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Abstract Rice is the most important crop consumed all
over the world. In Brazil, irrigated rice covers 50 % of the
rice producing area and is responsible for 75 % of the
national production. Upland rice covers most of the
remaining area, and is therefore, a very important pro-
duction system in the country. In the present study, we
have used the drought tolerant upland rice variety Trés
Meses Antigo to investigate the proteomic changes that
occur during drought stress. Plants were submitted to
drought by the reposition of 50 % of the water lost daily.
Twenty days after the beginning of the drought stress
period, leaves were harvested and used for protein
extraction. The 2D maps obtained from treated and control
plants revealed 408 reproducible spots, 44 of which were
identified by mass spectrometry, including 15 differential
proteins. Several unaltered proteins were also identified (39
spots) and were mainly involved in photosynthesis. Taken
together, the results obtained suggest that the tolerant
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Abbreviation

pPVvC Polyvinyl chloride

ABA Abscisic acid

3MA Trés meses antigo

CHAPS-3 [(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate

DTT Dithiothreitol

IPG Immobilized pH gradient

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide
gel electrophoresis

MALDI-TOF Matrix-assisted laser desorption/
ionization-time-of-flight

MS Mass spectrometry

SNAP Sophisticated numerical annotation
procedure

1 Introduction

Oryza sativa L. is one of the most cultivated cereals around
the world and approximately three billion people depend
on this culture daily for their nutrition. Rice is a staple food
in both developing and developed countries and is culti-
vated by several different methods. In Brazil, the main
production system in which rice is grown is the irrigated
system, which occupies 75 % of the national production.
However, production costs of irrigated rice are elevated,
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since high amounts of water and intensive soil preparation
during the plant life cycle are required. Irrigated rice is also
responsible for significant rates of methane emissions [1].
These factors impose restrictions to irrigated rice expan-
sion. On the other hand, upland rice cultivation, which is
another rice production system in Brazil, presents relatively
reduced costs, low environmental impact and is an
important activity for the small family farms and crop
rotation of soybean and corn. Moreover, it is extremely
important for the agriculture-pasture system, especially in
the recovery of degraded pastures. However, the frequent
occurrence of drought during the cultivation period
increases the economic risks associated to this production
system. In order to overcome this problem, breeding pro-
grams have been working on the development of cultivars
with high yield, improved grain quality and tolerance to
drought, especially considering recent concerns about
water shortage and uneven rainfall distribution.

Rice was the first crop to have its genome deciphered
(International Rice Genome Sequencing Project, 2005),
and has been considered a reference in crop studies. Since
the release of the rice genome sequence, several studies
have been performed to understand gene function by using
functional genomic tools [2—6]. Proteomics is one of these
approaches, which has become a very important field of
study for the comprehension of complex cellular processes
since it represents the link between genomic information
and protein composition present in a specific tissue. Indeed,
an increasing amount of studies have been reported during
the last 10 years using gel-based and gel-free Proteomic
techniques. The results obtained reveal that although great
progress has been achieved in MS-based techniques, 2-DE
still accounts for 75 % of rice proteomic studies, indicating
that these are complementary methodologies [7]. Regard-
ing the field of study in rice proteomics, almost half of the
proteomic reports in the last years have focused on abiotic
stresses, including drought [7]. Recently, Singh and Jwa [8]
reported that the most common rice proteome responses to
all abiotic stresses include photosynthesis, redox homeo-
stasis, detoxification/antioxidation pathway, carbohydrate
metabolism, and protein metabolism. Drought is one of the
main environmental factors that severely affects rice yield
and therefore has been given considerable attention [9—13]
however, very few studies have focused on upland rice
varieties [2, 14, 15].

Improvement of drought tolerance has been a challenge
and the comprehension of plant response to drought using a
proteomic approach may help fulfill this task. In the present
study, the proteome of the upland rice variety Trés Meses
Antigo, considered tolerant to drought stress [16], was
analyzed using bidimensional electrophoresis (2-DE) and
mass spectrometry, in order to identify proteins associated
to drought tolerance.
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2 Materials and Methods
2.1 Plant Material and Drought Conditions

Different upland rice (O. sativa L. var. japonica) varieties were
grown on PVC pipe columns (25 cm of diameter; 80 cm of
height) using fertilized Oxisol (0.3927 m?), which is the most
common type of soil found in Brazil, under greenhouse con-
ditions [16]. The experimental design and watering treatments
were performed as previously described [14]. Briefly, the
control condition consisted of well-watered plants, which
received 100 % reposition of the water lost daily, while the
drought stress consisted of 50 % reposition of the water lost
daily from anthesis on. Leaf samples from plants in the control
and water-stressed conditions were randomly collected at
20 days after initiating the drought stress treatment, frozen in
liquid nitrogen and maintained at —80 °C. At harvest, several
yield components were evaluated, such as harvest index,
spikelet sterility, among others and drought tolerance param-
eters were estimated based on calculations of drought severity,
drought tolerance index and drought susceptibility index, as
described previously [14, 17]. In a previous study [16], varie-
ties were classified according to their response to drought stress
and the variety Trés Meses Antigo was considered tolerant to
water deficit and was therefore selected for proteomic analyses.

2.2 Protein Extraction and Image Analysis

Leaves collected from each replicate were pooled together
and used for protein extraction as described previously [14].
Protein quantification was performed using the Bradford
Reagent (Invitrogen, USA). Isoelectric focusing was per-
formed with 11-cm immobilized pH gradient (IPG) strips
with a pH range of 4-7 in a Multiphor II electrophoresis
system (GE). Approximately 220 g of protein were used to
rehydrated IPG strips with 2 % (v/v) CHAPS, 8 M urea,
7 mg dithiothreitol (DTT) and 2 % IPG buffer. SDS-PAGE
was performed in 10 % gels as described by Laemmli [18]
and protein spots were visualized after silver [19] or Coo-
massie blue staining. Three high quality gels, each repre-
senting one biological replicate, of both conditions were
selected for protein spot analysis using the ImageMaster 2D
Platinum v7.0 (GE Healthcare, UK) as previously described
[14]. Automatically detected spots were manually checked
and spot alignment was improved by manual spot detection
and matching. Proteins were considered differential when
protein abundances in control and drought stressed plants
were significantly different after Student’s ¢ test (o = 0.05).

2.3 Protein Identification by Mass Spectrometry

Protein spots were excised manually from Coomassie stained
gels and digested using sequencing grade trypsin (Promega,
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Madison, WI) according to Shevchenko [20]. Aliquots of
digested proteins (1.0 pL) were mixed with a saturated
solution of a-cyano-4-hydroxycinnamic acid and applied to a
MALDI target plate. Mass spectra were acquired using a
MALDI-TOF/TOF Autoflex II spectrometer (Bruker Dal-
tonics, Bremen, Germany) according to Rabello et al. [14].
Peak lists were generated using the Flex Analysis 3.0 software
(Bruker Daltonics) and protein identification was obtained
using the MASCOT program (Matrix Science, UK) with the
NCBlInr protein database and Oryza sativa taxonomy, using
the parameters previously described [14].
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3 Results and Discussion

In this study we have analyzed an upland japonica rice variety
(Trés Meses Antigo), which showed tolerance to water deficit
[16]. In a previous analysis, we compared the root tissue of
two upland japonica rice genotypes (drought tolerant and
susceptible) submitted to drought stress and observed that the
susceptible plants responded to water deficit in a similar way
as irrigated (indica) rice varieties. The tolerant variety showed
an up-regulation of several proteins involved in cell protection
in response to drought [14]. In the present study, we were
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Table 1 Differentially expressed proteins of the upland rice variety Trés Meses Antigo submitted drought stress, identified by mass

spectrometry
Spot n°  Peptide sequence Protein identification =~ Accession # Mascot Mr  pl(gel Mr pl(cal) Ratio
Score (gel) (cal) DS/
ww*
3MA 16 LTLEPAAGGEQSVIEADIVLVSAGR Dihydrolipoamide gil115436320 38 63 6.80 53 720 -2.01
dehydrogenase
family protein
3MA 21 HDLHISAYGEGNER Putative precursor 2il19387272 46 46 513 49 6.18 —1.81
chloroplastic
glutamine
synthetase
3MA 26 IVDSFPGQSIDFFGALR Ribulose-1,5- gil1778414 86/59 51 477 48 585 —1.66
bisphosphate
carboxylase/
oxygenase activase
VPIIVTGNDFSTLYAPLIR
3MA 31 VADEPPAEKPAQGGSNDR Putative remorin 1 2il56541805 52 35 5,44 21 5,06 +2.41
protein
3MA 46 LFVVVFPSFGER Cysteine synthase gil4574135 35 33 532 33 539 +1.76
3MA 54 TIALQEDVIAGWRPK Putative gil115467258 39 29 5.08 29 772 —1.51
dehydroascorbate
reductase
3MAS6 LLPITLGQVFQR PAP fibrillin family  gil38679327* 28 4.8 28* 8.5% +1.71
protein
3MA 57 INPPDEAQTVLLFATGTGISPVR Putative fruit protein  gil115445869 54/32 32 422 30 544 —-1.23
SLIEFGFAADQR
3MA 62 YGYPSEDFFVK Drought-induced 2il19068149 80 27 5 28 525 —-12
S-like ribonuclease
3MA 66 SQLRPEIQVAAQNCWVK Triosephosphate gil553107 78/40 26 546 27 6.60 +1.27
isomerase
WLAANVSAEVAESTR
3MA 68 SGFEGPWTR Ascorbate peroxidase gill115452337 44 26 554 27 542 +1.64
3MA 72 AAVGHPDTLGDCPFSQR GSH-dependent 2il6939839 96 24 6.11 23 5.65 +1.38
dehydroascorbate
reductase 1
3MA 74 IDYAPNGLNPPHTHPR Putative germin-like  gil75261354 37 15 653 24 6.49 +1.28
protein
3MA 84 LPDATLSYFDPADGELK Putative thioredoxin  gil115444771 38 13 454 23 6.15 —1.26
peroxidase
3MA 85 YSSSHEWVK H protein subunit of  gil10257441 38 13 4.23 7 898 —1.77
glycine
decarboxylase
3’-partial

4 DS drought stressed, WW well-watered

* Values based on Blastp search of the peptide sequence obtained by the Mascot program against O. sativa. Theoretical pI and MW were
calculated using the ExXPASy Compute pI/Mw tool (http://web.expasy.org/compute_pi/)

interested in the protein profile changes of an upland drought
tolerant variety submitted to water deficit when compared to
well-watered conditions. Twenty days after the drought stress,
leaves were sampled and used for protein extraction. The 2D
maps revealed a total of approximately 408 proteins per gel
varying in size from 10 to 220 kDa and in pl from 4 to 7
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(Fig. 1). The comparison between the protein profiles of the
control and the drought stressed plants revealed proteins
responsive to drought (Table 1), as well as unaltered proteins
(Table 2), some of which were identified by mass spectrom-
etry in order to better understand the tolerance of the upland
rice Trés Meses Antigo.
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Table 2 Proteins with unaltered expression in the upland rice variety Trés Meses Antigo

submitted drought stress, identified by mass

spectrometry
Spot n°  Peptide sequence Protein identification Accession # Score Mr pl(gel) Mr  pl (cal)
(geD (cal)
3MA'1 TFQGPPHGIQVER Ribulose bisphosphate 2il108862318 36 218 6.52 56 9.04
carboxylase large chain
precursor, putative
3MA 8 AHPGGPASSEFDWGTGDTPR Methyl-CpG binding gil77557101 81 69 462 31 4.74
domain containing
protein, expressed
3MA 9  SSENNLYVVEGMQFER Rubisco subunit binding-  gil115466004 54 65 522 o4 5.60
protein beta subunit
3MA13  (PMF) ATP synthase beta gil6815115 67 70 550 54 53
subunit
3MA14 (PMF) ATP synthase CF1 beta  gil11466794 78 69 568 54 5.47
subunit
3MAI12 (PMF) Hypothetical protein 2il222619064 68 68 543 51 5.22
3MA 20 LTGLHETASIDNFSWGVANR Putative precursor gil19387272 93 46 523 49 6.18
chloroplastic glutamine
synthetase
3MA 22 IFVIEGLHPMFDER Phosphoribulokinase 2il115448091 70 43 507 45 5.68
precursor
3MA 23 IVDSFPGQSIDFFGALR Ribulose-1,5- gil1778414 99 45 5.04 48 5.85
bisphosphate
carboxylase/oxygenase
activase
3MA 25 IVDSFPGQSIDFFGALR Ribulose-1,5- gil1778414 121/103 45 488 48 5.85
bisphosphate
carboxylase/oxygenase
activase
VPIIVTGNDFSTLYAPLIR
3MA 28 DSTALLGGPSWAVPLGR Similar to Class III gil115445243 39 38 520 34 5.32
peroxidase
3MA 29 IVDSFPGQSIDFFGALR Ribulose-1,5- gil1778414 90 40 529 48 585
bisphosphate
carboxylase/oxygenase
activase
3MA 30 YLSSILFQSIR Cysteine synthase 2il115442595 44 38 532 42 6.28
IQGIGAGFVPR gil4574135%* 36 38 532 33* 5.36*
(PMF) gil115442595 78 38 532 42 6.28
3MA 34 DCEEWFFDR Putative mRNA binding  gil115471157 69 39 556 41 6.5
protein precursor
3MA 38 SGGEWTIVQGLPIDEFSR Malate dehydrogenase, gil115482534* 61*% 40 586 35* 5.7%
cytoplasmic
3MA 35 DSVVALGGPSWTVLLGR Peroxidase 2il20286 32 43 54 33 5.7
3MA 42 LFGVTTLDVVR Putative NAD-malate 2il42407501 50 37 6,21 41 7.01
dehydrogenase
3MA 44 GFVGEEQLGEALEGSDVVIIPAGVPR Putative malate gil115465579 8 37 6.66 35 8.22
dehydrogenase
3MA 48 DGIDYAAVTVQLPGGER Oxygen-evolving 2il739292 74 33 5.08 26 5.13
complex protein 1
3MA 52 VSPWHDVPLR Putative inorganic 2il46805452 43 31 4.88 31 5.80
pyrophosphatase
3MAS9  (PMF) Hypothetical protein gil115481540 74 26 437 16 4.7
3MA 64 EGMDCNLLYWDGR Elongation factor P, 2il222616510* 47% 27 5.4 25 8.5
putative, expressed
3MA 67 TYLNTLQEIR Hypothetical protein gil115444021 51 29 549 27 6.55
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Table 2 continued

Spot n°  Peptide sequence Protein identification Accession # Score Mr pl(gel) Mr  pl (cal)
(gel) (cal)

3MA 69 ADVAEVCLQALLFEEAR NAD-dependent gil115461679 61/72 27 5.7 31 9.13
epimerase/dehydratase
family protein

GGRPEFYFEDGSYPEQVDWIGQR

3MA 73 ITEEIAATAAVGAGGYAFHEHHEK Abscisic acid-and stress-  gill115484359 123 21 644 15 6.20
inducible protein

3MA 75 VLFVPWVETDFR Rieske Fe-S precursor gil115472727 52 16 6.15 24 8.55
protein

3MA 76 LYAHFVTAPNPEWSR hypothetical protein gil115477166 48 21 586 25 6.85

3MA 77 ESYWYDGTGSVVTVDQDPNTR Photosystem I reaction gil297607127* 69* 20 55 11* 7.0%
center subunit IV

3MA 78 IDYAPNGLNPPHTHPR putative germin-like 2il75261354 59 21 539 23 6.49
protein

3MA 81 FSQEPQPIDWEYYR putative mitochondrial gil115476908 88 22 501 19 5.19
FO ATP synthase D
chain

3MA 83 SEEEWEAILSPEQFR hypothetical protein 2il115463803 49 14 481 25 8.90

3MA 87 (PMF) Hypothetical protein gil11955 69 15 4.60 68 9.8

3MA 89 GTSQVEGVVTLTQDDQGPTTVNVR  putative superoxide 2il42408425 93 13 555 20 5.79
dismutase

3MA 90 VLFVPWVETDFR Rieske iron-sulfur gil115472727 100 16 563 24 8.55
protein family protein

3MA 91 GGGGGYGGGGGYGGGGGGGYGQR Glycine-rich RNA- gil115489714 74 10 548 16 6.31
binding protein
GRPI1A, putative,
expressed

CFVGGLAWATDDR 2il2196542 45 20 9.5

3MA 93 EIALWFPOOEGLAEWR nucleoside diphosphate  gil61679782 43 8.8 639 17 7.04
kinase

3MA 95 EMTLGFVDLLR ribulose 1,5- gil11955 40 55 6,58 53 6.13
bisphosphate
carboxylase/oxygenase

3MA 97 EMTLGFVDLLR ribulose 1,5- gil11955 42 55 6,41 53 6.13
bisphosphate
carboxylase/oxygenase

3MA 98 EMTLGFVDLLR ribulose 1,5- gil11955 36 55 6.36 53 6.13
bisphosphate

carboxylase/oxygenase

PMF Peptide mass fingerprinting

* Values based on Blastp search of the peptide sequence obtained by the Mascot program against O. sativa. Theoretical pI and MW were
calculated using the ExPASy Compute pI/Mw tool (http://web.expasy.org/compute_pi/)

3.1 Differentially Expressed Proteins

The comparison of the 2D maps of well-watered and
drought-stressed plants was performed using silver-stained
gels given the high sensitivity of this detection method.
This analysis showed a total of 99 differentially expressed
proteins, some of which were observed in Coomassie-
stained gels and subjected to in gel digestion. A total of 15
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differential protein spots were successfully identified by
mass spectrometry (Table 1). Although several proteins
presented significant differential intensity, as determined
by the statistical analysis, a pronounced alteration in the
protein profile in response to drought stress was not
observed, as has been reported in irrigated rice studies [21].
In the present analysis, the differential spots identified (Fig.
2) showed fold differences varying between 1.2 and 2.4
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Differentially expressed proteins
putative germin-like protein
GSH-dependent dehydroascorbate reductase 1
ascorbate peroxidase
triosephosphate isomerase
PAP fibrillin family protein
cysteine synthase
putative remorin 1 protein
dihydrolipoamide dehydrogenase family protein
putative precursor chloroplastic glutamine synthetase
ribulose-1,5-bisphosphate carboxylase/oxygenase activase
putative dehydroascorbate reductase
putative fruit protein
drought-induced S-like ribonuclease
putative thioredoxin peroxidase
H protein subunit of glycine decarboxylase 3' -partial
Hypothetical protein
-2,1‘50 -Z,IOO -1,50 -1,60 -O,LF:O X 0,1‘50 1,60 1,|50 2,60 2,50 3,50
Down regulated Up regulated

Fig. 2 Diagram showing proteins that were increased (blue bars) and decreased (red bars) in O. sativa plants submitted to drought stress. The X
axis represents the fold change detected in the stressed condition when compared to the control (Color figure online)

(Table 1). Previous studies indicate that water deficit
induces a series of responses in plants. These responses
include: changes in protein translation involved in signal-
ing; transcriptional control; protection of cellular compo-
nents such as membranes and proteins; osmotic
adjustment; and detoxification [22, 23]. The low levels of
altered proteins observed in this study may suggest that the
maintenance of the photosynthetic system as well as energy
production is part of the tolerance process presented by the
variety Trés Meses Antigo. It is possible that after 20 days
of water deficit, plants are adapted to the amount of
available water and are able to maintain growth and
production.

One of the differential proteins identified in the present
study (3BMA 26) was Rubisco activase, which was
decreased in water stressed plants. Rubisco activase is a
chloroplastic enzyme that regulates the activation of Ru-
bisco [24], and is controlled indirectly by light intensity,
which establishes a favorable H™ and Mg”" gradient, and
allows the synthesis of ATP, necessary for its activation
[25].

Other proteins associated to photosynthetic metabolism
were also identified, including spot 3MA 21, which was
identified as putative precursor chloroplastic glutamine
synthetase, and was decreased during water deficit. This
enzyme is involved in the incorporation of ammonium into

glutamine, which is the main precursor of several metab-
olites containing nitrogen. Therefore, glutamine synthetase
may have an important role in plant survival during stress
conditions. It has been reported that glutamine synthetase is
much more active in plants under recovery of severe stress
than under water deficit [26]. Since the sampling point for
the proteome analysis was at 20 days of drought stress, it is
possible that the plant had already adapted to the water
deficit condition.

The general plant metabolism is also influenced by
stress and proteins such as triosephosphatase isomerase
(spot 3MA 66) and H protein subunit of glycine decar-
boxylase 3’ (spot 3MA 85) were differentially expressed.
Spot 3MA 66 was increased in stressed plants while spot
3MA 85 was decreased.

Unexpectedly, the drought-induced S-like ribonuclease
protein (spot 3MA 62) was decreased in the drought stress
condition. According to Salekdeh [27], the abundance of
this protein increases at the beginning of the drought stress
(18 days after drought stress). After rewatering, plants
showed a decrease in the abundance of this protein. Again,
it is possible that, in our study, the plants were already
adapted to the water deficit condition at the sampling time
of 20 days after drought stress.

One protein involved in metabolism, identified in the
present study as putative dihydrolipoamide dehydrogenase
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precursor (spot 3MA 16), was down-regulated in the
drought condition (Table 1). This protein has been
described as having a role in cell protection during saline
stress in rice plantlets [28].

It has been reported that the up-regulation of proteins
involved in cellular detoxication is a general defense
mechanism in upland rice [14, 29]. Proteins that belong to
this category, up-regulated during water deficit, were
identified in this study, including putative germin-like pro-
tein (3MA 74) and ascorbate peroxidase (3MA 68). Berna
[30] reported that the expression of germin-like protein is
stimulated by biotic and abiotic stresses such as heavy metal
stress and fungal infection. Peroxidases are antioxidant
enzymes that have been described in roots of upland rice
under water stress [29]. All these proteins have been
reported as part of an essential response of tolerant plants to
water deficit [29, 31, 32]. Although these proteins involved
in protection against oxidative stress are primarily induced
under water deficit, the plants under well-watered condi-
tions also showed up-regulation of proteins related to this
function. We identified a putative thioredoxin peroxidase
(spot 3MA 84), which was decreased in well-watered plants.

Spot 3MA 31, identified in this study as a putative
remorin 1 protein, increased in water-stressed plants and
has been reported as induced in leaves of tobacco and
Arabidopsis submitted to drought. This protein is associ-
ated to the membrane and therefore it is suggested that it
plays a crucial role in drought tolerance [33, 34]. This
protein has also been found in membrane fractions resistant
to detergents [35]. Membranes have an important role in
sensing stress and proteins associated to membranes can
also play roles in the maintenance of cell turgor.

Overall, transcriptional studies in drought stressed plants
suggest that several genes involved in photosynthesis are
down-regulated during water deficit conditions [36-38]. In
our analysis of the variety Trés Meses Antigo submitted to
drought we found a different response. Some photosyn-
thesis proteins were down-regulated while proteins related
to oxidative protection were up-regulated. The ability of
regulating photosynthesis and oxidative stress mechanisms
seem to be crucial for plant adaptation to drought stress.
Taken together, the results seem to indicate that the variety
used in this study does not show severe changes in the
proteome profile in order to cope with water deficit. We
sampled leaves several days after the beginning of drought
stress since we were interested in evaluating the ability of
the plant to cope with long periods of water deficit. It is
possible that at 20 days after the beginning of the stress,
the plant used mechanisms to adapt to the stressful con-
dition without severely compromising its development and
especially production. Indeed, Guimardes [16] observed
that Trés Meses Antigo revealed only 18 % reduction in
grain yield under drought stress.
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3.2 Unaltered Proteins Identified

Since the variety used in this study is tolerant to drought
stress, we also identified some proteins which remained
unaltered during the control and drought stress conditions
(Table 2). A total of 39 out of 309 protein spots with
unchanged expression were identified and were mostly
involved in photosynthesis and energy production. Some
proteins associated to protection against oxidative stress
damage were also identified. It is possible that the main-
tenance of the expression of these proteins may play some
role in the determination of drought tolerance. These pro-
teins identified can be considered as part of the reference
map of Tré€s Meses Antigo and can be used for future
comparisons with other varieties differing in their tolerance
to drought.

Interestingly, an abscisic acid- and stress-inducible
protein (spot 3MA 73) was identified but did not show a
significant change in intensity under water deficit, as
determined by the statistical test. The production and
catabolism of ABA is a well known process and is deli-
cately regulated by stress [39]. In water deficit conditions,
ABA has a critical role regulating the water status in the
plant through guard-cells, as well as by inducing the
expression of genes that encode enzymes and other pro-
teins involved in dehydration tolerance [40]. ABA pro-
duction and regulation is highly important for cell survival,
since it acts as a hormone that regulates stomatal function
under stress conditions [41-45]. It is possible that due to
the water deficit tolerance feature of Trés Meses Antigo,
this protein is expressed constitutively in order to protect
the plant from a stress condition.

Several spots corresponding to Rubisco were identified,
which did not show altered intensities in response to water
deficit. Rubisco is one of the most affected proteins in
susceptible plants, since photosynthetic activity is highly
altered during drought stress [46]. Moreover, proteins
associated to energy production such as putative mito-
chondrial Fo ATP synthase D chain (spot 3MA 81) and the
oxygen-evolving complex protein 1 (spot 3MA 48),
involved in photosystem II, were identified and are
important for ATP production during photosynthesis. The
up-regulation of oxygen-evolving complex protein was
also observed by Ali [2] in rice leaf sheath during drought
stress.

Other metabolism proteins were identified including a
putative NAD-malate dehydrogenase (spot 3MA 42). Do-
oki [47] reported, through a proteomic approach, that the
enzyme malate dehydrogenase was highly abundant in rice
panicle subjected to abiotic stress. The up-regulation of this
enzyme has also been observed under saline, water and
cold stresses [48, 49]. The plastidic enzyme cysteine syn-
thase (spot 3MA 30) was also identified and has been
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reported to be induced under cold stress in rice [50].
Cysteine synthase is related to sulfur metabolism and is
intimately linked to the production of glutathione, a
metabolite known to be involved in resistance to biotic and
abiotic stresses [50]. Another protein involved in stress
resistance identified was superoxide dismutase (spot 3SMA
89). Antioxidant enzymes have been reported as part of an
essential response of tolerant plants to water deficit [29, 31,
32].

4 Concluding Remarks

The comparison between the protein maps obtained from
well-watered versus drought stressed upland rice plants
allowed the identification of several differently accumu-
lated proteins. These results contribute to a better under-
standing of the response of the tolerant genotype to water
deficit. Proteins related to photosynthetic metabolism were
abundantly expressed and some of them showed reduced
levels upon water deficit. The results obtained suggest that
the tolerant upland rice up-regulates anti-oxidant and
energy production related proteins in order to cope with
water deficit. Moreover, the capacity of maintaining pro-
tein expression mostly unaltered during water stress may
also play a role in drought tolerance, especially proteins
involved in photosynthesis. This study shows the capacity
of proteomic studies for the identification of proteins
potentially involved in plant tolerance to drought stress, a
highly complex metabolic process. The understanding of
this process is somewhat still limited, especially for upland
varieties, which are naturally more tolerant to water deficit.
Therefore, the identification of protein and genes of agro-
nomic interest, allied to genetic improvement programs has
been considered an important strategy for the development
of varieties more adapted to water restriction conditions.
Proteomics is currently considered an extremely valuable
approach to reach this goal and can significantly contribute
to rice breeding programs.
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