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Abstract

Indica and japonica are two main subspecies of Asian cultivated rice (Oryza sativa L.) that differ clearly in morpholog-
ical and agronomic traits, in physiological and biochemical characteristics and in their genomic structure. However,
the proteins and genes responsible for these differences remain poorly characterized. In this study, proteomic tools,
including two-dimensional electrophoresis and mass spectrometry, were used to globally identify proteins that dif-
fered between two sequenced rice varieties (93-11 and Nipponbare). In all, 47 proteins that differed significantly be-
tween 93-11 and Nipponbare were identified using mass spectrometry and database searches. Interestingly, seven
proteins were expressed only in Nipponbare and one protein was expressed specifically in 93-11; these differences
were confirmed by quantitative real-time PCR and proteomic analysis of other indica and japonica rice varieties. This
is the first report to successfully demonstrate differences in the protein composition of indica and japonica rice variet-
ies and to identify candidate proteins and genes for future investigation of their roles in the differentiation of indica
and japonica rice.
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Introduction

The Asian cultivated rice (Oryza sativa L.) is one of

the world’s most important food crops and affords the sta-

ple food for more than half of the world’s population

(Sasaki and Burr, 2000). Indica and japonica rice are two

main subspecies of Asian cultivated rice. Indica rice is

mainly cultivated in tropical and subtropical environments

at lower latitudes or altitudes, whereas japonica rice is

grown mainly in more temperate environments at higher

latitudes or altitudes. During the long history of rice domes-

tication, the indica and japonica rice varieties have clearly

diverged in morphological characteristics, agronomic traits

and physiological and biochemical features, as well as in

yield, quality and stress resistance. However, the proteins

and genes responsible for these differences and their roles

in these two rice varieties remain poorly characterized. In

addition, the tremendous amount of geographic overlap in

adaptation between the two varieties makes it difficult to

identify indica and japonica rice efficiently.

The mechanisms of genetic differentiation and for-

mation between indica and japonica rice are of general in-

terest wherever rice is cultivated (Vaughan et al., 2008).

The identification of indica and japonica rice varieties is

traditionally based mainly on morphological characters and

physiological and biochemical features. In recent years,

with the rapid development of molecular biology, a variety

of molecular markers, including random amplified poly-

morphic DNA (RAPD), restriction fragment length poly-

morphism (RFLP), microsatellite markers (SSR) and DNA

insertion and deletion (InDel) have been widely used to

identify japonica and indica rice varieties at the molecular

level (Oka and Chang, 1962; Liu et al., 1995; Wang and Li,

1997; Long and Xu, 2002; Lu et al., 2002, 2009; Zhu et al.,

2004; Wang et al., 2006). However, these morphological

and physiological traits and molecular markers frequently

yield divergent results in the identification of indica and ja-

ponica rice.

The fast development of whole genome sequencing

technology and the application of bioinformatics have made

it possible to detect differences between indica and japonica

rice at the genomic level. However, traditional functional

genomics have focused mainly on changes in mRNA abun-

dance in histiocytes that do not truly reflect the changes in

protein expression because of the transcriptional regulation

of mRNA (Jugran et al., 2010; Ding et al., 2012). Proteomic

studies represent a well-established strategy for the global

analysis of protein expression profiles under various condi-

tions (Agrawal et al., 2006; Yang et al., 2006, 2007a,b;

Agrawal and Rakwal, 2011; Fan et al., 2011; Deng et al.,

2013; Mitsui et al., 2013; Wang et al., 2013).

Rice proteomic studies have investigated mainly the

protein profiles of various organs, tissues and subcellular

structures and the influences of a variety of environmental

factors on gene expression (Komatsu et al., 2004). In con-

Genetics and Molecular Biology, 37, 4, 652-661 (2014)

Copyright © 2014, Sociedade Brasileira de Genética. Printed in Brazil

www.sbg.org.br

Send correspondence to Yanhua Yang. Institute of Life Sciences,
Jiangsu University, 301 Xuefu Road, Zhenjiang, 212013 Jiangsu
Province, PR China. E-mail: yanhuayang@126.com.

Research Article



trast, there have been few proteomic investigations of in-

dica-japonica differentiation. Exploration of the mecha-

nisms of genetic differentiation between indica and

japonica rice can improve our understanding of the charac-

teristics of these two subspecies of Asian cultivated rice

and has an important bearing on the rational use of rice

germplasm resources. In this study, we undertook a global

proteomic analysis of indica and japonica rice varieties and

sought to identify important proteins involved in indica-

japonica differentiation.

Materials and Methods

Rice materials

Two sequenced rice varieties, 93-11 (Oryza sativa L.

ssp. indica) and Nipponbare (Oryza sativa L. ssp. japon-

ica), were used to compare the protein expression patterns

of indica and japonica rice. Both varieties were provided

by the Institute of Food Crops, Jiangsu Academy of Agri-

cultural Sciences, China.

Culture conditions

Rice seeds stored at -20 °C were sterilized with 1%

NaClO for 30 min, washed five times with sterilized water,

soaked for 36 h in sterilized water at 28 °C and then germi-

nated in the dark for 48 h. The seedlings were subsequently

cultivated in an artificial climate chamber with a 16 h light

period (28 °C) and 8 h dark period (25 °C). Leaves were

collected at the three-leaf stage seedling, immediately

frozen in liquid nitrogen and stored at -80 °C until protein

extraction. The experiments were repeated three times and

triplicate gel images are shown in Supplementary Material

(Figures S1 and S2).

Protein extraction

Protein extraction was done using a modified version

of the protocol described by Shen et al. (2003). Samples

(0.2 g) were ground to a fine powder in liquid nitrogen and

homogenized in pre-cooled extraction buffer (20 mM

Tris-HCl pH 7.5, 250 mM sucrose, 10 mM EGTA, 1 mM

PMSF, 1 mM DTT and 1% Triton X-100). The homogenate

was transferred to an Eppendorf tube, centrifuged

(15,000 g, 4 °C, 20 min) and the supernatant then collected.

Proteins were precipitated by adding 1/4 volume of cold

50% TCA in an ice bath for 30 min. After centrifugation

(15,000 g, 4 °C, 20 min), the supernatant was discarded.

The precipitate was washed four times with cold acetone

containing 0.07% (w/v) DTT, centrifuged (15,000 g, 4 °C,

10 min each time) and vacuum-dried. The dried powder

was dissolved in sample buffer (7 M urea, 2 M thoiurea, 4%

w/v CHAPS, 2% Ampholine, pH 3.5-10, 1% w/v DTT) at

4 °C overnight and then centrifuged (15,000 g, 4 °C,

10 min). The supernatant was used for two-dimensional

electrophoresis. The protein concentrations were measured

using the method of Bradford (1976).

Two-dimensional electrophoresis (2-DE)

2-DE was done with 13 cm immobilized IPG gel

strips (GE Healthcare, BIO-Science, linear, pH 4-7) ac-

cording to the manufacturer’s recommendations (GE

Healthcare, BIO-Science). Initially, 400 �g of total protein

was loaded onto the IPG strip using passive rehydration

(12-13 h). Next, isoelectric focusing (IEF) was done at 300,

500, 1,000 and 8,000 V for 1 h each and then held at

8,000 V until a total voltage of 32,000 Vh was reached. Af-

ter isoelectric focusing, the strips were equilibrated for

15 min in equilibration buffer (0.05 M Tris-HCl, pH 6.8,

2.5% SDS, 30% v/v glycerol and 1% DTT) and then equili-

brated again for 15 min (0.05 M Tris-HCl, pH 6.8, 2.5%

SDS, 30% (v/v) glycerol and 2.5% (w/v) iodoacetamide).

Subsequently, second-dimensional electrophoresis was

done with a Laemmli (1970) buffer system using 5% stack-

ing gels and 15% resolving gels. After this electrophoresis,

the gels were stained with 0.116% Coomassie brilliant blue

R-250 in a solution containing 25% (v/v) ethanol and 8%

acetic acid.

Image analysis and protein identification

The 2-DE gels were scanned in transparency mode at

300 dpi resolution using a UMAX Power Look 2100XL

scanner (Maxium Tech, Taiwan, China). Spot detection and

gel comparisons were done using ImageMasterTM 2D plati-

num version 5.0 software (GE Healthcare BIO-Science).

The optimized parameters were: saliency = 2, smooth = 3

and minimum area = 50. Spots were expressed as a percent-

age of the total volume relative to the whole set of gel spots.

All data were analyzed using Statistical Package for the So-

cial Sciences (SPSS) software. The protein spots with signif-

icant differences were regarded as different proteins (p <

0.05; Student’s t-test). The differentially expressed protein

spots in 93-11 and Nipponbare were excised manually from

the gels and rinsed in ultrapure water with two rounds of ul-

trasonic treatment (10 min/each). The gels were then

destained 2~3 times ultrasonically in 50 �L of destaining

buffer containing 25 mM NH4HCO3 and 50% ACN until the

gels became colorless. Subsequently, the gel pieces were

washed with 25 mM NH4HCO3, 50% ACN, and 100% ACN

sequentially, vacuum-dried and then swollen in 25 mM

NH4HCO3 containing 10 �g of trypsin/mL (Promega, Madi-

son, WI, USA) for 30 min at 4 °C. After adding a further

10-15 �L of 25 mM NH4HCO3, the gel pieces were digested

at 37 °C overnight (11-16 h). The peptides in the resulting di-

gestion were identified by MALDI-TOF MS (Bruker

Daltonics, Ultraflex-TOF-TOF, Germany).

The peptide mass finger prints were used to search in

the National Center for Biotechnology Information non-

redundant database (NCBInr) online using the Mascot pro-

gram. Oryza sativa was selected as the taxonomic category.

The search parameters were set as follows: carbamido-

methyl was selected as a fixed modification, Gln- >
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pyro-Glu (N-term Q) was used as a variable modification,

trypsin was selected as the enzyme, one missed cleavage

was allowed, and the peptide tolerance was set at � 0.3 Da

with MH+ mass values. Proteins with a MOWSE score > 64

were considered to be credible.

Gene ontology analysis of identified proteins

All of the identified proteins were classified into three

sets of ontologies: molecular function, cellular component

and biological process using the online analysis tool Web

Gene Ontology Annotation Plot (WEGO) (Ye et al., 2006).

The Gene Ontology (GO) IDs of the identified proteins

were obtained through InterProscan searching with the

amino acid sequences and were output in txt format. Subse-

quently, the annotation files of up- and down-regulated pro-

teins and unique proteins in 93-11 and Nipponbare were

respectively uploaded in InterproScan.txt into WEGO.

Finally, the analysis results were output as a histogram file

after online operation.

RNA extraction and quantitative real-time PCR

Total RNA was extracted by using Trizol reagent

(Invitrogen, USA) and 1 �g of RNA was used for first

strand synthesis. The specific primers of the genes corre-

sponding to the protein spots identified by 2-DE were

shown in Table 1. The polymerase chain reaction (PCR)

was done in a total volume of 20 �L containing 2 �L of

primers, 1 �L of cDNA, 10 �L of SYBR Premix ExTaq

(Takara, Japan), 0.1 �L of ROX Reference Dye II and

6.9 �L of H2O. Amplification was done using an Mx3000P

PCR thermocycler (Stratagene) as follows: 2 min at 94 °C,

followed by 40 cycles of 15 s at 94 °C, 15 s at 56~60 °C and

10 s at 72 °C. The ACTIN gene was used as an internal ref-

erence gene and the experiments were done three times.

Results

Protein expression profiles and differentially
expressed proteins between 93-11 and Nipponbare

Proteomic analyses have been widely used to identify

numerous proteins in rice (Yang et al., 2006, 2007a,b;

Chitteti and Peng, 2007; Torabi et al., 2009; Chi et al.,

2010; Fan et al., 2011; He et al., 2011; Nwugo and Huerta,

2011; Ding et al., 2012; Wang et al., 2013). In order to ob-

tain optimal and reproducible results, the key steps, includ-

ing sample preparation, protein loading, IEF parameters

and Coomassie blue staining, were repeatedly explored and

attempted (Yang et al., 2012). In addition, to obtain a gen-

eral overview of the whole proteome of rice, we initially

used 13 cm IPG gel strips with a linear range of pH 3-10 to

perform 2-DE. Most of the protein spots were found to be

located in a pH range of 4-7 and a molecular mass of

20-100 kDa (data not shown). Therefore, in present study,

13 cm IPG gel strip (pH 4-7, linear) was selected for 2-DE.

Totally, more than 678 protein spots could be detected in

Coomassie blue R-250 stained gels (Figure 1). The expres-

sion of 47 proteins differed significantly (p < 0.05) between

93-11 (O. sativa L. ssp. indica) and Nipponbare (O. sativa

L. ssp. japonica), with 93-11/Nipponbare ratios � 1.5 and

� 0.67 (as analyzed using the Statistical Package for the So-

cial Sciences software; SPSS inc., Chicago, IL). Of these

47 proteins, 14 were up-regulated and 25 were down-

regulated in 93-11. Some proteins were also found to be

specifically expressed in 93-11 or Nipponbare (Figures 1

and 2). Each of the different protein spots was assigned a

number, with the upward and downward pointing arrows

indicating proteins that were up-regulated and down-

regulated, respectively, in 93-11 (Figure 1). The protein

spots with a plus symbol were detected only in this 2-D gel.

Protein identification by MALDI-TOF MS and
functional classification

As shown in Table 2, 47 protein spots were identified

by MS and database searches. These proteins represented

45 different gene products and were classified into eight

categories, according to their functions (Bevan et al.,

1998), as follows: cell structure (1), disease/defense (5), en-

ergy (15), metabolism (7), molecular chaperone (2), protein

quality (1), transporters (3) and unknown protein (13). As

shown in Figure 3, 32% of the identified proteins were clas-

sified in the energy group, 15% in the metabolism group

and 11% participated in disease/defense processes. To-

gether, these proteins accounted for 58% of the identified

proteins. Additionally, 28% of the identified proteins were

unknown proteins that may be novel proteins or genes in

654 Comparative proteomic analysis of indica and japonica

Table 1 - Primer sequences used for quantitative real-time PCR.

Spot no.1 Protein name Forward primer (5’-3’) Reverse primer (5’-3’)

8 2,3-bisphosphoglycerate-independent phosphoglycerate

mutase

CTGCTTCTGAAAGGTGCCAG TAGCGGTCCATGGTAACATAC

37 Harpin binding protein 1 TCGTCTTGCTGCGCCTCGAC TGCCCGCCGCGTAGTCCAC

39 L-Ascorbate peroxidase 1 ACTCGGCGGGGACGTTCGAC TGGTAGAAATCGGCGTAGGAG

42 Chlorophyll A-B binding protein CCAGGTGGCCCATTCGAC GTGAGCAGGTTGTTGCCGAAG

Actin TGTGTTGGACTCTGGTGA TCCTCCAATCCAGACACTG

1Identified protein spot number (see Table 2).



rice. Twelve of the identified proteins had a MSCOT score

< 64, but the sequence coverage of some of these proteins,

i.e., 36%, 39%, 43%, 60%, 35% and 80% for spots 7, 18,

21, 29, 45 and 46, respectively, was sufficient for their posi-

tive identification. The theoretical molar mass and pI val-

ues of some protein spots were quite different from their

experimental values. Such discrepancies are common in

proteomic studies and probably reflect post-translational

modifications, protein splicing or degradation (Yan et al.,

2006; Jiang et al., 2007; Minagawa et al., 2008).

Gene ontology analysis of differentially expressed
proteins

GO analysis is widely used in proteomic research to

annotate the physiological roles of the identified proteins.

Based on GO analysis, 36 proteins of the 47 identified pro-

teins were matched to more than one GO, four proteins had

only one matched GO and no GO annotation was available

for seven protein spots (spots 7, 16, 21, 29, 32, 46 and 47).

The unique protein spots in 93-11 (spot 37) or Nipponbare

(spots 5, 8, 10, 13, 39 and 42) also matched more than one

GO. Gene ontology analysis showed that most of the differ-

ent proteins were located in the cytoplasm and were in-

volved in cell, cell part, macromolecular complex,

organelle, organelle part, antioxidant, binding, catalytic,

electron carrier, structural molecule, transporter, anatomi-

cal structure formation, biological regulation, cellular com-

ponent biogenesis, cellular component organization,

cellular process, establishment of localization, localization,

metabolic process, pigmentation and response to stimulus

(Figure 4). Some unique proteins in 93-11 and Nipponbare

displayed functional specificity and were involved only in

functions such as electron carrier, structural molecule, bio-

logical regulation and pigmentation (Figure 4).

Quantitative real-time PCR

Among the identified unique proteins, four (2,3-bis-

phosphoglycerate-independent phosphoglycerate mutase,

L-ascorbate peroxidase 1, chlorophyll A-B binding protein,

harpin binding protein 1) were selected to investigate their

expression patterns at the transcript level (Figure 5). Total

RNA was extracted from 93-11 and Nipponbare followed

by quantitative real-time PCR analysis. The qRT-PCR re-

sults showed that the expression patterns of the four pro-

teins at the transcript level were consistent with the

proteomic analysis.

Discussion

The wide range of overlap in the geographic distribu-

tion and phenotypic variation of indica and japonica rice

varieties means that the use of only morphological/physio-

logical traits or molecular markers in genomic studies may

not be sufficient to accurately distinguish the two subspe-

cies. Since the proteomic tools 2-DE and MS can systemati-

cally identify different proteins in rice (Yang et al., 2006,

2007a,b; Chitteti and Peng, 2007; Torabi et al., 2009; Chi et

al., 2010; Fan et al., 2011; He et al., 2011; Nwugo and

Huerta, 2011; Ding et al., 2012; Wang et al., 2013), they

can provide additional information that is useful for identi-

fying indica and japonica rice varieties at the protein level.

In this study, we used proteomic methods to identify differ-

ences in the proteins of two rice varieties (93-11 and Nip-

ponbare). Using 2-DE, 47 significantly different proteins

were detected and successfully identified by MALDI-TOF

MS and database searches, including eight proteins that

were specifically expressed in Nipponbare or 93-11 (Fig-

ures 1 and 2); these eight proteins could be useful markers

for distinguishing between indica and japonica rice variet-

ies. To further confirm the differential expression of these

unique proteins, we selected four proteins (spots 8, 37, 39

and 42) for analysis by qRT-PCR, the findings of which

were consistent with the 2-DE results. We also examined

several other indica or japonica rice varieties (japonica rice

varieties: Wuyujing 3, Wuyunjing 7; indica rice varieties:

Nanjing 11, Minghui 63) using 2-DE and the results were
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Figure 1 - The proteomic profiles of Nipponbare and 93-11. The protein spots 1 to 47 were identified by MS and database searches. The upward and

downward pointing arrows indicate up-regulated and down-regulated proteins in 93-11, respectively. Protein spots unique in this 2-D gel are identified

with a plus symbol (+). NPB – Nipponbare.
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similar to those for 93-11 and Nipponbare (Figure 6). The

complete gel images of the indica and japonica varieties

are shown in the supplementary files (Figures S3 and S4).

The eight unique proteins were plastid sufB (spot 5),

2,3-bisphosphoglycerate-independent phosphoglycerate

mutase (spot 8), protein disulfide isomerase (spot 10),

enolase (spot 13), hypothetical protein OsI_33814 (spot

16), L-ascorbate peroxidase 1 (spot 39), harpin binding

protein 1 (spot 37) and chlorophyll A-B binding protein

(spot 42). The SufB protein is a [4Fe-4S] protein (Layer et

al., 2007) with an important role in photosynthetic electron

transport, biosynthetic and metabolic reactions and the reg-

ulation of gene expression (Johnson et al., 2005). 2,3-Bisp-

hosphoglycerate-independent phosphoglycerate mutase

and enolase are both enzymes involved in glycolysis.

Enolase, a key glycolytic enzyme, catalyzes the dehydra-

tion of 2-phosphoglycerate to form phosphoric acid. Addi-

tionally, its ability to function as a heat-shock protein and to

bind cytoskeletal and chromatin structures indicates that

enolase may play an important role in transcription and a

variety of pathophysiological processes (Pancholi, 2001).

Ascorbate peroxidase (APX) is a hydrogen peroxide-

scavenging enzyme found only in higher plants and euka-

ryotic algae. Furthermore, APX is essential for protecting

chloroplasts and other cell constituents from damage by hy-

drogen peroxide and hydroxyl radical derivatives (Shi-

geoka et al., 2002). Chlorophyll A-B binding protein,

which belongs to the light-harvesting chlorophyll a/b-

binding protein (LHCP) family, is mainly protected against

proteases in the thylakoid (Kuttkat et al., 1995). Protein

disulfide isomerase (PDI) is a multifunctional protein with

an important role in protein folding processes (Gilbert,

1998). PDI is a necessary folding catalyst that catalyzes

disulfide formation and isomerization, in addition to acting

as a chaperone that limits aggregation (Wilkinson and Gil-

bert, 2004). Harpin binding protein-1 (HrBP1) has impor-

tant biological functions in pest control and stimulates

systemic acquired resistance (SAR) in plants (Wei et al.,

1992).

The eight unique proteins identified here is a greater

number than the three specifically expressed marker pro-

teins reported for indica and japonica rice varieties by

Saruyama and Shinbashi (1992). Meanwhile, in the latter

study, only about 300 protein spots from seed embryos

were detected in gel images. Moreover, the different pro-

teins were not identified through MS and database

searches, which limited their applications. In the present

study, the leaves of three-leaf stage seedlings were sampled

and more than 678 protein spots were detected. In addition,

the different proteins were also identified by MS and data-

base searches. As mentioned above, these specifically ex-

658 Comparative proteomic analysis of indica and japonica

Figure 2 - The unique protein spots in Nipponbare and 93-11. NPB –

Nipponbare.

Figure 3 - Functional classifications of the identified proteins (Bevan et

al., 1998).



pressed proteins play important roles in plants and are

mainly related to energy, stress and/or defense responses.

Our findings therefore represent an extension of previous

results.

The use of gel images along with the expression pat-

terns from other indica and japonica rice varieties could

provide useful information. Indeed, as shown in Figures S1

and S2, we obtained reproducible, high-resolution and

high-sensitivity gel images. Figure 6 showed that spots 8,

13, 37, 39 and 42 were only expressed in indica or japonica

rice varieties (compare Figures 6, S3 and S4). These obser-

vations, in conjunction with the qPCR-based expression

pattern for the unique proteins in 93-11 and Nipponbare,

Yang et al. 659

Figure 4 - Gene ontology (GO) categories of the identified differentially expressed proteins in 93-11 and Nipponbare. These proteins were divided into

three main categories and 21 subcategories (Ye et al., 2006).

Figure 5 - Relative expression levels of 2,3-bisphosphoglycerate-

independent phosphoglycerate mutase, L-ascorbate peroxidase 1, chloro-

phyll A-B binding protein and harpin binding protein 1 in 93-11 and

Nipponbare. The X-axis shows the protein spot number and the Y-axis

shows the relative expression level of each protein.

Figure 6 - Enlarged views of the unique proteins (spots 8, 13, 37, 39 and

42) in indica and japonica rice varieties. Indica rice varieties: 93-11, NJ11

– Nanjing 11, MH63 – Minghui 63. Japonica rice varieties: NPB –

Nipponbare, WYJ3 – Wuyujing 3 and WYJ7 – Wuyunjing 7.



suggest that these unique proteins may reflect the genetic

differentiation of indica and japonica rice varieties and

could be useful protein markers for distinguishing between

indica and japonica rice varieties. Overall, the identifica-

tion of proteins that are differentially expressed between

93-11 and Nipponbare should improve our understanding

of the mechanisms of genetic differentiation that gave rise

to indica and japonica rice. The findings described here not

only provide candidate proteins and genes for indica-ja-

ponica differentiation but also demonstrate that compara-

tive proteomic approach can be helpful in identifying novel

proteins or genes in rice studies.
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