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Comparative proteomics reveals that
central metabolism changes are associated
with resistance against Sporisorium
scitamineum in sugarcane
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Abstract

Background: Sugarcane smut, which is caused by Sporisorium scitamineum, has been threatening global sugarcane
production. Breeding smut resistant sugarcane varieties has been proven to be the most effective method of controlling
this particular disease. However, a lack of genome information of sugarcane has hindered the development of
genome-assisted resistance breeding programs. Furthermore, the molecular basis of sugarcane response to
S. scitamineum infection at the proteome level was incomplete and combining proteomic and transcriptional
analysis has not yet been conducted.

Results: We identified 273 and 341 differentially expressed proteins in sugarcane smut-resistant (Yacheng05-179) and
susceptible (ROC22) genotypes at 48 h after inoculation with S. scitamineum by employing an isobaric tag for
relative and absolute quantification (iTRAQ). The proteome quantitative data were then validated by multiple
reaction monitoring (MRM). The integrative analysis showed that the correlations between the quantitative
proteins and the corresponding genes that was obtained in our previous transcriptome study were poor, which were
0.1502 and 0.2466 in Yacheng05-179 and ROC22, respectively, thereby revealing a post-transcriptional event during
Yacheng05-179-S. scitamineum incompatible interaction and ROC22-S. scitamineum compatible interaction. Most
differentially expressed proteins were closely related to sugarcane smut resistance such as beta-1,3-glucanase,
peroxidase, pathogenesis-related protein 1 (PR1), endo-1,4-beta-xylanase, heat shock protein, and lectin. Ethylene
and gibberellic acid pathways, phenylpropanoid metabolism and PRs, such as PR1, PR2, PR5 and PR14, were more
active in Yacheng05-179, which suggested of their possible roles in sugarcane smut resistance. However, calcium
signaling, reactive oxygen species, nitric oxide, and abscisic acid pathways in Yacheng05-179 were repressed by
S. scitamineum and might not be crucial for defense against this particular pathogen.

Conclusions: These results indicated complex resistance-related events in sugarcane-S. scitamineum interaction, and
provided novel insights into the molecular mechanism underlying the response of sugarcane to S. scitamineum infection.
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Background
Smut of sugarcane (Saccharum spp.), which is caused
by the fungus Sporisorium scitamineum, has been re-
ported worldwide, mainly in sugarcane planting areas
[1]. Infected plants present an elongated whip, profuse
tillering, thin stalks, and small narrow leaves. Hence,
this infection can result in substantial yield loss and
quality reduction [1, 2]. Breeding smut resistant sugar-
cane varieties has been proven to be the most effective
method of controlling this particular disease [1, 2].
However, due to its complex polyploid-aneuploid gen-
ome background (more than 120 chromosomes) and
the complicated interaction between smut pathogen,
and the environment, at least 10 years of multi-point
resistance and productivity evaluation testing is required
in order to release smut resistant sugarcane variety [3, 4].
To date, whole genome sequencing of sugarcane has not
been completed by virtue of its huge genome size (about
10 Gb), which in turn limits the development of genome-
assisted breeding programs [4]. In 2014, the S. scitami-
neum genome (19.8 Mb) was obtained by our laboratory
and has provided insights on the pathogenic mechanisms
of the sugarcane smut fungus [5].
Previous researches have mainly focused on the cy-

tology [1], morphology [6], physiology, biochemistry [7],
as well as genetics of sugarcane [8], to explore smut
resistant mechanisms. Recent reports have described
the molecular basis of sugarcane response to S. scita-
mineum infection, and several differentially expressed
genes were identified by Thokoane and Rutherford [9],
Borrás-Hidalgo et al. [10], and Que et al. [11] using a
cDNA-amplified fragment length polymorphism (cDNA-
AFLP) method. Two of our previous studies were focused
on the changes in gene expression profiles in sugarcane
challenged by S. scitamineum using high-throughput se-
quencing [12, 13]. Wu et al. [12] used a high-throughput
tag-sequencing Solexa sequencing technology to analyze
the transcriptome profile in sugarcane post-S. scitami-
neum inoculation, and 2015 differentially expressed
genes were identified, including 1125 upregulated and
890 downregulated genes. Que et al. [13] performed
transcriptome analysis by RNA sequencing (RNA-seq)
of smut-resistant and susceptible sugarcane genotypes
(Yacheng05-179 and ROC22) after S. scitamineum infec-
tion. Bioinformatics analysis revealed 65,852 unigenes, of
which more transcripts associated with resistance in
Yacheng05-179 (24–48 h) were induced earlier than that
in ROC22 (48–120 h), thereby revealing resistance specifi-
city and early timing of resistance genes in the incompat-
ible interaction. These studies have demonstrated that the
molecular mechanism of sugarcane response to smut
pathogen infection is complex [12, 13].
Due to post-transcriptional regulation and translational

processes, transcripts are not always consistent well with

their final products (proteins) [14, 15]. Protein analysis,
which describes more direct molecular responses than
conventional genomics, is necessary to better enhance our
understanding of plant immunity. Isobaric tags for relative
and absolute quantitation (iTRAQ), which involves a
single sensitive mass spectrometry (MS) analysis with
multiple samples, has been successfully adopted in
quantitative proteomics [16, 17]. This technique can
more accurately assess and quantify protein levels, as
well as reduce experimental errors generated by indi-
vidual experiments [16]. Recently, several advances in
identifying proteins associated with the pathogenic
process have been performed by using the iTRAQ
method [17, 18]. Wang et al. [17] identified 260 and
183 specifically accumulated proteins in Yuyan8 and
NC89 at 24 h during Nicotiana tabacum-tobacco mo-
saic virus (TMV) interaction using the iTRAQ method,
respectively. Parker et al. [18] determined by using the
iTRAQ approach that 477 of 2369 expressed proteins
in tomato were responsive to Pseudomonas syringae
inoculation. Multiple reaction monitoring (MRM) with
high-throughput confirmation through measurements
of representative peptides via MS has become a power-
ful method for quantifying targeted proteomics [19, 20].
Currently, iTRAQ assay combined with subsequent
MRM confirmation has been adopted to determine key
protein biomarkers in diseases [21, 22]. From 1970 to
2014, one-dimensional gradient polyacrylamide gels
(1DE), 2DE and MS methods have been utilized to
analyze the sugarcane proteome under various abiotic
and biotic stresses [23] such as drought [24, 25], salt
[26, 27], osmosis [28, 29], Gluconacetobacter diazotrophi-
cus [30], Xanthomonas albilineans [31], and S. scitami-
neum [32] stimuli. Que et al. [32] detected 20 differentially
expressed proteins that were related to signal transduction,
photosynthesis, or disease resistance in sugarcane post S.
scitamineum inoculation by using 2DE and matrix-assisted
laser desorption/ionization time of flight mass spectrom-
etry (MALDI-TOF-TOF/MS) methods. Although this
study has laid a foundation for understanding the response
of sugarcane to S. scitamineum infection at the proteome
level, the information was incomplete and combining
proteomic and transcriptional analysis has not yet been
conducted.
The smut pathogen enters the meristem of the buds

between 6 and 36 h after teliospore deposition [33].
Que et al. [13] reported that the number of differentially
expressed genes in Yacheng05-179 (smut-resistant) at
48 h after S. scitamineum inoculation was higher than that
at 24 and 120 h, which also exceeded the number of differ-
entially expressed genes in ROC22 (smut-susceptible) at
the same time point (48 h). In the present study, iTRAQ
technology combined with MRM assay, was employed to
characterize the proteome changes in both smut-resistant
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sugarcane genotype Yacheng05-179 and smut-susceptible
sugarcane genotype ROC22 post-S. scitamineum infection
at 48 h. Furthermore, because these were derived from
exactly the same experiment, an integrated analysis of its
proteome and transcriptome was also conducted. The
transcriptome data were obtained from our previous work
[13]. The aim of the present study was to reveal the central
metabolism changes in sugarcane against S. scitamineum.

Methods
Plant materials and inoculation with S. scitamineum
The sugarcane genotypes of Yacheng05-179 (smut resist-
ant) and ROC22 (smut susceptible), as well as smut
whips from the most popular cultivar ROC22, were col-
lected from the Key Laboratory of Sugarcane Biology
and Genetic Breeding, Ministry of Agriculture (Fuzhou,
China). Two-bud setts of both sugarcane genotypes were
grown at 28 °C with condition of 12 h light and 12 h
dark photoperiod, after inoculation with 0.5 μL suspen-
sion containing 5 × 106/mL S. scitamineum spores (with
0.01 % volume ratio of Tween-20), whereas control buds
were syringe-inoculated with sterile distilled water (with
0.01 % volume ratio of Tween-20) [13]. The buds from
both genotypes were collected at 0, 24, 48 and 120 h
after inoculation, immediately frozen in liquid nitrogen,
and then stored at −80 °C until further analysis. Half of
the samples were used to extract the protein, and an-
other aliquot was used for RNA extraction.

Protein extraction, digestion, and iTRAQ labeling
Because the present plant materials was derived from
exactly the same experiment as that of our previous
transcriptome report [13], the harvested buds from
Yacheng05-179 and ROC22 inoculated with distilled
water (named YCK and RCK, respectively) and S. sci-
tamineum at 48 h (named YT and RT, respectively),
were used for protein extraction according to the
protocol that integrated trichloroacetic acid (TCA)/
acetone precipitation with a methanol wash and phe-
nol extraction, respectively [34]. The protein concen-
tration was determined by using the Bradford’s
method using bovine serum albumin (BSA) as stand-
ard [34]. Total protein (100 μg) from each sample
solution, was trypsin-digested following Wu et al.
[35]. iTRAQ analysis was conducted at the Beijing
Genomics Institute (BGI, Shenzhen, China). Five bio-
logical replicates were pooled for iTRAQ analysis.
Samples of YCK, YT, RCK and RT were labeled with
iTRAQ reagents with molecular masses of 113, 115,
117 and 119 Da by iTRAQ Reagent-8plex Multiplex
Kit (Applied Biosystems, Foster City, CA, USA),
respectively.

Strong cation exchange (SCX) fractionation
For SCX chromatography utilizing a LC-20AB high per-
formance liquid chromatography (HPLC) pump system
(Shimadzu, Japan), the iTRAQ-labeled peptides were
reconstituted with 4 mL of buffer A (25 mM NaH2PO4

in 25 % acetonitrile, pH 2.7) and loaded onto a 4.6 ×
250 mm Ultremex SCX column. The peptides were
eluted across a gradient at a flow rate of 1 mL/min as
follows: 5 % buffer B (25 mM NaH2PO4, 1 M KCl in
25 % acetonitrile, pH 2.7) for 7 min, 60 % buffer B for
20 min, 100 % buffer B for 1 min, then maintained in
5 % buffer B for 10 min. Elution was monitored by
measuring the absorbance at a wavelength of 214 nm,
and the eluted peptides were pooled into 12 fractions.
After that, they were then desalted by using a column of
Luna 5u SCX 100A 250 × 4.6 mm (Phenomenex, USA)
and then dried by vacuum centrifugation [35].

Liquid chromatography-electrospray in trap tandem mass
spectrometry (LC-ESI-MS/MS) analysis by TripleTOF 5600
Each of the dried fractions was resuspended in buffer A
(5 % acetonitrile, 0.1 % formic acid) and then centrifuged
at 20,000 g for 10 min. A five-microliter fraction (ap-
proximately 2.5 μg of protein) was loaded into a 2 cm
C18 trap column (inner diameter: 200 μm) on a
Shimadzu LC-20 AD nano HPLC. The samples were
loaded at 8 μL/min for 4 min, then run at 300 nL/min in
5 % buffer B (95 % acetonitrile, 0.1 % formic acid) for
5 min, followed by the gradient treatment run from 5 to
35 % buffer B for 35 min, and by a 5 min linear gradient
to 60 %, maintenance at 80 % buffer B for 2 min, and fi-
nally a return to 5 % buffer B for 10 min. The eluted
peptides were subjected to nanoelectrospray ionization
followed by MS/MS in a mass spectrometer of Triple-
TOF 5600 (AB SCIEX, Concord, ON, Canada) fitted
with a Nanospray III source (AB SCIEX) and a pulled
quartz tip as the emitter (New Objectives, Woburn, MA,
USA) [35].
Data was acquired using an ion spray voltage of

2.5 kV, curtain gas of 30 psi, nebulizer gas of 15 psi, and
an interface heater temperature of 150 °C. The MS was
operated with a RP of ≥ 30,000 FWHM for TOF MS
scans. For information-dependent acquisition (IDA), sur-
vey scans were acquired in 250 ms and as many as 30
product ion scans were collected when exceeding a
threshold of 120 counts per second and with a 2+ to 5+
charge states. Total cycle time was fixed to 3.3 s. Q2
transmission window was 100 Da for 100 %. Four time
bins were summed for each scan at a pulser frequency
value of 11 kHz through monitoring of the 40 GHz
multichannel TDC detector with four-anode channel
detection. A sweeping collision energy setting of 35 ±
5 eV coupled with iTRAQ adjust rolling collision energy
was applied to all precursor ions for collision-induced
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dissociation. Dynamic exclusion was set for 1/2 of peak
width (15 s), and then the precursor was refreshed off
the exclusion list.

Protein identification and quantification
The software Mascot 2.3.02 (Matrix Science, UK) was
employed for protein analysis. Sugarcane_Unigene (65,852
unigenes) derived from our previous transcriptome ana-
lysis at 24 h, 48 h, and 120 h post-S. scitamineum infection
was used as search database [13]. Spectra from the 12
fractions were combined into one Mascot generic format
(MGF) file after the raw data were loaded. Then the
MGF file was searched by the parameters as follows:
trypsin as enzyme; Gln- > Pyro-Glu (N-term Q), Oxida-
tion (M), iTRAQ8plex (Y) as the variable modifica-
tions; Carbamidomethyl (C), iTRAQ8plex (N-term),
iTRAQ8plex (K) as fixed modifications; the fragment
and peptide mass tolerance were set as 0.1 Da and
0.05 Da, respectively. An automatic decoy database
search strategy was used to estimate the false discovery
rate (FDR). The FDR was calculated as the false posi-
tive matches divided by the total matches. In the final
search results, the FDR was less than 1 %. For protein
identification, the filters were set as follows: signifi-
cance threshold P, 0.05 (with 95 % confidence) and ion
score or expected cutoff less than 0.05 (with 95 % con-
fidence). For protein quantitation, iTRAQ labeled pep-
tides was quantified with Mascot 2.3.02 using the
isotopic corrections, and the parameters were set as
follows: (i) protein ratio type was set as “weighted”; (ii)
median intensities were chosen for normalization; (iii)
minimum peptides were set to two; (iv) only unique
peptides were selected to quantify proteins. Ratios of
the same protein among different spectras were automat-
ically executed based on the two-tailed t-test method by
the Mascot 2.3.02 software. A ratio with P-value < 0.05,
fold change > 1.20 (upregulated) or < 0.83 (downregulated)
[18, 36–38] were considered as significantly differentially
expressed proteins. In this study, three comparisons of YT
vs. YCK (YT/YCK), RT vs. RCK (RT/RCK), and YT/YCK
vs. RT/RCK were performed. For Gene Ontology (GO)
classification analysis (http://www.geneontology.org) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) en-
richment analysis (http://www.kegg.jp/), the homology
search was performed for all query protein matches with
BLASTP against the Sugarcane_Unigene database. In
addition, combined with the data of proteome and our
previous transcriptome (fold change ≥ 2 and FDR ≤ 0.01)
[13] under the same treatment condition, correlation ana-
lysis was performed. When a certain amount of protein
was expressed at the transcript level based on the identifi-
cation results of the proteome and transcriptome, this
served as a correlated differentially expressed protein. The
correlation between the proteins and transcripts, which

were identified, quantified or differentially expressed, was
calculated by using Pearson’s correlation coefficient. In
addition, the numbers of correlated differential proteins
that have similar or inverse expression trends at the tran-
script level were also counted.

Protein validation by MRM
MRM performance was evaluated for five differentially
expressed proteins from iTRAQ. Details of the transi-
tions selection and MRM method validation were
described in Additional file 1: Text S1. The Skyline
software [39] was used to select peptides of the target
proteins with a MS/MS spectral library (cut-off score
> 0.95) which was generated on a TripleTOF5600 (AB
SCIEX, Foster City, CA) and searched using Mascot
v2.3 (Matrix Science, UK) against with a Saccharum
database (72,441 entries). The sugarcane buds from
Yacheng05-179 and ROC22 inoculated with distilled
water (named YCK and RCK) and S. scitamineum at
48 h (named YT and RT) were regarded as control and
treatment samples, respectively. Three biological repli-
cates for both the treatment (YT1, YT2, and YT3;
RT1, RT2, and RT3) and control (YCK1, YCK2, and
YCK3; RCK1, RCK2, and RCK3) were used for protein
extraction according to the protocol that integrated
TCA/acetone precipitation with a methanol wash and
phenol extraction [34]. Total protein (100 μg) was
taken out of each sample solution and digested with
Trypsin Gold (Promega, Madison, WI, USA) with the
ratio of protein:trypsin =30:1 at 37 °C for 16 h. Then
the peptides were dried by vacuum centrifugation and
reconstituted in 0.5 M tetraethyl-ammonium bromide
(TEAB, Applied Biosystems, Milan, Italy). Samples
were spiked with 50 fmol of beta-galactosidase
(P00722) for data normalization. MRM analysis was
performed on a QTRAP 5500 mass spectrometer (AB
SCIEX, Foster City, CA) equipped with a LC-20 AD
nano HPLC system (Shimadzu, Kyoto, Japan). The
mobile phase consisted of 0.1 % aqueous formic acid
(solvent A) and 98 % acetonitrile with 0.1 % formic
acid (solvent B). Peptides were separated on a BEH130
C18 column (0.075 × 150 mm column, 3.6 μm;
Waters) at 300 nL/min, and eluted with a gradient of
5 % − 30 % solvent B for 38 min, 30 % − 80 % solvent B
for 4 min, and maintenance at 80 % for 8 min. For the
QTRAP 5500 mass spectrometer, spray voltage of
2400 V, nebulizer gas of 23 p.s.i., and a dwell time of
10 ms were used. Multiple MRM transitions were
monitored using a unit resolution in both Q1 (the
mass to charge ratio of the parent ion) and Q3 (the
mass to charge ratio of the product ion) quadrupoles
to maximize specificity. Skyline software was applied
to integrate the raw file generated by QTRAP 5500.
The iRT strategy was used to define a chromotography
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of a given peptide against the spectral library [40]. All
transitions for each peptide was used for quantitation
unless interference from the matrix was observed. The
beta-galactosidase peptides were used as internal stan-
dards for relative quantification of protein levels.
MSstats with the linear mixed-effects model were used
[41]. The P-value was adjusted to control the FDR at a
cutoff of 0.05. All proteins with a P-value < 0.05 and a
fold change > 1.2 were considered significant. All
MRM analyses were run in triplicate.

Reverse transcription quantitative real-time polymerase
chain reaction (RT-qPCR) analysis
To investigate the expression patterns of the associated
genes/proteins between transcriptome and proteome
data, as well as a series of induced proteins in the cal-
cium, reactive oxygen species (ROS), nitric oxide (NO),
abscisic acid (ABA), ethylene (ET), and gibberellic acid
(GA) pathways, the time points of 0 h, 24 h, 48 h and
120 h during Yacheng05-179-S. scitamineum incompat-
ible interaction and ROC22-S. scitamineum compatible
interaction were selected as samples in the RT-qPCR
analysis. A total of 22 genes (Additional file 2: Table
S1) were selected in designing gene-specific primers for
RT-qPCR validation. The glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene served as the internal ref-
erence gene [42]. SYBR Green was applied for RT-qPCR
in the ABI 7500 fast real-time PCR system (Applied
Biosystems, Foster, CA, USA). RT-qPCR was conducted
out in a 20 μL reaction mixture containing 10 μL FastStart
Universal SYBR Green PCR Master (ROX), 0.5 μmol of
each primer and 1.0 μL template (20 × diluted cDNA).
RT-qPCR conditions were as follows: 50 °C, 2 min; 95 °C,
10 min; followed by 40 cycles of 95 °C, 15 s and 60 °C,
1 min. Three replicates were performed for each sample.
A PCR using distilled water as template was used as
negative control. The 2-△△Ct method was adopted for
quantitative gene expression analysis [43]. Statistical
analysis was conducted using the Data Processing Sys-
tem (DPS) v7.05 software (China). Data were expressed
as the mean ± standard error (SE). Significance (P-value
< 0.05) was calculated using the one-way Analysis of
Variance (ANOVA) followed by multiple Duncan tests.

Role of the correlated protein of beta-1,3-glucanase in
response to pathogen infection
Beta-1,3-glucanase (Sugarcane_Unigene_BMK.34407, ab-
breviated as SU34407), a pathogenesis-related protein
(PR), was identified in Yacheng05-179 at both the tran-
script and protein levels but remained unchanged in
ROC22. Amino acid sequence alignment showed that
the sequence of SU34407 was consistent with that of
ScGluA1 (GenBank Accession No. KC848050) that was
described in our previous study [44]. The overexpression

vector pCAMBIA 1301-ScGluA1 was constructed and
transformed into Agrobacterium strain EHA105. Then,
the cultured cells, Agrobacterium strain EHA105 con-
taining pCAMBIA 1301 vector alone (35S::00) or
pCAMBIA 1301-ScGluA1 (35S::ScGluA1) were diluted in
MS liquid medium (containing 200 μM acetosyringone) to
OD600 = 0.8 and infiltrated into the eight-leaf stage-old N.
benthamiana leaves. All plants were cultivated with 28 °C
in condition of 16 h light and 8 h dark for 1 d. Then the
cultured cells (OD600 = 0.5) of N. tabacum Fusarium solani
var. coeruleum or Botrytis cinerea, which were diluted in
10 mM magnesium chloride (MgCl2), were respectively
infiltrated into the main vein of the infected leaves. These
plant materials were cultivated using the same conditions
for 20 d and photographed [13].
Transgenic N. benthamiana plants were infected

with Agrobacterium strain EHA105 carrying the
pCAMBIA 1301 vector alone (35S::00) or pCAMBIA
1301-ScGluA1 (35S::ScGluA1) through the leaf disc
method and identified by PCR and RT-PCR (Additional
file 3: Figure S1), respectively. The antimicrobial action
of the beta-1,3-glucanase enzyme from transgenic
ScGluA1 N. benthamiana leaves on the hyphal growth
of F. solani var. coeruleum were validated by using a filter
paper assay. The mycelia of the F. solani var. coeruleum
were inoculated in the middle of the potato dextrose agar
(PDA) medium and cultivated at 28 °C for 4 d. Then the
filter papers at around 1 cm distance from hyphae were
filled with beta-1,3-glucanase enzyme from three different
T0 generation transgenic 35S::ScGluA1 N. benthamiana
plants, whereas the control was filled with beta-1,3-
glucanase enzyme from T0 generation of transgenic 35S::00
or non-transgenic N. benthamiana plants, or 0.05 M
sodium acetate buffer (pH 5.0), respectively. The antimicro-
bial effects were evaluated by visual inspection after cultiva-
tion at 28 °C for 2 d and 4 d [13]. The functional analysis of
ScGluA1 here shared the same controls as that of ScChi in
our previous report [13], which were derived from exactly
the same experiment.

Results
iTRAQ protein profiling
A total of 17,634 unique peptides and 4251 proteins
(at least one unique peptides with high confidence)
(Additional file 4: Table S2) were identified by iTRAQ
analysis against the Sugarcane_Unigene database.
Among these, 3696 proteins were annotated to 46 GO
terms by GO analysis. In terms of biological process
categories, most proteins were categorized into the
metabolic process (19.27 %), cellular process (17.91 %)
and single-organism process (10.26 %). The GO term
percentages of response to stimulus and immune sys-
tem process were 8.87 and 0.87 %, respectively. The
major cellular components were cell (24.21 %) and cell

Su et al. BMC Genomics  (2016) 17:800 Page 5 of 21



part (24.21 %). The largest molecular functions of pro-
teins obtained by GO analysis were catalytic activity
(44.87 %) and binding (41.93 %). Using pathway ana-
lysis, 2884 proteins were annotated to 127 pathways.
Table 1 showed the top 10 pathways with the largest
number of proteins.

Identification of differentially abundant proteins post
S. scitamineum infection
In the present study, proteome changes between the two
sugarcane genotypes in response to pathogen challenge
were investigated (Fig. 1). Compared to the control
group, a 1.20-fold or 0.83-fold change threshold with a
P-value < 0.05 in protein expression were classified as a
physiologically significant change, and 273 proteins were
quantified to be differentially expressed in Yacheng05-
179-S. scitamineum interaction by iTRAQ analysis,
including 161 upregulated (Additional file 5: Table S3)
and 112 downregulated proteins (Additional file 6: Table
S4). A total of 341 proteins were differentially expressed
in ROC22-S. scitamineum interaction, of which 220 were
upregulated (Additional file 7: Table S5) and 121 were
downregulated (Additional file 8: Table S6). In the Venn
diagram, 58 differentially expressed proteins were shared
between these two genotypes. The shared differentially
expressed proteins in Yacheng05-179 contained 40 up-
regulated and 18 downregulated proteins, whereas those
in ROC22 included 50 upregulated and 8 downregulated
proteins. The unique differentially expressed proteins in
Yacheng05-179 contained 125 upregulated and 94 down-
regulated proteins, whereas those in ROC22 included
176 upregulated and 113 downregulated proteins.

Correlation of protein fold changes with transcripts
In a parallel analysis, RNA-seq information, which was
obtained from exactly the same experiment in our previ-
ous report [13], was compared to the proteins data. In
the present study, 4038 of 25,735 and 4034 of 25,542

identified transcripts for which corresponding proteins
were represented in the iTRAQ-based proteomics were
determined in YT/YCK and RT/RCK, respectively. Fur-
thermore, the number of correlated quantified mRNAs
and proteins were 115 and 60 in YT/YCK and RT/RCK,
respectively. The distribution of the corresponding
mRNA:protein ratios was presented using a scatter plot
(Fig. 2). Figure 2 showed that most of the quantified
mRNA and their corresponding protein levels did not
vary above 2-fold. The correlation between the quanti-
fied differential transcripts and proteins was 0.1502 and
0.2466 in YT/YCK and RT/RCK, respectively. Of the
273 quantified differential proteins, 27 were associated
with transcriptome in YT/YCK, whereas 10 out of 341
differential proteins had corresponding transcripts in the
RNA-seq data in RT/RCK (Table 2). Among these, 18
and 7 correlated proteins, which have the similar gene
expression trend at the transcript level, increased in YT/
YCK and RT/RCK, respectively. Interestingly, most corre-
lated differential proteins were closely related to plant stress
resistance such as SU34407, peroxidase (POD) (SU59640,
gi34949353, SU58110 and SU50541), PR1 (SU51436, and
gi36048114), endo-1,4-beta-xylanase (SU55512), heat
shock protein (HSP) (SU42413 and SU42924), and lec-
tin (SU84564).
Candidate genes were selected for RT-qPCR analysis

(Fig. 3). The gene expression profile was in agreement
with our iTRAQ results. In most cases, the transcript of
the target gene in Yacheng05-179 and ROC22 post S.
scitamineum inoculation at 48 h was upregulated. In
addition, the elevated amounts of SU34407, POD
(gi34949353), and lectin (SU84564) transcripts were
detected at as early as 24 h, and POD (SU59640) and the
xylanase (SU55512) transcripts increased and lasted longer
(24–120 h) in the resistant genotype compared to those of
the susceptible one. These results reflected their positive
contribution to S. scitamineum stress, and also provided the
basis for the determination of the subsequent metabolic
pathways and the identification of key proteins during the
interaction between sugarcane and S. scitamineum.

Role of SU34407 in response to pathogen infection
In the analysis of differentially expressed proteins as-
sociated with the transcriptome, a PR protein, beta-
1,3-glucanase (ScGluA1, SU34407) was observed in
Yacheng05-179 post smut pathogen inoculation at
48 h at both the transcript and protein levels but
remained stable in ROC22 (Table 2). To determine the
antifungal characteristics of ScGluA1, an overexpressing
vector of pCAMBIA 1301-ScGluA1 was constructed. Ap-
proximately 20 d after inoculation with F. solani var. coeru-
leum or B. cinerea in N. benthamiana, the leaves of the
control (35S::00) presented more obvious disease symptoms
than those of the 35S::ScGluA1 (Fig. 4a). Furthermore, the

Table 1 The top ten pathways with the largest number of proteins

No Pathway Count
(2884)

Pathway ID

1 Metabolic pathways 886 ko01100

2 Biosynthesis of secondary metabolites 529 ko01110

3 Ribosome 128 ko03010

4 Spliceosome 113 ko03040

5 Protein processing in endoplasmic reticulum 100 ko04141

6 Phenylpropanoid biosynthesis 97 ko00940

7 Plant-pathogen interaction 94 ko04626

8 RNA transport 93 ko03013

9 Plant hormone signal transduction 87 ko04075

10 Purine metabolism 84 ko00230
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Fig. 1 Distribution of differentially expressed proteins between resistant and susceptible genotypes. Ratios with P-value < 0.05, fold change > 1.20
(upregulated) or < 0.83 (downregulated) are considered significantly differentially expressed. YCK and YT: Yacheng05-179 under sterile water
and Sporisorium scitamineum stresses after 48 h, respectively; RCK and RT: ROC22 under sterile water and S. scitamineum stresses after
48 h, respectively

Fig. 2 Association graphs of the quantitative proteins with their corresponding genes. YCK and YT: Yacheng05-179 under sterile water and
Sporisorium scitamineum stresses after 48 h, respectively; RCK and RT: ROC22 under sterile water and S. scitamineum stresses after 48 h, respectively.
The bottom circles in the four quadrants represent the expression trends of the differentially expressed proteins that are associated with
the transcriptome. a quadrant, correlated proteins/genes upregulated in both proteome and transcriptome. b quadrant, correlated proteins/genes
upregulated in the proteome and downregulated in the transcriptome. c quadrant, correlated proteins/genes downregulated in both proteome and
transcriptome. d quadrant, correlated proteins/genes downregulated in the proteome and upregulated in the transcriptome
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Table 2 Analysis of differentially expressed proteins associated with transcriptome

Protein ID Annotation YT/YCK RT/RCK

Proteins
(fold change)

Transcripts
(log2 fold change)

FDR Proteins
(fold change)

Transcripts
(log2 fold change)

FDR

Sugarcane_Unigene_BMK.34407 Beta-1,3-glucanase 1.309 2.257 8.280E-09 - - -

Sugarcane_Unigene_BMK.59640 Peroxidase 16 1.641 1.457 2.940E-07 - - -

gi34949353 Peroxidase 4 1.587 1.683 2.210E-06 - - -

Sugarcane_Unigene_BMK.55512 Endo-1,4-beta-xylanase 1.991 1.918 1.110E-16 - - -

Sugarcane_Unigene_BMK.51436 Pathogenesis-related protein 1 1.777 1.032 4.411E-04 1.762 1.395 2.830E-08

gi36048114 Pathogenesis-related protein 1 1.290 1.552 1.420E-07 - - -

Sugarcane_Unigene_BMK.42413 Heat shock protein 1.287 2.000 6.440E-14 - - -

Sugarcane_Unigene_BMK.62025 Alcohol dehydrogenase 1 1.321 1.172 1.430E-05 - - -

gi6274485 pyruvate orthophosphate dikinase 1.776 1.286 3.690E-07 - - -

gi35938626 Expansin-B3 1.291 1.030 7.564E-04 1.256 1.132 4.420E-05

gi35030831 Beta-expansin 5 1.361 1.247 9.890E-07 - - -

Sugarcane_Unigene_BMK.53837 Pheophorbide a oxygenase 1.537 1.098 1.276E-04 - - -

Sugarcane_Unigene_BMK.57765 NADP-dependent
glyceraldehyde-3-phosphate
dehydrogenase

1.552 1.109 5.880E-05 - - -

gi35014290 1-aminocyclopropane-1-carboxylate
oxidase 1

1.407 2.754 0.0000 - - -

gi35045219 Barwin-like Protein 4.460 1.041 7.963E-04 - - -

Sugarcane_Unigene_BMK.43180 Apyrase 3 1.248 1.441 5.560E-08 - - -

Sugarcane_Unigene_BMK.51142 5-pentadecatrienyl resorcinol
O-methyltransferase

2.604 2.652 0.0000 - - -

Sugarcane_Unigene_BMK.61555 Fructose-bisphosphate aldolase 1.544 1.179 1.800E-05 - - -

Sugarcane_Unigene_BMK.66631 Primary amine oxidase 1.243 −1.208 4.28E-06 - - -

Sugarcane_Unigene_BMK.36357 Glycine-rich RNA-binding protein 1.413 −1.279 2.07E-06 - - -

Sugarcane_Unigene_BMK.66398 Protein kinase 0.722 1.283 3.35E-07 - - -

Sugarcane_Unigene_BMK.70494 Triacylglycerol lipase 0.825 1.073 0.000192327 - - -

Sugarcane_Unigene_BMK.49659 Extracellular ribonuclease 0.648 1.312 4.41E-07 - - -

Sugarcane_Unigene_BMK.58110 Peroxidase 2 0.734 1.239 0.000814239 - - -

gi35015228 Plasma membrane intrinsic protein 0.771 1.006 0.000781839 - - -

Sugarcane_Unigene_BMK.74968 Cellulose synthase A catalytic subunit 5 0.773 1.536 2.61E-10 - - -

gi35089478 Microtubule-associated protein futsch-like 0.818 1.173 0.000224862 - - -

Sugarcane_Unigene_BMK.50541 Peroxidase - - - 1.328 1.549 2.500E-05
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Table 2 Analysis of differentially expressed proteins associated with transcriptome (Continued)

Sugarcane_Unigene_BMK.42924 Heat shock protein - - - 2.078 1.167 4.520E-05

Sugarcane_Unigene_BMK.84564 Lectin - - - 1.326 1.944 7.080E-05

Sugarcane_Unigene_BMK.48205 Glycine-rich cell wall structural protein - - - 1.353 1.265 9.570E-07

Sugarcane_Unigene_BMK.44684 40S ribosomal protein S9-2 - - - 1.270 1.564 4.430E-11

Sugarcane_Unigene_BMK.57737 Lichenase - - - 0.712 1.393 1.98E-08

Sugarcane_Unigene_BMK.73761 Acid beta-fructofuranosidase - - - 0.801 1.713 1.07E-05

gi34936008 Translation elongation factor P - - - 1.494 −1.093 0.000427098

Notes: Differentially expressed proteins: fold change > 1.20 (upregulated) or < 0.83 (downregulated), and P-value < 0.05; Differentially expressed transcripts: log2 fold change ≥ 1 (upregulated) or < −1 (downregulated),
and FDR ≤ 0.01. YCK and YT: Yacheng05-179 under sterile water and Sporisorium scitamineum stresses after 48 h, respectively; RCK and RT: ROC22 under sterile water and S. scitamineum stresses after 48 h, respectively
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antifungal effect in vitro showing hyphal growth of F. solani
var. coeruleum was inhibited by the beta-1,3-glucanase en-
zyme from plant 2 and plant 3 of the T0 generation of
35S::ScGluA1 transgenic N. benthamiana (Fig. 4b).

Differences in protein expression events in response to
S. scitamineum infection in Yacheng05-179 and ROC22
Previous researches have examined pathways, genes,
and transcripts involved in S. scitamineum resistance
[13, 45]. Here, we attempted to demonstrate the role of

these proteins and pathways involved in the smut
pathogen resistance in Yacheng05-179 and ROC22 after
challenging with S. scitamineum.

Calcium signaling pathway
Ca2+ is a second messenger in plant responses to patho-
gen attacks [46]. In the present study, none of the Ca2+

transporters such as Ca2+ ATPase was differentially
expressed in Yacheng05-179 or ROC22 post-S. scitami-
neum inoculation at 48 h. However, in ROC22, several

Fig. 3 RT-qPCR analysis of parts of resistance-related differentially expressed proteins associated with the transcriptome of Yacheng05-179 and
ROC22 post-Sporisorium scitamineum inoculation. The data of RT-qPCR were normalized to the GAPDH expression level. All data points are
expressed as the mean ± SE (n = 3). Different lowercase letters indicate a significant difference, as determined by the least-significant difference
test (P-value < 0.05). Resistant: Yacheng05-179 genotype; Susceptible: ROC22 genotype. 0, 24, 48 and 120 h, sugarcane buds inoculated with
S. scitamineum after 0, 24, 48 and 120 h, respectively. POD, peroxidase; PR1, pathogenesis-related protein 1; HSP, heat shock protein
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Ca2+ flux-related proteins were upregulated, including
one calmodulin (CaM, gi34970702), one calcium-
binding protein (CML, SU63097), two calmodulin-
binding protein (CaMBP, SU57746 and SU74651) and
one calcineurin B-like protein (CBL, SU25350), whereas

in Yacheng05-179, the Ca2+ flux related proteins
(gi34970702, SU53658 and SU25350) were downregu-
lated or remained unchanged (SU57746, SU74651)
(Fig. 5a). These result indicated that calcium signaling
pathway might not play a significant role in sugarcane

Fig. 4 Functional analysis of the ScGluA1 gene encoding sugarcane beta-1,3-glucanase. a The infection results of Nicotiana tabacum Fusarium
solani var. coeruleum and Botrytis cinerea after infiltration with the 35S::ScGluA1-containing Agrobacterium strain. Disease symptoms were
assessed at 20 d post-inoculation. b The antimicrobial action of beta-1,3-glucanase (T0 generation of ScGluA1 transgenic N. benthamiana)
on the hyphal growth of F. solani var. coeruleum. CK, the control of normal culture on F. solani var. coeruleum; 35S::ScGluA1, the antimicrobial action of
beta-1,3-glucanase of the T0 generation of ScGluA1 transgenic N. benthamiana; 1 ~ 3, beta-1,3-glucanase from three different T0 generation plants of
ScGluA1 transgenic N. benthamiana, respectively; 4 and 5, beta-1,3-glucanase from T0 generation of pCAMBIA 1301 transgenic and non-transgenic
N. benthamiana, respectively; 6, 0.05 M sodium acetate buffer (pH 5.0). Red arrow indicates the antifungal effect. 2 d and 4 d, culture for 2 d and 4 d at
28 °C after crude enzyme fluid was added to the medium

Fig. 5 Heat maps showing the up- or downregulated proteins in specific classes in Yacheng05-179 (YT/YCK) and ROC22 (RT/RCK) post-Sporisorium
scitamineum inoculation. The bottom color bar indicates the fold change value for each differentially expressed protein. Differentially expressed
proteins: fold change > 1.20 (upregulated) or < 0.83 (downregulated), and P-value < 0.05. The fold change of the undetected value, designated as
0, is represented at the left end (lime green) of the colored bar. Comparisons of gene expression in YT/YCK and RT/RCK for calcium signaling pathway
(a), ROS/NO pathway (b), proteins involved in the ABA pathway (c), ET pathway (d), GA pathway (e), BR pathway (f), and PRs (g)
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defense against S. scitamineum or even compromised
smut resistance in sugarcane.

ROS and NO
Plant defense to stress is often regulated by ROS and NO
with the induction of programmed cell death (PCD)
through the establishment of a hypersensitive reaction
(HR) within the infected tissue [47]. We found that the
expression of 18 PODs (Fig. 5b), which are important
members of the protective enzyme system in plants, was
induced by S. scitamineum and four (SU47533, SU50541,
gi34949353 and SU45554) out of these were activated
in both genotypes. Among these PODs, six (SU50541,
gi34949353, SU45554, SU59640, SU45553 and gi34919994)
were upregulated and another six (SU47533, SU67846,
SU53735, SU58110, SU49919 and SU48749) were down-
regulated in Yacheng05-179, whereas 10 (SU47533,
SU50541, gi34949353, SU45554, SU56653, SU56141,
SU54337, SU56326, gi35258667 and SU73465) were all
upregulated in ROC22. Monodehyedroascorbate reduc-
tase (MDAR) is the key enzyme in the ascorbate acid
(AsA) cycle [48]. Here, two differentially expressed
MDAR were detected, one MDAR (SU69164) was
upregulated in both sugarcane genotypes, whereas the
other (SU66601) was downregulated in ROC22. Further-
more, the upregulated peroxiredoxin (Prx, SU42965) that
is involved in NO only production was only detected in
Yacheng05-179. These results indicated that NO only was
accumulated in Yacheng05-179, whereas ROS was acti-
vated both in Yacheng05-179 and ROC22. In the HR
system, one effector-triggered immune (ETI) receptor
RPM1 (SU66398) and one serine-threonine kinase PBS1
(SU67719) were both downregulated in Yacheng05-179,
but remained unchanged in expression in ROC22
[49, 50]. Four heat shock protein 90 (HSP90)
(SU67134, gi35251352, SU42924 and gi35034166) re-
lated to HR were all upregulated in ROC22, whereas
these remained stable in Yacheng05-179. These re-
sults revealed that ROS and NO might not be the key
pathways for S. scitamineum resistance in sugarcane.

Phytohormones
Phytohormones play a crucial role in the responses of
plants to pathogen attacks [51]. In the present study, no
change in expression was observed in any of the SA and
JA related proteins. However, some of the other plant
hormones such as the ABA, ET, GA, and gibberellin
(BR), were induced in response to S. scitamineum attack.
ABA has a negative effect on plant disease resistance

[52]. Our analysis showed that one protein phosphatase
2C (PP2C, SU63236) that was responsible for ABA sig-
naling was upregulated in ROC22 only, but remained
unchanged in Yacheng05-179 (Fig. 5c). This implied
that the ABA pathway was not involved or at least

unimportant in the defense response of sugarcane to S.
scitamineum. In contrast to ABA, GA is considered as
a positive regulator of plant defense [51]. In the present
study, the expression of one GA receptor GA-
insensitive dwarf 1 (GID1, SU57806) was upregulated
in Yacheng05-179, but remained unchanged in ROC22
(Fig. 5e), indicating that the GA pathway was only activated
in a sugarcane-S. scitamineum incompatible reaction.
The role of ET in plant defense against pathogens has

been under intense debate [46, 53]. In the present study,
four proteins involved in the ET pathway were observed,
including two 1-aminocyclopropane-1-carboxylate oxi-
dases (ACOs) that were responsible for ET biosynthesis,
as well as one ethylene-sensitive 3 (EIN3) and one ethyl-
ene response factor 1 (ERF1) that was responsible for ET
signaling (Fig. 5d). One ACO (gi35014290) was upreg-
ulated in both sugarcane genotypes and the other one
(gi41615358) was downregulated in ROC22 only, but
remained unchanged in Yacheng05-179. One EIN3
(SU65773) and one ERF1 (gi35045219) were both up-
regulated in Yacheng05-179, whereas it remained
stable in ROC22. These findings revealed that the ET
biosynthesis pathway might be involved in the defense
response of sugarcane to S. scitamineum.
BR induces disease resistance in plants [54]. Brassinos-

teroid insensitive 1 (BRI1) and brassinosteroid insensitive
1-associated receptor kinase 1 (BAK1) is a receptor kinase
pair that mediates brassinosteroid signaling [55]. Here,
one BAK1 (SU64150) was repressed in ROC22, whereas
one BRI1 (SU67377) was upregulated in both genotypes
(Fig. 5f). These findings demonstrated that BR was acti-
vated in both Yacheng05-179 and ROC22 after S. scitami-
neum attack.

Pathogenesis-related proteins
PRs such as chitinase and beta-1,3-glucanase, have been
induced in sugarcane post smut pathogen inoculation
[13, 56]. In the present study, among the differentially
expressed proteins, 12 PRs were observed, including two
PR1, three beta-1,3-glucanases (PR2), one osmotin-like
protein (PR5), two thaumatin-like proteins (PR5), two
zeamatin-like proteins (PR5) and two non-specific
lipid-transfer proteins (PR14) (Fig. 5g). For PR1, two
(gi36048114 and SU51436) were upregulated in both
genotypes. For PR2, one (SU34407) was upregulated in
Yacheng05-179, but remained unchanged in ROC22;
another one (SU62017) was downregulated in ROC22,
but remained stable in Yacheng05-179; whereas the
third one (SU58424) was downregulated in Yacheng05-
179, but upregulated in ROC22. Among the PR5, only
one (SU49493) was upregulated in both genotypes,
whereas the remaining four (gi35311056, SU16058,
gi36038312 and gi36027427) were all upregulated in
Yacheng05-179, but remained unchanged in ROC22.
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However, both two PR14 (SU58310 and gi36006387)
were upregulated only in Yacheng05-179. These findings
suggested that more PRs were upregulated in the resistant
genotype (Yacheng05-179), which in turn might help en-
hance sugarcane resistance to S. scitamineum.

Phenylpropanoid metabolism
From the point of view of carbon flow, the phenylpropa-
noid metabolism pathway is one of the most important
secondary metabolism pathways in plants [57, 58]. In
the present study, KEGG enrichment analysis has re-
vealed that the differentially expressed proteins in
Yacheng05-179 were significantly (P-value < 0.01) in-
volved in phenylalanine metabolism, phenylpropanoid
biosynthesis, biosynthesis of secondary metabolites and
benzoxazinoid biosynthesis, whereas in ROC22, these
were related to fatty acid metabolism, biosynthesis of
unsaturated fatty acids, phenylalanine metabolism and
phenylpropanoid biosynthesis. Here, the protein changes
in the phenylpropanoid biosynthesis in both sugarcane
genotypes were highlighted (Fig. 6). Seven proteins,
including one 4-coumarate CoA ligase (4CL), one cin-
namoyl CoA reductase (CCR), two cinnamyl alcohol de-
hydrogenase (CAD), two caffeoyl CoA O-methyltransferase
(CCaOMT), and one serine carboxypeptidase (SCP), were
differentially expressed. The 4CL protein (SU69390)
was upregulated only in Yacheng05-179, but remained
unchanged in ROC22. One CAD (SU62577) and one
CCaOMT (SU55608) were upregulated in Yacheng05-
179, whereas another CAD (SU65987) and CCaOMT
(SU48411) were downregulated in ROC22. In addition,
one CCR (SU65773) and one SCP (gi35045219) were
both downregulated in ROC22, whereas these remained
stable in Yacheng05-179. The upregulation of these
proteins in Yacheng05-179 revealed that phenylpropa-
noid metabolism might be involved in the defense re-
sponse of sugarcane to S. scitamineum.

Validation of iTRAQ data for selected differentially
expressed proteins by MRM
To verify the proteome quantitative data derived from
iTRAQ, three (Prx, SU42965; CCaOMT, SU55608; 4CL,
SU69390) and two (CCR, SU47942; POD, SU73465) dif-
ferentially expressed proteins in Yacheng05-179 and
ROC22 were selected for MRM validation, respectively.
The transition for each peptide was listed in Additional
file 9: Table S7. Beta-galactosidase peptide was used as
internal standards. The expression trend of the five tar-
get proteins detected by MRM, including four upre-
gualed (Prx, CCaOMT, 4CL, POD) and one (CCR)
downregulated differentially expressed proteins, were
consistent with those from the iTRAQ data (Fig. 7).
This result demonstrated that the iTRAQ data in the
present study were highly reliable for further analysis

and that our definition of differentially expressed proteins
was likely adequate to identify the central metabolism
changes in sugarcane in response to S. scitamineum
stimulus.

Discussion
Comparative proteome and transcriptome analysis of
sugarcane in response to S. scitamineum provided novel
insights into sugarcane smut resistance
Smut is a serious fungal disease that affects the sugar-
cane industry [1]. Due to the uncompleted sugarcane
genome sequencing, transcriptome and proteome ana-
lyses are considered as an important means for eluci-
dating the mechanism underlying disease-resistance
mechanism in sugarcane [4]. To date, our understand-
ing of the molecular mechanism underlying the defense
response of sugarcane to the smut pathogen is limited,
particularly at the level of proteome. In the present
study, the iTRAQ method was first employed to identify
proteins that are potentially involved in the sugarcane-S.
scitamineum interaction, and 273 and 341 differentially
expressed proteins were detected in Yacheng05-179 and
ROC22, respectively (Fig. 1). In addition, 58 differentially
expressed proteins were shared between these two geno-
types. These shared and unique proteins may provide
novel insights into the proteome profile involving the re-
sponse of different sugarcane genotypes to S. scitamineum
infection.
Comparative analysis showed that after infection with

S. scitamineum, the correlation ratios between the prote-
ome and transcriptome were 0.1502 and 0.2466 for
Yacheng05-179 and ROC22, respectively (Fig. 2). The
inconsistence in proteins and genes revealed that both
translational and post-translational regulations play an
important but diverse role in sugarcane defense against
S. scitamineum infection. The low correlation coefficient
of the proteome and transcriptome data was similar to
those of previous reports [35, 59, 60]. Wu et al. [35]
determined that of 130 differentially expressed proteins
in the spontaneous late-ripening Citrus sinensis mutant
and its wild type at 170 d, 190 d and 210 d after flower-
ing, only 54 had corresponding transcripts in the RNA-
seq data. In the study of transcriptomics and proteomics
of Eucalyptus induced by Calonectria pseudoreteaudii
for 12 h, the correlation coefficient was only 0.2935 [59].
Most differentially expressed proteins in Eucalyptus
were involved in plant stress resistance, such as PRs,
POD, chitinase, phenylalanine ammonialyase, glutathi-
one S-transferases and dehydrins [59]. After challenging
by Candidatus liberibacter for 50 d, root samples of
Jiangxi red tangerine (C. reticulata) were subjected to
RNA-seq and iTRAQ analysis, and 36 out of 78 differen-
tially expressed proteins were correlated to the tran-
scriptome data [60]. Half of these differentially expressed
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Fig. 7 Relative expression levels of 5 selected differentially expressed proteins measured by iTRAQ and MRM in Yacheng05-179 (YT/YCK) and
ROC22 (RT/RCK) post-Sporisorium scitamineum inoculation. Prx (SU42965), peroxiredoxin; CCaOMT (SU55608), caffeoyl CoA O-methyltransferase;
4CL (SU69390), 4-coumarate CoA ligase; CCR (SU47942), cinnamoyl CoA reductase; POD (SU73465), peroxidase. Beta-galactosidase peptides
were used as internal standards in the MRM validation. Differentially expressed proteins: fold change > 1.20 (upregulated) or < 0.83 (downregulated),
and P-value < 0.05

Fig. 6 Schematic of proteome data involved in phenylpropanoid metabolism. The pathway shows two branches that lead to the production of
flavonoids (left bottom) and lignin monomers (right). The solid arrow represents a single step enzymatic reaction and the dashed arrow represents
multiple sequential enzymatic reactions. Blue enzymes indicate the observed differentially expressed proteins. Red and green columns represent
the upregulated and downregulated proteins, respectively. YCK and YT: Yacheng05-179 under sterile water and Sporisorium scitamineum stresses
after 48 h, respectively; RCK and RT: ROC22 under sterile water and S. scitamineum stresses after 48 h, respectively. TAL, tyrosine ammonia lyase;
PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate CoA ligase; COMT, caffeic acid O-methyltransferase; HCT/CST,
hydroxycinnamoyl CoA:shikimate/quinate hydroxycinnamoyl transferase; C3H, coumaroyl shikimate/quinate 3-hydroxylase; CCaOMT, caffeoyl CoA
O-methyltransferase; CCR, cinnamoyl CoA reductase; CAD, cinnamyl alcohol dehydrogenase; F5H ferulate 5-hydroxylase; CHS, chalcone synthase;
CHR, chalcone reductase; STS, stilbene synthase; SCP, serine carboxypeptidase
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proteins were stress/disease resistance-related such as
POD, HSP, chitinase, resistance proteins, and thaumatin-
like proteins [60]. Here, 27 and 10 differentially
expressed proteins associated with the transcriptome
were detected in the smut-resistant and susceptible
genotypes, respectively. In addition, the number of the
differentially expressed proteins, which were expressed
at a similar upregulated trend to that of differentially
expressed genes, was 18 and 10, respectively. Most dif-
ferentially expressed proteins were also closely related to
plant stress or disease resistance, for instance, PODs,
PRs, beta-1,3-glucanase, HSP, and lectin (Table 2). These
results provide an overview of the protein expression
profile of sugarcane after S. scitamineum attack and may
be utilized in the identification of candidate resistance
proteins in sugarcane breeding of smut resistance.

ET, GA, and phenylpropanoid metabolism pathways play
positive role in smut resistance in sugarcane
A previous study has shown that SA or JA/ET plays an
essential role in plant disease response [61]. SA is im-
portant but not the indispensable mobile signal to the
establishment of systemic acquired resistance (SAR)
[62]. Loake and Grant [62] determined that SAR is
associated with plant defense to biotrophic and hemi-
biotrophic pathogens. On the contrary, JA and ET can
synergistically activate defense responses against necro-
trophic pathogens and herbivorous insects [63]. How-
ever, in the present study, none of SA- and JA-related
proteins were detected at 48 h post S. scitamineum
inoculation in smut resistant or susceptible sugarcane
genotypes. This may be due to the late sampling time
point selection during the interactive stage of S. scita-
mineum infection or its low expression abundance
immediately after inoculation, which was in accordance
with the previous report that JA has an earlier role in
establishing SAR [64].
ET is a principal modulator in plant-pathogen inter-

action [65]. For the ET pathway, two categories of pro-
teins including ET biosynthesis and ET signaling were
induced in Yacheng05-179. The expression patterns of
the ET pathway-related genes such as ACO (gi35014290)
and EIN3 (SU65773) were verified by RT-qPCR (Fig. 8).
Ding et al. [66] reported that the ACO enzyme that is
responsible in catalyzing 1-aminocyclopropane-1-carb-
oxylate acid (ACC) to ET was only induced in the resistant
T. aestivum genotype infected by F. graminearum. In the
present study, one out of two ACO (gi35014290) was
upregulated in both sugarcane genotypes. However, the
expression pattern of ACO gene was upregulated and
maintained longer (48 h–120 h) in the resistant genotype,
but downregulated in the susceptible one (Fig. 8), which
indicated its positive effect on the sugarcane smut resist-
ance. Lorenzo et al. [67] revealed that the transcription

factor ERF1 has a positive effect on ET and JA signal-
ing. Several ERF family members could modulate plant
defense gene expression and disease resistance [68].
EIN3 is a positive component in activating the ET pathway
[69, 70]. Here, EIN3 (SU65773) and ERF1 (gi35045219)
were responsive to the smut pathogen attack in
Yacheng05-179, but not ROC22. These results sug-
gested that ET pathway might be associated with S.
scitamineum resistance in sugarcane.
GA is identified as a signaling factor in plant response

to pathogen attacks [53]. Xin et al. [53] have demon-
strated that ent-kaurene synthase and ent-kaurene oxi-
dase in the GA biosynthesis pathway are upregulated in
T. aestivum after Blumeria graminis f. sp. tritici inocula-
tion. Bari and Jones [51] have reported that the resist-
ance of Arabidopsis to P. syringae pv. tomato DC3000
increased after the addition of exogenous GA. In the
present study, the GA pathway responded to the S. scita-
mineum infection in Yacheng05-179 via the upregulation
of the GID1 protein at 48 h, whereas no expression in
ROC22 was observed (Fig. 5e). In Fig. 8, the gene
expression pattern of GID1 was repressed in Yacheng05-
179 and remained stable in ROC22. The difference in
the expression levels of GID1 in Yacheng05-179 between
iTRAQ and RT-qPCR analysis could be attributed to the
regulatory mechanisms at the transcriptional and post-
transcriptional levels in sugarcane after the S. scitami-
neum attack. This was similar to the findings of Tanaka
et al. [71] and Fan et al. [72].
Phenylpropanoids such as lignin, flavonoids, couma-

rins, and phenolic compounds play vital roles in the
defense of plants against pathogen attack [73]. They take
part in multiple branches of the phenylpropanoid me-
tabolism pathway [58]. In the present study, 4CL, which
plays key role in the phenylpropanoid metabolism path-
way and responds to various biotic and abiotic stresses
[59], was upregulated in Yacheng05-179. Lignin is es-
sential for defense against pathogens as it presents an
undegradable mechanical barrier to most pathogens
[74, 75]. In plants, there are three different types of
lignin, including hydroxyphenyl (H), guaiacyl (G), and
syringyl (S) (Fig. 6). Our analysis indicated that seven
proteins involved in lignin biosynthetic pathway were
induced by S. scitamineum, including 4CL, CCR, CAD,
CCaOMT, and SCP. Interestingly, three of these
(SU69390, SU62577, and SU55608) were all upregu-
lated in the resistant genotype but remained unchanged
in the susceptible one, whereas the other four
(SU65987, gi35045219, SU48411 and SU65773) were all
downregulated in the susceptible genotype but
remained stable in the resistant one. CCR and CAD,
the first two enzymes required for monolignol synthe-
sis, are involved in defense signaling during pathogen
infection [76]. In O. sativa, OsCCR1 plays an important
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role in defense responses, including a role in the pro-
duction of ROS, which is mediated by nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase [75].
The specific activation of an S lignin biosynthesis path-
way in T. aestivum and its relationship to the depos-
ition of a defense was induced by CAD [77]. CCaOMT,
one of the key enzymes in lignin biosynthesis pathway,
is crucial to the formation of G and S lignin [78]. The
upregulation of CCaOMT in plants leads to an increase
in lignin content [79]. SCPs, as a class of proteases
belonging to the hydrolase family, are involved in vari-
ous aspects of peptides and proteins that modify and
disrupt plant growth and development [80]. Moreover,
they play an important role in various biochemical
pathways, including secondary metabolite biosyn-
thesis. Liu et al. [81] showed that the expression of
OsBISCPL1 was significantly upregulated in incompat-
ible interactions between O. sativa and the blast fungus
(Magnaporthe grisea). Furthermore, the OsBISCPL1-over-
expressing plants showed enhanced disease resistance
against P. syringae pv. tomato and Alternaria brassicicola
[81]. Therefore, we can speculate that the phenylpropa-
noid metabolism pathway in sugarcane may be associated
with the accumulation of secondary metabolites in re-
sponse to S. scitamineum infection.

Calcium signaling, ROS/NO, and ABA pathways are not
essential to smut resistance or do not influence smut
resistance in sugarcane
Calcium is a major signal molecule in plant signal trans-
duction cascades [82]. Ca2+ influx serves as an early sig-
nal of plant disease resistance response to pathogen
perception [83]. CaM, the most important Ca2+ sensor,
can adjust the physiological function of cells by interact-
ing with downstream CaMBP [84]. CML and CBL serve
as Ca2+-binding proteins in plant cells [84]. In the
present study, we demonstrated that the expression of
the CaM, CML, CaMBP and CBL were all upregulated
in ROC22, suggesting that these were more active than
those in Yacheng05-179 after S. scitamineum infection.
Likewise, Ca2+ flux-related genes, including CAM
(gi34970702), CML (SU53658), CAMBP (SU57746) and
CBL (SU25350), were all upregulated in ROC22 com-
pared to those in Yacheng05-179 (Fig. 8). These find-
ings suggest that the calcium signaling pathway may be

repressed in Yacheng05-179 during S. scitamineum
resistance. Interestingly, this finding is consistent with
those of the findings reported by Xiao et al. [46], in
which the calcium pathway is responsive to F. grami-
nearum infection in the susceptible wheat genotype,
whereas not activated in the resistant one.
ROS and NO are needed to induce HR-mediated PCD

[47]. As reported, the accumulation of ROS in plants
after a pathogen attack could cause tissue necrosis and
increase susceptibility to necrotrophic pathogens [59],
whereas it could induce resistance to biotrophic patho-
gens [85]. In the present study, S. scitamineum-infected
sugarcane showed changes in the abundances of ROS
scavenging (POD and MDAR) and NO producing
(MDAR)-related proteins. In the HR system, the expres-
sion trends of RPM1 (SU66398), PBS1 (SU67719), and
HSP90 (SU42924 and gi35034166) between iTRAQ
(Fig. 5b) and RT-qPCR analyses were opposite (Fig. 8),
suggesting the HR system was established in both sugar-
cane genotypes. However, Xiao et al. [46] have indicated
that Ca2+ influx can induce oxidative burst and in turn,
the generation of ROS induces an influx of Ca2+. Similar
to the findings on calcium signaling pathway [46], the
upregulation of the POD superfamily protein, MDAR,
and HSP90 in ROC22 indicated that the ROS/NO as
well as PCD/HR were more active in ROC22 than in
Yacheng05-179 during sugarcane-S. scitamineum inter-
action for 48 h.
The ABA pathway has been reported to be a negative

regulator of plant disease resistance [51, 52]. Compared
to wild-type plants, ABA-deficient Arabidopsis mutants
aba1-1 and aba2-1 were more resistance to Hyalopero-
nospora arabidopsidis and F. oxysporum, respectively
[86, 87]. Also, after ABA application, the plant-specific
resistance reactions of O. sativa to M. grisea [88] and
Arabidopsis to P. syringae pv. tomato [89] were sup-
pressed. PYR/PYL/RCAR (pyrabatin resistance/pyrabatin
resistance 1-like/regularoly component of ABA recep-
tors)-|PP2C-|SnRK2 (sucrose nonfermenting-1-related
protein kinase 2) comprise a double-negative regulatory
system that adjusts the ABA signaling and reaction of
downstream genes [13]. Rodriguez [90] reported that the
overexpression of Arabidopsis AthPP2CA blocks ABA-
inducible gene expression. In the present study, one
PP2C protein (SU63236) was upregulated in ROC22

(See figure on previous page.)
Fig. 8 Expression profiles of differentially expressed proteins involved in the calcium, ROS/NO, ABA, ET and GA pathways in Yacheng05-179 and
ROC22 post-Sporisorium scitamineum inoculation. The data of RT-qPCR were normalized to the GAPDH expression level. All data points are expressed
as the mean ± SE (n = 3). Y, Yacheng05-179; R, ROC22. 0, 24, 48, and 120 h, sugarcane buds inoculated with S. scitamineum at time points of 0, 24, 48,
and 120 h, respectively. CaM, calmodulin; CML, calcium-binding protein; CaMBP, calmodulin-binding protein; CBL, calcineurin B-like protein;
MDAR, monodehyedroascorbate reductase; Prx, peroxiredoxin; RPM1, effector-triggered immune receptor; PBS1, serine-threonine kinase;
HSP90, heat shock protein 90; PP2C, protein phosphatase 2C; ACO, 1-aminocyclopropane-1-carboxylate acid oxidase; EIN3, ethylene sensitive 3; and
GID1, GA-insensitive dwarf 1
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only, which was in accordance with a previous report
that identified it as a negative regulator of ABA response
[91]. This result was also similar to the findings of our
previous report that three, two and one PP2C transcripts
were downregulated in Yacheng05-179 at 24, 48, and
120 h post-inoculation with S. scitamineum, respectively
[13]. Meanwhile, in Fig. 8, the expression of the PP2C
gene (SU63236) was upregulated at a higher level in
Yacheng05-179 than that in ROC22. Therefore, we de-
duced that the ABA pathway might not be related to
smut resistance response or even compromised smut re-
sistance in sugarcane.

The positive responses of PRs contribute to sugarcane
resistance to S. scitamineum attack
PRs play an important role in plant disease resistance
and are closely related to SAR [92]. In the present
study, we observed that several PRs were differentially
expressed during sugarcane-S. scitamineum interac-
tions, including two PR1, three PR2, five PR5 and two
PR14 (Fig. 5g). In addition, a higher accumulation of
PRs was detected in Yacheng05-179 than in ROC22.
The beta-1,3-glucanase ScGluA1 (SU34407) was upreg-
ulated at both the transcript and protein levels in
Yacheng05-179, which in turn warrants an investigation
on the role of its encoding gene. Besides, the overex-
pression of ScGluA1 in N. benthamiana showed an

antimicrobial action on F. solani var. coeruleum and B.
cinerea (Fig. 4a). Moreover, beta-1,3-glucanase enzyme
from the T0 generation of ScGluA1 transgenic N.
benthamiana inhibited the hyphal growth of F. solani
var. coeruleum (Fig. 4b). Similarly, Boggs and Jackson
[93] indicated that beta-1,3-glucanase from Arthrobacter
spp. inhibits the germination of Bremia lactucaein vitro.
Therefore, beta-1,3-glucanase may be a component of the
sugarcane defense mechanisms against S. scitamineum,
which was in accordance with the result reported by Gu
et al. [94]. Further extensive work is necessary to define
the roles of many other proteins in the smut resistant
process.

Conclusions
In the present study, an overview of the protein expres-
sion profile in sugarcane resistant (Yacheng05-179) and
susceptible (ROC22) genotypes in response to S. scitami-
neum challenge at 48 h was first obtained by using the
iTRAQ technique. Also, an integrated analysis showed a
poor correlation between proteomics and transcripto-
mics, whereas most associated proteins were closely
related to plant stress resistance. In addition, a putative
network (Fig. 9) in the regulation of resistance of sugar-
cane to S. scitamineum was proposed. The ET, GA, and
phenylpropanoid metabolism pathways as well as PRs,
such as PR1, PR2, PR5 and PR14, which were more

Fig. 9 A proposed working model for the calcium, ROS/NO, ABA, ET, GA and phenylpropanoid metabolism pathways in the regulation of
sugarcane resistance or susceptibility to Sporisorium scitamineum. The dashed arrow represents the potential roles of those pathways in the
response to the smut pathogen in sugarcane. Ca2+, calcium; CaM, calmodulin; CML, calcium-binding protein; CaMBP, calmodulin-binding protein; CBL,
calcineurin B-like protein; ROS, reactive oxygen species; NO, nitric oxide; Prx, peroxiredoxin; POD, peroxidase; MDAR, monodehyedroascorbate
reductase; RPM1, effector-triggered immune receptor; PBS1, serine-threonine kinase; HSP90, heat shock protein 90; PCD, programmed cell
death; HR, hypersensitive reaction; ABA, abscisic acid; ZEP, zeaxanthin epoxidase; NCED, 9-cis-epoxycarotenoid dioxygenase; AAO, ABA abscisic
acid; PP2C, protein phosphatase 2C; ET, ethylene; ACO, 1-aminocyclopropane-1-carboxylate acid oxidase; EIN3, ethylene sensitive 3; ERF1, ethylene
response factor 1; GA, gibberellic acid; CPS, copalyl pyrophosphate synthase; KS, ent-kaurene synthase; GA20ox, GA-20 oxidase; GID1, GA-insensitive
dwarf 1; 4CL, 4-coumarate CoA ligase; CCR, cinnamoyl CoA reductase; CAD, cinnamyl alcohol dehydrogenase; CCaOMT, caffeoyl CoA O-methyltransferase;
SCP, serine carboxypeptidase
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active in Yacheng05-179, might contribute to smut
resistance in sugarcane. The calcium signaling, ROS/NO
and ABA pathways, which were repressed by S. scitami-
neum, might not be important for smut resistance in
sugarcane. These findings shed new light on the differ-
ential expression of proteins in sugarcane in response to
S. scitamineum infection.

Additional files

Additional file 1: Text S1. Details of the transitions selection and MRM
method validation. (DOCX 16 kb)

Additional file 2: Table S1. The primers used for RT-qPCR amplification
of correlated differentially expressed genes. (DOCX 23 kb)

Additional file 3: Figure S1. The detection of gDNA PCR and total
RNA RT-PCR of resistance plants for ScGluA1 gene. M, DNA marker
15,000 + 2000 bp; 1 ~ 5, The gDNA PCR amplification products of
transgenic plants; 1’ ~ 5’, The total RNA RT-PCR amplification products
of transgenic plants; 6 and 6’, The amplification products of pCAMBIA
1301-ScGluA1; 7 and 7’, The amplification products of non-transgenic
plants; 8 and 8’, Blank control. (DOCX 242 kb)

Additional file 4: Table S2. List of the total 4251 proteins identified in
this study. Changes in protein abundance with P-value less than 0.05,
which was automatically executed by the Mascot 2.3.02 software, was
marked up with asterisk. (XLS 5598 kb)

Additional file 5: Table S3. List of upregulated proteins identified and
quantified by the iTRAQ analysis in YT/YCK. (XLS 196 kb)

Additional file 6: Table S4. List of downregulated proteins identified
and quantified by the iTRAQ analysis in YT/YCK. (XLS 136 kb)

Additional file 7: Table S5. List of upregulated proteins identified and
quantified by the iTRAQ analysis in RT/RCK. (XLS 263 kb)

Additional file 8: Table S6. List of downregulated proteins identified
and quantified by the iTRAQ analysis in RT/RCK. (XLS 171 kb)

Additional file 9: Table S7. Transitions of five differentially expressed
proteins selected for the MRM validation. (DOCX 20 kb)

Abbreviations
1DE: One-dimensional gradient polyacrylamide gels; 4CL: 4-coumarate CoA
ligase; ABA: Abscisic acid; ACC: 1-aminocyclopropane-1-carboxylate acid;
ACOs: 1-aminocyclopropane-1-carboxylate oxidases; ANOVA: Analysis of
Variance; AsA: Ascorbate acid; BAK1: Brassinosteroid insensitive 1-associated
receptor kinase 1; BR: Gibberellin; BRI1: Brassinosteroid insensitive 1;
BSA: Bovine serum albumin; CAD: Cinnamyl alcohol dehydrogenase;
CaM: Calmodulin; CaMBP: Calmodulin-binding protein; CBL: Calcineurin
B-like protein; CCaOMT: Caffeoyl CoA O-methyltransferase; CCR: Cinnamoyl
CoA reductase; cDNA-AFLP: cDNA-amplified fragment length polymorphism;
CML: Calcium-binding protein; DPS: Data Processing System;
EIN3: Ethylene-sensitive 3; ERF1: Ethylene response factor 1; ET: Ethylene;
ETI: Effector-triggered immune; FDR: False discovery rate; GA: Gibberellic
acid; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GID1: GA-insensitive
dwarf 1; GO: Gene Ontology; HPLC: High performance liquid chromatography;
HR: Hypersensitive reaction; HSP: Heat shock protein; HSP90: Heat shock protein
90; IDA: Information-dependent acquisition; iTRAQ: Isobaric tags for relative and
absolute quantitation; KEGG: Kyoto Encyclopedia of Genes and Genomes;
LC-ESI-MS/MS: Liquid chromatography-electrospray in trap tandem mass
spectrometry; MALDI-TOF-TOF/MS: Matrix-assisted laser desorption/ionization
time of flight mass spectrometry; MDAR: Monodehyedroascorbate reductase;
MgCl2: Magnesium chloride; MGF: Mascot generic format; MRM: Multiple
reaction monitoring; MS: Mass spectrometry; NADPH: Nicotinamide adenine
dinucleotide phosphate; NO: Nitric oxide; PBS1: Serine-threonine kinase;
PCD: Programmed cell death; PDA: Potato dextrose agar; POD: Peroxidase;
PP2C: Protein phosphatase 2C; PR: Pathogenesis-related protein;
Prx: Peroxiredoxin; PYR/PYL/RCAR: Pyrabatin resistance/pyrabatin resistance
1-like/regularoly component of ABA receptors; RNA-seq: RNA sequencing;
ROS: Reactive oxygen species; RPM1: Effector-triggered immune receptor;

RT-qPCR: Reverse transcription quantitative real-time polymerase chain
reaction; SAR: Systemic acquired resistance; SCP: Serine carboxypeptidase;
SCX: Strong cation exchange; SE: Standard error; SnRK2: Sucrose
nonfermenting-1-related protein kinase 2; TCA: Trichloroacetic acid;
TEAB: Tetraethyl-ammonium bromide; TMV: Tobacco mosaic virus

Acknowledgements
The authors give special thanks to Mingjie Li (Fujian Agriculture and
Forestry University, Fuzhou, China) as well as the Beijing Genomics Institute
(BGI, Shenzhen, China) for useful discussions on protein identification and
quantification analysis.

Funding
This work was supported by Natural Science Foundation of Fujian province,
China (2015J06006 and 2015J05055), the Research Funds for Distinguished
Young Scientists in Fujian Agriculture and Forestry University (xjq201630), the
Program for New Century Excellent Talents in Fujian Province University
(JA14095), the earmarked fund for the Modern Agriculture Technology of
China (CARS-20) and Research Funds for Distinguished Young Scientists in
Fujian Provincial Department of Education (JA13090).

Availability of data and materials
The data supporting the conclusions of this article are within the paper and
its additional files.

Authors’ contributions
YCS, LPX and YXQ conceived, designed and initiated the project. YCS and
ZQW prepared materials. YCS, ZQW, QP, YTY and YC performed experiments
and contributed to data analysis and validation. YCS drafted the manuscript.
LPX and YXQ helped to revise the manuscript. All authors read and approved
the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Author details
1Key Laboratory of Sugarcane Biology and Genetic Breeding, Ministry of
Agriculture, Fujian Agriculture and Forestry University, Fuzhou 350002, China.
2Guangxi Collaborative Innovation Center of Sugarcane Industry, Guangxi
University, Nanning 530005, China.

Received: 13 January 2016 Accepted: 5 October 2016

References
1. Sundar AR, Barnabas EL, Malathi P, Viswanathan R. A mini-review on smut

disease of sugarcane caused by Sporisorium scitamineum. In: Mworia J,
editor. Botany. Croatia: InTech Press; 2012. p. 109–28.

2. Su YC, Yang YT, Peng Q, Zhou DG, Chen Y, Wang ZQ, et al. Development
and application of a rapid and visual loop-mediated isothermal
amplification for the detection of Sporisorium scitamineum in sugarcane. Sci
Rep. 2016;6:23994.

3. Su YC, Wang SS, Guo JL, Xue BT, Xu LP, Que YX. A TaqMan real-time PCR
assay for detection and quantification of Sporisorium scitamineum in
sugarcane. Sci Word J. 2013;2013:942682.

4. de Setta N, Monteiro-Vitorello CB, Metcalfe CJ, Cruz GMQC, Del Bem LE,
Vicentini R, et al. Building the sugarcane genome for biotechnology and
identifying evolutionary trends. BMC Genomics. 2014;15:540.

5. Que YX, Xu LP, Wu QB, Liu YF, Ling H, Liu YH, et al. Genome sequencing of
Sporisorium scitamineum provides insights into the pathogenic mechanisms
of sugarcane smut. BMC Genomics. 2014;15:996.

6. Waller J. Sugarcane smut (Ustilago scitaminea) in Kenya: II. Infection and
resistance. Trans Br Mycol Soc. 1970;54:405–14.

Su et al. BMC Genomics  (2016) 17:800 Page 19 of 21

dx.doi.org/10.1186/s12864-016-3146-8
dx.doi.org/10.1186/s12864-016-3146-8
dx.doi.org/10.1186/s12864-016-3146-8
dx.doi.org/10.1186/s12864-016-3146-8
dx.doi.org/10.1186/s12864-016-3146-8
dx.doi.org/10.1186/s12864-016-3146-8
dx.doi.org/10.1186/s12864-016-3146-8
dx.doi.org/10.1186/s12864-016-3146-8
dx.doi.org/10.1186/s12864-016-3146-8


7. Raboin LM, Offmann B, Hoarau JY, Notaise J, Costet L, Telismart H, et al.
Undertaking genetic mapping of sugarcane smut resistance. Proc S Afr Sug
Technol Ass. 2001;75:94–8.

8. Lin YQ, Chen RK, Gong DM. Analysis of quantitative inheritance for smut
resistance in sugarcane. J Fujian Agric Univ (China). 1996;25:271–5.

9. Thokoane L, Rutherford R. cDNA-AFLP differential display of sugarcane
(Saccharum spp. hybrids) genes induced by challenge with the fungal pathogen
Ustilago scitaminea (sugarcane smut). Proc S Afr Sug Technol Ass. 2001;75:104–7.

10. Borrás-Hidalgo O, Thomma BP, Carmona E, Borroto CJ, Pujol M, Arencibia A,
et al. Identification of sugarcane genes induced in disease-resistant
somaclones upon inoculation with Ustilago scitaminea or Bipolaris sacchari.
Plant Physiol Biochem. 2005;43:1115–21.

11. Que YX, Lin JW, Song XX, Xu LP, Chen RK. Differential gene expression in
sugarcane in response to challenge by fungal pathogen Ustilago scitaminea
revealed by cDNA-AFLP. Biomed Res Int. 2011;2011:160934.

12. Wu QB, Xu LP, Guo JL, Su YC, Que YX. Transcriptome profile analysis of
sugarcane responses to Sporisorium scitaminea infection using Solexa
sequencing technology. Biomed Res Int. 2013;2013:298920.

13. Que YX, Su YC, Guo JL, Wu QB, Xu LP. A global view of transcriptome
dynamics during Sporisorium scitamineum challenge in sugarcane by RNA-
Seq. PLoS One. 2014;9:e106476.

14. Pan ZY, Zeng YL, An JY, Ye JL, Xu Q, Deng XX. An integrative analysis of
transcriptome and proteome provides new insights into carotenoid biosynthesis
and regulation in sweet orange fruits. J Proteomics. 2012;75:2670–84.

15. Cho K, Shibato J, Agrawal GK, Jung YH, Kubo A, Jwa NS, et al. Integrated
transcriptomics, proteomics, and metabolomics analyses to survey ozone
responses in the leaves of rice seedling. J Proteome Res. 2008;7:2980–98.

16. Chen Z, Wen B, Wang QH, Tong W, Guo J, Bai X, et al. Quantitative
proteomics reveals the temperature-dependent proteins encoded by a
series of cluster genes in Thermoanaerobacter tengcongensis. Mol Cel
Proteomics. 2013;12:2266–77.

17. Wang J, Wang XR, Zhou Q, Yang JM, Guo HX, Yang LJ, et al. iTRAQ protein
profile analysis provides integrated insight into mechanisms of tolerance to
TMV in tobacco (Nicotiana tabacum). J Proteomics. 2016;132:21–30.

18. Parker J, Koh J, Yoo MJ, Zhu N, Feole M, Yi S, et al. Quantitative proteomics
of tomato defense against Pseudomonas syringae infection. Proteomics.
2013;13:1934–46.

19. Martínez-Márquez A, Morante-Carriel J, Sellés-Marchart S, Martínez-Esteso
MJ, Pineda-Lucas JL, Luque I, et al. Development and validation of MRM
methods to quantify protein isoforms of polyphenol oxidase in loquat fruits.
J Proteome Res. 2013;12:5709–22.

20. Luo JL, Tang SH, Peng XJ, Yan XH, Zeng XH, Li J, et al. Elucidation of cross-
talk and specificity of early response mechanisms to salt and PEG-simulated
drought stresses in Brassica napus using comparative proteomic analysis.
PLoS One. 2015;10:e0138974.

21. Muraoka S, Kume H, Watanabe S, Adachi J, Kuwano M, Sato M, et al.
Strategy for SRM-based verification of biomarker candidates discovered by
iTRAQ method in limited breast cancer tissue samples. J Proteome Res.
2012;11:4201–10.

22. Kaur P, Rizk NM, Ibrahim S, Younes N, Uppal A, Dennis K, et al. iTRAQ-based
quantitative protein expression profiling and MRM verification of markers in
type 2 diabetes. J Proteome Res. 2012;11:5527–39.

23. Barnabas L, Ramadass A, Amalraj RS, Palaniyandi M, Rasappa V. Sugarcane
proteomics: an update on current status, challenges, and future prospects.
Proteomics. 2015;15:1658–70.

24. Jangpromma N, Kitthaisong S, Lomthaisong K, Daduang S, Jaisil P,
Thammasirirak S. A proteomics analysis of drought stress-responsive
proteins as biomarker for drought-tolerant sugarcane cultivars. Am J
Biochem Biotechnol. 2010;6:89–102.

25. Ngamhui N, Akkasaeng C, Zhu YJ, Tantisuwichwong N, Roytrakul S,
Sansayawichai T. Differentially expressed proteins in sugarcane leaves in
response to water deficit stress. Plant Omics. 2012;5:365–71.

26. Murad AM, Molinari HBC, Magalhães BS, Franco AC, Takahashi FSC, Franco
OL, et al. Physiological and proteomic analyses of Saccharum spp. grown
under salt stress. PLoS One. 2014;9:e98463.

27. Pacheco CM, Pestana-Calsa MC, Gozzo FC, Mansur Custodio Nogueira RJ,
Menossi M, Calsa Junior T. Differentially delayed root proteome responses
to salt stress in sugar cane varieties. J Proteome Res. 2013;12:5681–95.

28. Zhou G, Yang LT, Li YR, Zou CL, Huang LP, Qiu LH, et al. Proteomic analysis
of osmotic stress-responsive proteins in sugarcane leaves. Plant Mol Biol
Report. 2012;30:349–59.

29. Rahman MA, Ren L, Wu W, Yan YC. Proteomic analysis of PEG-induced
drought stress responsive protein in TERF1 overexpressed sugarcane
(Saccharum officinarum) leaves. Plant Mol Biol Report. 2014;33:716–30.

30. Lery LM, Hemerly AS, Nogueira EM, von Krüger WM, Bisch PM. Quantitative
proteomic analysis of the interaction between the endophytic plant-
growth-promoting bacterium Gluconacetobacter diazotrophicus and
sugarcane. Mol Plant-Microbe Interact. 2011;24:562–76.

31. Song XP, Huang X, Tian DD, Yang LT, Li YR. Proteomic analysis of sugarcane
seedling in response to Ustilago scitaminea infection. Life Sci J. 2013;10:3026–35.

32. Que YX, Xu LP, Lin JW, Ruan MH, Zhang MQ, Chen RK. Differential protein
expression in sugarcane during sugarcane-Sporisorium scitamineum
interaction revealed by 2-DE and MALDI-TOF-TOF/MS. Comp Funct
Genomics. 2011;2011:989016.

33. Alexander KC, Ramakrishnan K. Infection of the bud, establishment in the
host and production of whips in sugarcane smut (Ustilago scitaminea) of
sugarcane. Proc Int Soc Sug Cane Technol. 1980;17:1452–5.

34. Wang W, Vignani R, Scali M, Cresti M. A universal and rapid protocol for
protein extraction from recalcitrant plant tissues for proteomic analysis.
Electrophoresis. 2006;27:2782–6.

35. Wu JX, Xu ZL, Zhang YJ, Chai LJ, Yi HL, Deng XX. An integrative analysis of
the transcriptome and proteome of the pulp of a spontaneous late-ripening
sweet orange mutant and its wild type improves our understanding of fruit
ripening in citrus. J Exp Bot. 2014;65:1651–71.

36. Duthie KA, Osborne LC, Foster LJ, Abraham N. Proteomics analysis of
interleukin (IL)-7-induced signaling effectors shows selective changes in IL-
7Rα449F knock-in T cell progenitors. Mol Cell Proteomics. 2007;6:1700–10.

37. Guo YR, Singleton PA, Rowshan A, Gucek M, Cole RN, Graham DR, et al.
Quantitative proteomics analysis of human endothelial cell membrane rafts
evidence of MARCKS and MRP regulation in the sphingosine 1-phosphate-
induced barrier enhancement. Mol Cell Proteomics. 2007;6:689–96.

38. Sui JJ, Zhang JH, Tan TL, Ching CB, Chen WN. Comparative proteomics
analysis of vascular smooth muscle cells incubated with S-and R-
enantiomers of atenolol using iTRAQ-coupled two-dimensional LC-MS/MS.
Mol Cell Proteomics. 2008;7:1007–18.

39. MacLean B, Tomazela DM, Shulman N, Chambers M, Finney GL, Frewen B,
et al. Skyline: an open source document editor for creating and analyzing
targeted proteomics experiments. Bioinformatics. 2010;26:966–8.

40. Escher C, Reiter L, MacLean B, Ossola R, Herzog F, Chilton J, et al. Using iRT,
a normalized retention time for more targeted measurement of peptides.
Proteomics. 2012;12:1111–21.

41. Choi M, Chang CY, Clough T, Broudy D, Killeen T, MacLean B, et al. MSstats:
an R package for statistical analysis of quantitative mass spectrometry-based
proteomic experiments. Bioinformatics. 2014;30:2524–6.

42. Que YX, Xu LP, Xu JS, Zhang JS, Zhang MQ, Chen RK. Selection of control
genes in real-time qPCR analysis of gene expression in sugarcane. Chin J
Trop Crop. 2009;30:274–8.

43. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2− ΔΔCT method. Methods. 2001;25:402–8.

44. Su YC, Xu LP, Xue BT, Wu QB, Guo JL, Wu LG, et al. Molecular cloning and
characterization of two pathogenesis-related β-1,3-glucanase genes ScGluA1
and ScGluD1 from sugarcane infected by Sporisorium scitamineum. Plant Cell
Rep. 2013;32:1503–19.

45. Taniguti LM, Schaker PD, Benevenuto J, Peters LP, Carvalho G, Palhares A, et al.
Complete genome sequence of Sporisorium scitamineum and biotrophic
interaction transcriptome with sugarcane. PLoS One. 2015;10:e0129318.

46. Xiao J, Jin XH, Jia XP, Wang HY, Cao AZ, Zhao WP, et al. Transcriptome-based
discovery of pathways and genes related to resistance against Fusarium head
blight in wheat landrace Wangshuibai. BMC Genomics. 2013;14:197.

47. Zaninotto F, La Camera S, Polverari A, Delledonne M. Cross talk between
reactive nitrogen and oxygen species during the hypersensitive disease
resistance response. Plant Physiol. 2006;141:379–83.

48. Leterrier M, Corpas FJ, Barroso JB, Sandalio LM, del Río LA. Peroxisomal
monodehydroascorbate reductase. Genomic clone characterization and
functional analysis under environmental stress conditions. Plant Physiol.
2005;138:2111–23.

49. Li M, Ma XQ, Chiang YH, Yadeta KA, Ding PF, Dong LS, et al. Proline
isomerization of the immune receptor-interacting protein RIN4 by a
cyclophilin inhibits effector-triggered immunity in Arabidopsis. Cell Host
Microbe. 2014;16:473–83.

50. Swiderski MR, Innes RW. The Arabidopsis PBS1 resistance gene encodes a
member of a novel protein kinase subfamily. Plant J. 2001;26:101–12.

Su et al. BMC Genomics  (2016) 17:800 Page 20 of 21



51. Bari R, Jones JD. Role of plant hormones in plant defence responses. Plant
Mol Biol. 2009;69:473–88.

52. Fan J, Hill L, Crooks C, Doerner P, Lamb C. Abscisic acid has a key role in
modulating diverse plant-pathogen interactions. Plant Physiol. 2009;150:1750–61.

53. Xin MM, Wang XF, Peng HR, Yao YY, Xie CJ, Han Y, et al. Transcriptome
comparison of susceptible and resistant wheat in response to powdery
mildew infection. Genomics Proteomics Bioinformatics. 2012;10:94–106.

54. Nakashita H, Yasuda M, Nitta T, Asami T, Fujioka S, Arai Y, et al.
Brassinosteroid functions in a broad range of disease resistance in tobacco
and rice. Plant J. 2003;33:887–98.

55. Nam KH, Li JM. BRI1/BAK1, a receptor kinase pair mediating brassinosteroid
signaling. Cell. 2002;110:203–12.

56. Su YC, Xu LP, Wang SS, Wang ZQ, Yang YT, Chen Y, et al. Identification,
phylogeny, and transcript of chitinase family genes in sugarcane. Sci Rep.
2015;5:10708.

57. Fan GQ, Xu E, Deng MJ, Zhao ZL, Niu SY. Phenylpropanoid metabolism,
hormone biosynthesis and signal transduction-related genes play crucial
roles in the resistance of Paulownia fortunei to paulownia witches’ broom
phytoplasma infection. Genes Genomics. 2015;37:913–29.

58. Dixon RA, Achnine L, Kota P, Liu CJ, Reddy MS, Wang L. The
phenylpropanoid pathway and plant defence-a genomics perspective. Mol
Plant Pathol. 2002;3:371–90.

59. Chen QZ, Guo WS, Feng LZ, Ye XZ, Xie WF, Huang XP, et al. Transcriptome
and proteome analysis of Eucalyptus infected with Calonectria
pseudoreteaudii. J Proteomics. 2015;115:117–31.

60. Zhong Y, Cheng CZ, Jiang NH, Jiang B, Zhang YY, Wu B, et al. Comparative
transcriptome and iTRAQ proteome analyses of citrus root responses to
Candidatus Liberibacter asiaticus infection. PLoS One. 2015;10:e0126973.

61. Dong XN. SA, JA, ethylene, and disease resistance in plants. Curr Opin Plant
Biol. 1998;1:316–23.

62. Loake G, Grant M. Salicylic acid in plant defence-the players and
protagonists. Curr Opin Plant Biol. 2007;10:466–72.

63. Broekaert WF, Delauré SL, De-Bolle MF, Cammue BP. The role of ethylene in
host-pathogen interactions. Annu Rev Phytopathol. 2006;44:393–416.

64. Truman W, Bennett MH, Kubigsteltig I, Turnbull C, Grant M. Arabidopsis
systemic immunity uses conserved defense signaling pathways and is
mediated by jasmonates. Proc Natl Acad Sci U S A. 2007;104:1075–80.

65. Wang KLC, Li H, Ecker JR. Ethylene biosynthesis and signaling networks.
Plant Cell. 2002;14:S131–51.

66. Ding LN, Xu HB, Yi HY, Yang LM, Kong ZX, Zhang LX, et al. Resistance to
hemi-biotrophic F. graminearum infection is associated with coordinated
and ordered expression of diverse defense signaling pathways. PLoS One.
2011;6:e19008.

67. Lorenzo O, Piqueras R, Sánchez-Serrano JJ, Solano R. ETHYLENE RESPONSE
FACTOR1 integrates signals from ethylene and jasmonate pathways in plant
defense. Plant Cell. 2003;15:165–78.

68. Gutterson N, Reuber TL. Regulation of disease resistance pathways by AP2/
ERF transcription factors. Curr Opin Plant Biol. 2004;7:465–71.

69. Guo HW, Ecker JR. Plant responses to ethylene gas are mediated by SCF
EBF1/EBF2-dependent proteolysis of EIN3 transcription factor. Cell. 2003;
115:667–77.

70. Chao QM, Rothenberg M, Solano R, Roman G, Terzaghi W, Ecker JR. Activation
of the ethylene gas response pathway in Arabidopsis by the nuclear protein
ETHYLENE-INSENSITIVE3 and related proteins. Cell. 1997;89:1133–44.

71. Tanaka N, Matsuoka M, Kitano H, Asano T, Kaku H, Komatsu S. gid1, a
gibberellin-insensitive dwarf mutant, shows altered regulation of
probenazole-inducible protein (PBZ1) in response to cold stress and
pathogen attack. Plant Cell Environ. 2006;29:619–31.

72. Fan J, Chen CX, Yu Q, Brlansky RH, Li ZG, Gmitter FG. Comparative iTRAQ
proteome and transcriptome analyses of sweet orange infected by
“Candidatus Liberibacter asiaticus”. Physiol Plant. 2011;143:235–45.

73. Naoumkina MA, Zhao Q, Gallego-Giraldo L, Dai X, Zhao PX, Dixon RA.
Genome-wide analysis of phenylpropanoid defence pathways. Mol Plant
Pathol. 2010;11:829–46.

74. Koutaniemi S, Warinowski T, Kärkönen A, Alatalo E, Fossdal CG, Saranpää P, et
al. Expression profiling of the lignin biosynthetic pathway in Norway spruce
using EST sequencing and real-time RT-PCR. Plant Mol Biol. 2007;65:311–28.

75. Kawasaki T, Koita H, Nakatsubo T, Hasegawa K, Wakabayashi K, Takahashi H,
et al. Cinnamoyl-CoA reductase, a key enzyme in lignin biosynthesis, is an
effector of small GTPase Rac in defense signaling in rice. Proc Natl Acad Sci
U S A. 2006;103:230–5.

76. Kim CY, Lee SH, Park HC, Bae CG, Cheong YH, Choi YJ, et al. Identification of
rice blast fungal elicitor-responsive genes by differential display analysis. Mol
Plant-Microbe Interact. 2000;13:470–4.

77. Mitchell HJ, Hall SA, Stratford R, Hall JL, Barber MS. Differential induction of
cinnamyl alcohol dehydrogenase during defensive lignification in wheat
(Triticum aestivum L.): characterisation of the major inducible form. Planta.
1999;208:31–7.

78. Liu YX, Zou DM, Wu BS, Lin DH, Zhang ZH, Wu JC. Cloning and expression
analysis of a CCoAOMT homolog in loquat fruit in response to low-
temperature storage. Postharvest Biol Technol. 2015;105:45–50.

79. Zhang GY, Zhang YJ, Xu JT, Niu XP, Qi JM, Tao AF, et al. The CCoAOMT1
gene from jute (Corchorus capsularis L.) is involved in lignin biosynthesis in
Arabidopsis thaliana. Gene. 2014;546:398–402.

80. Feng Y, Xue Q. The serine carboxypeptidase like gene family of rice (Oryza
sativa L. ssp. japonica). Funct Integr Genomics. 2006;6:14–24.

81. Liu HZ, Wang XE, Zhang HJ, Yang YY, Ge XC, Song FM. A rice serine
carboxypeptidase-like gene OsBISCPL1 is involved in regulation of defense
responses against biotic and oxidative stress. Gene. 2008;420:57–65.

82. Allen GJ, Chu SP, Harrington CL, Schumacher K, Hoffmann T, Tang YY, et al.
A defined range of guard cell calcium oscillation parameters encodes
stomatal movements. Nature. 2001;411:1053–7.

83. Ma W, Qi Z, Smigel A, Walker RK, Verma R, Berkowitz GA. Ca2+, cAMP, and
transduction of non-self perception during plant immune responses. Proc
Natl Acad Sci U S A. 2009;106:20995–1000.

84. Snedden WA, Fromm H. Calmodulin as a versatile calcium signal transducer
in plants. New Phytol. 2001;151:35–66.

85. Barna B, Fodor J, Harrach BD, Pogány M, Király Z. The Janus face of reactive
oxygen species in resistance and susceptibility of plants to necrotrophic
and biotrophic pathogens. Plant Physiol Biochem. 2012;59:37–43.

86. Mohr PG, Cahill DM. Abscisic acid influences the susceptibility of Arabidopsis
thaliana to Pseudomonas syringae pv. tomato and Peronospora parasitica.
Funct Plant Biol. 2003;30:461–9.

87. Anderson JP, Badruzsaufari E, Schenk PM, Manners JM, Desmond OJ, Ehlert
C, et al. Antagonistic interaction between abscisic acid and jasmonate-
ethylene signaling pathways modulates defense gene expression and
disease resistance in Arabidopsis. Plant Cell. 2004;16:3460–79.

88. Koga H, Dohi K, Mori M. Abscisic acid and low temperatures suppress the
whole plant-specific resistance reaction of rice plants to the infection of
Magnaporthe grisea. Physiol Mol Plant Pathol. 2004;65:3–9.

89. de Torres-Zabala M, Truman W, Bennett MH, Lafforgue G, Mansfield JW,
Egea PR, et al. Pseudomonas syringae pv. tomato hijacks the Arabidopsis
abscisic acid signalling pathway to cause disease. EMBO J. 2007;26:1434–43.

90. Rodriguez PL. Protein phosphatase 2C (PP2C) function in higher plants.
Plant Mol Biol. 1998;38:919–27.

91. Gosti F, Beaudoin N, Serizet C, Webb AA, Vartanian N, Giraudat J. ABI1
protein phosphatase 2C is a negative regulator of abscisic acid signaling.
Plant Cell. 1999;11:1897–909.

92. Takken FL, Joosten MH. Plant resistance genes: their structure, function and
evolution. Eur J Plant Pathol. 2000;106:699–713.

93. Boggs CL, Jackson LA. Mud puddling by butterflies is not a simple matter.
Ecol Entomol. 1991;16:123–7.

94. Gu LH, Zhang SZ, Yang BP, Cai WW, Huang DJ, Wang WZ, et al. Introduction of
chitin and β-1,3-glucan into sugarcane. Mol Plant Breeding (China). 2008;6:277–80.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Su et al. BMC Genomics  (2016) 17:800 Page 21 of 21


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Plant materials and inoculation with S. scitamineum
	Protein extraction, digestion, and iTRAQ labeling
	Strong cation exchange (SCX) fractionation
	Liquid chromatography-electrospray in trap tandem mass spectrometry (LC-ESI-MS/MS) analysis by TripleTOF 5600
	Protein identification and quantification
	Protein validation by MRM
	Reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR) analysis
	Role of the correlated protein of beta-1,3-glucanase in response to pathogen infection

	Results
	iTRAQ protein profiling
	Identification of differentially abundant proteins post S. scitamineum infection
	Correlation of protein fold changes with transcripts
	Role of SU34407 in response to pathogen infection
	Differences in protein expression events in response to S. scitamineum infection in Yacheng05-179 and ROC22
	Calcium signaling pathway
	ROS and NO
	Phytohormones
	Pathogenesis-related proteins
	Phenylpropanoid metabolism

	Validation of iTRAQ data for selected differentially expressed proteins by MRM

	Discussion
	Comparative proteome and transcriptome analysis of sugarcane in response to S. scitamineum provided novel insights into sugarcane smut resistance
	ET, GA, and phenylpropanoid metabolism pathways play positive role in smut resistance in sugarcane
	Calcium signaling, ROS/NO, and ABA pathways are not essential to smut resistance or do not influence smut resistance in sugarcane
	The positive responses of PRs contribute to sugarcane resistance to S. scitamineum attack

	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

