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Abstract

Rice is an important staple food crop across the world. It is mainly cultivated
under irrigated lowland and also rain-fed upland conditions where drought stress
is often noticed. Global climate change predicts an intensification of drought
stress in future due to uneven rainfall which was witnessed for the last few years.
Confronting drought stress can deliver fruitful crop returns in rice and scope for
research extents. Drought stress affects the overall plant growth and yield. A promi-
nent improvement has been made during last two decades in our understanding
of the mechanisms involved in adaptation and tolerance to drought stress in rice.
In order to achieve the marked crop returns from rainfed areas, there is a requisite
of drought tolerant rice varieties, and genetic improvement for drought tolerance
should be a prime area of concern in the future. A huge rice germplasm is available
and good number of the germplasm possess drought tolerance and these genomic
regions have been exploited in developing some drought tolerant rice varieties. The
application of available genotyping methodologies, the identification of traits of
interest, and key genetic regions associated with the drought tolerance have opened
new prospects to successfully develop new drought tolerant varieties. This chapter
deals with the importance of drought tolerance in rice crop followed by the evolution
of molecular markers and breeding techniques in identifying drought tolerant QTL’s/
genes and their utilization in the improvement of drought tolerant rice varieties.

Keywords: Rice, Drought tolerance, Markers, QTLs, Varieties

1. Introduction

Rice is a staple cereal consumed by more than half of the world’s population. It is
cultivated in wide agro-ecological conditions including rain-fed conditions where
drought stress is often evident due to erratic rainfall. Rice crop consumes around
3000 L water to produce 1 Kg rice. Drought stress is one of the major factors that
leads to decreased rice production [1] and it can expand to above 50% of the global
arable land by 2050 [2] due to loss of ground water, global climate change leading to
decreased water sheds. Drought stress was noted in approximately 42 Mha of rice-
producing area [3]. It is of two types, terminal and intermittent [4].
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Drought stress is usually a dry condition where the water availability is less than
a threshold level which causes damage to plants [5].

Lack of water for a long time leading to the death of plants is terminal drought
while lack of water for a short time that leads to improper growth is intermittent
drought [6].

Drought stress tolerance varies among the plant species and is defined as the
ability of a plant to grow, develop and produce significant yield as well as economic
benefit [7]. It is also defined as the ability of plant to survive at minimum water
level in the fresh tissue (23%) [6].

Drought stress leads to morphological, physiological and biochemical changes
in plants which ultimately lead to decreased yields. In response, plants synthesize
reactive oxygen species (ROS), proteins and osmolytes to maintain turgor pressure.
This osmotic adaptation provides dehydration tolerance to tissues [8-10]. But, this
did not show yield benefit in rice [11].

The first landmark achievement in drought rice tolerance study was the identi-
fication of a small region on chromosome 8 homologous to chromosome 7 of wheat
[12]. A marker based selection was proposed and this region was worked out to
identify QTLS for vegetative leaf rolling and root traits- thickness and root to shoot
ratio [13].

Historically, upland-adapted germplasm was of Japonica type while lowland-
adapted germplasm was of Indica type [14]. In general, Japonica genotypes were
dehydration avoidant while Indica types were dehydration tolerant. Geographically
separated evolution and sterility problems have limited hybridization between the
two types [15]. If breeding for both osmotic adjustment and rooting capacity is
considered desirable, then the linkage between high osmotic adjustment and poor
root traits needs to be broken.

RG1 QTL was identified while working with 52 recombinant inbred (RI) lines
(F7), arandomly sampled subset of a population originally developed to study the
genetics of resistance to rice blast (Pyricularia oryzae) [16].

2. First generation markers
2.1Restriction fragment length polymorphism (RFLP)

Rice RFLP maps developed at Cornell University [17, 18] and Japan [19, 20] is the
basis of gene mapping research. In the 1988 wet season at IRRI, Co39 (maternal), a
lowland, Indica cultivar developed in India, and Moroberekan, a traditional upland,
Japonica cultivar originally developed in Guinea. Moroberekan is considered to
be resistant to drought while Co39 is drought susceptible. About 50 F; seeds were
obtained from the cross and only 15 F; seeds were randomly chosen and grown in a
greenhouse to obtain an F, population. About 300 F, seeds were randomly selected
and planted in the Rapid Generation Advance (RGA) [21] greenhouse from F, to Fg
using single seed descent (SSD). All panicles were bagged at each generation and F;
seeds were used for genotype analysis [16].

DNA was extracted from the leaves of the two parents and digested with restric-
tion enzymes Dral, EcoRI, EcoRV, HindIII and Scal. The digested DNAs were
electrophoresed on 0.9% agarose gels and transferred to Hybond N* membranes
(Amersham Corp., Chicago) according to the manufacturer’s instructions. 280
DNA clones distributed throughout the 12 chromosomes of rice (184 rice genomic
clones, coded RG; 62 rice cDNAs, coded Rz; and 28 oat cDNAs, coded CDO)
were linearized and labeled with *PdCTP by the random hexamer method [22].
Hybridized filters were washed once in 1.5 X SSPE and once in 0.5 X SSPE at 65° for
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15-20 min. Filters were exposed to X-ray film —80° at with one intensifying screen
for 1-4 days. 127 informative probes were used for segregation analysis of the RI
lines using the procedures outlined above. Mapmaker [23] and Map Manager [24]
were used to establish the RFLP map.

Since the indica x japonica crosses suffer from sterility, distorted segregation,
etc., [16], breeders chose to work on the accessions of indica or japonica sub-species,
RFLP was considered laborious over RAPD which gained popularity among
researchers [25].

2.2 Random amplified polymorphic DNA (RAPD)

Prior to the availability of complete rice genome sequence, RAPD markers were
useful in developing drought tolerant varieties. It is the simplest, cheaper, sensi-
tive and useful technique for the genotype identification, population and pedigree
analysis, phylogenetic studies, genetic mapping [26] and analysis of genetic fidelity
of commercially micropropagated plants [27]. It is simple since it requires less DNA
and simultaneously doesn’t require southern blotting and radioactive labeling [28].
Considering the usage of RAPD in wheat, maize, pea-nut, broccoli and cauliflower,
RAPD was applied in rice to detect diversity in the low land and upland rice variet-
ies with an aim to identify drought-resistant loci [29] as given below.

Thirteen rice cultivars were grown in a growth chamber at 28°-day temperature,
25°-night temperature and with an irradiance of 800 pmoles m™s™ for 12 h a day.
At six leaf stage, leaves were collected and stored in liquid nitrogen and genomic
DNA was extracted and purified [22]. Forty-two GC-rich 10 bp random primers
were used as RAPD markers. DNA amplification was done in a PCR (Perkin Elmer
Cetus) programmed for 45 cycles ofImin at 94°C,1 min at 37°C and 2 min at 72°C.
The reaction conditions include 25 pl total reaction volume having 10 mM Tris-HC1
(pH 8.3), 50 mM KC1, 2mMMgC1,, 50 mM each of dNTP’, 10 ng of a single
random primer, 25 ng of genomic DNA and 2 units of Ampli Taqg DNA polymerase
(Perkin Elmer Cetus) and 50 ml of sterilized mineral oil.

At the end of amplification, 10 pl of each amplification mixture was loaded
in either 1.4% agarose (0.5 to 4 kb) or 5% polyacrylamide (<500 bp) gels for
electrophoresis in 1 x TBE (89 mM Tris, 89 mM boric acid and 2 mM EDTA). Gels
were stained with ethidium bromide and photographed under UV light. Pair-wise
comparisons of genotypes, based on the presence (score 1) or absence (score 2) of
each marker similarity coefficients were calculated which were used to construct
UPGMA tree. One-to-twelve DNA amplicons were observed from each genomic
DNA sample. A total of 260 DNA fragments were amplified and 208 (80%) of these
showed polymorphisms. Upland cultivars and lowland cultivars were classified
into two main clusters-japonica and indica with seven (Azucena, Rikuto Norin
21, Moroberekan, IAC25, IRAT13, OS4, and 63-83) six (BPI-76 NS, IR20, IR36,
CO39, MGL-2 and Salumpikit) cultivars respectively. Later, they screened 2074 rice
varieties for drought tolerance where upland varieties were identified with higher
score for drought tolerance and were recommended for donors for breeding drought
tolerant varieties as well as for developing molecular markers.

However, like RFLP, RAPD is also disadvantageous due to low polymorphism
among japonica rice, need for hundreds of markers to locate markers in the QTL
and absence of RAPD markers for some regions of the chromosomes [30].

2.3 AFLP (amplified fragment length polymorphism)

Restriction enzymes were reported from bacteria. This enzyme identifies foreign
DNA in bacterial cells based on the target site and generally, cuts the DNA within
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this site if the site is un-methylated. Eventually, the broken DNA cannot show

its effect on the host bacterial cell and hence, the natural function of restriction
enzymes is to restrict the growth of foreign DNA. Restriction enzymes differ in the
length of their target sites (4-8). It is universally accepted that the probability of
finding the smaller length of sequence is manifold higher than longer sequencesi.e.,
in other words if the length of the target site is less, then, it can be repeated more
frequently in the DNA. In the above example, a 6-base target is rarer to find than
the 4-base target site. Adapter /adaptor/linker is a short, chemically synthesized
(known sequence), single-stranded or double-stranded oligonucleotide that can be
ligated to the ends of other DNA/RNA molecules to convert them to sticky ends of
desired sequence.

DNA was isolated from 80 plants of F, population of the cross
‘Labelle’ x ‘Black Gora’ [30] and AFLP was conducted [31]. AFLP involves cut-
ting of genomic DNA with two restriction enzymes that need different lengths of
target sites, a 6-base (or “rare”) cutter (EcoRI) and a 4-base (or “frequent”) cutter
(Msel), ligating adapters to the fragment ends, amplifying Msel-EcoRI fragments
with primers that match the adapter and contain additional selective nucleotides
at the 3’ end and separating the fragments on denaturing polyacrylamide gels.
EcoRI and Msel adapters, T4 DNA ligase, DTT and water were added to the
restriction reaction-mixture which was incubated for 3 h at 37°C. Then, pre-
amplification of DNA was done with primers which were labeled subsequently
with spermidine. The amplicons were separated on 4.5% denaturing (urea)
polyacrylamide gels for 90 to 120 min at 120 W. The gels were dried and exposed
to X-ray film for 4-7 days.

Bands showing clear polymorphism were scored as present (“1”) or absent
(“0”). Genetic similarity was computed as the number of common bands divided
by the total number of bands of both accessions, and genetic distance was com-
puted as 1 minus this value [32]. These distances were used to construct cluster
diagrams by UPGMA method (SAS, PROC CLUSTER) [33]. AFLP is cheaper than
RAPD. AFLP is useful to screen small number of samples with large number of
markers.

3. Second generation markers
3.1 Inter simple sequence repeats (ISSR)

ISSR markers are well distributed in the eukaryotic genome [34] more feasible
and reproducible than RAPD [35] highly polymorphic, less expensive and indepen-
dent of sequence information [36]. Polymorphism of 73.02% with RAPD markers
and 90.91% with ISSR markers was observed between six rice lines [37]. Seventeen
ISSR primers- (8 based on (AG)s, 8 on (GA)g, and 1 on (GATA), were used to screen
12 cultivars as presented below [38].

Genomic DNA was isolated from freshly harvested young leaves of each cul-
tivar by Mini prep method. ISSR-PCR was conducted and the amplified products
were resolved in 1.8% agarose gel in the presence of ethidium bromide and were
documented under ultraviolet light. Polymorphism information content (PIC) was
calculated based on the presence (score 1) or absence (score 0) of band. Similarity
scores were calculated and un-weighted pair-group method with arithmetic average
(UPGMA) dendrogram was generated sub-program of NTSYS-PC software version
2.0at 1000 bootstrap. The three drought tolerant varieties formed one sub-cluster
by (GA)8YG primer.
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3.2 Simple sequence repeat (SSR) and SNPs (third generation markers)

Rice crop was recognized with more than 20,000 SSR markers and over one
million SNPs and Indels, which include both functional and non-functional mark-
ers [39-41]. This has opened up huge opportunities for the use of molecular mark-
ers in diversity analysis, mapping genes/QTLs for various agronomic traits under
drought, and their use in marker-assisted breeding (MAB) and also in positional
cloning of QTLs to identify candidate genes for complex traits [42].

The accessibility of complete rice genomic sequence information, rice linkage
maps, and molecular marker technology has made it possible to dissect complex
traits into individual quantitative trait loci (QTLs) [43-46]. Linkage mapping,
association mapping, nested association mapping, marker-aided recurrent
selection (MARS), and genome-wide selection (GWS) are different approaches
currently followed for the mapping and introgression of QTLs for drought toler-
ance. There are several sources of genomic variation such as QTL main effects,
QTL x QTL interactions, and QTL x environment interactions. A thorough under-
standing of this variation is very important before embarking on marker-assisted
selection (MAS) of drought QTLs. Several major-effect QTLs for grain yield under
drought have been identified and are being used in marker-assisted breeding/
pyramiding. Courtois et al. [47] identified the meta-QTLs for root traits under
drought stress. Meta-analysis of 53 grain yield associated QTLs identified from 15
previous studies bring about in 14 meta-QTLs. In general, rice varieties with deep
and high-volume root system exhibits better adaptability under drought condi-
tions [48]. Among the root traits, root length, volume, thickness and root growth
angle (RGA) are playing key role in mitigating drought tolerance [49]. In turn,
RGA determines the root depth. The deeper and profuse root architecture support
plants to extract water from deeper soil layers. The three major QTLs governing
root growth angle (RGA) in rice were reported by Uga et al. [49-51]. Among them,
DEEPER ROOTING 1 (DRO1) is the significant one and this QTL has been fine
mapped and the underlying gene, an early auxin responsive factor, has been cloned
using IR64, a shallow rooted variety and Kinandang Patong (KP), a deeply rooted
variety. The variation in the DRO1 gene in the major Indian rice genotypes used in
drought tolerant breeding plans and their association with RGA is reported [52]. So
far, 675 root QTLs and more than 85 genes related to 29 different root parameters
have been reported in rice [47]; https://snp-seek.irri.org/). The introduction of
deep rooting traits in high yielding varieties is a resourceful way of enlightening
drought tolerance in rice.

4, Tissue culture

Polyethylene glycol (PEG) can decrease moisture in tissues [53] by osmosis
and eventually reduce callus growth. Manually dehusked brown rice of four rice
varieties- Pusa Basmati 1, Taraori Basmati, Pant Sugandh Dhan 17 and Narendra
359were washed with detergent (teepol), washed with sterile distilled water, surface
sterilized by 70% ethanol followed by 1% sodium hypochlorite and 0.1% mercuric
chloride and were inoculated on to MS medium [54] having 30% sucrose and 8%
agar. One month old calli were transferred onto the MS medium having a series
of concentrations (0 (control), 10, 20, 30, 40, 50, 60 and 70 g/L) of PEG. After
30-day incubation, healthy calli at 70 g/L PEG were identified as drought tolerant
and were subjected to shoot and root inductions separately followed by the develop-
ment of plant lets. Loss of moisture content was least in Narendra 359 (2.99%) and
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highest in Pusa Basmati 1 (20.64%) and it indicates the drought response variation
among the rice genotypes. Proline content in calli of all varieties increased with the
increase in PEG concentration [55].

5. Gene expression

Transcriptomic analysis identified stress responsive genes like transcription
factors, genes encoding for osmolyte production, reactive oxygen species (ROS)
scavenging and other metabolic pathways etc. which help in developing drought
tolerant varieties [56, 57]. They are divided into signaling and functional groups
[58]. Despite many techniques are available for transcriptome studies, micro-chips
developed from quality rice genome sequence were used to identify the regulating
reproductive development, hormone signaling and abiotic stress response [59, 60].

Seven-day-old seedlings of Dhagaddeshi (DD) and IR20 cultivars were sub-
jected to drought stress and microarray hybridization of the RNA isolated from
samples collected after 3 h and 6 h along with that of control seedlings, was car-
ried out as per manufacturer’s instructions (GeneChip® 3’ IVT Express Kit User
Manual, 2008, Affymetrix). The number of probe sets expressing differentially
after 3 h stress is almost double for DD (10,901) than IR20 (5,502) in comparison
with the control. However, this difference was less after 6 h with 8,601 for IR20
and 11,041 for DD. Despite the initial delay in sensing drought stress by IR20,
differences in transcript levels were more or less mitigated at the 6 h time point.
Fructose-bisphosphate aldolase (LOC_0Os01g67860), OsVP1 (LOC_Os01g68370),
auxin response factor 2 (LOC_Os01g70270) showed high expression levels along
with other conserved genes and those of unknown function in DD. Drought stress is
known to induce accumulation of osmolytes like proline, glycinebetaine that help in
the prevention of dehydration in plants. A significant increase in the accumulation
of free proline was observed in both cultivars as the stress duration progressed [61].
The gene expression analysis of DRO1 gene elucidates structural variation and this
information is very crucial for breeding rice for drought tolerance in future [52].

6. Drought tolerance varieties

Development of tolerant varieties is the strategy chosen across the field crops
including rice. The following are the list of ways by which drought tolerance variet-
ies were developed (Table 1). Grain yield was used as a trait to develop drought
tolerant varieties and presently, physiological traits are on focus [62]. Most of the
characters are influenced by numerous loci termed as Quantitative trait loci (QTL)
and they have only minor influence on the trait [63-65]. Marker assisted selection
(MAS) is the integration of molecular genetics with artificial selection.

Conventional breeding involves the art of hybrid cross to develop new and
improved cultivars. It includes the identification of drought tolerant genetic
variants followed by introduction of these traits into popular varieties [66]. It was
accepted among the breeders that the existence of drought tolerance variation in the
germplasm indicates the presence of stress tolerance genes [67].

However, in conventional breeding programs, only a few parents are involved
and their use efficiency in rice accessions remains low because of the inefficient
cross-pedigree breeding method, resulting in a narrow genetic base of the devel-
oped cultivars [68]. In addition, 15 drought tolerant rice landraces were identified
with stable yield under the drought stress while screening both under net house and
laboratory evaluation [69].
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S. No. Varieties Key trait Country

1 Shabhagidhan Possess qDTY12.1 India

2 Birsa Vikas Dhan 111 Root QTL from Azucena India

3 DRR Dhan 42 IR 64 NIL with qDTY4.1 & qDTY2.2 India

4 DRR Dhan 50 Samba Mahsuri sub 1 with qDTY 2.1 & 3.1 India

5 CR Dhan 801 Swarna sub 1 with qDTY 2.1 & 3.1 India
Table 1.

List of drought tolerant varieties released with drought QTLs through Mavker assisted breeding.

7. Recurrent selection (RS)

It involves multiple parents which is an ideal breeding approach to steadily
improve the level of quantitative traits in a breeding population. RS was first
applied in cross-pollinated crops, maize [70]. In rice, Virmani et al. [71] showed
random mating composite population facilitated by IR36ms having recessive genic
male sterility for the improvement of restorers and maintainers. However, these
two methods were cumbersome and inefficient. In 2001, a mutant of “Sanming
Dominant Genic Male Sterile Rice” was found from an F2 population of a cross
between SE21S and Basmati370 [72]. The male sterility of this mutant was con-
trolled by a dominant gene and it was fine mapped on chromosome 8 [73]. Further,
by multiple backcrosses, they introduced this dominant male sterile (DMS) allele
into the genetic background of rice cultivar Jiafuzhan (known as Jiabuyu), which
was used to develop 12 drought-tolerant lines through RS [74].

8. Marker assisted back crossing

In backcrossing a donor and recurrent parents are used. Donor parent contains
the gene or QTL of interest and the recurrent parent is mega variety or line that is
improved by adding the gene or QTL of interest. The donor parent is crossed to the
recurrent parent. The progeny of this cross is then crossed back to the recurrent
parent (back cross). The progeny of this cross is selected for the added trait and

S.No. QTL Chr Parentage Reference

1 1QTL CO39 x Moroberekan Lilley et al. [75]
2 39 QTLs CO039 x Moroberekan Rayetal. [76]

3 39 QTLs - IR64 x Azucena Yadav et al. [77]
4 18 QTLs Azucena x Bala Price etal. [78]

5 17 QTLs Bala x Azucena Price etal. [78]

6 28 QTLs IR58821 x IR52561 Alietal. [79]

7 QCMS1.1 1 IR62266 x CT9993 Tripathy etal. [80]
8 QCMS3.1 3 IR62266 x CT9993 Tripathy etal. [80]
9 QCMS71 7 IR62266 x CT9993 Tripathy etal. [80]
10 QCMS8.1 8 IR62266 x CT9993 Tripathy etal. [80]
11 QCMS8.2 8 IR62266 x CT9993 Tripathy etal. [80]
12 QCMS9.1 9 IR62266 x CT9993 Tripathy etal. [80]
13 QCMS9.2 9 IR62266 x CT9993 Tripathy etal. [80]
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S.No. QTL Chr Parentage Reference

14 QCMSI11.1 11 IR62266 x CT9993 Tripathy etal. [80]

15 QCMS12.1 12 IR62266 x CT9993 Tripathy etal. [80]

16 15QTLs IR64 x Azucena Hemamalini etal. [81]

17 5QTLs CT9993 x IR62266 Zhang et al. [82]

18 23 QTLs IR1552 x Azucena Zheng et al. [83]

19 qgy3.1 3 CT9993-5-10-1-M x Lanceras et al. [84]
[R62266-42-6-2

20 qgy4.3 4 CT9993-5-10-1-M x Lanceras et al. [84]
[R62266-42-6-2

21 qGY-2b 2 Zhenshan 97B x IRAT109 Zou et al. [85]

22 gDTY11 1 CT9993-5-10-1-M x Kumar et al. [86]
IR62266-42-6-2

23 qDTY12.1 12 Way Rarem x Vandana Bernier et al. [87]

24 qGy10 10 Tequing x Lemont Zhao et al. [88]

25 13 QTLs - Azucena x Bala Khowaja, F. S., & Price, A. H.

(89]

26 7 QTLs - Indica x Azucena Zheng etal. [90]

27 1QTL Apo/2 x Swarna Venuprasad et al. [91]

28 QDS_9.1 9 IR64 x IR77298-5-6-B- BPetal. [92]

18(Aday Sel)

29 1QTL R77298 x Sabitri Yadav et al. [93]

30 qDTY 34 3 Danteshwari x Dagaddeshi Verma et al. [94]

31 qPN-6-2 6 Xiaobaijingzi x Kongyu131 Xing et al. [95]

32 qDTY31 3 TDK1 x IR55419-04 Dixit et al. [96]

33 qDTY6.1 6 TDK1 x IR55419-04 Dixit et al. [96]

34 qPSS8.1 8 IR64 x IRAT177 Trijatmiko etal. [97]

35 qGPP8.2 8 IR64 x IRAT177 Trijatmiko etal. [97]

36 1QTL IR64 x Cabacu Trijatmiko etal. [97]

37 QSnplb Teqing x Lemont Wang etal. [98]

38 QSnp3a Teqing x Lemont Wang etal. [98]

39 QSnpl1 Teqing x Lemont Wang etal. [98]

40 QGyp2a Teqing x Lemont Wang etal. [98]

41 QSf8 Teqing x Lemont Wang etal. [98]

42 qDTY3.2 Swarna x WAB Saikumar et al. [99]

43 qPDL1.2 1 Appo x Moroberekan Sellamuthu et al. [100]

44 qHI3 3 Appo x Moroberekan Sellamuthu et al. [100]

45 qDTY2-2 2 MRQ74 cultivar Shamsudin et al. [101]

46 qDTY3-1 3 MRQ74 cultivar Shamsudin et al. [101]

47 qDTY1-3 1 Dular x IR62-21 Catolos et al. [102]

48 qDTY8-1 8 Dular x IR62-21 Catolos et al. [102]

Table 2.

List of QTLs reported for drought tolerance associated traits in rice.
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Figure 1.

Back crossing flow chart to introduce drought QTL) (adopted from Balija et al. [103].

again subjected to back cross with the recurrent parent. This process is repeated to
obtain a line as identical as possible to the recurrent parent with the addition of the
gene of interest that has been added through breeding.

Among the QTLs for drought stress tolerance (Table 2), qDTY12.1 offers sig-
nificant yield under reproductive-stage drought stress by contributing 51% genetic
variance [87] and is available in Vandana NIL (near isogenic line). Hence, this QTL
was introduced into Varalu (WGL 14377x CR-544-1-2) which is a popular variety
cultivated in upland areas of India by back crossing method (Figure 1) [103].

Later, responsible genomic regions have been identified and are popularly
known as molecular markers. They were used to develop drought tolerant varieties
by a process known as marker assisted selection or breeding [66].



Cereal Grains - Volume 2

Author details

Veerendra Jaldhani', Ponnuvel Senguttuvell, Bathula Srikanth'?,
Puskur Raghuveer Rao', Desiraju Subrahmanyam'

and Durbha Sanjeeva Rao™

1 Indian Institute of Rice Research, Hyderabad, India

2 Professor Jayashankar Telangana State Agricultural University, Hyderabad, India

*Address all correspondence to: sraodurbha@gmail.com

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

10



Present Status and Future Prospects of Drought Tolerance in Rice

DOI: http://dx.doi.org/10.5772/intechopen.97461
References

[1] Swamy BM, Kumar A. Genomics-
based precision breeding approaches to
improve drought tolerance in rice.
Biotechnology advances.
2013;31(8):1308-18.

[2] Singhal P, Jan AT, Azam M, Haq QM.
Plant abiotic stress: a prospective
strategy of exploiting promoters as
alternative to overcome the escalating
burden. Frontiers in Life Science.

2016;9(1):52-63.

[3] Yang X, Wang B, Chen L, Li P, Cao C.
The different influences of drought
stress at the flowering stage on rice
physiological traits, grain yield, and
quality. Scientific Reports 2019;9:1-12.

[4] Polania ], Rao IM, Cajiao C,

Grajales M, Rivera M, Velasquez F,
Raatz B, Beebe SE. Shoot and root traits
contribute to drought resistance in
recombinant inbred lines of MD 23-24x
SEA 5 of common bean. Frontiers in
Plant Science. 2017;8:296.

[5] Ishaku GA, Tizhe DT, Bamanga RA,
Afolabi ET. Biotechnology and drought
stress tolerance in plants. Asian Plant
Research Journal. 2020;22:34-46.

[6] Oladosu Y, Rafii MY, Samuel C,

Fatai A, Magaji U, Kareem I,
Kamarudin ZS, Muhammad II,

Kolapo K. Drought resistance in rice
from conventional to molecular
breeding: a review. International journal

of molecular sciences. 2019
Jan;20(14):3519.

[7]1 Farooq M, Aziz T, Wahid A, Lee D],
Siddique KH. Chilling tolerance in
maize: agronomic and physiological
approaches. Crop and Pasture Science.
2009;60(6):501-16.

[8] Hsiao TC, Acevedo E, Fereres E,
Henderson DW. Water stress, growth
and osmotic adjustment. Philosophical
Transactions of the Royal Society of

11

London. B, Biological Sciences.
1976;273(927):479-500.

[9] Jones MM, Turner NC. Osmotic
adjustment in expanding and fully
expanded leaves of sunflower in

response to water deficits. Functional
Plant Biology. 1980;7(2):181-92.

[10] Morgan JM. Osmoregulation and
water stress in higher plants. Annual
review of plant physiology.
1984;35:299-319.

[11] Lilley JM, Ludlow MM,

McCouch SR, O'toole JC. Locating QTL
for osmotic adjustment and dehydration
tolerance in rice. Journal of
Experimental Botany.

1996;47(9):1427-36.

[12] Ahn S, Anderson JA, Sorrells ME,
Tanksley S1. Homoeologous
relationships of rice, wheat and maize

chromosomes. Molecular and General
Genetics MGG. 1993;241(5):483-90.

[13] Champoux MC, Wang G,
Sarkarung S, Mackill DJ, O'Toole JC,
Huang N, McCouch SR. Locating genes
associated with root morphology and
drought avoidance in rice via linkage to
molecular markers. Theoretical and
Applied Genetics. 1995 Jun
1;90(7-8):969-81.

[14] Glaszmann JC. A varietal
classification of Asian cultivated rice
(Oryza sativa L.) based on isozime
polymorphism. In rice genetics.
InProceeding of the International Rice
Genetics Symposium 1985 (pp. 27-31).

[15] Chang TT. The origin, evolution,
cultivation, dissemination, and
diversification of Asian and African
rices. Euphytica. 1976;25(1):425-41.

[16] Wang GL, Mackill DJ, Bonman JM,
McCouch SR, Champoux MC,
Nelson R]. RFLP mapping of genes



Cereal Grains - Volume 2

conferring complete and partial
resistance to blast in a durably resistant
rice cultivar. Genetics.
1994;136(4):1421-34.

[17] McCouch SR, Kochert G, Yu ZH,
Wang ZY, Khush GS, Coffman WR,
Tanksley SD. Molecular mapping of rice
chromosomes. Theoretical and Applied
Genetics. 1988;76(6):815-29.

[18] Causse MA, Fulton TM, Cho YG,
Ahn SN, Chunwongse J, Wu K, Xiao J,
Yu Z, Ronald PC, Harrington SE.
Saturated molecular map of the rice
genome based on an interspecific
backcross population. Genetics. 1994
Dec 1;138(4):1251-74.

[19] SAITO A, YANO M, KISHIMOTO
N, NAKAGAWA M, YOSHIMURA A,
SAITO K, UKAIY, KAWASE M,
NAGAMINE T, YOSHIMURA S, IDETA
O. Linkage map of restriction fragment
length polymorphism loci in rice.
Japanese Journal of Breeding. 1991 Dec
1;41(4):665-70.

[20] Kurata N, Nagamuray,

Yamamoto K, Harushima Y, Sue N,
Wu J, Antonio BA, Shomura A,
Shimizu T, Lin SY, Inoue T. A 300
kilobase interval genetic map of rice
including 883 expressed sequences.
Nature genetics. 1994 Dec;8(4):365-72.

[21] Vergara BS, Patena G, Lopez FSS.
Rapid Generation of rice at the
International Rice Research Institute.

1982. IRRI Research Paper Series No. 84.

Los Bafios: International Rice Research
Institute.

[22] Feinberg AP. A technique for
radiolabelling DNA restriction
endonuclease fragments to high specific
activity. Ann Biochem. 1984;137:266-7.

[23] Lander ES, Green P, Abrahamson J,
Barlow A, Daly M]J, Lincoln SE,
Newburg L. MAPMAKER: an
interactive computer package for
constructing primary genetic linkage

12

maps of experimental and natural
populations. Genomics.
1987;1(2):174-81.

[24] Manly KF. A Macintosh program for
storage and analysis of experimental
genetic mapping data. Mammalian
Genome. 1993;4(6):303-13.

[25] Mackill DJ. Rainfed lowland rice
improvement. Int. Rice Res. Inst.; 1996.

[26] Williams JG, Kubelik AR, Livak K],
Rafalski JA, Tingey SV. DNA
polymorphisms amplified by arbitrary
primers are useful as genetic markers.

Nucleic acids research.
1990;18(22):6531-5.

[27] Verma P, Srivastava P, Singh SC,
Mathur A. Genetic fidelity of long-term
micropropagated plantlets of Valeriana
wallichii-an endangered medicinal
plant. Current Science.
2010;99(4):436-8.

[28] Mackill DJ, Zhang Z, Redona ED,
Colowit PM. Level of polymorphism
and genetic mapping of AFLP markers
in rice. Genome. 1996; 39 (5): 969-77.

[29] Yu LX, Nguyen HT. Genetic
variation detected with RAPD markers
among upland and lowland rice
cultivars (Oryza sativa L.). Theoretical
and Applied Genetics. 1994 Jan
1;87(6):668-72.

[30] Redona ED, Mackill D]. Mapping
quantitative trait loci for seedling vigor
in rice using RFLPs. Theoretical and
Applied Genetics. 1996
Mar;92(3):395-402.

[31] Vos P, Hogers R, Bleeker M,

Reijans M, Lee TV, Hornes M, Friters A,
Pot ], Paleman ], Kuiper M, Zabeau M.
AFLP: a new technique for DNA
fingerprinting. Nucleic acids research.
1995;23(21):4407-14.

[32] Nei M, Li WH. Mathematical model
for studying genetic variation in terms



Present Status and Future Prospects of Drought Tolerance in Rice

DOI: http://dx.doi.org/10.5772/intechopen.97461

of restriction endonucleases.
Proceedings of the National Academy of
Sciences. 1979;76(10):5269-73.

[33] SAS Institute Inc. SAS/STAT user's
guide, version 6. 4th ed, vol 2. Cary,
North Carolina: SAS Institute

Inc., 1989.

[34] Tautz D, Renz M. Simple sequences
are ubiquitous repetitive components of
eukaryotic genomes. Nucleic acids
research. 1984;12(10):4127-38.

[35] Godwin ID, Aitken EA, Smith LW.
Application of inter simple sequence
repeat (ISSR) markers to plant genetics.
Electrophoresis. 1997;18(9):1524-8.

[36] Bornet B, Muller C, Paulus F,
Branchard M. Highly informative nature
of inter simple sequence repeat (ISSR)
sequences amplified using tri-and
tetra-nucleotide primers from DNA of
cauliflower (Brassica oleracea var. botrytis
L.). Genome. 2002 Oct 1;45(5):890-6.

[37] Alzohairy AM. Molecular markers
for new promising drought tolerant
lines of rice under drought stress via
RAPD-PCR and ISSR markers. Journal
of American science. 2010;6(12).

[38] Reddy CS, Babu AP, Swamy BM,
Kaladhar K, Sarla N. ISSR markers
based on GA and AG repeats reveal
genetic relationship among rice varieties
tolerant to drought, flood, or salinity.
Journal of Zhejiang University

Science B. 2009 Feb;10(2):133-41.

[39] Raghuvanshi S, Kapoor M, Tyagi S,
Kapoor S, Khurana P, Khurana J,

Tyagi A. Rice genomics moves ahead.
Molecular breeding. 2010
Aug;26(2):257-73.

[40] McNally KL, Childs KL, BohnertR,
Davidson RM, Zhao K, Ulat V], Zeller G,
Clark RM, Hoen DR, Bureau TE,
Stokowski R. Genomewide SNP
variation reveals relationships among
landraces and modern varieties of rice.

13

Proceedings of the National Academy of
Sciences. 2009 Jul 28;106(30):12273-8.

[41] McCouch SR, Zhao K, Wright M,
Tung CW, Ebana K, Thomson M,
Reynolds A, Wang D, DeClerck G,
Ali ML, McClung A. Development of
genome-wide SNP assays for rice.
Breeding Science. 2010;60(5):524-35.

[42] Salvi S, Tuberosa R. To clone or not
to clone plant QTLs: present and future
challenges. Trends in plant science. 2005
Jun 1;10(6):297-304.

[43] Temnykh S, DeClerck G,
Lukashova A, Lipovich L, Cartinhour S,
McCouch S. Computational and
experimental analysis of microsatellites
in rice (Oryza sativa L.): frequency,
length variation, transposon
associations, and genetic marker

potential. Genome research.
2001;11(8):1441-52.

[44] McCouch SR, Teytelman L, Xu Y,
Lobos KB, Clare K, Walton M, Fu B,
Maghirang R, Li Z, Xing Y, Zhang Q.
Development and mapping of 2240 new
SSR markers for rice (Oryza sativa L.).
DNA research. 2002 Jan 1;9(6):199-207.

[45] Tuberosa R, Salvi S. QTLs and genes
for tolerance to abiotic stress in cereals.
InCereal genomics 2004 (pp. 253-315).
Springer, Dordrecht.

[46] Tuberosa R, Salvi S. Genomics-
based approaches to improve drought
tolerance of crops. Trends in plant
science. 2006 Aug 1;11(8):405-12.

[47] Courtois B, Ahmadi N, Khowaja F,
Price AH, Rami JF, Frouin J, Hamelin C,
Ruiz M. Rice root genetic architecture:
meta-analysis from a drought QTL
database. Rice. 2009 Sep;2(2):115-28.

(48] Kim Y, Chung YS, Lee E, Tripathi P,
Heo S, Kim KH. Root response to
drought stress in rice (Oryza sativa L.).

International journal of molecular
sciences. 2020 Jan;21(4):1513.



Cereal Grains - Volume 2

[49] Uga Y, Okuno K, Yano M. Drol, a
major QTL involved in deep rooting of
rice under upland field conditions.

Journal of experimental botany. 2011
May 1;62(8):2485-94.

[50] UgaY, Sugimoto K, Ogawa S,
Rane S, Ishitani M, Hara N,

Kitomi Y,InukaiY, Ono K, Kanno N,
Inoue H, Takehisa H, Motoyama R,
Nagamura Y, Wu ], Matsumoto T,
Takai T, Okuno K, Yano M (2013)
Control of root system architecture by
DEEPERROQOTING 1 increases rice
yield under drought conditions.Nat
Genet 45(9):1097-1102.

[51] UgaY, Kitomi Y, Yamamoto E,
Kanno N, Kawai S, Mizubayashi T,
Fukuoka S (2015) A QTL for root
growth angle on ricechromosome 7 is

involved in the genetic pathway of
DEEPERROOTING 1. Rice 8:8.

[52] Singh BK, Ramkumar MK, Dalal M,
Singh A, Solanke AU, Singh NK,
Sevanthi AM. Allele mining for a
drought responsive gene DRO1
determining root growth angle in
donors of drought tolerance in rice
(Oryza sativa L.). Physiology and
Molecular Biology of Plants. 2021

Feb 26:1-2.

[53] Adkins SW, Kunanuvatchaidach R,
Godwin ID. Somaclonal Variation in
Rice2 Drought Tolerance and Other
Agronomic Characters. Australian
Journal of Botany. 1995;43(2):201-9.

[54] Murashige T, Skoog F. A revised
medium for rapid growth and bio assays
with tobacco tissue cultures. Physiologia

plantarum. 1962;15(3):473-97.

[55] Joshi R, Shukla A, Sairam RK. In
vitro screening of rice genotypes for
drought tolerance using polyethylene

glycol. Acta Physiologiae Plantarum.
2011;33(6):22009.

[56] Wang H, Zhang H, GaoF, Li]J, Li Z.
Comparison of gene expression between

14

upland and lowland rice cultivars under
water stress using cDNA microarray.
Theoretical and Applied Genetics.
2007;115(8):1109.

[57] Ray S, Dansana PK, Giri J,
Deveshwar P, Arora R, Agarwal P,
Khurana JP, Kapoor S, Tyagi AK.
Modulation of transcription factor and
metabolic pathway genes in response to
water-deficit stress in rice. Functional

& integrative genomics.
2011;11(1):157-78.

(58] Todaka D, Shinozaki K,
Yamaguchi-Shinozaki K. Recent
advances in the dissection of drought-
stress regulatory networks and
strategies for development of drought-
tolerant transgenic rice plants. Frontiers
in plant science. 2015;6:84.

[59] Arora R, Agarwal P, Ray S,

Singh AK, Singh VP, Tyagi AK,
Kapoor S. MADS-box gene family in
rice: genome-wide identification,
organization and expression profiling
during reproductive development and
stress. BMC genomics. 2007;8(1):
1-21.

[60] Jain M, Khurana JP. Transcript
profiling reveals diverse roles of auxin-
responsive genes during reproductive
development and abiotic stress in rice.
The FEBS journal. 2009;276(11):
3148-62.

[61] Borah P, Sharma E, Kaur A,
Chandel G, Mohapatra T, Kapoor S,
Khurana JP. Analysis of drought-
responsive signalling network in two
contrasting rice cultivars using

transcriptome-based approach.
Scientific reports. 2017;7(1):1-21.

[62] Anwaar HA, Perveen R,

Mansha MZ, Abid M, Sarwar ZM,
Aatif HM, ud din Umar U, Sajid M,
Aslam HM, Alam MM, Rizwan M.
Assessment of grain yield indices in
response to drought stress in wheat
(Triticum aestivum L.). Saudi journal of



Present Status and Future Prospects of Drought Tolerance in Rice

DOI: http://dx.doi.org/10.5772/intechopen.97461

biological sciences. 2020 Jul
1;27(7):1818-23.

[63] Breese EL, Mather K. The
organisation of polygenic activity
within a chromosome in Drosophila.
Heredity. 1957 Dec;11(3):373-95.

[64] Thoday JM. Location of polygenes.
Nature. 1961;191(4786):368-70.

[65] Lande R, Thompson R. Efficiency of
marker-assisted selection in the

improvement of quantitative traits.
Genetics. 1990;124(3):743-56.

[66] Kiriga AW, Haukeland S,
Kariuki GM, Coyne DL, Beek NV.
Effect of Trichoderma spp. and
Purpureocillium lilacinum on
Meloidogyne javanica in commercial

pineapple production in Kenya.
Biological Control. 2018;119:27-32.

[67] Aguado-Santacruz GA,
Garcia-Moya E, Aguilar-Acufia JL,
Moreno-Gémez B, Solis-Moya E,
Preciado-Ortiz ER, Jiménez-Bremont JF,
Rascén-Cruz Q. In vitro plant
regeneration from quality protein maize
(QPM). In Vitro Cellular &
Developmental Biology-Plant. 2007 Jun
1;43(3):215-24.

[68] Li ZK, Zhang F. Rice breeding in the
post-genomics era: from concept to
practice. Current opinion in plant
biology. 2013 May 1;16(2):261-9.

[69] Tu DX, Huong NT, Giang LT,
Thanh LT, Khanh TD, Trung KH,

Nhan DT, Tuan NT. Screening Drought
Tolerance of Vietnamese Rice Landraces
in the Laboratory and Net House
Conditions. Advanced Studies in
Biology. 2021;13(1):21-8.

[70] Bolafios ], Edmeades GO. Eight
cycles of selection for drought
tolerance in lowland tropical maize. II.
Responses in reproductive behavior.
Field Crops Research. 1993 Jan
15;31(3-4):253-68.

15

[71] Virmani, S. S., B. C. Viraktamath, C.
L. Casal, R. S. Toledo, M. T. Lopez and J.
O. Manalo (1997). Hybrid rice breeding
manual, International Rice Research
Institute, Philippines.

[72] Huang XB, Tian ZH, Deng ZQ,
Zheng JT, Lin CB, Tang JX. Preliminary
identification of a novel Sanming
dominant male sterile gene in rice
(Oryza sativa L.). Acta Agron Sin.
2008;34(10):1865-8.

[73] Yang ZM, Xie XF, Huang XB,
Wang FQ, Tong ZJ, Duan YL, Lan T,
Wu WR. Mapping of Sanming
dominant genic male sterility gene in

rice. Yi Chuan= Hereditas.
2012;34(5):615-20.

[74] Pang Y, Chen K, Wang X, Xu ],
AliJ, Li Z. Recurrent selection
breeding by dominant male sterility
for multiple abiotic stresses tolerant

rice cultivars. Euphytica.
2017;213(12):268.

[75] Lilley ], Ludlow M, McCouch §,
O'Toole J. Locating QTL for osmotic
adjustment and dehydration tolerance in

rice. Journal of Experimental
Botany.1996;47:1427-1436.

[76] Ray, ].D.; Yu, L.; McCouch, S.R.;
Champoux, M.C.; Wang, G.; Nguyen,
H.T. Mapping quantitative trait loci
associated with root penetration ability
in rice (Oryza sativa L.). Theor. Appl.
Genet. 1996;92, 627-636.

[77] Yadav R, Courtois B, Huang N,
McLaren G. Mapping genes controlling
root morphology and root distribution
in a doubled-haploid population of rice.
Theoretical and Applied
Genetics.1997;94:619-632.

(78] Price AH, Townend J, Jones MP,
Audebert A, Courtois B. Mapping QTLs
associated with drought avoidance in
upland rice grown in the Philippines
and West Africa. Plant Molecular
Biology.2002;48:683-695.



Cereal Grains - Volume 2

[79] Ali M, Pathan M, Zhang ], Bai G,
Sarkarung S, Nguyen H. Mapping QTLs
for root traits in a recombinant inbred
population from two indica ecotypes in
rice. Theoretical and Applied
Genetics.2000;101:756-766.

[80] Tripathy JN, Zhang ], Robin S,
Nguyen T'T, Nguyen HT. QTLs for
cell-membrane stability mapped in rice
(Oryza sativa L.) under drought stress.
Theor. Appl. Genet. 2000; 100,
1197-1202.

[81] Hemamalini GS, Shashidhar HE,
Hittalmani S. Molecular marker assisted
tagging of morphological and
physiological traits under two
contrasting moisture regimes at peak

vegetative stage in rice (Oryza sativa L.).
Euphytica 2000;112, 69-78.

[82] Zhang ], Zheng H, Aarti A,
Pantuwan G, Nguyen T, Tripathy ], ...
Nguyen BD. Locating genomic regions
associated with components of drought
resistance in rice: comparative mapping
within and across species. Theoretical
and Applied Genetics 2001; 103:19-29.

[83] Zheng BS, Yang L, Zhang WP,

Mao CZ, Wu YR, Yi KK, Wu P. Mapping
QTLs and candidate genes for rice root
traits under different water-supply
conditions and comparative analysis
across three populations. Theor. Appl.
Genet. 2003; 107, 1505-1515.

[84] Lanceras JC, Pantuwan G,

Jongdee B, Toojinda T. Quantitative trait
loci associated with drought tolerance at
reproductive stage in rice. Plant
Physiology. 2004; 135:384-399.

[85] Zou G, Mei H, Liu H, Liu G, Hu S,
YuX, ... Luo L. Grain yield responses to
moisture regimes in a rice population:
association among traits and genetic
markers. Theoretical and Applied
Genetics.2005; 112:106-113.

[86] Kumar R, Venuprasad R, Atlin G.
Genetic analysis of rainfed lowland rice

16

drought tolerance under
naturallyoccurring stress in eastern
India: heritability and QTL effects. Field
Crops Research 2007;103:42-52.

[87] Bernier J, Kumar A, Ramaiah 'V,
Spaner D, Atlin G. A large-effect QTL
for grain yield under reproductive-stage
drought stress in upland rice. Crop
Science. 2007;47(2):507-16.

[88] Zhao XQ, Xu JL, Zhao M, Lafitte R,
Zhu LH, FuBY, ... Li ZK. QTLs affecting
morph-physiological traits related to
drought tolerance detected in
overlapping introgression lines of rice

(Oryza sativa L.). Plant Science.
2008;174:618-625.

[89] Khowaja, F.S.; Price, A.H. QTL
mapping rolling, stomata conductance
and dimension traits of excised leaves in
the BalaxAzucena recombinant inbred

population of rice. Field crop res.
2008;106, 248-257.

[90] Zheng BS, Yang L, Mao CZ,

Huang YJ, Wu P. Mapping QTLs for
morphological traits under two water
supply conditions at the young seedling
stage in rice. Plant Science. 2008;
175:767-776.

[91] Venuprasad R, Dalid C, Del Valle M,
Zhao D, Espiritu M, Cruz MS, ...

Atlin G. 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.
2009;120:177-190.

[92] BP MS, Ahmed HU, Henry A,
Mauleon R, Dixit S, Vikram P, ...
Mandal NP. Genetic, physiological, and
gene expression analyses reveal that
multiple QTL enhance yield of rice
mega-variety IR64 under drought. PloS
One. 2013;8:€62795.

[93] Yadav, R.B.; Dixit, S.; Raman, A.;
Mishra, K.K.; Vikram, P.; Swamy, B.M.;



Present Status and Future Prospects of Drought Tolerance in Rice

DOI: http://dx.doi.org/10.5772/intechopen.97461

Kumar, A. A QTL for high grain yield
under lowland drought in the
background of popular rice variety
Sabitri from Nepal. Field Crop Res.2013;
144, 281-287.

[94] Verma SK, Saxena RR, Saxena RR,
Xalxo MS, Verulkar SB. QTL for grain
yield under water stress and non-stress
conditions over years in rice (Oryza
sativa L.). Australian Journal of Crop
Science. 2014;8:916.

[95] Xing W, Zhao H, Zou D. Detection
of main-effect and epistatic QTL for
yield-related traits in rice under drought
stress and normal conditions. Canadian
Journal of Plant Science.2014;
94:633-641.

[96] Dixit S Singh A, Kumar A. Rice
breeding for high grain yield under
drought: a strategic solution to a

complex problem. International Journal
of Agronomy 2014;1-16.

[97] Trijatmiko KR, Prasetiyono J,
Thomson M]J, Cruz CMV,
Moeljopawiro S, Pereira A. Meta-
analysis of quantitative trait loci for
grain yield and component traits under
reproductive-stage drought stress in an
upland rice population. Molecular
Breeding. 2014;34:283-295.

[98] Wang, Y.; Zhang, Q.; Zheng, T.; Cui,
Y.; Zhang, W.; Xu, J.; Li, Z. Drought-
tolerance QTLs commonly detected in
two sets of reciprocal introgression lines
in rice. Crop Pasture Sci. 2014; 65,
171-184.

[99] Saikumar, S.; Gouda, PK.;
Saiharini, A.; Varma, C.M.K.; Vineesha,
O.; Padmavathi, G.; Shenoy, VV. Major
QTL for enhancing rice grain yield
under lowland reproductive drought
stress identified using an O. sativa/O.

glaberrima introgression line. Field Crop
Res. 2014;163, 119-131.

[100] Sellamuthu R, Ranganathan C,
Serraj R. Mapping QTLs for

17

reproductive-stage drought resistance
traits using an advanced backcross
population in upland rice. Crop Science.
2015;55:1524-1536.

[101] Shamsudin NA, Swamy BPM,
Ratnam W, Cruz MTS, Sandhu N,
Raman AK, Kumar A. Pyramiding of
drought yield QTLs into a high quality
Malaysian rice cultivar MRQ74 improves

yield under reproductive stage drought.
Rice 2016;9:21.

[102] Catolos M, Sandhu N, Dixit S,
Shamsudin NAA, Naredo MEB,
McNally KL, ... Kumar A. Genetic loci
governing grain yield and root
development under variable rice
cultivation conditions. Frontiers in Plant
Sciences.2017.

[103] BALIJA'V, BANGALE U,
PONNUVEL S, BARBADIKAR KM,
MADAMSHETTY SP, DURBHA SR,
YADLA H, MAGANTI SM.
Improvement of Upland Rice Variety
by Pyramiding Drought Tolerance QTL
with Two Major Blast Resistance

Genes for Sustainable Rice Production.

JKFERIF. 2021:3.



