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A B S T R A C T

Colletotrichum falcatum, an intriguing hemibiotrophic fungal pathogen causes the devastating red rot disease
of sugarcane. Repeated in vitro subculturing of C. falcatum under dark condition alters morphology and re-
duces virulence of the culture. Hitherto, no information is available on this phenomenon at molecular level.
In this study, the in vitro secretome of C. falcatum cultured under light and dark conditions was analyzed
using 2-DE coupled with MALDI TOF/TOF MS. Comparative analysis identified nine differentially abun-
dant proteins. Among them, seven proteins were less abundant in the dark-cultured C. falcatum, wherein only
two protein species of a cerato-platanin protein called EPL1 (eliciting plant response-like protein) were found
to be highly abundant. Transcriptional expression of candidate high abundant proteins were profiled dur-
ing host-pathogen interaction using qRT-PCR. Comprehensively, this comparative secretome analysis identi-
fied five putative effectors, two pathogenicity-related proteins and one pathogen-associated molecular pattern
(PAMP) of C. falcatum. Functional characterization of three distinct domains of the PAMP (EPL1) showed
that the major cerato-platanin domain (EPL1 ∆ N1–92) is exclusively essential for inducing defense and hy-
persensitive response (HR) in sugarcane and tobacco, respectively. Further, priming with EPL1 ∆ N1–92 pro-
tein induced systemic resistance and significantly suppressed the red rot disease severity in sugarcane.
Biological significance

Being the first secretomic investigation of C. falcatum, this study has identified five potential effectors,
two pathogenicity-related proteins and a PAMP. Although many reports have highlighted the influence of
light on pathogenicity, this study has established a direct link between light and expression of effectors, for
the first time. This study has presented the influence of a novel N-terminal domain of EPL1 in physical and
biological properties and established the functional role of major cerato-platanin domain of EPL1 as a poten-
tial elicitor inducing systemic resistance in sugarcane. Comprehensively, the study has identified proteins that
putatively contribute to virulence of C. falcatum and for the first time, demonstrated the potential role of EPL1
in inducing PAMP-triggered immunity (PTI) in sugarcane.

Abbreviations: (NH4)2SO4, ammonium sulphate;; BTH, benzothiadiazole;
BYS1, Blastomyces yeast phase-specific protein 1; DAB, 3,3′-diaminobenzidine;
EPL1, eliciting plant response-like protein 1; ETI, effector-triggered immunity;
FDR, false discovery rate; GLHY, glycosyl hydrolase; H2O2, hydrogen peroxide;
hpi, hours post-inoculation; HR, hypersensitive response; HYP, hypothetical;
IMAC, immobilized metal affinity chromatography; kDa, kilo Dalton; LMW, low
molecular weight; MEP1, metalloprotease; MLP, ML domain-containing protein;
MW, molecular weight; NaCl, sodium chloride; NH4HCO3, ammonium bicarbon-
ate; NPR1, non-expressor of pathogenesis-related genes 1; PAMP, pathogen-asso-
ciated molecular pattern; PR proteins, pathogenesis-related proteins; PSM, peptide
spectral match; PTI, PAMP-triggered immunity; PTM, post-translational modifi-
cation; R proteins, resistance proteins; qRT-PCR, quantitative reverse transcrip-
tion-PCR; SSP, small secreted protein; TFs, transcription factors
⁎ Corresponding author at: Plant Pathology Section, Division of Crop Protection,
ICAR-Sugarcane Breeding Institute, Coimbatore 641 007, Tamil Nadu, India.
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1. Introduction

Sugarcane is one of the most important commercial crops cul-
tivated worldwide for the production of sugar, ethanol and other
byproducts. Colletotrichum falcatum, a hemibiotrophic fungal
pathogen causes a major devastating disease in sugarcane called red
rot. C. falcatum primarily infects the sucrose-rich economically valu-
able stalk portion and thereby poses a huge challenge for sugarcane
production in many tropical and subtropical countries [1]. The dis-
ease has been implicated in a considerable reduction of cane yield
(30–100%) and sucrose recovery (25–75%) [2]. Breeding for durable
red rot resistance is hampered by frequent emergence of new patho-
types of C. falcatum. On the other hand, the absence of whole genome
information of this complex polyploidy crop strangled the efforts for
molecular breeding [3]. Besides, disease management practices using
fungicidal applications are not successful at grand growth phase of the
crop. Hence, there is a pertinent demand for identification of effective
compounds that can suppress red rot disease severity either by directly
targeting C. falcatum or by inducing the innate immune system of sug-
arcane by priming.

During plant-pathogen interactions, plants recognize pathogens
through perception of their conserved signatures called pathogen-as-
sociated molecular pattern (PAMP) and activates PAMP-triggered im-
munity (PTI) [4]. When the pathogens evade PTI through the secre-
tion of effectors, plants employ R proteins (intracellular receptors)
to recognize and activate effector triggered immunity (ETI) [5]. By
mimicking the presence of a pathogen without real-time confrontation,
these PAMPs themselves can potentially act as resistance inducers and
could trigger active resistance of the host [6]. Nevertheless, based on
the host genotype, certain effectors can also induce host resistance,
which then can be designated as elicitors to that particular host geno-
type [7]. Generally, the process of enhancing the inherent defense po-
tential of a plant by an external stimulus like biotic or abiotic inducing
agents is called as induced resistance [8]. The active resistance thus
inducible by priming with these elicitors would be systemic, durable
and broad spectrum [9].

In sugarcane, suppression of red rot disease severity was demon-
strated by priming using resistance inducers of abiotic origin, ben-
zothiadiazole (BTH) and biotic origin, a glycoprotein elicitor isolated
from C. falcatum cell wall [10,11,12]. Further, transcriptional pro-
filing analyses showed upregulation of several defense-related tran-
scription factors [13], phenylpropanoid pathway genes and resistant
gene analogues at earlier stages of infection in the red rot suscepti-
ble cultivar, CoC 671 [14]. However, many other factors like cost ef-
fectiveness, and lack of protein sequence information have deterred
scaled-up applications of BTH and glycoprotein elicitor, respectively
for field situations. This has necessitated further hunting for identifi-
cation of PAMPs and effectors of C. falcatum to accomplish sustain-
able crop protection and improvement through induced resistance and
pathogen-derived resistance approaches, respectively.

Over the years, many reports have highlighted the influence of
light on morphology, growth and reproduction of phytopathogens
[15]. Further, it could act as an important modulator of fungal path-
ogenicity by either positively or negatively influencing the virulence
of a pathogen [16]. Photoreceptor mediated signaling machinery that
links the perception of light and virulence has been demonstrated phe-
notypically in Botrytis cinerea [17]. Yu et al. [18] reported that viru-
lence of Colletotrichum acutatum, the causative agent of anthracnose
in pepper plants was reduced, when cultured under dark condition.

C. falcatum, a predominant anamorphic fungus is generally cul-
tured under light conditions for growth, maintenance, pathogenic-
ity tests, etc. [19]. Hitherto, there is no detailed information on the
changes in morphology, virulence and pathogenicity of C. falcatum
cultured under dark conditions at molecular level. Hence, in this study,
with an objective of identifying putative PAMPs and effectors of C.
falcatum, a comparative secretome analysis of C. falcatum that were
cultured under light and dark conditions was performed using 2-DE
coupled with MS/MS. The abundance of identified proteins were val-
idated at transcript level using qRT-PCR. Further, a putative PAMP
identified in this analysis was investigated for its functional property
as an elicitor of host defense in sugarcane and tobacco through a series
of bioassays.

2. Materials and methods

2.1. Fungal culture and growth conditions

C. falcatum Cf671 (Microbial Type Culture Collection and Gene
Bank, Chandigarh, India, accession number-12142), a highly virulent
isolate was used for all experiments in this study. Cf671 was cultured
separately under light and dark conditions in oat meal agar plates for
three months by subculturing once in a fortnight. For light-culturing
condition, the cultures were incubated at 28 °C with 14 h light (light
intensity - 100 μmoles/m2/s) and 10 h dark cycles (Model – MIR554,
Panasonic Healthcare Co., Ltd., Gunma, Japan) and for dark-culturing
condition, they were incubated at 28 °C without light. For secretome
analysis, one mycelial disc of 5 mm diameter of light- and dark-cul-
tures grown on agar plates were inoculated in individual 500 mL
flasks each containing 150 mL of oat meal broth. Three flasks were in-
oculated individually for light- and dark-cultures with three indepen-
dent biological replicates for each culture. The flasks were then incu-
bated at 28 °C for 10 days in their respective light and dark conditions
without agitation. Similarly, another set of flasks were inoculated and
grown as mentioned above to ascertain their growth from their dry
weight. To determine dry weight, the cultures were harvested by vac-
uum filtration, dried at 50 °C for 72 h and weighed in an electronic
weighing machine.

2.2. Sugarcane cultivar and pathogen inoculation

Eight month old sugarcane cultivar CoC 671 (highly susceptible
to red rot) grown in the institutional experimental farm (ICAR - Sug-
arcane Breeding Institute, Coimbatore, India) under natural climatic
conditions was used for all the experiments. Plug method of inocu-
lation [20] was used for inoculating the light- and dark-cultured C.
falcatum Cf671. For all gene expression and pathogen biomass quan-
titation experiments, samples were collected at different time points,
0, 12, 24, 48, 72, 120 and 600 h post-inoculation (hpi) and stored at
− 80 °C until further processing. Three samples representing each of
the three biological replications were collected from individual time
points. The sampling time point ‘0 h’ represent mock inoculated con-
trol, for which sterile deionized water was used.

2.3. Secreted protein extraction, 1-DE and 2-DE

After 10 days of incubation, mycelial mats and spent medium were
harvested using vacuum filtration method with 0.8 μm membrane fil-
ter (Supor® PES, Pall Corporation, USA). Mycelial retentates were
stored at − 80 °C for gene expression analysis, whereas
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collected spent media were further filtered using 0.45 μm membrane
filter. Proteins were then precipitated from the filtrate and solubilized
as described by Barnabas et al. [21]. Briefly, two volumes of 10%
[w/v] TCA-acetone with 0.14% DTT were added to the filtered spent
media and incubated at − 20 °C for 12 h. They were then centrifuged
at 12,000 rpm for 15 min at 4 °C to collect the precipitated proteins
in the form of a pellet. The pellets were then washed five times with
ice cold acetone containing 0.07% DTT to remove excess TCA which
is followed by freeze drying to remove residual acetone. Lyophilized
protein powders were solubilized in a buffer containing 7 M urea, 2 M
thiourea, 4% [w/v] CHAPS, 0.3% [w/v] DTT and 2% [v/v] IPG buffer
pH 4–7 (GE Healthcare).

To precipitate the secreted proteins of dark-cultured C. falcatum
in functionally active form for bioassays, ammonium sulphate
((NH4)2SO4) was slowly added to the filtered spent medium up to 95%
saturation while constantly mixing with a magnetic stirrer at 4 °C for
20 h. Precipitated proteins were then recovered by centrifugation at
12,000 rpm for 30 min and the pellets were resuspended in an assay
buffer (50 mM Tris, 200 mM sodium chloride (NaCl), 10 mM β-Mer-
captoethanol, 10% glycerol). Buffer exchanging was performed using
3 kDa Amicon ultra-15 centrifugal filters (Merck Millipore) to remove
(NH4)2SO4 salts from the assay buffer. Protein concentrations were
quantified by Bradford method, using BSA as standards. The quality
of the extracted proteins was analyzed using 1-DE (SDS-PAGE).

Proteins extracted in triplicates from three independent biological
replicates using TCA-acetone method were subjected to 2-DE with
two technical duplicates per biological replicate. Totally six replicates
were analyzed per sample by 2-DE as described by Amalraj et al. [22].
Briefly, 300 μg of proteins were passively rehydrated onto 18 cm IPG
strips with a pI range of 4–7 (GE Healthcare, Uppsala, Sweden). Iso-
electric focusing was performed on Ettan IPGPhor II unit (GE Health-
care) until it attains 45000Vhrs. After focusing, the strips were re-
duced and alkylated with equilibration buffer I (50 mM Tris (pH 8.8),
6 M Urea, 30% [w/v] glycerol, 2% SDS and 1% DTT) and equilibra-
tion buffer II (50 mM Tris (pH 8.8), 6 M Urea, 30% [w/v] glycerol,
2% SDS and 2.5% iodoacetamide) for 20 min each. Second dimen-
sional separation was performed in 12% SDS-PAGE gels in standard
Tris-glycine buffer Ettan DALT-6 unit (GE Healthcare) and stained
with colloidal Coomassie CBB staining with G-250 as described by
Dyballa and Metzger [23].

2.4. Image capture and statistical analysis of protein spots

2-DE gel profiles were captured and digitized using ImageScan-
ner III LabScan 6.0 (GE Healthcare) in compatible image formats
(300 dpi, 16 bit, .tiff and .mel) for subsequent image analysis. For spot
analysis, the images were imported into ImageMaster Platinum ver-
sion 7 software (GE Healthcare). Parameters such as smooth, area, and
saliency were adjusted appropriately to detect all the reliable spots.
Gel to gel match was performed after land marking a few spots that
were consistent in all the gel profiles. Thereafter, a spot-by-spot vi-
sual validation of detected spots was performed to increase the relia-
bility of matching. To determine the abundance of spots, normalized
spot volumes of consistent and reproducible spots (in at least four out
of six replicates) were subjected to statistical analysis (Supplementary
Table 1). The significance of each matched spots were statistically an-
alyzed by Mann-Whitney U test using SPSS statistical software (ver-
sion 21; IBM, NY, USA). Protein spots with p-value < 0.05 and with
> 1.3 fold change by average normalized spot volume were manually
excised from gels in duplicates for MS/MS analysis.

2.5. MS/MS analysis and database search

MS/MS analysis was performed as described by Barnabas et al.
[24]. Briefly, excised spots were destained and washed four times
with 50 mM ammonium bicarbonate (NH4HCO3) and 50% ACN, al-
ternatively. They were then in-gel digested with 3 μL of 12.5 ng/μL
sequencing-grade modified trypsin (Promega) in 50 mM NH4HCO3
at 37 °C, overnight. Subsequently, the peptides were extracted with
50% ACN and 0.1% TFA. Equal volumes of digested peptides and
CHCA solution (5 mg/mL of CHCA in 70% ACN with TFA 0.1%)
were mixed and spotted in duplicates (0.8 μl) onto a standard 386-well
stainless steel MALDI target plate. MALDI TOF/TOF analyses were
carried out using 4800 Plus MALDI TOF/TOF Analyzer (AB Sciex)
and the spectra were collected in a data-dependent mode. Follow-
ing a survey scan (MS), MS/MS was performed for 10 most abun-
dant ions and all the spectra were exported for post-MS analysis.
MS/MS spectra were searched against different C. falcatum data-
bases using Peaks studio software (Version 8; Bioinformatics solu-
tion Inc., ON, Canada) supported with De novo, Peaks DB, PTM and
Spider algorithms. C. falcatum databases employed for this analy-
sis were translated TSA (transcriptome shotgun assembly) of C. fal-
catum Cf671 (Bioproject PRJNA272832), and the protein databases
were constructed from whole genome shotgun assembly of C. falca-
tum Cf671 (Bioproject PRJNA272959) and C. falcatum MAFF306170
(Bioproject PRJNA262221) strains using AUGUSTUS gene predic-
tion server (http://bioinf.uni-greifswald.de/augustus). Search parame-
ters were set to 1 + for peptide charge state, 50 ppm for peptide mass
tolerance, 0.3 Da for fragment mass tolerance and 1 for maximum
missed cleavage. Carbamidomethylation (C) and oxidation (M) were
set for fixed and variable modifications, respectively. Apart from these
modifications, a maximum of three PTM predictions were allowed.
Further, − 10lgP threshold and average local confidence threshold of
de novo predictions were set to ≥ 50 for fetching peptide spectral
matches (PSMs) and filtering false peptide spectral matches (PSM)
so as to eliminate false positive identifications. False discovery rate
(FDR) was estimated with decoy fusion method during Peaks DB
search.

2.6. In silico analyses of identified proteins

Identified proteins were annotated using BLASTP search. To dis-
tinguish the identity of specific hypothetical proteins, numeric vari-
ables were used at the suffix of the abbreviation (HYP). Theoretical
properties of identified proteins were predicted using ProtParam tool
(ExPASy, Swiss Institute of Bioinformatics). Prediction of secreted
proteins was performed with two classical secretory pathway predic-
tion tools, viz., SignalP v 4.1 (www.cbs.dtu.dk/services/SignalP/) and
TargetP v 1.1 (www.cbs.dtu.dk/services/TargetP/), and a non-classi-
cal secretory pathway prediction tool, SecretomeP v 2.0 (www.cbs.
dtu.dk/services/SecretomeP/). Transmembrane region prediction and
Hidden Markov Model (HMM)-based prediction of potential cleav-
age site were identified using TMHMM server v 2.0 (http://www.
cbs.dtu.dk/services/TMHMM/) and SignalP v 3.0 (http://www.cbs.
dtu.dk/services/SignalP-3.0/), respectively. Multiple sequence align-
ment and phylogenetic tree construction were performed with Clustal
Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). Prediction of ef-
fector properties of secreted proteins were carried out using the tool,
EffectorP (http://effectorp.csiro.au/) [25]. Modelling of three dimen-
sional structure of protein was performed using SwissModel tool
(https://swissmodel.expasy.org/interactive).
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2.7. Biomass quantification and gene expression analysis using qPCR

For pathogen biomass quantification, total genomic DNA was ex-
tracted from the internodal region (covering approximately 2 cm
above and below the site of pathogen challenge) of all the collected
samples using CTAB method. In planta biomass of C. falcatum was
quantified using an elongation factor gene, CfeEF1α by absolute quan-
tification method [26]. Standard curve was generated from the ampli-
fication of CfeEF1α from ten-fold dilutions of C. falcatum DNA with
a linear relationship (r2) of 0.989. Quantitation cycle (Cq) values of
test samples were then extrapolated against the standard curve to de-
termine the quantity of pathogen biomass.

For gene expression analyses, total RNA was extracted from the
internodal region as described above using TRI Reagent®
(Sigma-Aldrich, USA) and then converted into cDNA using Rever-
tAid™ H minus First Strand cDNA Synthesis Kit (Thermo Scientific,
USA). To identify the most stable reference gene in sugarcane, three
stable reference genes reported by Ling et al. [27] namely, elonga-
tion factor (ScEF1α), glyceraldehyde 3-phosphate dehydrogenase (Sc-
GAPDH) and 25S ribosomal RNA (Sc25S rRNA) were evaluated us-
ing qRT-PCR. Among the three genes, ScEF1α was determined as
the most stable reference gene by the tool NormFinder (NormFinder
Excel add-in v 0.953). Similarly, the most stable reference gene of
C. falcatum was identified as CfeEF1α, after evaluating two con-
stitutive expressed genes viz., CfeEF1α and Cf Actin. The expres-
sion target genes of sugarcane and C. falcatum were normalized with
ScEF1α and CfeEF1α reference genes, respectively. qPCR was per-
formed in StepOnePlus™ Real-Time PCR (Applied Biosystems, CA,
USA) using Power SYBR Green PCR Master Mix (Applied Biosys-
tems). Expression of all the samples were examined in three bio-
logical replications with two technical duplicates each. Melt curve
analysis was performed to verify amplification specificity of the tar-
get genes. Amplification efficiency of transcripts, primer sequences,
amplicon length, and annealing temperature details were listed (Sup-
plementary Table 2a). All the primers used in this study were de-
signed using Primer BLAST software (http://www.ncbi.nlm.nih.gov/
tools/primer-blast). Relative fold expression and respective standard
deviation was determined by 2−∆∆ CT method. To determine the signif-
icance of expression between two groups, the ΔCt values of the tran-
scripts were tested for normality and then statistically analyzed using
Student's t-test by employing SPSS statistical software (version 21;
IBM, NY, USA).

2.8. Cloning, expression and purification

To investigate the functional properties of identified proteins of in-
terest, they were cloned in a pET 28a expression vector, which had
6X his and T7 fusion tags at N-terminal end of target genes and ex-
pressed in Rosetta™ 2(DE3)pLysS cells, followed by purification us-
ing immobilized metal affinity chromatography (IMAC). Briefly, the
specific regions of interest to be cloned were amplified with appropri-
ate gene specific primers flanked with the restriction sites viz., EcoRI
and HindIII with stuffer bases at 5′ region (Supplementary Table 2b).
The inserts and the vector were separately double digested with EcoRI
and HindIII (Thermo Scientific, USA) as per manufacturer's protocol.
Purified digested inserts and vectors were ligated with T4 DNA Lig-
ase (Invitrogen, USA), and transformed into Rosetta™ 2(DE3)pLysS
cells. Veracity of positive clones grown on kanamycin Luria Bertani
(LB) agar plates were tested by colony PCR, restriction digestion and
by Sanger sequencing.

For protein expression, the positive clones of Rosetta™
2(DE3)pLysS cells were induced at 0.5 OD with 0.5 mM Isopropyl
β-D-1-thiogalactopyranoside (IPTG) at 30 °C for 4 h. The cells were
then pelleted down at 6, 000 rpm for 5 mins and resuspended in 0.1
volume of extraction buffer (50 mM Tris, 200 mM NaCl, 10 mM
β-Mercaptoethanol, 10% glycerol). After three cycles of freeze-thaw
in liquid nitrogen, the resuspension was sonicated at 10 s pulse on,
10 s pulse off for 1 min at 30% amplitude. The lysates were then
centrifuged at 13, 000 rpm for 10 min at 4 °C to collect the super-
natant. Recombinant his-tag proteins were then purified through
Ni-Sepharose 6 Fast Flow column (GE Healthcare) by eluting them
in a linear gradient of extraction buffer containing 500 mM imidazole
from 0 to 500 mM in 30 min using a low pressure chromatography
system (BioLogic™ LP System, Biorad, USA). The quality of protein
extracts and purified fractions were analyzed using 13% SDS-PAGE
at every step. The purified fractions were immediately buffer ex-
changed with assay buffer (50 mM Tris, 200 mM NaCl, 10 mM
β-Mercaptoethanol, 10% glycerol) using 3 kDa Amicon ultra-15 cen-
trifugal filters (Merck Millipore) to remove imidazole and to reduce
the salt concentration. The fractions were further purified by size ex-
clusion chromatography using Sephacryl S100 HR column using a
low pressure chromatography system (BioLogic™ LP System, Bio-
rad, USA).

2.9. Western blot

Western blot analysis of purified recombinant proteins were car-
ried out as described by Ramesh Sundar et al. [10]. Briefly, puri-
fied proteins in electrophoresed gels were electroblotted in an ac-
tivated PVDF membrane (0.2 μm) by semidry transfer method us-
ing Trans-Blot® SD Semi-Dry Transfer Cell (Biorad, USA). After
blocking with skimmed milk powder, the membrane was incubated
with a recombinant protein specific primary antibody (T7 Tag Mon-
oclonal antibody, Merck Millipore). After three washes, the mem-
brane was incubated with the secondary antibody (Goat Anti-Mouse
IgG-Alkaline Phosphatase antibody, Sigma-Aldrich) and developed
with the substrate, 5-Bromo-4-chloro-3-indolyl phosphate (BCIP) in
conjunction with nitro blue tetrazolium (NBT). For activity assays, the
N-terminal his-tag of purified proteins were removed using Thrombin
CleanCleave™ Kit (Sigma-Aldrich) through centrifugation recovery
method as per manufacturer's instructions.

2.10. Physical characterization of recombinant proteins

To resolve the dimeric and tetrameric forms of recombinant pro-
teins, they were subjected to thermal stress up to 95 °C for 5 min and
strong reducing environment with 700 mM of β-Mercaptoethanol or
300 mM of DTT. Subsequently, they were analyzed by Western blot
for detection of dimeric and tetrameric forms. To observe the self-as-
sembling property of recombinant proteins, the protein solution (in as-
say buffer) were gently pipetted up and down in a micro tube and
placed a drop in a glass slide under room temperature for 2 h [28]. Af-
ter 2 h, the drops were examined under light microscope.

2.11. Analysis of extracellular pH and hydrogen peroxide (H2O2)
production in sugarcane suspension cell culture

Sugarcane suspension culture was established from friable em-
bryogenic calli of CoC 671 for bioassays. Native secreted proteins
of dark-cultured C. falcatum was fractionated with 30 kDa Amicon
ultra-15 centrifugal filters (Merck Millipore) and the flow through
low molecular weight (LMW) fraction was further concentrated with
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3 kDa Amicon ultra-15 centrifugal filters, which served as a posi-
tive control for the assays involving recombinant proteins, whereas
for negative control, only assay buffer was used. After treatment with
50 μL of optimum concentration of native LMW and purified recom-
binant proteins, extracellular pH changes in the sugarcane suspen-
sion cells were observed at different time points (from 0 to 3 h af-
ter treatment) as described by Chen et al. [29]. For detection of H2O2
production in suspension culture, 10 μL/mL of 3,3′-Diaminobenzidine
(DAB) tetrahydrochloride hydrate (Sigma-Aldrich) (1 mg/mL) solu-
tion, pH 3.8 was added immediately after treatment with recombinant
proteins and observed under light microscope after 24 h of incubation
under dark condition. All the bioassays were repeated three times to
verify the reproducibility and only the representative images were pre-
sented.

2.12. Hypersensitive response (HR) assay and detection of H2O2
production on tobacco leaves

HR assay and detection of H2O2 production on Nicotiana tabacum
leaves were carried out as described by Chen et al. [29]. Briefly, 50 μL
of optimum concentration of recombinant proteins were infiltrated at
the adaxial side on N. tabacum leaves using a needleless syringe and
documented after 24 h for HR response. Then, the leaf discs (approx-
imately 2 cm radius around the site of infiltration) were excised and
incubated in DAB solution (1 mg/mL) solution under dark condition
for 8 h. Stained leaf discs were bleached in 95% boiling ethanol for
20 mins to remove chlorophyll contents and stored at 70% glycerol for
examination under light microscope. All the bioassays were repeated
for three times to verify the reproducibility and only the representative
images were presented.

2.13. Priming and detached leaf assay

To evaluate priming and co-infiltration effect of recombinant pro-
teins, detached leaf assay was carried out as described by Viswanathan
et al. [30]. For priming, eight month old CoC 671 canes were fo-
liar sprayed with an optimum concentration of recombinant proteins
(25 mL/cane) for two times at ten days interval using a 500 mL hand-
held sprayer. After two weeks of foliar spray, primed

canes were inoculated with light-cultured Cf671 by plug inoculation
method and the samples from stalk portion were collected at different
time points (0, 12, 24, 48, 72, 120 and 600 hpi) and stored at − 80 °C
until further processing for pathogen biomass quantitation and gene
expression analysis.

On the other hand, matured third leaves of primed canes were de-
tached and the bottom portion of the leaves (25 cm) were cut and gen-
tly washed with deionized water. Since, sugarcane leaf surfaces are
covered with thick cuticle layer enriched with waxes, minor injuries
(5 pinpricks in app. 3 mm2 area) were made at the middle portion of
the leaves on both sides of midrib to facilitate the penetration of infec-
tion peg. After that, 50 μL of light-cultured Cf671 spores (106 spores/
mL) were inoculated and incubated in an illuminated growth cham-
ber (Model - E41L2, Percival Scientific Inc., IA, USA) at 28 °C with
60% humidity in 14 h light (light intensity – 600 μmoles/m2/s) and
10 h dark cycling conditions. For co-infiltration with recombinant pro-
teins, desired concentration of recombinant protein solution was pre-
pared with deionized water and subsequently, Cf671 spore suspension
was prepared with the recombinant protein solution, and inoculated on
detached untreated leaves as described above. Germination and forma-
tion of infection structures were observed under light microscope at
24 hpi, and lesion development from the point of inoculation was ob-
served at 72 hpi. Three independent replications were maintained for
each set of treatments.

3. Results and discussion

3.1. Influence of light on morphology and pathogenicity of C.
falcatum

To study the effect of light on morphology and pathogenicity of
C. falcatum, it was separately subcultured under light and dark condi-
tions for three months. While the morphology of light-cultured C. fal-
catum remained unaltered, the morphology of dark-cultured C. falca-
tum has altered from grey to pure white dense cottony mycelium with
no obvious sporulation on culture plates (Fig. 1A). Generally, light
influences sporulation and pigmentation properties of fungal cultures
[31]. In some cases, excess light had induced dark pigmentation and
resulted in retardation of growth [17]. In our case, neither the growth

Fig. 1. Effect of in vitro culturing of C. falcatum under light and dark conditions. A) Culture morphology after 14 days of incubation; B) Phenotyping of disease severity on cane
stalks (cv. CoC 671) at 25 days post-inoculation with light- and dark-cultured C. falcatum.
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nor the pigmentation at the bottom of culture plates showed significant
difference between light- and dark-cultured C. falcatum, except sporu-
lation. Further, pathogenicity tests of these cultures on red rot suscep-
tible cultivar, CoC 671 resulted in loss or complete reduction of vir-
ulence in dark-cultured C. falcatum, when compared to the light-cul-
tured ones (Fig. 1B). Conventionally, C. falcatum cultures were clas-
sified into light and dark races, based on the pigmentation and color of
mycelium, wherein light race cultures exhibited higher virulence over
the dark race cultures [32]. However, in this study, the influence of
light on pathogenicity without affecting pigmentation pattern has sug-
gested that the absence of light might have affected other physiologi-
cal processes related to the production or expression of virulence de-
terminants, beyond pigmentation.

3.2. Comparative secretome analysis of light- and dark-cultured C.
falcatum

Generally, PAMPs are conserved biomolecular signatures of a
pathogen that can be recognized by plants. Most of these signatures
are either present in the form of proteins, polysaccharides, lipids,
lipoproteins, etc. in the surfaces of cell wall and plasma membrane or
constitutively secrete in extracellular spaces in the form of proteins.
These biomolecules are mostly essential for pathogen fitness or sur-
vival [7]. On the other hand, effectors are virulence determinants that
are secreted in the form of proteins, either constitutively or only dur-
ing specific developmental stages to aid pathogenicity by suppressing
host defense [33]. Hence, to identify the bilateral targets viz., putative
PAMPs and effectors of C. falcatum with a single approach, a compar-
ative secretome analysis of C. falcatum that were cultured under light
and dark conditions was performed using 2-DE coupled with MS/MS.
Before extraction of secreted proteins, an assessment of the growth
of light- and dark-cultured C. falcatum from their dry weight biomass
showed no differences.

Quantification of the secreted proteins that were extracted from
three independent biological replicates of light- and dark-cultured C.
falcatum showed no considerable difference between them. Extracted
proteins were resolved using 2-DE in a pH range of 4–7. Visually,
the 2-DE profiles showed major alterations in protein spot abun-
dances in the region of LMW proteins ranging from 10 to 30 kDa
(Fig. 2). A comparative analysis of these 2-DE profiles using Im-
ageMaster Platinum version 7 software (GE Healthcare) showed that

around 70–75 distinct protein spots were matched in all the biological
and technical replicates, and between samples with high reproducibil-
ity (Supplementary Table 1). Further, statistical analysis of abundance
of protein spots using Mann-Whitney U test (SPSS statistical software
v21, IBM, NY, USA) indicated significant alterations in the abun-
dance of 9 protein spots, while 2 protein spots were found to be exclu-
sively secreted. These protein spots were subjected to MALDI-TOF/
TOF and the obtained mass data was used to perform database search
using Peaks studio software (Version 8; Bioinformatics solution Inc.,
ON, Canada) against C. falcatum specific databases as a reference
(Table 1). Unique PSMs, protein and peptide scores of identified pro-
teins with an overall FDR of 0.0% (Supplementary Fig. 1) were listed
in Supplementary Table 3. Among the 9 differentially abundant pro-
tein spots, seven spots that were less abundant in the dark-cultured C.
falcatum sample were identified as metalloprotease (MEP1), small se-
creted protein (SSP), ML domain-containing protein (MLP), putative
glycosyl hydrolase (GLHY), Blastomyces yeast phase-specific protein
1 (BYS1) family protein and two protein species representing a single
hypothetical protein (HYP2). Interestingly, the two protein spots that
were highly abundant in the dark-culture represented the same protein,
eliciting plant response-like protein (EPL1). Besides these differen-
tially abundant protein spots, the one that was secreted exclusively in
dark-culture was identified as a hypothetical protein (HYP1), whereas
the other one that secreted exclusively in light-culture was identified
as the second protein species of BYS1. Notably, among the 11 protein
spots identified in this investigation, three proteins viz., BYS1, HYP2
and EPL1 represented two different protein spots each.

3.3. In silico analysis of identified proteins

To validate the secretory nature of identified proteins, classical
and non-classical secretory pathway prediction tools were employed.
This analysis revealed that except the MLP protein, all other iden-
tified proteins were predicted to be secreted by either classical or
non-classical secretory pathways (Table 1). Full length amino acid
sequences of identified proteins, and their predicted signal peptides
and other targeting regions were tabulated in Supplementary Table 4.
Many secretome studies involving plants and fungi reported a consid-
erable percentage of secreted proteins, which were not predicted to
be secreted by both classical and non-classical secretion based predic

Fig. 2. Representative 2-DE profiles of in vitro secretome of light- and dark-cultured C. falcatum. Encircled protein spots were analyzed by MALDI-TOF/TOF. Labelled letters indi-
cates A - Common spots, B - Repressed, C - Induced.
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Table 1
Identification of differentially abundant secreted proteins of C. falcatum when subculturing under light and dark conditions.

S.
No.

Spot
IDa

Accession
ID
(TSA)b

Accession ID
(WGS)c

Protein
descriptione

Species (Accession
ID)e

− 10lgP
scoref

Coverage
%

No. of
unique
peptides

Fold
change

p Value
(Mann-
Whitney
U test)

Secretory
predictiong

Theoretical
MW/pI
(with SP)h

Theoretical
MW/pI
(without
SP)i

1 A1 9438 LPVI01003569.1 Metalloprotease
(MEP1)

Colletotrichum
sublineola
(KDN66198.1)

364 75 3 − 1.3 0.025 + + 11.04/9.74 9/9.1

2 A2 769 LPVI01002046.1 Small secreted
protein (SSP)

Colletotrichum
incanum
(KZL82195.1)

208 29 3 − 6.85 0.004 + + 15.7/5.18 13.6/5.18

3 A3 3022 LPVI01002063.1 Hypothetical
protein (HYP2)

Colletotrichum
sublineola
(KDN59943.1)

372 57 5 − 5.69 0.004 + + 14.5/4.8 12.1/4.64

4 A4 798 LPVI01003891.1 Eliciting plant
response-like
protein (EPL1)

Colletotrichum
orbiculare
(ENH79784.1)

423 49 6 7.53 0.004 − −, +* 22.8/7.81 12.5/4.88

5 A5 301 Scaffold_230d Bys1 family
protein (BYS1)

Colletotrichum
graminicola
(XP_008095376.1)

398 36 6 − 5.89 0.004 − +, +* 17.9/9.37 14.1/5.24

6 A6 3022 LPVI01002063.1 Hypothetical
protein (HYP2)

Colletotrichum
sublineola
(KDN59943.1)

236 40 4 − 3.27 0.004 + + 14.5/4.8 12.1/4.64

7 A7 798 LPVI01003891.1 Eliciting plant
response-like
protein (EPL1)

Colletotrichum
orbiculare
(ENH79784.1)

263 42 7 1.3 0.025 − −, +* 22.8/7.81 12.5/4.88

8 A8 485 LPVI01003093.1 ML domain-
containing
protein (MLP)

Colletotrichum
graminicola
(XP_008094990.1)

210 32 3 − 2.22 0.004 − −, −* 22.1/5.25 –

9 A9 8863 LPVI01003605.1 Putative glycosyl
hydrolase
family 10
(GLHY)

Colletotrichum
sublineola
(KDN64203.1)

560 44 10 − 5.78 0.004 + + 42.7/6.28 41.4/6.3

10 B1 301 Scaffold_230d Bys1 family
protein (BYS1)

Colletotrichum
graminicola
(XP_008095376.1)

389 47 5 # – − +, +* 17.9/9.37 14.1/5.24

11 C1 10,773 LPVI01004073.1 Hypothetical
protein (HYP1)

Colletotrichum
graminicola
(XP_008096807.1)

218 32 2 @ – + + 12.8/6.03 10.4/7.7

#Protein secreted exclusively by light-cultured C. falcatum.
@Protein secreted exclusively by dark-cultured C. falcatum.

a Spot IDs correspond to spots encircled in representative 2DE gel profile.
b Transcriptome shotgun assembly ID of C. falcatum Cf671 (Bioproject PRJNA272832) that corresponds to the protein hit.
c Genbank accession ID from the whole genome shotgun sequences of C. falcatum Cf671 (Bioproject PRJNA272959) that corresponds to the protein hit.
d Scaffold ID from the whole genome assembly of C. falcatum MAFF306170 (Bioproject PRJNA262221) that corresponds to the protein hit.
e Descriptions of the identified proteins based on BLASTP search against non-redundant protein database.
f Protein identification score (− 10lgP) as calculated from the peptide scores by Peaks database.
g Series of symbols (+/−) indicate the prediction of classical protein secretion by SignalP v 4.1, TargetP v 1.1, respectively, while (+* / −*) indicates prediction of non-classical
protein secretion by SecretomeP v 2.0.
h Values indicating theoretical molecular weight/pI are inclusive of signal peptides.
i Values indicating theoretical molecular weight/pI are excluding signal peptides.

tion tools, similar to the case of MLP protein. To categorize these
kinds of proteins, Saunders et al. [34] created a new class called atyp-
ical secreted proteins and classified the proteins like MLP and phos-
phatidyl ethanolamine-binding protein under this category.

Beside signal peptide analysis, the theoretical molecular weight
(MW) and pI of all identified proteins with and without signal pep-
tides were predicted using ProtParam tool to corroborate them with
the observed 2-DE protein profiles. The theoretical MW and pI of
most of the identified proteins were almost corroborating with the ap-
parent MW and pI in 2-DE profiles, except for BYS1, HYP2 and
EPL1 proteins, which were represented by more than one protein
species. The observed discrepancy could be due to any of the cellular
processes like post-transcriptional modification (alternative splicing),
post-translational modification (PTM), etc., which can be determined
only through a series of appropriate transcriptomic and proteomic ex-
periments [35,36].

3.4. Analysis of transcriptional abundance of identified proteins and
protein species

Abundance of protein spots were verified at transcriptional level
using qRT-PCR. Relative transcriptional expression analysis of can-
didate identified proteins, viz., MEP1, SSP, MLP, GLHY, HYP1 and
BYS1 exhibited a similar trend of fold differences of relative expres-
sion, compared to its corresponding abundance of protein spots (Fig.
3). Since, the protein spots A5 and B1 with different spot abundances
and pI, but with same MW, (Fig. 2) represented the same protein,
BYS1, transcriptional expression analysis was performed with only
one primer set (qBYS1). Mostly, this kind of pI shift could be due
to PTM of proteins [37]. A deeper analysis of PSMs of these two
identified proteins spots with PTM algorithm in Peaks studio software
(Version 8; Bioinformatics solution Inc., ON, Canada) suggested that
the protein spot, A5 might have got phosphorylated and shifted to
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Fig. 3. Comparative analysis of abundance of protein spots and their corresponding expression of RNA transcripts. Letters in X-axis of proteins spot abundance indicate replications
(a–f and g–l indicates spots from three biological replicates with two technical replicates each of light- and dark-cultured C. falcatum secretome samples, respectively). Blue and red
horizontal lines in abundance of spots represent class mean and class mean squared deviation and asterisks indicate statistical significance as determined by Mann-Whitney U test
(*p < 0.05; **p < 0.01; ***p < 0.001). Relative transcript expression with error bars indicate standard deviation of three biological replicates with two technical replicates each. As-
terisks over error bar indicate significantly different as measured by Student's t-test (*p < 0.05; **p < 0.01; ***p < 0.001). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

wards acidic region (Supplementary Fig. 2). However, the phosphory-
lation was predicted with only one PSM of A5 spot and so, the possi-
bilities of other PTMs cannot be ruled out.

The transcriptional validation of the remaining two identified pro-
teins, HYP2 and EPL1, were relatively complex, because each pro-
tein represented two different protein species with different MW and
pI. Therefore, the protein sequences were analyzed with various in sil-
ico tools to discover the possibilities of production of different pro-
tein products from the same gene and accordingly, different set of
primers were designed to validate the assumptions at the transcript
level. First, the PSMs of A3 and A6 spots were graphically mapped
to the full length HYP2 (HYP2FL) amino acid sequence, which pro-
vided a vital clue on differences in coverage. Specifically, the A3
spot had 17% more coverage in the downstream of signal peptide
(N-terminal region), when compared to the A6 spot (Fig. 4A and B).

This has strengthened the hypothesis of alternative splicing event
in HYP2 gene. Therefore, the HYP2FL sequence was virtually seg-
mented into three distinct regions viz., signal peptide, putative splic-
ing region and the main hypothetical domain. Based on this hypoth-
esis, different set of primers were designed to verify the expression
of different gene products of HYP2 (Fig. 4C and D). In contrary to
the hypothesis, the relative expression of all the three different gene
products remained unaltered and so, the chance of a splicing event of
HYP2 was ruled out (Fig. 4E). However, the significant fold differ-
ences of transcript expression and spot abundances of the two pro-
tein species were comparably equal. Hence, the possibilities of other
events like protease-catalyzed splicing [38] or intein splicing [39],
cannot be ruled out for A6 spot.

On the other hand, the protein species of EPL1 were also analyzed
with various in silico tools to predict signal peptide, cleavage site and
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Fig. 4. Analysis of putative protein species of Hypothetical protein (HYP2). A) PSM coverage of spot A3 – HYP2 protein; B) PSM coverage of spot A6 – HYP2 protein. Encircled
regions indicate the differences in coverage between A3 and A6 spots; C) Full length protein sequence of HYP2. Residues in different colors indicate putatively distinct domains;
D) Putative domains of HYP2 protein and the sets of primers used to amplify distinct regions of HYP2 using qRT-PCR; E) Abundance of protein spots of HYP2 – A3 and A6, and
relative expression of RNA transcripts that specifically amplify distinct regions of HYP2 using qRT-PCR. Letters in X-axis of proteins spot abundance indicate replications (a–f and
g–l indicates spots from three biological replicates with two technical replicates each of light- and dark-cultured C. falcatum secretome samples, respectively). Blue and red horizontal
lines in abundance of spots represent class mean and class mean squared deviation and asterisks indicate statistical significance as determined by Mann-Whitney U test (*p < 0.05;
**p < 0.01; ***p < 0.001). Relative transcript expression with error bars indicate standard deviation of three biological replicates with two technical replicates each. Asterisks over
error bar indicate significant difference as measured by Student's t-test (*p < 0.05; **p < 0.01; ***p < 0.001). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

transmembrane regions. Even though, SignalP v 4.1 did not detect any
signal peptide in full length EPL1 (EPL1FL) (Supplementary Fig. 3a),
TMHMM server v 2.0 and SecretomeP v 2.0 indicated a maximum
probability for extracellular secretion (Supplementary Fig. 3b). Fur-
ther mining of EPL1 with Hidden Markov model (HMM) based sig-
nal peptide prediction using SignalP server v 3.0, detected a poten-
tial cleavage site at the residue of 74 (Supplementary Fig. 3c). In-
triguingly, the remaining truncated sequence (75–212 residues) indi-
cated the presence of a signal peptide with a potential cleavage site
at 92nd residue (Supplementary Fig. 3d). Localization prediction of
this EPL1FL with TargetP server v 1.1 indicated that the N- termi-
nal residues from 1 to 92 represents mitochondrial membrane target-
ing sequence (Supplementary Fig. 4a). However, graphical mapping
of PSMs of A4 and A7 spots to EPL1FL indicated that both had a
similar coverage in the region excluding the residues of 1–92 (Sup-
plementary Fig. 4b and c). Based on these in silico analysis, EPL1FL

was virtually segmented into three putative domains viz., putative
signal peptide 1, signal peptide 2 and main cerato-platanin domain,
which can hypothetically result into two to three gene products viz.,
EPL1FL, EPL1 ∆ N1–74 and EPL1 ∆ N1–92 (Fig. 5A and B). Tran-
scriptional expression of these three products by qRT-PCR showed
that the expression of qEPL1F1-R1 was completely different from
the expression of qEPL1F2-R2 and qEPL1F3-R3 in both light- and
dark-cultures (Fig. 5C). These results have confirmed that CfEPL1
encoded two different gene products, EPL1FL and EPL1 ∆ N1–74,
which might have resulted in two protein species, A7 and A4 spots,
respectively. In other words, signal peptide present in EPL1 ∆ N1–74
might have got cleaved and represented the A4 spot in the form
of EPL1 ∆ N1–92. Besides, the abundance of the protein spots, A7
and A4, were also comparable to the expression of EPL1FL and
EPL1 ∆ N1–74 transcripts, respectively, in both light- and dark-cul
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Fig. 5. Analysis of putative protein species of eliciting plant response-like protein (EPL1). A) Full length protein sequence of EPL1. Residues in different colors indicate putative
distinct domains; B) Putative domains of EPL1 protein, representation of domain deletion constructs and the sets of primers used to amplify distinct regions of EPL1; C) Abundance
of protein spots of EPL1 – A4 and A7, and relative expression of RNA transcripts that specifically amplify distinct regions of EPL1 using qRT-PCR. Letters in X-axis of proteins
spot abundance indicate replications (a-f and g-l indicates spots from three biological replicates with two technical replicates each of light- and dark-cultured C. falcatum secretome
samples, respectively). Blue and red horizontal lines in abundance of spots represent class mean and class mean squared deviation and asterisks indicate statistical significance as
determined by Mann-Whitney U test (*p < 0.05; **p < 0.01; ***p < 0.001). Relative transcript expression with error bars indicate standard deviation of three biological replicates
with two technical replicates each. Asterisks over error bar indicate significant difference as measured by Student's t-test (*p < 0.05; **p < 0.01; ***p < 0.001). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

tures of C. falcatum. Altogether, it was evident that the gene, EPL1
produced two transcripts or isoforms, EPL1FL and EPL1 ∆ N1–74.

3.5. Functional significance of identified proteins

Light affects the transcription of many photoreceptor-related genes
in fungi, which in turn influences the physiological processes like
conidiation and pigmentation, and thereby pathogenicity [16]. Viru-
lence factors that drive the pathogenicity exist in the form of proteins
and metabolites. Secreted proteinaceous virulence factors, often re-
ferred to as effectors, determine the outcome of any plant-pathogen
interaction. In the present study, absence of light has altered the abun-
dance of 11 proteins. A prediction analysis of these identified proteins
using EffectorP tool revealed that 8 out of the 11 proteins possessed
effector properties and had a higher probability to be classified as ef-
fectors (Table 2). In addition to the common effector properties like
small size and cysteine-richness, EffectorP tool predicts effectors on
the basis of robust signals and sequence-derived properties with a sen-
sitivity of > 80% from a fungal secretome [25]. Since, 6 out of these
8 predicted effectors were highly abundant on light-cultured C. falca-
tum, it was contemplated that these predicted effectors could be di-
rectly related to pathogen virulence, which warrant a deeper insight
into the functional significance of individual proteins.

Table 2
Prediction of effector properties of identified proteins using EffectorP tool.

S.
No. Target Protein With Signal peptide Without Signal peptide

EffectorP
prediction Probability

EffectorP
prediction Probability

1 Metalloprotease (MEP1) Effector 0.997 Effector 0.997
2 Small secreted protein

(SSP)
Non-
effector

0.981 Non-
effector

0.868

3 Bys1 family protein
(BYS1)

Effector 0.964 Effector 0.901

4 ML domain-containing
protein (MLP)

Effector 0.976 – –

5 Glycosyl hydrolase
family 10 (GLHY)

Non-
effector

1.000 Non-
effector

1.000

6 Hypothetical protein
(HYP1)

Effector 0.940 Effector 0.978

7 Hypothetical protein
(HYP2)

Effector 0.935 Effector 1.000

8 Eliciting plant response-
like protein (EPL1)a

Non-
effector

0.679 Effector 0.701

a For prediction of effector properties of EPL1, EPL1FL and EPL1 ∆ N1–92 were used
in place of with and without signal peptide, respectively.
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Among the differentially abundant proteins, Metalloprotease
(MEP1) was found to be just 1.3 fold less abundant in the dark-cul-
ture of C. falcatum. Fungal metalloproteases are the proteases classi-
fied under the family of fungalysins (http://merops.sanger.ac.uk/). The
major role of this protein is to catalyze the enzymatic hydrolysis of
proteins with the help of a metal ion bound to the catalytic center of
this protein. Many fungal metalloproteases have been reported to play
a major role in pathogenicity, especially at the earlier stages of infec-
tion as effectors [40]. Among them, a well-studied metalloprotease is
Avr-Pita effector (a zinc binding metalloprotease) from the rice blast
fungus, Magnaporthe oryzae, against which the host resistance gene,
Pi-ta activates ETI [40,41]. In maize, the higher expression of MEP1
of Colletotrichum graminicola at biotrophic phase has been suggested
to play a major role in infection and anthracnose development [42].
Further, functional studies with mutants of MEP1 exhibited retarded
disease development, which demonstrated its role in virulence [43].
Therefore, the MEP1 of C. falcatum, may also have a putative role in
pathogenicity as an effector during host-pathogen interaction, as pre-
dicted by EffectorP.

The abundance of small secreted protein (SSP) in dark-cultured C.
falcatum was six-fold lesser than the virulent light-culture. The name,
SSP merely represent a class of small secreted proteins without any
specific functional annotation. Further, BLASTP analysis showed that
the obtained hits were annotated as just hypothetical proteins or small
secreted proteins. EffectorP tool predicted this protein as a non-effec-
tor. Most of the fungal secretome contains a significant percentage
of SSPs, which are often species-specific and do not have conserved
motifs or domains [44]. Recently, a fungal kingdom-wide analysis of
SSPs reported that most of them might be associated with pathogenic-
ity and may act as effectors [45]. Therefore, based on its higher abun-
dance in the virulent light-culture, SSP could possibly be associated
with the pathogenicity of C. falcatum.

MLP that stands for ML (MD-2-related lipid-recognition) do-
main-containing protein is basically a lipid recognition protein, pre-
sent in fungi, plants and animals [46]. This domain was predicted to
form a lipid recognition module, similar to immunoglobulin E-set do-
mains to interact with specific lipids. This domain may exist either
alone or in fusion with some other domains to interact with lipids,
lipopolysaccharides, etc. to play diverse range of functions apart from
lipid signaling and metabolism [47]. In our study, the abundance of
MLP protein was two-fold less in dark-cultured C. falcatum and pre-
dicted to be an effector by EffectorP. MLP was identified as an effec-
tor in Puccinia graminis and Melampsora lini and reported to play the
role of scavenging self-lipopolysachharides, thereby preventing elici-
tation of host defense [34]. After deliberating these putative roles of
MLP in other fungi, prediction of a putative membrane binding do-
main and higher abundance in the virulent light-culture, it could be in-
ferred that the MLP of C. falcatum may play a potential role in mem-
brane-associated infection processes, as an effector.

The abundance of putative glycosyl hydrolase family 10 (GLHY)
protein was more than five-fold higher in the virulent light-culture of
C. falcatum. Biochemically, the basic function of glycosyl hydrolase
is to hydrolyse the glycosidic bond between carbohydrate moieties
or wherever the bond exists. Biologically, based on substrate speci-
ficity, a majority of the glycosyl hydrolase family 10 proteins function
as endo-β-1,4-xylanases, while some may function as endo-1,3-β-xy-
lanase and cellobiohydrolase [48]. Xylan is a major hemicellulose
component of plant cell wall. Fungal glycosyl hydrolase family 10
proteins function as endo-β-1,4-xylanase to hydrolyse these xylan into
xylanoligosaccharides [49]. Even though, the GLHY was not pre-
dicted to be an effector, these proteins are well known to be in-
volved in hydrolysing host cell wall structure for penetration and

readjustments, and thus facilitate colonization [50]. Deletion or ab-
sence of these endo-β-1,4-xylanases have been shown to affect path-
ogenicity by reducing disease severity and delaying disease develop-
ment [50,51]. Contemplating these functions and the abundance of
GLHY, it was presumed that GLHY might play an essential role as a
virulence determinant of C. falcatum during initial infection processes
and further colonization.

Similar to SSP, the functional role of HYP1, the exclusively abun-
dant protein of dark-cultured C. falcatum, could not be annotated, ex-
cept for its prediction as an effector by EffectorP tool. As a conse-
quence of absence of light and with less abundance of other path-
ogenicity determinants, dark-cultured C. falcatum might have em-
ployed this new effector in an attempt to balance the loss of virulence.

To understand the functional significance of other identified pro-
teins, namely BYS1, HYP2 and EPL1, which were highly abundant in
either light- or dark-cultured C. falcatum, their transcript expression
was profiled at in vitro culture conditions and at different time points
during in planta colonization (0, 12, 24, 48, 72, 120 and 600 hpi),
with concurrent quantification of pathogen biomass. Results of the
pathogen biomass quantification showed a gradual reduction of
dark-cultured C. falcatum biomass after 24 h and a complete decline
at 600 h, which otherwise indicated a complete elimination of the
pathogen (Fig. 6A). On the other side, the light-cultured C. falcatum
gradually colonized the host until 48 h and increased the pace after
48 h. In Colletotrichum spp., this time point coincides with the estab-
lishment of secondary hyphae to colonize adjacent cells and marks
the transitional shift from biotrophic to necrotrophic phase [52]. Fur-
ther, an array of stage or phase-specific effectors that mediate the ini-
tial infection processes (0–24 h), biotrophic phase (24–48 h), transi-
tion phase and necrotrophic phase (> 48 h) were identified in many
Colletotrichum spp. [42,53]. Mutation of some of these genes have
been shown to affect the specific phase and restrict the progression of
disease [54]. Similarly, in our study, the failure of dark-cultured C. fal-
catum to colonize progressively after 24 h might be due to the absence
or low abundance of some of the identified putative effectors.

Temporal expression profiling of BYS1 transcript showed that the
relative expression level has decreased linearly from the in vitro (ax-
enic) culture stage to 72 hpi in in planta and began to increase back
only at 600 hpi (Fig. 6B). Although, the identified BYS1 (Blasto-
myces yeast phase-specific 1) family protein is present in many fun-
gal species, it is highly conserved among Colletotrichum spp. Hith-
erto, the functional role of BYS1 has not been studied in any phy-
topathogens. BYS1 was first identified in Blastomyces species and
so far, it has been characterized only in this species. This gene was
found to be expressed only during yeast phase and not during mold
phase. Unlike other yeast phase-specific genes viz., BAD1, CBP1,
YPS3 and SOWgp, which are essential for virulence, BYS1 is not
essential for virulence, but plays a major role in cell wall formation
and cell morphology [55]. In our study, the abundance of two BYS1
protein spots, B1 and A5 were exclusively secreted and more than
five-fold higher in light-culture, respectively. Similarly, under in vitro
conditions, the transcriptional expression of BYS1 was several folds
higher in light-culture, wherein visible sporulation has been observed
as against the dark-culture that did not exhibit any visible sporulation.
Under in planta conditions, its expression was observed only with the
light-culture, but reduced linearly in initial stages and resumed back
only at 600 hpi. This time point has been correlated with the initia-
tion of sporulation around the external surfaces of nodal root eyes,
after extensive colonization of internal tissues. Hence, the expression
profile of BYS1 suggested that this protein might be associated with
sporulation phase of C. falcatum. Meanwhile, the contemplation of
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Fig. 6. In planta quantitation of C. falcatum biomass and relative transcript expression analysis of a few highly abundant secreted proteins in either light- or dark-cultured C. falcatum.
A) Temporal quantification of C. falcatum biomass by absolute quantification method. aY-axis values were broken (║) to make the low level of alterations in quantity of dark-cultured
C. falcatum biomass is visible; (B), (C) and (D) are relative temporal expression of BYS1, HYP2 and EPL1 transcripts, respectively by comparative CT method. bNumerical values in
X-axis indicate hours post-inoculation except the in vitro axenic culture. ‘0 h’ indicates mock inoculated control. Error bars indicate standard deviation of three biological replicates
with two technical replicates each.

the results of EffectorP prediction, putative PTM regulation of protein
abundance and their transcriptional expression pattern at early stages
of colonization have suggested that this protein may also have a sig-
nificant role in regulating the initial infection processes like appresso-
rial or infection peg formation for penetration into the host cell.

HYP2 protein, which has been represented by a single transcript,
but with two different protein species with more than five and
three-fold higher abundances in light-culture, might have played a sig-
nificant role in the pathogenicity of C. falcatum. This protein has no
> 40% identity hits, when blasted in NCBI protein database. To en-
hance the fitness and host-specificity during the relentless coevolu-
tion of plant-fungal interactions, every pathogen has evolved many
species-specific effectors with no or very less homology to the con-
served effectors [56]. Hence, to understand the role of this novel pro-
tein, which has been predicted with effector properties, the expres-
sion of this gene was transcriptionally profiled at different time points
of colonization. Results showed that the in planta level of expres-
sion was constitutive with light-culture, but with a higher fold of ex-
pression between 24 and 72 hpi (Fig. 6C). On the other hand, only a
very feeble expression was detected at 24 and 48 hpi in the dark-cul-
ture. These results have highlighted that HYP2 might have played
a potential role as species-specific effector in establishing primary
hyphal colonization, besides other phases of colonization. However,
the distinguished roles of the two different protein species of HYP2

could not be determined with this temporal transcriptional profiling
alone.

Besides the exclusively secreted HYP1 protein, the only high
abundant protein in the dark-culture was EPL1. It was represented by
two protein species, one with more than seven-fold higher abundance
(A4) and the other with just 1.3 fold higher abundance (A7). EPL1
(eliciting plant response-like protein) was identified in more than fifty
filamentous fungi like Stagnospora nodorum, M. oryzae, Trichoderma
spp., etc., and belongs to a protein family called cerato-platanin fam-
ily [57]. EPL1, a small, cysteine-rich protein ranging 120–134 amino
acids (without signal peptide) with approximately 12 kDa size was
reported to be secreted predominantly in extracellular spaces, while
some may be adhered to or localized in fungal cell walls [58,59]. EPL1
along with its homologs and orthologs have been reported to play di-
verse functional roles, viz., elicitor, phytotoxin and virulence factor
during different plant-pathogen interactions (Supplementary Table 5).

In our study, dissection and transcriptional profiling of EPL1 have
revealed two isoforms namely, EPL1FL and EPL1 ∆ N1–74, which
represented A7 and A4 spots, respectively. BLASTP analysis of
EPL1FL indicated that the first putative signal peptide domain (1–74
residues) at N-terminal region was not conserved with any of the iden-
tified cerato-platanin family proteins, even within the Colletotrichum
spp. (Supplementary Fig. 5). It was also found to be a
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novel additional domain of EPL1, which exists only in the case of
C. falcatum. Further, this N-terminal region was also predicted to be
the mitochondrial membrane targeting sequence. Hence, the isoform,
EPL1FL with 1.3 fold higher abundance in dark-culture was consid-
ered as C. falcatum-specific cerato-platanin and may have a distinct
functional role in C. falcatum, unlike other EPL1 proteins, character-
ized so far.

In planta temporal transcriptional profiling of EPL1 showed a sev-
eral hundred-fold higher expression in dark-culture than light-cul-
tured C. falcatum, but continued to decline steadily through the earlier
stages of colonization and absent after 400 hpi (Fig. 6D). On the other
hand, the expression pattern in light-culture exhibited increments in
tens of folds until 48 hpi, and began to decrease after that. Since,
EPL1 is a highly conserved molecular signature among the filamen-
tous fungi and is recognized by host receptor to activate defense re-
sponses, it was reported to act as a microbe-associated molecular pat-
tern (MAMP) or a PAMP, based on its origin [58,60]. In order to avoid
this perception and subsequent induction of host defense, in our study,
the highly virulent light-cultured C. falcatum might have had a very
low abundance of EPL1 protein and this would also be a possible ex-
planation for the steady declination at the transcript level in dark-cul-
tured C. falcatum - sugarcane interaction.

Comprehensively, in line with the bilateral objective of identifying
PAMPs and effectors of C. falcatum under the influence of light, this
study has identified two pathogenicity-related proteins (SSP, GLHY),
most probable effectors (MEP1, MLP, HYP1, BYS1, HYP2) and a
protein with putative dichotomous property of PAMP and effector
(EPL1). These pathogenicity determinants could either secrete into
apoplastic spaces or into the cytoplasm of the host during sugarcane
- C. falcatum interaction. Among these identified proteins, EPL1 has
been reported to play a potential role in inducing host defense, dis-
ease resistance and activation of mycoparasitism-associated genes in
many hosts. Based on gene knockout experiments and other functional
assays, this gene has been demonstrated to play two important roles.
First one was a primary role in growth and development of the fungi,
as hypothetically played by cell wall adhered or bound EPL1 [59]
and the second one was an elusive role of both as a PAMP or an ef-
fector during plant-fungal interactions played by secreted EPL1 pro-
teins [60]. Hence, EPL1 has been investigated further for its functional
properties as an inducer of defense and disease resistance in the model
plant, N. tabacum and sugarcane with recombinant EPL1 proteins.

3.6. Production and physical characterization of recombinant EPL1
proteins

Structurally, EPL1 is a non-catalytic, but a highly stable protein
over a wide range of pH and temperature [58]. It has a unique com-
bination of physical and biological properties of expansins and hy-
drophobins. Precisely, similar to expansins, EPL1 proteins have car-
bohydrate (chitin) binding or loosening properties [61], while on the
other hand, similar to hydrophobins, it has a higher tendency to form
aggregates or protein layers by self-assembling at air-water interfaces
or hydrophobic/hydrophilic interfaces, and alter the polarity of the
surfaces or solution [28,62]. In fact, this chitin binding property of
EPL1 reiterates its localization in fungal cell wall. In some filamen-
tous fungi, the dimerized form of EPL1 has been shown to negatively
impact its elicitor activity. For instance, in Trichoderma virens, Sm1,
a homolog of EPL1, secreted in the form of a monomeric glycopro-
tein could elicit host defense. On the contrary, the dimeric form of
Sm1 lacked the N-glycosyl moiety at the 29th residue in DNGSR

motif (a putative motif that can be recognized by the fungal glycosy-
lation machinery) could not induce host resistance [63].

Multiple sequence alignment of the well conserved isoform,
EPL1 ∆ N1–74 with other functionally characterized EPL1 proteins
showed that CfEPL1 (EPL1 ∆ N1–74) have a cysteine at the 58th
residue, in addition to the conserved four cysteine residues (Supple-
mentary Fig. 6a). Further, phylogenetic analysis showed that CfE-
PL1 was closely related to the well characterized M. oryzae EPL1 or-
tholog (SnodProt1), next to Colletotrichum spp. (Supplementary Fig.
6b). These analyses have also inferred that unlike the orthologs of
EPL1 of T. virens and the closely related C. sublineola, CfEPL1 did
not possess the N-glycosylation motif. More specifically, aspartic acid
(D) was present at the 29th residue of CfEPL1, instead of asparagine
(N). The results of this analysis suggested that CfEPL1 would not be
a glycoprotein. However, to ensure this assumption, the native LMW
secreted proteins from dark-cultured C. falcatum was electrophoresed
using SDS-PAGE and stained with Pierce™ Glycoprotein staining kit
(ThermoFisher Scientific, USA). As expected, the results did not show
presence of glycoproteins, especially at the range of MW of EPL1
(Fig. 7A). With this experimental validation, it was decided to produce
recombinant EPL1 proteins through a bacterial expression system for
functional characterization.

For cloning and expression of CfEPL1, three different target se-
quences namely, EPL1FL, EPL1 ∆ N1–74 and EPL1 ∆ N1–92 (Fig.
5B) were constructed in a bacterial expression vector, pET28a and
expressed in Rosetta™ 2(DE3)pLysS cells. The recombinant pro-
teins were then purified using Ni Sepharose 6 Fast Flow column
(GE Healthcare) and Sephacryl S200 HR column. Even after two
stages of purification, more than one band was detected for all three
EPL1 products (Fig. 7B). Subsequent analysis with Western blot indi-
cated that the bands other than the target size were their dimeric and
tetrameric forms, respectively. Our attempts to reduce these dimeric
and tetrameric forms to monomer by subjecting them to thermal stress
of up to 95 °C for 5 min, strong reducing environment with 700 mM
of β-Mercaptoethanol or 300 mM of DTT did not increase the pro-
portion of monomer. On the other hand, an attempt to purify the
monomeric forms were futile, since, a significant proportion of the
purified monomers were again converted to dimeric and tetrameric
forms.

Interestingly, one more physical property that was observed uni-
formly in all three products was self-assembling at air-water inter-
faces. Microscopic observation of a drop of these protein solutions
(50 ng/μL) in a glass sides, after 2 h at room temperature showed
formation of micro globular crystal structures (Fig. 8A). In other
words, microbubbles formed during pipetting of EPL1 protein solu-
tions were self-stabilized as irregularly crinkled globular crystal struc-
tures due to the self-assembling property at air-water interfaces. And,
possibly to support the formation of self-assembled layers in the in-
terface structure of air bubble, a small hole was created and fac-
ing upwards (air surface). Similar kind of globular crystal structures
caused by small air bubbles exhibited by the self-assembling property
were reported earlier in the case of EPL1 of T. atroviride [28]. Al-
together, these observations have reinstated the physical properties of
cerato-platanin proteins and also demonstrated that the N-terminal re-
gion (1–92 residues) is dispensable for heat stability, dimer, tetramer
formations and self-assembling properties. However, the modelling of
three dimensional structure of EPL1 (Fig. 8E) showed that the ac-
tive carbohydrate binding region, β1 strand (93–114 residues) [61],
starts immediately to the downstream of putative signal peptides (1–92
residues). This has indicated that the EPL1 protein products, EPL1FL
and EPL1 ∆ N1–74 that have additional N-terminal domains up
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Fig. 7. SDS-PAGE profiles of native secreted proteins of dark-cultured C. falcatum and recombinant EPL1 proteins. A) Profiles showing total secreted proteins and low molecular
weight (LMW) secreted proteins stained with silver staining and glycoprotein staining. For positive control and negative control, Horseradish peroxidase and Soybean trypsin in-
hibitor were used, respectively; B) In vitro expressed and purified full length and domain deleted recombinant EPL1 proteins exhibiting monomer, dimer and tetramer forms in CBB
stained SDS-PAGE profile and in Western blot detection with T7 tag antibody (Merck Millipore).

Fig. 8. Observation of putative self-assembled crystal structures of recombinant EPL1 ∆ N1–92 under light microscope at different focal planes. Microbubbles formed during pipet-
ting of EPL1 protein solutions on a glass side were self-stabilized as irregularly crinkled globular crystal structures because of the self-assembling property of EPL1. A, B, C represent
different bubble structures, whereas B and D represent same bubble structures but at varying focal length to show the differences in crinkled self-assembled layers. Bar indicates
100 μm; E) 3D structure modelling of CfEPL1 (EPL1 ∆ N1–92) using SwissModel tool. Blue colored region represent the carbohydrate active perturbation and chemical shift residues
present immediately at N-terminal region. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

stream to the β1 strand may have a significant impact on carbohydrate
binding property.

3.7. Functional analysis of recombinant EPL1 proteins

Generally, plants resist the attack of pathogens by evoking a series
of early defense responses, which lead to the activation of its robust
innate immune system. As soon as plants perceive the presence of a
pathogen by recognizing its PAMPs, it initiates a series of early de

fense actions like MAPK signaling, extracellular alkalinization, pro-
duction of reactive oxygen species (ROS), oxidative burst, etc. [64].

In our study, to evaluate the major functional property of EPL1 as
a PAMP eliciting host defense, the three different recombinant CfE-
PL1 proteins were subjected to bioassays such as extracellular alka-
linization measurement and detection of H2O2 production in sugar-
cane suspension cells. To optimize the minimum concentration that
can induce host defense, 50 μL of different concentrations (0, 25, 50,
75, 100 ng/μL) of native LMW fraction was added to sugarcane sus
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pension culture (cv. CoC 671) and the increments in extracellular
pH for 3 h at different time points were observed. Results indicated
that 50 ng/μL concentration was the minimum concentration inducing
rapid alkalinization as comparable with 75 and 100 ng/μL concentra-
tion (Data not shown). Therefore, 50 ng/μL protein concentration was
used for all functional bioassays involving native LMW proteins of
dark-culture and recombinant EPL1 proteins. Initially, native LMW
proteins of dark-culture was used as a positive control for few bioas-
says.

Extracellular pH measurement of recombinant EPL1 proteins
showed that EPL1 ∆ N1–92 induced a rapid alkalinization in the first
10 min and reached to a maximum pH of 6.7 at 180 min post-treat-
ment than any other recombinant EPL1 proteins and native LMW pro-
teins (Fig. 9A). Among the three EPL1 proteins, EPL1FL induced
a least increment in pH, while the pattern of pH increment of
EPL1 ∆ N1–74 was relatively lesser to the native LMW fraction. Sub-
sequent detection of H2O2 production at 24 h post-treatment by DAB
staining indicated that except EPL1FL, the other two EPL1 proteins
and native LMW fraction have produced a detectable quantity of H2O2
(Fig. 9B). Oxidative burst is one of the early defense responses of
plants against pathogen attack and are induced by elicitor treatments.
ROS, especially superoxides and H2O2 are the toxic intermediates
formed during the reduction of molecular oxygen to counterattack
pathogen invasion [65]. Hence, our preliminary results suggested that
the recombinant EPL1 proteins essentially mimicked as a PAMP of C.
falcatum and elicited different levels of host defense. Further, it has
suggested that the presence of the putative signal peptide domains 1
and 2 at the N-terminal of main cerato-platanin domain might have
significantly affected the perception of the EPL1 and so as the level of
defense induction in sugarcane suspension cells.

Elicitor induced ROS production results in subsequent defense re-
sponses like cell wall reinforcement, HR, activation of defense gene
expression [29,66,67]. Tobacco is often used as a model system to
study these defense responses, especially the development of HR.
Therefore, in another bioassay, the recombinant EPL1 products were
infiltrated on N. tabacum leaves and observed for the development of
HR and H2O2 production. Results showed that only EPL1 ∆ N1–74
and EPL1 ∆ N1–92 were able to induce HR development and H2O2
production at 24 h post-infiltration (Fig. 9C and D). Unlike sugarcane

suspension cells, native LMW fraction failed to induce HR and H2O2
production in tobacco leaves, even with higher concentrations. It was
interesting to note that only the recombinant EPL1 proteins induced
HR, but not the native EPL1 present in LMW fraction. Besides, the
differences in the degree of defense induction in sugarcane and to-
bacco, reinstate the fact that the perception of PAMPs are depen-
dent on host genotype. Overall, these bioassays have demonstrated
that EPL1 ∆ N1–92 induces maximum defense, when compared to the
other two EPL1 proteins and could act as a potential resistance inducer
in both sugarcane and tobacco. Therefore, EPL1 ∆ N1–92 was used
for further functional assays in sugarcane.

3.8. EPL1 ∆ N1–92, a potential PAMP inducing systemic resistance
in sugarcane

To evaluate the efficacy of CfEPL1 as a resistance inducer in sug-
arcane, eight-month old sugarcane were primed with EPL1 ∆ N1–92
by foliar spray method and challenged with C. falcatum. Priming effi-
cacy was determined by examining the disease severity in both leaves
and cane stalks by detached leaf assay and plug inoculation method,
respectively. Meanwhile, EPL1 ∆ N1–92 was co-infiltrated with C.
falcatum spores on non-primed leaves to mimic the effect of over ex-
pression of EPL1. Detached leaf assay did not show significant differ-
ences in appressorium formation between control and primed leaves at
24 hpi, but the rate of disease progression and severity was consider-
ably reduced in primed leaves (Fig. 10A and B). In the co-infiltrated
leaves, the germinated hyphal structures were highly melanized, while
the number of appressorium formation was reduced (Fig. 10A). How-
ever, there were no differences in disease severity between the control
and co-infiltrated leaves.

Appressorial structures are the specialized infection structures of
pathogens that aid in penetrating the cell wall of the host with higher
turgor pressure [68]. The turgor pressure exerted by the appressorium
is directly proportional to the presence of an external melanin layer
and so the penetration efficiency [69,70]. On the other hand, forma-
tion of germ tube, appressorial structures and their melanization is
largely dependent on cell surface, hydrophobicity, etc. [70]. Further,
the melanization of appressoria and hyphae are mediated by the ac-
cumulation of highly osmotic solutes like glycerol [69,71]. Melaniza

Fig. 9. CfEPL1 treatment on sugarcane suspension cells and N. tabacum. A) Induction of extracellular alkalinization by EPL1 protein species in sugarcane cv. CoC 671 suspension
cells; B) Microscopic observation of H2O2 accumulation in sugarcane cv. CoC 671 suspension cells by DAB staining at 24 h post-treatment of EPL1 protein species. Bar indicates
50 μm; C) Induction of HR on N. tabacum leaves by EPL1 protein species at 24 h post-infiltration; D) Microscopic observation of H2O2 accumulation at the site of EPL1 protein
species infiltration on N. tabacum leaves using DAB staining method. Bar indicates 100 μm. Assay buffer was used for control. Native LMW denotes native LMW secreted protein
fraction of dark-cultured C. falcatum.
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Fig. 10. Observation of co-infiltration and priming effect of EPL1 ∆ N1–92 on sugarcane leaves by detached leaf assay method. A) Microscopic observation at 24 h post-inoculation.
Bar indicates 10 μm. Red and white arrows indicate appressorial and melanized hyphal structures of C. falcatum, respectively; B) Phenotypic observation at 72 h post-inoculation.
Brown and yellow lesion indicates the degree of pathogen colonization and their consequent senescence effect, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

tion has many roles like protection of fungal structures against many
external stresses, aiding the attachment of conidia and hyphal struc-
tures to host cell wall, induction of virulence factors to facilitate pen-
etration, etc. [72]. In this study, the relatively less number of appres-
sorial formation associated with hyphal melanization observed with
the co-infiltration of EPL1 ∆ N1–92 suggested that the polarity alter-
ing property of EPL1 on host cell surface might have affected the ap-
pressorium frequency, while inducing rapid melanization of germi-
nated hyphae. Similarly, the same melanization along with the bio-
physical properties of EPL1 might have increased the penetration ef-
ficiency of appressoria [73] and so, the disease severity remained un-
affected. This assay has established that EPL1 ∆ N1–92 priming es-
sentially played the role of PAMP and as a resistance inducer, which
was evident from the suppression of disease severity. Besides, to as-
sess the efficacy of EPL1 ∆ N1–92 in inducing systemic resistance
at molecular level, foliar primed canes were pathogen challenged by
plug inoculation method and the expression of a few candidate de-
fense genes associated with systemic resistance were evaluated with
their concomitant pathogen biomass. Pathogen biomass quantifica-
tion analysis indicated a reduction of pathogen biomass in primed
canes, since 72 hpi and showed a significant suppression of pathogen

biomass at 600 hpi (Fig. 11A). This analysis has clearly demonstrated
the effect of systemic resistance induced by EPL1 ∆ N1–92 priming.

Induction of systemic resistance is associated with the expression
of the master regulator gene, Non-expressor of pathogenesis-related
genes 1 (NPR1) and other PR proteins [74]. Therefore, a few poten-
tial candidate defense genes associated with systemic resistance, viz.,
NPR1, β-1,3-glucanase D (PR2) and chitinase VII (PR3) were ana-
lyzed further. Results of expression profiling showed that the priming
with EPL1 ∆ N1–92 has activated the defense mechanism by inducing
the expression of all these defense genes, as observed at 0 hpi (Fig.
11B, C and D). Specifically, the expression of NPR1 has increased by
eighteen-fold after priming, which gradually decreased after pathogen
inoculation. On the other hand, the expression of NPR1 in untreated
control increased only after 72 hpi, by the time C. falcatum could have
transitioned to necrotrophic phase. The expression level of the PR pro-
teins such as β-1,3-glucanase D and chitinase VII were also increased
with response to priming and at early stages of colonization, after
which they were intermittently regulated in line with dynamic colo-
nization.

PR proteins are a group of inducible defense-related proteins that
are produced in response to pathogen attack or with the application of
elicitors or resistance inducers [75]. Chen et al. [76] reported upregu
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Fig. 11. Quantitation of C. falcatum biomass and relative expression analysis of a few candidate defense-related genes in EPL1 ∆ N1–92 primed sugarcane stalks. ‘0 h’ indicates
primed mock inoculated control. For inoculation light-cultured Cf671 was used.

lated expression of sugarcane NPR1 (NPR1) at early intervals in smut
resistant cultivars and the expression was found to be positively reg-
ulated with response to salicylic acid application, and thus the study
has demonstrated the likely involvement of NPR1 in the induction
of systemic resistance. In our study, a higher level of expression of
NPR1 was observed due to the priming with EPL1 ∆ N1–92. This
phenomenon of earlier expression of NPR1, even before the percep-
tion of the pathogen might have led to the downstream signaling of
higher expression of PR genes such as β-1,3-glucanase, chitinase VII
at the early hours of host-pathogen interaction (0 to 12 hpi). Over the
years, many reports have highlighted the potential role of PR pro-
teins in conferring disease resistance in sugarcane. Viswanathan et al.
[30] reported that the abundant expression of chitinases and β-1,3-glu-
canases are playing a major role in restriction of pathogen colonization
during incompatible interaction in sugarcane. Differential expression
analysis of sugarcane - C. falcatum interaction using DD-RT-PCR and
suppression subtractive hybridization (SSH) revealed two-fold higher
expression of β-1,3-glucanase, chitinase and PR10 genes at early in-
tervals (0 to 48 h post-inoculation) during incompatible interaction
[77,78].

Contemplating these reports with the obtained results, it could be
asserted that EPL1 ∆ N1–92 induced systemic resistance against C.
falcatum in sugarcane, thereby significantly suppressed the red rot
disease severity. Hence, it is suggested that CfEPL1 can be effec-
tively employed for practical application, as it obviates the issues
like lack of sequence information, difficulties in mass production, etc.
that were confronted earlier with the glycoprotein elicitor. Neverthe-
less, before proceeding with the practical application, an assessment
on several other factors like cost of mass production, fitness (alloca

tion) costs, trade off issues with beneficial microbial interactions and
environmental toxicity is necessary.

4. Conclusion

Comprehensively, in line with the bilateral objective of identify-
ing both PAMP and effector of C. falcatum, this study has identified
putative effectors, pathogenicity determinants and a PAMP. Although
many studies have highlighted the importance of light for the expres-
sion of photoreceptors and production of melanin, which in turn is as-
sociated with pathogenicity, the direct role of light in the expression
of virulence factors like effectors have not been established, so far.
For the first time, here we established a direct link between light and
the expression of effectors and other pathogenicity related proteins.
Substantially, the low abundance of effectors and other pathogenicity
related proteins were corroborated with the attenuated pathogenicity
of dark-cultured C. falcatum in sugarcane. Besides, we have charac-
terized the physical and biological properties of distinct domains of
the EPL1 protein and demonstrated that EPL1 ∆ N1–92 induces HR in
tobacco and systemic resistance against red rot disease in sugarcane.
The study has also identified a new isoform of EPL1 with unknown
functions. On a futuristic note, the identification of the cognate recep-
tors that recognizes EPL1, and other putative effectors in sugarcane
would provide a deeper insight into the sequential events that orches-
trate the defense mechanism during sugarcane-filamentous fungus in-
teraction including PTI and ETI responses. This would also help to de-
velop a broad-spectrum of pathogen-derived disease resistance strat-
egy in sugarcane.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2017.05.020.
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