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Abstract: Rice is considered a strategic crop for many countries around the world, being the main
cash crop for farmers. Water shortage stress occurrence as a result of climate change is among
the main threats challenging rice breeders in the last few decades. In the current study, 19 Fn-
lines were developed from four populations by crossing a reverse thermo-responsive genic male
sterile (rTGMS) line, M.J.5460S, with the three high-quality Egyptian commercial cultivars Giza177,
Sakha105, Sakha106 and the promising line GZ7768 as male parents. These newly developed lines,
along with their parents, and two water shortage stress-tolerant international genotypes (Azucena
and IRAT170), were cultivated under water-shortage stress conditions and compared with their
performance under well-watered conditions. Results indicated that the yielding ability of the
19 newly developed lines exceeded those for the two Egyptian parents (Giza177 and Sakha105) under
well-watered conditions. The lines M.J5460S/GIZA177-3 and M.J5460S/GIZA177-12 were the best
performing genotypes under water shortage stress conditions. The genetic and heritability in broad
sense estimates indicated that direct selection for grain yield (GY) under water-shortage stress is
highly effective in the current study. Molecular marker analysis revealed that M.J5460S/GIZA177-3
had accumulated the quantitative trait loci (QTL)s, on the chromosomes 2, 3, and 9, which contribute
to GY under water-shortage stress from their high yielding tolerant ancestor, M.J5460S. It could be
concluded that those lines are high yielding under both well-watered and water-stress conditions
harboring several QTLs for yield enhancement under both conditions and that the markers RM555,
RM14551, RM3199, RM257, RM242, and RM410 are among the markers that could be used in
marker-assisted selection (MAS) breeding programs for such stress condition.

Keywords: genetic integration; water stress; Oryza sativa; grain yield; consistent QTL; association
analysis; MAS system

1. Introduction

Production of enough food under limited resources of land and water is considered
to be the main approach to secure food for those countries facing reduced arable land
and water scarcity, especially those undeveloped ones. Securing food with such a method
consider a manner for sustaining agriculture and achieving the worldwide sustainable
development goals of the 2030 Agenda stated by the United Nations in their 2015 summit.
The rice crop is of great importance, being one of the most strategic world commodities and
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being a staple food for half of the world population [1–3], explaining its direct effect on food
security. Water scarcity is considered one of the main threats facing global rice production
since it requires standing water during the cropping season for the best performance.
Accordingly, rice crops are vulnerable to yield reduction if water shortage events occur
during the cropping season [4]. Worldwide, 50% or more of the cultivated rice area is
projected to suffer from water stress, causing significant losses in rice productivity [5].
An overgrowing population coupled with climate change is yet to increase the negative
consequences of water shortages on rice crops. Several countries around the world are
considered the most vulnerable to water scarcity and climate change. However, almost half
the world’s population will be living in areas of high water stress by 2030 [6]. Egypt, among
others, is expected to reach the UN threshold for absolute water scarcity by 2025 [7–9],
which will make the country struggle to withstand the water shortage and maintain
food production.

Continuous attempts are being made to develop drought-tolerant rice genotypes with
less dependency on water availability and with enhanced yielding ability under water-
scarcity conditions [10]. Grain yield (GY) under water-shortage stress conditions has been
proved to be an important criterion of selection for drought tolerance enhancement [11].
Several breeding lines with high yielding under water-shortage stress have been developed
by IRRI by adopting this approach [12,13]. Various quantitative trait loci (QTLs) with major
effects contributing to GY under water-shortage stress have been reported [14–17]. These
QTLs have been proven to enhance tolerance to water shortage and have been successfully
incorporated in different marker-aided breeding programs [18,19]. SSR markers linked
to these QTLs have been further employed in the mapping and introgression of such
QTLs and others. However, yet this approach has not been applied to introgress and
map these QTLs in the Egyptian rice genetic background. Marker-assisted introgression
of QTLs, with major effects for GY under water-deficit stress, are considered a fast-track
approach for breeding high-yielding water shortage tolerant rice genotypes [20]. Because
of these major effects, QTLs should be tested across different genetic backgrounds and
across environments to check the consistency of their effect. Furthermore, these identified
QTLs are mostly in the background of non-elite genotypes and probably in this case their
large effects, will not provide any improvement if introgessed in the newly developed
cultivars as the allele may be ubiquitous in the current improved varieties [21].

The use of multi-parent populations has become an increasingly regular procedure in
plant genetics and breeding [20]. Therefore, the Egyptian rice genotypes Giza177, Sakha105,
Sakha106, and GZ7786, which are elite high-yielding genotypes have been utilized in
the current investigation. These rice genotypes were developed for the preferences of
the Egyptian rice market. However, they are sensitive to water shortage and yet have
specific water requirements leading to high yield losses in case water shortage occurs [3,22].
Improving such genotypes by the introgression of water shortage tolerance will be of great
value to increase production and sustain water resources. Accordingly, in the present
study, we used the above-mentioned genotypes as male parents for developing several
bi-parental populations linked by a water shortage tolerant common parent, M.J.5460S.
M.J5460S is an rTGMS line that was found to be high yielding under water- shortage
(preliminary unpublished data). rTGMS lines are fertile at high temperatures and sterile
at low temperatures [23]. These lines are commonly used for developing two-line hybrid
rice seed production. However, in the current investigation, we used this system to
develop inbred lines following pedigree breeding. Utilization of marker-assisted selection
to identify the genotypes carrying favored GY alleles will increase the accuracy of selecting
best performing genotypes. The objective of the current study is to improve the Egyptian
cultivars by developing new high yielding lines harboring QTLs contributing to GY under
water shortage regime with high yielding ability. To our knowledge, this is the first
investigation to develop stable high yielding lines harboring QTLs linked to GY under
water-shortage stress using an rTGMS line in the genetic background of Egyptian cultivars.
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2. Results
2.1. The Response of the Newly Developed Lines to Water Shortage Stress

In the results of the current research, a wide range of yield and the component
characteristics of the genotypes were recorded. The data was combined for the two seasons
2019 and 2020, and is summarized in Table 1.

The analysis of variance of all traits under study showed highly significant differences
among the 26 genotypes (Tables 1 and 2). It is obvious from the results that the source of
variation demonstrated in these traits is due to the characteristics of the tested genotypes
under each condition. The overall mean values of the genotypes under normal irrigated
condition were 91.86, 103.57, 4.99, 22.7, 1.15, 93.38, and 29.65 for days to heading, plant
height (cm), panicle weight (g), panicle length (cm), yield m−2 (kg/m2), seed set (%),
and 1000-grain weight (g), respectively. Apparently, the water shortage stress caused a
reduction in the estimates of the overall means for all the studied characters except for
the days to heading (91.86 to 101.18 days), explaining the decreased plant growth ability
under water shortage. Genotypes with a shorter duration in the field are preferable as
their water requirements are considered less than those that reside longer duration in
the fields. Among the newly developed lines, M.J5460S/GIZA177-28 (93.93 days) was
the best performing genotype under water stress, while M.J5460S/SAKHA106-6 and
M.J5460S/GIZA177-3 (88.58 and 88.73 days, respectively) were the best under normal
irrigation for days to heading. For panicle weight, several developed lines have higher
panicle weight estimates than their corresponding male parents under both normal and
water withholding conditions. M.J5460S/GIZA177-3 and M.J5460S/GZ.7768-10 records
under drought stress for this trait were comparable to their female parent, M.J5460S and
higher than the two drought checks; Azucena and IRAT170. At the same time, the line
M.J5460S/GIZA177-28 has the highest records for panicle length under both irrigated and
drought conditions (26.57 and 22.13, respectively); these estimates were comparable to the
estimates recorded for the water shortage tolerant checks.

The seed set percentage is considered one of the major elements that determine the GY.
In this regard, the highest seed set was recorded for the genotypes M.J5460S/GIZA177-12,
M.J5460S/SAKHA105-6, and M.J5460S/SAKHA105-15 (95.65, 95.29, and 95.38%, respec-
tively), these estimates are comparable to all the parents and checks estimates under
normal irrigated condition. While under the 15-day water withholding stress, the lines
M.J5460S/GIZA177-3, M.J5460S/GIZA177-12, and M.J5460S/GZ.7768-10 records (69.28,
67.18, and 67.09%, respectively) were the highest seed set rates among the newly devel-
oped lines. Their estimated seed set rate was higher than the male Egyptian (Giza177,
Sakha105, Sakha106, and GZ7768) genotypes. Similarly, among the parentage, Sakha105
was the highest for 1000-grain weight, which was estimated at 29.44 g. Several newly
developed lines recorded higher than this weight for their 1000-grain weight, among these
lines; M.J5460S/SAKHA105-20 recorded the highest estimated 1000-grain weight, 34.22 g.
While under water-stress, M.J5460S 1000-grain weight (24.17 g) was the highest among
the other parents, also Azucena and IRAT170 recorded the highest estimates in this re-
gard (24.50 and 24.27 g, respectively). Line-3 recorded 24.13 g for its 1000-grain weight,
which is not significantly less than the corresponding estimates for M.J5460S and the two
drought checks.
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Table 1. Combined mean performance of genotypes for some yield and its component characters.

Characters Days to Heading Plant Height (cm) Panicle Weight (g) Panicle Length (cm) Yield (kg/m2) Seed Set (%) 1000-Grain
Weight (g)

Drought
Susceptibility

Index
Reduction %

Genotypes (Fn) N S N S N S N S N S N S N S

M.J5460S/GIZA177-3 88.73 95.26 90.36 75.33 5.83 3.39 20.85 18.06 1.38 0.59 94.51 69.28 30.31 24.13 0.572 57.195
M.J5460S/GIZA177-12 92.06 96.26 101.67 80.33 5.43 2.73 21.30 20.42 1.20 0.54 95.65 67.18 29.42 23.40 0.548 54.849
M.J5460S/GIZA177-18 91.22 96.38 99.70 95.33 4.07 2.76 23.55 17.22 1.08 0.46 94.58 63.14 28.59 23.10 0.570 56.957
M.J5460S/GIZA177-22 93.40 100.93 120.16 76.33 5.21 1.19 23.22 16.62 1.05 0.17 92.76 29.60 30.13 22.17 0.842 84.244
M.J5460S/GIZA177-28 92.09 93.93 113.38 96.67 5.22 1.34 26.57 22.13 1.13 0.20 91.76 38.07 27.39 23.13 0.828 82.764

M.J5460S/SAKHA105-6 90.53 97.93 97.13 85.33 5.72 2.38 25.51 21.71 1.19 0.38 95.29 56.77 31.42 23.40 0.679 67.896
M.J5460S/SAKHA105-15 92.22 103.60 99.09 75.33 5.48 2.32 20.84 15.44 1.12 0.43 95.38 55.49 32.45 21.47 0.614 61.358
M.J5460S/SAKHA105-20 95.15 99.93 98.11 79.67 5.64 1.21 19.00 16.18 1.06 0.20 92.68 27.63 34.22 21.03 0.808 80.784
M.J5460S/SAKHA106-1 90.07 95.93 98.42 79.67 5.63 1.22 21.83 18.16 1.22 0.19 93.41 24.15 32.48 22.33 0.842 84.242
M.J5460S/SAKHA106-5 95.46 103.60 112.74 90.11 5.54 1.40 22.90 21.00 1.34 0.24 93.55 32.39 28.22 23.25 0.819 81.882
M.J5460S/SAKHA106-6 88.58 102.60 86.58 75.33 5.79 1.36 23.09 16.59 1.28 0.18 94.41 21.67 30.13 21.42 0.857 85.725
M.J5460S/SAKHA106-12 98.87 105.15 112.50 73.56 5.59 1.72 22.96 17.12 1.28 0.24 91.61 35.01 29.38 21.77 0.816 81.612
M.J5460S/SAKHA106-15 90.41 110.04 114.76 60.44 5.27 2.30 23.93 16.64 1.24 0.38 91.65 54.08 30.51 23.28 0.692 69.208
M.J5460S/SAKHA106-18 91.73 98.93 87.71 80.11 3.53 1.51 20.30 17.22 1.00 0.20 92.12 18.39 28.36 22.33 0.798 79.821
M.J5460S/SAKHA106-25 95.47 111.93 90.64 75.78 4.65 2.92 18.27 15.40 1.07 0.40 94.49 50.68 26.29 21.20 0.625 62.496

M.J5460S/GZ.7768-4 94.57 102.93 85.73 75.44 5.58 2.28 22.31 19.06 1.18 0.36 92.34 56.60 31.56 22.20 0.693 69.318
M.J5460S/GZ.7768-7 97.07 114.93 92.39 75.67 5.64 1.34 24.30 20.06 1.23 0.19 93.73 28.70 26.79 23.00 0.843 84.328
M.J5460S/GZ.7768-10 95.47 100.93 106.20 80.00 5.53 3.08 20.44 16.36 1.28 0.47 92.07 67.09 28.44 23.20 0.634 63.396
M.J5460S/GZ.7768-30 92.80 102.93 90.84 77.33 5.59 2.69 22.22 19.66 1.38 0.38 93.41 56.12 30.07 24.20 0.724 72.368

M.J5460S 84.00 89.93 95.67 82.33 5.75 3.48 21.86 18.31 1.20 0.60 93.14 72.25 29.05 24.17 0.498 49.847
Giza177 85.71 95.93 102.59 65.33 3.45 1.10 23.54 16.07 0.96 0.33 95.11 61.17 28.71 23.10 0.659 65.892

Sakha105 87.51 94.93 99.94 60.44 3.56 1.24 23.97 16.60 0.98 0.20 93.88 33.07 29.44 23.15 0.795 79.477
Sakha106 88.94 94.93 104.41 73.11 3.48 1.68 24.13 17.11 1.10 0.20 93.25 45.31 26.76 23.87 0.816 81.620
GZ7768 87.86 116.93 105.64 70.44 3.64 1.09 21.07 17.47 1.06 0.19 95.77 31.38 26.98 22.17 0.817 81.681
Azucena 101.64 108.93 158.53 122.56 4.05 3.02 26.06 23.27 0.91 0.62 90.90 74.19 31.86 24.50 0.318 31.783
IRAT 170 86.83 94.93 128.00 110.56 4.89 3.13 27.84 22.48 0.92 0.65 90.49 72.76 31.85 24.27 0.294 29.433

Mean 91.86 101.18 103.57 80.48 4.99 2.07 22.76 18.32 1.15 0.35 93.38 47.78 29.65 22.89 0.69 69.24
LSD 1.98 1.44 1.99 1.67 0.65 0.53 1.09 0.83 0.06 0.01 0.82 0.55 0.73 0.44 - -

N: well-watered conditions; S: water stress condition; LSD: least significant difference.
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Table 2. Combined mean square analysis for yield and its component characters.

Characters
Replications (df = 2) Genotypes (df = 25) Coefficient of Variation

N S N S N S

Days to heading 1.637 ns 0.073 ns 51.49 ** 141.35 ** 0.844 0.406
Plant height (cm) 1.187 ns 0.639 ns 718.86 ** 563.00 ** 0.756 0.684
Panicle weight (g) 0.123 ns 0.002 ns 2.22 ** 1.976 ** 1.677 2.704

Panicle length (cm) 0.263 ns 0.184 ns 15.33 ** 15.939 ** 1.033 0.739
Yield M-2 (kg/m2) 0.001 ns 0.001 ns 0.055 ** 0.076 ** 0.067 0.004

Seed set (%) 0.057 ns 0.012 ns 6.66 ** 968.72 ** 0.142 0.125
1000-grain weight (g) 0.101 ns 0.041 ns 12.33 ** 3.044 ** 0.359 0.165

** Statistically significant at 0.01; ns statistically non-significant. df: degree of freedom; N: well-watered condition;
S: water-stress condition.

Table 1 indicates that the selected genotypes have the potential for high yielding
ability better than the Egyptian cultivars Giza177 and Sakha105 (0.96 and 0.98 kg/m2,
respectively) as the lowest GY value under normal irrigated condition was 1.0 kg/m2 for
the line M.J5460S/SAKHA106-18. At the same time, M.J5460S/GIZA177-3 and M.J5460S/
GZ.7768-30 recorded the highest GY values in this regard (1.38 kg/m2). While under
water-shortage stress, several lines recorded higher values than their corresponding male
parents. M.J5460S/GIZA177-3 and M.J5460S/GIZA177-12 (0.59 and 0.54 kg/m2) were
the highest yielding lines (Figure 1a). Yield reduction under water stress is considered
as an indicator to measure the ability of the genotype to withstand such stress. Re-
garding yield reduction in the newly developed lines due to the exposure of drought
stress, Lines M.J5460S/SAKHA106-6, M.J5460S/GZ.7768-7, M.J5460S/GIZA177-22, and
M.J5460S/SAKHA106-1 (85.73, 84.33, 84.24, and 84.24%) recorded the highest estimates
while lines M.J5460S/GIZA177-3 and M.J5460S/GIZA177-12 were the best as they main-
tained 57.20 and 54.85% of their yield under water shortage stress (Figure 1b). DSI is
an important indicator to measure the susceptibility of the genotypes. In this regard,
M.J5460S/GIZA177-3 and L4 (0.57 and 0.55) have the lowest susceptibility index among
the newly developed lines.
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2.2. High Heritability in the Broad Sense under Water-Shortage Stress

The mean performance, genotypic variation, environmental variance, phenotypic vari-
ation, genotypic coefficient of variation, phenotypic coefficient of variation, and heritability
for the studied characters at normal and stress conditions are presented in Table 3. The
genetic variance was estimated for all characters under study and were used to estimate
their heritability in the broad sense. The highest heritability estimate was determined for
the plant height under normal irrigated conditions (99.18%). These findings, along with
those obtained from the partitioning of genetic variance, confirm that the selection might
be practiced successfully in late generations.

Among the evaluated characters, panicle weight had the highest genotypic coefficient
of variation panicle weight had the highest estimated genotypic coefficient of variation
(16.93%) and phenotypic coefficient of variation (9.10%) under normal irrigation, Table 3.
Genetic variability analysis indicated that the values of PCV were slightly higher than
their corresponding GCV estimates for all studied traits indicating that the selection of the
genotypes based on phenotypic data is effective.

Table 3. Estimate of genetic parameters, heritability in the broad sense, for yield and its component characters under well
irrigated and 15 d water stress conditions.

Characters Mean
Range

GCV (%) ECV (%) PCV (%) H2 (%)
Min Max

Well-watered condition
Days to heading 91.861 84.00 101.64 4.48 1.69 4.78 87.510
Plant height (cm) 103.573 85.73 158.53 14.94 1.35 15.00 99.184
Panicle weight (g) 4.991 3.45 5.83 16.93 9.10 19.22 77.564

Panicle length (cm) 22.765 18.27 27.84 9.85 3.10 10.33 90.989
Yield M-2 (kg/m2) 1.149 0.91 1.38 11.73 2.89 12.09 94.269

Seed set (%) 93.383 90.49 95.77 1.58 0.47 1.65 92.015
1000-grain weight (g) 29.648 26.29 34.22 6.81 1.54 6.98 95.147

Water-stress condition
Days to heading 101.178 89.93 116.93 6.77 0.69 6.81 98.980
Plant height (cm) 80.483 60.44 122.56 17.01 1.36 17.07 99.370
Panicle weight (g) 2.072 1.09 3.48 38.62 11.61 40.33 91.709

Panicle length (cm) 18.321 15.40 23.27 12.53 3.08 12.90 94.287
Yield M-2 (kg/m2) 0.347 0.17 0.65 45.81 2.53 45.88 99.695

Seed set (%) 47.776 18.39 74.19 37.61 0.56 37.62 99.978
1000-grain weight (g) 22.891 21.03 24.50 4.37 1.22 4.54 92.729

GCV: genotypic coefficient of variation; ECV: Environmental coefficient of variation; PCV: phenotypic coefficient of variation; H2: heritability
in the broad sense.

2.3. Marker Selection Based on Parents’ Genotyping

The five parental genotypes were screened with 28 SSR markers colocalized with
QTLs linked to GY under water stress conditions. These GY-contributing QTLs are located
on chromosomes 1 (qDTY1.1, qDTY1.2, and qDTY1.3), 2 (qDTY2.1 and qDTY2.2), 3 (qDTY3.1
and qDTY3.2), 9 (qDTY9.1) and 12 (qDTY12.1) (Table 4). The results of this investigation
indicated that among the tested markers, 7 SSR markers were able to discriminate the
water-stress withstanding parent M.J. from the Egyptian sensitive genotypes (Supplemen-
tary Table S1). These markers are RM555 and RM525 on chromosome 2, which colocalized
with qDTY2.2. While on chromosome 3, RM14551 colocalized with qDTY3.1 and RM3199
colocalized with qDTY3.2. At the same time, the markers RM257, RM242, and RM410 colo-
calized with qDTY9.1 on chromosome 9. The rest of the markers were either monomorphic
for the five parents or failed to distinguish the common parent from the other parents.
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Table 4. The polymorphic markers, SMA, and common parent allele effect under well-watered and
water-shortage stress conditions.

Marker Allele QTL
Water Stress Condition Well Irrigation Condition

R2 Allele Effect
(kg/m2) R2 Allele Effect

(kg/m2)

RM555_240 2.2 17.8 * 0.12 1.1 ns 0.03
RM525_144 2.2 6.2 ns 0.08 0.1 ns 0.01

RM14551_620 3.1 25.3 ** 0.17 34.7 ** 0.17
RM3199_186 3.2 15.9 * 0.11 0.0 ns 0.00
RM410_195 9.1 27.8 ** 0.17 22.5 ** 0.13
RM257_166 9.1 31.6 ** 0.16 11.8 ns 0.08
RM242_208 9.1 60.3 ** 0.21 2.60 ns 0.04

** Statistically significant at 0.01; * Statistically significant at 0.05; ns Statistically non-significant. QTL: Quantitative
Trait Loci, R2: coefficient of determination.

2.4. Marker-Trait Association for GY under Water Stress and Normal Conditions

Subsequent genotyping has been conducted using the identified 7 SSR markers for
the 19 newly developed lines (Supplementary Figure S1). The resulted genotypic data
was utilized to conduct marker-GY association analysis using SMA. The coefficient of
determination R2 explaining the marker association with GY and the M.J5460S allele effect
is presented in Table 4. Out of the seven polymorphic markers in the current investigation,
six markers showed significant association with the generated data under water-shortage
stress conditions. On chromosome 2, RM525 marker allele did not exhibit association with
GY, while RM555 colocalized with a GY QTL showed a significant association (R2 = 17.8)
with GY, and the allele effect of this QTL segment showed a 0.12 kg/m2 allelic effect. While
on chromosome 3, two QTLs showed effect on the phenotypic variation of the GY under
water stress. RM14551 and RM3199 segments showed Significant R2 values of 25.3 and 15.9
with an allelic effect of 0.17 and 0.11 kg/m2, respectively. Interestingly, the markers RM257,
RM242, and RM410, which colocalized with the QTL on chromosome 9, exhibited high
allelic association with the GY under water shortage. RM242 allele exhibited the highest
R2 value of 60.3, which increased the GY by about 0.21 kg/m2.

2.5. Consistent Allele Effect across the Different Water Regimes

The development of such lines was based on the utilization of a common parent
with different Egyptian genotypes to enhance their ability under water-stress conditions.
This is mainly to make use of the different genetic backgrounds. In order to estimate
the consistency of the identified alleles under different water conditions, the SMA was
conducted to check the association of those alleles with GY under normal conditions.
The results indicated that the allele for RM410, which is colocalized with chromosome
9 GY QTL, showed significant association. Similarly, the allele 14551 showed a significant
association and explained 34.7 of the phenotypic variation in GY under water-stress with an
allele effect of 0.17 kg/m2. Unlike the other markers, those two markers showed consistent
effects under both water stress and normal regimes.

3. Discussion

Apparently, the main target of plant breeders for developing new lines is to have
high-yielding genotypes that could also provide consistent performance against the crop
cultivation constrains. Water-stress tolerant lines with high yielding ability under irri-
gated and water shortage stress conditions are extremely valuable as these lines could be
disseminated to different areas and save water. Various efforts have been employed to
mitigate water shortage stress in rice by breeding tolerant varieties using conventional
breeding supported by MAS. Multiple QTLs with a major effect on GY under water short-
age stress have been reported [19]. These QTLs have been incorporated into the genetic
background of water-shortage susceptible rice genotypes using the molecular breeding
approach [18,24–26]. In the current investigation, new lines have been developed by cross-
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ing four different Egyptian genotypes with an rTGMS line, and subsequent selections of
the lines under normal condition across generation was conducted since the well-watered
condition is the major target in rice breeding and, as in most cases, high yielding lines
can still give high to moderate yield under drought conditions [17,27] unless the caused
reduction was very high.

3.1. Phenotypic Response and Lines Performance under Well-Watered and Stress Conditions

It is obvious that the water shortage stress has delayed the flowering time for all
the newly developed lines, as it has for their parents and the checks. This symptom was
previously observed by [28–30]. According to some studies, the delayed flowering under
water stress is a good indicator of plant responses to water stress and may explain the
plants’ adaptability to tolerate the stress [31]. Early maturing rice genotypes consume
less water than long-duration ones [9]. In our study water-shortage stress has negatively
affected the performance of the newly developed lines, as well as their corresponding
parents. This negative effect was previously reported by [14,22], as the stress caused severe
reduction in plant height, biomass, spikelet fertility, and GY. Water shortage stress pushes
plants to perform more respiration and reduce photosynthesis, leading to less biomass
accumulation and less GY [32,33].

The yield reduction in the newly developed lines ranged from 54.85 to 85.73%, indi-
cating that these lines were subjected to severe water stress. Multiple earlier investigations
reported yield reductions of more than 50%, confirming successful water stress screen-
ing [3,18]. Poor panicle weight, length, seed set, 1000-grain weight, and seed set are some
of the causes of GY reduction under water-stress [32,34]. The current investigation results
confirm the ability to use GY under water-shortage as an effective direct selection criterion
for enhancing water-shortage stress tolerance in rice. However, the current investigation
includes newly developed inbred lines using a common parent, yet the CV and ranges
of the studied traits clearly indicate the existence of enough variation for yield and its
related traits under both well-watered and water-stressed conditions. This might be due
to the utilization of different backgrounds as parentage with the common parent as well
as including two water stress tolerant rice checks. Evidently, among the newly developed
lines M.J5460S/GIZA177-3, M.J5460S/GIZA177-12, and M.J5460S/GZ7768-10 are good
water-shortage tolerant lines that could be used in breeding for water-shortage tolerance
enhancement. Those three lines have a GY advantage of 2600, 2100, and 2800 kg/ha over
their corresponding Egyptian rice parent.

3.2. GY Heritability under Water Shortage Stress Condition

The estimated H2 value for GY under water stress was higher than the one under
normal conditions and higher than 95%, indicating that direct selection for such traits
under water-shortage stress will be effective for improving crop tolerance to water shortage
stress. Several previous investigations reported moderate to high H2 of GY under similar
conditions [31,35]. Furthermore, PH and DTF under water shortage stress recorded high
H2 estimates in several previous trials [36–38]. Beena et al. [39] figured out that the high H2

in these traits was mainly owing to the existence of additive gene action and was suitable
for direct selection in improving water shortage stress tolerance in rice.

3.3. Genotypic Evaluation of the Parents with the Markers Linked to GY QTLs

To date, several QTLs have been reported to contribute to GY under water-shortage
stress. These QTLs have been mapped on the different chromosomes and have been success-
fully used through MAS programs to improve yield production under such environmental
conditions using SSR markers [18]. Out of these QTLs, nine previously reported QTLs were
investigated in the current study using 28 different SSR markers. The water-shortage stress
tolerant genotype rTGMS was used as a common parent to improve four different Egyptian
genotypes under water-stress conditions. The utilization of multi-parents was mainly
to identify and characterize allelic variants associated with GY that have a continuous
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contribution to yield increase across different genetic backgrounds simultaneously [40].
Apparently, enough variation exists among parents, which allowed us to identify 7 markers
out of 28 that distinguished the common parent water-shortage tolerant allele from the
other susceptible parents’ alleles. Among these markers, three markers (RM242, RM257
and RM410) are closely linked to the same QTL on chromosome 9 and 2 markers (RM555
and RM525) are closely linked to the same QTL on chromosome 2. It was speculated that
these markers can distinguish the high-yielding tolerant lines from those low-yielding
lines. Previously, Venuprasad et al. [15] identified two markers out of 293 markers that can
distinguish the high and low phenotypic performance for yield under water-shortage stress.

3.4. Marker GY Association Analysis and Common Parent Allele Effect

Single marker analysis was performed using the seven polymorphic markers to test
marker-trait association and to identify alleles that could be associated with GY under
water-shortage stress. Single maker analysis has been used for QTL analysis and is per-
formed to assess the association between the SMA marker and the target trait [41–43]. In
the current study, a high association was revealed between the GY under water shortage
and the markers RM242, RM257, and RM410 which are closely linked to the QTL on
chromosome 9. Swamy et al. [24] reported that this genomic region was introgressed into
the genetic background of the IR64 cultivar and showed high phenotypic variance for GY
under water shortage stress. Furthermore, the same genomic region was reported to have
a QTL for spikelet fertility [44], GY, and plant height under well-watered conditions [45].
Furthermore, our results explained that about 25.1% of the phenotypic variance in GY
under water-shortage stress is due to the QTL on chromosome 3, which is closely located
to the RM14551 marker. Similarly, RM555 and RM3199 showed significant association with
GY under water shortage stress, which is linked to other QTLs on chromosomes 2 and 3,
respectively. Those segments were previously reported to harbor validated QTLs for GY
under water-shortage stress [18,29], respectively. RM525, which is closely located to the
same QTL as RM555, did not exhibit significant association with GY. These results indicated
the possibility of using the six primers, which showed significant association with GY un-
der water-stress conditions for genetic discrimination and the MAS program by using these
newly developed lines in the breeding for high yielding lines under such stress conditions.

3.5. Consistent QTL Effect under Both Stress and Well-Watered Conditions

In our study, it was clear that using lines developed from multiple parents with a
common parent resulted in a validated QTL effect across different genetic backgrounds.
The effect of those QTLs was further evaluated under the normal irrigated condition in
order to identify the QTLs that could be used for yield enhancement under both conditions.
Under well-watered conditions, the markers RM14551 and RM410, which are closely linked
to the QTLs on chromosomes 2 and 9, respectively, showed significant association with GY.
Both primers are very promising to be utilized in the MAS breeding programs for yield
enhancement under well-watered or water-stressed conditions.

3.6. The Newly Developed Lines Harboring High Effect QTLs

The newly developed lines M.J5460S/GIZA177-3, M.J5460S/GIZA177-12, and
M.J5460S/GZ7768-10 are among the best performing genotypes as compared to their
corresponding parental genotypes. Those genotypes harboring two or more markers
are closely linked to QTLs that have significant contributions to GY under the water-
stress conditions. M.J5460S/GIZA177-3, harboring the QTLs on chromosomes 2, 3, and 9,
M.J5460S/GIZA177-12, and M.J5460S/GZ7768-10 were developed carrying those QTLs on
chromosomes 2 and 9. It is evident that the existence of multiple QTLs in the M.J5460S/
GIZA177-3 provided the high yielding ability under both stress and well-watered conditions.
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4. Materials and Methods
4.1. Plant Material Development

During two successive summer rice growing seasons of 2019 and 2020, the experi-
mental research trial of the current investigation was carried out at the experimental farm
(31.09◦ N and 30.9◦ E) and the biotechnology laboratory of the Rice Research and Training
Center (RRTC), Sakha, Kafrelsheikh, Egypt. The plant materials consisted of 19 Fn rice
lines generated from 4 crosses (I-IV) by crossing a reverse thermo-responsive genic male
sterile (rTGMS) line, M.J. 5460s with the three high-quality Egyptian cultivars Giza177,
Sakha105, Sakha106, and the promising line GZ7768, as male parents (Table 5). The pedi-
gree selection method was utilized in the F2:Fn segregating generations to reach genotypic
stability where cross I (5 Fn genotypes), cross II (3 Fn genotypes), cross III (7 Fn genotypes),
and cross IV (4 Fn genotypes) (Figure 2). In particular, the water-shortage stress-tolerant
genotypes Azucena and IRAT170 were utilized as checks for the field trials along with the
five parental genotypes.
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4.2. Climate and Soil Properties

The rice crop is cultivated during the summer season in the area under study where the
main high temperature with no rain is the common feature of the climate. The maximum
temperature is 23–42 ◦C, the minimum temperature is 12–19 ◦C, solar radiation is 40–65%,
relative humidity is 40–60%, and wind speed is 1.8–6 ms−1. The experimental sites were
located in the old Nile delta with clayey soil (18.5% sand, 22.5% silt, and 59% clay). This
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type of soil was found to has a field capacity (42%), available water (22%), wilting point
(20%), and lower bulk density (1.2 g cm−3) [10].

Table 5. Rice parental genotypes, parentage and origin.

No Entries Parents Origin Water-Stress Response

1 M.J5460S rT60-6 MS China Tolerant

2 Giza177 [Giza171] Ymji
Ni.1//PiNo.4 Egypt Sensitive

3 Sakha105 GZ5581/GZ4316 Egypt Sensitive
4 Sakha106 Giza177/Hexi30 Egypt Sensitive
5 GZ7768 GZ5320/Taninung70 Egypt Sensitive
6 Azucena Landrace Philippines Tolerant
7 IRAT170 IRAT13/Palawan Ivory Cost Tolerant

4.3. Field Evaluation Procedures

The 19 Fn genotypes, their parents, and two international water stress-tolerant checks
(Azucena and IRAT170) were subjected to both well-watered and water shortage stress. The
plant materials were characterized using a randomized complete block design with three
replications for the two seasons field evaluation. In the well-watered condition, complete
irrigation was induced every four days with a sufficient submerged depth to guarantee that
the irrigation water covered all surface areas in each irrigation event. While water shortage
stress was induced by flush irrigation every 15 days without keeping standing water after
irrigation. The direct dry seeding method was applied for each genotype through plots,
where each plot was five one-meter-long rows, 20 cm × 20 cm spacing for each genotype
at both normal irrigation and 15-day water-withholding stress. Other cultural practices
have been applied in the experimental field as recommended by the national rice research
program. The genotypes’ yield and its component characters, as well as the drought
susceptibility index (DSI), were determined. The DSI was calculated as DSI = (NS − S)/NS
for each genotype, where NS is the yield under irrigated normal conditions and S is the
yield under water shortage stress conditions [46]. Genotype performance for days to
heading (day), plant height (cm), panicle weight (g), panicle length (cm), yield (kg/m2),
seed set (%), and 1000-grain weight (g) were assessed for both conditions.

4.4. Phenotypic Data Statistical Analysis

The mean phenotypic values for irrigated and water shortage stress at 15-days were
utilized for analysis of variance using SAS software, version 9.1 (SAS institute, CARY,
NC, USA). Broad-sense heritability (H2) for each trait (in each season) was estimated as
(H2 = genotypic variance/phenotypic variance).

4.5. Molecular Analysis

Fresh leaves were collected from the 19 newly developed lines and their correspond-
ing parents individually. The genotypes leaves were exposed to genomic DNA extraction
following the procedure of the cetyltrimethylammonium Bromide (CTAB) method [47].
The quantity and quality of the extracted DNA were assayed using the agarose gel
electrophoresis-based method using a known concentration of uncut Lambda DNA. The
samples were diluted using T10E1 buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) to reach a
final DNA concentration of 20 ng/µL for amplification.

PCR master mix was used following the protocol described by the manufacturer
(Simply Biologics, Taoyuan, Taiwan) for the PCR amplification. The PCR was performed in
a thermal cycler (SensoQuest Labcycler, Gottingen, Germany) as per the following cycling
parameters: initial denaturation at 94 ◦C for 3 min, followed by 35 cycles of denaturation
at 94 ◦C for 30 sec annealing at 55 ◦C for 20 s. and extension at 72 ◦C for 30 s and final
extension at 72 ◦C for 7 min. Products of the amplified PCR segments were resolved
on a 3% Agarose gel using a mini-horizontal electrophoresis system (CBS Scientific, CA,
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USA) and stained with ethidium bromide (0.5 µg/mL). To detect polymorphism, the gels
were visualized and photographed using a gel documentation system (BioDocAnalyze,
Biometra). The size of the amplified DNA bands was determined based on the migration
relative to a molecular size marker (Bio-Helix, 100 bp DNA ladder).

A set of 28 SSR markers were used for estimating the genetic diversity among parents
(Table 2). The original source, repeat motifs, primer sequences, annealing temperature and
chromosomal location can be found on the Gramene website (http://www.gramene.org,
accessed on 28 November 2020). Markers that had exhibited differential band intensities
between the M.J5460S and the other male parents were further utilized for genotyping the
19 developed lines.

4.6. Genetic Analysis and Single Marker Analysis (SMA)

Markers that clearly distinguished the female parent from the four male parents were
used for genotyping the 19 developed lines along with their corresponding parents. The
resulting genotypic data was combined with the phenotypic information to test marker–
trait association against the female allele using single marker analysis methods. The SMA
was performed using regression analysis [41,43] SPSS Version 17 (SPSS Inc., Chicago, IL,
USA) following this model: Y = µ + f (marker) + error. Where Y is equal to the trait
value, µ is equal to the population mean, and f (marker) is a function of the molecular
marker [48]. Allele effects were estimated as the difference between the averages of all
genotypes harboring the female tolerant genotype allele for the respective trait and those
carrying the sensitive genotypes alleles (0).

5. Conclusions

Water shortage stress coupled with climate change will affect food security all over
the world. This scenario is considered a threat to rice cultivation, being sensitive to
water shortage, and the occurrence of such stress can cause a significant reduction in
rice production. In the current study, genetic improvement of four Egyptian genotypes
was conducted to increase yield production under such conditions. New stable lines
were developed and screened under water shortage stress. These newly developed lines
showed high yielding ability compared to their corresponding Egyptian ancestor genotype.
High heritability in the broad sense was recorded under water-shortage stress concluding
that direct selection for such a trait in these circumstances will be of great value for the
rice breeders. Furthermore, these lines showed a significant GY advantage over their
corresponding male parents. Some of the newly developed lines were found to harbor at
two or more QTLs linked to GY under water-stress conditions. Out of these QTLs, two
were found to have consistent effects under stress and well-watered conditions. These
results indicate the success of the approach that was utilized in the current study for the
development of new high-yielding lines tolerant to water-stress irrigation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10102219/s1, Figure S1: Banding pattern of the sex markers that showed highly
significant association with grain yield under water shortage stress. Lane 1: 100 bp ladder; lane 2:
M.J56 allele; lanes 3–6 Egyptian parents; Lanes 7: 24 are the newly developed lines alleles. Table S1:
Name and loci of markers colocalized with previously reported qDTY.

Author Contributions: Conceptualization, M.A., M.A.E. and E.A.E.; methodology, M.A. and F.A.H.;
software, M.A. and E.A.E.; validation, M.A., M.A.E. and E.A.E.; formal analysis, M.A. and E.A.E.;
investigation, M.A., M.E.S., N.K.E. and F.A.H.; data curation, M.A., M.E.S., N.K.E. and F.A.H.;
writing—original draft preparation, M.A. and E.A.E.; writing—review and editing, M.A., M.H.A.,
N.K. and K.A.A.; supervision, M.H.A.; project administration, M.A., M.H.A., N.K. and K.A.A.;
funding acquisition, M.A., M.A.E., N.K. and K.A.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

http://www.gramene.org
https://www.mdpi.com/article/10.3390/plants10102219/s1
https://www.mdpi.com/article/10.3390/plants10102219/s1


Plants 2021, 10, 2219 13 of 14

Informed Consent Statement: Not applicable.

Data Availability Statement: All data, tables and figures are original.

Acknowledgments: The authors extend their appreciation to the Researchers Supporting Project
number (RSP-2021/369), King Saud University, Riyadh, Saudi Arabia. The authors are grateful to
and thank all members at RRTC, Field Crops Research Institute, ARC, Egypt for the support provided
during conducting this research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Long, S.P.; Ort, D.R. More than taking the heat: Crops and global change. Curr. Opin. Plant Biol. 2010, 13, 240–247. [CrossRef]
2. Samal, R.; Roy, P.S.; Sahoo, A.; Kar, M.K.; Patra, B.C.; Marndi, B.C.; Gundimeda, J.N.R. Morphological and molecular dissection of

wild rices from eastern India suggests distinct speciation between O. rufipogon and O. nivara populations. Sci. Rep. 2018, 8, 2773.
[CrossRef] [PubMed]

3. El Sayed, M.A.; Kheir, A.M.; Hussein, F.A.; Ali, E.F.; Selim, M.E.; Majrashi, A.; El Shamey, E.A. Developing new lines of Japonica
rice for higher quality and yield under arid conditions. PeerJ 2021, 9, e11592. [CrossRef] [PubMed]

4. Panda, D.; Mishra, S.S.; Behera, P.K. Drought Tolerance in Rice: Focus on Recent Mechanisms and Approaches. Rice Sci. 2021, 28,
119–132. [CrossRef]

5. 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. Sci. Rep. 2019, 9, 3742. [CrossRef]

6. Ahuja, S. Water quality worldwide. In Handbook of Water Purity and Quality; Elsevier: Amsterdam, The Netherlands, 2021; pp.
19–33.

7. World Water Assessment Programme. World Water Assessment Programme: The United Nations World Water Development Report 4:
Managing Water under Uncertainty and Risk; World Water Assessment Programme: Washington, DC, USA, 2012.

8. Abdelaal, H.S.A.; Thilmany, D. Grains production prospects and long run food security in Egypt. Sustainability 2019, 11, 4457.
[CrossRef]

9. Mehana, M.; Abdelrahman, M.; Emadeldin, Y.; Rohila, J.S.; Karthikeyan, R. Impact of Genetic Improvements of Rice on Its Water
Use and Effects of Climate Variability in Egypt. Agriculture 2021, 11, 865. [CrossRef]

10. ElShamey, E.A.; Ali, E.F.; Selim, M.E.; ElSayed, M.A.; Ahmed, M.; Alotaibi, F.A.; Kamara, M.M.; Kheir, A.M. Water deficit induced
physiological and amino acid responses in some rice varieties using NMR-metabolic analysis. Agron. J. 2021. [CrossRef]

11. Zhang, X.; Zhou, S.; Bi, J.; Sun, H.; Wang, C.; Zhang, J. Drought-resistance rice variety with water-saving management reduces
greenhouse gas emissions from paddies while maintaining rice yields. Agric. Ecosyst. Environ. 2021, 320, 107592. [CrossRef]

12. Karunanidhi, D.; Aravinthasamy, P.; Subramani, T.; Kumar, D.; Setia, R. Investigation of health risks related with multipath entry
of groundwater nitrate using Sobol sensitivity indicators in an urban-industrial sector of south India. Environ. Res. 2021, 200,
111726. [CrossRef]

13. Sharma, L.; Dalal, M.; Verma, R.K.; Kumar, S.V.; Yadav, S.K.; Pushkar, S.; Kushwaha, S.R.; Bhowmik, A.; Chinnusamy, V. Auxin
protects spikelet fertility and grain yield under drought and heat stresses in rice. Environ. Exp. Bot. 2018, 150, 9–24. [CrossRef]

14. Kumar, A.; Dixit, S.; Ram, T.; Yadaw, R.; Mishra, K.; Mandal, N. Breeding high-yielding drought-tolerant rice: Genetic variations
and conventional and molecular approaches. J. Exp. Bot. 2014, 65, 6265–6278. [CrossRef]

15. Venuprasad, R.; Dalid, C.; Del Valle, M.; Zhao, D.; Espiritu, M.; Cruz, M.S.; Amante, M.; Kumar, A.; Atlin, G. Identification and
characterization of large-effect quantitative trait loci for grain yield under lowland drought stress in rice using bulk-segregant
analysis. Theor. Appl. Genet. 2009, 120, 177–190. [CrossRef] [PubMed]

16. Vikram, P.; Sta Cruz, T.; Espiritu, M.; Valle, M.; Singh, A.; Kumar, A. Major effect QTLs for grain yield under lowland drought
stress. In Proceedings of the International Rice Genetics Symposium, Manila, Philippines, 16–19 November 2009; pp. 16–19.

17. Dixit, S.; Singh, A.; Kumar, A. Rice breeding for high grain yield under drought: A strategic solution to a complex problem. Int. J.
Agron. 2014, 2014, 863683. [CrossRef]

18. Swamy, B.M.; Shamsudin, N.A.A.; Abd Rahman, S.N.; Mauleon, R.; Ratnam, W.; Cruz, M.T.S.; Kumar, A. Association mapping of
yield and yield-related traits under reproductive stage drought stress in rice (Oryza sativa L.). Rice 2017, 10, 21. [CrossRef]

19. Kumar, S.; Dwivedi, S.; Singh, S.; Jha, S.; Lekshmy, S.; Elanchezhian, R.; Singh, O.; Bhatt, B. Identification of drought tolerant rice
genotypes by analysing drought tolerance indices and morpho-physiological traits. SABRAO J. Breed. Genet. 2014, 46.

20. Garin, V.; Malosetti, M.; van Eeuwijk, F. Multi-parent multi-environment QTL analysis: An illustration with the EU-NAM Flint
population. Theor. Appl. Genet. 2020, 133, 2627–2638. [CrossRef] [PubMed]

21. Collins, N.; Tardieu, F.; Tuberosa, R. QTL approaches for improving crop performance under abiotic stress conditions: Where do
we stand. Plant Physiol. 2008, 147, 469–486. [CrossRef]

22. Gaballah, M.M.; Metwally, A.M.; Skalicky, M.; Hassan, M.M.; Brestic, M.; El Sabagh, A.; Fayed, A.M. Genetic diversity of selected
rice genotypes under water stress conditions. Plants 2021, 10, 27. [CrossRef]

23. Zhang, X.; Chang, G.; Wu, Z.; Wan, J.; Yang, J.; Wang, F.; Wang, F.; Yu, D.; Xu, P. Identification and fine mapping of rtms1-D, a
gene responsible for reverse thermosensitive genic male sterility from Diannong S-1X. Plant Divers. 2021. [CrossRef]

http://doi.org/10.1016/j.pbi.2010.04.008
http://doi.org/10.1038/s41598-018-20693-7
http://www.ncbi.nlm.nih.gov/pubmed/29426872
http://doi.org/10.7717/peerj.11592
http://www.ncbi.nlm.nih.gov/pubmed/34178464
http://doi.org/10.1016/j.rsci.2021.01.002
http://doi.org/10.1038/s41598-019-40161-0
http://doi.org/10.3390/su11164457
http://doi.org/10.3390/agriculture11090865
http://doi.org/10.1002/agj2.20846
http://doi.org/10.1016/j.agee.2021.107592
http://doi.org/10.1016/j.envres.2021.111726
http://doi.org/10.1016/j.envexpbot.2018.02.013
http://doi.org/10.1093/jxb/eru363
http://doi.org/10.1007/s00122-009-1168-1
http://www.ncbi.nlm.nih.gov/pubmed/19841886
http://doi.org/10.1155/2014/863683
http://doi.org/10.1186/s12284-017-0161-6
http://doi.org/10.1007/s00122-020-03621-0
http://www.ncbi.nlm.nih.gov/pubmed/32518992
http://doi.org/10.1104/pp.108.118117
http://doi.org/10.3390/plants10010027
http://doi.org/10.1016/j.pld.2021.05.002


Plants 2021, 10, 2219 14 of 14

24. Swamy BP, M.; Ahmed, H.U.; Henry, A.; Mauleon, R.; Dixit, S.; Vikram, P.; Tilatto, R.; Verulkar, S.B.; Perraju, P.; Mandal, N.P.
Genetic, physiological, and gene expression analyses reveal that multiple QTL enhance yield of rice mega-variety IR64 under
drought. PLoS ONE 2013, 8, e62795. [CrossRef] [PubMed]

25. Shamsudin, N.A.A.; Swamy, B.M.; Ratnam, W.; Cruz, M.T.S.; Raman, A.; Kumar, A. Marker assisted pyramiding of drought yield
QTLs into a popular Malaysian rice cultivar, MR219. BMC Genet. 2016, 17, 30. [CrossRef] [PubMed]

26. Shamsudin, N.A.A.; Swamy, B.M.; Ratnam, W.; Cruz, M.T.S.; Sandhu, N.; Raman, A.K.; 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.
[CrossRef] [PubMed]

27. Oladosu, Y.; Rafii, M.Y.; Samuel, C.; Fatai, A.; Magaji, U.; Kareem, I.; Kamarudin, Z.S.; Muhammad, I.I.; Kolapo, K. Drought
resistance in rice from conventional to molecular breeding: A review. Int. J. Mol. Sci. 2019, 20, 3519. [CrossRef] [PubMed]

28. Ren, M.; Huang, M.; Qiu, H.; Chun, Y.; Li, L.; Kumar, A.; Fang, J.; Zhao, J.; He, H.; Li, X. Genome-Wide Association Study of the
Genetic Basis of Effective Tiller Number in Rice. Rice 2021, 14, 56. [CrossRef] [PubMed]

29. Vikram, P.; Swamy, B.M.; Dixit, S.; Ahmed, H.U.; Cruz, M.T.S.; Singh, A.K.; Kumar, A. qDTY 1.1, a major QTL for rice grain yield
under reproductive-stage drought stress with a consistent effect in multiple elite genetic backgrounds. BMC Genet. 2011, 12, 89.
[CrossRef]

30. Atlin, G.; Lafitte, H.; Tao, D.; Laza, M.; Amante, M.; Courtois, B. Developing rice cultivars for high-fertility upland systems in the
Asian tropics. Field Crop. Res. 2006, 97, 43–52. [CrossRef]

31. Kumar, A.; Bernier, J.; Verulkar, S.; Lafitte, H.; Atlin, G. Breeding for drought tolerance: Direct selection for yield, response to
selection and use of drought-tolerant donors in upland and lowland-adapted populations. Field Crop. Res. 2008, 107, 221–231.
[CrossRef]

32. Sakran, R.; El Shamey, E.; Anis, G. Diallel Analysis of Different Rice Genotypes under Water Deficiency Conditions and Assessing
Genetic Diversity Using SSR Markers. J. Plant Prod. 2020, 11, 1319–1332. [CrossRef]

33. Ding, Z.; Kheir, A.M.; Ali, O.A.; Hafez, E.M.; ElShamey, E.A.; Zhou, Z.; Wang, B.; Ge, Y.; Fahmy, A.E.; Seleiman, M.F. A
vermicompost and deep tillage system to improve saline-sodic soil quality and wheat productivity. J. Environ. Manag. 2021, 277,
111388. [CrossRef]

34. Gogarten, S.M.; Sofer, T.; Chen, H.; Yu, C.; Brody, J.A.; Thornton, T.A.; Rice, K.M.; Conomos, M.P. Genetic association testing
using the GENESIS R/Bioconductor package. Bioinformatics 2019, 35, 5346–5348. [CrossRef] [PubMed]

35. Kamoshita, A.; Babu, R.C.; Boopathi, N.M.; Fukai, S. Phenotypic and genotypic analysis of drought-resistance traits for develop-
ment of rice cultivars adapted to rainfed environments. Field Crop. Res. 2008, 109, 1–23. [CrossRef]

36. Khahani, B.; Tavakol, E.; Shariati, V.; Rossini, L. Meta-QTL and ortho-MQTL analyses identified genomic regions controlling rice
yield, yield-related traits and root architecture under water deficit conditions. Sci. Rep. 2021, 11, 6942. [CrossRef]

37. Lanceras, J.C.; Pantuwan, G.; Jongdee, B.; Toojinda, T. Quantitative trait loci associated with drought tolerance at reproductive
stage in rice. Plant Physiol. 2004, 135, 384–399. [CrossRef]

38. 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. Sci. 2007, 47, 507–516. [CrossRef]

39. Beena, R.; Kirubakaran, S.; Nithya, N.; Sah, R.; Abida, P.; Sreekumar, J.; Jaslam, M.; Rejeth, R.; Jayalekshmy, V.; Roy, S. Association
Mapping of Drought Avoidance and Agronomic Traits in Rice (Oryza Sativa L.) Landraces with SSR Markers and Genotyping-By-
Sequencing Approach. Res. Sq. 2020. [CrossRef]

40. Snoek, B.L.; Volkers, R.J.; Nijveen, H.; Petersen, C.; Dirksen, P.; Sterken, M.G.; Nakad, R.; Riksen, J.A.; Rosenstiel, P.; Stastna, J.J. A
multi-parent recombinant inbred line population of C. elegans allows identification of novel QTLs for complex life history traits.
BMC Biol. 2019, 17, 24. [CrossRef]

41. Abdel-Rahman, M.; El-Denary, M.; Ammar, M.; Abdelkhalik, A.; Draz, A.; Dora, S. QTL validation for grain yield and nitrogen
use efficiency under different nitrogen levels in rice. Egypt. J. Genet. Cytol. 2015, 44, 235–251. [CrossRef]

42. Achar, D.; Awati, M.G.; Udayakumar, M.; Prasad, T. Identification of putative molecular markers associated with root traits in
Coffea canephora Pierre ex Froehner. Mol. Biol. Int. 2015, 2015, 532386. [CrossRef]

43. Sallam, A.; Amro, A.; Elakhdar, A.; Dawood, M.F.; Moursi, Y.S.; Baenziger, P.S. Marker–trait association for grain weight of spring
barley in well-watered and drought environments. Mol. Biol. Rep. 2019, 46, 2907–2918. [CrossRef]

44. Yue, B.; Xiong, L.; Xue, W.; Xing, Y.; Luo, L.; Xu, C. Genetic analysis for drought resistance of rice at reproductive stage in field
with different types of soil. Theor. Appl. Genet. 2005, 111, 1127–1136. [CrossRef] [PubMed]

45. Akkareddy, S.; Vemireddy, L.; Hariprasad, A.; Jayaprada, M.; Sridhar, S.; Ramanarao, P.; Anuradha, G.; Siddiq, E. Identification
and mapping of landrace derived QTL associated with yield and its components in rice under different nitrogen levels and
environments. Int. J. Plant Breed. Genet. 2010, 4, 210–227.

46. Negarestani, M.; Tohidi-Nejad, E.; Khajoei-Nejad, G.; Nakhoda, B.; Mohammadi-Nejad, G. Comparison of Different Multivariate
Statistical Methods for Screening the Drought Tolerant Genotypes of Pearl Millet (Pennisetum americanum L.) and Sorghum
(Sorghum bicolor L.). Agronomy 2019, 9, 645. [CrossRef]

47. Murray, M.; Thompson, W.F. Rapid isolation of high molecular weight plant DNA. Nucleic Acids Res. 1980, 8, 4321–4326.
[CrossRef] [PubMed]

48. Arabi, M.; Mokrani, L.; Shoaib, A.; Jawhar, M. Identification of AFLP markers associated with spot blotch resistance through
single marker analysis in barley (Hordeum vulgare L.). Cereal Res. Commun. 2021, 49, 285–290. [CrossRef]

http://doi.org/10.1371/journal.pone.0062795
http://www.ncbi.nlm.nih.gov/pubmed/23667521
http://doi.org/10.1186/s12863-016-0334-0
http://www.ncbi.nlm.nih.gov/pubmed/26818269
http://doi.org/10.1186/s12284-016-0093-6
http://www.ncbi.nlm.nih.gov/pubmed/27164982
http://doi.org/10.3390/ijms20143519
http://www.ncbi.nlm.nih.gov/pubmed/31323764
http://doi.org/10.1186/s12284-021-00495-8
http://www.ncbi.nlm.nih.gov/pubmed/34170442
http://doi.org/10.1186/1471-2156-12-89
http://doi.org/10.1016/j.fcr.2005.08.014
http://doi.org/10.1016/j.fcr.2008.02.007
http://doi.org/10.21608/jpp.2020.149803
http://doi.org/10.1016/j.jenvman.2020.111388
http://doi.org/10.1093/bioinformatics/btz567
http://www.ncbi.nlm.nih.gov/pubmed/31329242
http://doi.org/10.1016/j.fcr.2008.06.010
http://doi.org/10.1038/s41598-021-86259-2
http://doi.org/10.1104/pp.103.035527
http://doi.org/10.2135/cropsci2006.07.0495
http://doi.org/10.21203/rs.3.rs-127517/v1
http://doi.org/10.1186/s12915-019-0642-8
http://doi.org/10.21608/ejgc.2015.9714
http://doi.org/10.1155/2015/532386
http://doi.org/10.1007/s11033-019-04750-6
http://doi.org/10.1007/s00122-005-0040-1
http://www.ncbi.nlm.nih.gov/pubmed/16075205
http://doi.org/10.3390/agronomy9100645
http://doi.org/10.1093/nar/8.19.4321
http://www.ncbi.nlm.nih.gov/pubmed/7433111
http://doi.org/10.1007/s42976-020-00109-x

	Introduction 
	Results 
	The Response of the Newly Developed Lines to Water Shortage Stress 
	High Heritability in the Broad Sense under Water-Shortage Stress 
	Marker Selection Based on Parents’ Genotyping 
	Marker-Trait Association for GY under Water Stress and Normal Conditions 
	Consistent Allele Effect across the Different Water Regimes 

	Discussion 
	Phenotypic Response and Lines Performance under Well-Watered and Stress Conditions 
	GY Heritability under Water Shortage Stress Condition 
	Genotypic Evaluation of the Parents with the Markers Linked to GY QTLs 
	Marker GY Association Analysis and Common Parent Allele Effect 
	Consistent QTL Effect under Both Stress and Well-Watered Conditions 
	The Newly Developed Lines Harboring High Effect QTLs 

	Materials and Methods 
	Plant Material Development 
	Climate and Soil Properties 
	Field Evaluation Procedures 
	Phenotypic Data Statistical Analysis 
	Molecular Analysis 
	Genetic Analysis and Single Marker Analysis (SMA) 

	Conclusions 
	References

