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Abstract: Drought is a major abiotic stress that adversely affects the rice growth, mostly in the rainfed ecosystem
that ultimately affects the biomass production and yield. Rice needs to adapt a series of physiological mechanisms
with complicated regulatory network to fight and cope up with the unfavourable conditions due to drought stress.
Morphological and physiological response in rice include inhibition of seed germination, slower growth rate, low
root and shoot length, lower chlorophyll content, stomatal closure, lower rate of photosynthesis, yield reduction
etc. Stress condition further results in development of response at the molecular level by the generation of reactive
oxygen species (ROS) such as Oy*-, H,Oy, '0,, OH* etc. which incites oxidative stress in the plants. Oxidative
stress is overcome by the inherent capacity of plants to produce antioxidant species which may be enzymatic or
non-enzymatic in nature. If however antioxidant defence mechanism cannot overpower the ROS generated, they
cause oxidative damage to the plant tissues such as lipid peroxidation, protein oxidation, DNA damage, etc.
resulting in cell death. Unlike other stresses, drought affects the physiology and biochemistry of the rice which
adversely affects in the morphology and consequently delimits the yield of the plant. Therefore, understanding the
morphological, biochemical and molecular mechanisms involved in rice against drought is utmost necessaty for rice
breeders to improve the tice for drought tolerant/resistance varieties for future green revolution. In this review, an
attempt has been made to highlight the complex regulatory network involved in rice against drought with special
emphasis on morphological, physiological and molecular mechanisms and to discuss the prospective and challenges

for future plant breeders.
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Introduction

Drought is one of the major environmental stresses
causing growth retardation and yield loss of plants.
Of all the abiotic stresses which grossly reduce the
crop productivity in general, drought is the most
threatening one. In the last few years, efforts have
been made to identify drought resistant traditional
rice varieties and subsequently to develop drought
tolerant rice through breeding approaches. But due
to poor understanding of the morphophysiological
and molecular basis of the growth and yield of rice
in drought conditions, breeding efforts to improve
drought tolerance rice have been hampered
(Tuberosa and Salvi, 2006). From application point
of view, it is crucially important to understand the
physiological and molecular effects of drought
stress in rice and their expression in morphology of
the plant. Therefore, in this review, an attempt has
been made to explain the morphophysiological and
molecular effects on rice in water limited condition.

Water is a part of several important biochemical
reactions going on in plants and is very important
for maintenance of healthy metabolism in them,
and thus its scarcity leads to several complications
at morphological and physiological level. The
drastic changes in earth’s climate resulting from
global warming have changed rainfall patterns
across the globe in recent times (Trenberth, 2011).
Paddy rice which prefers submerged conditions for
growth is thus severely affected by the lack of
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rainfall in places where it is cultivated. In a country
like India where many regions lack basic irrigation
facilities, severe drought can result in the loss of
yield of important crops including rice. It is thus
very important to understand the mechanisms
controlling drought stress manifestation in rice
plants and the inherent capacity of plants to tolerate
or succumb to drought. In rice, drought stress leads
to various changes in the plant morphology,
physiology and biochemistry.

The healthy growth of rice depends on the results
of collective effort of several environmental factors
that affect its life. Plant responses to drought stress
are very complex as stress itself involves various
climatic, soil and agronomic factors, frequently
complicated by substantial variation in timing of
occurrence, duration and intensity. The general
complexity of drought is often aggravated under
rainfed conditions in marginal areas by erratic and
unpredictable rainfall, and by the occurrence of high
temperatures, high levels of solar radiation, and
poor soil characteristics. The combined effect of
one or more such stress alongwith drought often
leads to a much complex response in the plants’
metabolism, highly altered from those of the
individual stresses acting alone (Mittler, 20006). This
high variability in the nature of drought stress,
aggravated by an insufficient understanding of its
complexity, has made it difficult to identify specific
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physiological traits required for improved crop
performance under drought, consequently limiting
plant breeding efforts to enhance crop drought
tolerance. It is highly probable that optimal
drought-adaptation requires the combination of
several ~ morphological,  physiological,  and
phenological processes, which depend on a
multitude of genes and varies within each target
environment.

In addition to its direct effects on yield, drought can
also reduce the potential beneficial effects of
improved crop management practices such as
fertilizer —application or pest and disease
management. Given the increasing scarcity of water
resoutrces, and competition for them, irrigation is
not a practical option for alleviating drought in
most of the rainfed areas. Drought management
strategies therefore need to focus on maximizing
extraction of available soil moisture and the
efficiency of its use in crop establishment, growth,
biomass and grain yield. However, agronomic and
genetic options that do not involve external inputs
of irrigation can only partially alleviate drought
effects, because yield will always be lower than what
can be achieved with irrigation.

This paper will discuss, from a physiological and
breeding perspective, some of the current
challenges and  opportunities in  genetic
enhancement of drought resistance in rice and
introduce some of the screening tools and methods.

Morphological and physiological effects of
drought on rice

Drought stress leads to stomatal closure leading to
limitation of gaseous exchange. The closure of
stomata is controlled by phytohormones such as
abscisic acid, cytokinnins, etc. (Daszkowska-Golec
and Szarejko, 2013). Reduction of water content
reduces stomatal activity and cell growth. Leaf area,
cell size and intercellular volume decreases, and leaf
rolling and death of leaf results from drought stress.
In roots, drought results in reduction of
meristematic activity, atresting root elongation.
Suberization of the root system also results from
water stress (Singh es al, 2012). Drought stress
decreases the rate of photosynthesis by impairing
pigments, photosystems, gas exchange, and key
photosynthetic enzymes, thus affecting various
steps in the photosynthetic pathway (Asharf and
Harris, 2013), and this can ultimately reduce plant
biomass and yield.

A comparative study of a drought tolerant
(IRAT109) and a susceptible cultivar (Zbenshan97B)
showed prominent wvariations of morpho-
physiological adaptations to drought conditions in
both. Leaf rolling, reduction in plant height and
grain yield was more pronounced in the susceptible
cultivar. Leaves and stem showed better elongation
in the tolerant cultivar. Drought resulted in
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increased panicle length in the tolerant cultivar
while reduced panicle length in the susceptible one.
Root length increase occurs in both cultivars;
however, the increase is much more in the tolerant
cultivar, showing this to be an important adaptive
feature in drought tolerance. Photosynthetic rate of
flag leaf increases more prominently in the tolerant
cultivar. The tolerant cultivar also shows intense
stomatal closure by reducing stomatal conductance
more effectively than the susceptible cultivar (Ji ez
al, 2012). From an agronomic point of view,
important component traits to be selected for
drought resistance combined with decent yield are
relative water content, panicle length, biomass yield,
grains pre panicle, harvest index, lower leaf rolling,
root/shoot length ratio, root length and drought
recovery rate (Manickavelu ez a/, 2006). High leaf
water potential is an important trait for drought
resistance, minimizing the effects of drought on
spikelet sterility and thus, on grain yields (Jongdee ez
al., 2002). Drought stress during panicle emergence
prevents peduncle elongation, obstructing exertion
of spikelet and causing sterility. Relative water
content decreases and abscissic acid (ABA) content
increases during drought, which also results in
down-regulation ~ of  gibberelic acid (GA)
biosynthesis genes. The ABA-GA antagonism is
supposed to play a role in the failure of panicle
exertions during drought (Muthurajan e/ a/, 2011).

Silicon minimizes the effect of drought by
enhancing the basal quantum yield, maximum
quantum efficiency of PSII photochemistry,
photosynthetic rate and transpiration rate of rice
plants subjected to drought stress. The result is an
enhanced dry matter accumulation, improved root
system, leaf water content and chlorophyll content,
while mineral content of leaves which increases
under drought is brought down to the level of well
watered plants (Chen e a/, 2011). Moreover,
microbial colonization of roots has proven to
ameliorate the effects of drought stress on rice
plants. Arbuscular mycorrhizal (AM) association
with rice enhances photosynthesis and leads to
increase in biomass, while also reducing the extent
of oxidative injury (Ruiz-Sanchez ef al, 2010). A
consortium of Agzospirillum brasilense and AM fungus
Glomus intraradices show increased rice growth and
photosynthesis, and increased antioxidant levels,
while reducing lipid peroxidation under drought
condition compared to the control (un-inoculated)
plants or those inoculated with a single microbe.
The co inoculation of A. brasilense leads to better
colonization of rice roots by AM fungi (Ruiz-
Sanchez et al., 2011). Trichoderma harzianum isolates
resistant to dessication have also been shown to be
able to induce drought tolerance in rice plants
subjected to upto 9 days of drought treatment. T.
harzianum colonized rice delayed wilting and showed
promising growth with minimum oxidative stress
(Shukla er al, 2012). Consortia of plant growth
promoting rhizobcteria (PGPR) comprising strains
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of Psendomonas, Arthrobacter, etc. enhance rice plant
growth under drought and provide resistance to
injury by activating the antioxidant defence
mechanism of the plants (Shukla ez a/, 2012). Thus
drought physiology of rice seems to be affected by
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Biochemical effect of drought in rice

At a molecular level, drought stress leads to the
production of reactive oxygen species (ROS),
leading to oxidative stress. Drought has been found
to increase the level of superoxide radical (O2-) and
lipid peroxidation (LPO) as determined in terms of
thiobarbituric acid (TBA) reactive substances
(TBARS) in rice plants, while decreasing the
concentration of total soluble proteins and thiols.
Moreover, activities of antioxidant enzymes like
superoxide dismutase (SOD), ascorbate peroxidase
(APX), guaicol peroxidase (GPX),
monodehydroascorbate  reductase  (MDHAR),
dehydroascorbate reductase (DHAR), glutathione
reductase (GR) have been found to increase in
drought stressed rice plants (Sharma and Dubey,
2005). This shows the incitation of oxidative stress
by drought and subsequent activation of the
antioxidant defense mechanism in the rice plants
(Fig. 2).

Drought tolerant varieties generally show better
antioxidant production than susceptible ones (Lum
et al., 2014). Increase in production of proline and
soluble sugars have also been recorded under
drought stress, with the increase more pronounced
in tolerant varieties (Mostajeran and Rahimi-Eichi,
2009; Chutia ef afl, 2012). While proline has long
been considered as an antioxidant, besides being an
osmoprotectant, soluble sugars also act as
osmoprotectants and signal in metabolic regulation.
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external factors which could be a promising
prospect in averting the harmful effects of drought.
Here, Fig. 1 explains the effect of drought on
morphology and physiology of rice.
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Figure 2: Schematic diagram showing production
and scavenging of reactive oxygen species (ROS)
during oxidative stress in rice at cellular level.

Molecular effect of drought in rice

Genes exclusively expressed in drought tolerant
varieties include genes involved in signaling
pathways, such as Ca?* dependent protein kinase
(CDPK) and ethylene responsive factors, genes
involved in alteration of metabolism due to lower
intracellular CO; during drought, genes involved in
decreasing oxidative injury, and genes maintaining
cell turgor Rabello ez al,, 2008). A proteomic analysis
of leaves of a drought avoiding upland (CT9993)
and drought tolerant lowland (IR62266) rice variety
during drought and on re-watering revealed the
differential expression of 42 drought response
proteins during drought, however, the changes in
protein abundance being fully or substantially
restored on re-watering. Identified among these
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proteins are RNA binding proteins and EF-Tu
factor involved in protein synthesis, two isoforms
of Rubisco activase, two isoforms of chloroplast
Rieske FeS protein, chloroplastic fructose 1,6-
biphosphate  aldolase, and cytosolic  triose
phosphate isomerase involved in photosynthesis
and carbon metabolism, cytosolic and chloroplastic
Cu-Zn SOD, glutathione  dihydroascorbate
reductase and isoflavone reductase like protein,
involved in cellular defense against oxidative injury
during abiotic stress, nucleoside diphosphate kinase,
involved in maintaining cellular levels of CTP, GTP
and UTP, and actin depolymerizing factor, which
might be involved in remodeling of the
cytoskeleton to changes in the cell caused by water
loss (Salekdeh et al, 2002). Xiong e al, (2010),
found proteins peroxiredoxin and putative
thioredoxin  peroxidase involved in redox
metabolism, sub units of RuBisCO involvd in
photosynthesis, a putative actin binding protein
involved in cytoskeleton remodeling, a putative
chitinase involved in defense against pathogens,
ribonuclease involved in protein metabolism, and
voltage dependent anion selective channel protein
and osmotin-like protein involved in signal
transduction (Xiong et al, 2010). Another
proteomic study revealed that S-
adenosylmethionine ~ (SAM)  synthetase  and
xyloglucan endotransglycosylase (XET) are down
regulated during drought, while actin-binding
proteins (ADFs) and late embryogenesis abundant
(LEA) proteins are up regulated (Chen e al, 2011).
Down regulation of SAM synthetase and XET
suggests disruption of cellular growth. ADFs play a
role in adjusting the cellular actin cytoskeleton to
change in cellular volume due to water loss and also
LEA
proteins are known to be protectants of membranes
during desiccation (Tolleter ef al., 2010) [Table 1].

stomatal regulation during water stress.

Methionine (mef) of proteins is a prime target of
reactive oxygen species which oxidize it to
methionine  sulfoxide (MezO) during — stress
conditions in plants. The methionine sulfoxide
reductase (MSR) proteins coded by Msr’ genes in
plants play important role in alleviating abiotic
stresses by reducing MefO to Met state. CaMsrB2
gene from Capsicum annum, when expressed in
transgenic rice has been found to improve tolerance
to drought stress in terms of H>O» production, leaf
pigmentation, stomatal conductance, dark adapted
quantum yield, osmotic potential, and plant and leaf
temperature (Siddiqui ef af, 2014).

Many genes which are differentially expressed
during drought stress are spatially and temporally
regulated. Photosynthesis-related genes are generally
differentially expressed in leaf tissues, while genes
involved in cell membrane formation and cell wall
modification in root and young panicle. Similatly,
expressions of genes vary at different growth stages
such as tillering, panicle elongation, booting, etc.
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Morteover, several genes such as NAC-domain protein
5-8, LEA protein, etc. are reciprocally expressed in
different tissues during the same growth stage
(Wang ez al., 2011).

Apart from functional proteins like water stress
inducible  proteins  (WSI76 and  WSI724),
dehydration inducible proteins (RD and ERD), etc.,
regulatory proteins such as basic region/Leu zipper
motif (bZIP), protein kinases, etc. are important
genes expressed in response to drought stress
(Rabbani e al, 2003). Overexpression of the
OsbZIP23 factor has been found to increase
drought tolerance and improve yield in the rice crop
under drought stress (Dey e al,, 2016).

Table 1: Differently expressed proteins during
drought stress in rice which subsequently alter
different metabolic functions leading to a wide
range of responses to the stress

Differently expressed proteins in

drought Metabolic function

RNA binding proteins
Ef-Tu factor
Ribonuclease

Protein synthesis

Rubisco activase
Chloroplast Rieske FeS protein

g;f;:g;?tzcaldohiucwSC L.6- Photosypthcsis and carbon
Cytosolic triose phosphate meszbolism

isomerase

RuBisCO

Cu-Zn Superoxide dismutase (Cu-

Zn SOD)

Ascorbate peroxidase (APX)
Guaicol peroxidase (GPX)

Monodehydroascorbate  reductase

(MDHAR)

Dehydroascorbate reductase Defense against oxidative
(DHAR) injury

Glutathione reductase (GR)

Glutathione dihydroascorbate

reductase

Isoflavone reductase

Peroxiredoxin

Thioredoxin peroxidise

Voltage dependent anion selective
channel protein
Osmotin-like protein

Actin depolymerizing factor
Actin binding proteins
S-adenosylmethionine
Synthetase

Xyloglucan Endotransglycosylase

Signal transduction
Cytoskeleton and  cellular
structure
(SAM)
Cellular growth

Late Embryogenesis Abundant Protection of membranes
(LEA) proteins against desiccation
Chitinase Defense against pathogens

Cellular levels of CTP, GTP

Nucleoside diphosphate kinase and UTP

NAC transcription factors also appear to play a
prominent role in stress tolerance mechanisms of
rice and various other plants. NAC factors ate
responsible for development of the plant; however,
stress responsive NAC (SNAC) genes appear to fall
under a distinct group. SNACs are divided into
three subgroups, SNAC-A, SNAC-B, and SNAC-C.
Rice SNAC genes fall under the SNAC-A, and
SNAC-B subgroups, while the SNAC-C subgroup
is found to contain genes from lower groups of
plants. The mode of functioning of SNAC genes
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during stress is by regulating biosynthesis of soluble
sugars, level of free proline, antioxidants, Na*
accumulation, etc. The SNACs upregulate the
expression of stress inducible genes such as
OsLEA3. The stress tolerance mechanism of
different SNAC genes however appear to be a
complex one as their expression appear to be
differently regulated and the growth phenotypes of
different plants overexpressing different NAC
genes are different (Nakashima ez a/, 2012).

Opverexpression of OsRDCP1, which is involved in
ubiquitination reaction, is found to increase drought
tolerance in rice, suggesting that it might activate
water stress related proteins by degradation of
certain repressor proteins that block the drought
stress response pathway (Bae e 4/, 2011). The
DREB transcription factors are another important
group of regulators that improve drought tolerance
in rice. OsDREB2A overexpression using 4ABRC
promoters has led to the development of drought
tolerance in japonica variety TING67 (Cui et al,
2011).

Prospects for increasing drought tolerance in
rice

Rice comprises of 23 species under the genome
Oryza, and 9 recognized types of genome. Such
variations mean the presence of a large gene pool in
nature, which can be screened for the presence of
drought resistance traits for improvement of the
crop. The genome type AA has been considered as
the primary gene pool, genomes BB to EE as
secondary gene pool and the rest as tertiary gene
pool based on their phylogenetic relationships (Ge
et al, 1999). These gene pools, particularly the
tertiary gene pool, have been speculated to be able
to contribute important trait genes to the rice
cultivars. Cultivars having deep and thick roots are
considered good for tolerating drought stress, while
an erect flag leaf that enables photosynthesis for
longer duration of times is also considered a
positive trait for drought tolerance. Moreover,
characters like early maturity, early vigor, rapid
growth, diffusive resistance of stomata; leaf water
retention, etc. are also considered beneficial for
drought tolerance (Singh ef al, 2012). There is a
wide range of wvariation among rice cultivars
cultivated throughout the world. Moreover, a wide
range of wild varieties of the crop exist in nature.
Transcriptome analysis of the wild rice Orza
rufipogon has led to the identification of 37 drought
response genes differentially expressed in roots on
application of drought stress (Tian e/ al, 2015). A
transcription factor HYR which is associated with
photosynthetic carbon metabolism has been
identified, and its expression in rice has led to
enhanced photosynthesis under drought and other
environmental stresses, and resulted in increased
yield under stress (Ambavaram e/ al, 2014).

Current technologies like wuse of functional
molecular markers (FMM) derived from simple
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sequence  repeats  (SSR), single nucleotide
polymorphism (SNP) etc. are very useful tools of
crop improvement. Approaches like metabolomics,
proteomics, association mapping etc. can be used
for the identification of candidate genes. Such
candidate genes can be used for the development of
FMMs (Kage e/ al, 2016). SSRs are a type of
vatiable number of tandem repeats (VNTR) which
may be 2-6 base pair long, and are often co-
dominant in nature. SSRs display a range of
polymorphisms across related species, which can be
harnessed for identification of genomic diversity of
the crop. SNPs arise due to change in nucleotide
sequence at a single base pair. These leads to the
generation of allelic variation and development of
new traits. Use of SSR mapping along with RFLP
and AFLP has led to identificaton of QTLs
responsible for root related traits of drought
resistance in rice which also have pleiotropic effects
on rice yield (Chandra ez al, 2003). Marker assisted
selection (MAS) has been used to improve root
characteristics of IR64 and Kalinga-111, an upland
rice variety, using QTLs from ‘Azucena’, a japonica
variety. The selected plants with improved root
characters were found to yield more under water
stressed conditions (Tuberosa and Salvi, 20006).
Whole genome resequencing has led to the
detection of non-synonymous SNPs (nsSNPs) in 15
maize inbred lines with varied response to drought
stress which has been used to identify 271 candidate
genes for drought stress (Xu ef @/, 2014). Similar
approaches in rice can be used to identify candidate
genes  responsible  for  drought  tolerance,
subsequently to be used in crop improvement
programmes. SSR markers have been used for
determining  genetic  diversity of rice, and
establishing an association mapping panel out of a
diverse collection of its cultivars (Nachimuthu e¢# @/,
2015). This is an important preliminary step before
identification of candidate genes related to
particular phenotypes. Such diversity panels have
also been established for rice using SNP markers
(Travis ez al, 2015). Use of insertion and deletions
(INDELSs) as well as SNPs to study the diversity
between drought susceptible and tolerant rice
indicates that QTLs related to photosynthesis are
particularly important in drought stress tolerance in
rice (Zhang et al, 2016). The use of SSRs to
determine  diversity of drought responding
Expressed Sequence Tags (ESTSs) between upland
and lowland rice cultivars, has led to further
establishment of the correlation between upland-
lowland differentiation and drought resistance,
suggesting upland rice cultivars to be more tolerant
to drought (Xia ez al, 2014). Recently, candidate
gene based SSR (cgSSR) markers have identified in
rice with respect to salt stress response. Such novel
markers bear great promise for diversity analysis of
varieties differing in stress response (Molla ef al,
2015). Identification of cgSSR markers relation to
drought stress can be a way of tackling the problem
of identifying important drought response genes.
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Such markers can also be developed using wild rice
varieties showing drought tolerance, and can be a
great boost in enriching the germplasm of the crop.

Conclusion

Understanding of genomic responses of drought
stressed rice is of wutmost importance as it
determines the morphological and physiological
changes due to the stress. In drought stress, most
physiological and metabolic processes are affected
by water deficits which ultimately affect the cell
growth, stomatal regulation, photosynthesis,
translocation, etc. For adaptation in drought stress,
a large number of genes are regulated. For proper
identification and exploitation of drought regulated
genes in future crop improvement, analyses of large
genetic populations is required. Moreover, it is
difficult to select the component traits for grain
yield of rice under drought stress, which also
present challenges for dealing with a large number
of genes even when identified in rice breeding
programme.

A number of metabolic pathways are affected by

drought, among which most prominent are
photosynthesis and carbon metabolism and
antioxidant  defense mechanism  which play

significant roles under drought stress in rice.
Therefore, emphasis should be given to the
responsible genes of the above mentioned
metabolic pathways for the development of drought
resistant rice. Moreover, the effect of drought can
be well reduced by a holistic approach involving
selection for better component traits for yield, and
better metabolism under drought, alongwith
management of environmental conditions, such as
soil silicon component as well as the rhizosphere
microbial population.
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