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Abstract: Southern rice black-streaked dwarf virus (SRBSDV) has spread from thesouth of China to
the north of Vietnam in the past few years and severelyinfluenced rice production. Its long incubation
period and early symptoms are not evident; thus, controlling it is difficult. Chitosan oligosaccharide
(COS) is a green plant immunomodulator. Early studies showed that preventing and controlling
SRBSDV have a certain effect and reduce disease infection rate, but its underlying controlling
and preventing mechanism is unclear. In this study, label-free proteomics was used to analyze
differentially expressed proteins in rice after COS treatment. The results showed that COS can
up-regulate the plant defense-related proteins and down-regulate the protein expression levels of
SRBSDV. Meanwhile, quantitative real-time PCR test results showed that COS can improve defense
gene expression in rice. Moreover, COS can enhance the defense enzymatic activities of peroxidase,
superoxide dismutase and catalase through mitogen-activated protein kinase signaling cascade
pathway, and enhance the rice disease resistance.

Keywords: chitosan oligosaccharide; Southern rice black-streaked dwarf virus; label-free proteomics;
mechanism; defensive reaction; catalase

1. Introduction

Southern rice black dwarf disease is one of the most serious plant diseases worldwide, mainly
in East Asia and Southeast Asia, including China, Japan and Vietnam, and results in severe losses in
grain production in these areas [1,2]. Controlling this disease is difficult, because its early symptoms
arenot obvious and the viral latency islong. At present, the main method of control is using associated
chemical pesticides combined with insecticides [3]. However, excessive use of chemical pesticides
worsens environmental degradation to a certain extent and presents environmental hazards.

Chitosan oligosaccharide (COS) is an environmentally friendly biological regulator, which can
be obtained by hydrolyzing naturally occurring chitosan [4]. It is a type of clean and good biological
pesticide source that does not pollute the environment. In 1980, COS was first reported to have
the ability to induce plant immunity [5]. Since then, many studies have shown that COS can
induce the immune resistance of plants [6–8]. Furthermore, COS has been considered as a potent
elicitor of plant immunity and thus is used in many plants, such as tobacco [9], wheat [10], camellia
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(Camellia pitardii) [11], oilseed rape resistance [12], tomato [13], and Arabidopsis [14,15]. At present,
studies on the regulatory mechanism of COS mainly focus on receptor protein and signal transduction
pathway discovery. In particular, receptor proteins are mostly found in cabbage leaves and bamboo
leaves and these receptor proteins were found to be diverse [16,17]. The signal transduction process of
anthraquinone were detected by stimulating COS in Rubia tinctorum L. cells. The results showed that
the COS treatment groups can significantly improve the content of anthraquinone in Rubia tinctorum L.
cells. The regulation process may be achieved by activating the MAPK signaling pathway and calcium
messenger signaling pathway [18–21]. Meanwhile, numerous studies showed that COS can improve
rice disease resistance [22,23] and enhance the disease resistance of southern rice black-streaked
dwarf virus (SRBSDV)-infected rice [24]. However, the mechanism of COS-induced immunity in rice,
especially the signaling processes involved, remains unclear.

In this study, label-free proteomics technique was performed to investigate the differences of
proteins level in COS-treated rice infected with SRBSDV. The results showed that the COS preventing
controlling mechanism may be determined through the improved activity of the relevant defensive
enzyme, especially catalase, which is a key protein that activates the disease resistance of rice.
This result provided the basis for subsequent studies on mechanisms that COS enhanced resistance
against SRBSDV in rice.

2. Materials and Methods

2.1. Chitosan Oligosaccharide to Promote Rice Rooting and Germination

Japonica Rice Cultivar seeds Nipponbare (Oryza sativa Japonica) were randomly divided into
four groups, namely, control check (CK), Treatment 1 (T1), Treatment 2 (T2), and Treatment 3 (T3).
Water (150 mL) was added to the CK group, and 150 mL of COS solution was added to each of the
other groups. The final concentrations of COS were 50, 100, and 200 µg/mL. The rice seeds were
soaked for 12 h, and then the solution was removed until its germination. The germination rate, root
length, and bud length of each group were then counted. Each experimental group was repeated
three times.

2.2. Plant Material and Samples of Proteomics

Japonica Rice Cultivar seeds Nipponbare (Oryza sativa Japonica) were rinsed five times in clean
water and germinated in plastic trays lined with wet paper towels for 72 h in the dark (25 ◦C).
The seedlings were grown in illumination incubator under controlled conditions (28 ◦C/30 ◦C during
the day cycle, relative humidity of 50%). When the third leaf was fully expanded after two weeks of
culture, the seedlings were transplanted into another illumination incubator to inoculate the virus
through SRBSDV-carrying white-backed plant hopper. After one week, the rice was transplanted
into the experimental fields. We waitedfor the treatment groups and control groups to grow to the
tiller period. COS (0.05 mg/mL) was sprayed on the rice plants under the treatment groups, andclean
water was sprayed on the control groups. The samples were collected at 1, 3, 5, and 7 days after
treatment and maintained at −80 ◦C for further use. The treatment and control groups were imposed
in randomized design with three replicates.

2.3. Extraction of Total Proteins and Polyacrylamide Gel Electrophoresis

Total rice proteins were extracted and separated by polyacrylamide gel electrophoresis (PAGE)
according to a modified method, which was reported previously [25,26]. First, approximately 1 g
of rice sample was homogenized using mortar and pestle in liquid nitrogen until a fine powder is
obtained. The total soluble proteins were then extracted using 5 mL of ice-cold protein extraction
buffer containing 0.5 M Tris-HCl (pH 7.5), 0.7 M sucrose, 0.1 M KCl, 50 mM ethylenediaminetetraacetic
acid (EDTA), and 40 mM dithiothreitol (DTT) at room temperature for 15 min. An equal volume of
Tris-phenol was then added to an extraction tube after 30 min of shaking, and homogenates were
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centrifuged at 8000 g and 4 ◦C for 5 min. The supernatant was collected and added with five times
volume of 0.1 M ammonium acetate in methanol. The liquid sample was maintained at −20 ◦C
overnight and then centrifuged at 8000 g for 10 min at 4 ◦C. Finally, the resulting pellets were washed
with ice-cold acetone containing 1% (w/v) DTT, and the washing step was repeated three times.
The final pellets were dried in a vacuum drier for 2 h and then dissolved in 100 µL of the rehydration
solution containing 8 M (w/v) urea, 0.1 M (w/v) Tris, and 10 mM DTT, and total protein concentration
was determined through the Bradford method [27]. Each experiment was repeated three times.
Gel electrophoresis was performed at 120 V, and the gel was visualized with colloidal Coomassie blue.
The gel is divided into three segments according to the protein maker.

2.4. In-Gel Digestion

Proteins digestion with trypsin were performed as follows: the gels were briefly washed with
buffer containing 50% (w/v) ACN and 50% (w/v) 100 Mm NH4HCO3. This step was repeated until
the colors of the gels faded. The gels were then incubated at a solution of 10 mM of DTT (Sigma
Aldrich (Shanghai) Trading Co., Ltd, Shanghai, China)/50 mM of NH4HCO3 (pH 8.0) for 1 h at
56 ◦C. Finally, the gel pieces were again incubated with a solution containing 55 mM iodoacetamide
(Sigma-Aldrich)/50 mM of NH4HCO3 (pH 8.0) at dark condition for alkylation at room temperature
for 30 min before removing the solution. The gel pieces were alternately washed with 10 mM
NH4HCO3 and 100% ACN two times. The gel pieces were minced and allowed to dry before they
were rehydrated in overdose trypsin (sequencing grade, Roche Diagnostics) in 10 mM NH4HCO3

at 37 ◦C overnight. The trypsin solution was added to equal volumes of 60% ACN/5% formic acid
(FA) solution. The trypsin peptides were extracted from the gel grains with 0.1% FA in H2O (HPLC
grade) three times and then dried using Speed Vac (SIM International Group Co, Ltd., Newark,
NJ, USA). The precipitate was dissolved in 50 µL of H2O (HPLC grade) with 0.1% FA for liquid
chromatograph-mass spectrometer/mass spectrometer(LC-MS/MS) analysis.

2.5. LC-MS/MS, Database Searching, and Bioinformatics Analysis

The peptide samples, which come from hydrolyzed gels, were analyzed using a Nano LC-1DTM
plus system (Eksigent, Dublin, CA, USA) combined with TripleTOF 5600 MS (AB SCIEX, Foster City,
CA, USA). Peptide samples (8 µL) were performed using a full loop injection. First, the peptide
samples were desalted on a ChromXP Trap column (Nano LC TRAP Column, 3 µm C18-CL, 120 A,
350 µm × 0.5 mm, Foster City, CA, USA) and then eluted into a second analytical column-NanoLC
C18 reversed-phase column (3C18-CL, 75 µm × 15 cm, Foster City, CA, USA). The mobile phases
were composed of A mobile phase (5% ACN, 0.1% FA) and B mobile phase (95% ACN, 0.1% FA) over
120 min at a flow rate of 300 nL/min. TripleTOF 5600 MS was operated in the data-dependent mode to
automatically switch between TOF–MS and Product Ion acquisition using Analyst (R) Software (TF1.6)
(AB SCIEX, Foster City, CA, USA).β-Galactosidase digest was used to calibrate every two samples by
10 min of elution and 30 min of identification.

Raw data were processed using MaxQuant version 1.5.2.8 (Max Planck Institute, Munich,
Germany), searched against a database, which contains data on rice, SRBSDV proteome, and
140,784 proteins and was downloaded from UniProt database (http://www.uniprot.org/); the search
was performed on Andromeda search enginethat can be freely available at (www.maxquant.org) [28,29].
The search parameters were set as follows: the search of precursor mass tolerance of 20 ppm was used
for mass recalibration. The search also included the variable modification of methionine oxidation and
N-terminal acetylation and fixed modification of carbamidomethyl cysteine. In the main Andromeda
search, precursor mass and fragment mass had initial mass tolerances of 6 and 20 ppm, respectively.
For the identification of peptides and proteins, false discovery rate (FDR) was set to 0.01, and only
significant peptides were accepted for the identification of the protein sample. For the comparison of
the difference between the expression levels of the two groups, namely, control groups and treatment
groups, label-free quantification with a minimum of two ratio counts was used to determine normalized
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protein intensity. The ratio and statistical analysis of the data met the requirements, that is, two
instancesof repeated data appeared more than three times in the same group. Protein identifications
were filtered to eliminate the identifications from the common contaminants and reverse database.
Two-sample unpaired t-test was performed to identify the differentially accumulated proteins of the
control and treatment groups. The intensity based absolute quantification (iBAQ) value, which is a
protein quantitative method, was used for the t-test, and the proteins with a p of <0.05 in the Analysis
of Variance (ANOVA) were considered differentially expressed.

The selected protein was used to cluster the samples in different groups to test the rationality and
accuracy of differentially expressed proteins. Gene Ontology (GO) is a gene function in a standardized
classification system and provides a dynamic update of the standardized vocabulary. Its aim is to
describe the properties of genes and gene products on the basis of three aspects, namely, biological
process (BP), cellular components (CC), and molecular functions (MF) [30,31]. All the rice proteins
were used as backgrounds through the Fisher’s exact test to identify the differentially expressed
proteins in the significant enrichment of GO functional item analysis and awareness of differentially
expressed proteins and functional categories and to correlate them [32]. We analyzed and identified
the most significant metabolic and signal transduction pathways of the differentially expressed
proteins through theKyoto Encyclopedia of Genes and Genomes(KEGG) pathway annotation of
the selected differentially expressed proteins [33]. The Search Tool for the Retrieval of Interacting
Genes (STRING) database is an online tool designed to evaluate Protein-Protein Interactions (PPI)
information (http://www.string-db.org/) [34]. We mapped some selected essential proteins to STRING
and only the experimentally validated interactions with a combined score of more than 0.4 were
considered significant.

2.6. Defense Enzyme Activity Assay

For the determination of Peroxidase (POD), Superoxide Dismutase (SOD), and Catalase (CAT)
enzyme activities, 1 g of each rice sample was homogenized using a mortar and pestle and liquid
nitrogen until fine powder was obtained. The obtained powder was ground in 1 mL of extraction
buffer and centrifuged at 8000 rpm at 4 ◦C. Protein activity was determined using the Bradford protein
assay kit (Sangon Biotech, Sanghai, China). Enzyme activity was calculated using an enzyme assay
reagent kit according to the instruction manual (Suzhou Comin Bioengineering Institute, Jiangshu,
China). Absorption wavelength was detected by Synergy H1 microplate reader (Bio-Rad, Hercules,
CA, USA). Each experiment was repeated three times.

2.7. Gene Expression Analysis by Reverse Transcription-qPCR

Total RNA was extracted using a Trizol reagent kit (TakaRa, Dalian, China). RNA was
reverse-transcribed using a cDNA kit (TakaRa) according to the manufacturer’s instructions.
The experiments were performed in 10 µL of reaction volume and SYBR Premix Ex TaqII (TakaRa) and
an iCycleriQ multi-color real-time PCR Detection System (Bio-Rad, California, CA, USA) wasused.
Primer sequence information is listed in Table 1. Gene expression was normalized using β-actin as
internal control. The relative copy numbers of the genes were calculated through the 2−∆∆Ct method [35].

Table 1. Primer sequences and the reaction condition used in reverse transcription (RT)-quantitative PCR.

Gene Name Forward Primer Reverse Primer

β-actin 5′-TCCTCCGTGGAGAAGAGCTA-3′ 5′-GCAATGCCAGGGAACATAGT-3′

Chitinase 5′-CTACACGTACGACGCCTTCA-3′ 5′-GAAGCAGTAACCCCACTGGA-3′

Catalase 5′-AAGCCGAGCATGTAAGGAGA-3′ 5′-ACACGAATTGTGCGGTGATA-3′

Ascorbate POD 5′-CAAGGAGGAGATACCCACCA-3′ 5′-TAGGTGGTCAGAACCCTTGG-3′

PR-1 5′-CAGTGGTACGACCACGACAG-3′ 5′-GGCGAGTAGTTGCAGGTGAT-3′

Copper/Zine SOD 5′-TTTTCCAGTCCCCTTCCTCT-3′ 5′-AGCCGTGAAGTCCAGGAGTA-3′

POD: Peroxidase; PR-1: pathogenesis related protein 1; SOD: Superoxide Dismutase.

http://www.string-db.org/
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3. Results

3.1. COS to Promote Growth Results

Different COS concentrations promoted rice growth and the results indicated that lower
concentration can promote rice rooting, but excessive concentration is not conducive to rice rooting.
In the process of promoting budding growth, 50 and 100 µg/mL of COS facilitated germination.
When rooting and germination is considered, lower COS concentrations were found to be conducive
for plant growth experimentsin Table 2.

Table 2. Chitosan oligosaccharide (COS) at different concentrations to promote rice germination results.

Buds Long

Repeated Numbers 1 2 3 4 5 6 7 Average Value

CK 1.6 1.5 1.4 1.3 0.9 0.9 0.9 1.21 ± 0.39
COS(50µg/mL) 2.5 2.4 3.0 2.4 2.0 2.0 2.7 2.43 ± 0.33
COS (100µg/mL) 1.8 1.7 1.5 2.0 1.8 1.5 1.5 1.69 ± 0.18
COS (200µg/mL) 3.5 3.0 4.0 2.5 2.5 2.0 2.5 2.86 ± 0.64

Root Long

Repeated Numbers 1 2 3 4 5 6 7 Average Value

CK 1.4 1.7 2.0 2.3 2.0 1.7 2.2 1.90 ± 0.29
COS (50µg/mL) 2.5 2.6 4.0 3.0 3.1 3.6 3.5 3.19 ± 0.51
COS (100µg/mL) 4.0 2.5 2.5 4.0 2.0 3.5 2.5 3.00 ± 0.76
COS (200µg/mL) 1.5 1.8 2.0 1.8 2.0 2.0 2.0 1.87 ± 0.17

CK: control check groups that were treated with water.

3.2. Label-Free ProteomicsComparative Analysis of Treatment Group and Control Group

3.2.1. Analysis of Proteomics

Peptide results were searched using MaxQuant version 1.5.2.8 (Max Planck Institute, Munich,
Germany), and the result showed that 2197 proteins were identified and quantified when the selected
filter settings in the supporting information (Table S1) were used. A total of 1959 and 2060 proteins
were found in the treatment groups and control groups, respectively. In the total proteins, 2197 proteins
were identified in the two groups, and 137 and 238 proteins were specifically expressed in the
treatment groups and the control groups, respectively (Figure 1). To understand the expression
levels of these differential proteins, we plotted a volcanic map (Figure 2), called the volcano plot.
The total numbers of the identified different proteins, which included 124 up-regulated proteins
(red dots) and 96 down-regulated proteins (blue dots), (fold change > 1.5, p < 0.05) in the control and
treatment groups was 220 (for more information see Supplementary Materials Table S2).

Viruses 2017, 9, 115  5 of 16 

 

In the process of promoting budding growth, 50 and 100 µg/mL of COS facilitated germination. When 
rooting and germination is considered, lower COS concentrations were found to be conducive for 
plant growth experimentsin Table 2. 

Table 2. Chitosan oligosaccharide (COS) at different concentrations to promote rice germination 
results. 

 Buds Long  
Repeated Numbers 1 2 3 4 5 6 7 Average Value 
CK 1.6 1.5 1.4 1.3 0.9 0.9 0.9 1.21 ± 0.39 
COS(50µg/mL) 2.5 2.4 3.0 2.4 2.0 2.0 2.7 2.43 ± 0.33 
COS (100µg/mL) 1.8 1.7 1.5 2.0 1.8 1.5 1.5 1.69 ± 0.18 
COS (200µg/mL) 3.5 3.0 4.0 2.5 2.5 2.0 2.5 2.86 ± 0.64 
 Root Long  
Repeated Numbers 1 2 3 4 5 6 7 Average Value
CK 1.4 1.7 2.0 2.3 2.0 1.7 2.2 1.90 ± 0.29 
COS (50µg/mL) 2.5 2.6 4.0 3.0 3.1 3.6 3.5 3.19 ± 0.51 
COS (100µg/mL) 4.0 2.5 2.5 4.0 2.0 3.5 2.5 3.00 ± 0.76 
COS (200µg/mL) 1.5 1.8 2.0 1.8 2.0 2.0 2.0 1.87 ± 0.17 

CK: control check groups that were treated with water. 

3.2. Label-Free ProteomicsComparative Analysis of Treatment Group and Control Group 

3.2.1. Analysis of Proteomics 

Peptide results were searched using MaxQuant version 1.5.2.8 (Max Planck Institute, Munich, 
Germany), and the result showed that 2197 proteins were identified and quantified when the selected 
filter settings in the supporting information (Table S1) were used. A total of 1959 and 2060 proteins 
were found in the treatment groups and control groups, respectively. In the total proteins, 2197 
proteins were identified in the two groups, and 137 and 238 proteins were specifically expressed in 
the treatment groups and the control groups, respectively (Figure 1). To understand the expression 
levels of these differential proteins, we plotted a volcanic map (Figure 2), called the volcano plot. The 
total numbers of the identified different proteins, which included 124 up-regulated proteins (red 
dots) and 96 down-regulated proteins (blue dots), (fold change > 1.5, p < 0.05) in the control and 
treatment groups was 220 (for more information see Supplementary Materials Table S2). 

 
Figure 1. Venn diagram for proteins identified in the treatment and control groups. In the total 
protein, 2197 were identified in the two groups, of which 137 and 238 proteins are shown in theyellow 
part and blue part, respectively, and these were specifically expressed in the treatment and control 
groups, respectively. 

Figure 1. Venn diagram for proteins identified in the treatment and control groups. In the total protein,
2197 were identified in the two groups, of which 137 and 238 proteins are shown in theyellow part and blue
part, respectively, and these were specifically expressed in the treatment and control groups, respectively.



Viruses 2017, 9, 115 6 of 16
Viruses 2017, 9, 115  6 of 16 

 

 
Figure 2. Numbers of identified proteins showed up-regulation and down-regulation among the 
control and treatment groups. Red spots represented up-regulation of proteins, and blue dots were 
down-regulated proteins. Log2 Ratio indicated that the ratio between the treatment groups and the 
control groups took the natural logarithm. The longitudinal coordinates indicate the magnitude of 
differences in protein level. 

3.2.2. Bioinformatics Analysis of Control Groups and Treatment Groups 

Differentially expressed proteins were annotated using The Database for Annotation, 
Visualization and Integrated Discovery 6.8 (DAVID 6.8) [36,37]. Total differentially expressed 
proteins were annotated with all proteins of rice (Oryza sativa Japonica) as background. The identified 
differentially expressed proteins were analyzed on the basis of GO categories in CC, BP, and MF 
through Fisher exact test and false discovery rate (FDR) correction method [38,39]. All the results of 
the differential proteins annotation are listed in the Supplementary Materials (Table S3). Some GO 
comments are listed according to the p value. The smallest ten p values are shown in the column chart. 
Figure 3 shows that differently expressed proteins were grouped according to: CC, up-regulated 
proteins mainly involved in cytosolic ribosome, photosystem I, cytosolic part, photosystem, 
ribosomal subunit, photosynthetic membrane, cytosol, thylakoid part, plastoglobule, and thylakoid. 
Down-regulated proteins only included cytosol and proton-transporting ATP synthase complex. 
Figure 4 demonstrated that up-regulated proteins are involved in peptide metabolic process, 
generation of precursor metabolites and energy, cellular amide metabolic process, translation, 
peptide biosynthetic process, amide biosynthetic process, photosynthesis, light harvesting in 
photosystem I, photosynthesis, light reaction, organonitrogen compound biosynthetic process, 
photosynthesis, light harvesting, down-regulated proteins mainly involved in monovalent inorganic 
cation transport, ATP synthesis coupled with proton transport, energy coupled proton transport, 
down electrochemical gradient, ATP metabolic process, ATP biosynthetic process, purine 
ribonucleoside triphosphate metabolic process, purine nucleoside triphosphate metabolic process, 
purine nucleoside triphosphate biosynthetic process, purine ribonucleoside triphosphate 
biosynthetic process, and purine nucleoside monophosphate metabolic process. They were grouped 
according to BP. The pigment binding, structural constituent of ribosome, chlorophyll binding, 
structural molecule activity, cofactor binding, tetrapyrrole binding, nicotinamide adenine 
dinucleotide phosphate (NADP) binding, nicotinamide adenine dinucleotide (NAD) binding, 
oxidoreductase activity, acting on CH-OH group of donors, and coenzyme binding were mapped to 
up-regulated proteins of MF, and the following were enriched to the down-regulated proteins of MF, 
as shown in Figure 5: cofactor binding, tetrapyrrole binding, NADP binding, NAD binding, 

Figure 2. Numbers of identified proteins showed up-regulation and down-regulation among the
control and treatment groups. Red spots represented up-regulation of proteins, and blue dots were
down-regulated proteins. Log2 Ratio indicated that the ratio between the treatment groups and the
control groups took the natural logarithm. The longitudinal coordinates indicate the magnitude of
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3.2.2. Bioinformatics Analysis of Control Groups and Treatment Groups

Differentially expressed proteins were annotated using The Database for Annotation, Visualization
and Integrated Discovery 6.8 (DAVID 6.8) [36,37]. Total differentially expressed proteins were annotated
with all proteins of rice (Oryza sativa Japonica) as background. The identified differentially expressed
proteins were analyzed on the basis of GO categories in CC, BP, and MF through Fisher exact test
and false discovery rate (FDR) correction method [38,39]. All the results of the differential proteins
annotation are listed in the Supplementary Materials (Table S3). Some GO comments are listed
according to the p value. The smallest ten p values are shown in the column chart. Figure 3 shows that
differently expressed proteins were grouped according to: CC, up-regulated proteins mainly involved
in cytosolic ribosome, photosystem I, cytosolic part, photosystem, ribosomal subunit, photosynthetic
membrane, cytosol, thylakoid part, plastoglobule, and thylakoid. Down-regulated proteins only
included cytosol and proton-transporting ATP synthase complex. Figure 4 demonstrated that
up-regulated proteins are involved in peptide metabolic process, generation of precursor metabolites
and energy, cellular amide metabolic process, translation, peptide biosynthetic process, amide
biosynthetic process, photosynthesis, light harvesting in photosystem I, photosynthesis, light reaction,
organonitrogen compound biosynthetic process, photosynthesis, light harvesting, down-regulated
proteins mainly involved in monovalent inorganic cation transport, ATP synthesis coupled with
proton transport, energy coupled proton transport, down electrochemical gradient, ATP metabolic
process, ATP biosynthetic process, purine ribonucleoside triphosphate metabolic process, purine
nucleoside triphosphate metabolic process, purine nucleoside triphosphate biosynthetic process,
purine ribonucleoside triphosphate biosynthetic process, and purine nucleoside monophosphate
metabolic process. They were grouped according to BP. The pigment binding, structural constituent
of ribosome, chlorophyll binding, structural molecule activity, cofactor binding, tetrapyrrole binding,
nicotinamide adenine dinucleotide phosphate (NADP) binding, nicotinamide adenine dinucleotide
(NAD) binding, oxidoreductase activity, acting on CH-OH group of donors, and coenzyme binding
were mapped to up-regulated proteins of MF, and the following were enriched to the down-regulated
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proteins of MF, as shown in Figure 5: cofactor binding, tetrapyrrole binding, NADP binding, NAD
binding, oxidoreductase activity, acting on CH-OH group of donors, coenzyme binding, hydrogen
ion transmembrane transporter activity, monovalent inorganic cation transmembrane transporter
activity, inorganic cation transmembrane transporter activity, oxidoreductase activity, acting on the
CH-OH group of donors, NAD or NADP as acceptor, proton-transporting ATP synthase activity,
rotational mechanism and cation transmembrane transporter activity and ATPase activity, coupled to
transmembrane movement of ions, and rotational mechanism.
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Some up-regulated proteins were involved in the peptide metabolic process, generation of precursor
metabolites and energy, cellular amide metabolic process, translation, peptide biosynthetic process,
amide biosynthetic process, photosynthesis, light harvesting in photosystem I, photosynthesis, light
reaction, organonitrogen compound biosynthetic process, photosynthesis, light harvesting and partial
down-regulated proteins mainly involved in monovalent inorganic cation transport, ATP synthesis
coupled proton transport, energy coupled proton transport, down electrochemical gradient, ATP
metabolic process, ATP biosynthetic process, purine ribonucleoside triphosphate metabolic process,
purine nucleoside triphosphate metabolic process, purine nucleoside triphosphate biosynthetic process,
purine ribonucleoside triphosphate biosynthetic process, and purine nucleoside monophosphate
metabolic process.
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Figure 5. Proteins of molecular functions (MF) were mapped to pigment binding, structural constituent
of ribosome, chlorophyll binding, structural molecule activity, cofactor binding, tetrapyrrole binding,
nicotinamide adenine dinucleotide phosphate (NADP) binding, nicotinamide adenine dinucleotide
(NAD) binding, oxidoreductase activity, acting on CH-OH group of donors, coenzyme binding, and
down-regulate proteins were mapped to cofactor binding, tetrapyrrole binding, NADP binding, NAD
binding, oxidoreductase activity, acting on CH-OH group of donors, coenzyme binding, hydrogen
ion transmembrane transporter activity, monovalent inorganic cation transmembrane transporter
activity, inorganic cation transmembrane transporter activity. Oxidoreductase activity, acting on the
CH-OH group of donors, NAD or NADP as acceptor, proton-transporting ATP synthase activity,
rotational mechanism and cation transmembrane transporter activity and ATPase activity, coupled to
transmembrane movement of ions, rotational mechanism.

3.3. Determination of Defense Enzyme Activity

SOD is a kind of natural scavenger that can remove oxygen free radicals in organisms and it is an
O2− free radical quenchant. In the present study, COSinduced SOD expression in the rice samples, as
indicated by the results shown in Figure 6a. The SOD activities of the COS-treated groups were 0.70,
2.13, 0.67, and 0.79 times of that of the control groups after 1, 3, 5, and 7 days, respectively. The POD
activities in the treatment and control groups were detected at different time points (1, 3, 5, and 7 days).
The results are shown in Figure 6b. The POD activities of the COS-treated groups were 658.37, 878.1,
929.02, and 940.74 U/mg·protein after 1, 3, 5, and 7 days, respectively. Control groups were 416.44,
604.58, 509.69, and 646.51 U/mg·protein at same time points. The treatment groups were 1.58, 1.45,
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1.82, and 1.46 times that of the control groups after 1, 3, 5, and 7 days, respectively. The results indicated
that CAT activity in the treatment groups increased first and then decreased, but remained higher than
that of the control groups (Figure 6c). The treatment groups were 2.84, 6.72, 9.12, and 3.34 times that of
the control groups after 1, 3, 5, and 7 days, respectively.
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Figure 6. (a) Superoxide dismutase activities of COS treatment groups were 51.99, 33.93, 31.13, and
82.89 U/mg·protein (in 1, 3, 5, and 7 days, respectively). The control groups were 73.90, 15.90, 46.19, and
105.32 U/mg·protein (in 1, 3, 5, and 7 days, respectively). Only the third day is higher than the control
groups. (b) The activities of Peroxidase in the treatment groups and control groups. The treatment
groups were 658.37, 878.81, 929.02, and 940.74 U/mg·protein (in 1, 3, 5, and 7 days, respectively).
The activities of control groups were 416.44, 604.58, 509.69, and 646.51 U/mg·protein (in 1, 3, 5 and
7 days, respectively). The treatment groups were 1.58, 1.45, 1.82, and 1.46 times higher than that of the
control group. The activities of Catalaseare shown in (c), the treatment groups activities were 58.24,
69.61, 83.84, and 62.55 U/mg·protein, (in 1, 3, 5, and 7 days, respectively). They are higher than the
control groups activities that were 20.50, 10.36, 9.19, and 18.71 U/mg·protein respectively. The fifth day
activity had the biggest difference; the treatment group is 9.12 times of the control.

3.4. RNA Expression Levels of Chitinase, Catalase, Glutathione POD, Copper/Zine SOD, and PR-1

Defense gene relative expression of Chitinase, Catalase, Glutathione POD, Copper/Zine SOD, and
pathogenesis related protein 1 (PR-1) were investigated by reverse transcription (RT-qPCR). Results are
shown in Figure 7. Results demonstrated that the relative expression levels of Chitinase, Catalase,
Glutathione POD, Copper/Zine SOD, and PR-1 of COS treatment groups were significantly higher than
that of the control groups. The relative expression levels of Glutathione POD gene were 4.70, 5.40,
4.65, and 4.65 in 1, 3, 5, and 7 days, respectively, and the third day significant maximum reached
5.4. Meanwhile, the relative expression of Catalase also reached the maximum on the third day, after
the COS treatment increased by approximately 12.13 times. Moreover, the relative expression of
Copper/Zine SOD, catalase, and PR-1 also were highly up-regulated by COS treatment in varying
degrees and PR-1 even reached approximately 172.85 times on the third day, but Copper/Zine SOD
decreased after the third day.
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Figure 7. Gene expression of the defense genes were performed by RT-qPCR. The relative expression
of defense genes, including Chitinase, Catalase, Glutathione POD, SOD, and PR-1, in different stages (1, 3,
5, and 7 days), were highly up-regulated by COS treatment.

4. Discussion

Plants have resistance to external stress when they are stimulated by external stimuli [40,41].
In this study, the change at the protein level was investigated in the rice of COS-treated groups and
control groups by label-free quantitative proteomic technique. We annotated all different proteins
in DAVID 6.8 (Supplementary Materials Table S3). Table 3 lists the primary differential proteins
annotation results. After COS processing, we identified some defense-related proteins, simultaneously
the expression of SRBSDV P9-1 and P5 protein were down-regulated [42,43]. Previous studies have
shown that the interaction between P9-1 and P5 were essential proteins that formed viroplasms [44,45].
Our results indicated that COS may decrease the infection ability of SRBSDV.

Table 3. Major different proteins annotated results. After COS treatment, we qualify to defense-related
proteins and reduced expression of SRBSDV P9-1, an α-helical protein, self-interacts and forms
viroplasms in vivo, P5that is a non-structural protein targeted to chloroplasts, and major capsid
protein; results demonstrated that COS can decrease the infection ability of SRBSDV or inhibit the
replication of the SRBSDV and improve rice disease resistance. The value of sig represents the different
expression. 1 is up-regulation, −1 is down-regulated, 0 means only in the control groups or treatment
groups expression or no change in the two groups.

Protein ID Protein Names Organism Length LogRatio LogP Sig

PP2A2_ORYSJ
Serine/threonine-protein

phosphatase PP2A-2 catalytic
subunit (EC 3.1.3.16)

Oryza sativa subsp.
Japónica (Rice) 307 2.71344 1.809716 1

GLO1_ORYSJ

Peroxisomal (S)-2-hydroxy-acid
oxidase GLO1 (EC 1.1.3.15)

(Glycolate oxidase 1) (GOX 1)
(OsGLO1) (Short chain

alpha-hydroxy acid
oxidase GLO1)

Oryza sativa subsp.
japonica (Rice) 369 1.100617 3.704594 1

GLO5_ORYSJ

Peroxisomal (S)-2-hydroxy-acid
oxidase GLO5 (EC 1.1.3.15)

(Glycolate oxidase 5) (GOX 5)
(OsGLO5) (Short chain

alpha-hydroxy acid
oxidase GLO5)

Oryza sativa subsp.
Japónica (Rice) 369 0.68682 2.115814 1

PER1_ORYSJ Peroxidase 1 (EC 1.11.1.7) Oryza sativa subsp.
Japónica (Rice) 326 1.197095 2.103695 1
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Table 3. Cont.

Protein ID Protein Names Organism Length LogRatio LogP Sig

V5LEK5_9REOV P9-1 Southern rice
black-streaked dwarf virus 347 −3.45753 2.791139 −1

Q9ZRI9_ORYSJ Catalase (EC 1.11.1.6) Oryza sativa subsp.
Japónica (Rice) 492 0.883992 2.928169 1

Q7XSV2_ORYSJ Peroxidase (EC 1.11.1.7) Oryza sativa subsp.
Japónica (Rice) 346 1.18305 1.649601 1

Q5U1F5_ORYSJ Peroxidase (EC 1.11.1.7) Oryza sativa subsp.
Japónica (Rice) 344 −1.7243 1.38769 −1

H9BJU7_9REOV P5 Southern rice
black-streaked dwarf virus 939 −4.47428 2.610644 −1

Q6ER49_ORYSJ Peroxidase (EC 1.11.1.7) Oryza sativa subsp.
japonica (Rice) 321 0.899285 1.336709 1

Q7F1U0_ORYSJ Peroxidase (EC 1.11.1.7) Oryza sativa subsp.
japonica (Rice) 317 −0.97083 2.274778 −1

Q9SNK3_ORYSJ Glyceraldehyde-3-phosphate
dehydrogenase (EC 1.2.1.-)

Oryza sativa subsp.
Japónica (Rice) 444 0.75745 2.954426 1

Q7X8A1_ORYSJ Glyceraldehyde-3-phosphate
dehydrogenase (EC 1.2.1.-)

Oryza sativa subsp.
Japónica (Rice) 402 0.94783 2.074914 1

Q945W5_ORYSJ

Glutathione S-transferase GSTU6,
putative, expressed

(Os10g0530500 protein) (Putative
glutathione S-transferase)

(Putative glutathione
S-transferase OsGSTU13)

Oryza sativa subsp.
Japónica (Rice) 233 1.129885 2.872945 1

Q5TKF4_ORYSJ Nucleoside diphosphate kinase
(EC 2.7.4.6)

Oryza sativa subsp.
Japónica (Rice) 239 - - 0

P9-1: it is an α-helical protein, it self-interacts and forms viroplasms in vivo. P5: it is a non-structural protein of
SRBSDV targeted to chloroplasts.

In addition, KEGG Automatic Annotation Server 2.1 (KAAS) (http://www.genome.jp/tools/
kaas/) was used to conduct pathway enrichment [46]. Two specific proteins, nucleoside diphosphate
kinase (NDPK2) (Q5TKF4_ORYSJ) and catalase (Q9ZRI9_ORYSJ) were found to play important roles
in the MAPK signaling cascade pathway. A previous study showed that NDPK2 is a key metabolic
enzyme that can maintain the balance of ATP in cells. It was accumulated strongly after infection
with Xanthomonas oryzae pv. oryzae [47]. The results of the present study showed that NDPK2
was only expressed in the control groups, in which rice was infected with SRBSDV. This result also
indicated that NDPK2 is a specifically expressed substance after the rice was infected by the pathogen.
NDPK2 indirectly down-regulated mitogen-activated protein kinase (MPK3/6) expression, which can
enhance the activities of peroxidase family [48]. Transcription factors of WRKY22 and WRKY25, which
are a class of DNA-binding proteins, were indirectly affected by MPK3/6. WRKY transcription factors
alleviated oxidative stress tolerance [49,50]. Ultimately, the expression of related defense enzymes
(CAT, POD, and SOD) were inhibited, thus NDPK2 can be a marker in SRBSDV-infected rice. However,
after COS treatment, the cells produced H2O2, which induced the specific up-regulated expression of
catalase through a kind of phosphate cascade reaction. The catalase then inhibited H2O2 production
and enabled the cells to remove the harmful effects of reactive oxygen species and elicit a stress-tolerant
response. This process is shown in Figure 8.

An essential catalase (4331509) was detected through the protein-protein interaction (PPI)
networkin Figure 9. This catalase interacted with five proteins, including glyceraldehyde-3-phosphate
dehydrogenase (4336044), glyceraldehyde-3-phosphate dehydrogenase (4331495), hydroxy acid
oxidase 1 (4342420), hydroxy acid oxidase 1 (4334349) and glutathione S-transferase (4349203).
Previous studies indicated that glyceraldehyde-3-phosphate dehydrogenase enhances tolerance to
abiotic stresses through the regulation of H2O2 levels in rice [51]. The glutathione S-transferase and CAT

http://www.genome.jp/tools/kaas/
http://www.genome.jp/tools/kaas/
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can increase oxidative stress protection in glutathione S-transferase and CAT transgenic rice plants [52].
These results indicated that catalase mainly played essential roles in the regulated resistance of COS.
Our enzyme activity tests and gene quantification results indicated that COS promoted defense-related
antioxidant enzymes and gene expression both increases. Interestingly, the PR-1 transcription level
increased dramatically. This suggested that COS might also activate rice-associated immune responses
through other pathways or ways to resist further replication of the SRBSDV. In Arabidopsis plants,
recent studies have shown that COS can induce plants to produce PR-1 protein through the salicylic
acid pathway [53]. Our resultsprovide some basis for further study of the COS mechanism.
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Figure 8. Catalase andnucleoside diphosphate kinase (NDPK2) played important regulative roles
in mitogen-activated protein kinase (MAPK) signaling cascades pathway. The catalase can inhibit
the production of H2O2, help cells to remove the harmful effects of reactive oxygen species, and
result stress-tolerant response. NDPK2 that was only expressed in control groups, and due to
the phosphorylation of MPK3/6 was not observed in treatment groups. Then indirectly affect the
transcription factors, which were WRKY22 and WRKY25that transcription factor involved in the
expression of defense genes in innate immune response of plants, could regulate transcription process.
Ultimately, the expression of related defense enzymes (CAT, POD and SOD) were inhibited.
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Figure 9. Protein–protein interaction network, catalase interacted with five other whole
proteins, namely, glyceraldehyde-3-phosphate dehydrogenase (4336044), glyceraldehyde-3-phosphate
dehydrogenase (4331495), hydroxy acid oxidase 1 (4342420), hydroxy acid oxidase 1 (4334349), and
glutathione S-transferase (4349203). The interaction among them is related to the regulation of COS.
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5. Conclusions

In this study, label-free quantitative proteomics, enzyme activity test, and RT-qPCR analysis
determined the responses of SRBSDV-infected rice to COS. The bioinformatics analysis results showed
that the signal of protecting and controlling the SRBSDV was transmitted through the MAPK signaling
cascade pathway. The activities of the defensive enzymes (POD, CAT, and SOD) were activated in
COS-treated rice. Simultaneously, the expression levels of the defense genes were increased. The results
indicated that NDPK is a signal protein for viral invasion of rice, and catalase is a key regulatory
enzyme that can enhance the resistance of rice against SRBSDV. The results of the present study
provided a basis for further study of plant immune activation mechanism through COS.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4915/9/5/115/s1, Table S1:
Identification of total protein results, Table S2: Differentially expressed proteins of rice in Treatment/control,
Table S3: Results of differential protein GO analysis.
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