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ﬁﬁé‘fﬁeé’l 2024 Coftton_ dive_arsity has long been studied using _physiologi_cal and bioch_emical traits.
P — This diversity has led to the development of various superior cotton cultivars over the
September 28, 2024 year. At present and in face of climate change, development of high yielding and
drought tolerant cotton varieties are necessary to fulfill the demand of ever-growing
population of the world. In this study, Gossypium hirsutum L. germplasm (200) was
evaluated under two irrigation regimes i.e., well-watered (W1) and limited water
(W?2) conditions. Various morphological and physiological traits were recorded under
both irrigation regimes. A considerable reduction was recorded in W2 conditions in
all the recorded traits except for glycine betaine, soluble sugars, and proline contents,
highlighting the impact of drought on cotton germplasm. Cotton genotypes that
maintained higher yield had positive correlation with biochemical traits. Out of 63
best performing genotype (superior parents based on the recorded data), FH-414, FH-
415, FH-416, FH-326, FH-492, FH-Anmol, Gomal-105, Marvi, NIAB-878 and VH-
327 were selected for hybridization to make crosses following Line x Tester fashion.
F1 hybrids (25 crosses) and 10 parents were again planted under W1 and W2
conditions. Out of 25 crosses, FH-326 x Marvi (CS5) and NIAB-878 x FH-414
(CS16) performed better under water deficit conditions. Quantitative real-time PCR
was also performed using GhHH3 and GhIDD. CS5 and CS16 had higher expression
of drought tolerance causing GhHH3 and GhIDD genes. The newly developed cotton
crosses will pave the way for the development of high yielding drought tolerant
cotton varieties in face of climate change.
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Introduction

Cotton (Gossypium hirsutum L.) is one of the main
sources of natural textile fiber and holds vital
position in agricultural economy (Gao et al., 2020).
Inadequate cotton production in Pakistan can be
attributed to the factors such as climate change,
scarce quality seed and low genetic diversity
(Qureshi et al., 2021). Drought is considered as
serious threat that influences vyield contributing
features including boll number and boll weight
(Sarwar et al., 2012). This scenario is predicted to
worsen in the next 30 years, as over 50% of the
world's regions are projected to experience water
scarcity by 2050 (Gupta et al., 2020). Cotton's
indeterminate growth pattern makes it more
vulnerable to drought stress, which can result in a
large drop in production. Compared to other crops,
cotton, a glycophytic crop, has relatively higher
resistance to stress. However, its production and
growth are negatively impacted by extreme stress
(Ullah et al., 2021). The growth and developmental
processes of the cotton crop are significantly
impacted by abrupt changes in climatic conditions
(Rehman and Farooq, 2019). Any stage of growth
can experience drought stress, and it causes huge
yield losses in cotton (Mehmood et al., 2022).
According to a careful estimate, drought stress can
result in yield losses of up to 67%, which is more
detrimental than other environmental pressures
(Tokel et al., 2022). Therefore, it is very important to
develop drought tolerant varieties for better cotton
production. However, drought response being
controlled by quantitative expression of genes hence
breeding efforts alone have not met the needs till date
(Loka et al., 2020).

Various morphological, physiological and biochemical
features such as fiber related traits, relative water
contents and proline contents have been identified as
significant predictors of drought resistance in cotton
(Sarwar et al., 2012; Zafar et al 2023). The importance
of hybridization in biological invasions is becoming
more widely acknowledged (Hovick and Whitney,
2014). As compared to their parents, hybrids can have
intermediate traits or display transgressive segregation,
in which some hybrid individuals deviate from
parental phenotypic values in a positive or negative
way (Vallejo-Marin and Hiscock, 2016). According to
Birchler et al. (2006), hybrids may possess a higher
mean fitness than their parents (a phenomenon referred
to as heterosis or hybrid vigor).
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In the recent years advanced genomic studies and
genome sequencing have made it possible to analyze
various genes controlling biotic and abiotic stress in
various crops (Ali et al., 2019; Qanmber et al., 2019;
Rauf et al., 2024; Zafer et al., 2023). In Gossypium
hirsutum, 65 Indeterminate Domain (IDD) have been
characterized. GhIDD2, GhIDD7, GhIDD9,
GhIDD11, GhIDD15, GhiDD21, GhIDD39 and
GhIDDA42 take part in seed development and fiber
elongation. GhOIDD4 and GhIDD32 expresses
mostly in stem tissues whereas GhIDD48 expressed
in flowers indicating the importance of GhIDD for
vegetative and seed development (Ali et al., 2019).
Furthermore, GhIDD4, GhIDD7, GhIDD11 and
GhIDD21 are also important for drought tolerance in
cotton (Ali et al., 2019). In Gossypium hirsutum,
thirty-four Histone H3 (HH3) genes have been
characterized and potential role of GhHH3-1,
GhHH3-4 and GhHH3-17 for breeding against
drought been investigated (Qanmber et al., 2019).
Current study was aimed to analyze the drought
resistance in cotton germplasm using physiological,
biochemical and genetic techniques under well-
watered and limited water conditions using split plot.
The major objective of this study is to develop and
identify cotton crosses that perform well under
limited water conditions having higher expression of
GhHH3 and GhIDD genes during limited water
conditions.

Material and Methods

Plant material, experimental design and
agronomic practices

Two hundred cotton genotypes (Population 1) were
collected from Agricultural Research Institutes of
Pakistan (Cotton Research Institute (CRI), Multan;
Stations: Faisalabad; Bahawalpur; Vehari; and Central
Cotton Research Institute (CCRI), Multan and Nuclear
Institute for Agriculture and Biology (NIAB) and
screened based on morphological and physiological
traits. Out of this large pool sixty-three genotypes of
cotton Sub-Population 1 (SP1) were further selected to
screen the most tolerant and susceptible accessions for
the experiment. During cotton cropping season April
2020, SP1 was planted at the field experimental area
of MNS University of Agriculture, Multan (30.08°
latitude, 71.26° longitude and 189 m elevation from
sea level) under two water regimes i.e., W1 (well-
watered) =Total 12 irrigations for normal crop growth
and W2 (Limited water) = Received normal
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irrigations till flowering stage following RCBD split
plot design with 4 repeats. Row-to-row distance of 75
cm and plant to plant distance of 30 cm was
maintained along with standard agronomic practices.
Nitrogen, phosphorus, potassium was applied at the
rate of 100, 50, and 50 kg ha?' respectively. Ten
plants m?2 were established. Appropriate measures
were practiced to control insect pests and weed
control during both the growing seasons. Irrigation
was stopped under the W2 conditions to impose
drought stress.

Measurement of yield contributing attributes,
fiber, and biochemical traits

Data was recorded for agronomic, fiber and
biochemical traits from W1 and W2 regimes.
Morphological traits including plant height (PH),
monopodial branches (MB), sympodial branches
(SB), boll weight (BW), boll number (BN), and seed
cotton yield (SCY) were recorded manually. Fiber
length, fiber strength, fiber fineness and uniformity
were measured using USTER HVI 1000 (Uster
Technologies).

A portable photosynthesis system (CIRAS-3, United
Kingdom) was used to measure photosynthetic
indicators. At the same time, the fully expanded
leaves of the plants were used for measuring
biochemical indicators including glycine betaine
(Grieve and Grattan, 1983) proline (Bates et al.,
1973) and total soluble sugars (Lowry et al., 1951)
total chlorophyll (Chl) chlorophyll a, b, carotenoid
(CAR) contents (Arnon, 1949) and leaf chlorophyli
contents were measured using the SPAD-502
portable chlorophyll meter (Minolta Co. LTD, Osaka,
Japan).
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Calculation of reduction percentage and drought
susceptibility index

Reduction/change in morpho-biochemical and yield
attributes was calculated using the following formula:
Change in the performance of a trait (%) = 1-
Performance under limited water regime x 100
Performance under well water regime

Drought susceptibility index (DSI) was calculated by
the following formula given by Fischer and Maurer
(1978) for each genotype.

DSI= (1-Yd/Yp)/D

Where, Yd = Mean value of respective trait of a
genotype under water-deficit condition.

Yp = Mean value of respective trait of a genotype
under normal irrigation.

D = Mean of all genotypes for a corresponding trait
under water-deficit condition/Mean of all genotypes
for a corresponding trait under normal irrigation.
Variation for pigments and biochemical attributes has
been revealed during both treatments.

Genetic material evaluation

Out of 63 genotypes, 10 suitable genotypes FH-326,
FH-416, FH-492, NIAB-878, VH-327, FH-414, FH-
415, FH-Anmol, Gomal-105, and Marvi were selected
for hybridization. Among these 10 genotypes, five
female parents (FH-326, FH-416, FH-492, NIAB-878,
VH-327) tolerant, moderately tolerant and highly
tolerant and 5 highly sensitive, sensitive and
moderately sensitive to drought as testers/pollinators
(FH-414, FH-415, FH-Anmol, Gomal-105, Marvi)
grown in November 2020 to estimate inbred and
parents through line x tester analysis. The genotypes
were crossed in line x tester fashion when they
reached the flowering stage. List of parents and cross
combinations is given in (Table 1 (parents) and
Supplementary Table 6).
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Table-1: Performance of 10 diverse genotypes under both the regimes well water (W1) and limited water
(W2)

FH- |Gomal- . | NIAB-
Genotypes | FH-326 | FH-414 | FH-415 | FH-416 | FH-492 Anmol 105 Marvi 878 VH-327
Traits

GB (W) | 1.25 1.31 0.59 0.98 1.02 1.22 1.50 0.99 1.40 0.67
(W2) | 22.34 | 10.20 8.41 20.45 | 19.62 | 15.33 8.14 8.40 2291 | 28.77

PRL (W) | 1.63 1.39 0.70 1.22 6.54 1.64 1.84 6.51 1.67 0.71
(W) | 2842 | 1186 | 1188 | 27.70 | 25.65 | 12.98 | 1157 | 1159 | 29.97 | 29.92

Tss (Wy) | 457 2.75 2.74 5.49 5.06 2.96 2.20 2.68 6.32 2.73
(W2) | 10.30 4.00 4,00 9.42 8.55 5.10 3.98 3.99 10.81 | 12.24

TSP (W) | 6.34 6.20 2.62 5.23 5.71 6.40 8.09 5.68 6.88 6.10
(W) | 441 2.41 2.44 5.21 4.65 3.00 2.02 2.42 6.07 5.12

Chla (Wy) | 2.29 1.81 1.31 2.22 2.29 1.68 1.24 1.30 2.22 2.08
Tl (Wy) | 1.86 0.95 0.68 1.68 1.86 1.11 0.66 0.67 1.81 1.86
Chlb (Wy) | 2.23 0.83 0.81 1.81 2.23 1.48 0.97 0.80 181 1.98
T l(Wp) | 129 0.37 0.28 1.25 1.29 0.65 0.26 0.27 1.20 1.29
CAR (Wy) | 1.59 1.01 0.78 1.34 1.55 1.12 0.78 0.74 1.36 1.43
(W2 | 1.15 0.57 0.40 1.00 1.11 0.72 0.38 0.34 1.03 1.13

TCC (Wi) | 4.52 2.67 2.14 4,03 4,52 3.19 2.25 2.13 4.03 4.05
(W2) | 3.14 1.36 0.96 2.92 3.14 1.77 0.96 0.96 3.00 3.14

cc (W1) | 66.02 | 32,16 | 22.05 | 65.99 | 86.48 | 43.05 | 22.94 | 21.74 | 49.82 | 65.20
(W) | 7753 | 20.28 | 15.67 | 57.87 | 75.75 | 3353 | 11.63 | 10.83 | 62.90 | 66.67

FE (Wy) | 4.19 4.41 4.67 3.95 4.34 474 4.13 3.14 4.45 3.86
(W2) | 4.55 4.96 4.33 4,14 4.55 4,74 4.75 4.16 4,76 4.04

FL (W1 | 29.25 | 2854 | 28.03 | 28.31 | 28.02 | 29.61 | 25.77 | 26.86 | 28.56 | 29.46
(W2) | 28.08 | 2551 | 25.33 | 27.98 | 27.91 | 25.72 | 24.06 | 25.11 | 28.01 | 28.11

GOT (Wy) | 36.20 | 38,50 | 38,50 | 30.41 | 40.92 | 38,50 | 31.79 | 33.47 | 37.83 | 34.94
(W2) | 35.25 | 29.68 | 33.17 | 36.89 | 38.06 | 34.79 | 30.20 | 30.95 | 37.07 | 37.27

S (Wa) | 30.14 | 27.08 | 28.34 | 25.72 | 29.37 | 23.27 | 27.08 | 2255 | 29.63 | 32.65
(W2) | 29.01 | 25.62 | 26.81 | 28.64 | 28.26 | 22.16 | 25.62 | 21.38 | 29.55 | 31.28

FU (Wy) | 82.14 | 80.68 | 87.21 | 79.52 | 80.90 | 85.05 | 78.93 | 90.53 | 81.36 | 83.01
(W2) | 8440 | 78.34 | 82.77 | 84.83 | 82.18 | 82.93 | 76.61 | 88.28 | 84.64 | 84.25

PH (Wh) | 146.23 | 108.14 | 112.38 | 144.42 | 139.70 | 126.84 | 95.97 | 97.91 | 155.94 | 145.38
(W) | 131.75 | 84.80 | 93.76 | 130.79 | 135.14 | 111.90 | 69.22 | 70.05 | 140.50 | 131.17

MB (W) | 2.64 1.25 1.40 1.37 1.38 1.32 2.60 2.04 1.38 1.38
(W) | 2.49 1.06 1.21 1.28 1.30 1.19 2.09 1.63 1.30 1.30

SB (Wq) | 29.89 | 19.09 | 28.20 | 28.13 | 29.89 | 29.36 | 17.21 | 17.43 | 33.30 | 34.20
(Wp) | 22.82 | 11.82 | 1853 | 21.48 | 22.82 | 20.40 9.78 9.81 25.43 | 26.14

BN (W1) | 4438 | 2459 | 24.67 | 32.67 | 37.27 | 3848 | 1953 | 2491 | 3560 | 36.38
(W2) | 3343 | 1548 | 1640 | 24.62 | 28.08 | 26.78 | 11.34 | 14.60 | 26.82 | 27.42

BW (Wy) | 3.39 3.66 414 3.51 3.01 3.88 3.75 3.36 4.28 4.16
(W2) | 3.18 2.89 3.77 3.24 2.80 3.38 2.77 2.47 3.93 3.91

scy (W1) | 2851.92|2882.18 | 2866.78 | 2614.56 | 2705.88 | 2870.80 | 1878.25 | 2205.06 | 2870.35 | 2859.12
(W>) |2344.25|1166.75|1162.90 | 2130.00 | 2145.00 | 1367.57 | 611.07 |1008.02 | 2288.00 | 2288.45
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Twenty-five F1 hybrids and 10 parents were planted
in April 2021 under two moisture conditions, well
water and limited water to study the genetics of
water-deficit tolerance in cotton. During 2021, total
irrigation applied to W1 and W2 regimes was 27.12-
acre inches and 17.12-acre inches, respectively, and
4.58 inches more moisture was received in the form
of precipitation. The crop was sown on April 13",
2021, as a split-plot design with three replications,
moisture levels as the main plot, and F1 crosses and
their parents as the subplot under a randomized
complete block design. Each genotype had its own
row in each replication. The separations between
plants and rows were 75 and 30 cm, respectively. In
contrast to the 90 cm separating each replication of a
plot, the distance between the stress and non-stress
plots was 100 cm. All suggested production
methods and plant safety precautions were
employed to explore the maximum combinations
potential in both the regimes. Thus, a total of 25
genotypes were evaluated for morphological
traits plant height (PH), monopodial branches
(MB), sympodial branches (SB), boll numbers
(BN), Boll weight (BW), seed cotton yield
(SCY), fibre fineness (FF), fibre length (FF),
fibre strength (FS), ginning out turn (GOT), fibre
uniformity (FU), net photosynthesis rate (A),
stomatal conductance (gs), transpiration rate (E),
water use efficiency (WUE), chlorophyll content
(CC), total chlorophyll contents (TCC),
chlorophyll a (Chl.a), chlorophyll b (Chlb),
carotenoids (CAR), glycine betaine (GB), total
soluble protein (TSP), total soluble proline (PRL)
and total soluble sugars (TSS).

Gene expression analysis

Gene expression patterns of GhHH3 and GhIDD
genes under PEG 6000 @20 was investigated to
decipher the functional implications of the GhHH3-4,

A
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GhIDD-11 genes (Ali et al., 2019; Qanmber et al.,
2019). For gene expression studies, the samples were
collected at 60 minutes, post PEG application at
seedling stage. RNA was extracted using Total RNA
extraction Kit (Beijing Solarbio Science &
Technologies Co., Ltd.). TrasnScript® All-in-One
first strand cDNA synthesis SuperMix (Transgen
Biotech, Beijing, China) was used to synthesize
cDNA using 1 pg total RNA. Ubiquitin was used as
reference gene to normalize gene expression. qRT-
PCR assay was performed using SYBR Green on
BioRad (CFX Connect System Optic Module, USA).

Data analysis

ANOVA was performed to calculate differences
between genotypes, irrigation regimes and their
interactions were estimated in R using the package
Agricola (de Mendiburu and de Mendiburu, 2019).
Correlation using the R software's package was used
to assess the relationship between morpho-
biochemical characteristics and yield attributes (Wei
et al., 2017). K-means clustering was used for cluster
analysis and Ward's method was used to create a tree
diagram based on elucidation distances. Using the R
package Agricolae, the first two principal
components were plotted against one another to
determine the patterns of genotype variability and the
associations between various clusters (de Mendiburu
and de Mendiburu, 2019). The relative transcript
level for each gene was calculated using the 2-4ACT
method (Schmittgen and Livak, 2008).

Results

Chlorophyll a (Chl. a)

For chlorophyll a, considerable reduction decrease
percentage  (RDI%) 30.78% and  drought
susceptibility index (DSI) 0.99 was found (Table 2).
The mean values under W1 and W, varied from 1.93
mg g* to 1.33 mg g*' fresh Weight (Figure 2).
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Table 2 Reduction decrease (RD) percentage and drought susceptibility Index (DSI) of attributes and

mean reduction decrease

Traits| RD% | DSI |Genotypes| RD% Genotypes SCY(RD%)| Genotypes |SCY(RD%)
GB |-1824.35| 1.13 | BH-167 41.05 FH-415 59.44 NIAB-135 36.88
PRL |-1721.91| 1.56 | BH-178 30.46 FH-416 18.53 NIAB-2008 40.02
TSS | -64.43 | 1.01 | BH-180 28.77 FH-444 53.98 Reshmi 49.59
TSP | 21.94 | 0.74 CKC 39.16 FH-490 50.16 RH-662 24.22
Chl.a | 30.78 0.99 | Chandi-95| 43.78 FH-492 20.73 RH-667 27.89
Chlb | 46.60 1.02 | CIM-343 38.45 FH-494 42.67 RH-668 23.91
CAR | 34.60 1.03 | CIM-602 46.66 FH-498 44.30 SAU-1 50.41
TCC | 38.57 1.03 | CIM-632 30.85 FH-Anmol 52.36 Sindh-1 47.59
CC 19.76 1.10 | CIM-705 45.37 | FH-Super cotton 55.22 Sitara-15 32.47
SCY | -7.76 1.01 | CIM-717 31.81 GH-Mubarak 52.59 SLH-4 48.66
PH 6.55 1.04 | CRIS-121| 41.92 Gomal-105 67.47 SLH-8 31.95
SB 6.60 1.02 | CRIS-34 43.01 IR-NIBGE-9 40.38 Sohni 51.13
BN 3.99 1.02 | CRIS-342| 51.79 IUB-264 49.86 Tarzan-1 47.14
BW 2.75 1.01 | CRIS-607 | 3445 Malmal 41.92 Thakar-808 39.93
MB 12.93 1.01 | Cyto-177 59.85 Marvi 54.29 VH-189 36.01
FF 9.12 1.04 | Cyto-608 40.05 MNH-1026 37.57 VH-259 30.01
FL 28.33 0.99 | DNH-105| 50.85 MNH-1035 33.20 VH-327 19.96
GOT | 28.13 0.96 | FH-142 39.86 MNH-990 290.11 VH-363 22.48
FS 10.76 | 0.98 | FH-152 43.72 NIAB-878 20.29 VH-426 58.56
FU | 41.02 | 098 | FH-326 | 17.80 | NIAB-Kiran | 47.22 WealAG- |y 73

Shahkar
GB |[-1824.35| 1.13 FH-414 59.52 NIAB-1048 39.16 Zakaria-1 49.32
PRL |-172191| 1.56 | BH-167 41.05 FH-415 59.44 NIAB-135 36.88
TSS | -64.43 | 1.01 | BH-178 30.46 FH-416 18.53 NIAB-2008 40.02
TSP 21.94 0.74 | BH-180 28.77 FH-444 53.98 Reshmi 49.59
Chl.a | 30.78 0.99 CKC 39.16 FH-490 50.16 RH-662 24.22
Chlb | 46.60 1.02 | Chandi-95| 43.78 FH-492 20.73 RH-667 27.89
CAR | 34.60 1.03 | CIM-343 38.45 FH-494 42.67 RH-668 23.91
TCC | 38.57 1.03 | CIM-602 46.66 FH-498 44.30 SAU-1 50.41
CC 19.76 1.10 | CIM-632 30.85 FH-Anmol 52.36 Sindh-1 47.59
SCY -7.76 1.01 | CIM-705 45.37 | FH-Super cotton 55.22 Sitara-15 32.47
PH 6.55 1.04 | CIM-717 31.81 GH-Mubarak 52.59 SLH-4 48.66
SB 6.60 1.02 | CRIS-121| 41.92 Gomal-105 67.47 SLH-8 31.95
BN 3.99 1.02 | CRIS-34 43.01 IR-NIBGE-9 40.38 Sohni 51.13
BW 2.75 1.01 | CRIS-342| 51.79 IUB-264 49.86 Tarzan-1 47.14
MB 12.93 1.01 | CRIS-607 | 34.45 Malmal 41.92 Thakar-808 39.93
FF 9.12 1.04 | Cyto-177 59.85 Marvi 54.29 VH-189 36.01
FL 28.33 0.99 | Cyto-608 | 40.05 MNH-1026 37.57 VH-259 30.01
GOT | 28.13 0.96 | DNH-105| 50.85 MNH-1035 33.20 VH-327 19.96
FS 10.76 0.98 FH-142 39.86 MNH-990 29.11 VH-363 22.48
FH-152 43.72 NIAB-878 20.29 VH-426 58.56
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Figure-1. Mean drought susceptibilty Index based on SCY for cotton genotypes in W1 and W- regime
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Figure-2. Mean statistics of various traits investigated in well water (W1) and limited water (W2) regimes
during year 2020, 2021. Error bar denotes standard error. *= P value less than 0.05
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Under well water conditions, highest concentrations of
Chl. a was recorded in different genotypes including
Gomal-105(1.24), Sindh-1(1.28), Marvi(1.30), CRIS-
34(1.30), FH-415(1.31), FH-415(1.31), CRIS-
607(1.54) and NIAB-2008(1.54) produced the lowest
in folds of Chla, while IR-NIBGE(2.40), FH-
498(2.40), NIAB-135(2.31), NIAB-Kiran (2.30),
Sitara-15(2.30), and CKC-(2.30) demonstrated the
highest concentration of Chl.a (Supplementary Table
1). Genotypes FH-152(1.71 mg g* fresh Wt), NIAB-
1048(1.71 mg g* fresh Wt), RH-668(1.79 mg g fresh
Wt), NIAB-878(1.81 mg g* fresh Wt),VH-363(1.81
mg g* fresh Wt), FH-326(1.86 mg g* fresh Wt), FH-
492(1.86 mg g* fresh Wt),VH-327(1.86 mg g fresh
Wt), FH-498(1.89 mg g fresh Wt) and IR-NIBGE-
9(1.89 mg g* fresh Wt) had the highest accumulation,
while Gomal-105(0.66 mg g* fresh Wt), Marvi(0.67
mg g?! fresh Wt), FH-415(0.68 mg g fresh Wt),
NIAB-2008(0.7 mg g* fresh Wt) and FH-142(0.71 mg
g! fresh Wt) showed reduction in Chlorophyll a
accumulation under the W, condition (Supplementary
Table 1). Among all the cotton genotypes under study,
CRIS-121 and IR-NIBGE-9 high value up to 2.40, the
most pronounced increase in chlorophyll accumulation
under W1, whereas Gomal-105 exhibited the lowest
value of 1.24 (mg g* fresh Wt.) under W; conditions
(Supplementary Table 1).

Chlorophyll b (Chl. b)

Genotypes experienced a 46.60% decrease and 1.02
DSl in Chl. b in all examined genotypes (Table 2). In
all the tested cotton genotypes, chlorophyll b
decreased under W, conditions. Significant variation
among genotypes was depicted in both water regimes
(Supplementary Table 1). The genotypes Sindh-1
(0.18), Cyto-177 (0.19), DNH-105 (0.19), Gomal-105
(0.26), Marvi (0.27), FH-415 (0.28), FH-414 (0.37)
and CRIS-34 (0.40) produced the least amount of Chl.
b under the well water regime (Supplementary Table
1). Genotypes FH-326 and FH-492 maintained the
highest value i.e., (2.23 mg g*fresh weight) under W,
regime (Supplementary Table 1). Genotypes
highlighted maximum variation under W, condition
that ranged from 0.18 in Sindh-1 to 1.64 mg g* in
SLH-8. Least differences were observed for FH-494
under W, and W, conditions. Maximum variation was
found in genotype Malmal under both water regimes.
The entire mean value for the trait under examination
was varied among genotypes, which revealed that it
reduced from 1.47(W,) to 0.8(W-) in all genotypes
during both the regime (Figure 2).
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Total Chlorophyll contents (TCC)

All investigated genotypes showed genotypic
variability and the trait RD% and DSI values for 63
genotypes were 1.03 and 38.57%, respectively (Table
2). It was demonstrated that TCC value in all the
examined genotypes ranged from 3.40(W.) to
2.13(W-) during the experiment in both the regimes
(Figure 2). Under W; regime FH-326 and FH-492
displayed a higher amount of TCC which was 4.52
mg g* fresh Wt. While lower level of TCC was
found in Marvi (2.13 mg g? fresh Wt.) and FH-
415(2.14 mg g*' fresh Wt) under Wi regime
(Supplementary ~ Table 1). The  maximum
accumulation was recorded in FH-326, FH-492 and
VH-327 (3.14 mg g* fresh Wt.) under W- regime,
while it was the least in FH-415, Gomal-105 and
Marvi (0.96 mg g fresh Wt.) (Supplementary Table
1). Accession BH-178, MNH-990, RH-662, RH-667,
FH-416, NIAB-878, VH-363, and RH-668 displayed
the best performance during limited water regime.,
accumulated a higher concentration under W5, while
genotypes Cytol77, DNH-105, Sindh-1, CRIS-34,
FH-414, Sohni, and FH-142 accumulated minimum
amount for the attribute. However, the rest of the
cotton genotypes in this experiment exhibited a
moderate level of variable.

Carotenoids (CAR)

Variation in water availability also showed variation
in the carotenoid concentrations with an average DSI
(2.03) value for 63 genotypes and an RD% (34.60)
(Table 2). Under W1 a range of 0.78 to 1.59 was
found in Gomal-105 and FH-326 (Supplementary
Table 1). Under W2 condition a range of 0.34 for
Marvi to 115 for FH-326 was observed
(Supplementary Table 1).

Chlorophyll contents (CC)

Chlorophyll contents showed high concentrations
under the W, regime in FH-152 (88.54), FH-492
(86.48), FH490 (84.74), and FH-498 (82.34). In
contrast, genotypes Marvi (21.74), FH-415 (22.05),
Gomal-105 (22.04) and DNH-105 (27.27) had lower
parameter levels (Supplementary Table 1). The
highest value for CC was recorded by genotypes FH-
326(77.53), which are followed during W» by FH-

492(75.75), FH-490(74.24), FH-498(72.14), VH-
327(66.67), Malmal (66.26), NIAB-1048(63.21),
NIAB-878(62.90), and RH-667(62.87)

(Supplementary Table 1).
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Total soluble protein (TSP)

The present study highlighted the highest fold TSP
accumulation in BH-167 (9.53 mg g*) followed by
Chandi-95 (9.52 mg g* fresh Wt.) in well water
regime (Supplementary Table 1). Minimum TSP
concentration was determined in FH-415 (2.62 mg g*
fresh Wt.) under W; and Gomal-105 (2.02 mg g*
fresh Wt.) performed lower when exposed to W-
(Supplementary Table 1). Highest concentration was
revealed in RH-668 (7.49 mg g* fresh Wt.), NIAB-
878 (6.07 mg g* fresh Wt.), RH-662 (5.48 mg g*
fresh Wt), SLH-8(5.44 mg g* fresh Wt.) and MNH-
1026 (5.44 mg g* fresh Wt.) while it reduced in
Gomal-105(2.02 mg g* fresh Wt.) and DNH-105
(2.04 mg g* fresh Wt.) during W> (Supplementary
Table 1).

Total soluble sugars (TSS)

In Wy and W, the mean performance levels ranged
from 6.48 to 3.96 (Figure 2). TSS level depicts values
as 6.32 mg g for RH-662 and NIAB-878 whereas it
accumulated in minimum fold for Gomal-105 (2.2)
followed by CRIS- 121 (2.44) in W1 while under W;
conditions VH-327 displayed (12.24 mg g* fresh
Wit.) followed by RH-668 (11.3 mg g* fresh Wt.) the
maximum concentration for the trait whereas it
depicted lower folds in Gomal-105 (3.98), DNH-105
(3.99), CRIS-121 (3.99) and Marvi (3.99)
(Supplementary Table 1).

Glycine betaine (GB)

Under limited water regime, the trait's percentage
declined to -1824.35 was noted, and its concentration
was revealed to an increase in W, (Table 2). The
results of all genotypes showed a DSI score of 1.13.
In Wy and W,, the mean performance levels ranged
from 0.95 pmolg? to 16.24 umolg? (Figure 2). The
highest accumulation was recorded in Chandni (1.55
umol gt) trailed by VH-363(1.53), FH-490(1.52), BH-
167 (1.52 umol g?!) and Gomal-105(1.50) in well
water regime, whereas it was lowest in Gomal-105
(8.14 pmol g*), DNH-105 (8.16 umol g*), CRIS-121
(8.18 umol g?), Marvi (8.4 umol g*') and FH-415
(841 pmol gt in W, (Supplementary Table 1).
Considerable variation was observed for GB level,
which varied from 8.14 to 28.77 umol g* during
limited water regime (Supplementary Table 1).
Genotypes VH-327, NIAB-878, RH-668, RH-662,
SLH-8, MNH-1026, FH-326, FH-416, RH-667, MNH-
990, FH-492, FH-142, FH-498 and MNH-1035 had
the higher concentration of GB under W, as compared
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to other genotypes (Supplementary Table 1).

Proline Contents (PRL)

It was observed that proline levels, such as glycine
betaine, increased during W, which had an impact on
the value of both the DSI (1.56) and the RD% (-
1721.91). In Wy and W, mean performance levels of
proline fluctuated between 1.53 to 18.41 (Figure 2).
All  genotypes showed variations for proline
accumulation in both regimes. In Wy regime the higher
accumulation in FH-492(6.54 pumol ¢g') and Marvi
(6.51 pmol g*) was detected among accessions while
the lowest was found in CRIS-34 (0.19 umol g%)
(Supplementary Table 1). During limited water regime
lower concentration for proline were observed in
Gomal-105 (11.57 pumol g*), Marvi (11.59 umol g?),
DNH-105(11.60 umol g?), CRIS-121(11.61 pmol g?)
and FH-414(11.86 umol g*) (Supplementary Table 1).
While higher contents were examined among RH-668
(30.10) followed by NIAB-878(29.97), VH-
259(29.95), VH-327 (29.92), RH-662(28.91), SLH-
8(28.80), FH-326(28.42) and FH-416(27.70)
(Supplementary Table 1). A substantial decrease
confirmed the effect of water limited regime on
proline accumulation. Proline exhibits a diverse range
of accumulation in studied genotypes from 1.53-fold
to 18.41-fold in W: and W: regimes respectively
(Figure 2).

Yield and fiber quality traits

When evaluating each genotype independently, it was
observed that the drought stress had pronounced
effect on plant height, boll number, boll weight,
ginning out turn percentage (GOT %) and seed cotton
yield across all genotypes (Figure 2). In well water
regime maximum vyield was produced in FH-
498(3028.08 Kgha') followed by FH-494(3011.61
Kgha') VH-189(2999.10 Kgha') and Cyto-
608(2992.42Kgha?). All the genotypes produced
above 2000 Kg ha SCY except Gomal -105(1878.25
Kgha?l) during Wi. In contrast, during W,, FH-
326(2344.25 Kghat), VH-327(2288.45 Kgha
1,NAB-878(2288 Kgha'), RH-668(2266.70 Kgha),
VH-363(2185.78 Kghal), RH-662(2159.74 Kgha),
FH-492(2145 Kgha'), FH-416(2130 Kghal), and
RH-667(2048.12 Kgha') demonstrated higher
performance for vyield in comparison to Gomal-
105(611.07 Kgha'),Cyto-177(985.28 Kgha'), DNH-
105(992.81 Kghal), Marvi(1008.5 Kghal), VH-
426(1158 Kghal), FH-415(1162 Kghal), FH-
414(1166.75) GH-Mubarik(1188.46 Kgha), and
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SAU-1(1277.17) (Supplementary Table 2). It was
revealed that GOT% exhibits variation and exhibited
the mean range from 35.35%(W1) to 32.89%(W>)
(Figure 2). During limited water regime genotypes
FH-492, MNH-990, Sitara-15, NIAB-878, SLH-8,
FH-Anmol, VH-426, FH-498, FH-444 and NIAB-35
exhibited maximum ginning outturn (Supplementary
Table 2). Performance of genotypes for yield
components varied and it was revealed that mean
value of genotypes influenced when examined during
both the regimes for plant height (W:: 128.11cm to
Wi 112.12cm), sympodial branches (Wi: 25.59 to
W>: 18.49), boll numbers (Wi: 3150 to Woa:
22.80)and boll weight (Wi: 3.71g to W, 3.310Q)
(Figure 2). In limited water regime the maximum
performance for yield components (SB, BN, BW)
was revealed in RH-667, CKC, and NIAB 1048
(Supplementary Table 2).

The study demonstrated that both W, and W, such as
drought, had significant impacts on fiber quality
traits, including fiber fineness (FF), fiber length (FL)
fiber strength (FS) and fiber uniformity (Figure 3a &
b). Mean performance during W: to W for fiber
fineness (4.28 to 4.61 pg/inch), fiber length (28.26 to
26.4mm), fiber strength (26.7 to 25.53g/tex), and
fiber uniformity (83.28 to 80.90%) was revealed that
quality traits value decreased under limited water
regime (Figure 2). However, the specific effects
varied among different cotton genotypes. The study
findings showed that CRIS-121, Cytol77, VH-327,
FH-326, NIAB-878, SLH-8, FH-416, BH-180, FH-
492, and CIM-602 exhibited the best performance
under limited water regime for quality traits.

Drought susceptibility index (DSI)

The 63 genotypes that were evaluated on drought
tolerance based for the reduction decrease (%) and
the drought susceptibility value. Compared to other
genotypes, genotypes FH-326, FH-416, FH-492,
NIAB-878, RH-662, RH-668 and VH-327 yield the
highest amount when water is limited (Figure 1 &
Table 2). According to (Table 2), the lowest
reduction was noted in FH-326 (17.8%), and the
highest in Gomal-105 (67.47%) for end produce seed
cotton yield (Table 2). Using the Fischer and Maurer
(1978) procedure, the drought susceptibility index
percentage (DSI%) was analyzed to determine the
genotypes of cotton that are drought tolerant and
sensitive. DSI values for genotypes FH-326, FH-416,
VH-327, NIAB-878, FH-492, VH-363, RH-668, RH-
662, RH-667, BH-180, MNH-990 , VH-259, BH-
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178, CIM-632, CIM-717, SLH-8, Sitara-15, MNH-
1035, CRIS-607, VH-189, NIAB-135, MNH-1026,
CIM-343, NIAB-1048, CKC, FH-142, Thakar-808,
NIAB-2008, Cyto-608,and IR-NIBGE-9 were <1, so
they were classified as drought tolerant and for the
BH-167, CRIS-121, Malmal, FH-494, CRIS-34, FH-
152, Chandi-95, FH-498, CIM-705, CIM-602, Weal-
AG-Shahkar, Tarzan-1, NIAB -Kiran, Sindh-1, SLH-
4, Zakaria-1, Reshmi, 1UB-264, FH-490, SAU-1,
DNH-105, Sohni, CRIS-342, FH-Anmol, GH-
Mubarak, FH-444 Marvi, FH-Super cotton, VH-426
,FH-415 |FH-414 ,Cyto-177 and Gomal-105 were
classified as a drought-sensitive genotypes because
their value was more than 1. It was found that the
genotypes NIAB-878(0.50), FH-326(0.44), VH-
327(0.49), FH-416(0.45) and FH-492(0.51) were
superior genotypes that produced the highest yield
and lower DSI value among all 63 genotypes. When
their DSI values were examined, they also revealed
promising outcomes. However, for SCY and
maximal DSI and RD (%), genotypes FH-414, FH-
415, FH-Anmol, Gomal-105, and Marvi were shown
to be at the extreme in the W> regime (Figure 1 &
Table 2). The fitness of five cultivated genotypes of
cotton (NIAB-878, FH-326, VH-327, FH-416, and
FH-492) to grow in regions impacted by drought
stress episodes has been confirmed.

Correlation study between yield and biochemical
traits

Yield contributing characters (SB, BN, BW) have
shown significant distribution patterning the strong
correlation with each other except the boll numbers
which has no strong relationship with boll weight.
Biochemical traits in W; have no significant
association whereas chlorophyll contents exhibited
significant correlation with BN, PH, SB, and SCY in
Wi (Figure 3c).

Correlation studies in W> describe the significant
contribution of biochemical attributes and found to be
best to enhance yield in cotton crop during drought
phase. Highly significant correlation of chlorophyll a;
with SCY, BN, BW, PH, SB and minimum
association with MB was observed in limited water
regime (Figure 3D). Correlation analysis showed a
very significant relation of chlorophyll b; with SCY,
BN, BW, PH, SB and positive significant association
with monopodial branches was observed in W,
(Figure 3D).

Stronger association was found for total soluble
protein with SCY, SB, and BN while significant for
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BW and no association with MB in W- (Figure 3D).
Under W conditions, significant correlation was
detected for proline with SCY while with productive
attributes BW, BN, PH, SB it has positive and no
significant relationship was revealed with monopodia
(Figure 3D) Total soluble sugar strongly linked with
yield and yield contributing traits and it is revealed
that its contribution was higher during limited water
regime for SCY.

Strong positive correlation of seed cotton yield with
glycine betaine that patented itself as the most
contributing biochemical for drought tolerance in Wo.
Glycine betaine has been recognized through its
mapped association with SCY, BN, BW, PH, SB
while non-significant association with monopodial
branches was examined in W» (Figure 3D). Ginning

out turn has been influenced through the increase in the leaf chlorophyll content may induce
accumulation of biochemical attributes. Biochemical positive impacts on SCY under W-.
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attributed showed positive association with GOT and
their  contribution maximizes its percentage.
Correlation analysis showed a very significant
relation of chlorophyll contents with SCY, BN, BW,
PH, SB and positive significant association with
monopodial branches was observed (Figure 3D).

Bolls per plant were found to be the primary
determinant of SCY under well-watered and water-
limited regimes. Bolls per plant demonstrated
minimum association with boll weight. Boll numbers
have strong correlation with all the biochemical
attributes studied that enhanced SCY during limited
water regime (Figure 3d). These findings evidenced
that correlation coefficient analysis revealed about
leaf chlorophyll content positive and significant
association with the SCY and GOT, in addition to an
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Well water regime (a) and limited water (b) regimes
and correlation plot of yield parameters viz Plant
height (PH), Monopodial branches (MB), sympodial
branches(SB), Boll numbers (BN), Boll
weight(BW), seed cotton yield(SCY)), Fibre
parameters viz Fibre fineness (FF), Fibre length (FL),
Ginning out turn(GOT), Fibre strength (FS) and
Fibre uniformity (FU) biochemical viz Carotenoid
(CAR), Total Chlorophyll (Chl.T), Chlorophyll a
(Chl. a) Chlorophyll b (Chl. b), Glycine betaine
(GB), Ginning out turn (GOT), Total Soluble protein
(TSP), Proline (PRL), Chlorophyll contents (CC),
and Total Soluble sugars (TSS) of 63 cotton
cultivars/genotypes grown under well-watered (c)
and limited regime (d) during 2020. Blue shade
shows the positive correlation and pink shade shows
negative correlation. Size of the circle shows how
traits are associated with each other. More size
means strong association. * Indicates significant
(P<0.05) and without sign (*) indicates non-
significant (P > 0.05)

Principal components, cluster and biplot analysis -
well water and limited water regimes

Mean data of sixty-three cotton genotypes were
analyzed and PCA was employed to sum up diversity
from collected mean data. Out of 20, seven principal
components (PCs) having an Eigen value greater than
1 were extracted in Wi and five in W, regime.
Contribution of seven PCs was 74.64% of the total
diversity amongst the cotton genotypes assessed for
biochemical, fibre and yield attributes during well
water regime. In the limited water regime
contribution of five PCs 77.42% of the total
variability amongst the cotton genotypes assessed for
physiology and yield attributes (Figure 3b). This
shows that the first two PCs contain the most
information on genetic variability among genotypes,
which can be used in further selection.

Genotypes CIM-705, CRIS-342, FH-444, FH-Anmol,
FH-Super Cotton, IR-NIBGE-9, 1UB-264, Reshmi,
SAU-1, Sindh-1, Sohni and Zakaria-1showed
moderate susceptibility whereas Cyto-177, DNH-
105, FH-414, FH-415, and GH-Mubarak are drought
susceptible. Extremely low performance of genotypes
Marvi and Gomal-105 were characterized, and these
genotypes ranked as highly susceptible genotypes
among 63 genotypes (Figure 3b).

The result of biplot analysis confirmed correlation
analysis between studied criteria. Therefore, these
lines were in the first and fourth regions of biplot
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identified as the good combiner for yield and
biochemical (Figure 3b). Biplot for all the agronomic,
yield, fibre and biochemical traits for 63 genotypes in
well water regime during 2020 was mapped between
PC I and PC Il which influenced 41.7% of total
interaction while it was 59.6% for PCI and PCII
during W2. The genotypes, including NIAB-878, RH-
662, RH-668, VH-327, RH-668, VH-363, FH-416,
FH-492, FH-494, FH-498 and FH-326 established
strong positive interaction in Wi. Wide distributed
diversity in cotton cultivars was observed through
spread out graph named as polygon shaped in PCA
(Figure 3A & B ). Genotypes exhibiting their
presence at vertex in biplot graph has longest
distance from the origin, experienced tremendous
variations for quantitative attributes and could be
employed as breeding material in expanding the
genetic base of cotton for breeding program.
Genotypes clogged at the vertex and remotest from
origin portrayed highest diversity while those
adjacent to origin described lowest genetic diversity
(Figure 3A & B).

Genotypes clogged at vertex of polygon in biplot
graph have distance from the origin, carried extreme
divisions for quantitative attributes and could be
subjugated as parental lines in splaying the genetic
base of cotton through breeding program. Genotypes
labelled at the vertex of polygon and utmost from
origin represented highest diversity while those
nearest to origin received lowest genetic diversity
(Figure 3A & B). The genotypes performed
differently as shown by the biplot of the
susceptibility and maximum yield (seed cotton) under
both regimes Wi and W,. It was estimated that
genotypes FH-326, RH-662, SLH-8, MNH-1026,
FH-416, RH-667, MNH-990, FH-492, FH-142,FH-
498, MNH-1035, VH-189, CIM-632, BH-180, SLH-
4, VH-259 and CRIS-607 existed near to glycine
betaine, proline, total soluble protein, soluble sugars
and pigments trait at biplot destined that these
genotypes will be the best when selection for high
contents in water limited conditions. Selection for
yield and yield components in limited water regimes,
the genotypes that present at vectors of boll numbers
per plant (CEMB-Klean Cotton, CIM-632, NIAB-135,
FH-498, CIM-705, FH-490, NIAB-878, Cyto-608,
FH-Anmol, BH-178, FH-494, FH-444,MNH-990,
MNH-1026, BH-180, IUB-264, FH-416, VH-327,FH-
326, FH-Super Cotton, Thakar-808, Weal-AG-
Shahkar,NIAB-1048, MNH-1035, CIM-717, VH-259,
RH-662, FH-492, FH-152, CIM-343, VH-363 and
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Malmal), boll weight (RH-667, FH-490, BH-180,
Thakar-808, FH-Super Cotton, FH-152, NIAB-135,
Sitara-15, CIM-602, VH-189, RH-662, FH-498,
MNH-1026, SLH-4, Cyto-608, BH-178, CIM-705,
FH-Anmol, FH-444, Zakaria-1 and Tarzan-1) and seed
cotton yield (CIM-632, VH-259, BH-180,MNH-1026,
CRIS-607, Sitara-15, Thakar-808, Cyto-608, CIM-
717, FH-142,FH-494, NIAB-1048,CRIS-121, BH-
167, FH-498,N1AB-135,Chandi-95 and CRIS-34) will
be the promising genotypes for these attributes.
Analyses revealed that yield and yield components
strongly associated with glycine betaine proline and
protein. Boll numbers and boll weight closely linked
with chlorophyll contents (Figure 3a & b).

Evaluation of breeding material using line x tester
technique

Out of 63 genotypes, ten distinct genotypes were
chosen based on their momentous results for the
variables at both extremes (Wi, W2) under study in
the experiment and their aggregate performance
(Table 1). Twenty-five crosses were made by
employing the ten devise genotypes those selected
from 63 for further evaluation following line x tester
technique. Findings indicate the best performance of
hybrids for the Physio-biochemical traits and seed
cotton yield. Differential performance of parents and
crosses was compared under both W; and W,
(Supplementary Table 3, 4 & 5).

All the crosses confirmed variation for the traits that
were examined during both the regimes
(Supplementary Table 6). Among the crosses,
CS21(VH-327 x FH-414), CS5(FH-326 x Marvi),
CS7(FH-416 x FH-415), CS8(FH-416 x FH-Anmol),

CS6 (FH-416 x FH-414), CS10(FH-
416xMarvi),CS9(FH-416x Gomal-105),
CS16(NIAB-878xFH-414) and CS24(VH-

327xGomal-105) had momentous performance for all
the traits studied. Yield and yield contributing trait
mean values for SB (CS7, CS6, CS9, CS24, CS4,
CS22, CS11, CS1, CS13) BN (CS5. CS3, CS12, CS2,
CS7, CS22, CS4, CS16, CS11, CS15) and BW
(CS23, CS5, CS12, CS4, CS22, CS11, CS1. CS13,
CS2, CS9, CS10) were higher under W, regime.
while among the crosses, CS21, CS5, CS16, CS13,
CS21, CS16, CS8 CS16, CS2land CS 16 had
significantly high SB, BW, and BN under W
(Supplementary Table 3). In the physio- biochemical
traits, including WUE, CC, TCC, CAR, TSS and TSP
were higher in CS17, CS4, CS1, CS15, CS16 and
CS5 under W, (Supplementary Table 4 & 5). Net
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photosynthesis rate was also higher in crosses with a
range of 29.76(CS5) to 17.39(CS20) during W-
(Supplementary Table 5). Out of all combinations 15
hybrid combinations were observed the accumulation of
Chl. b from 1 to 1.46 while out of 25, 22 hybrids
exhibited the range of accumulation for Chl.a from 1.62
to 1.01 (Supplementary Table 4). Cross CS 16
accumulate the maximum concentration for Chl.a(1.62)
while hybrid CS17(1.46) accumulates the maximum
concentration for Chlb during W,. Maximum seed
cotton yield was observed in CS24 (2967.28 Kgha™)
during well water regime. Seed cotton yield ranged
from 2967.28 Kgha*(CS24) to 2184.28 Kgha (CS23)
in W1 (Supplementary Table 3).

Performance of genotypes for seed cotton vyield
exhibited that CS21 produce the maximum vyield
(2555 Kgha?) followed by CS5 (2344 Kghal),

CS7(2216.5 Kghal), CS8(2168.75  Kgha'),
CS6(21525 Kghal), CS10(2148.25 Kgha'),
CS9(2085.38 Kghal), CS16(2055.38 Kgha'),

CS24(2016.38 Kghat), and CS4(1985 Kgha?) during
limited water regimes. For the analyses of drought
susceptibility index of seed cotton yield for these
crosses highlighted that CS5, CS21, CS16 were more
tolerant to drought followed by CS6, CS7, CS8 and
CS10. As a result of the relationship between these
findings and the fiber characteristics in cotton crops,
it was revealed that under limited conditions, the
value of fineness increases while the value of fiber
length decreases. Fibre fineness mean value figured
4.17 pgl/inch in well water regime whereas it was
increased in limited water regime with a figure of
4.60ug/inch (Figure 2). Results for fibre length
indicates that fibre length mean value in well water
regime was higher than limited water regime and it
was 28.22 mm and 26.81 in well water and limited
water regimes respectively (Figure 2).

Significant differences among the crosses were
estimated during both the water regimes W1 and W»
for seed cotton yield. Whereas some of the
genotype’s performance was momentous for yield
during limited water regime. Out of 25 crosses the
mean value for SCY for 25 crosses and drought
susceptibility  index highlighted that  cross
CS16(NIAB-878 x FH-414), CS5(FH-326 x Marvi)
and CS21(VH-327 x FH-415) potential results for
SCY. These 3 crosses showed minimum drought
susceptibility index and that is ~0.5 which is the
lowest among all the examined genotypes (Figure 4a
& b). It was determined that the performance of these
crosses for fiber fineness {CS5 (4.44 pgl/inch) and
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CS16 (4.55 pgl/inch)}, fibre length{CS5 (28.07mm) susceptivity index {CS5 (0.12) and CS16 (0.15)} of
and CS16 (28.05mm)}, seed cotton yield{CS5 (2344 these 2 crosses is momentous (Figure 4 A&D).
Kgha?) and CS16 (2055 Kgha®)} and drought
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Gene expression analysis of GhHH3-4 and
GhIDD-11

Normalized fold expression was studied in the
selected crosses. We observed that GhHH3-4 and
GhIDD-11 genes were up regulated in response to
drought, suggesting that these genes may contribute

towards drought tolerance. However, GhIDD11
revealed higher expression comparatively. The
cDNA was examined using the Ubiquitin

housekeeping gene prior to gRT-PCR (Figure 5).
Among the two selected crosses, CS16 showed
higher transcript abundance as compared to CS5.
Hence it can be deduced that CS16 has more
potential to withstand and perform better in response
to early drought conditions.

Expression Profilling

m GhHH3
GhiDD

css5 Cs 16
Crosses

Figure-5. Relative gene expression GhHH3 and
GhIDD in the developed crosses

Discussion

A 3-5°C temperature increase in the following
century indicated the occurrence of excessive
drought, which has a direct impact on agriculture
(Soong et al., 2020). The cotton is primary fibre
producing crop in agriculture and drought has a
significant impact on its yield (Loka et al., 2020;
Ullah et al., 2022). The growing threat posed by
climate-related events to global food security and
agriculture, along with the world's population
expansion, demands the timely development of crops
that can withstand stress (Zafar et al., 2022). It is
essential to consistently expose cotton plants to
various challenges because of the continual
fluctuations in the climate (Haroon et al., 2023). The
most important factor in developing an initiative that
will culminate in the development of tolerant
genotypes is the selection of parents with desired
gualities and survey of their genetic information
(Khan et al., 2010; Li et al., 2019). Lower cotton
yield in Pakistan appealed to address the causes that
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are responsible. Limited water conditions are one of
the major causes of lower yield. Considering plant
drought resistance is a quantitative feature mediated
by polygenes with micro effects, it makes more sense
and is more scientific to assess plant drought
resistance using a variety of multidimensional
indicators (Sloane et al.,, 1990). Various studies
indicated that the characteristics of cotton linked to
drought resistance were found to be plant height,
number of branches, boll weight, transpiration rate,
glycine betaine, proline, soluble sugars and
chlorophyll (Sarwar et al., 2012; Singh et al., 2021).
Therefore, it is crucial for a breeding program to
screen the cotton based on key indicators and to
develop cotton that can produce appropriate yield
under water stress (Celik, 2023). Finding genotypes
that can be successfully used in upcoming breeding
programs and are resilient to climate change requires
the use of this strategy (Nawaz et al., 2023). The
present study covers these prerequisites, and the
findings associate with tolerant high yielding cotton
genotypes. Study indicates the extensive amount of
divergence of all the studied traits.

Several findings demonstrated that accumulation of
adequate values for glycine betaine, proline, protein,
soluble sugars, chlorophyll, yield, yield components
and quality traits was observed in FH-326, FH-416,
FH-492, NIAB-878, RH-662, RH-668, VH-327, and
VH-363. Biplots and correlation studies using the
yield-based drought susceptibility index
demonstrated that the genotypes FH-326, FH-416,
FH-492, NIAB-878, RH-662, RH-668, VH-327, and
VH-363 were producing high yields during drought
conditions. These genetic groups may serve as a
foundation for the next generation of drought-
tolerant, high-yield cotton genotypes.

Genotypes FH-Anmol, FH-414, FH-415, Gomal-105,
and Marvi revealed themselves as susceptible
genotypes with lower performance during limited
water regime.

Pigments are important to plant mainly for harvesting
light and production of reducing power such as ATP
and NADPH. Both chlorophyll a and b are prone to
soil drying damage. However, carotenoids have
additional roles and partially help the plants to
withstand adversaries of drought (Farooq et al.,
2009). Carotenoids form a major part of the plant
antioxidant protection system, but they are very
sensitive to oxidative damage. p-carotene, found in
the chloroplasts of all green plants is completely
bound to the core complexes of PSI and PSII
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(Havaux, 1998). Lack of water alters the internal
structure of chloroplasts, which in turn impacts
photosynthesis and chlorophyll (Huseynova et al.,
2016).

In our research it was revealed that chlorophyll 'a’, 'b',
total chlorophyll and carotenoids showed significant
differences under normal and limited water
conditions in the genotypes under study. A decrease
in chlorophyll content and carotenoids accumulation
was observed in cotton cultivars in limited water
regime however its concentration in tolerant
genotypes was reasonable that may be related to the
fact that under drought, tolerant genotypes adapt
stomatal closure strategy and accumulates more
relative water contents coupled with less excise water
in their leaf tissue to maintain the photosynthetic
activities as compared to susceptible genotypes
(Chaves et al., 2009).

The decrement of chlorophyll content during drought
stress could be related to photo-oxidation resulting
from oxidative stress which reduces photosynthetic
process by lowering the PSII quantum vyield (Gill et
al., 2016).) Our results agree with these researchers
where in all genotypes, chlorophyll contents are
decreasing (Aslam et al., 2023; Zafar et al., 2023;
Goren and Tan, 2024).

Decrease in the synthesis soluble proteins may be due
to breakdown of proteins by proteolytic process into
amino acids that enhance reduction of NRA, NiRA
and substrate under drought stresses (Parida and Das,
2004). Under stress conditions, plants produce some
stress proteins and some of them are taken by
phytohormones. When subjected to drought
treatments, total soluble proteins significant drop in
all genotypes as compare with control treatment. The
results of the present study confirmed these findings
and associated with the studies of and Zafar et al.
(2023).

Limited water regime influenced total soluble sugars
and a substantial increase was examined in
investigated genotypes. Increase in total soluble
sugars under various drought stress levels have been
complemented by several investigations conducted
on different crop plants (Akladious, 2012). The
elevated sugar content might have resulted from
starch degradation under drought stress due to
amylase activity (Ghasempour et al., 1998). Total
soluble sugar supports flowering and boll
development during drought (Gao et al. 2020).
Cotton plant accumulated high sugar levels during

accumulation in drought stress conditions helps to
maintain the stability of the membrane, prevent and
protect membrane fusion and keep protein to remain
functional. The current study validated these findings
with an increase in total soluble sugars in drought
stress to well-watered.

During drought stress glycine betaine accumulation
increases that leads to protecting the photosynthesis
and cell membrane integrity through osmotic
adjustment in cotton plants (Marimuthu and Murali,
2018; Singh et al., 2021). This research revealed that
under stress, the tolerant cultivars increased their
levels of glycine betaine more than the sensitive
cultivars. This was further supported by the finding
that glycine betaine levels positively correlated with
tolerance under drought stress. Genotypes with high
levels of glycine betaine showed higher seed cotton
yield, boll numbers plant and boll weight. It is since
contents of glycine betaine contribute for better seed
cotton yield and yield components. Our findings are
in line with the previous findings where genotypes
with higher levels of GB produced higher yields
under water limited conditions (Singh et al., 2021).
Several plants accumulate high proline levels during
drought that protect against this extreme condition
(Moreno-Galvan et al., 2020). The production of
proline in cotton under drought has been reported
(Singh et al., 2021). Proline also scavenges free
radicals, buffers cellular redox potential during
stressful situations, and stabilizes subcellular level
structures such as membranes and proteins. Drought-
tolerant varieties of cotton have found to have higher
proline contents (Singh et al., 2021). In this
investigation, we found that the proline content of all
our cultivars increased under drought stress. A
similar trend of an increase in free proline content
with a decrease in water content was described by
Singh et al. (2021) in cotton. This may be because of
proline’s osmolyte function, which sustains the
osmotic potential during stress relief. An association
analysis showed that under low water conditions,
cultivars with higher proline folds produced positive
results for seed cotton yield and yield components.
Impact of drought on physio-biochemical attributes
influence on peak flowering stage that leads to reduce
seed cotton yield (Ullah et al., 2021). Agronomic and
yield attributes mean value decreased during drought
and genotypes showed more detrimental effects on
traits, such as PH, SB, BN, BW, SCY, and GOT%.
This may be due to the duration of time in limited

drought stress (Ullah et al., 2022). Sugar water conditions that stimulate plants to reach earlier
£C
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maturity by shortened flowering-to-boll opening
period (Xu et al., 2019). Similar trends were
documented under limited water regime by Goren
and Tan, 2024.

Water in adequate quantity required that keeps cell
turgor and absorbs carbohydrates to develop quality
fibre (Li et al.,, 2020). The quality of fiber traits
deteriorated in limited water regime, and it was
figured that FH-326, FH-416, FH-492, NIAB-878,
VH-327, CS16 and CS5 retained it during water
limited conditions with  minimum variation.
According to most of the previous studies, quality of
fibre deteriorates during water stress (Avsar and
Karademir, 2022; Ullah et al., 2021; Goren and Tan,
2024). The outcomes of our investigations are
consistent with these findings on cotton.

Drought Susceptibility Index (DSI) provides an
inside look at how crops react overall to water stress.
Drought indices are therefore essential in the
selection of genotypes with high yield potential. On
the other hand, there was a trend showing low RD%
and DSI scores to be associated with high yield under
limited water conditions. The genotypes with high
RD% and DSI values exhibited higher seed cotton
yield under well water. It was found that FH-326 and
VH-327 could withstand more water stress. Their
genetic potential for exceptional performance in
drought-stressed environments is high. A similar
quintessence of trend was found by Ullah et al.
(2019).

The findings suggest that parent selection contributes
significantly and that, when there is a water
deficiency stress, choosing the most suitable cross
combinations may lead to successful outcomes. Most
of the investigated variables, including physiological
traits, proline, yield attributes, and glycine betaine,
were found to be significantly controlled by genetics.
These traits have a solid genetic foundation and hold
great promise for enhancing cotton's ability to
withstand drought. Furthermore, lines contributed
more positive alleles for physio-biochemical (Net
photosynthesis, glycine betaine, proline, total soluble
protein) and yield qualities. This suggests that the
features may be influenced by the maternal effects.
Under conditions of water limited conditions, lines
contributed much more to quality of fiber as well.
Two combinations CS5 and CS16 revealed the better
genotypes with their performance in physio-
biochemical, vyield and quality traits. It is
recommended that the identified superior parents in
this study may be used in future breeding programs to

A

i Asian ] Agric & Biol. xxxx(x).

improve cotton growth and drought resistance.

The C,H transcription factor family, encoded by
IDD genes, is one of the largest plant gene families
and is essential for the growth and development of
plants. Earlier research found the IDD gene family in
rice, maize, apple, and Arabidopsis (Ali et al., 2019).
However, genome-wide IDD and HH3 gene
identification and analysis have not yet been
performed on cotton comprehensively. Identification
of IDD genes in various plants have been observed
during stress whereas in allotetraploid cotton
(Gossypium hirsutum L.) IDD genes were studied to
understand the role of the IDD gene family in cotton
development (Ali et al., 2019). Considering the
second intimate HH3 gene in the study provided
useful information for detecting stress phenomena in
Arabidopsis and rice (Li et al., 2017) and these
findings have now been verified in cotton (Qanmber
et al., 2019). Analyses to qRT-PCR for both the
genes in cotton genotypes CS16 and CS5 during
stress revealed the expression of both the genes that
provide indication that our findings are in support to
the scientist’s earlier discovery (Ali et al., 2019;
Qanmber et al., 2019). According to expression
analyses, GhHH3 and GhHH3 can be used in cotton
breeding programs to identify genotypes that are the
best in terms of yield and endurance during cotton
development phases. We suggest that the newly
developed crossed should be included in the cotton
breeding program to develop drought resistance
cotton varieties for future use.

Drought is a major constraint of low yield in cotton.
At present it is important to develop high yielding
and drought tolerant genotypes to revive the cotton
production in Pakistan. The potential of the
developed crosses CS5 and CS16 surely showcasing
the opportunity to play its part in resolving the issue.
The crosses can be utilized in cotton breeding
programs for the development of improved
germplasm. Such breeding material would be helpful
for cotton breeders to proceed further.

Conclusion

Climate change significantly influence potential of
already approved cotton genotypes. Despite several
approaches, selection of cotton breeding material
merely on the basis phenotype and physiology has
limitation to attain desirable outcomes. Hence,
coupling with gene expression studies will certainly
aid in the selection of superior material.
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Here 3 crosses CS16 (NIAB-878 x FH-414),
CS5(FH-326 x Marvi) and CS21(VH-327 x FH-415)
that produce valuable results for yield. Based on seed
cotton yield and quality traits during limited water
regime and gene expression studies, we recommend 2
crosses (CS5 and CS16) as the best and can be
recommended to be included in the cotton breeding
programs in Pakistan.
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