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ABSTRACT

Drought is a major problem in agricultural crops especially in
rice which is an important cereal crop in Asian region. Drought
stress cases are increasing day by day worldwide. Rice, being a
semi aquatic-crop, requires ample water for proper growth and
development. Drought stress leads to decrease in economic
yields as rice is sensitive to drought. Various resistance
mechanisms can be found which lessen yield loss as well
provide ideas for new innovations for other crops. Different
strategies or activities are performed for drought tolerance such
as breeding programs with high yields varieties or molecular
level by selecting genes which are responsible for drought
tolerance in landraces. The main objectives are to find out the
effect, mechanism of resistance shown by rice plants in drought
conditions as well as to highlight some methods for durable
drought resistance in rice plants. This information can help

provide guidelines for some researchers and rice breeders.
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I. INTRODUCTION

Rice (Oryza sativa L.) is one of the major stable
cereal crops consumed by more than one-third
of the world's population. It provides about 80%
daily calories intake of a majority of the human
(Sahebi
2018). The genus Oryza belongs under the tribe

population, especially in Asia et al.,
Oryzeae, sub family Oryzoideae in the family
Gramineae or Poaceae (Lu, 1999). Two species of
rice- (Asian rice)

Oryza sativa and Oryza

glaberrima (African rice) are known for their
commercial value. However, Oryza glaberrima is
cultivated in limited areas of South Africa. Oryza
sativa is the most important commercial species
of rice that s differentiated into three
subspecies- indica, japonica and javanica based
on their commercial production zones (Gadal et

al., 2019).

Oryza sativa is one of the oldest crop species
which originated in south east Asia (India or
China). As a cereal crop, it is the most widely

consumed staple food for more than half of the

world population (Felkner et al, 2009). It is
grown worldwide in more than hundred
countries, with total harvested area of

approximately 158-million-hectare area,
producing more than 700 million tons (about
496
(Shahbandeh, 2021) with 4.43 million tons per ha
productivity, while in Asia 640 million tons of
90%

production (Ricepedia.org.).

million metric tons of milled rice

rice which account for of total global
It is reported that
rice in Nepal (and in India and Southeast Asia)
was introduced from mainland China during the
late 3rd millennium BC (Ricepedia.org). However,
commercial production of rice in Nepal is
believed to have started some five hundred years
ago (Agrama et al, 2010). The productivity
growth of rice in Nepal in the last 54 years was
1.5%, and has not kept up with the population
growth rate of 2.3%, thereby not producing
enough rice in the country (Upadhaya and Joshi,
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2020). The total
compared to 2018 (5.6 million MT). The total area

rice production decreased

of paddy planted decreased slightly compared
to the last year: it was estimated to be 1,480,288
hectares, 1,491,744 hectares for 2018
(CRAFT, 2019). Under conditions of unpredictable

drought, the production and productivity of rice

against

is affected heavily, especially in the rice growing
seasons (Khadka and Paudyal, 2010). Drought
stress, during critical developmental stages in
rice, creates difficulty to sustain rice production,
in terms of yield, its stability and quality (Porter
and Semenov 2005). Research and experiences
show that small farmers are mainly affected by
drought stress during rice production (Jongdee
et al., 2006; Pandey et al, 2007; Prapertchob,
2007) which results in yield losses ranging from
9% to 100% in severe stress (Pandey et al,, 2007)
in the cultivated area

as well as reduction

(Musila, 2015).

2. DROUGHT STRESS

Drought is defined as limited water available to

meet crop water requirements resulting in
limited productivity (Pandey et al. 2007; Blum,
2011; Musila, 2015). Sinha and Patil (1986) define
drought as “the inadequacy of water availability,
including precipitation and soil moisture storage
capacity, in quantity and distribution during the
life cycle of a crop to restrict expression of its full
genetic yield potential.” It is a type of abiotic
stress where water availability is lower than that
required by rice for the full expression of yield
2007).

Meteorologically, drought refers to a condition

potential (Ceccarelli et al.,
where a long period of dry weather leads to
plant injury (Kneebone et al, 2015; Fang and
2015).

developmental stages in rice is among the major

Xiong, Drought stress during critical

challenges faced in rice production, yield,
stability and quality (Porter and Semenov 2005;
Straussberger 2015). According to Polania et al.
(2017) there are two types of drought on the

basis of causes, which are classified as terminal
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and intermittent. Terminal drought is caused
when there is a lack of water available to plants
or decreases in the amount of water intake by
plants. Severe conditions lead to the death of
plants. However, intermittent conditions occur
due to inadequate rainfall or irrigation which
affect plant growth during planting seasons.
Terminal drought causes more fatal damage to

plants than intermittent ones.

2.1. ECONOMIC
IMPORTANCE OF
DROUGHT

Global warming is one of the main causes of
drought which causes greater pressure on water
availability and irregular rainfall resulting from
pollution, population growth, land use changes
20009).

occurring for a long period during the critical

and others (Kang et al, Drought,
growth stages of the crop, significantly reduces
crop productivity (Serraj et al,, 2011; Musila, 2015).
Surveys from different countries in Asia drought
stress affect rice production of small farmers
(Jongdee et al, 2006; Pandey et al, 2007,
Prapertchob, 2007) and also yield losses ranged
from 9 to 45% (Ding et al, 2007) and 100% in
severe stress (Pandey et al, 2007). Moreover, in
drought, there is a reduction in the cultivated
area as well as reduction in the wuse of
agricultural inputs such as fertilizer as well as
labor (Pandey et al, 2007; Ding et al, 2007;

Bernier et al, 2008; Musila, 2015).

2.2. EFFECT OF DROUGHT
STRESS

Drought stress occurs when low levels of water
are available in soil, which may be defined as the
inability of plants to meet the evapotranspiration
demand (Singh, 2001). Generally, drought stress
in plants is characterized by reduction in plant

water content, low availability to be absorbed by
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plants, a decrease in cell elongation and growth,

closure of stomata, reduction in gaseous
exchange, and disruption of enzyme-catalyzed
reactions (Ozga et al, 2017). Furthermore, it is
measured by morphological, physiological and
biochemical response (Figure 1). Moreover, under
there

severe drought conditions, is a gross

disruption in photosynthesis and metabolism
which eventually leads to the death of the plant
(Oladosu et al. 2019). According to Yang et al.
(2001), rice sometimes shows accelerated grain
filling due to enhanced remobilization of pre-
stored carbon reserves to grain during grain

filling period (Farooq et al,, 2009b).

2.3. EFFECT OF DROUGHT
STRESS ON RICE DURING
REPRODUCTIVE STAGES

Rice is most sensitive to drought stress and any
drought stress occurring at the reproductive
stage can cause significant yield losses (Liu et al.,

2006). At the booting stage water stress reduces

peduncle length and rate of elongation.
Reduced peduncle elongation primarily
predisposes reduction in the rate of panicle

exsertion (Rang et al, 2011; He and Serraj, 2012)
resulting in either incomplete or failure of the
panicles to exert from the boot (Ekanayake et al,
1989). As mature spikelets are retained inside the
flag leaf sheath, growth, maturation, opening of

prohibited,
(O'Toole and
1983). As drought stress progresses,

spikelets and pollination is
increasing the flowering period
Namuco,
desiccation of exposed lemma, palea, and the
anthers is observed. Severe desiccation of
glumes which appear as shrivelled and dry and
anthers turn white which contribute to reduced
high

(Ekanayake et al., 1989; Liu et al, 2006; Rang et

flowering hence spikelet sterility
al, 2011). High spikelet sterility may also result
from damaged and abnormal development of
the reproductive organs caused by stress (He

and Serraj, 2012). Drought stress causes a 50-
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Drought stress

Morphological responses
¢ Decreased plant height
* Reduced number of
tillers

¢ Reduced leaf longevity
¢ Increase in leaf rolling
¢ Early maturity

* Increased root to shoot
ratio

* Reduction plant
biomass

Physiological responses
* Restricted cell division
and elongation

* Stomata closure

* Decline internal Co2
concentration

* Loss of turgor and
osmotic adjustment

¢ Decline in net
photosynthesis

* Increase in oxidative

Biochemical responses
*Reduced ROS
accumulation

* Accumulation of stress
metabolites

* Increase in antioxidative
enzymes

* Decrease in
photochemical eftficiency

* ABA accumulation

‘\

stress

efficiency

* Decline in transpiration
* Developed water use

* Proline and polyamines
accumulation

* Reduction in rubisco
etfidency

\ ;\ J \ J

Yield attributes:
¢ Impaired assimilate partitioning, reduced grain
filling, grain weight and size, even death of the plant

Figure 1. Annotation mechanisms of growth/yield decline in plants under drought stress

conditions (Source: Oladosu et al., 2019).

60% decrease in flag leaf water content (Rang et
al, 2011), as well as peduncle length decrease of
about 24% and the number

the

of germinated

pollen on stigma reduced to 59%.
Sometimes there may be combined stress of
drought and heat which cause spikelet fertility
to decline under combined stress (71%) while
due to water stress conditions (21%) (Rang et al,,
2011; Straussberger, 2015). Under drought stress
conditions, the succession of events in pollen
and ovule development that lead to fertilization
and eventual formation of seed are irreversibly
affected,

(Ekanayake et al, 1989; Liu et al, 2006). Water

significantly reducing grain yield
stress occurring before and during heading
inhibits the processes of pollen development at
meiosis stage and anther dehiscence. At meiosis
stage, water stress interferes with development
of the microspores into mature pollen grains.
The number of pollen grains produced per
stigma is reduced (Liu et al, 2006; Rang et al,
2011) into a ratio of 8:1 compared to 31:1 under
2006). Anther

dehiscence is related to a series of processes

optimal conditions (Liu et al,

including floret opening, dehiscence, pollen -
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shedding, germination, pollen tube growth and
fertilization and drought influences each of
these steps (He and Serraj, 2012: Musila, 2015).
2006), inhibition of

to be due

According to (Liu et al,

anther dehiscence seems to a
combination of degeneration of the endothelial
cells and failure of the pollen to reach the
critical size. These two events preclude the
opening of the apical and basal pores of the
anther thus pollen grains are not released from
the pollen sac. In addition, due to water deficits
in tissues, anther dehiscence is prohibited by
low turgor condition of the floral parts: Lodicule,
filaments, anthers and stigma (Ekanayake et al.,
1989). For the few pollen grains that may be
shed, these may fail to germinate on landing on
desiccated surface.

stigmatic If germination

occurs, the pollen tube may never reach the

micropyle (Liu et al, 2006). Likewise, the
dehydration of the stigma results in arrest of the
events that lead to production of female

gametes. Fertilization and eventual formation of
seed is therefore inhibited resulting in spikelet
sterility thereby decreasing the number of grains

produced per panicle and reducing the sink size
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during grain filling 1994;

Boonjung and Fukai, 1996; Musila, 2015).

2.4. DROUGHT
RESISTANCE AT THE
REPRODUCTIVE STAGES
OF RICE

(Lilley and Fukai,

Drought resistance may be defined as the
mechanisms which result in minimum loss of
yield in drought conditions related to the
maximum yield in a constraint-free or optimum
for the crop. According to May (1962) drought
resistance is “the ability of plants to thrive well
when exposed to water deficient conditions”.
Drought resistance is the ability of species or
cultivars for growth and production in drought

conditions (Fathi and Tari, 2016).

Drought resistance on a crop acts as a trait

which involves different changes such as,

morphological, physiological and biochemical

changes. While, at tissue and cellular levels,

those changes include earliness, reduced leaf -

Reduced transpiration,
efficiency in water use
(OsPIP1, OsPIP2), stomatal
closure (DST, SNACI)

Reduced leaf area, leaf
rolling, reduced tillering
(OsNAC6)

Reduced yield (OsLEA3)

area, leaf rolling, efficient rooting system,
reduced tillering, reduced transpiration,
stomatal closure and accumulation of

osmoprotectants such as proline and trehalose
(Figure 2) (Guo et al, 2006; Nakashima et al,
2007; Wang et al, 2007; Jin et al.,, 2010; Islam et
al., 2009; Hadiarto and Tran, 2011).

2.5. MECHANISM OF
DROUGHT RESISTANCE

Plants use a mechanism of drought resistance to

survive drought conditions, used in balance
known as drought escape, drought avoidance
and drought tolerance (Hadiarto and Tran, 2011).
Drought escape describes the situation where
drought period is avoided by susceptible variety
(Singh, 2001). In this mechanism, rice plants are
exposed to drought for a short period or not
exposed to stress during the plant cycle (Musila,
2015.) Escape is also possible through employing
a short life cycle where flowering time comes
before drought conditions which leads to less
decreases in yield in drought stress (Araus et al,

2002). Developing short duration crop or early -

Plasticity development/
wax content (OsGLI)

Early flowering and
maturity (OsAREB]I)

Accumulation of
osmoprotectants

(OsTPP1, OsAdcl)

Rooting system
efficiency (OsCDPK)

Figure 2. Schematic diagram of physiological and biochemical responses of rice under

drought and examples of identified drought responsive genes (Source: Hadiarto and Tran,

2011)

BIOINGENE.COM/PSJ

ISSUE NO. 1

VOLUME NO. 2



maturity varieties having lower leaf area index,

lower total evapotranspiration, lower yield
potential and time of flowering for minimizing
yield loss from terminal drought or avoiding the
period of drought stress (Kumar and Abbo, 2001).
Flowering time is a major trait of crops restricted
by terminal drought as well as high temperature
(Farooqg et al, 2009b). Early flowering varieties
help to increase yield in such conditions because
varieties which flower earlier tend to have higher
numbers of fertile spikelet’s than those flowering
late (Mackill, Coffman, and Garrity, 1996; Musila,
2015). In rice cultivated areas drought escape
mechanisms have been massively used for yield
components in drought prone areas (Fukai and
2006). Drought

avoidance uses enhanced water

Cooper, 1995; Jongdee et al,
uptake and
reduced water loss and drought tolerance
antioxidant
(Zhang

2007). Drought avoidance is the ability of a plant

applies osmotic adjustment,

capacity and desiccation tolerance
to retain a relatively higher level of water under
conditions of water stress. Drought avoidance is
one of the resistance mechanisms which tries to

reduce water loss from plants or ability of plants

to retain water in plants under drought
conditions (Blum, 2011). This mechanism in
plants occurs due to stomatal control of

transpiration,
closure (Singh, 2001),

also maintain

abscisic acid affecting stomata
leaf characteristics and
water uptake through deep
2001).

Modulation of root is a robust ability to increase

prolific root systems (Turner et al,
root length at an early stage of stress to go
deeper under soil to absorb the water. Different
like

as depth were reported for

root characters length, weight, volume,
biomass as well
drought resistance in crops or avoidance of
drought to contribute to yields (Turner et al.,
2001; Hammer et al, 2009; Fang and Xiong,
2015). A deep and thick rooted system having
more branches is helpful for extracting water
considerable depths

from during drought

environment conditions (Kavar et al,, 2008).
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In drought avoidance, rice plants use strategies
like stomata closure during stress condition
cause by ABA (Abscisic acid),

decreasing

leaf rolling or
(Singh, 2001)
that

leaf expansion and

increasing wax accumulation reduce
transpiration in plants (Islam et al, 2009; Fang
and Xiong, 2015).
plants to sustain under severe drought through
like

regulation of gene or metabolic pathways to

Drought tolerance enables

some plant physiological activities
reduce or maintain stress damage (Ogburn and
Edwards, 2010). In rice plant phenology (delay
heading) may be used as an index of tolerance
under stress (Singh, 2001). Drought tolerance can
be achieved through traits like cell membrane
translocated stem plant
(Singh, 2001),
and stability of flowering process (Dixit et al,

2014).

2.6 BREEDING METHOD
OF RICE FOR DROUGHT
RESISTANCE

Success of breeding programs depend upon

stability, reserve,

phenology osmotic adjustment

various factors including the availability of

genetic resources, selection, and selection
criteria. Sources of resistance genes available in
landraces, related wild

cultivated varieties,

species or introduced by genetic engineering
(Singh, 2005).
compatibility which help in drought tolerance
(Blum 2011).

breeding methods to

Landraces have high genetic

than improved varieties Using

conventional increase

population using crosses between drought-
tolerance landraces and high yielding drought
susceptible varieties (Serraj et al, 2011; Dixit et
al., 2014). General steps of conventional breeding
used for developing drought tolerance lines are
shown in figure 3. In Nepal, Kataush and
Guthanisaro are the most drought tolerant
landraces of rice (Puri et al,, 2013). Conventional
breeding with local landraces and high yielding

susceptible varieties of selected regions help to
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develop many genotypes which on varietal

screening in different regions help in
development of different varieties or lines having
high quality grains. Different varieties are being
released through this procedure in South and
Southeast Asia (Dixit et al, 2014). Line IR74371-

70-1-1 was released under three different names

in three countries in South Asia: India,
Bangladesh, and Nepal (Dixit et al, 2014).
Similarly, in conventional breeding different

QTLS traits are identified for drought resistance
in rice. Different QTLs for different purposes like
stress indicators,

grain yield, water drought

avoidances are found in rice which help in
development of genotypes by selecting trait or
(Singh, 2001).

Different genes are associated with drought

gene through biotechnology
responsiveness as well and 125 genes have been
found associated with drought (Hadiarto and
Tran, 2011). QTL mapping approaches are also

used to detect genes which affect drought -

Population size Generation

Donor X recipient

50-100 F, generation

2500-5000 F, generation

All selected from previous generation F, generation
All selected from previous generation F, generation

All selected from previous generation

All selected from previous generation

All selected from previous generation

All selected from previous generation

F5 generation (pedigree nursery)

Fg generation (block nursery)

F; generation (OYT)

Fy generation (AYT)

resistance, found or identified through resistant
and susceptible crosses

20009).

(Venuprasad et al,

Different strategies are used for developing
drought tolerances in rice plants. IRRI performed
different location or region genotype trials and
laboratory screening for developing of new
varieties for respected areas in the South Asia
region (Bernier et al., 2009; Farooq et al. 2010;
Parent et al, 2010; Serraj et al., 2011). Different
strategies for inducing drought are seed priming
i.,e osmopriming with 4% KCL solution and
saturated CaHPO4 solution (Du and Tuong,
2002), plant growth regulators, osmoprotectants,
and silicon (Farooq et al., 2009a). In the context
of Nepal, different genotypes available through
IRRI are used for screening in different locations
having different environments or creating
drought conditions for performing varietal trials

to release a variety of drought tolerance.

Screening conducted

Plant type, bacterial leaf blight (BLB), rice blast

Screening under reproductive-stage drought stress

Plant type, yield potential, purification

Plant type, yield potential, purification

Screening under reproductive-stage drought stress

Screening for grain yield under reproductive-
stage drought stress and nonstress condition
replicated trials with large plot size, grain quality
testing

Screening for grain yleld under reproductive-
stage drought stress and nonstress condition
replicated trials with large plot size, grain quality

testing with additional parameters

Figure 3. A breeding approach used in IRRI in a conventional breeding program to develop

high- yielding drought-tolerance lines (Source: Dixit et al., 2014).
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3. CONCLUSION

The timing of drought occurrence is highly
unpredictable and so is its duration. Drought
resistance should be evaluated in association

with heat stress and other abiotic stress.
Different approaches or strategies should be
taken for drought resistance. All methods should
be available and the idea of breeding methods
should be provided to all regions. Conventional
methods are time consuming and modern
methods through biotechnology may provide
ways of drought resistance that are not available
in developing countries. Genetic resources
should be evaluated including the different QTLs
responsible for drought should be identified and
application of these QTLs for developing drought
resistance in rice should be initiated. Different
mechanisms should also be taken into action for

developing resistance in plants.

4. REFERENCES

Agrama, H., Yan, W. , Jia, M., Fjellstrom, R. and
McClung, A. (2010) Genetic structure associated
with diversity and geographic distribution in the
USDA rice world collection. Natural Science, 2,
247-291.

Araus, J. L., Slafer, G. A, Reynolds, M. P, and
Royo, C. (2002). Plant Breeding and Drought in
C3 Cereals: What Should We Breed For? Annals of
Botany 89, 925-940.

Bernier, J., Serraj, R., Kumar, A., Venuprasad, R,
Impa, S., Gowda, V., and Owane, R., Spaner, D,
Atlin, G. (2009). Increased water uptake explains
the effect of qtl12.1, a large-effect drought-
resistance QTL in upland rice.

Bernier, J., Atlin, G. N., Serraj, R., Kumar, A, and

Spaner, D. (2008). Breeding upland rice for
drought resistance. In Journal of the Science of
Food and Agriculture. 88(6), 927-939.

https://doi.org/10.1002/jsfa.3153
Blum, A. (2011). Plant breeding for water-limited
environments. In Plant Breeding for Water-
Limited Environments.

https://doi.org/10.1007/978-1-4419-7491-4

Springer.

BIOINGENE.COM/PSJ

ISSUE NO. 1

Boonjung, H., and Fukai, S. (1996). Effects of soil
water deficit at different growth stages on rice
growth and yield under upland conditions. 1.
Growth during drought. Field Crops Research,
48(1), 37-45. https://doi.org/10.1016/0378-
4290(96)00038-X

Ceccarelli, S., Grando, S., and Baum, M. (2007).
Participatory plant breeding in water-limited
environments. In Experimental Agriculture. 43, 4.
https://doi.org/10.1017/S0014479707005327
CRAFT. (2019). First Advance Estimate of 2018
Paddy Production using the CCAFS

Forecasting

in Nepal
Regional Toolbox
(CRAFT).

Ding, S., C. Chen, H. B. and S. P. (2007). Economic

costs of drought

Agricultural

and rice farmers’ coping

mechanisms: A  cross-country comparative

analysis. International Rice Research Institute
(IRRI), Los Bano, 43-112.
Dixit, S., Singh, A, and Kumar, A. (2014). Rice

breeding for high grain yield under drought: A

strategic solution to a complex problem.

International Journal of Agronomy, 2014. 15.
https://doi.org/10.1155/2014/863683

Du, L.V. and Tuong, T. P. (2002). Enhancing the
performance of dry-seeded rice: effects of seed
priming, seedling rate, and time of seedling. In
Direct seeding: research  strategies and
opportunities. pp. 241-256.

Ekanayake, I. J., Datta, S. K. D., and Steponkus, P.
L. (1989). Spikelet sterility and flowering response
of rice to water stress at anthesis. Annals of
63(2), 257-264.
https://doi.org/10.1093/oxfordjournals.acb.a08774
0

Fang, Y,

Botany,

and (2015). General

response and

Xiong, L.
mechanisms of drought their
application in drought resistance improvement
in plants. In Cellular and Molecular Life Sciences.
72(4), 673-689. Verlag AG.
https://doi.org/10.1007/s00018-014-1767-0

Farooqg, M., Kobayashi, N, Ito, O., Wahid, A., and

Serraj, R. (2010). Broader leaves result in better

Birkhauser

performance of indica rice under drought stress.
Journal of Plant Physiology, 167(13), 1066-1075.
VOLUME NO. 2



Farooqg, M., Wahid, A. Kobayashi, N. Fujita, D,
and Basra, S. M. A. (2009). Plant drought stress:
Effects, mechanisms and management. In
Agronomy for Sustainable Development. 29, 185-
212. https://doi.org/10.1051/agro:2008021

Fathi, A., and Tari, D. B. (2016). Effect of Drought

Stress and its Mechanism in Plants. International

Journal of Life Sciences, 10(1), 1-6.
https://doi.org/10.3126/ijls.v10i1.14509

Felkner, J., Tazhibayeva, K., and Townsend, R.
(2009). Impact of climate change on rice

in Thailand. American Economic
99(2), 205-210.

https://doi.org/10.1257/aer.99.2.205

Fukai, S., and Cooper, M. (1995). Development of

production

Review.

drought-resistant cultivars using
physiomorphological traits in rice. Field Crops
40(2), 67-86.
https://doi.org/10.1016/0378-4290(94)00096-U
Gadal, N., Shrestha, 3, M. N,
Pokharel, B. (2019). A review on production

status and growing environments of

Research,

Poudel, and
rice in
Nepal and in the world. Archives of Agriculture
4(1), 83-87.
https://doi.org/10.26832/24566632.2019.0401013

Guo, L, Zi, Y. W., Lin, H., Wei, E. C,, Chen, J,, Liu, M,
Zhang, L. C., Li, 3. Q, and Gu, H. (2006).

Expression and functional analysis of the rice

and Environmental Science.

plasma-membrane intrinsic protein gene family.
Cell 16(3), 277-286.
https://doi.org/10.1038/sj.cr.7310035

Hadiarto, T., and Tran, L. S. P. (2011). Progress
studies of drought-responsive genes in rice. In
Plant Cell Reports. 30 (3), 297-310.
https://doi.org/10.1007/s00299-010-0956-z
Hammer, G. L, Dong, Z., McLean, G., Doherty, A.,

Research,

Zinselmeier, C.,
(2009).

root

Messina, C., Schussler, 3.,

Paszkiewicz, S., and Cooper, M. Can

changes in canopy and/or system
architecture explain historical maize yield trends
in the U.S. corn belt? Crop Science, 49(1), 299-312.
https://doi.org/10.2135/cropsci2008.03.0152

He, H., (2012).

peduncle elongation, anther dehiscence and

and Serraj, R. Involvement of

BIOINGENE.COM/PSJ

ISSUE NO. 1

spikelet sterility in upland rice response to
reproductive-stage drought stress.
Environmental and Experimental Botany, 75,

120-127.
https://doi.org/10.1016/j.envexpbot.2011.09.004
Islam, M. A, Du, H., Ning, J., Ye, H., and Xiong, L.
(2009). Characterization of Glossyl-homologous
genes in rice involved in leaf wax accumulation
and drought resistance. Plant Molecular Biology.
70(4), 443-56. https://doi.org/10.1007/s11103-009-
9483-0

Jin, X. F., Xiong, A. S., Peng, R. H., Liu, J. G., Gao, F,
Chen, J. M., and Yao, Q. H. (2010). OsAREBI, an
ABRE-binding protein responding to ABA and
glucose, has multiple functions in Arabidopsis.
BMB Reports, 43(1), 34-39.
https://doi.org/10.5483/BMBRep.2010.43.1.034
Jongdee, B., Pantuwan, G., Fukai, S., and Fischer,
K. (2006). Improving drought tolerance in rainfed
rice: An from Thailand.
Water Management. 80(1-3), 225-
240. https://doi.org/10.1016/j.agwat.2005.07.015
Kang, S. M., Frierson, D. M. W,, and Held, I. M.
(2009). The tropical

lowland example

Agricultural

response to extratropical

thermal forcing in an idealized GCM: The
importance of radiative feedbacks and
convective parameterization. Journal of the
Atmospheric Sciences, 66(9), 2812-2827.

https://doi.org/10.1175/2009JAS2924.1
Kavar, T., Maras, M., Kidri¢, M., Sustar-Vozli¢, J.,
and Megli¢, V. (2008).

involved in the response of leaves of Phaseolus

Identification of genes

vulgaris to drought stress. Molecular Breeding,
21(2), 159-172. https://doi.org/10.1007/s11032-007-
9116-8

Khadka, K., and Paudyal, A.

climate

(2010). Separating
resilient crops through screening of
drought tolerant rice land races in. 1, 80-84.
Kneebone, W. R., Kopec, D. M, and Mancino, C. F.
(2015). Water Requirements and Irrigation. in
Monographs. 32, 12,
https://doi.org/10.2134/agronmonogr32.c12

and Abbo, S. (2001).

flowering time in chickpea and its bearing on

Agronomy

Kumar, 3J., Genetics of

VOLUME NO. 2


https://acsess.onlinelibrary.wiley.com/series/5167

productivity in semiarid environments. Advances
in Agronomy, 72, 107-138.
https://doi.org/10.1016/s0065-2113(01)72012-3

Lilley, 3. M., and Fukai, S. (1994). Effect of timing
and severity of water deficit on four diverse rice
cultivars Il. Physiological responses to soil water
deficit. Field Crops Research, 37(3), 215-223.
https://doi.org/10.1016/0378-4290(94)90100-7

Liu, J. X, Liao, D. Q., Oane, R, Estenor, L., Yang, X.
E. Li, Z. C, (2006).

variation in the sensitivity of anther dehiscence

and Bennett, J. Genetic
to drought stress in rice. Field Crops Research,
97(1 SPEC. ISS.), 87-100.
https://doi.org/10.1016/j.fcr.2005.08.019

Lu, B. R. (1999). Taxonomy of the genus Oryza
(Poaceae): historical perspective and current
status. International Rice Research Notes, 24, 4-8.

Mackill, D. 3., Coffman, W. R., and Garrity, D. P.

(1996). Rainfed lowland rice improvement.
International Rice Research Institute, P.O. Box
933, Manila, Philippines. pp. 242.

http://books.irri.org/971220071X_content.pdf
May L.H., and Milthorpe, F. L. (1962). Drought
resistance of crop plants. Field Crops Abstr.
15.171-17

Musila, R. N. (2015). Genetic Analysis for Drought
Tolerance and Yield Stability in Interspecific and
Oryza sativa L. Rice
http://hdl.nandle.net/10413/13454

Nakashima, K. Tran, L. S. P.,, Van Nguyen, D,

Germplasm.

Fujita, M., Maruyama, K. Todaka, D., Ito, Y,
Hayashi, N., Shinozaki, K., and Yamaguchi-
Shinozaki, K. (2007). Functional analysis of a

NAC-type transcription factor OsNAC6 involved
in abiotic and biotic stress-responsive gene
expression in rice. Plant Journal, 51(4), 617-630.
https://doi.org/10.1111/j.1365-313X.2007.03168.x
O'Toole, 3. C.,, and Namuco, O. S. (1983). Role of
Panicle Exsertion in Water Stress Induced
Sterility 1 23(6), 1093-1097.
https://doi.org/10.2135/cropscil983.0011183x00230
0060017x

Ogburn, R. M, and Edwards, E. J. (2010). The

ecological

Crop Science,

water-use strategies of succulent
plants. In Advances in Botanical Research. 55,

BIOINGENE.COM/PSJ

ISSUE NO. 1

179-225.https://doi.org/10.1016/B978-0-12-380868-
4.00004%-1

Oladosu, Y., Rafii,
Magaji, U,

M. Y., Samuel, C,
Kareem, |.,
and Kolapo, K. (2019). Drought

Rice

Fatai, A,
Kamarudin, Z. S,
Muhammad, I,
Resistance in from Conventional to
Molecular Breeding: A Review. In International
Issue 14,
MDPI AG. https://doi.org/10.3390/ijms20143519

Ozga, J. A., Kaur, H., Savada, R. P., and Reinecke,

Journal of Molecular Sciences, Vol. 20,

D. M. (2017). Hormonal regulation of reproductive
growth under normal and heat-stress conditions
in legume and other model crop species. Journal
68(8), 1885-1894.
https://doi.org/10.1093/jxb/erw464

Pandey, S., Bhandari, H., Ding, S., Prapertchob, P.,
Sharan, R., Naik, D., Taunk, S. K., and Sastri, A.

of Experimental Botany,

(2007). Coping with drought in rice farming in
Asia: Insights from a cross-country comparative
37(1), 213-224.
https://doi.org/10.1111/j.1574-0862.2007.00246.x

Parent, B., Suard, B. Serraj, R., and Tardieu, F.

(2010). Rice leaf growth and water potential are

study. Agricultural Economics,

resilient to evaporative demand and soil water
deficit once the effects of root system are

neutralized. Plant, Cell and Environment, 33(8),

1256-1267. https://doi.org/10.1111/j.1365-
3040.2010.02145.x
Polania, J., Rao, |I. M. Cajiao, C., Grajales, M,

Rivera, M., Velasquez, F., Raatz, B., and Beebe, S.
E. (2017). Shoot and
drought resistance in recombinant inbred lines
of MD 23-24 x SEA 5 of common bean. Frontiers
in Plant 296.
https://doi.org/10.3389/fpls.2017.00296

Porter, J. R, and Semenov, M. A. (2005). Crop

root traits contribute to

Science. 8,

responses to climatic variation. Philosophical
Transactions of the Royal Society B: Biological
360, 2021-2035.
https://doi.org/10.1098/rstb.2005.1752

Prapertchob, P, H. B. and S. P. (2007). Economic

costs of drought and

Sciences.

rice farmers’ drought-
coping mechanisms in northeast Thailand. In: S.
Pandey, editor, Economic costs of drought and

rice farmers’ coping mechanisms: A cross-

VOLUME NO. 2


http://books.irri.org/971220071X_content.pdf
http://hdl.handle.net/10413/13454

country comparative analysis. International Rice
Research Institute (IRRI), Los Banos, Philippines.,
43-112.

Puri, R., Khadka, K,
Separating

(2013).
through

and Paudyal, A.

climate resilient crops
screening of drought tolerant rice land races in
Nepal. 80-84.

Agronomy Journal of Nepal. 1,

https://doi.org/10.3126/ajn.v1i0.7546
Rang, Z. W., Jagadish, S. V. K, Zhou, Q. M,
Craufurd, P. Q., and Heuer, S. (2011). Effect of high
temperature and water stress

on pollen

germination and spikelet fertility in rice.
Environmental and Experimental Botany. 70(1),
58-65.
https://doi.org/10.1016/j.envexpbot.2010.08.009
Ricepedia.org. Rice Productivity.
https://ricepedia.org/rice-as-a-crop/rice-
productivity.

Sahebi, M., Hanafi, M. M., Rafii, M. Y., Mahmud, T.

M. M., Azizi, P.,, Osman, M., Abiri, R., Taheri, S,

Kalhori, N., Shabanimofrad, M., Miah, G. and
Atabaki, N. (2018). Improvement of Drought
Tolerance in Rice (Oryza sativa L.): Genetics,

Genomic Tools, and the WRKY Gene Family. In
BioMed
https://doi.org/10.1155/2018/3158474

Serraj, R., McNally, K. L., Slamet-Loedin, |., Kohli,
A., Haefele, S. M., Atlin, G., and Kumar, A. (2011).
Drought

Research International.

resistance improvement in rice: An

integrated genetic and resource management
strategy. Plant Production Science, 14(1), 1-14.
https://doi.org/10.1626/pps.14.1

Shahbandeh, M. (2021). Rice - statistics and facts.
Instatista. https://www.statista.com/topics/1443/
rice/

Sinha, N. C., and Patil, B. D. (1986). Screening of
Barley Varieties for Drought Resistance. Plant
Breeding, 97(1), 13-19. https://doi.org/10.1111/j.1439-
0523.1986.tb01296.x
Straussberger, L.

Effect

(2015).
and Heat

Disaggregating the

of Drought Stress During

Flowering on Spikelet Fertility in Rice. Graduate
from

and Dissertations Retrieved

https://scholarworks.uark.edu/etd/1372

Theses

BIOINGENE.COM/PSJ

ISSUE NO. 1

Turner, N. C., Wright, G. C,, and Siddique, K. H. M.
(2001). Adaptation of grain legumes (pulses) to
water-limited environments.  Advances in
Agronomy. 71, 193-231. https://doi.org/10.1016/
s0065-2113(01)71015-2

Upadhaya, S., and Joshi, D. K. (2020). The rise of
rice in Nepal. Nepali Times.
https://www.nepalitimes.com/banner/the-rise-of-
rice-in-nepal/

Venuprasad, R., Dalid, C. O., Del Valle, M., Zhao,
D., Espiritu, M., Sta Cruz, M. T., Amante, M,
Kumar, A., and Atlin, G. N. (2009). Identification
and characterization of large-effect quantitative
trait loci for grain yield under lowland drought
stress in rice using bulk-segregant analysis.
Theoretical and Applied Genetics, 120(1), 177-190.
https://doi.org/10.1007/s00122-009-1168-1

Wang, X. S., Zhu, H. B., Jin, G. L., Liu, H. L., Wu, W.
R. and Zhu, J. (2007).
identification and analysis of LEA genes in rice
(Oryza sativa L.). Plant Science, 172(2), 414-420.
https://doi.org/10.1016/j.plantsci.2006.10.004
Yang, J., Zhang, J., Wang, Z., Zhu, Q., and Wang,
W.
response to water deficit during grain filling of
Field Crops 71(1),  47-55.
https://doi.org/10.1016/S0378-4290(01)00147-2
Zhang, Q. (2007). Strategies for developing green
super rice. Proc. Natl Acad. Sci. USA 104, 16402-
16409 (2007). of the
Academy 95(4),
http://www.pnas.org/cgi/content/abstract/95/4/16

63

Genome-scale

(2001). Remobilization of carbon reserves in
Research,

rice.

National
1663-1668.

Proceedings

of Sciences,

5. FUNDING

None

VOLUME NO. 2


https://doi.org/10.1016/j.envexpbot.2010.08.009

