20 g, water

l L) for 7 days. Monoconidial culture of the fungus was

inoculated on complete media broth (CMB) and incubated
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under room temperature (28 ± 2 �C) for 12 days (without

shaking) for RNA isolation.

RNA Extraction and Library Preparation

for Transcriptome Sequencing

Total RNA was extracted from C. falcatum Cf671 using

TRI Reagent (Sigma-Aldrich, USA) and treated with

Rnase-free DNAse I (Promega, USA). Subsequently, the

quality of RNA was checked in 1% denatured agarose gel

electrophoresis for the presence of intact 28 and 18S bands,

and RNA was quantified using Nanodrop-8000. The

paired-end cDNA sequencing library was prepared using

Illumina TruSeq SBS Kit v3 as per the manufacture’s

protocol. Library preparation was started with mRNA

fragmentation followed by reverse transcription, second-

strand synthesis, paired-end adapter ligation and finally

ended with index PCR amplification of adaptor-ligated

library. Library quantification and quality check were

performed on Caliper Lab Chip GX using HT DNA High

Sensitivity Assay Kit. The libraries of all samples were in

the size range of 200–600 bp. The resulting libraries were

validated using the Agilent Bio Analyzer 2100 onto the

Agilent High Sensitivity Chip performed at Xcleris

Genomics Pvt. Ltd, Ahmadabad, India.

Cluster Generation and Sequencing Run

Paired-end sequencing allows the template fragments to be

sequenced in both forward and reverse directions. Cluster

generation was carried out by the hybridization of template

molecules onto the oligonucleotide-coated surface of the

flow cell. Immobilized template copies were amplified by

bridge amplification to generate clonal clusters. This pro-

cess of cluster generation was performed on cBot using

TruSeq PE Cluster kit v3-cBot-HS. The kit reagents were

used for binding of samples to complementary adapter

oligos on paired-end flow cells. The adapters were

designed to allow selective cleavage of the forward cDNA

strand after resynthesis of the reverse strand during

sequencing. The copied reverse strand was then used to

sequence from the opposite end of the fragment. TruSeq

SBS v3-HS kits were used to sequence cDNA of each

cluster on a flow cell using sequencing by synthesis tech-

nology on the HiSeq 2000 done at Xcleris Genomics Pvt.

Ltd. Ahmadabad, India.

Transcriptome Sequencing, Assembly

and Annotation

The cDNA library prepared was sequenced on the Illumina

HiSeq 2000 performed by Xcleris Genomics Pvt. Ltd.

Ahmadabad, India, and both ends of the cDNA were

sequenced. Clean reads were obtained by removing the

empty reads, the adaptor sequences and the low-quality

sequences (reads with unknown base airs ‘N’) using

Trimmomatic V 0.33. The clean reads were then assembled

into contigs and transcripts based on paired-end informa-

tion using CLC genomics workbench V 6.0 on default

parameters. The CDS regions were predicted using Trans

Decoder V 2.0.1. The C. falcatum transcriptome was

annotated using BLASTX and BLAST2GO. The KEGG

pathway annotation was performed using KAAS automated

server.

Fig. 1 Damage caused by

ascomycete C. falcatum in

sugarcane. a Sugarcane crop

exhibiting severe red rot

infection in the field (cv Co

92012, Nagapattinam District,

Tamil Nadu State, India) and

b internally infected stalks

showing tissue damage and

discoloration
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Gene Enrichment Analysis and Protein Family

Classification

GO sequence distribution helped in specifying all the

annotated nodes comprising of GO functional groups. CDS

of transcripts associated with similar functions were

assigned to the same GO functional group. The GO

sequence distributions were analyzed for all the three GO

domains, i.e., biological processes, molecular functions and

cellular components. Protein families were classified by

searching the assembled transcripts against Pfam (Punta

et al. 2012) and InterProScan (Quevillon et al. 2005).

Protease families were identified using BLASTp against

MEROPS peptidase database release 9.6 (Rawlings et al.

2012). Cytochromes (CYPs) were named according to

classification details collected from BLASTp against fun-

gal cytochrome P450 database version 1.2 (Park et al.

2008). Carbohydrate-degrading enzymes selected from

InterProScan and Pfam analyses were classified according

to GH (Glycoside hydrolase) family as classified in the

CAZy database (Cantarel et al. 2009). Proteases, carbo-

hydrate-degrading enzymes and membrane transporters

were predicted from C. falcatum transcriptome and com-

pared with C. graminicola, C. sublineola C. higginsianum,

C. gloeosporioides and C. orbiculare (UniProt database

available: http://www.uniprot.org/downloads, accessed

August 14, 2014).

KEGG Pathway Identification

Orthologous assignment and mapping of the transcripts to

the biological pathways were performed using KEGG

automatic annotation server (KAAS) (Moriya et al. 2007).

All the transcript contigs were compared against the KEGG

database (Kanehisa and Goto 2000; Kanehisa et al. 2012)

using BLASTx with threshold bit-score value of 60. The

mapped transcript contigs represented metabolic pathways

of major biomolecules such as carbohydrates, lipids,

nucleotides, amino acids, glycans, cofactors, vitamins,

terpenoids and polyketides. The mapped contigs also rep-

resented the genes involved in genetic and environmental

information processing and cellular processes.

Secretome Analyses

The putative candidate effectors prediction is a challenging

task with multiple strategies involved in finding both

classical and non-classical proteins. The amino acid

sequences with positive SignalP (Petersen et al. 2011)

prediction for signal peptide cleavage site at N-terminal

region were predicted by TMHMM (Krogh et al. 2001) and

were selected as the candidate secreted proteins. The

putatively predicted genes were also searched for similarity

across all set of effectors using BLASTx.

SSR (Simple Sequence Repeats) Identification

SSR mining or microsatellites were identified using MISA

databases (http://pgrc.ipk-gatersleben.de/misa/, accessed

September 4, 2014) with certain number of criteria to avoid

interruption of compound microsatellite localization. C.

falcatum transcripts were analyzed to mine potential SSR,

which were defined as di- to hexa-nucleotide SSR with a

minimum of four repeats for all motifs (Annot8r program

available: http://www.nematodes.org/bioinformatics/annot

8r/index.shtml, accessed August 30, 2014).

Results

Statistical Analysis and Validation of C. falcatum

Transcriptome Sequences

A total number of 56,637,987 raw reads were generated,

and from that, 53,410,513 high-quality reads were filtered

out and assembled using CLC genomics workbench on

default parameters, and a total 24,732 distinct contigs were

obtained. We finally obtained transcripts of 31.19 MB size

ranging from 200 to 1000 bp (Supplementary Fig. 1). The

size distribution of these contigs is shown in Table 1.

Functional Annotation and Classification of C.

falcatum Transcriptome

The functional annotation was performed using the 23,136

predicted CDS from transcript contigs of C. falcatum by

aligning the CDS and annotated using BLASTX and

BLAST2GO. The C. falcatum CDS resulted in annotation

of 19,454 from 23,136 CDS, while 3682 CDS had no

significant BLAST hits. The species distribution of the best

match result for each sequence revealed that 9046 genes

have best matches (first hit) with C. graminicola, followed

by C. sublineola (8125), C. higginsianum (1158), C.

gloeosporioides (465), C. orbiculare (295), Nectria

haematococca (161), Verticillium albo-atrum (77) Mag-

naporthe oryzae (41), Chaetomium globosum (41),

Metarhizium acridum (28), Neurospora crassa (16) and

Ustilago maydis (1) (Fig. 2).

Gene-Enriched Pathway and Classification

A total of 23,136 predicted CDS, which were assigned with

at least one GO term, were categorized into 23 functional

groups (Fig. 3). The genes involved in cellular process

representation of genes involved in intracellular,
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extracellular, macromolecules and membrane-bound com-

plex were found dominant. The transcription regulator,

binding, catalytic activity and enzyme regulator repre-

sented high implication of genes involved in molecular

process. The largest group was ‘multi-organismal process,’

followed by ‘pigmentation’ and ‘signal transduction

mechanisms,’ and the smallest groups were ‘metallochap-

erone’ and ‘extracellular structures’ that represented the

development of organism ‘biological process’ (Supple-

mentary Fig. 2).

KEGG Pathway Mapping

A total of 2399 unigenes were predicted as pathway reg-

ulatory genes and were annotated in the KAAS database,

assigned to several KEGG pathways (Fig. 4). The ‘meta-

bolic pathway’ comprised of a large proportion containing

1289 unigenes occupying 53.73%, along with ‘biosynthesis

of secondary metabolites,’ ‘xenobiotics biodegradation and

metabolism.’ The ‘genetic and cellular pathway’ contained

969 unigenes occupying 45.39%, along with ‘folding,

sorting and degradation’ and environmental adaptation.

Table 1 Assembly statistics of C. falcatum transcripts

Description Cf-tR

Number of transcript contigs 24,732

Sum transcript contigs length (in base pairs) 31,194,966

Max transcript contigs length (in base pairs) 24,916

Min transcript contigs length (in base pairs) 200

N50 value (in base pairs) 2337

9046

8125

1158
465 295 41 28 33 41

161 16 1 77
0
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10000Fig. 2 Phylogenomic analysis

and gene synteny between C.

falcatum transcriptome with

other Colletotrichum

Biological 
process 38%

Cellular 
componenets

20%

Molecular  
components

42%

Fig. 3 Gene ontology (GO)

distribution—from the predicted

CDS of C. falcatum unigenes,

classified into three major

components (molecular

components, biological process

and cellular components)
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Protein Family Classification

The protein families were classified based on Pfam and

InterProScan search, and 16 classes of protein families

have been predicted for fungal pathogenesis in C. falcatum

(Fig. 5). The size of various protein families has been

compared with ascomycota and other classes of fungal

transcriptomes including Aspergillus nidulans, Botrytis

cinerea, Cordyceps militaris, Fusarium graminearum,

Magnaporthe oryzae, Metarhizium anisopliae, Metarhiz-

ium acridum, Neuropora crassa, Sclerotinia sclerotiorum

and Ustilaginoidea virens. The ‘major facilitator super-

family,’ ‘lipase’ and ‘cytochrome P450’ class of protein

families were found abundant, and esterase/thioesterase

group of protein families were found to be present in C.

falcatum in large numbers (Fig. 5). The glycoside
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Fig. 4 Colletotrichum falcatum transcriptome annotations and distributions of expressed genes in KEGG pathway
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hydrolase (GH) genes of C. falcatum (203) are quiet close

to other ascomycete fungi (Table 2).

Peptidase Family Classification

The peptidase families were predicted from MEROPS

peptidase database, and this led to identification of 10

major categories of peptidases in C. falcatum (Fig. 6).

Glutamic peptidase, serine peptidase, metallopeptidases

and threonine peptidases constituted the majority of pep-

tidase families present in C. falcatum. A total number of

219 genes were predicted as peptidases in C. falcatum, as

well in other Colletotrichum spp. such as C. sublineola, C.

orbiculare, C. gloeosporioides and C. graminicola (Sup-

plementary Fig. 3).

Identification of Predicted Secreted Proteins and Its

Enzymatic Function

In C. falcatum, about 884 classical secretory proteins were

found to have signal peptides and those peptides were

defined as secretome of C. falcatum. The secretory proteins

were analyzed for transmembrane domains to define the

presence of transmembrane helices using TMHMM. About

56 transmembrane helices were present in predicted signal

peptides, which are further referred to as secreted proteins

with transmembrane region. The secreted proteins and 56

transmembrane helices were classified using GO, which

revealed that signal peptides have a major role in stabi-

lizing fungal secretory proteins in the host system during

pathogenesis. These secretory proteins were found to have

large number of CAZy families, esterase, peptidases, pro-

teases, cytochrome P450, transporters, proteinase and

transcription factors which will be further validated at in

planta level.

Membrane Transporter Classification

The Colletotrichum group of fungi expresses large number

of transporters, and those transporters were classified based

on BLASTp search against Transporter Classification

Database (www.tcdb.org, accessed September 6, 2014).

About 625 membrane transporters were found in C. fal-

catum, and the classes of transporters were compared with

other hemibiotrophic and necrotrophic pathogens

(Table 3).
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Fig. 5 Protein families involved in fungal pathogenesis in Colletotrichum falcatum
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Secondary Metabolite Predictions

The secondary metabolites are the key precursors in con-

tributing virulence to fungal pathogens in the host system.

We found abundance of four major classes of secondary

metabolites in C. falcatum transcriptome. The transcripts of

secondary metabolites have been putatively classified into

the following classes including polyketide synthase (PKS),

Table 2 Selected protein families involved in fungal pathogenesis in C. falcatum and other ascomycete fungus

Protein family CF UV FG MO BC SS CCM MAA MAC NC AN

Fungal-specific transcription factors 113 116 253 95 114 95 157 165 161 88 258

Zinc-finger transcription factors 2 25 85 58 48 54 63 86 53 63 58

Major facilitator superfamily 277 80 246 180 190 144 207 215 177 106 261

Cytochrome P450 121 38 112 137 129 93 57 123 95 40 116

Pth11-like G-protein-coupled receptor 15 17 51 50 23 25 21 29 22 20 44

Protein kinases 98 149 149 135 127 169 167 161 192 119 139

Trypsin 4 4 3 3 1 1 12 32 17 2 2

Subtilisin 9 11 24 29 7 6 35 55 43 10 4

Aspartic protease 8 14 18 19 14 21 21 33 25 19 16

Lipase 67 14 31 23 28 25 38 47 41 16 27

Pectin esterase 0 2 3 1 5 5 0 0 0 1 3

Glycoside hydrolase 203 117 204 228 158 162 126 151 123 168 231

Glycosyl transferase 56 66 91 102 93 79 82 109 94 76 90

Dehydrogenase 191 176 439 315 342 289 288 351 309 235 458

Cutinase 12 4 12 18 11 8 4 2 2 3 4

Pectin lyase 2 0 25 9 25 20 10 7 7 5 24

CF, Colletotrichum falcatum; AN, Aspergillus nidulans; BC, Botrytis cinerea; CCM, Cordyceps militaris; FG, Fusarium graminearum; MO,

Magnaporthe oryzae; MAA, Metarhizium anisopliae; MAC, Metarhizium acridum; NC, Neuropora crassa; SS, Sclerotinia sclerotiorum; and

UV, Ustilaginoidea virens
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Fig. 6 Peptidase families involved in fungal pathogenesis in Colletotrichum falcatum
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non-polyketide synthase (NPKS), dimethylallyl tryptophan

synthase (DMATs) and terpene synthase (TS). The PKS

class of genes contained three domains (iterative Type I,

Type II, Type III), which contribute mainly on melanin

synthesis and appressorium-mediated host penetration.

SSR Distribution and Classification

A total of 7807 simple sequence repeats (SSR) were

identified from expressed transcripts, and the SSRs were

distributed based on localized sizes (Table 4). The SSRs

have a large number of motifs with varying types (7807),

followed by dinucleotide (3583; 45.8%), trinucleotide

(3652; 46.89%), tetra-nucleotide (432; 5.5%), penta-nu-

cleotide (82; 1.5%) and hexa-nucleotide (58; 0.8%) motifs.

Further analysis of the length of SSRs revealed that is

mainly distributed from 6 to 10 bp which accounted for

86.7% of the total simple sequence repeats (SSR).

Discussion

The Colletotrichum spp. are economically important plant

pathogens, causing diseases on a wide range of crops and

significantly affecting crop yields (Damm et al. 2010;

Cannon et al. 2012; McDowell 2013). Among the Col-

letotrichum spp., C. falcatum is a stalk infecting pathogen

and causes severe epidemics in sugarcane. The study is to

find the nature of gene set and enriched pathway of C.

falcatum in establishing this as a stalk infecting pathogen

and to decipher the unique lifestyle of this pathogen. Ear-

lier, the genome of C. falcatum has been reported with

48.2 Mb size and 12,270 genes were present (Viswanathan

et al. 2016) which is merely equal to the transcriptome of

C. falcatum which has 13,320. In the present study, we

have sequenced an Indian isolate of C. falcatum—Cf671

which has caused severe outbreaks in the field on popular

varieties in the tropical India (Viswanathan 2010). We

report de novo assembly and gene-enriched pathway

analyses of C. falcatum and its in silico analyses to explore

expressed gene insights to understand its pathogenicity

mechanisms. The high-throughput massively parallel

sequencing helped us to generate the transcriptome con-

sensus of *31 Mb. The successful RNA-Seq technology

brought new insights on deciphering the C. falcatum tran-

scriptome information with a comprehensive understanding

on GO, KEGG, protein family classification, secretome

identification and secondary metabolites.

The NGS technology has been applied to sequence

many pathogenic fungi of Colletotrichum spp. such as C.

orbiculare, C. gloeosporioides, C. sublineola, C. higgin-

sianum and C. graminicola (O’Connell et al. 2012; Gan

et al. 2013; Kleemann et al. 2012; Baroncelli et al. 2014).

The first ascomycete genome-wide transcriptional profiling

has been done in Magnaporthe oryzae to uncover the

morphogenesis by Oh et al. (2000). Several other hemi-

biotrophic fungal pathogens like Phytophthora capsici,

Moniliophthora roreri, Venturia inaequalis and Ustilagi-

noidea virens were sequenced using NGS platforms (Jupe

et al. 2013; Thakur et al. 2013; Meinhardt et al. 2014;

Table 3 Major transporter families involved in fungal pathogenesis in C. falcatum and other ascomycete fungus

Family abbreviation CF CG CH SC MG BC VA BG UM FO LB MP MA

ATP-binding cassette superfamily 41 52 68 23 42 49 47 10 30 75 37 23 91

Pleiotropic drug resistance family 11 14 20 12 10 17 18 4 10 20 11 14 22

Broad specificity multidrug resistance efflux pump 4 9 9 4 9 8 12 3 8 9 9 4 9

Major facilitator superfamily 277 299 363 77 224 221 248 46 83 447 82 71 422

Sugar porter family 58 66 94 29 60 58 83 10 18 134 14 19 79

Drug:H ? Antiporter-1 (12 Spanner) family 59 64 61 13 51 64 40 14 24 100 26 16 120

Drug:H ? Antiporter-2 (12 spanner) family 32 37 43 9 39 44 23 10 11 52 9 8 52

Siderophore–iron transporter family 2 4 10 6 3 5 10 0 3 13 1 2 20

Monocarboxylate porter Family 10 19 25 4 19 23 25 0 8 38 9 3 52

Anion:Cation Symporter 74 82 104 10 52 33 67 5 14 115 13 23 81

Oligopeptide transporter family 20 16 18 3 12 12 8 4 7 14 10 20 30

Proton-dependent oligopeptide transporter family 1 5 7 1 4 3 2 1 1 6 2 1 8

Amino acid–polyamine–organocation family 36 32 34 19 28 29 29 13 15 62 22 12 56

Total 625 699 856 210 553 566 612 120 232 1085 245 216 1042

CF, Colletotrichum falcatum; CG, C. graminicola; CH C. higginsianum; SC, Saccharomyces cerevisiae; MG Magnaporthe grisea; BC, Botrytis

cinerea; VA, Verticillium albo-atrum; BG, Blumeria graminis f. sp. hordei; UM, Ustilago maydis; FO, Fusarium oxysporum; LB, Laccaria

bicolor; MP, Melampsora laricipopulina; MA, Metahrizium anisopliae
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Zhang et al. 2014). Earlier, transcriptome profiling of

sugarcane smut pathogen Sporisorium scitamineum was

done through Solexa Sequencing platforms (Wu et al.

2013). The complete genome sequence of Sporisorium

scitamineum, biotrophic pathogen, was sequenced using

Pac Bio technology and Illumina HiSeq 2000 and recently

reported with transcriptome analysis of biotrophic inter-

action with sugarcane (Taniguti et al. 2015). The C. fal-

catum transcriptome profiling brought a new opportunity to

identify the genes coding for development, protein fami-

lies, secondary metabolites and transportation. Among the

Colletotrichum spp., C. falcatum, C. graminicola and C.

sublineola are the specialized pathogens to infect stalk

tissues in the monocots and have ability to protrude the

host environment completely, whereas other Col-

letotrichum spp. infect leaves, twigs, fruits, etc. (Stephen-

son et al. 2005; Casado-Dı́az et al. 2006; Münch et al.

2008; Gan et al. 2013; O’Connell et al. 2012).

Colletotrichum falcatum transcriptome revealed

expression of pathogenicity-associated genes belonging to

four major classes (candidate effectors, transporters, CAZy

and secondary metabolites) which has brought a revelation

in elucidating pathogenicity mechanisms of C. falcatum.

These pathogenicity determinants have specifically been

involved in successful invasion of the host plant (O’Con-

nell et al. 2012). The C. falcatum has a large number of

organic compounds involved in signal transduction or

degradation, namely secondary metabolites, MFS trans-

porters, fungal-specific transcription factors, protein kina-

ses and proteases families (Figs. 5, 6, Supplementary

Fig. 3). Further, the expanded classes of genes, viz. cyto-

chrome P450, lipases, glycoside hydrolases and polyketide

synthase families for detoxification, hydrolysis or sec-

ondary metabolites biosynthesis are significantly larger in

number than C. graminicola (O’Connell et al. 2012). The

RNA-Seq of C. orbiculare revealed the presence of

expanded class of genes, which has been a revelation of

hemibiotrophic lifestyle in Colletotrichum (Gan et al.

2013), whereas the presence of class of genes and proteins

in C. falcatum, C. sublineola, C. gloeosporioides, C. hig-

ginsianum and C. graminicola is found to be analogous.

The fungal colonization and development of morphogen-

esis happen inside the host through transportation of

superfamily complexes which can be referred as effectors

(O’Connell et al. 2012). The candidate secretory effector

proteins (CSEPs) of C. falcatum have a large number of

crucial effectors, which mediate host–pathogen interaction,

and those signal peptides could immobilize plant hor-

mones, which may lead to suppression of host resistance

against pathogen infection (Houterman et al. 2008; Ster-

giopoulos and de Wit 2009). Gene set enrichment analysis

revealed a large set of proteinases and peptidases which

possibly determine the pathogenicity of C. falcatum

(Figs. 5, 6). In addition, these expressed genes may be

involved in the production of fungal toxins and melanin,

which would contribute toward virulence and successful

invasion of the fungal pathogen into the host system.

During the interactions of fungal pathogens with their host

plants, pathogens undergo several complex and crucial

phases, including attachment to the plant surface, germi-

nation on the plant surface and formation of infective

structures, penetration into the host and colonization of the

host tissue (Schafer 1994; Stergiopoulos and de Wit 2009).

The release of certain pathogenicity factors like toxin,

melanin, cell wall-degrading enzymes (pectinase, cellulase,

hemicellulase, protease, amylase and phospholipase),

cutinase and hormones are essential in pathogenesis pro-

cess. Interestingly, many of these proteins are identified in

C. falcatum in the present study, and most of these protein

families were involved in the hemibiotrophic stage shift

(O’Connell et al. 2012, Gan et al. 2013) (Fig. 5) (Table 4).

Furthermore, many gene-encoded proteins such as G-cou-

pled protein receptors, kinases, core genes for the biosyn-

thesis of secondary metabolites, CYPs, ATP-binding

cassette (ABC) transporters and MFS transporters are

directly or indirectly involved in these processes.

There are about 625 and 699 membrane transporter

genes in C. falcatum and C. graminicola, respectively

(Table 4). Over all, it suggests that the C. falcatum mem-

brane transportation system is close to C. graminicola. The

ABC transporters and the MFS transporters play a vital role

in establishing pathogenicity, and these two big super-

families enhance other transporters like sugar porters,

monocarboxylate porters, anion: cation importer involved

in KEGG pathways and nutrient uptake in CAZy, etc.

(McDowell 2013). The ABC and MFS drug transporters

can function as endogenous fungal pathogenic factors such

as toxins in plant pathogenic fungi and also in protecting

against exogenous plant defense compounds such as phy-

toalexins, thereby suppressing host immunity (Zheng et al.

2011). The presence of similar number of transporters in C.

falcatum with other hemibiotrophic and expansion in

multi-facilitator superfamily (MFS) suggests that C. fal-

catum may also adopt hemibiotrophic lifestyle like other

Table 4 SSR Table 2: Short sequence repeats (SSR) statistics of C.

falcatum transcripts

Description Cf-tR

Total number of transcript contigs examined 24,732

Total size of transcript contigs (bp) 31,194,966

Total number of identified SSRs 7807

Number of SSR containing transcript contigs 5058

Number of transcript contigs containing more than one

SSR

1650

Number of SSRs present in compound formation 717
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species of Colletotrichum. We found that the C. falcatum

transcriptome encodes a large quantity of transporters and

they have been compared with other sequenced ascomycete

fungi (Table 4).

Fungal secondary metabolites are the key precursors in

pathogenesis; fungal developmental stage represents coni-

dial development, germ tube development and appressorial

formation. These secondary metabolites present in C. fal-

catum have been classified into several classes of genes

coding for secondary metabolites, namely PKS, NRPS,

PKS-NRPS hybrid, DMATS and TS genes (Supplementary

Fig. 4). The Type I PKS contained three domains mainly

ketoacyl synthase (KS), acyl transferase (AT) and phos-

phopantetheine attachment site (PP or ACP). Large num-

bers of CoA esters have been found to be abundant in C.

falcatum transcriptome. The Type II PKS contains domains

like ketoreductase (KR), dehydratase (DH) and enoyl

reductase (ER) domains. The Type III PKS contains chal-

cone synthase and flavone synthase, which were found to

be an interactive isomer for facilitating host–pathogen

interaction. The NPKS, DMAT and TS contributed toward

production of various lethal compounds like sesquiterpene

cyclases (STC), diterpene cyclases (DTC), cyclize farnesyl

pyrophosphate (FPP) and geranyl pyrophosphate (GGPP)

(Supplementary Fig. 4). The gene set analyses revealed

that apart from CSEPs, membrane transporters and CAZy,

C. falcatum has a potential to produce large number of

secondary metabolites which are probably involved in

pathogenicity. C. graminicola has three types of PKS genes

which are considered as key precursors in pathogenesis

(O’Connell et al. 2012), and these three types are found to

be identical with C. falcatum secondary metabolites

(Supplementary Fig. 4).

Conclusion

Our results suggested that gene families and other active

enzymes are similar to other hemibiotrophic pathogens.

The study has identified several putative pathogenicity

determinants, candidate effectors, transition-specific

metabolites, proteases and housekeeping genes. A large

number of genes present in C. falcatum were found to be

the genes encoding biotrophy–necrotrophy transition fur-

ther that will be identified through in planta. The mem-

brane transporters were identified, and comparative

analyses revealed that the number of transporters encoded

by C. falcatum is significantly more as compared to that

encoded by several other Colletotrichum spp. infecting

different crops (Gan et al. 2013; O’Connell et al. 2012).

The transcriptome-based gene annotation gave a clear view

that C. falcatum is more close to C. graminicola and C.

sublineola (the causal organism of anthracnose in maize

and sorghum, respectively) in sharing the similar gene set

families and clusters of enriched groups, respectively.

Further, gene set enrichment analyses for validation and

identification of novel genes are under progress to identify

virulence genes/effectors. In conclusion, the findings from

this study provide a better understanding of the biology of

the fungal pathogen and have identified several unique

putative genes/functions required for its pathogenesis in

sugarcane. Also this is the first attempt to sequence C.

falcatum in NGS platform. The transcriptome-based gene

annotation lays a foundation to comprehensively under-

stand pathogenicity of C. falcatum in sugarcane.
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