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Abstract Proteomics techniques have identified a vast
number of proteins that participate in the growth of plants
or their adaptation to environmental stresses. Functional
analysis of those proteins will contribute to the develop-
ment of high-yielding crops through artificial manipulation
of the basic life phenomena of plants or through the
assessment of their stress tolerance. The conditions in
almost all farmlands are suboptimal for plant growth,
resulting in a calculation that causes the loss to three
quarters of the potential yield of crops. Breeding of stress-
tolerant cultivars has been hampered by the paucity of
information on molecular events underlying stress toler-
ance. A comparative analysis of the response of plants to
stress at the protein level, together with physiological
measurements, will assist in identifying the genes and
pathways that are crucial for stress tolerance. This review
examines analyses of the rice proteome under abiotic stress
and the potential contribution of proteomics technology in
the creation of abiotic stress-tolerant plants.
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Abbreviations
2D-PAGE two-dimensional polyacrylamide gel

electrophoresis
MS mass spectrometry
PCR polymerase chain reaction
QTL quantitative trait loci
RuBisCO Ribulose-1,5-bisphosphate carboxylase/

oxygenase

SOD superoxide dismutase
OEE oxygen-evolving enhancer protein
PR pathogen-related protein
ABA abscisic acid
PEG polyethylene glycol

Introduction

Besides being a very important agricultural crop, rice is
useful as a model plant for biological research because it
has a smaller genome than those of other cereals [11]. The
International Rice Genome Sequencing Project [53] pro-
duced a map-based, high-quality sequence that covers 95%
of the 389 Mb genome of rice, including virtually all of the
euchromatin and two complete centromeres. The annotation
of the rice genome has progressed rapidly [54], and most of
the predicted genes are supported by full-length cDNAs
[25]. Since the completion of the sequencing of the rice
genome, the challenge for the plant-research community
has been to identify the function and regulation of rice
genes. Unlike the genome, which is static, the proteome is
highly dynamic in its response to external and internal
cellular events. The responses of the proteome can include
changes not only in the relative abundance of various
proteins, but also in the post-translational modification of
each protein and protein–protein interactions (Reviewed by
Komatsu and Yano [35]).

Because the analysis of a protein is the most direct
approach to defining the function of its associated gene,
proteome analysis linked to genome-sequence information
is a very powerful tool in functional genomics [32].
However, the genome and proteome of an organism do
not correspond on a one-to-one basis. Alternative transcrip-
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tion initiation and splicing of mRNAs can produce multiple
transcripts from a single gene; alternative translation–
initiation sites can then produce different proteins from
each of these transcripts, and these protein variants can be
targeted to different compartments in the cell. Furthermore,
post-translational modifications can alter the activity,
location, and stability of a protein, and also increase the
complexity and dynamics of proteins [36]. Proteins can
undergo a staggering array of highly regulated changes that
have enormous implications for biological processes, and
are the major participants in most processes in living cells.
So, proteome research is relevant to the study of organisms
at the molecular level.

Many reference maps built by means of two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE) catalog the
proteins that are expressed in particular organs, tissues,
cells, or even sub-cellular compartments in plant (Reviewed
by Canovas et al. [6]). Recently, many gel-free proteomics
systems have been developed for the purpose of differential
proteome analysis. The application of gel-free protein
separation methods such as multidimensional protein
identification technology (MudPIT), isotope-coded affinity
tags (ICAT), and isobaric tags for relative and absolute
quantification (iTRAQ) [43] began to be used widely along
with the development of the mass spectrometer (MS).
Differential proteomics, as technique for identifying func-
tional proteins, requires the ability to detect and quantify
changes in proteins. 2D-PAGE coupled MS such as 2D-
fluorescence difference gel electrophoresis (DIGE) is
highly complementary technique in this respect when
applied to proteomic studies [29]. Strategies involving the
combined use of 2D-PAGE and MS may lead to the
discovery of proteins of agronomic [50] or medical interest
[56]. However, a single protein-profiling experiment can
provide only a few clues regarding the function of a
protein. The integration of the data from such experiments
with results from other experiments or from other distinct
proteomic approaches, in combination with searches in
databases of information on the genome, is critical to
extracting useful knowledge from proteome.

To grow and develop optimally, plants need to sense and
process information from their surroundings. Because
plants are not motile, they have to be highly responsive to
environmental changes, including stress conditions. Proteo-
mic approaches that involve identifying the proteins that are
differentially regulated in response to environmental con-
ditions are becoming common in post-genomic research in
rice. The conditions present in almost all farmlands are
suboptimal for plant growth and it has been calculated that
about 70% of the potential yield of crops may be lost as a
result of unfavorable environmental conditions [51]. Mo-
lecular breeding of stress-tolerant cultivars has been
hampered by a shortage of information on the molecular

events underlying tolerance to stress. This review describes
some initial steps toward determining the physiological
significance of some proteins that have been identified by
using proteome analysis in rice exposed to a range of
abiotic stresses and the contribution of proteomics technol-
ogy in the creation of stress-tolerant plants will be
discussed.

Rice proteome analyses under abiotic stress

More than 40% of proteomics studies on stressed crops
have been performed on rice [50]; furthermore, more than
50% of proteomics studied on rice involve salt or cold
stresses. Proteomic studies involving several abiotic
stresses are listed in Table 1. Plant growth, the level and
duration of stress and the phenotype of the plant are the
most important factors in the analysis of proteomic changes
in stressed plants. The rice proteome database (http://
gene64.dna.affrc.go.jp/RPD/), which is based on 2D-PAGE
patterns, provides extensive information on the progress of
research on the rice proteome [31]. The database, which is a
useful tool, contains information from functional analyses
of physiologically significant proteins, such as stress-
induced proteins. The information obtainable from the
proteome databases is helpful in predicting the function of
various proteins; it can also assist in their molecular cloning
for functional analysis. The identification of novel genes,
the determination of their expression patterns in response to
stress, and an understanding of their functions in stress
adaptation will provide us with the basis for effective
genetic engineering strategies for improving the tolerance
of rice to various stresses [28].

The proteome of rice has been studied for 15 years and a
previous review highlights the increasing level of success
of proteomics in studying this crop at the proteome level
[50]. The current review highlights some recent proteomics
studies on rice and addresses the range of potential
applications of proteomics in the plant science of rice. It
also provides an introduction to analyses of the proteome of
rice under conditions of abiotic stress, such as drought, salt,
cold, or ozone.

Proteomic analyses of rice under drought stress

Drought tolerance is a requirement in plants that experience
prolonged deficits in soil water. Tolerant plants can
maintain the water content of their tissues, survive a
reduction in tissue water content and recover more
completely after rehydration. Drought represents one of
the most severe limitations on the productivity of rain-fed
lowland and upland rice. Hajheidari et al. [18] reported that
the efficiency of breeding for increased drought tolerance
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could be greatly improved by the identification of candidate
genes for marker-assisted selection in sugar beet. One way
to identify potentially important drought-tolerance genes is
to analyze drought-induced changes in the proteome.
Hajheidari et al. [18] cultivated two genotypes of sugar
beet with different genetic backgrounds in the field, and
they demonstrated that certain proteins in these plants show
genotype-specific patterns of up- or down-regulation in
response to drought. Some of these proteins may contribute
a physiological advantage under conditions of drought,
making them potential targets for marker-assisted selection
for drought tolerance.

To investigate the initial response of rice to drought
stress, Ali and Komatsu [4] analyzed changes in the
expression of proteins by a proteomic approach. They
exposed 2-week-old rice seedlings to drought conditions
from 2 to 6 days, and then extracted the proteins from leaf
sheaths. The extracted proteins were separated by 2D-
PAGE. Spot intensities for ten proteins increased whereas
those of two proteins decreased under drought. The
functional categories of these proteins were identified as
defense, energy, metabolism, cell structure, and signal
transduction. The levels of actin depolymerizing factor,
light-harvesting complex chain II, superoxidase dismutase
(SOD), and salt-induced protein were changed by exposure
to drought or osmotic stresses, but not by cold or salt stress
or by treatment with abscisic acid (ABA). The effect of
drought stress on protein in the leaf sheaths of a drought-
tolerant rice cultivar was also analyzed. Light-harvesting
complex chain II and actin depolymerizing factor were
present at high levels in a drought-tolerant rice cultivar. On
exposure to drought stress, actin depolymerizing factor was
expressed in leaf blades, leaf sheaths, and roots.

Salekdeh et al. [49] compared protein expression in 3-
week-old plants of the drought-tolerant rice cultivars
IR62266 and CT9993. Out of 1,000 proteins in leaves, the
expression of SOD changed significantly under drought, but
in opposing directions, in the two cultivars. Ten days after
rehydration, the abundances of all proteins that showed
altered expression under conditions of drought returned
more-or-less completely to those of well-watered controls.
The proteins that most increased in abundance in response to
drought were S-like RNase homolog, actin-depolymerizing
factor, and ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO) activase, whereas the protein that showed the
greater decrease in abundance was isoflavone reductase-like
protein. The reports of Ali and Komatsu [4] and Salekdeh et
al. [49], taken together, suggest that actin depolymerizing
factor is one of the target proteins that is induced by drought
stress. The up-regulation of actin depolymerizing factor
under drought stress and salt stress [57] indicates that this
protein might be involved in dynamic reorganization of
cytoskeleton during osmotic stress.Id
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Proteomic analyses of rice under salt stress

Like drought, high salinity also causes a water deficit in
plants. Salt stress is one of the major abiotic stresses present
in agriculture areas worldwide, with an estimated 20% of
the Earth’s land mass and nearly half of all irrigated land
being affected by salinity. The increased salinization of
arable land is expected to have devastating global effects,
with predictions of a 30% loss of cultivable land within the
next 25 years and a loss of up to 50% by 2050 [57]. Several
traditional cultivars, landraces, and wild types of rice, such
as Pokkali, CSR types, and Porteresia coarctata appear to
be promising materials for the donation of salt-tolerance
genes. Many quantitative trait loci (QTLs) for salt tolerance
have been identified in rice through the generation of
recombinant inbred lines and these are being mapped by
using various types of DNA marker [40]. Salt-tolerant
transgenic rice plants have been produced by using a wide
range of different genes, and transcript profiling by micro-
array- and macroarray-based methods has opened a route to
the discovery of novel salt-stress mechanisms in rice:
information from comparative genomics is turning out to
be of vital importance in this respect [48].

Abbasi and Komatsu [1] adopted a proteomics approach
to identify proteins that increase in abundance in leaf
sheathes, roots, and leaf blades of 2-week-old rice seedlings
subjected to salt stress. In leaf sheathes exposed to NaCl,
eight proteins consistently showed significant changes. Of
these eight proteins, three remain unidentified, but the other
five were identified as photosystem II oxygen-evolving
complex protein, two fructose bisphosphate aldolases,
oxygen-evolving enhancer protein (OEE) 2, and SOD.
The study also revealed that increased expression of SOD is
a common response to cold, drought, salt, and ABA
stresses in the leaf sheath. This shows that the accumulation
of SOD in response to salt, drought, or cold stresses has a
general role in protecting against stress conditions. Under
salt stress, enhanced expression of OEE2, aldolase, and
photosystem II oxygen-evolving complex protein was
detected in the leaf sheathes and leaf blades. SOD and
one of the unidentified proteins were also detected in salt-
stressed leaf sheathes and roots. Another unidentified
protein was expressed in leaf sheathes, but was below the
limits of detection in leaf blades and roots.

Yan et al. [57] examined the response of 3-week-old rice
seedlings exposed to NaCl. More than 1,100 proteins were
reproducibly detected, including 34 that were up-regulated
and 20 that were down-regulated. Three spots were
identified as belonging to the same protein, enolase.
Whereas four of the changed proteins had been previously
identified as salt stress-responsive proteins, six were novel:
UDP-glucose pyrophosphorylase, cytochrome c oxidase
subunit 6b-1, glutamine synthetase root isozyme, putative

nascent polypeptide-associated complex alpha chain, puta-
tive splicing factor-like protein, and putative actin-binding
protein. The reports of Abbasi and Komatsu [1] and Yan et
al. [57], taken together, show that specific proteins that
have enhanced abundances in distinct regions of the rice
plant are involved in a coordinated response to salt stress.

Dooki et al. [12] employed a proteomic approach to
further elucidate the mechanism of responses of plants to
salt at an early reproductive stage. Rice plants were grown
in a culture solution and salt stress was imposed at panicle
initiation. After 12 days of salt stress, young panicles were
collected and the Na+ and K+ content of panicle tissue and
several yield components changed significantly in response
to short-term salt stress. The collected panicles were sorted
into three different sizes, and their proteome patterns were
analyzed by using 2D-PAGE. The expression pattern of 13
proteins significantly changed in all panicle sizes in
response to stress and presence of 16 other highly abundant
proteins in panicles led to the identification of the proteins
that are involved in several salt-responsive mechanisms that
may increase the adaptation of plants to salt stress,
including higher constitutive expression levels and up-
regulation of antioxidants and up-regulation of proteins
involved in translation, transcription, signal transduction,
and ATP generation.

When subjected to salt stress by transferring them to
nutrient solution containing NaCl for 4 days, 18-day-old
rice seedlings manifested highly stable and reproducible
symptoms, prominent among which were wilting and
browning of the third leaf, reduced photosynthetic activity,
inhibition in overall seedling growth, and failure to develop
a new leaf. Kim et al. [26] used the third leaves as source
material for proteomic analysis. A comparison of 2D-PAGE
profiles between control and salt-stressed plants revealed 55
differentially expressed spots, of which 47 spots were
present in greater abundance than in the control. Most of
these identified proteins are involved in major metabolic
processes, such photosynthetic assimilation of carbon
dioxide and photorespiration, suggesting there is a good
correlation between salt stress-responsive proteins and leaf
morphology. Moreover, 2D-PAGE immunoblot and enzy-
matic-activity analyses of third leaves revealed remarkable
changes in response to salt stress in the key marker
enzymes associated with oxidative damage.

Parker et al. [44] studied rice leaf laminae and found that
32 out of 2,500 proteins were significantly regulated by
salinity; so far, 11 of these proteins have been identified by
tandem MS. An increase in the abundances of eight
proteins, including RuBisCO activase and ferritin, occurred
following 24 h of exposure to NaCl and these continued to
increase during the following 6 days. Levels of only one
protein, a putative phosphoglycerate kinase, were found to
increase within 24 h but not to increase over a longer period
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of exposure to salt. There were also proteins that showed no
change 24 h after exposure to salt, but levels of SOD
increased whereas those of S-adenosyl-L-methionine syn-
thetase decreased after 7 days of salt treatment.

Nohzadeh et al. [42] extracted the proteome from a root
plasma membrane-rich fraction of a salt-tolerant variety of
rice, IR651, grown under saline and normal conditions. 2D-
PAGE analyses showed that 24 proteins were differentially
expressed in response to salt stress. Most of the proteins
identified are probably plasma membrane-associated pro-
teins, which are known to be involved in several important
mechanisms of adaptation of plants to salt stress. These
mechanisms included regulation of plasma membrane pumps
and channels, membrane structure, oxidative stress defense,
signal transduction, protein folding, and the methyl cycle. To
investigate the correlation between mRNA and protein levels
in response to salinity, quantitative real-time polymerase
chain reaction (PCR) analysis of three genes was performed:
these genes were salt responsive at the protein level and
encoded 1,4-benzoquinone reductase, putative remorin, and
hypersensitive induced response protein. No concordance
was detected between changes in the levels of gene
expression and those of protein expression.

Studies have suggested a critical role of protein
phosphorylation in the response of plants to salt stress.
However, the phosphoproteome in rice, particularly under
salt stress, has not been studied in depth. Chitteti and Peng
[8] used Pro-Q Diamond phosphoprotein stain to study
differential expression in the phosphoproteome of rice
under salt stress. Seventeen differentially up-regulated and
11 down-regulated phosphoproteins were identified. Fur-
ther analyses indicate that 10 of the 17 up-regulated
proteins are probably up-regulated at a post-translational
level instead of at the level of the protein concentration: 37
proteins that are differentially regulated in response to salt
stress were identified by using SYPRO Ruby stain.
Although eight of these are known salt-stress response
proteins, the majority have not been reported in the
literature.

In proteomic studies, the level of different SOD isoforms
were found up-regulated under drought [4, 49], salt [1, 44],
and ozone [2, 15]. SOD activity, determined by multigene
family, is changing under different environmental condi-
tions. It is a highly effective catalyst mediating a pivotal
reaction in the antioxidant pathway [16]. Proteomic studies
under stress also provide additional evidence that peroxi-
dase, glutathione-transferase and heat shock proteins are
helping in facing stress.

Proteomic analyses of rice under cold stress

Crop plants in tropical and sub-tropical regions are
seriously injured by exposure to temperatures below 12°C

but above the freezing point of water [39]. A primary, if not
exclusive, effect of chilling is a phase transition in
membrane lipids, which occurs at a critical temperature
[39, 47]. Although the way that plants acclimatize to cold
stress is not well understood at the biochemical level, it is
known that rice seedlings exposed to low temperatures
show various changes in their transcriptome. For example,
a microarray analysis by Rabbani et al. [46] has showed
that 36 genes appear to be induced in rice under cold stress
and that the expression level for several genes reached a
maximum after 24 h of cold treatment. Although this gene-
expression profiling has deepened our understanding of the
response of rice to cold stress, it is still not known how the
transcriptional changes are reflected at the translational
level. Changes in the transcriptome are not always closely
correlated with corresponding changes in protein species
[17].

With this limitation in mind, Komatsu et al. [30]
performed a proteomic study on rice to gain a better
understanding of the molecular mechanisms of acclimati-
zation to cold stress. The phosphorylation of proteins
induced by cold stress in rice seedlings was analyzed by
2D-PAGE. Several proteins were found to be phosphory-
lated upon cold stress, one of which was identified as a
fragment of the RuBisCO large subunit. Furthermore, this
fragment of the RuBisCO large subunit was found to show
a significant increase in phosphorylation in cold-tolerant
rice varieties. Compared with rice varieties that grow in
tropical or hot regions, those that grow in temperate or cold
climates are more responsive to cold stress and RuBisCO
large subunit was fragmented and then phosphorylated.
Glycosylation is also important in changing the properties
and functions of proteins, so a proteomics approach was
used, to analyze the importance of glycosylation during
cold stress in rice [33]. Proteins extracted from the basal
parts of rice leaf sheaths were separated by 2D-PAGE, and
subjected to lectin blot analysis using concanavalin A. Cold
stress changed the reactivity toward the lectin for 12 of 22
glycoproteins. These proteins were categorized as being
involved in energy production. Furthermore, calreticulin,
one of the 12 glycoproteins, was also phosphorylated as a
result of cold stress.

These results show that cold stress of the basal parts of
rice leaf sheaths changes the glycosylation and phosphor-
ylation profiles of calreticulin, a key protein that regulates
the quality control of other proteins [33]. The rice calcium-
dependent protein kinase 13 (CDPK13) and calreticulin
interacting protein 1 (CRTintP1) have previously been
reported to be related to calreticulin, which is involved in
cold stress response in rice. To examine whether or not
over-expression of CDPK13 and CRTintP1 would have any
effect on the proteins, sense-transgenic rice plants were
subjected to proteomic analysis. The 2D-PAGE profiles of
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proteins from a vector control were compared with those of
the sense-transgenic rice plants. Two of the proteins that
showed differential expression between these lines were
calreticulins. Over expression of CDPK13 and CRTintP1 in
the cold sensitive cultivar Basmati 370 could protect plants
from cold damage [34]. These results suggest that
CDPK13, calreticulin, and CRTintP1 may be important
signaling components for response to cold stress in rice.

In another study, Cui et al. [9] exposed rice seedlings to
a progressively reducing temperature stress treatment
involving a shift from the normal growth temperature to
cold. Approximately 1,700 protein spots were separated by
the 2D-PAGE and 60 protein spots were found to be up-
regulated in response to the progressively lower tempera-
ture treatment. These cold-responsive proteins included two
proteins of unknown function, four protein-biosynthesis
factors, four molecular chaperones, two proteases, eight
enzymes involved in biosynthesis of cell-wall components,
seven antioxidative/detoxifying enzymes, and proteins
linked to energy metabolism and signal transduction. A
large proportion of the proteins (43.9%) were predicted to
be located in the plastids, implying that the plastid
proteome is particularly responsive to cold stress.

Male reproductive development in rice is very sensitive
to various forms of environmental stresses, including low
temperatures. Cold treatment less than 20°C for a few days
at the young microspore stage induces severe pollen
sterility and thus considerable reductions in grain yield.
To investigate this phenomenon, anther proteins were
extracted and separated by 2D-PAGE from the cold-
sensitive cultivar Doongara and the relatively cold-tolerant
cultivar HSC55 after cold treatment [22, 23]. The abun-
dance of 37 proteins changed in anther of Doongara by cold
treatment. Among these, one protein was newly induced, 32
protein spots were up-regulated, and four protein spots were
down-regulated. Among these 37 protein spots, two anther-
specific proteins such as lipid transfer protein and Osg6B
were identified; calreticulin was down-regulated and the
remaining proteins were up-regulated. Accumulation of
these proteins did not vary greatly after cold treatment in
panicles of Doongara or in the anthers of HSC55. The
newly induced protein named cold-induced anther protein
was detected in panicles, leaves, and seedling tissues under
normal growth conditions. Quantitative real-time PCR
analysis of this mRNA expression showed no significant
change between low temperature-treated and untreated
plants.

Many of the proteins that are initially identified in
proteomic studies are major abundant “housekeeping” pro-
teins involved in fundamental metabolic pathways; proteins
expressed at low levels, including regulatory proteins, are
harder to detect. This problem is particularly marked in
tissues with protein pools that are dominated by a few

abundant polypeptide species. For example, RuBisCO has
been recognized as the world’s most abundant protein [14]
and can comprise more than half the total leaf protein in
some species. To study proteins at the lower end of the
dynamic range, it will be necessary to remove RuBisCO
and, possibly, a few other highly abundant chloroplast
proteins. Until this becomes possible, a method using
high-performance liquid chromatography pre-fractionation
to deplete RuBisCO levels in crude leaf extracts provides an
interim working solution [55]. This method is useful for
detecting proteins that would otherwise not be detectable by
conventional multidimensional chromatography/MS or 2D-
PAGE. Thus, to identify the unique cold-stress response
proteins in leaf blades, an antibody-affinity column was
prepared that was capable of trapping the RuBisCO large
subunit; residual proteins in the flow from the column were
subsequently separated by 2D-PAGE [20]. As a result, small
changes in stress-responsive proteins could be clearly
identified and four proteins were newly detected after cold
stress. From the nature of the identified proteins, it was
concluded that proteins related to energy metabolism were
up-regulated and defense-related proteins were down-regu-
lated by cold stress in leaf blades. These results suggested
that energy production is activated in the chilling environ-
ment; furthermore, stress-related proteins are rapidly up-
regulated, whereas defense-related proteins disappear under
long-term cold stress.

Lee et al. [37] exposed rice seedlings to temperatures of
5 or 10°C, and collected them after various time courses. To
eliminate the high-abundance proteins such as RuBisCO in
leaf tissues, the proteins were fractionated by using
polyethylene glycol (PEG). A total 12 up-regulated protein
spots were identified, including some novel proteins, which
had not previously been identified in reports on proteomic
analysis of chilled plants. The identification of some novel
low-abundance proteins in response to cold stress may
suggest a new homeostasis model that could be used to
develop transgenic plants with enhanced cold tolerance
[37]. Because the roots are also highly sensitive organs in
plants, Lee et al. [38] exposed rice seedlings to cold. To
identify the low-abundance proteins in root tissues, samples
were fractionated on 15% PEG and separated by 2D-PAGE.
Multiple dynamic equilibrium adjustments and regulation
mechanisms enabled homeostasis to occur. A total of 27 up-
regulated proteins were identified. Together with the
previously identified cold-stress-responsive proteins, a
group of novel proteins were identified, including acetyl
transferase, phosphogluconate dehydrogenase, NADP-spe-
cific isocitrate dehydrogenase, fructokinase, PrMC3, puta-
tive alpha-soluble N-ethylmaleimide-sensitive factor
attachment protein, and glyoxalase 1. These proteins are
involved in several cellular processes, including energy
production and metabolism, vesicular trafficking, and
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detoxification. Gene expression at the mRNA level of some
selected proteins revealed that transcription levels are not
always concomitant with the translational level.

Yan et al. [58] treated 3-week-old rice seedlings at cold
and then allowed them to recover. Chilling treatment
resulted in stress phenotypes of rolling leaves, increased
relative electrolyte leakage, and decreased net photosyn-
thetic rate. The temporal changes in total proteins in rice
leaves were examined by using 2D-PAGE. Among approx-
imately 1,000 protein spots reproducibly detected on each
gel, 31 protein spots were down-regulated, and 65 were
up-regulated at one time point or more. Eighty-five
differentially expressed proteins were well-known or novel
cold-responsive proteins. Several proteins showed en-
hanced degradation during chilling stress, especially the
photosynthetic proteins, such as the RuBisCO large
subunit, of which 19 fragments were detected. The
identified proteins are involved in several processes, such
as signal transduction, RNA processing, translation, protein
processing, redox homeostasis, photosynthesis, photorespi-
ration, and metabolisms of carbon, nitrogen, sulfur, and
energy. Gene-expression analysis of 44 different proteins by
quantitative real-time PCR showed that the mRNA level
does not correlate well with the protein level.

Proteomic analyses of rice under ozone stress

Ozone is a destructive gaseous pollutant that seriously
affects human and animal respiration, as well as causing
extensive damage to both natural and cultivated plant
populations [7]. The resistance of rice to ozone is a
quantitative trait controlled by nuclear genes [27]. The
identification of QTLs and the analysis of molecular markers
of ozone resistance are important steps in increasing the
resistance of rice to ozone stress. Kim et al. [27] reported that
QTLs associated with the ozone resistance of rice were
mapped on chromosomes by using recombinant inbred lines
from a cross between “Milyang 23” and “Gihobyeo”, and
QTLs were tightly linked to three markers. The association
between these markers and ozone resistance in rice cultivars
and doubled haploid populations was analyzed. The markers
permit the screening of the rice germplasm for ozone
resistance and the introduction of resistance into elite lines
in breeding programs. The identification of ozone-related
QTLs provides an improved understanding of ozone
responsiveness in rice, and may lead to applications in
breeding for enhanced ozone tolerance.

Agrawal et al. [2] analyzed the responses of plants to
ozone by using a proteomics approach. In rice leaves,
ozone caused marked visible necrotic damage and en-
hanced the levels of ascorbate peroxidase proteins; these
changes were accompanied by rapid changes in 2D-PAGE.
Of a total of 56 proteins investigated, 52 spots were

visually identified to be differentially expressed relative to
the control. Ozone caused marked reductions in the major
photosynthetic proteins in leaves, including RuBisCO, and
the induction of various defense- and stress-related proteins.
This research provides evidence for the specific and rapid
accumulation of certain proteins, such as pathogen-related
proteins (PR) 5 and 10, ascorbate peroxidase, SOD, and
ATP-dependent caseinolytic protease.

Feng et al. [15] investigated the protein responses in rice
seedlings under ambient conditions and under elevated
ozone stress by a proteome approach. Twenty proteins were
differentially expressed. Expression of the RuBisCO large
subunit and RuBisCO activase were reduced by ozone. The
expression of RuBisCO small subunit, RuBisCO large
subunit fragment, and OEE 1 and 2 increased at ambient
ozone levels and decreased at elevated ozone levels.
Ambient ozone levels induced a slight reduction and
elevated ozone levels induced a significant reduction in
the expression of energy-metabolism proteins. Expression
of the antioxidant proteins glutathione transferase and SOD
increased upon exposure to ozone, but thioredoxin perox-
idase expression decreased. PR5 and two PR10 proteins
(PR10/PBZ1 and RSPR10), which are all defense/stress-
related proteins, were significantly induced after 2 days of
exposure to elevated ozone, and their levels gradually
increased during the exposure period. The results not only
indicate a difference in protein responses between leaves
exposed to ambient and elevated ozone, but also demon-
strate the highly damaging effect of elevated ozone levels
on rice seedlings at the proteome level.

Proteomic analyses of rice under other stresses

Among abiotic stresses, osmotic stress is one of the most
severe, and in nature it can be caused by drought, high
salinity, or cold or by combinations thereof. Plants respond
to osmotic stress at the morphological, anatomical, cellular,
and molecular levels. These responses include production
of osmolites for osmotic adjustment, synthesis of Na+/H+

antiporters for ion sequestration, and many other adaptive
changes [5]. Although there have been many molecular
biological studies of responses to osmotic stress, no reports
of studies based on a proteomic approach had been
published until Zang and Komatsu [59]. Two-week-old rice
seedlings were treated with mannitol. After separation of
proteins extracted from the basal part of leaf sheaths by 2D-
PAGE, 327 proteins were identified. Expression of 12
proteins increased and that of three proteins decreased with
increasing concentrations or durations of mannitol treat-
ment. Levels of heat shock protein and dnaK-type
molecular chaperone were reduced under osmotic, cold,
salt, or drought stresses or on treatment with ABA. In
contrast, a 26S proteasome regulatory subunit and an
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endosperm luminal binding protein were found to be
responsive only to osmotic stress. Levels of glyoxalase I
increased in all the tissues examined after osmotic stress.
Every protein that accumulated in response to osmotic
stress was present at elevated levels in an osmotic stress-
tolerant cultivar, even in the absence of stress. These results
indicated that specific proteins expressed in the basal part
of rice leaf sheaths showed a coordinated response to
osmotic stress [59].

To eliminate the complex conditions found in the intact
plant, Shen et al. [52] used the detached rice leaf sheath,
which is a very active part of the rice seedling, for a simple
analysis of proteins in wound-response stress. Proteins were
extracted from rice leaf sheath 12 to 48 h after cutting and
then separated by 2D-PAGE. Ten proteins were up-
regulated and 19 proteins were down-regulated. Among
these groups of proteins, Bowman–Birk trypsin inhibitor,
receptor-like protein kinase, and calmodulin-related protein
have been confirmed to be wound-response proteins. The
involvement in wound response of the remaining proteins,
such as the signal transduction-related proteins, photosyn-
thesis-related protein, and stress-response proteins, cannot
be eliminated.

Copper is an essential micronutrient for plants; however,
when it is present in high concentrations in soil, copper is
also regarded as a major toxicant to plant cells, because of
its potential inhibitory effects on many physiological and
biochemical processes. Interference with germination-relat-
ed proteins by heavy metals has not been well documented
at the proteomic level. Ahsan et al. [3] examined
physiological, biochemical, and proteomic changes in
germinating rice seeds in response to copper stress.
Germination rates and shoot elongation, plant biomass,
and water content following by germination were de-
creased, whereas accumulation of copper and the thiobar-
bituric acid-reactive substance content in seeds increased
significantly with increasing copper concentrations from
0.2 to 1.5 mM. Protein profile analyses by 2D-PAGE
revealed that 25 protein spots were differentially expressed
in copper-treated samples. Among these, 18 protein spots
were up-regulated and seven were down-regulated. The up-
regulation of some antioxidant and stress-related proteins,
and some regulatory proteins, clearly indicated that excess
copper generates oxidative stress that may be disruptive to
other important metabolic processes. Moreover, down-
regulation of key metabolic enzymes revealed that the
inhibition of seed germinations after exposure to excess
copper not only causes starvation in water uptake by seeds,
but also results in failure in the reserve mobilization
processes. These results indicate that there is a good
correlation between the physiological and the biochemical
changes in germinating rice seeds exposed to excess
copper.

Proteomic analyses of rice under multiple stresses

Khan et al. [24] detected phosphoproteins in rice by in vitro
protein phosphorylation followed by 2D-PAGE. Forty-four
phosphoproteins were detected on 2D-PAGE after in vitro
protein phosphorylation of the crude extract from rice leaf
sheath. Among the phosphoproteins detected, 42 were
identified through analysis by MS. Most of the identified
phosphoproteins are involved in signaling (30%), and
metabolism (18%). When rice seedlings were treated with
various hormones and stresses, it was observed that the
phosphorylation of 13 proteins was enhanced differentially
by various hormonal or stress treatments. Furthermore,
when the hormone/stress-regulated phosphoproteins were
compared in the leaf sheath, leaf blade, and root of rice,
only cytoplasmic malate dehydrogenase was found to be
phosphorylated in all these tissues. In the phosphorylation
cascade of rice, glycolytic metabolism processes and Ca2+-
signaling appear to be important targets in the response to
hormones and stresses. Furthermore, the direct visualization
of phosphoproteins by 32P-labeling and their identification
by MS provides an accurate and reliable method for
analyzing the rice phosphoproteome.

Hashimoto et al. [19] investigated stress-response pro-
teins from rice roots using 2D-PAGE and found a rice
protein named as RSPR10 induced specifically in roots
when 2-week-old rice seedlings were subjected to salt and
drought stresses. The full-length cDNA for this protein was
cloned and the deduced amino-acid sequence showed a
high similarity to the known sequences of PR10, PR10a/
PBZ1, and PR10b. mRNA accumulated rapidly upon
exposure to drought, NaCl, jasmonic acid, or probenazole,
but not on exposure to low temperatures, ABA, or salicylic
acid. This gene was also up-regulated by infection with rice
blast fungus. Interestingly, induction was observed almost
exclusively in roots. RSPR10 is a rice PR10 protein that is
rapidly induced in roots by salt, drought stresses, or blast
fungus infection, possibly through activation of the
jasmonic acid signaling pathway, but not by the ABA or
salicylic acid signaling pathways.

Conclusion

In the initial stages of stress response, the change in
environmental condition is sensed by the plant and activates
a network of signaling pathways. In later stages, the signal
transduction pathways activated in the first phase trigger the
production of different proteins and compounds that restore
or achieve a new state of homeostasis. Qureshi et al. [45]
reviewed that owing to gene expression altered under stress,
qualitative and quantitative changes in proteins are obvious.
The advancement in tools of proteomics has changed the

Rice (2008) 1:154–165 163163



whole scenario. Given the high throughput and high
sensitivity of MS, coupled via advanced software to protein
databases, proteomics is gaining overwhelming response
[45]. Proteomics is one of the more powerful techniques
among molecular tools that can be used to analyze stress-
affected plants. It is well suited to hypothesis-limited
research, because it offers an entry point for identifying
potentially significant differences in protein levels among
plants that received stress. Comparative proteomics using
2D-PAGE involves the identification of proteins that are
differentially expressed under different environmental con-
ditions or between wild-type plants and mutants or
cultivars. This type of study is useful, because plant lines
produced by intensive breeding selection are available that
have different degrees of tolerance, which helps in the
identification of correlations between responsive genes and
observed stress-tolerance phenotypes. This correlation can
be verified by analyzing advanced mapping populations,
such as recombinant inbred lines, near isogenic lines, or
double haploid lines. The application of proteomics in rice
breeding is usually initiated by detection of stress-respon-
sive proteins through comparison among stressed plants.
Identification of these candidate proteins may then reveal
that some of them have functions that are clearly consistent
with the stress-tolerance trait. It may be helpful to have a
record of proteins as biomarkers.

By using a range of molecular tools, plant scientists are
increasingly able to identify and characterize the genes that
control key processes and traits in plants. In microarray
studies, many transcription factors were found up-regulated
under drought, salt, and cold [10, 13, 21, 41, 46]. Micro-
array analysis is potential tool; however mRNA and protein
levels cannot be correlated due to the inability of total
mRNA to translate into protein. Although microarrays for
transcriptome can be used to detect gene expression in
organs, it is the array of proteins that are found within the
cell, together with their modifications and interactions,
which hold the key to understanding of biological systems.
The proteomic technique is therefore an important tool for
gene discovery and molecular breeding. Proteomics study
using 2D-PAGE has provided new dimensions to assess the
changes in protein types and their expression levels under
stress. The technique can be further optimized for use in
rice proteomics research, for example, by differential
analysis using gel-free methods, by using protein arrays
for protein–protein interaction, or by organelle purification
[29, 35]. Whereas proteomics can be used in cloning of
unique genes by means of differential analysis, the
technique is also useful in studying post-translational
modifications that can affect the activity and binding of a
protein and alter its role within the cell. By the use of
completely analyzed genes and the analysis of the functions
of their encoded proteins, proteomics is expected to have a

marked impact on breeding of new strains of rice. In the
near future, a tight correlation should be attainable between
proteomics data and other data from comprehensive
analyses. These data will provide further in-depth charac-
terization of the proteome of rice and its subcellular
compartments, and has the potential to identify new targets
for improvements in rice crops.
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