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Abstract | Development of cotton (Gossypium hirsutum L.) cultivars with natural tolerance to drought stress
is the foremost agenda of cotton breeders these days under the current scenario of climate change. The major
purpose of the present study was to evaluate the cotton genotypes under naturally developed water-deficit
condition and evaluating them in comparative study with natural full irrigation condition. For the purpose,
seven cotton genotypes along with a drought tolerant check (FH-142) were evaluated for two cotton growing
seasons (2018 and 2019) to study their performance in terms of yield, drought response indices along with
other agro-morphological and fiber quality traits in both irrigation regimes. Analysis of Variance (ANOVA)
showed existence of considerable genotypic variations for studied traits. Genotypes with high GMP and low
DSI were selected as potential drought-tolerant genotypes. Under drought stress condition, cotton yield had
a strong positive association with NBP, PH and significantly positive with BW; whereas negative with GOT,
FS.These results depict that NBP, PH and BW are the major contributors towards yield under drought stress.
Results also emphasized that water-deficit situation seriously impact ginning out turn and fiber strength in
cotton. Based on AMMI scatter plot, three genotypes and one check were found tolerant to drought stress.
The objective of the study is to evaluate genotypes under drought stress and utilize the best performing
drought tolerant genotypes in breeding programme for the development of drought tolerant cotton vari-
eties. The studied genotypes SLH-105,SLH-106,SLH-107, SLH-108, SLH-109, SLH-110, SLH-11can
be exploited as a new drought tolerant high yielding cotton variety and also as a genetic resource in various
breeding programs with the aim to improve drought tolerance in cotton.
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Introduction

Cotton is consumed worldwide as natural fiber,
significantly in textile industries. It counts for
one third of all types of globally manufactured fibers
(Grishanov, 2011). Cotton fiber is appraised for its
exceptional comfort, versatility and enduring perfor-
mance. Which is being utilized to manufacture di-
verse sorts of fabrics (Cotton Australia, 2020), edible
oil as well as animal feed (Mordor, 2018). About 64%
of total fiber derived from cotton lint is employed
in apparel industry, 28% for household furnishing
and8% for various other industrial applications (Mor-
dor, 2018). In cooking oil industries, cholesterol-free
oil is extracted by mechanized crushing of cotton
seeds, which is further used as an ingredient in oth-
er billion-dollar industries such as pharmaceuticals,
personal care products including cosmetics as well
as in plastics and rubber industries (Lu, 2018; Fash-
ion United, 2019). Moreover, cotton crop being the
most profitable non-food crop, sustains about USD
03 trillion global fashion industry, with USD 1.3 tril-
lion global garment exports in 2019 (Tridge, 2019).
In Pakistan, cotton has ranked first in agriculture and
textile sector in terms of national economy with the
contribution of about 0.6% to Gross Domestic Pro-
duction (GDP) and 3.1% of the total value added in
sector of agriculture. Despite its economical worth,
cotton crop in Pakistan has been facing different chal-
lenges such as overlapping major crop season particu-
larly sugarcane, fluctuating international prices, lack
of robust policies safeguarding due profitability of
cotton growers. During the year 2020-21, cotton was
cultivated on 2.079 million hectares with17.4% con-
traction as compared to the cultivated area of 2.517
million hectares last year resulting in declined trend
in production by 22.8% to 7.064 million bales as
compared to total production of 9.148 million bales
last year (PES, 2020-21).Drastic downward trend in
cultivated area of cotton crop has been attributed to
its declining economic competitiveness relative to
other more profitable crops particularly sugarcane, ac-
companied with radicle climatic impacts due to water
scarcity further worsened the situation during the last

decade (OECD-FAO 2019).

Droughts referring as shortage of precipitation over a
prolonged period of days, increasingly becoming fore-
most perilous meteorological consequence of climate

change globally (Powell and Reinhard, 2016).Which

have been adversely affecting the agriculture for the

last few years (Wilhite ez al., 2014).Cotton is one of
the major crops significantly disturbed by droughts
and drastic decline in its production has been ob-
served all over the world including Pakistan (Anony-
mous, 2020) that observed about 30% decrease in cot-
ton production during last 05 years solely due to water
shortage (Ullah ez a/., 2017).Drought stress directly
deteriorates quality as much as quantity of cotton lint
by suppressing cellular and molecular mechanisms
(Chaves ez al.,2003).Water shortages further upsurge
the risk of other stresses by upsetting the regular mech-
anism of plant to deal with the disease incidences and
insect attack resulting in a vertical decline in yield.

Cotton plant has been evolving itself with the process
of natural selection in consistent with the environ-
mental fluctuations that has gradually been occurring
in the past. In order to increase yield, artificial selec-
tion and domestication of a few cotton cultivars with
a major share of cultivated area over past few decades
has resulted in loss of natural and innate mechanisms
to manage the abrupt changing climatic conditions
such as droughts and water shortage. In recent times,
the scientists are exploring means to regain the genet-
ic potential of cotton cultivars to withstand stresses.
One of the cheapest strategies to cope with drought
and water shortage is to screen out water efficient and
drought tolerant cotton cultivars. Many plant physi-
ologists categorize drought tolerance mechanism in
plants into four classes: drought avoidance, tolerance,
recovery, and escape (Zahid ez al., 2021; Fang and
Xiong, 2015). Depending on drought stress duration,
intensity and time of occurrence, different strategies
can be applied to develop cotton varieties that are
more water efficient and drought tolerant. For the
purpose, the initial phase is to comprehend responses
and behavior of cotton plant towards water shortage

and droughts (Abdel Raheem, 2019).

In cotton plant, different parameters including mor-
phological traits (leaf, stem and root growth) and
physiological traits (molecular, histological and ana-
tomical) have been investigated by different scientists
as important selection criteria linked with drought
tolerance (LLoka ef al., 2011). Nevertheless, none of
these traits has been found consistently associated
positive with drought tolerance in cotton (Volkan ez
al., 2015; Loka ef al.,2011). A reliable indicator trait
for yield under drought stress has suggested the use
of recurrent study for more than one season or over a
range of environments is more reliable and consistent
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(Voltas e al., 2005).In most of the preceding drought
screening studies, controlled conditions were used to
screen cotton cultivars using pots that have few statis-
tic weaknesses (Passioura, 2006) including less area of
experimentation than optimum, higher error variance
due to the pot size, restrained root growth in pots,
artificial soil mixture (soil media) and plant nutrients.
Moreover, the tolerance response of cultivars in pots
significantly changes under natural field condition.
Therefore, in this experiment, different physiological,
morphological and quality traits were studied for two
years under normal and drought stress environments
in order to screen cotton varieties and their compar-
ison was ascertained to investigate the trait which is
most affected under drought stress.

Materials and Methods

The screening experiments were conducted at the
Cotton Research Station, Sahiwal, Punjab; Pakistan
during the two consecutive growing cotton growing
seasons of 2018 and 2019. The latitude and longitude
of the experiment site are 30° 39’N and 73" 9’ E, re-
spectively. Climate in this region is semiarid with to-
tal annual precipitation of 349 mm. The soil type of
the experimental area is loam and sandy loam in tex-
ture. For the cotton experiment area, water content at
field capacity varied from 20.3 to 27.6 %, and wilting
point varied from 7.2 to 9.7 % on dry weight basis.
'The dry soil bulk densities ranged from 1.42 to 1.50 g
cm-3 throughout the 1.2 m deep profile.

The experiment was divided into two regimes; one
was conducted with normal irrigation schedule while
the other one was passed through extended stress of
water deficit. Both the experimental regimes were
arranged in the Randomized Complete Block De-
sign (RCBD) with three replications. Eight cotton
genotypes including one check for yield were used
as experimental material to be screened for drought
during consecutive two years. Total eight (8) cotton
genotypes were planted on 19 May 2018 and on 03
May 2019 respectively. Cotton plants were planted at
0.76 m (row width) 0.25 m (between plants). Each
cotton genotype was planted one row with 12 m long
and only 10m length was harvested. A compound fer-
tilizer (15 %, 15% and 15 % composite) was applied
at a rate of 80 kg ha-1 pure N, P and K before plant-
ing. The required remaining portion of nitrogen was
tollowed by 100 kg haas calcium ammonium nitrate
26% before first irrigation.

'The two experimental irrigation regimes, with normal
standard irrigation schedule (with 100 % water avail-
able for normal crop growth) named as control and
water deficit irrigation schedule (with ~50 % of total
water required for normal crop growth). Tensiome-
ters were installed in each experiment to record the
soil water potential before and after the experiment.
In the control treatment, genotypes were managed to
receive full irrigation (100 % of required water). For
the stress treatments, irrigation was scheduled as nor-
mal in order to grow the genotypes normally and wa-
ter was held for four weeks unless the check showed
symptoms of water stress physiologically.

Yield related traits i.e. seed cotton yield (kg/ha), num-
ber of bolls per plant (n), boll weight (g) and lint per-
centage (%) were recorded for each replication sep-
arately in both the irrigation regimes during all the
three years in order to test the performance difterenc-
es in genotypes under drought stress and normal con-
ditions, along with some drought indices I.e. drought
intensity (DI), drought susceptibility index (DSI) and
geometric mean productivity (GMP).

For the estimation of Drought intensity (DI) index
was calculated for each cultivar, the following formula
was used:

Where;
¥s: Means of all genotypes under full irrigation; Yp:
Means of all genotypes under water deficit / drought

stress.

To calculate drought susceptibility index (DSI)for

each cultivar, the formula proposed by Fisher and
Maurer (1978) was used.
Vs
D5I = 1-— Ip
DI
¥'s: Means of all genotypes under full irrigation; Yp:
Means of all genotypes under water deficit / drought

stress; DI: Drought intensity index.

To calculate geometric mean productivity (GMP) for
each cultivar was calculated by using the formula pro-
posed by Fernandez (1992) as given below:

GMP = /¥p X¥s
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Table 1: Descriptive statistics of agro-morphological traits of cotton studied under normal irrigation.

Trait / Statistics CLCD Y NBP BW
Range 12.1 468 18 1.8
Minimum 14.2 2101 23 2.3
Maximum 26.3 2569 41 4.1
Mean 21.75 2366 33.37  3.092
Std. Error 0.4136  16.566 0.618  0.0626
Std. Deviation 2.8656 114.772  4.284 0.4336
Variance 8.211 13172.56  18.351 0.188
Skewness -0.726  -0.374 -0.617 0.178
Kurtosis 0.524 -0.193 -0.249 -0.661

PH DFF DFB GOT FL FF FS

42 16 18 6 5 0.7 8

146 40 77 36 26 3.6 28

188 56 95 42 31 4.3 36
163.29 46.4 86.1 39.63  28.44 4.015 32.19
1.19 0.484 0553 0262 0.168 0.0254 0.288
8246 3356 3.833 1.817 1.165 0.1762 1.996
67.998 11.266 14.691 3.303 1.358 0.031 3.985
0291 0274 0.026 -0.521 -0.011 -0.499 0.082
0.693 0368 -0.269 -0.519 -0.535 -0.685 -0.871

BW: Average boll weight; NBP: Number of bolls per plant; CLCD: Cotton leaf curl disease incidence percentage; D¥F: Days to first flow-
ering; DFB: Days to first boll opening; F¥: Fiber fitness; GOT: Ginning out term percentage; FL: Fiber length; ¥S: Fiber strength; PH:

Plant height; Y: Yield.

Skewness coefficients (S) and kurtosis coefficients
(K) were estimated (Snedecor and Cochran, 1967) to
understand the nature of gene action and distribution
of different traits.

Descriptive statistics were performed using JMP 5.0.1
statistical software (SAS Institute Inc., 2002). Cor-
relation coeflicient values among traits under study
were determined by using SPSS ver. 25. The AMMI
analyses were conducted using Sigm Plot version 10.0

software (SYSTAT Software Inc., 2006).
Results and Discussion

Results showed that the cotton genotypes responded
differently in fully irrigated and drought stress con-
ditions. All the studied agro-morphological traits
and the disease incidence changed significantly un-
der two different moisture regimes. In case of cotton
seed yield, average yield of all genotypes was recorded
higher (2366 kg/ha ranging from 2101 — 2569 kg/ha)
under normal irrigation as compared to the average
yield 1347 kg/ha (ranging from 934 — 1963 kg/ha)
under moisture stress condition as depicted in table
1 and table 2. So was the case with all the other yield
attributes which showed drastic reduction caused by
water deficit. Mean values of no of bolls/plant under
drought was recorded 18.77 reduced from 22.37 un-
der normal, boll weight (g) under stress was 2.516 g
reduced from 3.092 g under normal irrigation. Like-
wise, mean of plant height under water deficit condi-
tion was 68.706 cm, DFF was 32.73 days, DFB was
72.44 days, GOT was 37.281%, FL was 27.61 mm,
FF was 3.377 pg/in and FS was recorded as 30.844

g/tex under water deficit environment; whereas under
normal irrigation environment, mean values for PH
was recorded as 163.29 cm, DFF was 46.4 days, DFB
was 86.1 days, GOT was 39.63%, FL was 28.44 mm,
FF was 4.015 pg/in and FS was 32.19 g/tex as depict-
ed un table 1 and 2. Higher variances were recorded
for all the studied traits under both regimes ranging
from 0.188 — 13172 for normal and 0.202 — 63733 for

water deficit condition.

Mode of gene action for each trait was also estimated
from the values of coefficients of skewness (S) and
kurtosis (K). in case of a normal distribution, skew-
ness is equal to zero which emphasizes the absence
of gene interaction; if greater or smaller than zero, it
indicates the presence of average complementary or
duplicate epistasis, respectively (Burton and De Vane
1953; Ashwini ez al., 2011). Under normal irrigation,
all the traits showed skewness deviated from zero,
which indicates multiple gene epistasis involving
more than one gene. Negative skewness shows du-
plicate epistasis of fewer genes as observed in case of
CLCD,Y,NBP, GOT, FL and FF under normal, and
positive or higher skewness indicates complementary
gene epistasis as observed in case of BW, PH, DFE,
DFB and FB (Table 1). Under water deficit environ-
ment, the skewness values changed showing change
in gene action. All the traits showed more or less
than zero values of skewness. For some traits such as
CLCD, Y, BW, PH, DFB it was higher than zero and
in case of NBP, DFF, GOT, FL, FF and FS, values
of coefficients of skewness was less than zero (Table
2). Positive (more than zero) skewness is associated
with complementary gene epistasis while negative
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Table 2: Descriptive statistics of agro-morphological traits of cotton studied under water stress.

Trait / Statistics CLCD Y NBP BW PH DFF DFB GOT FL FF FS
Range 36.7 1028.35  16.5 1.7 47.8 16 16 13 5.4 2.3 11.8
Minimum 32.2 934.8 9.7 1.7 46.2 25 65 29 24.6 2 24.8
Maximum 68.9 1963.15  26.3 3.4 94 41 81 42 30 4.3 36.6
Mean 48.675 1347.72 18.77 2516 68.705 32.73 7244 37281 27.61 3.377 30.844
Std. Error 1.4074 36.4388  0.5811 0.0649 1.7487  0.498 0.556 0.4372 0.1627 0.1021 0.4447
Std. Deviation 9.7509 252.4554 4.0256 0.4496 12.1154 3.45 3.853 3.0293 1.1275 0.7072 3.0807
Variance 95.079 63733.72 16.206 0.202  146.784 11.904 14.847 9.177 1271 0.5 9.491
Skewness 0.092 0.54 -0.151 0.026  0.152 -0.03  0.098 -0.232 -0.613 -0.369 -0.003
Kurtosis -0.878 -0.101 -0.653 -0.825 -0.802 -0.031 -0.405 -0.415 0.668 -1.341 -0.905

BW: Awerage boll weight; NBP: Number of bolls per plant; CLCD: Cotton leaf cur! disease incidence percentage; DFF: Days to first flow-
ering; DFB: Days to first boll opening; ¥F: Fiber fitness; GOT: Ginning out term percentage; FL: Fiber length; ¥S: Fiber strength; PH:

Plant height; Y: Yield.

Table 3: Results of analysis of variance (ANOVA) under normal irrigation.

Source BW NBP CLCD DFF DFB PH Y FF GOT FL FS
Rep (MS) 0.099 24.333 5.044  27.021 26.896 380.583 439 0.044 7.750 5.688 22.938
Year (MS) 0.521 111.021 20.541 3.521 3.521  352.083 619922 0.010 0333 6.021 2.521
Rep*Year (MS)  0.010  0.583 0.888 6.896 6.896 257333 24.8 0.003 0333 0271 1.271
Variety (MS) 0.809 90.378 46.140 34330 56.045 104.464 78480.3 0.132 12.560 2.140 10.402
Error (MS) 0.070 1.971 0.873 6.223  6.488  23.907  217.7 0.012 1452 0.883 1.816
F-value 11.63  45.86 52.85 5.52 8.64 4.37 360.53  10.60  8.65 2.42 5.73
P-value 0.0000 0.0000  0.0000 0.0002 0.0000 0.0014 0.0000 0.0000 0.0000 0.0390 0.0002
CV (%) 8.53 4.16 4.30 5.38 2.96 2.99 7.62 2.78 1.04 3.30 4.19

BW: Average boll weight; NBP: Number of bolls per plant; CLCD: Cotton leaf curl disease incidence percentage; DFF: Days to first flow-
ering; D¥B: Days to first boll opening; ¥F: Fiber fitness; GOT: Ginning out term percentage; FL: Fiber length; FS: Fiber strength; PH:

Plant height; Y: Yield.

(less than zero) skewness is associated with duplicate
(additive x additive) epistasis effect (Pooni et al.,1977;
Choo and Reinbergs, 1982; Kotch et al., 1992). The
traits with leptokurtic (K > 3) and platykurtic (K < 3)
distribution are controlled by fewer and large number
of genes, respectively. Values of K for all the traits were
less than three indicating many genes involvement for
the final phenotype. Under normal condition, coefhi-
cients of kurtosis (K) for all the traits is negative ex-
cept CLCD, PH, DFF and under water deficit condi-
tion all the traits showed negative K values except for
FL (Table 1 and 2). Further studies on the account
of genetic interactions among traits are undoubtedly
required in order to increase the selection efficiency
in our breeding programs. Depending on the mode of
gene action, selection intensity may be increased un-
der complementary as compared to the genes under

duplicate relationship. (Choo and Reinbergs, 1982).

Results of analysis of variance (ANOVA) indicate

wide range of variability present in studied genotypes
under both moisture regimes. Table 3 and 4 shows
the results of ANOVA for each studied trait in cotton
genotypes under normal irrigation and water deficit
condition, respectively, in order to screen out cotton
genotypes with better water deficit stress tolerance.
The MS (mean sum of square), F-tabulated, p-values
along with coeflicient of variability (CV') estimated
separately for each trait is given in table to estimate
the presence of significant variability among geno-
types, significant difference between years and the re-
sidual error variance. All the traits showed highly sig-
nificant (p< 0.01) variability among genotypes in case
of normal treatment. Under drought treatment, the
genotypes also showed highly significant (p< 0.01)
variation for all the traits except for FL. Values of
CV also ranged from 1.04 (GOT% under N) to
11.87 (for NBP under WS) as given in Table 3 and
4.
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Table 4: Results of analysis of variance (ANOVA) under water stress.

Source BW NBP CLCD DFF DFB
Rep (MS) 0.0057 6.440 2.679 42.020 30.562
Year (MS) 0.5208 111.021 20.541 3.520 3.520
Rep*Year (MS)  0.0102 0.583 0.888 6.895  6.895
Variety (MS) 0.8343 66.132 560.732 34.330 56.044
Error (MS) 0.0887 4.962 14.741  6.223  6.487
F-value 9.40 13.33 38.04 5.52 8.64
P-value 0.0000 0.0000 0.0000 0.0002 0.0000
CV(%) 11.84 11.87 7.89 7.62 3.52

PH Y FF GOT FL FS
65.356 5935 0.097 3.574 1.544  107.224
352.083 61992 18.625 245.255 10.735 59.630
257.333 25 0.101  18.495 0.431 21.358
471.972 307906 0.333  12.639 1.910 9.432
74228 21881 0.061 1.527 0.905 1.807
6.36 14.07  5.43 8.28 211 5.22
0.0001  0.0000 0.0003 0.0000 0.0684 0.0004
12.54 10.98 7.34 3.31 3.45 4.36

BW: Average boll weight; NBP: Number of bolls per plant; CLCD: Cotton leaf cur! disease incidence percentage; DFF: Days to first flow-
ering; DFB: Days to first boll opening; FF: Fiber fitness; GOT: Ginning out term percentage; FL: Fiber length; FS: Fiber strength; PH:

Plant height; Y: Yield.

Table 5: Awerage yield and drought indices for evaluation of cotton genotypes under water stress condition studied

during 2018 and 2019.
Variety Y DI DSI GMP

2018 2019 2018 2019 2018 2019 2018 2019
SLH-105 1252 1177 -0.841 -0.952 3.19 3.05 1698 1589
SLH-106 1287 1233 -0.776 -0.631 3.33 3.59 1781 1822
SLH-107 1201 1114 -0.956 -1.157 3.06 2.86 1583 1430
SLH-108 1315 1238 -0.896 -0.769 3.23 3.30 1773 1756
SLH-109 1395 1328 -0.668 -0.725 3.50 3.38 1988 1908
SLH-110 1347 1267 -0.968 -0.649 3.17 3.54 1786 1862
SLH-111 1292 1233 -0.808 -1.135 3.32 2.88 1777 1592
FH-142 (std.) 1351 1293 -0.336 -0.342 5.07 4.92 2153 2105

Y: Average yield (kg/ha); DY: Deficit irrigation; DSY: Drought susceptibility index; GMP: Geometric mean productiviry.

Figures 1 (a and b) show dendrograms elaborating
phenotypic linkage among cotton genotypes using
average linkage between groups method under nor-
mal and water stress condition respectively. Similar
performing genotypes grouped in same cluster in
one environment whereas different performing geno-
types grouped in different clusters. Cotton genotypes
grouped differently in both dendrograms which em-
phasized differential in agro-morphic performance of
cotton genotypes under both moisture regimes.

Under normal irrigation, entries grouped in 6 differ-
ent cluster whereas under water deficit environment,

genotypes grouped into 7 clusters (Figures 1 a and b).

Table 5 shows average yield and drought indices for
evaluation of cotton genotypes under water stress
condition studied during 2018 and 2019. The gen-
otype SLH-109 showed highest average cotton
yield (1395 and 328 kg/ha) under drought stress in
both year 2018 and 2019 respectively, followed by

drought tolerant check (FH-142) which exhibited
second highest yield (1351 and 1293 kg/ha) in 2018
and 2019 respectively (Figure 2). Drought tolerance
or water deficit stress tolerance was estimated using
three different indices .e. DI (deficit irrigation), DSI
(drought susceptibility index) and GMP (geomet-
ric mean productivity) calculated for each genotype
under stress environment during both the years of
study. DI ranged from -0.336 (for FH-142 in 2018)
to -1.157 (for SLH-107 in 2019), DSI ranged from
2.88 (for SLH-111 in 2019) to 5.07 (for FH-142 in
2018) and GMP ranged from 1430 (for SLH-107 in
2019) to 2153 (for FH-142 in 2018) as given in Table
5. These drought indices give estimation of fraction of
reduction in yield owing to water deficit as compared
to water required for normal growth and consequent-
ly to gain maximum expected cotton yield.

Correlation analyses
In order to understand the association among traits
under normal as well as under water-deficit condition,
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Figure 1: Dendrogram of cotton genotypes using average linkage between groups method under normal and water stress condition.
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Table 6: Pearson correlation coefficients (r) with 2-tailed significance (p) values among studied agro-morphologic

traits under normal irrigation.

CLCD Y NBP BW
Y r .047
p 751
NBP r -.151 .814*
p 307 .000
BW r -.148 470" 457+
p 316 .001 .001
PH r .108 .003 136 -.218*
p 463 .986 .356 .037
DFF r .118 284 A7 261*
p 424 .050 .002 .043
DFB r .064 -.087 114 -117
p 666 .558 .440 427
GOT r 112 -.219* 164 -.188
p 450 .034 266 202
FL r .003 .312* A494** 235
p .98 .031 .000 .108
FF r -.062 .655™* .664™* 584
p 677 .000 .000 .000
FS r .074 -.110 291% -.047
p 618 456 .045 749

PH DFF DFB GOT FL FF
-.044

.765

150 673

.307 .000

277* 241 .180

.046 .099 221

170 379 261 .330*

247 .008 .073 .022

-.012 497 .310* -.036 569

937 .000 .032 .810 .000

402** 411 .323* 765 .549* 246
.005 .004 .025 .000 .000 .092

**: Correlation is significant at the 0.01 level (2-tailed); *: Correlation is significant at the 0.05 level (2-tailed); BW: Average boll weight;
NBP: Number of bolls per plant; CLCD: Cotton leaf curl disease incidence percentage; D¥F: Days to first flowering; D¥B: Days to first boll
opening; FF¥: Fiber fitness; GOT: Ginning out term percentage; FL: Fiber length; ¥S: Fiber strength; PH: Plant height; Y: Yield.

correlation coefficients values were estimated be-
tween traits separately for normal irrigation and wa-
ter deficit environments as given in Table 6 and 7 re-
spectively. Under normal irrigation condition, there
was a strong / significant (p<0.01) positive correlation
of cotton yield with NBP (r=0.814), BW (r=0.470),
FF (=0.655) and significantly (p<0.05) positive with
FL (r=0.312) depicting that in case of studied traits
and genotypes, Y was positively correlated with NBP,
BW, FF and FL. In case of CLCD, no association
was recorded under normal irrigation condition. NBP
showed strongly (highly significant at p<0.01) posi-
tive association with BW (7=0.457), DFF (r=0.427),
FL (r=0.494), FF (r=0.664) and significantly (»<0.05)
positive association with FS (7=0.291) but negative
(significant at p<0.05) with PH (r=-0.218). Likewise,
PH had a strongly (highly significant at p<0.01) pos-
itive association with FS (r=0.402), but significantly
(p<0.05) positive with GOT (7=-0.277) under normal
irrigation condition. DFF showed a strong / signifi-
cant (p<0.01) positive association with DFB (7=0.673),
FL (r=0.379), FF (#=0.497) and FS (r=0.411); where-
as DFB showed significantly (»<0.05) positive asso-

ciation with FF (=0.310) and FL (r=0.323) under
normal water requirements. GOT also showed highly
significant (p<0.01) and positive association with FS
(r=0.765) and significant (p<0.05) and positive as-
sociation with FL (7=0.330). Similarly, FL. showed
highly significant (p<0.01) and positive association
with FF (7=0.569) and FS (=0.549) under normal

water requirements.

Under water-deficit stress environment, the trend of
associations among traits was changed depicting that
the behavior of genotypes under study was difterent
under moisture stress situation as compared to nor-
mal irrigation. Correlation coefficients along with
probability (p-values) among studied traits are given
in Table 7. Under drought stress condition, there was
a strong / significant (p<0.01) positive association of
cotton yield with NBP (»=0.853), PH (r=0.527) and
significantly (p<0.05) positive with BW (7=0.288)
and negative with GOT (r=-0.302), FS (»=-0.339)
depicting that in case of studied traits and genotypes,
Y was positively correlated with NBP, BW, PH, GOT
and FS. In case of CLCD,Y (r=-0.443) and NBP
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Table 7: Pearson correlation coefficients (r) with 2-tailed significance (p) values among studied agro-morphologic

traits under water stress condition.

CLCD Y NBP BW PH DFF DFB GOT FL FF
Y r -.443"
p .002
NBP r -.370" .853"
p .010 .000
BW r .087 288" .372°
p 558 .047 .009
PH r -.140 527" 414" .064
p 341 .000 .003 .665
DFF r -.155 .090 270 .148 -.128
p 292 .545 .064 .315 .385
DFB r -.061 -.070 .027 -.191 -.268 .681"
p 679 .635 .856 194 .066 .000
GOT r .053 -.302° -.412" .012 -.174 .018 -.009
p 721 .037 .004 .933 236 .903 953
FL r -.014 .100 11 .359° -.063 289 152 463"
p 925 498 451 .012 .672 .046 .303 .001
FF r -.128 110 -.098 3757 -.053 107 -.023 661" 535"
p 385 456 .506 .009 .720 468 .878 .000 .000
FS r 252 -.339° -.233 .038 -.233 242 176 342 486" 288"
p .044 .018 11 .798 JA11 .098 231 .017 .000 .047

**: Correlation is significant at the 0.01 level (2-tailed); *: Correlation is significant at the 0.05 level (2-tailed); BW: Average boll weight;
NBP: Number of bolls per plant; CLCD: Cotton leaf cur! disease incidence percentage; D¥F: Days to first flowering; DFB: Days to first boll
opening; FF¥: Fiber fitness; GOT: Ginning out term percentage; ¥L: Fiber length; ¥S: Fiber strength; PH: Plant height; Y: Yield.

Figure 2: (a and b) Comparative performance of genotypes in both years in terms of average cotton yield and geometric mean productivity
under water-deficit stress.

(r=-0.370) showed highly (significant at p<0.01) icantly (p<0.01) positive association (r=0.252) with
negative association with disease occurrence under CLCD disease occurrence. These outcomes revealed
water-deficit condition. However, FS showed signif-  that the occurrence of CLCuV disease was signifi-
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cantly higher under stress environment as compared
to normal irrigation where crop experienced no stress.
Further, disease reduced the cotton yield significant-
ly and also caused significant reduction in number of
bolls on plant and seriously injured the lint result-
ing in significant reduction in fiber strength of cotton
genotypes. NBP showed strongly (highly significant
at p<0.01) positive association with BW (=0.372),
PH (r=0.414) but strongly negative (significant at
<0.01) with GOT (r=-0.412). Likewise, BW had
a strongly (highly significant at p<0.01) positive as-
sociation with FL (#=0.359) and FF (»=0375) un-
der water-deficit condition. DFF showed a strong /
significant (p<0.01) positive association with DFB
(=0.681) and significantly (p<0.05) positive associ-
ation with FL (=0.289) under limited water availa-
bility. GOT also showed highly significant (p<0.01)
and positive association with FL (r=0.463) and FF
(=0.661) but significant (p<0.05) and positive as-
sociation with FS (r=0.342). Similarly, FL. showed
highly significant (p<0.01) and positive association
with FF (=0.553) and FS (=0.486); whereas FF had
significant (p<0.05) and positive association with FF
(r=0.288) under water deficit stress.

AMMI analysis

Additive Main effects and Multiplicative Interaction
(AMMI) analysis was used to study the adaptability
and phenotypic stability of the studied cotton geno-
types during two years separating the better perform-
ing genotypes under both environments on same
scatter plot. This graphic on biplot was obtained by
the combinations of the orthogonal axis of the cal-
culated IPCAs. The biplot graphic interpretation was
based on the variation caused by the main additive
effects of genotype and environment, and the mul-
tiplicative effect of the G x E interaction (Kempton,
1984). The lower the IPCA1 values, the lower its
contribution to the GEI (Genotypic x Environment
Interaction), thus the more stable the genotype. The
ideal genotype is one with high yield along with near-
to-zero IPCA1 values (Gauch and Zobel, 1996). On
the other hand, the undesirable genotypes have low-
er stability associated with lower yield (Ferreira ez al.,
2006). AMMI model divided the total variability into
two components i.e. PC1 and PC2 which explained
90.45% and 9.55% of the total variability present in
the GEI. The subsequent biplot successfully sepa-
rated the environments and genotypes according to
their performances in the respective mega-environ-
ment. The normal irrigation (denoted as controlled)

tell within the upper region of the biplot whereas
water-stress environment was in the right below cor-
ner of the biplot depicting that the all the genotypes
showed higher yields in controlled (fully-irrigated)
environment. Furthermore, water-stress environment
was at longer distance from center point whereas the
controlled was nearer to center point depicting that
the controlled environment was more stable in terms
of yield whereas the water-deficit environment was
less stable (Figure 3). Genotypes nearer to the envi-
ronments were best performing and the between the
genotypes showed similar performances in both the
environments. Check FH142 showed better perfor-
mance in water-deficit condition whereas SLH109
was best among genotypes under normal condition,
tollowed by SLH110 and SLH108 respectively. Gen-
otypes SLH107 was worst performer in both the en-

vironments.

Figure 3: Scatter plot of AMMI model to predict the better perform-

ing genotypes in stress and non-stress environment in terms of yield

(kg/ha).
Conclusions and Recommendations

Results showed that the cotton genotypes responded
differently in fully irrigated and drought stress condi-
tions. All the studied agro-morphological traits and
the disease incidence changed significantly under
two different moisture regimes. Under water deficit
environment, the skewness values changed showing
change in gene action. All the traits showed more or
less than zero values of skewness. For some traits such

as CLCD, Y, BW, PH, DFB it was higher than zero
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and in case of NBP, DFF, GOT, FL, FF and FS, val-
ues of coefficients of skewness was less than zero. Un-
der normal condition, coefficients of kurtosis (K) for
all the traits is negative except CLCD, PH, DFF and
under water deficit condition all the traits showed
negative K values except for FL. Results of analysis of
variance (ANOVA) indicated wide range of variabil-
ity present in studied genotypes under both moisture
regimes. Under normal irrigation, entries grouped in
6 different cluster whereas under water deficit envi-
ronment, genotypes grouped into 7 clusters. Under
drought stress condition, cotton yield had a strong
positive association with NBP, PH and significantly
positive with BW; whereas negative with GOT, FS.

These results depict that NBP, PH and BW are the
major contributors towards yield under drought stress.
Results also emphasized that water-deficit situation
seriously impact GOT and FS in cotton. AMMI
model divided the total variability into two compo-
nents i.e. PC1 and PC2 which explained 90.45% and
9.55% of the total variability present. Check FH142
showed better performance in water-deficit condition
whereas SLH109 was best among genotypes under
normal condition, followed by SLH110 and SLH108
respectively. Genotypes SLH107 was worst perform-
er in both the environments. The studied genotypes
can be exploited as a new drought tolerant high yield-
ing cotton variety and also as a genetic resource in
various breeding programs with the aim to improve
drought tolerance in cotton.

Novelty Statement

This research highlights the genetic variability of
drought tolerance, which is one of the major abiot-
ic stresses for cotton. As water scarcity is the global
issue, development of drought tolerant varieties can
enhance nation’s economy.
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