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Abstract Deeper Rooting 1 (DRO1) gene identified from a
major QTL on chromosome 9 increases the root growth
angle (RGA) and thus facilitates survival under drought
and hence is an excellent candidate for rice improvement.
Twenty-four major Indian upland and lowland genotypes
including the ‘yield under drought’” (DTY) QTL donors
were subjected to allele mining of DRO! (3058 bp) using
four pairs of overlapping primers. A total of 216 and 52
SNPs were identified across all genotypes in the gene and
coding region (756 bp) respectively with transversions 3.6
fold more common than transitions in the gene and
2.5 times in the CDS. In 251 amino acid long protein,
substitutions were found in 19 positions, wherein change in
position 92 was the most frequent. Based on allele mining,
the 24 genotypes can be classified into 16 primary structure
variants ranging from complete functional allele (Satti,
IR36 and DTY 3.1 donor, IR81896-B-B-195) to truncated
non-functional alleles in PMK2, IR64, IR20 and Swarna.
All the DTY donors, other than IR81896-B-B-195, and
most of the upland drought tolerant cultivars (Nagina 22,
Vandana and Dhagaddeshi) had accumulated 6-19 SNPs
and 4-8 amino acid substitutions resulting in substantial
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differences in their protein structure. The expression
analysis revealed that all the genotypes showed upregula-
tion under drought stress though the degree of upregulation
varied among genotypes. The information on structural
variations in DROI gene will be very useful for the
breeders, especially in the light of recent breeding pro-
grammes on improving drought tolerance using several
DTY donors and upland accessions.
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Introduction

Rice (Oryza sativa L.), an important cereal crop is con-
sumed by more than 50% of humankind (Barah 2005). Rice
also remains a means of livelihood to the rural population
(Suhail et al. 2008). Hence, sustaining and improving rice
production provides not only nourishment but also lifts the
rural populations from poverty. Several factors impact
sustainable rice production, of which, drought stress
remains a more detrimental one (Serraj et al. 2009; Zhang
et al. 2018). Drought stress in plants affects multiple vital
physiological and biochemical processes such as structural
and functional integrity of cell organelles and membrane,
water relations, osmotic adjustment (OA), and plants’
mainstay activities, including nutrient uptake, photosyn-
thesis and respiration, ultimately hampering the growth and
productivity of crop plants (Benjamin and Nielsen, 2006;
Blum, 2017). Plants combat drought stress or get accli-
matized to it by means of alterations in structure (anatomy)
and growth rate, enzymatic and non-enzymatic oxidative
stress management systems and water relations (Duan et al.
2007; Prakash et al. 2016). The two major mechanisms
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which plants employ to survive through drought are
dehydration avoidance and dehydration tolerance (Blum
2005). While early maturing varieties escape and thereby
avoid drought, plants with dehydration avoidance mecha-
nisms either minimise the transpirational loss of water or
increase the amount of soil moisture extracted from deeper
layers of soil when they have better root architecture
(Redillas et al. 2012; Uga et al. 2013; Basu et al. 2016).

A number of genes and QTLs have been implicated in
imparting drought tolerance to rice (Serraj et al. 2011;
Swamy and Kumar 2013; Sahebi et al. 2018; Barik et al.
2019). These are the genes related to diverse plant func-
tions including signalling (kinase) (Saijo et al. 2001; Liu
et al. 2003), cell membrane integrity (LEA proteins) (Xu
et al. 1996; Babu et al. 2004), carbohydrate metabolism
(Jang et al. 2003), water uptake and its transport (aqua-
porins) (Martre et al. 2002) and oxidative stress manage-
ment (Prakash et al. 2016). Of the various components of
drought tolerance in rice, root architecture remains one of
the most promising traits for analysing the differences
among the rice genotypes in response to drought, though it
has been less explored compared to the above ground
changes (Gowda et al. 2011). There are four primary root
traits related to drought tolerance, namely root length,
volume, thickness and root growth angle (RGA; Uga et al.
2011). RGA is a key component root trait for drought
tolerance as it determines the root depth. Deeper and pro-
fuse root systems help plants in surviving through the
drought stress by extracting water from deeper soil layers.
In upland rice, this type of root system has improved
the drought tolerance ability of the plants by enhanced
uptake of water (Price et al. 1999). Till now, 675 root
QTLs and more than 85 genes related to 29 different root
parameters have been reported in rice (Courtois et al. 2009;
https://snp-seek.irri.org/) though no high yielding rice
varieties (HY Vs) introgressed with these QTLs/genes have
yet been released for cultivation. Thus, the introduction of
deep rooting characteristic in HY Vs is an efficient way of
improving drought tolerance in rice.

Three major QTLs controlling RGA have been reported
in rice so far (Uga et al. 2011, 2013, 2015). Among these
three, DEEPER ROOTING 1 (DROI) remains the major
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. It has also been shown that
the other two QTLs, DRO2 and DRO3 interact with the
DROI and thus function together. Moreover, a mega pro-
gramme on QTL-Variety has transferred the major yield
under drought QTLs in rice to major cultivated varieties
(Singh et al. 2016; Kumar et al. 2014). In this context, we
wanted to explore the donors of ‘yield under drought’
(DTY) QTLs and the major upland varieties of India which
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could be possible donors of DROI and a set of popular
lowland varieties which could be possible recipients in
drought tolerance breeding programmes of rice. The vari-
ation in the DROIgene in the major Indian rice genotypes
used in drought tolerant breeding programs and their
relationship with root angle is not yet known. This study
thus intends to determine the allelic variation in DROI
across a set of rice genotypes with differential response to
drought as well as those representing upland indica and
‘aus’ genotypes and lowland indica genotypes.

Materials and methods
Plant material

A set of 24 rice genotypes comprising of DTY donors from
IRRI, upland rice genotypes of indica, aus and japonica
types, popular lowland rice cultivars and a few landraces
from India were used in the study. The name of the
genotypes along with their response to drought stress, if
known from the literature, is given in Table 1.

Growth conditions and drought stress treatment

The 24 genotypes were grown in 6" pots in soilrite
(mixture of horticulture grade expanded perlite, Irish
Peat moss and exfoliated vermiculite in equal ratio i.e.,
1/3:1/3:1/3) in three replications each under two condi-
tions, optimal water supply (WC) and water-deficit stress
(WS) and maintained in the climate control glass house,
ICAR-National Institute for Plant Biotechnology, New
Delhi. For each treatment, three pots per replication were
maintained @two plants per pot. So each genotype was
represented by nine pots and 18 plants under well-wa-
tered treatment. A similar but separate set was used for
water stress treatment. The seeds were pre-germinated in
the laboratory in a petri dish and the germinated seeds
were transferred to pots. The plants were irrigated reg-
ularly with half-strength MS medium. Irrigation was
withheld under WS treatment 23 days after sowing
(DAS). After seven days, i.e., on 30 DAS, from each
replication three plants were used for phenotyping for
relative water content (RWC), root length (cm) and root
angle (°) while three plants were snap frozen and stored
for allele mining and expression studies.
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Table 1 Rice accessions used in the study

S. no. Name of the genotype Response to drought stress Ecotype (upland/ lowland)
1 IR 87,728-367-B-B Drought tolerant; DTY-2.2 donor Upland

2 IR 86,931-B-6 Drought tolerant; DTY-3.2 donor Upland

3 IR 8694-B-B-305 Drought tolerant; DTY-1.1 donor Upland

4 IR 87,728-75-B-B Drought tolerant; DTY-2.2donor Upland

5 IR 81,896-B-B-195 Drought tolerant; DTY-3.1 donor Upland

6 IR 87,728-59-B-B Drought tolerant; DTY-9.1 donor Upland

7 Azucena Drought tolerant Upland

8 Vandana Drought tolerant Upland

9 Dhagaddeshi Drought tolerant Upland
10 Rasi Drought tolerant Upland
11 Nagina 22 Drought tolerant Upland
12 PMK 2 Drought tolerant Upland
13 Bala Drought sensitive Upland
14 IR 20 Drought sensitive Lowland
15 CO 39 Drought sensitive Lowland
16 Swarna Drought sensitive Lowland
17 IR 64 Drought sensitive Lowland
18 Taipei 309 Drought sensitive Lowland
19 Satti Drought sensitive Upland
20 IR 36 Drought sensitive Lowland
21 IC 330,600 Unknown; land race from Odisha, India Unknown
22 Abor Red 4 Unknown Unknown
23 IC 526,266 Unknown; land race from Andhra Pradesh, India Unknown
24 Lalat Drought tolerant Upland

Morphological and physiological observations

RWC of the leaf samples was measured according to Barrs
and Weatherley (1962). Roots were pulled from soilrite
carefully and roots from both WC and WS treatment were
scanned under Epson Perfection v700 Photo-Dual lens
system root scanner. The images of the roots of each of the
genotypes and root length (cm) and root angle (°) obtained
via scanner were analysed. All the morphometric were
analyzed in XL-stat.

DNA isolation and Primer designing for DRO1

Fresh young leaves from the 30 days old seedlings kept
under WC were collected and kept at -80 °C till further
use. DNA isolation was carried out by CTAB method
(Doyle and Doyle, 1990) with some minor modifications.
The full length gene sequence of DROI was downloaded
from the ‘Rice Annotation Project Database’ and four pairs
of overlapping primers (PP1 to PP4) covering the entire
gene (3058 bp) (supplementary Figure 1), and with

estimated amplicon length ranging from 904-944 bp, were
designed using PRIMER 3 software (Supplementary
Table 1). To ensure that single specific amplicons are
obtained after amplification, primer sequences were sear-
ched in the rice genome (ensemble gramene) by BLAST
and only those primers with single or minimum number of
hits in the genome were chosen. PCR was carried out in
25 ul volume comprising of template DNA @ 30 ng/pl,
5 pmol of forward and reverse primers (Sigma Inc, India),
10 mMdNTPs (Takara) and 1 U of Tag DNA polymerase
(Takara) and buffer containing MgCl,. The PCR products
were examined in 2% agarose gel.

Sequencing of PCR amplified products

For removal of unused dNTPs and primers, purification
using Exo-SAP (Exonuclease-Shrimp Alkaline Phos-
phatase) was carried out. 2 pl of Exo-SAP and 5 pl of PCR
amplified products were kept for incubation at 37 °C for
15 min which were further incubated at 80 °C for 15 min.
The purified products were subjected to (cycle) sequencing
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PCR using forward and reverse primers in separate reac-
tions. Following this, purification of sequencing reaction
products was carried out by addition of 10 ul EDTA
(0.125 M) and 80 pl of ethanol with the total reaction
volume being 10 pl and centrifugation at 3220 g. After
discarding the supernatant, 70% ethanol washing was car-
ried out twice and followed by centrifugation done at
3220 g for 30 min. 10 pl HiDiformamide was added to the
purified product and incubated at 95 °C for 15 min for
denaturation. For sequencing, denatured product was loa-
ded in the sequencer maintained at ICAR-NIPB (DNA
analyzer 3730x1, ABI, USA).

SNP analysis

The quality of the sequences was checked using the in-built
software of the sequencer. Sequencing was repeated
wherever the sequencing quality was below Phred score 20
and till complete sequence information was obtained for
DROI in all the 24 genotypes. Contigs were made using
CAP Contig Assembly in BioEdit software (Hall 1999).
The consensus sequences were aligned with DROI
sequence of Kinandang Patong (KP), used as the reference.
Multiple sequence alignment of all the 24 genotypes was
carried out using ClustalW (Larkin et al. 2007). CDS as
well as amino acid sequences were aligned separately. Both
SNP report and amino acid substitution report were gen-
erated from ClustalW.

RNA isolation and expression profiling by qRT-
PCR

For RNA isolation, roots from WC treatment were cleaned
in running water while the roots from WS treatment were
cleaned with wet brush and immediately frozen in liquid
N,. RNA isolation was carried out using AmbionPur-
eLink® RNA Mini Kit following the manufacturer’s pro-
tocol. For determination of RNA quantity and quality,
260/280, 260/230 and concentration (ng/pl) values were
taken using Nanodrop8000 spectrophotometer (Thermo
Scientific, USA) and gel electrophoresis with formalde-
hyde agarose gel was carried out. For, cDNA conversion,
first-strand synthesis kit (Thermo Fisher, USA) was used.
gRT-PCR was then performed in three biological and three
technical replications using a Roche LightCycler® 480 II
machine facilitated with a 96 well plate system with the
(VeriQuest SYBR® FAST) Master Mix reagent (Affyme-
trix, USA). The final reaction volume was 10 pl consisting
of 2 pl cDNA having 50 ng cDNA, 0.5 uM of forward and
reverse primer each and 5 pl of VeriQuest SYBR®
FAST gPCR mastermix. For normalization, actin primers
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were used. The Pfaffl formula (Ratio = Z_AACt) was used

to calculate the relative expression of DROI gene under
WC and WS (Pfaffl et al. 2001).

Protein modelling by I-TASSER

The amino acid sequences of the reference Kinandang
Patong (KP) and two rice accessions, Nagina 22 and DTY
9.1 donor (IR 87728-59-B-B) which had different number
of amino acid substitutions compared to the reference were
submitted to I-TASSER (https://zhanglab.ccmb.med.
umich.edu/I-TASSER; Zhang 2008; Roy et al. 2010) for
protein structure models.

Results

Evaluation of rice genotypes for root angle and root
length under WC and WS

The RWC under WC varied from 61.94 to 87.86% while
under WS, it had gone down to 39.36 to 66.93% implying
that the stress condition was imposed appropriately and
there was inherent variation among the genotypes for RWC
(Fig. 1 and Table 2a). Lalat, followed by DTY 1.1 donor,
Nagina 22, Dhagaddeshi, Rasi, Abor Red and Vandana had
higher RWC (> 80%) while Swarna and 1C526266 had the
least RWC (< 62%) even under control conditions (Fig. 1).
Similar trend was observed under WS too in these geno-
types except Lalat. Lalat showed the highest % reduction in
RWC between the treatments, WC and WS (38%). The co-
efficient of variation (CV) for RWC was higher under WS
compared to WC (14.46 against 10.18%; Table 2). Across
all the genotypes, root length increased under WS com-
pared to WC while CV did not (Fig. 2 and Table 2a). The
mean root length across the rice genotypes was 60.07 cm
under WC while it was 71.39 cm under WS (Table 2).
Many genotypes, namely, Swarna, Satti, Azucena, Co39
and DTY 2.2 (75) showed more than 40% increase in root
length under WS (Fig. 2).The range for RGA under WC
was 45.6°-56.6° while under WS, it was 41.3° to 61.98°
degrees. The standard deviations for RGA were nearly
double (3.82 and 6.01) while the means were nearly equal
(50.66 and 51.61) between the treatments, WC and WS
respectively (Table 2a) suggesting that the RGA showed
more variation under WS and it is a drought induced trait
(Fig. 3). Pearson’s linear correlation analysis revealed that
correlation between RL (root length) and RGA was not
significant under any of the two treatments (Table 2b),
while the correlation between WC and WS for RGA was
significant (p < 0.01). Interestingly, RGA under WC
showed significant correlation with RL under WS.
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Fig. 1 Relative water content (%) in the 24 rice genotypes under WC and WS

Table 2 (a) Evaluation of rice genotypes under WC and WS for root traits. (b) Linear correlations among root angle and root length under WC
and WS

Descriptive statistics RWC (%) Root length (cm) Root angle (°)
WwC WS wC WS WwC WS
(a)
Mean 73.55 54.20 60.07 71.39 50.66 51.61
Range 61.94-87.86 39.36-66.93 33.43-98.40 42.38-127.06 45.60-56.63 41.26-61.98
Standard deviation 7.48 7.84 17.54 17.80 3.82 6.01
CV (%) 10.18 14.46 29.20 24.94 7.55 11.65
RL-WC RL-WS RGA-WC
(b)
RL-WS 0.134 ™
RGA-WC — 0.054 ™ 0.48""
RGA-WS 0.09 ™ 0.255 ™ 0.772""

RL root length, RGA root growth angle, WC optimum water supply, WS water-deficit stress, ns non-significant
p <0.01

¥ RL_comtrol

8 B B

Root Length (cm)
8

Fig. 2 Root length (cm) across the study material under WC and WS regimes
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Allele mining for DRO1 gene in rice

Single nucleotide polymorphisms (SNPs) in DRO1
in the experimental material

The complete gene had 216 SNPs (7%) and 239 InDels
whereas CDS of 756 bp of DROI had 52 SNPs (7%) and
no InDels with respect to KP genotype (as reference) from
which the functional DRO! gene was mapped and func-
tionally validated. Out of the 216 SNPs in the complete
gene, there were 180 transversions and 50 transitions, thus
yielding 3.6 times more transversions than transitions.
Interestingly, 14 positions had both transitions and
transversions as well as InDels thus yielding tetra allelic
variations across the accessions. The maximum number of
changes were harboured by IC526266, Azucena,
IC330600, Rasi and PMK?2 having 190, 174, 143, 143 and
138 changes respectively. Along with the higher number of
SNP changes, Azucena also had the longest InDel region of
44 nucleotides (Supplementary Table 2). Among the 52
SNPs of CDS, 15 were transitions while 37 were
transversions with nearly 2.5 fold higher transversions
(Supplementary Table 2). In CDS also, a triallelic SNP was
found at position 375 (A to G and A to T changes) and
hence 51 positions harboured 52 SNPs. The SNP positions
which had mutations in high frequency were 400, 401 and
402 (in 10 genotypes) followed by SNP 274 (9 genotypes)
and SNPs 91 and 93 (8 genotypes) (Supplementary Fig-
ure 2).The genotype-wise comparison of SNPs in the
DROI gene revealed that DTY 3.1 had the least number of
variation (1 SNP) followed by DTY 2.2 donor while DTY
9.1 had the highest number of SNPs (19 SNPs). Other DTY
donors, 3.2 and 1.1 also had high number of SNPs, 16 and
15 respectively (Supplementary Table 3). In fact, only
DTY 3.1 and 2.2 donors (IR81896-B-B-195 and IR
87728-75-B-B) had minimal number of SNPs.

Amino acid substitutions in DRO1
in the experimental material

Across the gene, there were 19 amino acid changes in
the 24 genotypes (Supplementary Figure 3) (Fig. 4). The
reference position 92 showed the highest number of
amino acid substitutions (9 genotypes; phenylalanine to
isoleucine) followed by amino acid substitution of
asparagine to histidine in position 31 in 8 genotypes
(Supplementary Table 3 and supplementary Figure 3).
From allele mining for DROI, the entire study material
could be clubbed into 16 different primary structure
variants, covering the variation from complete functional
allele (Satti, IR36 and IR81896-B-B-195) to truncated
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non-functional alleles in PMK?2, IR64, IR20 and Swarna
owing to two transversions at positions 475 (A to T) and
477 (C to A) changing the reading frame from AGC to
TGA i.e., serine to stop codon (Fig. 4 and Supplemen-
tary Table 4). The genotypes that harboured maximum
amino acid substitutions were donors of QTLs, DTY 9.1,
3.2, 1.1, and two drought tolerant accessions Dhagad-
deshi followed by Vandana and a popular variety Co39
(Fig. 4). Genotypes that harboured a few amino acid
changes included IC 526266 (31; glutamic acid to
aspartic acid), Lalat, Azucena, Rasi and Taipei 309 (39;
asparagine to histidine) all with single amino acid sub-
stitution, followed by DTY 2.2 (75) with two amino acid
substitutions.

Expression analysis of DROI in the study material
under WC and WS

A pair of primers specific to DROI gene (F: 5'-3':
TAGTTCCAGAACCAAGGAACAC; and R: 5-3
CTTCCAGTCCAAATGCCTCTTA) and actin (F: 5'-3":
CTGGGTTCGCCGGAGATGAT; R: 5-3: TGA-
GATCACGCCCAGCAAGG) were designed for expres-
sion analysis. Compared to WC conditions, the expression
of DROI was upregulated under WS across all the 24
genotypes tested suggesting that cis-element control in all
the rice accessions, irrespective of their lineage, was sim-
ilar. This also suggested that the structural variation in the
alleles of DRO1 is more important than their transcriptional
control as the RGA of these genotypes varied (Figs. 3 and
5). In genotypes, IR64, IR20, Dhagaddeshi, PMK2 and
Swarna, the upregulation was less than two fold while in
the popular drought tolerant japonica variety, Azucena, and
another japonica genotype Taipei 309, the upregulation
was nearly fivefold and fourfold respectively. Dhagaddeshi
and PMK2, well-known drought tolerant genotypes showed
least upregulation, in fact, on par with well-known drought
sensitive genotypes such as IR64, IR20 and Swarna which
harboured a non-functional allele.

Prediction of protein structure

Significant differences were observed between the pro-
tein model of reference genotype KP and the two
genotypes tested (Fig. 6). The reference genotype
showed a mixed o-p structure having o-helix along with
two twisted B-sheets. In Nagina 22, and DTY 9.1 donor
(IR 87728-59-B-B), the differences were observed in the
a-helical configurations, wherein loop formation was not
similar to the reference.
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Fig. 4 Allelic variation in the DRO! gene in the rice accessions studied

Discussion

Drought causes several changes at the physiological,
metabolic and molecular level and thus hampers the normal
growth and development process of plants (Zu et al. 2017).
As response to drought stress in a species varies across the
genotypes and which is strongly affected by environment
and G x E interaction, the utility of physiological traits as
an indirect selection criteria (surrogate) would be crucial in

supplementing the yield-based selection procedures (Lon-
bani and Arzani, 2011). Drought tolerance is indicated by
high water status (high leaf water potential and relative
water content), better osmotic adjustment, greater mem-
brane stability and high proline content (Larkunthod et al.
2018). Zu et al. 2017 have developed a new method called
‘Drought Tolerance Degree’ or DTD method for efficiently
evaluating the DTD of upland rice cultivars. DTD values
are correlated with several physiological traits such as,
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Fig. 6 Protein models of reference genotype, Nagina 22, DTY 2.2 (75) donorand DTY 9.1 donor (predicted by I-TASSER)

water potential, proline, chlorophyll content and fluores-
cence, malondialdehyde content, survival rate and yield per
plant. The role of grain carbon isotope discrimination has
been established as an indirect selection criterion for
evaluating drought tolerance and osmotic stress tolerance
of crops (Yasir et al. 2019; Faseela et al. 2019). Similarly,
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different morpho-physiological indicators have also been
used for evaluation of degree of tolerance aganist salinity
stress in rice seedlings (Abdelhamid 2020; Rasel et al.
2020).

Root growth angle (RGA) has been explored consider-
ably in rice with three major QTLs and several minor QTLs
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reported, of which one major QTL is dissected to identify
the DROI gene (Uga et al. 2011, 2013, 2015; Kitomi et al.
2015). Other than characterization of a few upland vari-
eties, that too mostly japonica, the rest of the germplasm,
especially the ones relevant to drought tolerance breeding
in the indica rice growing regions, remain unexplored for
RGA (Kato et al. 2006; Kitomi et al. 2015).

Reduction in growth and reproductive parameters is a
common feature under stress (Pandit et al. 2013; Lima et al.
2015; Tiwari et al. 2016). However, root length is an
exception and always increases under drought stress com-
pared to ambient conditions (Liu et al. 2004; Lima et al.
2015; Xu et al. 2015). In the present study also, increase in
root length across all the 24 genotypes was observed in WS
conditions compared to WC (Fig. 2). Though most of the
linear correlations between root length and RGA under the
two water regimes were not significant, the correlation
between RGA in WS and WC was significant (Table 2).
This suggested that the constitutive genetic determinants
for RGA are stronger and remain the same irrespective of
the growth conditions as observed in a study with 12
upland rice genotypes (Kato et al. 2006). Importantly,
based on the experimentation, the study material could be
classified into two groups, namely, wide or deep RGA
genotypes (9 rice accessions; Azucena, DTY 3.1, IR36,
Satti, 1C526266, Lalat, Rasi, Nagina22 and Dhagaddeshi)
and narrow or shallow RGA genotypes (15 accessions).
Further we have tried to correlate the % reduction in RWC
and % increase in RGA and RL under water stress with the
allelic groups by assigning a drought tolerance score based
on the performance of the reference set of 24 genotypes
used in the study (supplementary table 5). For example, for
RWC where low % reduction is the favourable drought
tolerance response, those genotypes with % reduction value
less than the mean (m) and standard deviation (sd) of the 24
genotypes were assigned a score of 1; those between this
value (m-sd) and mean were assigned a score of 0.75; those
between mean and (m + sd) were assigned a score 0.5 and
those greater than the m + sd were assigned a score of
0.25. The same pattern of scoring was followed for RGA
and RL too with the difference being there higher increase
got higher scores (i.e., > m + sd got the score of 1). The
cumulative score over the three traits was finally compared
with the allelic groups. The cumulative score though did
not have one-on-one relationship with the allelic groups,
the functional groups with no amino acid substitutions had
higher scores (2.25-2.75) except in case of Satti. Similarly,
all the stop codon groups had a lower cumulative score
ranging from 0.75 to 1.75. Thus RGA, RL and RWC do not
explain the drought tolerance nature of a genotype in its
entirety. They are only some components of drought tol-
erance; nevertheless important to improve drought
tolerance.

Gene rich regions in the indica subspecies are known to
harbour comparatively higher variation than japonica
(Zhang et al. 2011). The study material had two accessions
from japonica, one from aus and the rest 21 from indica
including some of the landraces from different parts of
India (Table 1; Tiwari et al. 2015). In both the CDS and
complete gene 7% of SNPs with an additional 7% of
InDels in the latter. Considering the number of genotypes
involved in the study, the frequency of SNPs obtained is
quite high (Bao et al. 2006; Dixit et al. 2013). This could be
because rice has been largely adapted to irrigated ecosys-
tem with hardly any need for deep root systems and hence
genes like DROI are not important for survival and could
accumulate more mutations. As against the well accepted
notion that transitions are more frequent than transversions,
especially in exonic regions across species (Tsaftaris and
Polidoros, 2000), we found more transversions (nearly >
two fold) than transitions as reported in a few studies (Dixit
et al. 2013).

Despite the huge number of SNPs in the gene, there
were only a total of 19 amino acid substitutions which is
suggestive of their common lineage or ancestry. For
example, among the DTY donors, only DTY 3.1 had the
complete functional allele; while DTY donors 3.2 and 9.1
had glutamic acid to aspartic acid substitution at position
125, Nagina 22 and DTY 1.1 donor had glutamic acid to
alanine change. Since, Nagina 22 is the donor of DTY 1.1,
this could be expected (Singh et al. 2016). Though the
expression analyses showed that most of the DTY donors
and upland genotypes like Vandana showed enhanced
expression of DROI, the alleles were quite different across
these genotypes harbouring substantial variations in the
primary and secondary structure of proteins (Figs. 5 and 6).

Conclusion

The current report on DROI allele mining can serve as a
guideline for designing markers for selecting for functional
DROI in breeding programmes aimed at enhancing
drought tolerance. Further, the on-going drought tolerance
breeding programmes in rice across globe can benefit from
the information generated here on designing their breeding
schemes.
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