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Abstract: In the ever-changing climatic conditions, it has become important to enhance rice produc-
tivity to ensure global food security. Drought is one of the major limiting factors in rice pro- duction.
Drought during the reproductive stage results in maximum or complete yield loss. Efforts have been
taken to develop drought-tolerant rice lines by introgressing three major drought-effect QTLs, viz.
gDTY1.1,gDTY2.1, and qDTY3.1, from Apo into a susceptible popular rice variety, Improved White
Ponni (IWP). Backcross inbred lines of IWP x Apo were developed through the marker-assisted
backcross breeding approach. Foreground analysis using linked markers resulted in the identification
of 17 progenies carrying two or more QTLs, and the recurrent parent genome recoveries of these lines
were >95.6% using 72 genome-wide SSR markers distributed throughout all chromosomes. Upon
phenotypic evaluation of 17 IWP BILs, the water limited condition resulted in the identification of
improved lines by recording the yield and the yield-related parameters. The promising performance
of IWP BILs in terms of spikelet fertility (63.3%) and grain yield per plant (>10 g) under drought
stress indicated the positive effects of introgressed gDTY's, while INP recorded complete yield loss
(94.2%). Out of the cultivars considered, the best-performing lines which truly exhibited drought
tolerance, with more increased yield than the recurrent parent under water-limited conditions, and
the effects of these QTLs and their interactions were examined in this research work.

Keywords: drought tolerance; Improved White Ponni; marker-assisted backcross breeding

1. Introduction

Climatic conditions have drastically changed in recent years. As a result, unpredictable
rainfalls and extreme temperatures occur, putting crops under several stress conditions
and impacting their production. Climate change, especially drought, is emerging as a
major challenge for sustainable rice production and food security [1,2]. In general, 3000 L
of water are required to produce 1 kg of rice grain. Being a highly water-demanding
crop, drought largely affects the physiological functions of the rice plant. Some of the
disadvantageous yield traits found in the rice plant include low tiller number, lower number
of panicles, and high number of sterile spikelets, even at low temperatures, depending
on whether the drought occurs during the vegetative or reproductive stage of the crop.
To be specific, lowland rice is highly sensitive to drought stress during the reproductive
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stage. In case of persistent drought, the crops cannot be recovered, resulting in complete
yield loss. Under severe drought conditions, most of the high-yielding varieties suffer from
complete yield loss. However, in recent studies, it was found that the introgressed lines
of drought QTLs yielded 0.8-1.0 t ha~! [1], and the most logical approach to overcome
the effects of drought is to develop drought-tolerant, high-yielding, and good-quality
rice varieties.

Drought tolerance is a complex trait exhibited by different types of genes across the
genome. The studies conducted at the IRRI (International Rice Research Institute) led to
the identification of drought-tolerant donors like N22, Dagad Deshi, Moroberekan, Aus
276, Vandana, Apo, and IR55419-04. Appropriate modifications in root and leaf traits
were shown to improve some of the morpho-physiological adaptations of rice to drought,
such as delayed leaf rolling and drying and reduced water loss through transpiration [3,4].
Low-stomatal density rice lines use only 60% of the normal water requirement to survive
under drought, and the stomatal size, development, and adjustment of stomatal apertures
also vary based on the environment to optimize CO, uptake for photosynthesis [5,6]. Plants
with increased bulliform cells and size and increased vascular bundle size show greater
drought tolerance and high grain filling [7,8]. Additionally, under prolonged drought,
tightening occurs in tissues that are important for structural integrity, whereas loosening
occurs in tissues that must be kept expanding and metabolically active [9]. Leaf rolling is a
defense mechanism against drought that reduces light-induced damage [10]. Plants with
greater root hydraulic conductivity with increased root length and density at depth play a
major role in maintaining plant water status under drought [11].

In rice, the major QTLs that govern the drought tolerance are as follows: gDTY1.1 [12],
gDTY2.1, and gDTY3.1 [13]. These QTLs have been proven to increase the grain yield
under drought conditions. Such QTL regions harbor genes that control the traits that are
affected during drought conditions. gDTY1.1 was found to be associated with plant height,
harvest index, and biomass across the N22/Swarna and N22/MTU1010 populations, while
gDTY3.1 promotes early flowering [14], which in turn overcomes the drought stress.

Through MABB (marker-assisted backcross breeding) of the drought QTLs, many
rice varieties have been developed to be drought-tolerant [15-20]. For lowland rice, a
suitable drought-tolerant variety should be high-yielding, medium-to-long duration for
high tillering, and should be a dwarf plant to minimize the lodging [21]. Improved White
Ponni, a lowland high-yielding rice variety, together with BPT 5204, accounts for a cropping
area of about 10 lakh hectares, representing 50% of Tamil Nadu'’s total rice area [22].
Improved White Ponni is cultivated extensively in the Cauvery Delta Zone (Tamil Nadu-1),
particularly in the districts of Pudukottai, Perambalur, Villupuram, Thiruvannamalai, and
Thiruvallur, as well as in the Kallakurichi district (Tamil Nadu-2) [23], due to its high
tillering ability, high yield per plant, and excellent slender grains with excellent cooking
quality, but it is sensitive to drought conditions. In the current study, the drought-tolerant
QTLs (gDTYs) were pyramided, with the help of stepwise marker-assisted pyramiding
into Improved White Ponni with the following objectives: (i) to improve its yield under
drought and (ii) and to understand the effects of different QTLs in enhancing the yield with
Improved White Ponni.

2. Materials and Methods
2.1. Plant Materials

Improved White Ponni is one of the popular rice varieties in Tamil Nadu, which
is partially resistant to rice tungro and blast diseases. However, it is highly sensitive to
water-deficient stress; hence, it is used as a recurrent parent. Apo, a traditional upland rice
variety harboring three major drought-tolerant QTLs [13,24] (Table 1), was used as a donor
parent for the current study.
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Table 1. Details of markers used for foreground selection.

Linked Position

2 (o
QTL Donor Chromosome Marker Interval Marker (Mb) R* (%)
gDTY1.1 APO 1 RM486-RM472 RM472 37.89 58
gDTY2.1 APO 2 RM327-RM262 RM240 315 13-16
gDTY3.1 APO 3 RM520-RM16030 RM520 30.91 31

2.2. Development of IWP BILs Harboring Mega-Effect Drought-Tolerant QTLs from Apo
through MABB

IWP BILs were developed using the marker-assisted backcross breeding scheme
(Figure 1). Fresh leaf samples were collected, and DNA was isolated by following the
modified CTAB method [25]. DNA fragments were quantified using a nanodrop spec-
trophotometer (ND 1000, Wilmington, DE, USA), and polymerase chain reaction (PCR)
products were separated in 3% agarose gel electrophoresis. DNA profiles from such mark-
ers were scored in comparison with their parents. The foreground selection was carried out
using three SSR markers, such as RM472, RM240, and RM520 (Table 2). These markers are
linked with the target QTLs, viz. gDTY1.1,qDTY2.1, and gDTY3.1, respectively. A total of
72 genome-wide SSR markers, spanning all 12 chromosomes, were used for the background
selection (BGS) process.

Table 2. Sequence details of the markers used for the foreground selection process.

Markers Forward Primer Reverse Primer
RM472 CATTGACGTGGCACTTTGTTCC AGAGAGCACGCAATGGAGTATGC
RM240 CCTTAATGGGTAGTGTGCAC TGTAACCATTCCTTCCATCC
RM520 ACGATAACGCCGACATCACTGG GCTAAGCATCCACGGTTTCTCTCC

Seasonl IWP X APO

v
Season I True Fis x ITWP
v
Season II1 BCF{(50 Individuals)x TWP
v
Season IV BC»F (175 Individuals)
Se%V wckcrossed with IWP)
Season V BC»F»(182 Individuals) BC3F (26 Individuals)
X ¢ v ®
Season VI BCHF53(156 Individuals) BC3F»(60 Individuals)
v ®
Season VII ® BC3F3(125 Individuals)
v ®
Season VIII BC»F4(22 families) BC3F4(17 families)

& — Selfing of individual plants

Figure 1. Marker-assisted backcross breeding scheme for the development of drought-tolerant rice
IWP pyramided with drought-tolerant QTLs.
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2.3. Phenotypic Evaluation of INP BILs under Water Deficit Conditions

Lowland and drought trials were conducted at the Paddy Breeding Station, Coim-
batore (10.9953° N, 76.9165° E). The lowland trials were conducted under puddled trans-
planted conditions. The 25-days-old seedlings were transplanted with the spacing of
30 cm X 20 cm, and the blanket recommendation of 150:50:50 kg NPK/ha was applied.
A Dbasal of 16.6 kg/ha K was applied at the time of transplanting; first top dressing
(50 kg/ha N) was applied at 15 days after planting, the second top dressing was applied at
the panicle initiation stage (50 kg/ha N and 16.7 kg/ha K), and the third top dressing was
applied at the heading stage (50 kg/ha N and 16.7 kg/ha K). For the drought trial, the seeds
were directly sown on puddled soil. After the emergence of the seedlings, the plants were
maintained under well-irrigated conditions until the 61st day. Before the onset of booting,
drought stress was imposed on the 62nd day by withdrawing the irrigation completely,
and the condition was maintained until the crop was harvested. A soil sample (500 g) was
taken to estimate the final soil moisture content (SMC) at 15 cm, 30 cm, 45 cm, and 60 cm
depths in six areas of the drought-stressed field (Figure 2) during the grain-filling stages at
115 DAS.

Soil Moisture Content
16.0 -

14.0 -
12.0 -
10.0 -
8.0 -
6.0 -
4.0 -
2.0 -
0.0 +— —

15¢cm 30cm 45 cm 60 cm

Percent (%)

Figure 2. Final soil moisture content during drought stress taken at six different areas in the
rain-out shelter.

Days to flowering (DTF) was recorded when 50% of the plants were in the flowering
stage. After maturity, during the harvest time, the tillers bearing panicles were counted as
the number of productive tillers per plant (PT), and other data were also recorded from
ten plants, such as the number of filled grains per panicle (FG), number of chaffy grains
per panicle (CG), grain yield (GY), and thousand grain weight (TGW), from which their
average values were taken for further analyses. The grain yield value was considered on a
single-plant basis.

Photosynthetic indicators, viz. photosynthetic rate (Pn), transpiration rate (E), and
stomatal conductance (gS), were recorded from the fully-expanded flag leaves of five
tagged plants under a clear sunny day between 10.00 a.m. and 12.00 p.m. using the
portable photosynthetic system (ADC Bioscientific Ltd., Hoddeston, Herts, UK).

The grains of both the BILs and the IWP were evaluated for grain quality traits. Both
the length and breadth of the milled rice grains were measured using vernier caliper, and
the length: breadth (L/B) ratio was calculated. The gel consistency was measured [26]
by heating the solution (95% ethanol containing 0.025% thymol blue and 2 mL of 0.2 N
KOH added to 100 mg of the rice flour in 13 mm X 100 mm culture tubes) for 10 min in
a boiling water bath and then cooled for 20 min in ice. After 30 min, the length of the
cold gel, held in test tubes horizontally, was measured using a graph paper. The time
required for cooking was determined by the gelatinization temperature (low—55 °C to
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69 °C, intermediate—70 °C to 74 °C, and high >74 °C) using the alkali digestibility test. The
whole polished rice grains, immersed in 10 mL of 1.7% KOH in the petriplates, were kept
for 23 h. The alkali-spreading values of the kernels were classified as low, intermediate,
and high [27].

3. Results
3.1. Development of Backcross Inbred Lines (BILs) of IWP Pyramided with Drought-Tolerant QTLs

The parents were crossed, and the true F;s were identified using the linked mark-
ers. Fis shows the amplified alleles of both the parents (heterozygous) at each gDTY
(drought yield quantitative locus) and were backcrossed with the recurrent parent. A total
of 14 BC1F; individuals that harbored the donor alleles (Table 3) for any two target loci
were used to generate the BCyF;. In BCyFj, 34 individuals with a minimum of two gD-
TYs and morphological characteristics like IWP were backcrossed to generate the BC3F.
At the same time, the FGS in BC,F; revealed that 43 lines were homozygous for one or
two gDTYs (Figure 3). However, only four individuals were selected with similarity to
IWP. In BC,F3, 52 individuals were homozygotes at different gDTY loci. However, only
22 BC2F3 individuals with different target gDTYs combinations had similar morphological
characteristics like IWP. These lines were raised as the families of pyramided lines (PLs)
and were genotyped using 72 background SSR markers. The results showed that they
achieved a maximum genome recovery of 92% (Figure 4).

Table 3. Backcross and the selfed progenies of rice, generated and genotyped during different cycles
of backcross breeding.

Total Number Number of Positive Number of Recurrent
. Markers Used
Generation of Plants Plants for Two or for Background Parent Genome
0,
Evaluated More QTLs Selection Recovery (%)
F
BC,F; 50 14 55 64-68
BCyFy 175 34 72 78.3-87.05
BC,F, 182 43 - -
BCyF; 156 52 - -
BCyFy 22 22 69 80.9-92
BC3F; 26 3 72 89.7-90.8
BC;F, 60 21 - -
BC3F; 125 28 72 94.2-95.6
BC;Fy 17 17 - -
o o o o -+ D D «? A
[-” n \ (Y - e e
g & & & ¢ 4 = : : : :
- 2 % 3333332 ¢ ¢ ¢
RM472
RM240
RMS520

Figure 3. Foreground selection in BC,F, progenies using markers linked to target QTLs.
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Figure 4. Graphical representation of IWP BILs showing the extent of IWP genome recovery. The red
color represents homozygous regions for Improved White Ponni (recurrent parent). The blue color
represents homozygous regions for Apo (donor parent). Progenies—1: 10-1-1-5-23; 2: 4-7-4-24-3-4-12;
3: 4-7-4-24-3-4-15; 4: 4-7-4-24-3-4-17; 5: 4-7-4-24-4-16-28; 6: 4-7-4-24-4-16-29; 7: 4-7-4-24-4-16-30.

Similarly, 26 BC3F; individuals (RPG % ~94-95%), which amplified the heterozygous
alleles for the target loci, were selfed. Out of the total 60 BC3F;, 17individuals with one
or two gDTYs, were forwarded to BC3F3. Further, a total of 125 BC3F3 individuals were
raised, and 28 individuals amplified the homozygous alleles for two gDTYs (gDTY2.1
and gDTY3.1). Therefore, the 17 selected BC3F; individuals were raised as the families
of pyramided lines (PLs) and were genotyped with 72 background SSR markers. The
outcomes showed a maximum genome recovery of 95.6%.

3.2. Identification of Elite Inbred Lines of INP BILs Harboring Drought-Tolerant QTLs

To identify the superior progenies with similarity to IWP, we evaluated both BC,F3
and BC3F; generations. Among the 156 BCyF3 and 125 BC3F3 progenies, those pro-
genies with two target QTLs under homozygous condition were identified. Based on
the yield quantity and grain type similarity, 22 families and 17 families were selected,
respectively, for further drought screening. The drought-tolerant and superior BILs
identified in the study were subjected to grain and cooking quality traits, as shown in
Table 4 and Figure 5.

Table 4. Grain and cooking quality traits of IWP BILs.

100 Seed Weight (g) L/B Ratio Gelatinization Gel Consistency
Line Grain Type
Mean Range Mean Range Temperature mm  Category
10-1-1-5-23 1.80 17.0-19.0 2.73 2.62-2.90 Medium slender Intermediate 80 Soft
4-7-4-24-3-41-17 1.89 18.3-20.0 2.64 2.52-2.80 Medium slender Intermediate 72 Soft
4-7-4-24-3-41-15 1.90 18.9-20.0 2.66 2.55-2.80 Medium slender Intermediate 70 Soft
4-7-4-24-4-16-30 1.92 18.8-20.2 2.57 2.52-2.62 Medium slender Intermediate 73 Soft
4-7-4-24-4-16-28 1.94 19.0-21.2 2.57 2.59-2.67 Medium slender Intermediate 69 Soft
4-7-4-24-4-16-29 1.91 18.4-20.7 2.65 2.60-2.71 Medium slender Intermediate 76 Soft
4-7-4-24-3-41-12 1.93 19.0-20.4 2.53 2.50-2.57 Medium slender Intermediate 68 Soft
IWP 1.66 16.3-17.0 2.79 2.68-2.89 Medium slender Intermediate 82 Soft
Mean 1.90 17.0-21.2 2.62 2.52-2.90 73

For grain quality assessment, five samples were analyzed in each line.

3.3. Measuring Responses of BILs for Drought Tolerance

The selected BCF4 and BC3F,; BILs were evaluated for tolerance under drought
conditions (Figure 6). Tables 5 and 6 show the combined and individual yield performances
of the seven most promising drought-tolerant IWP BILs. The recipient parent, i.e., IWP,
either did not flower at all or produced a negligible yield. The differences in the DTF of
IWP BILs and IWP under control and drought stress conditions were considerable. The
IWP BILs were 22.9-26.9 days earlier under drought conditions and 8.6-13 days in the case
of irrigated controls. The mean spikelet fertility of IWP BILs was higher (63.3%) than the
IWP (25.2%) under drought stress (Figure 7). The grain yields (GY) of the selected IWP
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BILs were in the range of 11.4 g to 17.1 g under drought and 30.5-34.6 g per plant in the
case of irrigated controls (Figure 8). The IWP produced negligible or no GY at all under
drought (1.3 g). However, under control, the mean grain yield of the IWP was 24.2 g per
plant (Figure 9).

BORON DODDE DOANNY NENND WY WNNND

NIV AN I O N LN

> = &= ==
- i 10-1-1-5-23 4-7-4-24-3-41-17 4-7-4-24-3-41-15 4-7-4-24-4-16-30
Improved White Ponni =

BONAN DONOD Mg ) ONDY M

Pt a0 L0 i W
e S e

(b)

Figure 5. (a) Comparison of the cooking quality of BILs with INP-IWP, APO, 10-1-1-5-23,4-7-4-24-3-
17, 4-7-4-24-3-15, and 4-7-4-24-4-30. (b) Comparison of the cooking quality of BILs with IWP-IWP,
APO, 4-7-4-24-4-29, 4-7-4-24-4-28, and 4-7-4-24-3-12.

Figure 6. Crop under drought stress condition in a rain-out shelter and soil cracks due to the severity
of drought stress.

Table 5. Agronomic performance of the IWP BILs in comparison with the recurrent parent IWP.

DTF NT GY (g)
. No. of
Season/Year Stress Duration IWP BILs Mean Mean IWP Mean Mean Mean Mean
IWpP BILs IWP IWP BILs IWP IWP BILs
2020 Control Medium 7 117 £12 1063 +0.8 22+ 1.0 244405 242+05 329+£05
2020 Drought Medium 7 107 £ 1.2 819+ 0.6 7106 1724+ 0.7 1.3+02 144 4+ 0.8

stress
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Table 6. Differences in the agronomic parameters for the IWP and IWP BILs under drought stress
and control conditions.

Days to Fifty Percent Number of Productive Grain Yield (¢)
qDTY gDTY qDTY Flowering Tillers 8
Parents/BILs 11 21 3.1
' ’ ' Control Stress Control Stress Control Stress
IWP - - - 1172+12 1072+12 222+1.0 7.2+ 0.6 242 +0.5 1.3+02
APO + + + 98.1 £ 0.6 802+ 15 123 +£0.1 11.3+0.1 200+ 0.6 152+06*
10-1-1-5-23 + — + 1043 +15 811+15 262+15* 192+£02* 328+07* 1394+0.1*
4-7-4-24-3-41-17 — + + 1086 +22 821+15 2584+02* 187+£02* 338+0.6* 165+0.1*%
4-7-4-24-3-41-15 — + + 1071 +12 84.1+12 245+01* 186+0.1* 332+£02* 142+0.1*
4-7-4-24-4-16-30 — + + 105.0+12 843+20 251+02* 174+£01* 346+£01* 171+£02*
4-7-4-24-4-16-28 — + + 1042+11 805+1.2 23.8+01 168+01* 335+01* 154+0.1*
4-7-4-24-4-16-29 — + + 109.14+0.6 821412 2324+12 152+02* 3194+04* 121+£01*%
4-7-4-24-3-41-12 — + + 1078 £1.2 803 +1.2 229403 148+01* 305+04* 114+£01*%
C.D. (5%) 4.488 4.612 2.365 0.426 1.314 0.416

* Significant at a 5% level. '+” and ‘—’ indicated the presence and absence of the gDTYs, respectively.

Spikelet fertility
100.0
80.0
&
< L
= 60.0 =
=
)
=
= 40.0
=9
20.0 -
0.0
A B C
® Spikelet fertility under non stress conditions
Spikelet fertility under drought stress

Figure 7. Mean spikelet fertility of both IWP BILs and IWP. QTL combinations: A: gDTY1.1 +gDTY3.1;
B: gDTY2.1+ gDTY3.1; and C: IWP.



Agriculture 2024, 14, 431 9of 14

200 Grain yield per plant

35.0
30.0
25.0
20.0
15.0
10.0

5.0

0.0

Weight (g)

A B C
® Non stress ® Drought stress during reproductive stage

Figure 8. Mean single plant yield of IWP BILs and IWP. QTL combinations: A: gDTY1.1+ ¢DTY3.1;
B: gDTY2.1+ ¢DTY3.1; and C: TWP.

Reduction in yield traits under drought stress
DTF NT GY

0.0

20.0
=
N

< 400
-
=
W

2 600
D
=W

80.0

100.0

HA EB mC

Figure 9. Reduction (%) in the yield traits of QTL classes of IWP BILs. Days to flowering (DTF),
number of tillers (NT), and GY (single plant yield); QTL combinations: A: gDTY1.1 + gDTY3.1,
B: gDTY2.1+ gDTY3.1; and C: IWP.

Further, the gas exchange parameters were measured during drought stress. As
expected, the drought treatment led to a significant reduction in various parameters, such
as the net photosynthetic rate, stomatal conductance, and transpiration rate (Table 7).
However, the photosynthetic rate was found to be constitutively higher in the IWP BILs
than the IWP (Figure 10). It is important to note that a remarkably-high photosynthetic rate
was achieved in these lines, despite transpiration and low average stomatal conductance
(Figure 10) under drought.
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1 Stomatal conductance Photosynthetic rate

P :;W 20
% £
£ A
o == -
Q03 = I I ©10 I
= = Q I -
= _ =
=} 0 E_ 0
A B IWP A B WP
m Control Stress ® Control = Stress

_ Transpiration rate

w 6

IE -

Q, -

= 2 -

=

g 0

£ A B IWP

m Control ™ Stress

Figure 10. Comparison of the physiological performance of the BILs with the recurrent parent IWP.
QTL combinations: A: gDTY1.1+ qDTY3.1 and B: gDTY2.1 + qgDTY3.1.

Table 7. Physiological performance of the BILs under drought stress.

Parents/BLs Transpiration Rate Stomatal Conductance Photosynthetic Rate
Control Stress Control Stress Control Stress
IWP 3.40 £0.10 2.26 £0.04 0.67 £ 0.01 0.12 £0.01 10.66 & 0.04 7.37 £0.06
APO 3.43 £0.04 3.18 £0.02 0.70 £ 0.03 0.30 £ 0.02 12.58 £ 0.06 11.73 £ 0.04
10-1-1-5-23 3.4540.10 2.99 +0.06 * 0.56 £ 0.02 0.28 +0.01 * 13.50 £0.18 * 12.67 £0.30 *
4-7-4-24-3-41-17 3.67 £0.09 * 2.95£0.03* 0.61 £ 0.04 0.32 £0.02* 14.51 £ 0.11* 13.34 +0.05*
4-7-4-24-3-41-15 424 £0.08* 334 £0.12* 0.65 £ 0.03 0.36 £0.01* 16.39 + 0.07 * 1526 £ 0.11°*
4-7-4-24-4-16-30 4.01+0.02* 3.93 +£0.07 * 0.76 & 0.06 0.30 +0.02 * 1423 £0.16* 1140 £0.17*
4-7-4-24-4-16-28 3.31 £0.04 2.82 £0.06 * 0.75 £ 0.04 0.41£0.01* 13.34 +0.11* 13.01 £ 0.03 *
4-7-4-24-4-16-29 434 £0.05* 425+ 0.09* 0.71 £ 0.02 0.38 £0.02* 14.85 + 0.09 * 13.16 + 0.04 *
4-7-4-24-3-41-12 421+0.04* 3.34+0.03 * 0.72 +0.03 0.39+0.01* 1490 £0.10* 11.28 £0.01 *
C.D. (5%) 0.222 0.234 0.105 0.041 0.351 1.891

* Significant at a 5% level.

4. Discussion

Studies have outlined drought as a serious threat that may inhibit crop productiv-
ity. Plant breeders have made it their primary focus to introgress the drought-tolerant
characteristic in all the cultivated rice varieties. Improved White Ponni, a widely-grown
medium-duration rice (Aug-Jan), occupies the majority of the cropping areas in the Cau-
very delta zone and is highly sensitive to drought conditions. Marker-assisted backcross
breeding (MABC) has been identified as an effective and efficient strategy in crop improve-
ment, as it speeds up and simplifies the selection process, especially in the case of complex
traits [2,28]. Additionally, through MABC, within two to four backcrosses, the recurrent
parent genome can be recovered [29]. The initial cost of using the markers poses a high
limitation in utilizing marker-assisted backcross breeding. Nevertheless, there is great
potential for the selection of genetic markers for MABC because molecular markers are
consistent with any significant environmental influence [30,31]. Introgression of multiple
drought-tolerant QTLs, which show consistent effects across environments, contribute to
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the successful development of drought-tolerant lines. In the current study, upland rice
APO was used as a donor for these QTLs. The gDTYs (drought yield quantitative trait)
used in the current study were found to be stable across populations and environments,
with a significant positive impact on grain yield [13,24].

In upland rice, the linkage between drought tolerance and the undesirable traits has
been well established. gDTY1.1 is linked with sd1 (semi-dwarf)-producing tall pheno-
types [24], whereas, gDTY3.1 is identified with affecting the grain yield negatively, under
non-stress conditions [32]. In a large population, there is an advantage of obtaining the
genotypes without any undesirable linkages [33]. In this study, three backcrosses were
performed to increase the recipient parent genome recovery up to 92-95.6%.

Drought stress was imposed on the backcrossed lines before flowering to ensure that
even the lines with early flowering did not escape drought, and the selected lines were
truly drought-tolerant.

The level of drought in drought stress was considered to be severe, based on the mean
yield reduction value, if it was more than 50% higher than the NS. Soil developed deep
cracks due to insufficient water moisture (Figure 6). The final gravimetric soil moisture
content (SMC) was determined to be 7-16.4% in 15-60 cm depths, which indicates severe
stress [34]. Additionally, if the drought-sensitive parent reduces its yield up to 60%, it can
be considered an effective drought screening method [35]. IWP was extremely sensitive
to severe reproductive-stage drought stress conditions, as it recorded an almost complete
yield loss of 94.2% under drought in this study. However, IWP BILs were found to be less
affected by drought. This might be attributed to the QTL alleles that tend to reduce the
delay in flowering under stress conditions.

The yield increase in the BILs over IWP under drought was in the range of 88.6-92.4%.
This indicates the positive effect of the introgressed gDTYs under drought.

The estimation of physiological parameters showed a reduction in the photosynthetic
rates of all the entries, which could be attributed to low stomatal conductance under water
stress. Better stomatal conductance of IWP BILs than the IWP translates into a higher
photosynthetic rate of the drought-tolerant genotypes. This indicates the efficiency of the
BILs at balancing CO, uptake for photosynthesis while limiting the transpiration to improve
water use efficiency under drought stress. gDTY1.1 is involved in ROS scavenging as a key
mechanism in flag leaves and panicles of drought-introgressed lines [9], while gDTY3.1
contains two important genes for osmotic stress-protein detoxification and other genes
primarily associated with redox reactions, transcription control, protein phosphorylation,
transmembrane transport, and carbohydrate metabolism [36].

The mean comparisons of the gDTY classes show that the introgressed lines with
both the combinations of gDTY achieved a significant yield increase over INP under
drought stress without any yield reduction in NS. This finding infers the positive effects
of gDTY1.1, gDTY2.1, and gDTY3.1 in the IWP background in terms of increased yield
under drought. The results further imply the necessity to identify gDTY combinations with
positive interactions against different genetic backgrounds for their precise use in MAB.

In the current study, under NS conditions, the IWP BILs flowered earlier, com-
pared to IWP, probably due to the association of alleles in gDTY1.1 and ¢DTY3.1 [35].
gDTY3.1 was identified to be co-localized with the hd-6 locus, which increases the days to
heading [37,38]. However, the earliness did not cause a reduction in the grain yield under
normal field conditions.

All six BC3F4 and one BCyF4 IWP BILs performed well in the non-stress trials. The
comparative analysis conducted among the chosen BILs infers that all of them carried
gDTY3.1 with either gDTY1.1 or gDTY2.1. These BILs recorded an increase in the yield up
to 20.7-30.1%, compared to IWP under non-stress environments. All these BILs possessed
grain qualities like IWP (Figure 5). This inference implies that QTL pyramiding using
marker-assisted breeding technology is an effective method to improve the current mega-
varieties and develop new rice cultivars that are tolerant of drought. Those lines with good
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yield potential and appreciable yield under drought can be effectively disseminated by the
rice farmers for cultivation under drought-prone environments.

5. Conclusions

Drought is a major challenge in achieving sustainable rice production in the rain-fed
ecosystems of Asia. Breeding drought-tolerant rice cultivars can increase the production of
rice, especially in rain-fed ecosystems under drought stress. The identification and intro-
gression of the QTL regions, with a large and consistent effect on GY during reproductive-
stage drought stress, present an opportunity to improve high-yielding drought-susceptible
mega-varieties through MABB. The selected IWP BILs developed in this study conferred a
yield advantage of 88.6-92.4% over their recipient parent under drought conditions and
maintained a high yield potential similar to or even higher than the IWP under NS. This
finding infers that the drought tolerance can be successfully combined with high yield
potential in the background of semi-dwarf varieties. The current study confirmed the
positive interactions that occur among qgDTY1.1, gDTY2.1, and gDTY3.1 for grain yield
under drought conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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