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Abstract

Antioxidants activities and gene expression in rice up-regulated during water stress condition. The activation of antioxidants (enzymatic
and non-enzymatic) such as glutathione reductase (GR), monodehydroascorbate reductase (MDHAR) and dehydroascorbate reductase
(DHAR), catalase (CAT), superoxide dismutase (SOD), ascorbate peroxidase (APX) and glutathione peroxidase (GPX) in plants is related
to the Reactive Oxygen Species (ROS) accumulation in plant under stress conditions. Glycine betaine, however, plays a pivotal role as an
osmoprotectant in response to water stress. Exogenous application of glycine betaine improves the activities of antioxidants and
expression of gene, which might lead to the improvement and sustainability of rice production during climate change conditions.
Understanding the association of antioxidant enzyme activities and its expression in response to water stress is essential for further
understanding the molecular mechanisms by which controlling antioxidant defense for drought tolerance. This also will be useful
information on theory basis for drought resistance breeding and cultivation of rice as an effort to sustain rice production. In this review,
literatures for the potential of glycinebetaine to improve antioxidants defense activity and gene expression during the water stress
condition in related to sustainable rice production have been discussed.
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INTRODUCTION

Water is a major component that greatly important to
most of the land plants by which functioned as tissue
constituent, metabolite and minerals translocation, chemical
reaction and cell enlargement’. Rice is one of the monocot
plants, which is predominantly at risk to water stress, which
affected about more than 50% of the world rice production?,
which reduced rice production®*. Various physiological
processes have been affected by water stress in rice such as
net photosynthesis®, transpiration rate®, stomatal
conductance, intercellular CO,, photosystem Il (PSII) activity*,
relative water content’®? and membrane stability index®.
Borrmann et a/' stated that the oxidative state have been
detected in water stressed-plants including rice. Different
water levels affect phytoavailability of macronutrients’'*and
micronutrients with time as well as plant physiological
parameters''>7 In contrast, flooding condition reduced
redox condition in the soil'®2°, Reactive Oxygen Species (ROS)
is known as anaerobic metabolism by-products, which
partially reduced molecular oxygen forms and enhanced by
the unavoidable outflow of electrons into the molecular
oxygen while the transportation of electron activities. This
event has taken place during the drought stress through the
metabolic oxidizing and electron transport system disruption
arising in the mitochondria, chloroplasts, microbodies and
plasma membranes?'. The excessive accumulation of ROS can
instantly cause lipids peroxidation, denaturation of protein,
the mutation of DNA and oxidative damages of cells,
inactivate metabolic enzymes and attack membrane lipids by
which eventually leading to cell death?.

During biotic and abiotic stress conditions, plant has
activated ROS scavenger defense system to compensate the
effect of ROS®2, physiological functions and rice yield®
through glutathione biosynthesis'®?>2, [slam et a/?’ stated
that antioxidants could be initiated in organelles, which
include different enzymes related to antioxidants. The respond
of antioxidants are vital as works of ROS scavenging scheme
whereas, expressions of these antioxidants could advancerice
tolerance abilities to counteract drought stress?. In addition
to that, glutathione increased yield and plant parameters?*3'
which likely enhances the production of crop by the
application of GB through reducing stress effect.

In addition to antioxidant defense system, glycinebetaine
(GB) plays a major function in enhancing plant tolerance to
drought? whereas, GB has shown a great potential as one of
the scavenger mechanisms and work effectively more than
the other compatible solutes in cytoplasmic osmotic
adjustment of plant responses to osmotic stresses®2. The GB
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would also play role as protein-compatible hydrotrope as well
as a scavenger of hydroxyl radical which could stabilize the
structure of many macromolecules including oxygen-evolving
photosystem Il protein pigment complex®. Therefore GB
might have potent function to activate antioxidant defense to
therice plants for sustainable rice production under low water
condition.

FUNCTION OF GLYCINEBETAINE AND ITS NATURAL
ACCUMULATION

Glycinebetaine or (N, N, N-trimethyl glycine) derivative of
glycine has been classified among of the many quaternary
ammonium compounds found abundantly in plants®. Itis also
extensively well-suited solutes that induced naturally and
synthesized in chloroplast responses to drought®. The GB
plays a pivotal character in defensive cellular constructions
and vital metabolite character in plants for instances, safety of
proteins, enzymes and membranes against damage due to
stresses by stabilizing macromolecules (e.g. photosynthetic
machinery) and quaternary structure of proteins as well as
maintaining ROS scavenging capacity?¢. The GB has also been
continuing the cellular osmotic equilibrium as well as the
turgor pressure to protect cell from dehydration and regulated
signaling transduction by regulating water potential flow into
cells* in response to water stress conditions.

EFFECTIVE LEVEL OF EXOGENOUS GB IN REPLY
TO WATER STRESS

Glycine betaine (GB) has been reported to accumulate
naturally in many plants, such as sugar beet, spinach, barley,
wheat and sorghum in reaction to numerous stresses,
However, riceis the only cereal plant that has been recognized
neither synthesizes nor accumulates GB regardless of stress
condition¥.Inrice plant, choline monooxygenase and betaine
aldehyde dehydrogenase encoding genes has been found,
however, there is no accumulation of GB reported under stress
condition¥.

Interestingly, positive properties of GB application on
growth of plants under drought stress have been well
documented on several plants such as tobacco, wheat, corn,
rice and cotton see review by Ashraf and Foolad™®. In rice, the
application of exogenous GB during abiotic stresses especially
drought has stimulated and then increased the growth of
rice®. Exogenous use of GB also was reported towards
improving photosynthetic abilities by improving chlorophyll
content in leaf as well as improved height of plant and yield
traits such as panicle, fertility and weight of grains during the



Asian J. Plant Sci,, 16 (3): 132-140, 2017

harvesting stage3®. Apart from that, GB improved membrane
stability through minimizing membrane ion leakage, reduced
H,0, and MDA content in leaf, lowering water potential
whereas allowed additional water taken up to compensate
water shortages in plant tissues during water stress
condition®,

Many studies have shown different results from the use of
GB in different plant species due to different method and
concentrations applied®***. The most effective method and
concentration of exogenous GB inrice for instances, has been
reported as foliar application at 100 mM and 100 mg L™
during 85 days after sowing and five leaf stage respectively’.
In tobacco, foliar application of 0.1 M GB during early drought
has increased fresh weight, dry weight and area of leaf
compared to 0.3 M of GB*. Therefore, the most effective level
of exogenous GB in tobacco has been proved at level of 0.1 M.
In addition to that, the positive effect of foliar exogenous GB
application also has been reported in wheat, at 50 mM which
enhance various growth attributes, yield and increased the
level of some key metabolites, while in corn, it increased yield
at 15-34% and improved plant height and chlorophyll when
applied at 150 ppm before flowering®. In similar study
capacity, GB has been also reported to act as osmoregulating
substance and enhanced water stress of corn at level of
15 mM and enhances growth at level of 100 mM*. Increasing
of seed cotton yield and number of boll produced in cotton
viafoliarapplication of GB during drought stress also has been
documented by Miri and Armin“,

In spite of positive effects of exogenous GB application
have been intensively studied, there are few reports showing
contradictories and even negative properties of GBin drought
condition. There is a report shown that foliar of exogenous GB
application did not touch yield and physiology of cotton*.
Besides that, over-accumulation of GB has been reported
increased photosynthesis rate during drought stress in
wheat*. Surprisingly, it is contrast to with reported by
Shahbaz et a/3®, which all wheat cultivars shown a substantial
decrease in photosynthetic in reaction to water stress.
Furthermore, the application of exogenous GB has also shown
todecreased leaf area of wheat 2, however, Shahbaz eta/*® on
other hand shown that exogenous GB increased the leaf area
of wheat. In addition to that, negative effects of exogenous GB
has been also reported for example, in tobacco, foliar
application of GB at 0.3 M has caused leaf scorching by which
decreased 20% of number of green leaf. Similarly, in corn, GB
application at 20 mM significantly decreased the growth and
yield. Moreover, there is still lack info obtainable on the
exogenous GB application effects particularly on rice during
water stress occurrence and its action as mechanism(s) at both
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molecular and cellular levels are yet fully understood. Thus,
deeper understanding on these mechanism(s) of its effect is
crucially needed to advance drought tolerance ability in rice
production.

ACTIVATION OF ANTIOXIDANTS DEFENSE SYSTEM IN
RESPONSE TO WATER STRESS IN RICE

Water stress leads various effects such as reduction of cell
division and vegetative growth of plants. Once plants
challenge drought, their stomata is closed, which resulting in
decrease of CO, adjustment in leaves and form ROS, such as
0,. The ROS-scavenging system is broken due to extreme
buildup of ROS, which causes cell damage followed by cell
death®. In a similar study, it was suggested that the precise
measurement of enzyme activities and expression during
drought stress as an approach to studying the scavenging
system connection during the water stress condition.
Moreover, Li et a/* proposed that minor drought effectively
changes enzymes response of antioxidant in rice to get used
with intermediate drought stress condition. Hence, the
enhancement of antioxidant componentincluding enzymatic,
non-enzymatic and enzyme of AsA-GSH cycle might be a best
strategy to reduce the ROS damage and trigger drought
resistance of plants*. Additionally, higher level of antioxidant
activity might pay to as drought tolerance by which growing
defense capacity to counteract oxidative damage*. Therefore,
as an effort to protect cells and tissue from oxidative stress,
rice has evolved sophisticated and complex antioxidant
defense system to scavenge excessive accumulation of ROS*
in response to various oxidative stresses. These antioxidant
enzymes have been found in diverse organelles including
chloroplast, mitochondria, peroxisome and interestingly, their
pathway have been well-coordinated®’.

ENZYMATIC ANTIOXIDANT SYSTEM (SOD, GPX, CAT)

Superoxide dismutase (SOD) is the first barrier to
withstand ROS in  most subcellular compartments. The
SOD is a group of metalloenzyme which remove superoxide
anion (0,.) by disproportioning it into O, and H,0,. The CAT is
the first enzyme that was discovered and categorized in
peroxisomes and considered as unique because it is not
requiring a reducing equivalent. This enzyme degrades H,0,
into H,0 and O,. The GPX with similar function eliminates
excess H,0, by reducing it to H,0, into H,0 via electron donor.
Through metabolite analyse and enzyme assay, the activities
of antioxidant in related to water deficit. They observed
decreasing in SOD, CAT and GPX activities when exposed to
water stress treatment. By regard to the results, the authors
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claimed that the degree of activity changes of these enzymes
howeverwere not very significant. The effect of drought stress
on these enzymatic antioxidant systems in two rice cultivars,
which were Malviya-36 and Pant-12 in response to mild and
high drought stress level by antioxidant enzymes assay*®. They
firstobserved total SOD significantly increased in shoots and
roots of both cultivars during both drought conditions
compared to unstressed seedlings. Thus, the results were
contrast with the previous report**#’. However, the activity of
GPX drastically declined when exposed at higher level of
drought. In the other hand, CAT activities decline under many
stress conditions observed by Radotic et a/*®. In this
occurrence, the authors concluded that, CAT might not an
effective scavenger of H,0,. Nevertheless, few current
researches have proved that, SOD and CAT can effectively
scavenging ROS formation at the same time reduced the
negative impact of drought stress*. The different in results
from both studies might be due to increase of antioxidants
activity is normally connected to the mark of drought that
subjected by plants®.

ENZYMES OF THE CYCLE OF ASCORBATE-GLUTATHIONE
(APX, DHAR, MDHAR, GR)

In order to sense and respond to oxidative stresses, the
balance proportion of AsA to DHA and GSH to GSSG is
essential. The recycling path of AsA and GSH is known as
AsA-GSH cycle. The AsA-GSH sequenceis existed in subcellular
compartments including chloroplast and cytosol?. In
chloroplast, H,0, is mainly eliminated by the successive redox
reactions by APX, monodehydroascorbate reductase (MDHAR)
and dehydroascorbate reductase (DHAR) and GR. It was
reported that, APX reduce the excess of H,0, in cells to water
by utilized two molecules of AsA (MDHA and DHA) in
ascorbate-glutathione pathway*. Sharma et a/*° suggested
the important character of APX to detoxify H,0O, that increase
of c-APX motion in rice under drought stressed seedling
parallel to decrease of H,0, as observed. In addition to that,
increase of AsA restoration system capacity by synthesis of
DHAR, MDHAR and GR had proved as the primary response to
mitigate water stress in plant*“® The MDHAR catalyse the
restoration of AsA from MDHA radical via electron donor by
NADPH. The DHAR in another event reduced DHA to AsA to
prevent DHA from decomposed into oxalate and tartrate due
to highly unstable pH by using reduced equivalents from GSH
as electron donor. In order to maintain high cellular ratio of
GSH/GSSG, GR catalyse the reduction of GSSG to GSH by
NADPHY. During higher level of stress however,
ascorbate-glutathione enzymes activities were observed to
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decline. This might be due to enhance of ROS production that
interacts with the enzymes, which furtherlead to the probable
oxidation and inactivation®.

NON- ENZYMATIC ANTIOXIDANT SYSTEM (ASA, GSH)

Glutathioneand AsAin the other hand are non-enzymatic
antioxidants within the cell which play important roles in
diverse biological processes such as signal transduction,
synthesis of protein and nucleic acids and cell
growth/expansion by controlling procedures from cell
elongation and mitosis the senescence to celldeath'. The ROS
are detoxified via non-enzymatic reactions involving small
antioxidants moleculesincluding GSH and AsA (also known as
AA)in hydrophilicenvironment®. In rice, AsA has been widely
reported to alter in response to various oxidative stresses?.
However, at higher degree of drought stress, these
non-enzymatic has been reported to decline with theincrease
of superoxide anion and lipid peroxidation compared to mild
stress condition*>#6, In conclusion, the authors suggested that
the antioxidants protection system superficially flops to
counteract the oxidative damage in rice to compensate higher
level of water deficit.

ROLES OF EXOGENOUS GB IN ENHANCING ANTIOXIDANT
ACTIVITY UNDER WATER STRESS IN RICE

Abundant studies have been reported on the failure of
antioxidant defense system to confer high degree level of
drought. Alternatively, GB has proved to enhance antioxidant
defense mechanisms to counteract the damages cause by
various stresses*®. The GB could protect plants to fight
oxidative stress by eliminating ROS both directly or by
enhancing AsA-GSH cycle®. Similarly, the application of GB
exogenously has been found to enhance the antioxidant
enzymes activities in wheat seedlings under water stress
treatment. This was mainly due to the improved of
photosystem Il (PSIl) activity, improved starch metabolisms
and care of necessary leaf water balance of cell osmotic.

To further elucidate the roles of GB, Farooq et a/>° studied
the physiological roles of exogenous GB application in
aromatic rice cultivar. The GB was used as both foliar and seed
application at different concentration levels during the
four-leaf stage subjected to drought stress. Interestingly,
results suggested that GB application induced enzymatic
activities in rice seedlings particularly SOD, APX and CAT
activities. The GB has proved to enhance the cellular integrity
and allowed rice to maintain its water status resulting in
improving of photosynthesis and general metabolism
activities. The authors also suggest that foliar application of GB
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shown better results as compared to seed treatments at
100 mg L= which also can be applied at critical stages of rice
under drought stress treatment. In another piece of work,
Farooq et a/>? evaluated the possible roles of compounds
including GB, salicylic acid (SA), brassinosteroids (BR), nitrous
oxide (NO) and spermine in improving drought tolerance of
rice. The GB was used as foliar application and applied at leaf
stage of super-basmati cultivar exposed to drought condition,
by maintaining 50% of field capacity.

SOD, GPX AND CAT GENES EXPRESSION IN WATER
STRESS IN RICE

Drought has been known to induce the appearance of
genes by which, more than 5,000 to 6,000 genes were
reported to up-regulated and down-regulated respectively in
reply to drought condition®3. Previously, multiple isoforms of
antioxidant had been recognized in plants including rice,
which may response differentially to the developmental of
environment stresses including SOD, CAT and APX
isoforms38-40,

The SOD isoforms has been classified in different groups
based on their metal cofactor such as manganese (Mn), ferum
(Fe) and copper/zinc (Cu/Zn). There are three isoforms have
been found in chloroplasts namely (FeSOD, MnSOD,
CuZnSOD), while one in mitochondria (MnSOD), two in
peroxisomes (MnSOD and CuZnSOD) and one in cytosol and
extracellular space (CuZnSOD) respectively as documented by
Pang and Wang¥. In order to improve describe the SOD in
responses to drought, several studies have been performed at
gene expression level as well as enzyme activity?* Previously,
evaluated SOD enzymes activity and gene expression level of
eight SODisoforms by using spectrophotometry and real-time
quantitative PCR (gPCR), respectively®®#. This study was
conducted under 100% irrigation (control) and 50% of water
restriction (drought treatment) for two rice cultivars
namely, Primavera (drought sensitive) and Douradao (drought
tolerance) at two developmental stages (vegetative and
reproductive). In leaf tissues, these genes were up-regulated
for both cultivars but more genes were expressed at
vegetative stage as compared to reproductive stage. During
the vegetative stage, all of the eight genes (CuZnSODI1,
CuZnSOD2, CuZnSOD3, CuZnSOD4, CuZnSOD5, MnSOD,
FeSOD1 and FeSOD2) were expressed in Douradao cultivar
instead of only seven genes (CuZnSOD1, CuZnSOD3,
CuZnSOD4, CuZnSOD5, MnSOD, FeSOD1 and FeSOD2) were
expressed in Palmivera. At reproductive stage on the other
hand, only four genes expression increased for the tolerant
cultivar (CuZnSOD3, CuZnSOD4, FeSOD2 and MnSOD) while
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six genes were observed for sensitive cultivar (CuZnSOD1,
CuZnSOD2, CuZnSOD5, MnSOD, FeSOD1 and FeSOD2)>*%. In
root tissue, four genes are overexpressed in the tolerant
cultivar, whereas five genes were up-regulated at the
reproductive stage. This perhaps due to different upland rice
varieties marked different drought tolerance mechanismsand
the expression levels of drought stress-related genes varied
significantly with rice varieties®. In either case, the authors
suggested that, significant increase of the expression in both
cultivars were directly connected to amplified levels of SOD
activity at the reproductive phase. However, decreased of SOD
activity for sensitive cultivar and increased for tolerance
cultivar was observed during the vegetative phase similarly as
reported by Basu et a/>. Other detoxification of ROS
mechanisms, including APX, CAT and GPX enzymes must be
performing this protection function as well*®. In spite of
increased of antioxidant enzymes activity is variable between
plant species and cultivars under drought stress®,
undoubtedly, the authors reported the different induction
patterns in SOD activity level and/or gene expression in rice
plants ought to be powerfully consideration to elucidating the
drought tolerance cellular mechanisms.

Previously, Teixeira et a/*® have identified the presence of
eight ascorbate peroxidases isoforms in rice nuclear genome
via in sillico analysisincluding; OsAPx1 and OsAPx2 (cytosolic),
OsAPx3 and OsAPx4 (putative peroxisomal) and OsAPx5,
OsAPx6, OsAPx7 (putative chloroplastic) and OSAPX8 (putative
thylakoid-bound). The characterization of these isoforms by
Teixeira et a/*, revealed that, OsAPx1, OsAPx6 and OsAPx7
transcripts were accumulated in roots while OsAPx2, OsAPx3,
OsAPx4, OsAPx5 and OSAPX8 transcripts preferentially
accumulated in shoots. There are several reports on
modulated of APX expression encoding genes by diverse
environmental including water, salt, high temperatures and
freezing stresses, attack of pathogen, treatment of H,0, and
finally abscisic acid®>?, For further elucidation, the responses
of two cAPX genes to three abiotic stresses treatments in
order to study on the cAPXs transcript level by using northern
blot analysis, RNA blot analysis together with APX enzyme
assays*. Surprisingly, the expressions of OsAPx1and OsAPx2
were not up-regulated during drought, salt and chilling stress
which is contrast with previously reported by Teixeira et a/>°,
where salt stress induced OsAPx2 gene regulation. According
to these results, the authors conclude that it may due to
different intensities of stress treatments or differences in the
environmental conditions as also reported by Zhang et a/>.

The CAT isoforms have been classified as three groups
based on gene structure and expression®. Interestingly, each
group of catalase have display protective tissues, gene
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expression of cellular and diurnal fluctuation outlines of
transcript stages for instances; CatA genes corresponded to
CatB to CatC. The class | CAT also mainly reported to be
involved in photorespiration. Nevertheless, the function of
CatA (class ) is remaining unclear but it is assumed to be
mainly involved in protection to counteract environmental
stress®®®! because this class is normally expressed in vascular
tissues and leaves. In order to gain better understanding on
CAT isoforms function, Joo et a/* analysed the expression
pattern of catalase genes (CatA, CatB, CatC) using RNA gel blot
analysis and quantitative real-time PCR (gRT-PCR). The rice
plants were treated with ABA, drought, high salinity and
hydrogen peroxide. Interestingly, the authors found that
catalase genes of rice were organ dependent. The expression
levels of rice catalase gene are differentially regulated by the
environmental conditions. The authors also confirmed the
involvement of rice catalase genesin related to environmental
stress response and photorespiration which agreed to the
report by lwamoto et a/%, who found strong expression of
CatA, CatB and CatC in the leaf sheath, roots and rice blade
leaf and both CatA and CatC might be involved in H,0,
removal whereas produced in mitochondria or during
photorespiration.

ROLES OF EXOGENOUS GB IN UP-REGULATING GENE
EXPRESSION UNDER WATER STRESS

In spite of some transgenic plants have been successfully
made to accumulate GB competently but the level of GB
synthesis shown only at low level as compared to GB
accumulator's plants®2®, In different study, Kathuria et
al®* had also successfully raised transgenic /ndica rice from
soil bacterium A. globiformis which expressing codA gene by
mRNA and protein level analysis. Therefore, exogenous
application of GB to non-accumulator plants has been
abundantly studied as an alternative in the mean to improve
the stress tolerance. However, knowledge on how GB would
affect the level of gene expression and regulation, which
related to plant water stress tolerance, is limited. Considering
this situation, the elucidation of the GB roles in up-regulating
the expression of signalling pathways castoff by plants in
response to the stresses may lead to formulating new
approaches to improve plant water stress tolerance.

Another piece of work have been reported by Lou et a/%
on the effects of three level of GB which were 0 mM, 20 mM
and 50 mM on antioxidant enzymes gene expression of
perennial ryegrass under 0.5 mM cadmium (Cd) stress
treatment. The expression level was measured by Real-time
quantitative PCR (RT-qPCR). Without GB treatments, the
expressions level of MnSOD, FeSOD, CytCu/ZnSOD,
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ChlCu/ZnSOD and POD genes were reported toincrease at
2 h,48 h and 7 days after treated under cd stressed condition.
Previously, Sharma et a/% and Li et a/¥ also reported that
gene expression alterationsinduced by heavy metalsin plants.
The authors also indicate that, up-regulation of all gene
expressions induced by GB would create additional
antioxidant to scavenge an extreme accumulation of ROS.

CONCLUSION AND FUTURE RECOMMENDATIONS

Water stress is known widely as a main limiting factor in
rice production worldwide for a extended time. Abundant
evidence showed the activation of antioxidant defense
organization in rice to confer water stress such as SOD, APX,
CAT, MDHAR, DHAR, GPX and GR. This is because, the ultimate
functions and mechanisms of each antioxidants are yet fully
understood. The antioxidantenzymesisoformsinrice planton
other hand perhaps trigger the adaptive mechanisms to
reduce the effect of water stress through the variations in
gene appearance and physiological parameters. There is
evidence which shows that both antioxidant activity and gene
expression are correlated. However, the information on the
up-regulation of these genes in water stress related to rice is
still nebulous and still unclear. The introduction of osmolytes
compoundssuch as GB plays adaptive characters in arbitrating
osmotic adjustment that protects cells from water stress
through alternative approach to desiccate the accumulation
of water stress in rice by enhancing antioxidants activity and
up-regulate the expression level of genes.

Despite application of exogenous GB have been widely
studied, only certain antioxidants are mostly reported in
subjected to water stress in rice. Moreover, the studies have
not discussed about the enhancement of these antioxidants
in more details.

However, there is still lack of evidences or information on
the roles of GB in enhancing these antioxidants activity at the
full of set in related to drought condition in rice. Therefore, in
the immediate future, further research is required clarifying
the functions of GB on the antioxidant activities and their
corresponding genes expression in rice plant related to water
stress.

SIGNIFICANCE STATEMENT

This study discovers the role of betaine on antioxidant
and gene expression in rice plants under stress condition that
can be beneficial for plant physiologist and breeders to
understand for further improvement of rice plants to cope
climate change condition.



Asian J. Plant Sci,, 16 (3): 132-140, 2017

ACKNOWLEDGMENTS

This work was supported by the Fundamental Research

Grant Scheme funding (FRGS/2/2014/STWNO3/UNISZA/02/1)
and the Faculty of Bioresources and Food Industry, Universiti
Sultan Zainal Abidin, Terengganu, Malaysia.

10.

1.

REFERENCES

Crusciol, CA.C,, O. Arf, R.P. Soratto and G.P. Mateus, 2008.
Grain quality of upland rice cultivars in response to cropping
systems in the Brazilian tropical savanna. Sci. Agricola,
65:468-473.

Bouman, B.A.M,, S. Peng, A.R. Castaneda and R.M. Visperas,
2005. Yield and water use of irrigated tropical aerobic rice
systems. Agric. Water Manage., 74: 87-105.

Nozulaidi, M., M. Khairi and M.S. Jahan, 2015. Effects of
different salinity levels on rice production. Aust. J. Basic
Applied Sci., 9: 524-530.

Khairi, M., M. Nozulaidi, A. Afifah and M.S. Jahan, 2015. Effect
of various water regimes on rice production in lowland
irrigation. Aust. J. Crop Sci., 9: 153-159.

Khairi, M., M. Nozulaidi and M.S. Jahan, 2016. Effects of
flooding and alternate wetting and drying on the yield
performance of upland rice. Pertanika J. Trop. Agric. Sci,,
39:299-309.

Khairi, M., M. Nozulaidi and M.S. Jahan, 2015. Effects of
different water levels on physiology and yield of salinity rice
variety. Aust. J. Basic Applied Sci., 9: 339-345.

Che Lah, M.K.B., M.N.B. Nordin, M.B.M. Isa, Y.M. Khanif and
M.S. Jahan, 2011. Composting increases BRIS soil health and
sustains rice production. Sci. Asia, 37:291-295.

Jahan, MS., M. Nozulaidi, M. Khairi and N. Mat, 2016.
Light-harvesting complexes in photosystem Il regulate
glutathione-induced sensitivity of Arabidopsis guard cells to
abscisic acid. J. Plant Physiol., 195: 1-8.

Kumar, S, SK. Dwivedi, S.S. Singh, B.P. Bhatt and
P. Mehta et a/, 2014. Morpho-physiological traits associated
with reproductive stage drought tolerance of rice
(Oryza sativa L) genotypes under rain-fed condition of
eastern Indo-Gangetic plain.Indian J. Plant Physiol., 19:87-93.
Borrmann, D. RD.M. Junqueira, P. Sinnecker,
M.S.D.0. Gomes, .A. Castro and U.M.L. Marquez, 20009.
Chemical and biochemical characterization of soybean
produced under drought stress. Food Sci. Technol.
(Campinas), 29: 676-681.

Jahan, M.S., M.N.B. Nordin, M.K.B. Che Lah and Y.M. Khanif,
2013. Effects of water stress on rice production: Bioavailability
of potassium in soil. J. Stress Physiol. Biochem., 9: 97-107.

138

12.

20.

21.

22.

23.

24.

25.

Jahan, M.S, M. Nozulaidi, M.M. Khandaker, A. Ainun and
H. Nurul, 2014. Control of plant growth and water loss by a
lack of light-harvesting complexes in photosystem Il in
Arabidopsis thaliana ch1-1 mutant. Acta Physiol. Planta.,
36:1627-1635.

Sarwar, M.J. and Y.M. Khanif, 2005. Techniques of water
saving in rice production in Malaysia. Asian J. Plant Sci.,
4: 83-84.

Sarwar, M.J. and Y.M. Khanif, 2005. The effect of different
water levels on rice yield and Cu and Zn concentration.
J.Agron., 4:116-121.

Jahan, M.S., Y.M. Khanif, UR. Sinniah, S.R. Syed Omar,
M.B.N. Nozulaidiand M.B.C.L. Khairi, 2013. Effect of low water
input on rice yield: Fe and Mn bioavailability in soil. Pertanika
J. Trop. Agric. Sci., 36: 27-34.

Jahan, MS, MKB. Che Lah, MNB. Nordin and
S.S.B.S. Kamarulzaman, 2012. Glutathione is not involved in
light-, Dark-, Ca-and H,0,-induced stomatal movement in
Arabidopsis. J. Stress Physiol. Biochem., 8: 240-246.

Sarwar, M.J. and Y.M. Khanif, 2005. Effect of water saving
irrigation on yield and concentration of Ca and Mg in
Malaysian rice cultivation. Pak. J. Biol. Sci., 8: 65-67.

Sarwar, M.J., Y.M. Khanif, S.R. Syed Omar and U.R. SInniah,
2004. The effect of different water regimes on yield and
bioavailability of phosphorus in rice production in Malaysia.
Malays. J. Soil Sci., 8: 53-62.

Sarwar, M.J.and Y.M. Khanif, 2005. Low water rice production
and its effect on redox potential and soil pH. J. Agron.,
4:142-146.

Jahan, M.S., 2016. Rice Production under Different Water
Inputs. Lap Lambert Academic Publishing, USA.

Ahmad, P., C.A. Jaleel, M.A. Salem, G. Nabi and S. Sharma,
2010. Roles of enzymatic and nonenzymatic antioxidants in
plants during abiotic stress. Crit. Rev. Biotechnol., 30: 161-175.
Ahmad, P., G.Nabi, C.A. Jeleeland S. Umar, 2011. Free Radical
Production, Oxidative Damage and Antioxidant Defense
Mechanisms in Plants Under Abiotic Stress. In: Oxidative
Stress: Role of Antioxidants in Plants, Ahmad, P.and S. Umar
(Eds.). Studium Press, New Delhi, pp: 19-53.

Khokon, AR. S. Jahan, T. Rahman, M.A. Hossain and
S.Munemasa et a/, 2011. Allyl isothiocyanate (AITC) induces
stomatal closure in Arabidopsis. Plant Cell Environ.,
34:1900-1906.

Okuma, E., MS. Jahan, S. Munemasa, M.A. Hossain and
D. Muroyama et al, 2011. Negative regulation of abscisic
acid-induced stomatal closure by glutathione in Arabidopsis.
J. Plant Physiol., 168: 2048-2055.

Jahan, M.S., K.I. Ogawa, Y. Nakamura, Y. Shimoishi, I.C. Mori
and Y. Murata, 2008. Deficient glutathione in guard cells
facilitates abscisicacid-induced stomatal closure but does not
affect light-induced stomatal opening. Biosci. Biotechnol.
Biochem., 72: 2795-2798.



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Asian J. Plant Sci,, 16 (3): 132-140, 2017

Jahan, M.S., Y. Nakamura and Y. Murata, 2011. Histochemical
quantification of glutathione contents in guard cells of
Arabidopsis thaliana. Sci. Asia, 37: 281-284.

Islam, M.M., M.A.Hoque, E. Okuma, R. Jannatand M.N.A. Banu
et al, 2009. Proline and glycinebetaine confer cadmium
tolerance on tobacco Bright Yellow-2 cells by increasing
ascorbate-glutathione cycle enzyme activities. Biosci.
Biotechnol. Biochem., 73: 2320-2323.

Wang, F.Z,,Q.B.Wang,S.Y.Kwon, S.S. Kwak and W.A. Su, 2005.
Enhanced drought tolerance of transgenic rice plants
expressing a pea manganese superoxide dismutase. J. Plant
Physiol., 162: 465-472.

Inani, N., M. Nozulaidi, M. Khairi, A.R. Abdulkadir and
M.S. Jahan, 2015. Glutathione functions on physiological
characters of corn plants to enhance Mn-induced corn
production. Pertanika J. Trop. Agric. Sci., 38: 509-581.
Munirah, N, MS. Jahan and M. Nashriyah, 2015.
N-acetylcysteine and Zn regulate corn yield. Sci. Asia,
41:246-250.

Syuhada, N. and M.S. Jahan, 2016. Glutathione functions on
physiological characters to increase copper-induced corn
production. Russian Agric. Sci., 42: 5-10.

Gorham, J,, 2010. Betaines in Higher Plants Biosynthesis and
Role in Stress Metabolism. In: Amino Acids and their
Derivatives in Higher Plants, Wallsgrove, RM. (Ed.).
Cambridge University Press, Cambridge, pp: 173-204.

Goel, D., AK. Singh, V. Yadav, S.B. Babbar, N. Murata and
K.C. Bansal, 2011. Transformation of tomato with a bacterial
codA gene enhances tolerance to salt and water stresses.
J. Plant Physiol., 168: 1286-1294.

Mohanty, A., H. Kathuria, A. Ferjani, A. Sakamoto, P. Mohanty,
N. Murata and A. Tyagi, 2002. Transgenics of an elite /ndica
rice variety pusa basmati 1 harbouring the codA gene are
highly tolerant to salt stress. Theoret. Applied Genet.,
106:51-57.

Ashraf, M. and P.J.C. Harris, 2013. Photosynthesis under
stressful environments: An overview. Photosynthetica,
51:163-190.

Ashraf, M.and M.R. Foolad, 2007. Roles of glycine betaine and
proline in improving plant abiotic stress resistance. Environ.
Exp. Bot., 59: 206-216.

Wang, S.X,,S.T. Xia, K.Q. Peng, F.C.Kuang, Y.Cao and L.T. Xiao,
2007. Effects of formulated fertilizer synergist on abscisic acid
accumulation, proline content and photosynthetic
characteristics of rice under drought. Rice Sci., 14: 42-48.
Shahbaz, M., Y. Masood, S. Perveen and M. Ashraf, 2012. Is
foliar-applied glycinebetaine effective in mitigating the
adverse effects of drought stress on wheat ( 7riticum aestivum
L.)? J. Applied Bot. Food Q., 84: 192-199.

Faroog, M.,S.M.A.Basra, A. Wahid, Z.A. Cheema, M.A. Cheema
and A.Khalig, 2008. Physiological role of exogenously applied
glycinebetaine to improve drought tolerance in fine grain
aromatic rice (Oryza sativa L). J. Agron. Crop Sci.,
194:325-333.

139

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Miri, HRR. and M. Armin, 2013. The interaction effect of
drought and exogenous application of glycine betaine on
corn (Zea maysL.). Eur. J. Exp. Biol., 3: 197-206.

Meek, C., D. Oosterhuis and J. Gorham, 2003. Does
foliar-applied glycine betaine affect endogenous betaine
levels and vyield in  cotton? Crop Manage.
10.1094/CM-2003-0804-02-RS.

Wang, G.P., X.Y. Zhang, F. Li, Y. Luo and W. Wang, 2010.
Overaccumulation of glycine betaine enhances tolerance to
drought and heat stress in wheat leaves in the protection of
photosynthesis. Photosynthetica, 48: 117-126.

De Carvalho, M.H.C,, 2008. Drought stress and reactive
oxygen species: Production, scavenging and signaling. Plant
Signal Behav., 3: 156-165.

Li, X, L. Zhang and Y. Li, 2011. Preconditioning alters
antioxidative enzyme responses in rice seedlings to water
stress. Proc. Environ. Sci., 11: 1346-1351.

Hasanuzzaman, M., K. Nahar, S.S. Gill, R. Gill and M. Fujita,
2014. Drought Stress Responses in Plants, Oxidative Stress
and Antioxidant Defense. In: Climate Change and Plant
Abiotic Stress Tolerance, Gill, S.S. and N. Tuteja (Eds.).
Blackwell, Germany, pp: 209-249.

Apel, K. and H. Hirt, 2004. Reactive oxygen species:
Metabolism, oxidative stress and signal transduction. Annu.
Rev. Plant Biol., 55: 373-399.

Pang, C.H. and B.S. Wang, 2008. Oxidative Stress and Salt
Tolerance in Plants. In: Progress in Botany, Luttge, U., W.
Beyschlag and J. Murata (Eds.). Springer, Germany,
pp: 231-245.

Radotic, K., T. Ducic and D. Mutavdzic, 2000. Changes in
peroxidase activity and isoenzymes in spruce needles after
exposure to different concentrations of cadmium. Environ.
Exp. Bot., 44: 105-113.

Pandey, V. and A. Shukla, 2015. Acclimation and tolerance
strategies of rice under drought stress. Rice Sci., 22: 147-161.
Sharma, P.,A.B.JhaandR.S.Dubey, 2010. Oxidative Stressand
Antioxidative Defense Systems in Plants Growing under
Abiotic Stresses. In: Handbook of Plant and Crop Stress,
Pessarakli, M. (Ed.). 3rd Edn., Chapter 5, CRC Press, Florida,
USA., ISBN-13:978-1439813966, pp: 89-138.

De Pinto, M.C. and L. de Gara, 2004. Changes in
the ascorbate metabolism of apoplastic and symplastic
spaces are associated with cell differentiation. J. Exp. Bot.,
55:2559-25609.

Faroog, M., A. Wahid, D.J. Lee, S.A. Cheema and T. Aziz, 2010.
Drought stress: Comparative time course action of the foliar
applied glycinebetaine, salicylic acid, nitrous oxide,
brassinosteroids and spermine in improving drought
resistance of rice. J. Agron. Crop Sci., 196: 336-345.
Maruyama, K., K. Urano, K. Yoshiwara, Y. Morishita and
N. Sakurai et a/, 2014. Integrated analysis of the effects of
cold and dehydration on rice metabolites, phytohormones
and gene transcripts. Plant Physiol., 164: 1759-1771.



54.

55.

56.

57.

58.

59.

60.

Asian J. Plant Sci,, 16 (3): 132-140, 2017

Zhang, Y.P., H. Jiang, L. Wang, J. Zhou and D.F. Zhu, 2014. A
comparative study of stress-related gene expression under
single stress and intercross stress in rice. Genet. Mol. Res.,
14:3702-3717.

Basu, S., A.Roychoudhury, P.P.Sahaand D.N. Sengupta, 2010.
Differential antioxidative responses of indica rice cultivars to
drought stress. Plant Growth Regul., 60: 51-59.

Miller, G., V. Shulaev and R. Mittler, 2008. Reactive oxygen
signaling and abiotic stress. Physiol. Planta., 133: 481-489.
Reddy, A.R., K\V. Chaitanya and M. Vivekanandan, 2004.
Drought-induced responses of photosynthesis and
antioxidant metabolism in higher plants. J. Plant Physiol.,
161:1189-1202.

Teixeira, FK, L. Menezes-Benavente, R. Margis and
M. Margis-Pinheiro, 2004. Analysis of the molecular
evolutionary history of the ascorbate peroxidase gene
family: Inferences from the rice genome. J. Mol. Evol,
59:761-770.

Teixeira, F.K., L. Menezes-Benavente, V.C. Galvao, R. Margis
and M. Margis-Pinheiro, 2006. Rice ascorbate peroxidase gene
family encodes functionally diverse isoforms localized in
different subcellular compartments. Planta, 224: 300-314.
Mhamdi, A., G. Queval, S. Chaouch, S. Vanderauwera, F. van
Breusegem and G. Noctor, 2010. Catalase function in plants:
A focus on Arabidopsis mutants as stress-mimic models.
J. Exp. Bot., 61: 4197-4220.

140

61.

62.

63.

64.

65.

66.

67.

Mhamdi, A., G. Noctor and A. Baker, 2012. Plant catalases:
Peroxisomal redox guardians. Arch. Biochem. Biophys.,
525:181-194.

Joo, J, YH. Lee and S.. Song, 2014. Rice CatA, CatB
and CatC are involved in environmental stress response,
root growth and photorespiration, respectively. J. Plant Biol.,
57:375-382.

Iwamoto, M., H. Higo and K. Higo, 2000. Differential diurnal
expression of rice catalase genes: The 5'-flanking region of
CatA is not sufficient for circadian control. Plant Sci.,
151:39-46.

Kathuria, H., J. Giri, K.N. Nataraja, N. Murata, M. Udayakumar
and AK. Tyagi, 2009. Glycinebetaine-induced water-stress
tolerance in codA-expressing transgenic /ndica rice is
associated with up-regulation of several stress responsive
genes. Plant Biotechnol. J., 7: 512-526.

Lou, Y., Y. Yang, L. Hu, H. Liu and Q. Xu, 2015. Exogenous
glycinebetaine alleviates the detrimental effect of Cd stress
on perennial ryegrass. Ecotoxicology, 24: 1330-1340.
Sharma,S.S., S.Kaul, A. Metwally, K.C. Goyal, I. Finkemeierand
K.J. Dietz, 2004. Cadmium toxicity to barley (Hordeum
vulgare) as affected by varying Fe nutritional status. Plant Sci.,
166: 1287-1295.

Li, H., H. Luo, D. Li, T. Hu and J. Fu, 2012. Antioxidant enzyme
activity and gene expression in response to lead stress in
perennial ryegrass. J. Am. Soc. Hortic. Sci., 137: 80-85.



	AJPS.pdf
	Page 1




