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Abstract: Drought stress is a universal crisis in sustaining the growth and production of major
legumes, including the chickpea. Drought severely reduces the biomass of chickpea plants, with the
effect on leaves appearing the most apparent. The aim of this study was to investigate, using various
physiological and biochemical markers throughout the pod filling stage, how 78 desi chickpea geno-
types tolerated drought stress. Most of the evaluated characteristics showed significant variations
between control and drought treatments. The mean performance of most of the investigated parame-
ters significantly decreased under moisture-stressed conditions. RWC, SWD, MSI, and CTD were
investigated under terminal drought-stressed conditions. Except for saturated water deficit (SWD),
all remaining characteristics declined with increasing stress. Genotypes SAGL152210, SAGL152252,
SAGL152347, SAGL22-115, and JG11 were recognized as drought-tolerant based on physiological
characteristics. Biochemical markers viz., protein content, total soluble sugar, lipid peroxidation,
and proline content, had an impact on osmotic adjustment. Based on non-enzymatic biochemical
traits, genotypes SAGL22-115, ICC4958, ICCV201108, ICCV201107, SAGL152252, and JG11 were
identified for their capability to survive under drought-stressed conditions. H,O, content, CAT, SOD,
POD, APX, and DPPH were considered antioxidant agents. Genotypes SAGL152208, SAGL22-105,
SAGL22-112, ICC201108, SAGL152278, SAGL152252, SAGL162371, SAGL162390, ICC 4958, and
JG315 may be considered drought-tolerant based on antioxidant activities. These genotypes are be-
lieved to be better equipped with physio-biochemical mechanisms and antioxidant defense systems
at the cellular level and can be used in breeding programs to breed drought-tolerant cultivar(s). They
can also be screened in the future, allowing the line(s) that have remained consistent over time to be
recognized and registered as drought-tolerant donors.

Keywords: drought; ascorbate peroxidase; catalase; chlorophyll content; RWC; MSI; SWD; CTD;
superoxide dismutase

1. Introduction

Drought pressure is still one of the most important abiotic stresses impacting plant
development and causing serious yield challenges in the chickpea across the world [1,2].
It is becoming more frequent and intense as resources are depleted and the environment
changes year by year. Unexpected alterations in climatic circumstances ensuing high global
temperatures (heat stress) and unanticipated rainfall situations (floods and drought) are
becoming important agricultural production problems [2]. Because of this, feeding the
world’s expanding population is a problem for global agriculture [3]. About one-third of
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the world’s population currently lives in water-scarce areas, and it is believed that due
to climate change and rising CO, levels in the atmosphere, the intensity, duration, and
frequency of drought stress will all rise. The flexibility of the legume crops in the present
predominant weather edges could be the innovative adaptation in more severe climatic
conditions [4].

The oldest and most widely used legume is the chickpea [5], which is also the most
frequently grown crop in the world, with over fifty countries producing it [6]. The main
cultivating nations of chickpeas are India, Pakistan, Turkey, Australia, and Myanmar. India
contributes to most of the worldwide production (70%) and is the greatest producer [7,8]. Its
cultivation now covers 15.004 million hectares (m ha), with a productivity of 1057.8 kg h~!
and a global production of 15.87 mt per year. According to FAOSTAT [9], India accounts
for 73.78% (10.943 m ha) of the world’s total chickpea area and 73.45% (11.91 m tons) of
its production [10]. Madhya Pradesh contributes more than 40% of the national chickpea
production [11]. In semi-arid areas, it is mostly cultivated on marginal fields. Due to limited
and irregular rainfall in these regions, chickpeas are continually exposed to severe drought
and high temperatures during the flowering and maturity stages. Accordingly, there are
two types of droughts that affect chickpeas: terminal droughts, where soil moisture content
constantly decreases as the growing season comes to an end, and intermittent droughts,
where so0il moisture depends on precipitation, but rainfall is erratic and insufficient [12].
Plants are stressed by intermittent and terminal drought conditions during the vegetative
and reproductive growth phases. A recent study states that up to 50% of chickpea output
losses can be attributed to drought stress [13].

Diverse biochemical and physiological processes in crop plants are impacted by
drought. Those changes result in a decrease in growth, a drop in chlorophyll levels,
a reduction in ascorbic acid, an increase in proline accumulation, and a rise in hydrogen per-
oxide [14,15]. An assessment of genotypes against drought tolerance may be accomplished
by employing these characteristics. Different reactive oxygen species (ROS) accumulate
in plants during drought stress. These ROS induce oxidative damage to tissues and cells,
which leads to cell death. In essence, plant components are harmed by the interaction
between free radicals and electrons obtained from other molecules because they have a
detrimental impact on the enzyme system. Under drought conditions, oxidative damage in
plants is controlled by enzymatic and non-enzymatic antioxidant machineries. Superoxide,
hydroxyl, hydrogen peroxide, and alkoxy radicals can alter regular cellular metabolism
by oxidatively damaging proteins, membranes, and nucleic acids [16]. The endogenous
defense system of the chickpea, which is composed of enzymatic and non-enzymatic antiox-
idants, protects it against oxidative stress at the cell level via adaptation [17]. Physiological
traits such as relative water content, MSI, chlorophyll content, and leaf area index help to
understand yield variation under stressed conditions. These physiological and biochemical
parameters are good indicators for selecting desired genotypes against drought. These
endogenous defense mechanisms detect changes in crop plants in controlled and stress-
ful environments. The lack of adequate selection indicators, mostly morphological and
physiological response, limits breeding for drought tolerance in chickpea. Research on
several shoot-related factors, such as biomass, stomatal conductance, canopy tempera-
ture, and pods/plant, is still primarily focused on boosting chickpea genetic productivity
under drought stress [18]. Likewise, the chickpea biochemically develops several kinds
of biochemicals and antioxidants that help to mitigate the problems of reactive-oxygen-
species-derived toxicity during drought stress [19-21]. Therefore, there is still a need for
more knowledge of the genetic principles governing the different factors. Breeders may be
able to develop effective breeding techniques that support the development of varieties
with drought tolerance on good genetic bases by understanding the genetic makeup of
such characteristics. Thus, to fill this gap, the present study was designed to evaluate the
effect of terminal drought stress in chickpea genotypes by assessing the main drought-
tolerant parameters. The selection of high-yielding drought-tolerant chickpea genotypes,
particularly those cultivated in India, was the other objective of the study.
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2. Results
2.1. Effect of Terminal Drought Stress on Physiological Traits

The study of physiological parameters includes measurements of the relative water
content (RWC), saturation water deficit (SWD), canopy temperature depression (CTD), and
membrane stability index (MSI). Except for the SWD, all physiological parameters were
significantly reduced in all 78 chickpea genotypes under stressed conditions compared to
normal conditions, and a significant difference was found among the genotypes. Only the
SWD was significantly increased in all 78 chickpea genotypes under stressed conditions
compared to normal conditions.

2.1.1. RWC

Under normal conditions, RWC ranged from 30.12% to 68.32%, with an average
of 52.55%, whereas under stressed conditions, it ranged from 27.35% to 63.44%, with
a mean of 47.61%. Under normal conditions, a higher RWC was detected in genotype
SAGL22-102 (68.32%), whilst a lower value was evident in genotype JG-63 (30.12%). Like-
wise, a higher RWC was maintained in genotype SAGL152278 (63.44%) under stressed
conditions, whereas a lower RWC was displayed by genotype JG-63 (27.35%). The min-
imum reduction in RWC was detected in genotype SAGL152210 (0.91%); however, the
maximum decrease in RWC was observed in genotype SAGL161001 (13.33%) under stressed
conditions over normal conditions (Table 1 and Figure 1A). In this investigation, under
stressed conditions, the average reduction in RWC was 4.94 compared to normal conditions.

Table 1. Mean physiological parameters for chickpea genotypes under normal and stressed conditions.

Genotype RWC (%) CTD (°C) SWD (%) MSI (%)
5 b g = z § 3 z Y 5 z §
2 =) 2 2 [a 2 z A = 4 =) &

ICCV-201111 43.19 > 39.43 4 3.76 15224 123228 288 56.81 y-Vi 60.57 1 376 543621  47.283m 7.08
JG-36 43.96 > 39.84 27 412 16921 14.5228 24 56.04 v-V1 60.1651 412 65.68"! 57.23 2 8.45
GCP-101 56.61 "1 50.11 v 6.50 19.64 2 15488  4.16 43.39 d- 49899V 650  57.46° 50.33 2° 7.13
ICCV-201105 63.44 61.36 WY 209 274201 20.12%8 7.3 36.56 > 38.64°f 209 544021 4329 a4 11.11
ICCV-201209 40.21 3¢ 32.12 24 8.09 14.36 f 112738 3.09 31.56 34.70 314 57470 50.47 a© 7.00
ICCV-201113 51.93 h-u 47.83 1 410  13.483c 10478 3,01 48.07 &1 52178 410  51.98%f 43.36 1 8.62
ICCV-201118 60.30 5V 55.69 5Y 4.61 34,09 30.14¢8  3.95 39.70 b-m 4431 461  5434°%  4423%K 10.10
ICCV-201212 58.16 PV 53.39 X 477 14.7 2 9.65 2b¢ 5.05 41.84 54 466129 477 551330 4835%™ 6.78
ICCV-201217 57.64 o1V 50.37 1w 727 155627 11.78*8  3.78 4236 <* 49.63°V 727 59454t  5516°%° 4.29
ICCV-201102 53,621 50.48 W 314  1353+4  1132*8 221 46.38 hx 4952¢% 314 65.17°1  6187°° 3.30
ICCV-201218 49.86 T 43.58 44 628  14.53%h 10.22f 433 50.14 °1V 56.42 1% 628  64.61°1 60.21 ¢© 4.40
ICCV-201108 55.33 m-1 48.21 -t 712 1425 13.6228  0.63 44,67 ¢ 51.798Y 712  51.04%°  4233%h 8.71
CHAFFA 58.88 7V 53.60 PY 528 1436 126228 174 41.12b® 4640b° 528 6356  60.24°° 3.32
JG-24 4034 35.53 >f 4.81 13.42 112428 218  59.66 V1 64471 481 6731+ 63.24 8 4.07
ICCV-201114 48.45 4-p 41,07 d-m 738 14428 1024*8 418 51.55 4V 589301 738  60.54 55.17 2° 537
ICCV-201107 54.91 ™7 51.53 ™W 339  1353+4 11268 227 45,09 £t 4847t 339  6127vW 56173 5.10
SAGL 22-101 48.22 40 4177 40 646  1448%%  1325%8% 123 51.78 =V 5823 ™1 646  67.38%! 64.47 -0 291
SAGL 22-102 68.32V 63.21*Y 511  13.42°%c 9.75 abe 3.67 43482 4775 428 59284t  4730%m™ 11.98
SAGL 22-103 64.36 VY 60.49 VY 386  29.61¢! 253128 43 35.64%°8 395128 386 56.39%P 46331 10.06
SAGL 22-104 49.73 44 4421 551 26331 235828 275 50.27 PV 55792 551  52182f 45273k 6.91
SAGL 22-105 60.47 5V 53.37 0 7.10 16.5 2k 123428 416 39.53 b-m 466379 710 68481 63.378° 5.11
SAGL 22-106 42.77 &1 40.65 41 212 13.72%f 113738 235 57.23 V1 59.35 1 212 5249%h 45242k 7.26
SAGL 22-107 50.72 5 4532 s 540 143928 124228 197  4928m0 54687 540  5451%M™  47322m 7.19
SAGL 22-108 52.13 h-v 4528 F 684 25781 21428 436 47.87 11 54722 684 71521 68.34 -0 3.18
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Table 1. Cont.
Genotype RWC (%) CTD (°C) SWD (%) MSI (%)
= = g = = g = = 3 = = §
: S T P f E 2 i >3
2 & g 2 £ g 2 & E 2 £ E
~ ¥ ]
SAGL 22-109 60.81+V 55.30 &Y 551 152237 14268 096 40.12bn 44.70%3 458  6335™Y  5929bo 4.06
SAGL 22-111 42.95 b4 35.33 2f 7.62 15.05 & 132528 1.8 23982 30582 6.60  50.70 >4 40.33 *F 10.38
SAGL 22-112 60.98 *V 54.36 TY 6.62 152297 139828 124 39.02 bk 45.64 1 6.62  56.55%1 50.33 6.22
SAGL 22-113 59.68 -V 56.39 &Y 3.29 14.528 103228 418 40.32 b0 43611 329 5250 44322k 8.18
SAGL 22-114 54.43 -y 49.61 482 14398 9.62 abe 4.77 4557 874 50394V 482  63.44™Y 59.42 b0 4.02
SAGL 22-115 43.80 7 38.60 21 5.21 15.17 &4 147528 042 56.20 W-VI 614041 521 49.40abe 40.29 > 9.10
SAGL-152403 61.93 VY 5429 ¥ 7.64 3255 278908 4.66 38.07 b7 45.71 7.64 49237 39.47 2 9.75
SAGL-152254 44.48 <1 40.39 bk 409 32430 30.12¢8  6.77 55.52 V1 59.61 1 409  71.25%1 68.40 -0 2.84
SAGL-162370 42.602h 37.842h 4.75 36.89! 30678 622 57.40 = V1 6216V 475 506129 43232 7.38
SAGL-152210 4543 <™ 4452 dm 091 27051 251428% 191 60.32 IV-V1 657491 542 664751 55.98 2° 10.49
SAGL-152273 65.21 -V 59.28 u¥ 593 19281 165328 2.75 34.79 ot 40722 593 67.40%! 64.38 -0 3.03
SAGL-152216 32.73 % 27.53 abe 5.20 24.55 21 212228 333 45.75 & 4964V 3.89 54272k 43.30 & 10.97
RVSSG-64 48.60 4P 4344 4P 516 152727 114528  3.82 51.40 TV 56.56 i 516 654791 60.14 <© 5.34
SAGL-162265 50.21 F 48.29 h-u 192 13932 8.622b 5.31 49.79 »1v 51.71 F¢ 192 6156  58.46°° 3.10
SAGL-152347 5220 8 50.32 -t 1.88  17.3221 132928 4.03 47.80 48788 097  63.08°" 59442 3.63
SAGL-162376 4542 ¢n 4250 40 2.92 17.821 134428 438 54.58 V1 57.50 -1 292 60.42fm 55.27 a© 5.15
SAGL-152314 54,13 kx 50.59 k-w 354 20271 152928  4.98 45.87 h-w 4941 354  5636°°  4841%™" 7.96
SAGL-162375 36.59 abe 33.282¢ 3.32 13.71 10.74 297 68.32 V1 70.68 ! 236 55193 43.96 * 11.24
SAGL-152278 66.80 -1V 63.44 %Y 336 253821  2216%% 322 33.20 ¢4 3656 336 60257 57.30%° 295
SAGL-152242 50.97 &t 4537 Fs 560  14.88%1 102528  4.63 49,031 54637 560  57.31%" 552720 2.03
SAGL-152238 47.30 <° 45.56 5 174 29.88¢! 254138 447 52.70 51V 54447 174  6530P1  61.37°° 3.93
SAGL-162390 49.99 ¢ 41.70 40 828 14771 10.37 8 44 50.01 1V 5830™1 828 55542 46.32 1 9.22
RVSSG-69 66.91 V-V 61.44 WY 5.47 13.6 2 9.75 abe 3.85 33.09 abe 38562 547 60988V  57.36%° 3.62
SAGL-152256 56.56 "1 53.56 °Y 300 13.82%f 103428 348 43.44 9 46.44>P 300 52957 39.24 2 13.72
SAGL-152208 48.34 4P 4530 &5 3.04 1426 11.56 8 2.7 51.66 TV 54707 304 59429t 544130 5.01
SAGL-152303 60.59 -V 54,53 6.06  35.65%! 32.128 3.53 39.41 %1 45475k 606  6247k*  5936b° 3.11
SAGL-152404 52.83 i 41.81 9 1102 14.32°f 11268  3.06 47.17 = 5819 11.02 48372 35.302 13.07
SAGL-152236 58.70 4R 53.86 PY 4.84 16.6 2% 125728 4.03 41.30 b 46.14b™ 484 534027 43471 9.93
SAGL-152252 65.98 -V 60.56 VY 542  3562%1 302558 537 34,0224 394428 542 6330™Y  5820%° 5.10
SAGL-152349 57.44 oV 55.23 5 221 29.99H 24318 568 42.56 < 44773 221 62.83%Y  6041°° 242
SAGL-162389 47.38 < 45.24 2.14 32.16 29.86 28 2.3 52.62 11 54.76 2.14 56.32 42,222 14.10
SAGL-162371 62.35 %V 53.97 P¥ 838  29.8241 2232378 7.5 37.65 b 46.03>™ 838  6043F"  5829b 2.14
SAGL-152342 54.47 -y 48.35 h-u 612 1393 102428 3.69 4553 &1 51.65¢" 612 54523 ™ 41418 13.10
SAGL-152334 43.66 > 40.44 ! 3.23 1522 9.85 3¢ 5.35 56.34 V1 59.56 1 3.23 67.96 1 63.40 h- 456
RVSSG-75 53.58 1 48.22 h-u 5.36 13.23b 8.34 b 4.86 46421y 51.788Y 536  63.14M 60.50 <© 2.64
JG-14 60.38 48.32 dm 12.06 1472 107428 3.96 42.32b-m 58.85°1 1653  7230Y1  69.30 ™ 3.01
JG-11 59.34 TV 55.30 5 404 1437 13258  1.12 40.66 P 44707 4.04 74.20! 73.65 °© 0.55
NBeG-47 47.18 < 4537 1.81  13.98>f 8.34 % 5.64 52.82 51V 546372 181  60.99M% 5964 1.35
JGG-1 52.45 h-w 51.05 v 140  13.65°F 10.32%% 333 4755+ 48.95 1 140  6250k*  5895b© 3.55
RVG-205 56.82 M1V 52.28 "X 454 18151 156228 253 43.18 <% 47.72b 454  5826°°  5219°%° 6.07
RVG-201 63.29 Y 59.90 VY 3.39 10.32 2 7432 2.89 36.71 b 40.10°h 339  55383M  47342Mm 8.05
VISHAL 50.74 »-1I 47.40 & 3.35 21.98 1 18.75%%  3.23 49.26 -1 52600y 335 59309t 54.17 3° 5.13
JG-63 30.122 27.35° 2.77 15.227 108528  4.35 57.62 V1 605341 291  6498°1  61.249° 3.74
RVSSG-85 65.50 9 55.12 5 1038 14.82 1 103528 4.47 34.50 ¢ 45027 1052 7032wl 5271 5.04
RVG-210 54.95 -V 4837 h-u 6.58 31.87 87 29.65¢8% 222 45.05 51.63¢% 658  70.16! 66.24 k° 3.92
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Table 1. Cont.
Genotype RWC (%) CTD (°C) SWD (%) MSI (%)

5 z § = z § = z 2 = z §

: S T P f E 2 i >3

2 & g 2 £ g 2 & E 2 £ E

I~ I~ ~
SAGL-161032 57.58 vV 52.37 nX 521 13.37 2 1024°f 313 4242 <* 47630 521 5221%8  40.14°%° 12.06
SAGL-163603 39.16 2bcd 35.58 *f 358 1387 9.75abed 412 60.84 V-V1 6442wl 358 544321 41.14 > 13.29
SAGL-161018 4451 ¢ 40.60 - 391 27541 226278 492 55.49 u-VI 59.40~1 391 532027 45.18 *% 8.02
SAGL-163008 39.95 ¢ 35.38 *f 456  15.08 27 103228 476  60.05 V-V 64.62Y1 456 5023 4021°%° 10.03
SAGL-161001 54.34 kx 41,01 4m 1333 15131 11.24%8  3.89 45.66 &1 5899P1 1333  61.397%  56.30%° 5.09
RVSSG-68 41.05%8 36.51 F 454 16.3 2K 134928 281 58.95 II-VI 6349w 454  55273n 4421k 11.06
JG-315 65.20 =V 60.36 VY 484  21.85%! 187928  3.06 34.80 *F 39.64%8 484 653297 60.24 -0 5.08
JG-74 30.21 2b¢ 27.42 % 279 1674 125728 417 60.12 V-V1 66.58 71 6.46 49.012b 37.172 11.85
ICC-4958 66.71 -1V 65.32Y 139 19.65%! 18.6228  1.03 33.29 +d 37794 451  7354%1  70.85™° 2.69
Mean 52.55 47.61 4.94 18.92 15.39 3.59 46.44 51.44 5.00 59.63 53.05 6.57
Max 68.32 65.32 13.33 36.89 32.12 7.50 68.32 70.68 16.53 74.20 73.65 14.10
Min 30.12 27.35 0.91 10.32 7.43 0.42 23.98 30.58 0.97 48.37 35.30 0.55

SD 9.50 9.65 9.29 9.06
SE 0.62 0.63 0.61 0.59
2.1.2. SWD

SWD ranged from 23.98% to 63.41%, with an average of 33.29% under normal condi-
tions, whereas under stressed conditions, it varied between 30.58% and 70.68%, with a mean
37.79%. Under normal conditions, a lower STD was measured in genotype SAGL22-111
(23.98%), while a higher value was noticed in genotype SAGL162375 (63.41%). Corre-
spondingly, a lower STD was maintained in genotype SAGL22-111 (30.58%) under stressed
conditions, whereas a higher STD was recorded in genotype SAGL162375 (70.68%). The
minimum increase in STD was evident in genotype SAGL152347 (0.97%), while the maxi-
mum increase in STD was recorded in genotype JG-14 (16.53%) under stressed conditions
over normal conditions. In this investigation, under stressed conditions, the average
increase in STD was 5.02% compared to normal conditions (Table 1 and Figure 1B).

2.1.3. CTD

Canopy temperature depression ranged from 10.32 °C to 36.89 °C, with an average
of 18.92 °C under normal conditions, whereas under stressed conditions, it ranged from
7.43 °C to 32.12 °C, with a mean of 15.39 °C. Under normal conditions, a higher CTD
was observed in genotype SAGL162370 (36.89 °C), while a lower value was recorded
in genotype RVG201 (10.32 °C). Likewise, a higher CTD was maintained in genotype
SAGL152303 (32.12 °C) under stressed conditions, whereas a lower CTD was recorded in
genotype RVG201 (7.43 °C). The minimum reduction in CTD was observed in genotype
SAGL 22-115 (0.42), whereas the maximum reduction was noticed in genotype SAGL162371
(7.50) under stressed conditions over normal conditions. Overall, under stressed conditions,
the average reduction in CTD was 3.59 °C compared to normal conditions (Table 1 and
Figure 1C).
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Figure 1. (A) Relative water content, (B) canopy temperature depression, (C) saturated water deficit, and (D) membrane stability index of 78 chickpea genotypes

under control, and drought-stressed (Drought) conditions.
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2.1.4. MSI

Membrane stability index varied between 48.37% and 74.20%, with a mean of 59.63%
under normal conditions, whereas under stressed conditions, it ranged from 35.30% to
73.65%, with an average of 53.05%. In respect to genotypes, under normal conditions,
higher MSI in percentage was evidenced in genotype JG11 (74.20%), while the lowest value
was recorded in genotype SAGL152404 (48.37%). Higher MSI displayed by genotype JG11
(73.65%) under stressed conditions, while lower MSI was recorded in genotype SAGL152404
(35.30%). The minimum reduction in MSI was observed in genotype JG11 (0.55%), and
the maximum reduction in MSI was recorded in genotype SAGL162389 (14.10%) under
stressed conditions over normal conditions. Under stressed conditions, the mean reduction
in MSI was 6.57% compared to normal conditions (Table 1 and Figure 1D).

2.2. Effect of Terminal Drought Stress on Biochemical Traits
2.2.1. Non-Enzymatic Antioxidants
Chlorophyll a (Chl,)

Chlorophyll a was significantly reduced in all 78 chickpea genotypes under stressed
conditions compared to normal conditions, and a significant difference was found among
the genotypes. Under normal conditions, it ranged from 0.4 (JG14) to 0.54 (SAGL162371)
mg per g FW, with an average of 0.46 mg g~! FW, whereas under stressed conditions, it
ranged from 0.29 (JG63) to 0.51 (SAGL162371) mg per g FW with an average of 0.39 mg
per g FW. Drought stress (normally sown) significantly decreased leaf chlorophyll a in
all genotypes (0.03-0.15-fold), especially in the drought-sensitive (SAGL162370, 0.16-fold;
SAGL163603, 0.15-fold) and drought-tolerant genotypes (ICCV201218, 0.02-fold), followed
by genotypes SAGL22-115, SAGL152403, SAGL162265, and ICCV4958, with decreases
of 0.03-fold. In this investigation, under stressed conditions, the average reduction in
chlorophyll a was 0.074-fold compared to normal conditions (Table 2 and Figure 2A).

Table 2. Effect of drought on non-enzymatic activity of chickpea genotypes under normal and
stressed conditions.

Chl, (mg g~1 FW) Chl;, (mg g~1 FW)
Genotypes Control Drought  Reduction Control Drought  Reduction

ICCV-201111 0.47 2° 0.38 0.09 0.41 14 0.36 M 0.05
JG-36 0.48 b 0.37 87 0.11 0.35b— 0.31 &% 0.04
GCP-101 0.47 @ 0.35 4k 0.12 0.41b 0.3 d-w 0.11
ICCV-201105 0.46 2™ 0.32 bed 0.14 0.38 <4 0.29 0.09
ICCV-201209 0.452™ 0.37 h-w 0.08 0.3228 0.25 27 0.07
ICCV-201113 0.48 ©© 0.35 9 0.13 0.36 >4 0.29 v 0.07
ICCV-201118 0.5 0.4 v 0.1 0.41 14 0.35 X 0.06
ICCV-201212 0.45 27 0.38 M~ 0.07 0.37 b 0328 0.05
ICCV-201217 0.48 b 0.37 -t 0.11 hu 0.28 2b 0212 0.07
ICCV-201102 0.53 0 0.42 1=V 0.11 0.39 91 0.33 87 0.06
ICCV-201218 0.43 278 0.41 y-1I 0.02 0.242 0.152 0.09
ICCV-201108 05310 0.45 V-VII 0.08 0.43 ™4 0.41 WX 0.02
CHAFFA 0.47 2 0.4 %71 0.07 0.39 91 0.31 X 0.08
JG-24 0.48 b 0.41 21 0.07 0.484 0.37 P 0.03
ICCV-201114 0.45 a1 0.38 x 0.07 0.38 <1 0.27b-p 0.11
ICCV-201107 0.52 ko 0.48 VI-XI 0.04 0.4174 0.37 0.04

SAGL 22-101 0.49 e 0.43 I-VI 0.06 0.42 4 0.35 1 0.07
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Table 2. Cont.
Chl, (mg g~1 FW) Chl,, (mg g—1 FW)

Genotypes Control Drought  Reduction Control Drought  Reduction
SAGL 22-102 0.47 2° 0.36 0.11 0.35P4 0.232°8 0.12
SAGL 22-103 0.422¢ 0.36 &P 0.06 0.33 2k 0.28 b-r 0.05
SAGL 22-104 0.45 ak 0.36 1 0.09 0.313°¢ 0.25 21 0.06
SAGL 22-105 0.52#° 0.47 VIFIX 0.05 0437 0.39 tx 0.04
SAGL 22-106 04328 0.36 ™ 0.07 0.35° 0.27 0.08
SAGL 22-107 0.46 3™ 0.37 h-w 0.09 0.343™ 0.172b 0.17
SAGL 22-108 0.472© 0378 0.1 0.322h 0.27 P4 0.05
SAGL 22-109 05310 0.48 VI-XI 0.05 0.41b 0.351x 0.06
SAGL 22-111 0.46 2™ 0.37 h-w 0.09 032278 0.21 2 0.11
SAGL 22-112 0.48 <° 0.41 710 0.07 0.4 0.37 0 0.03
SAGL 22-113 0.432f 0.37 87t 0.06 0.39 ¢4 0.26 2™ 0.13
SAGL 22-114 0.45 am 0.34°8 0.11 0.34 21 0.28 b-r 0.06
SAGL 22 -115 0.58° 0.47 VI-X 0.03 0.41b 0.39 5% 0.02
SAGL-152403 0.422¢ 0.39 =11 0.03 0.32 a1 0.182—< 0.14
SAGL-152254 0.45 21 0.38 "X 0.07 0.38 <4 0.35 h— 0.03
SAGL-162370 0.48 b 0.32 bed 0.16 0.343© 0.21 0.13
SAGL-152210 0.51 h-o 0.46 VI-VII 0.05 0.43°4 0.39 ux 0.04
SAGL-152273 0.46 3™ 0.37hv 0.09 03238 0.22 0.12
SAGL-152216 0.47 2 0.35 9 0.12 0.36 >4 0.31 &% 0.05

RVSSG-64 0.46 2™ 0.38 "X 0.08 0.37 b 0.3 d-w 0.07
SAGL-162265 0423 0.39 571 0.03 0.36 P4 031w 0.05
SAGL-152347 0.48 2© 0.36 0.12 0.322© 0.26 ©5 0.06
SAGL-162376 0.46 3™ 0.4+ 0.06 0.313¢ 0.27 b4 0.04
SAGL-152314 0.453™m™m 0.39 1 0.06 0.33 27 0.212¢ 0.12
SAGL-162375 0.41 abe 0.33b-e 0.08 0.34 21 0.2328 0.11
SAGL-152278 0.49 d-o 0.45 TV-VII 0.04 0.41 %4 0.36 i 0.05
SAGL-152242 04328 0.38 "X 0.05 0.34 21 0.26 2% 0.08
SAGL-152238 0.51#° 0.46 VI-VII 0.05 0.41ka 0.37 0.04
SAGL-162390 0.52#° 0.49 XXt 0.03 0.44 P4 0.4 VX 0.04

RVSSG-69 0.41 2be 0.35 d-m 0.06 0.35b 0.27 2© 0.08
SAGL-152256 0.432h 0.36¢© 0.07 0.37 04 0.31 W 0.06
SAGL-152208 0.53 ™© 0.49 XX 0.04 0.4 0.36 0.04
SAGL-152303 0.43 2 0.34 <f 0.09 0.38 1 0.31 X 0.07
SAGL-152404 0.48 b 0.36 v 0.12 0.36 b-a 0.31 Fx 0.05
SAGL-152236  0.452™ 0.36 87 0.09 0.312d 0.25 27 0.06
SAGL-152252 0.52)° 0.48 VII-XI 0.04 0.39 94 0.36 ™ 0.03
SAGL-152349 0.43 378 0.38 V1 0.05 0.313°¢ 0.26 3™ 0.05
SAGL-162389  0.4223™ 0.35¢™ 0.07 0.372° 0.31 0.06
SAGL-162371 0.54° 0.51 X1 0.03 0.36 >4 0.27 >4 0.09
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Table 2. Cont.

Chl, (mg g~1 FW) Chl,, (mg g—1 FW)

Genotypes Control Drought  Reduction Control Drought  Reduction
SAGL-152342 0.48 b—o 042V 0.06 0.322f 0.28 ct 0.04
SAGL-152334 0.42 abe 0.36 ™ 0.06 0.38 <4 0.351x 0.03
RVSSG-75 0.4 abe 0.35¢h 0.06 0.34 3™ 0.26 3™ 0.08
1G-14 042 0.35 41 0.05 0.312¢ 0.26 2™ 0.05
JG-11 0.51 ho 0.47 VIFIX 0.04 0.41 k%4 0.37 0 0.04
NBeG-47 0422 0.36e™ 0.06 0.39 44 0.28 >4 0.11
JGG-1 0.48 ¢© 0.4 w-I 0.08 0.34 b0 034w 0.04
RVG-205 0.45 2k 0.39 571 0.06 032378 0.26 0.06
RVG-201 0.46 2™ 0.39 0% 0.07 0.35b— 0.29 d-v 0.06
VISHAL 0.422d 0.292 0.13 0.36 >4 0.274 0.09
JG-63 0.473° 0.4 v 0.07 0.3228 0.28 b 0.04
RVSSG-85 0.521° 0.45 V-ViIl 0.07 04214 0.39 ™ 0.03
RVG-210 0.432h 0.32 abe 0.11 0.3 abe 0.242°h 0.06
SAGL-161032 0.45 27k 0.39 s 0.06 0.34 21 0.27b4 0.07
SAGL-163603 0.48 <© 0.33 0.15 0.36 > 0.3 d-w 0.06
SAGL-161018 0.49 €© 0.38 k-x 0.11 0.38 <4 0.34 h—x 0.04
SAGL-163008 0.42 2 0.37 h-w 0.05 0.37 b 0.28 0.09
SAGL-161001 043278 0.39 P2 0.04 0.342° 0.2621 0.08
RVSSG-68 0.42 2 0.37 0.05 0.350P 0.29 0.06
JG-315 0.52° 0.48 VI-X 0.04 04219 0.38 4 0.04
1G-74 0.412b 0.3 b 0.11 0.35bP 0.28 >4 0.07
ICC-4958 0.53 n-° 0.5 XX 0.03 0.44 9 0.42 % 0.02
Mean 0.46 0.39 0.07 0.36 0.29 0.06
Max. 0.54 0.51 0.16 0.44 0.42 0.17
Min. 0.4 0.29 0.02 0.24 0.15 0.02

SD 0.037 0.050 0.041 0.059
SE 0.23 0.12 0.08 0.06

Chlorophyll b (Chly,)

Chlorophyll b was also significantly reduced in all 78 chickpea genotypes under
stressed conditions compared to normal conditions, and a significant difference was evi-
denced among the genotypes. Under normal conditions, it ranged from 0.44 (ICCV4958
and SAGL162390) to 0.24 (SAGL 201108) mg per g FW, with an average of 0.36 mg per g FW,
whereas under stressed conditions, it ranged from 0.41 (SAGL201108) to 0.15 (SAGL201218)
mg per g FW, with an average of 0.29 mg per g FW. Drought stress (normally sown) sig-
nificantly decreased leaf chlorophyll b in all genotypes (0.02-0.17-fold), especially in the
drought-sensitive genotype SAGL22-107 (0.17-fold) and the drought-tolerant genotypes
ICCV 201108, SAGL 22-115, and ICCV 4958 (0.02-fold). The average reduction in chloro-
phyll b under stressed conditions was 0.65-fold compared to normal conditions (Table 2
and Figure 2A).
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Chlorophyll a (chl a) & Chlorophyll b (chl b) (mg per g FW)
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Figure 2. Consequence of terminal drought stress on chickpea genotypes. (A) Chlorophyll a and b, (B) protein, (C) sugar, (D) MDA, (E) proline, and (F) phenol content.
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Protein Content

Protein was significantly reduced in all 78 chickpea genotypes under stressed condi-
tions compared to normal conditions, and a significant difference was observed among
the genotypes. Under normal conditions, it varied from 15.4% (ICCV 201218) to 30.4%
(SAGL152347), with a mean of 23.36%, whereas under stressed conditions, it ranged from
10.24% (SAGL201218) to 28.45% (SAGL152210), with an average of 19.79%. The minimum
reduction in protein was observed in genotype ICCV201107 (0.78-fold), SAGL 22-115, and
ICCV4958 (2-fold), whilst the maximum reduction in protein was recorded in genotype
SAGL22107 under stressed conditions over normal conditions (Table 3). Under stressed
conditions, the average reduction in protein was 6.55-fold compared to normal conditions
(Table 3 and Figure 2B).

Total Sugar Content

Significant variation was recorded in total soluble sugars estimated in dry chickpea
leaves. The maximum sugar content was observed in genotype SAGL22-101 (40 mg g~ dry
weight) and the minimum in SAGL152256 (20 mg g~ ! dry weight) under normal conditions,
with an average value of 31.30 mg g~! dry weight. To maintain the cell turgor, the total
soluble content was increased under moisture-stressed conditions. Under stressed condi-
tions, the maximum sugar content was observed in genotype JG11 (60 mg g~ ! dry weight)
and the minimum in ICCV 201212 (34 mg gf1 dry weight), with a mean of 46.32 mg gfl
dry weight. Genotype SAGL152252 showed the maximum increase in TS content of 24-fold
under moisture-stressed conditions compared to control conditions. Genotype ICCV201218
showed the minimum TS content under moisture-stressed conditions compared to control
conditions (Table 3 and Figure 2C).

Lipid Peroxidation/Malondialdehyde (MDA) Content

MDA was significantly enhanced in all 78 chickpea genotypes under stressed con-
ditions compared to normal conditions, and a significant difference was detected among
the genotypes. Drought stress significantly increased leaf MDA content in all genotypes,
ranging between 1.1 and 1.76 nmol g~! DW. The maximum value was observed in geno-
types SAGL162390 and SAGL 152252 (1.76 nmol g~! DW), and the minimum in SAGL
22-105 (0.02 nmol g’1 DW), whereas under normal conditions, the maximum value was
observed in genotype SAGL162390 (1.70 nmol g ') and the minimum in SAGL 22-105
(1.02 nmol g~! DW). The MDA content, an indicator of membrane damage due to lipid
peroxidation, markedly increased in the leaves, especially in the drought-sensitive geno-
types. Here, the increase ranged from 0.07-fold (SAGL152403) in the drought-sensitive
genotype to 0.02-fold in the tolerant genotype (Table 3 and Figure 2D).

Proline Content

Proline was significantly enhanced in all 78 chickpea genotypes under stressed con-
ditions compared to normal conditions, and a significant difference was found among
the genotypes. Under normal conditions, it ranged from 13.25 to 39.85 mg g~ FW,
with an average of 28.59 mg g~! FW, whereas under stressed conditions, it ranged from
37.12 t0 70.12 mg g ! FW, with a mean of 54.55 mg g~ FW. Under normal conditions, the
maximum amount of proline was evidenced in genotype SAGL152252 (39.85 mg g~ FW),
while the minimum value was recorded in genotype ICCV201102 (13.25 mg g~ FW).
Similarly, under stressed conditions, more proline was observed in genotype SAGL152252
(70.12 mg gfl FW), but less in genotype GCP101 (37.12 mg gfl FW). The proline content
of the leaf increased by 13.75-32.67-fold in drought-stressed plants, with an average of
25.89-fold, including a significantly greater increase in genotypes tolerant to drought, such
as SAGL162375, SAGL152314, ICCV201108, SAGL152210, and SAGL152208, and a lesser
increase in sensitive genotypes, such as SAGL 22-106, ICCV 201105, and SAGL 163603
(Table 3 and Figure 2E).
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Table 3. Effect of drought on non-enzymatic activities under normal and stressed conditions.
S.No. Name of Genotype MDA (nmol g~ DW) Sugar (mg g~! Dry Weight) Phenol (mg Gallic Acid Equivalent g—1) Proline (mg g~ FW) Protein (%)
— -1 Y — -1 Y — - Y — - Y — - g
2 g 3 - g : g : g
1 ICCV-201111 1.56 1.67 4 0.1 29 d-h 373¢ 8 1.023™ 1.05 2% 0.03 15.26 2 40.252 24.99 22124 20.13 > 1.97
2 JG-36 1.122b 1.152 0.03 264 35 abe 9 0.87 27 1.95 w1 1.08 17.45 2+ 4523 27.78 2322 18.52 2% 4.68
3 GCP-101 1.17 24 1252 0.08 32+h 411 9 0.86 2 1.25¢™n 0.39 13.62 20 37.122 235 25.4 2 21.03 ! 4.37
4 ICCV-201105 1.58 v 1.65 < 0.07 33nv 438k 10 0.9k 1.022h 0.12 32152k 52.122™ 19.97 20224 15.322h 4.88
5 ICCV-201209 1.55 5 1.61 b 0.06 30¢em 450 15 0.76 ** 1.82+1 1.06 26.38 53.28 " 26.89 21.6 17.42 @k 418
6 ICCV-201113 1.65 1 1.71 0.06 29 d-h 414 12 0.74 2% 0.85 2b¢ 0.11 15.24 4 423524 27.11 19.8 ¢4 1422 5.6
7 ICCV-201118 1.23 b5 1.31 0.08 288 39 b8 11 0.94 2k 1.03 2 0.09 17.5228 45.75 -8 28.23 20.7 2 15.322h 5.38
8 ICCV-201212 1.42 ™ 1.522" 0.1 26 b 342 8 0.92 2k 1.03 *f 0.11 18.34 20 43252 24.91 21.32d 16.57 >k 473
9 ICCV-201217 1.62 w1t 1.75 &1 0.13 25 be 372 12 1.12b 1.21% 0.09 15.23 abe 40.28 25.05 18.4 abe 12.95d 5.45
10 ICCV-201102 1.52 % 1.58 & 0.06 36 VIl 49 P 13 1.62 W 1.78 1 0.16 13.252 41.032< 27.78 16.2 2 11.27 2 493
11 ICCV-201218 1.22b 1.29 28 0.07 29 d- 362 7 0828 0.89 ¢ 0.09 19.62 50.27 & 30.65 15.42 10.242 5.16
12 ICCV-201108 1.67 vl 1.7 44 0.03 36 V-Vl 59 Wy 23 1.75 W 1.95 1 0.2 35.42 ¢ 67.45 1™ 32.03 20.32d 18.32 2k 1.98
13 CHAFFA 1.23 b5 1.31 1 0.08 31hp 4674 15 1.2b4 1.3¢P 0.1 20.35 2 463520 26 19.3 24 14.26 > 5.04
14 JG-24 1.59 w-I 1.63 < 0.04 32 525V 20 1.34 W 1.57 W 0.23 37.4 K 60.21 <™ 22.81 23.22-d 21.03 b 2.17
15 ICCV-201114 1.33 fp 1.43 > 0.1 310 40 <h 9 0.98 =™ 1122k 0.14 20.2127 48.57 28.36 2214 17.45 % 4.65
16 ICCV-201107 1.62 w1 1.65 1 0.03 34 P 56 ux 22 0.85 1 1.98 1 1.13 34.52 ¢k 64.29 fn 29.77 20.3 24 19.52 1 0.78
17 SAGL 22-101 1.56 ©Y 1.59 24 0.03 40 Vit 61%Y 21 1.24 b 1.45 1 0.21 32.24 2k 63.58 fn 31.34 20.1 2 18.52 2 1.58
18 SAGL 22-102 1.32¢° 144 0.08 37 V-Vl 50 ¢t 13 0.8727 1.96 w1 1.09 15.42 43292 27.87 18.5¢ 12452 6.05
19 SAGL 22-103 1.32¢° 1.42 4 0.1 32 m-u 48 m-s 16 1.25¢% 1.34 4 0.09 36.29 ¢k 57.89 b 21.6 21.6 4 16.23 5.37
20 SAGL 22-104 1.022 112 0.08 308 43 8% 13 1.67 W 1.73 1 0.06 35.28 4% 55.29 2" 20.01 20.1 2 14.26 F 5.84
21 SAGL 22-105 1.57 v 1.59 0.02 38 Vi-vil 58 WY 20 1.85" 2.03 71 0.18 36.85 "k 65.86 " 29.01 22324 20.34 21 1.96
22 SAGL 22-106 1.23 b 1.26 24 0.03 3087 457p 15 1.62 0% 1.76 ™1 0.14 26.54 2K 40.27 b 13.73 24,524 20.13 > 437
23 SAGL 22-107 1.46 P 1.54 2 0.08 25 be 40 d-h 15 0.88 27 0.95 2 0.07 33.62 bk 55.42 2™ 21.8 26,524 22,621 3.88
24 SAGL 22-108 1.21%9 1.32 2 0.11 288 425 14 0.85 1 1.05 2k 0.2 24.96 % 463520 21.39 2352 19.22 1 428
25 SAGL 22-109 1.52 4w 1.55 & 0.03 36 V-V 59 WX 23 1.47 1w 1.79 w1 0.32 39.42 % 65.42 8™ 26 24,124 22.37¢! 1.73
26 SAGL 22-111 1.62 w1t 1.71 ¢ 0.09 35 VI 49 p-s 14 1.42 %W 1.64 " 0.22 34.25 <k 58.34 b 24.09 20.3 2 17.45 % 2.85
27 SAGL 22-112 1.59 w-II 1.62 b 0.03 37 y-vit 55 W 18 1.75 5w 1.95 w1 0.2 35.32¢k 61.29 ¢ 25.97 27.4 54 25,6271 1.78
28 SAGL 22-113 1.26 b7 1.33 2 0.07 32 ks 47k 15 1.32 h-u 1.42 b 0.1 30.25 ¢ 54.26 2" 24.01 20.3 15.42 h 4.88
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Table 3. Cont.
S.No. Name of Genotype MDA (nmol g~ DW) Sugar (mg g~! Dry Weight) Phenol (mg Gallic Acid Equivalent g—1) Proline (mg g~ FW) Protein (%)

]

= = ¥ = = ¥ = = ¥ = = ¥ = = S

£ & g g = S g = b5 E ¥ b5 g g g

= = = = = i1 =

) e 3] 5} e 3] ) 2 I3 ) o 3} ) o 1

z A R 4 a = 4 a = 4 a R r4 A 2
29 SAGL 22-114 1.12 abe 1.19 abe 0.07 25 be 38af 13 1.62 0% 1.77 51 0.15 2542 ak 46.26 20 20.84 21.32d 18.52 3k 278
30 SAGL 22 -115 1.63 w1 1.66 < 0.03 308 5257V 22 1.52 mw 1.86 V1 0.34 30.42 2k 61.23 4 30.81 24,92 22.32 41 2.58
31 SAGL-152403 1.25 41 14221 0.17 320w 40 4 8 0.98 21 1.05 2k 0.07 31.26 2% 54.372™ 23.11 22424 18.52 2k 3.88
32 SAGL-152254 1.62 w1 1.7 4 0.08 341V 50 4t 16 0.8521 1af 0.15 28.62 2k 57.42 3" 28.8 21.624 16.75 2% 4.85
33 SAGL-162370 1.22b-h 1.29 8 0.07 35u-VI 4285 7 0.842h 0.95f 0.11 34.36 <k 57.43 8™ 23.07 24,62 21.02 &1 3.58
34 SAGL-152210 1.58 v 1.61 b 0.03 39 Vi-vill 60 WY 21 1.65P~W 1.92 w1 0.27 37.45 1% 69.85 I 324 30.34 28.45! 1.85
35 SAGL-152273 1.348°P 1.43 a4 0.09 32 ku 480 16 0.75 ¢ 0.85 2 0.1 25.42 ak 56.32 a1 30.9 24124 20.34 &1 3.76
36 SAGL-152216 1.25 ¢ 1.32 0.07 3y I-vil 50 4t 13 0.88 27 1.022F 0.14 28.61 2k 59.82 b 31.21 22,134 19.56 &1 254
37 RVSSG-64 1.28 ¢ 1.36 24 0.08 34p2 48+ 14 0.85 a 09828 0.13 17.34 2 48.27 7 30.93 21.32d 16.53 > 477
38 SAGL-162265 1.25b7 1.31 24 0.06 29 ¢ 43 871 14 0.86 7 1.01 @7 0.15 26.34 2k 54,75 a™ 28.41 26.5 34 23.49 e 3.01
39 SAGL-152347 1.34 4 1.39 & 0.05 30 ber 43 h-o 12 0.9528 1.06 ¢ 0.11 16.95 *% 39.85 7 229 304d 26.47 &1 3.93
40 SAGL-162376 1.26 <k 1.35 4 0.09 25 be 40 ¢ 15 1.022™ 1.1k 0.08 3142k 54,73 & 2331 24234 21.32 41 2.88
141 SAGL-152314 12258 1.28 aF 0.06 27 be 39b-8 12 1.32 h-u 1455 0.13 2432k 56.35 2™ 32.03 20.6 2 16.25 435
42 SAGL-162375 1421 1.51 @ 0.09 3p m-u 425 10 1.27 8 1.39 8 0.12 26.95 2k 59.62 b 32.67 235ad 19.52 b1 3.98
43 SAGL-152278 1.62 Wl 1.7 44 0.08 37 2Vl 58 WY 21 1.86" 2.0221 0.16 34.62 4k 62.34 ™ 27.72 26.5 2 24.98 b1 1.52
44 SAGL-152242 1.24 7 1.3224 0.08 24b 47 n-s 23 1.52 "W 1.67 1 0.15 30.12 2k 52.16 ™ 22.04 18.6 abe 14.35%8 425
45 SAGL-152238 1.66 71 1.73 0.07 34 9l 56 U 22 1.82W 205! 0.23 36.52 8% 67.451™ 30.93 21.6 24 19.68 1 1.92
46 SAGL-162390 1.71 1.761 0.06 37 Iv-vill 59 b8 22 1.79 +w 1.99 1 0.2 38.25 ik 69.34 7™ 31.09 2352 22.32 41 1.18
47 RVSSG-69 1.24 b5 1.322 0.08 24 39 b8 15 1.32hv 1.42h-u 0.1 26.34 2k 49.61°™ 23.27 22,324 18.52 2k 3.78
48 SAGL-152256 1.33h-p 14124 0.08 20° 362 16 1.42 %W 1.58 i 0.16 21.03 2k 424524 21.42 21424 19.65 1.75
49 SAGL-152208 1.42 1t 1.5 0.08 34 P 56 U 22 1.62 0% 1.92 w1 0.3 34.26 % 66.31 1™ 32.05 2342 21.85 ¢! 1.55
50 SAGL-152303 1.32¢° 1.42 4 0.1 288 40 4-h 12 0.75 abe 0.84 2 0.09 30.12 2k 52.31 3™ 22.19 2532 22.12 41 3.18
51 SAGL-152404 1.24 b5 1.29 ah 0.05 37 -vil 4674 9 1.15%P 1.24 %1 0.09 34.52 ¢k 58.31 b 23.79 27.43d 23.26 ¢ 4.14
52 SAGL-152236 1.41 ™r 1.5a4 0.09 24" 344b 10 0.75 2 0.88 24 0.13 34,52 ¢k 59.61 bn 25.09 2342 19.75 21 3.65
53 SAGL-152252 1.69 M1 1.76h-i 0.07 36 w-VI 60 WY 24 1.68 TV 1.89 w1 0.21 39.85 k 70.12 ™™ 30.27 25.6 34 243201 1.28
54 SAGL-152349 1.26 91 1.352 0.09 29 d-h 25 13 0.75 24 0.87 24 0.12 31.25 %k 53.26 @™ 22.01 23,524 20.32 21 3.18
55 SAGL-162389 1.42 1522+ 0.1 32 45 13 0.623b 0.76 0.14 34.25k 57.26 ™ 23.01 21.4 24 15.62 a1 5.78
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Table 3. Cont.

S.No. Name of Genotype MDA (nmol g~ DW) Sugar (mg g~! Dry Weight) Phenol (mg Gallic Acid Equivalent g—1) Proline (mg g~ FW) Protein (%)
— -1 Y — -1 Y — -1 Y — - Y — - g
z a £ z a £ z a £ z a £ z a 2

56 SAGL-162371 1.62 w11 1.74 87 0.12 25 be 38 af 13 1.26 1.388° 0.12 30.25 55.62 " 25.37 24,724 20.18 2 452
57 SAGL-152342 1.32¢° 1.38 2 0.06 29 d-k 45p 16 1.52 W 1.67 "> 0.15 24.62 2K 49,34 2 24.72 27.5b-d 24.16 ™ 3.34
58 SAGL-152334 1.29 4 1.3724 0.08 345V 47 kr 13 0.75 ¢ 0.87 24 0.12 20.16 > 42312 22.15 29.6 4 25,6271 3.98
59 RVSSG-75 1.27 1 1.324 0.05 30 fo 438k 13 1.42 kW 1.65 ™ 0.23 27.16 2k 50.12 2" 22.96 2232 203221 1.98
60 JG-14 1.34 1.42 24 0.08 36 v-VIl 49 13 1.67 9% 1.85 ¥ 0.18 30.12 @ 52.31 3" 22.19 25,62~ 21.37 ¢ 423
61 JG-11 1.58 v 1.68 4 0.1 39 VIVl 62Y 23 1.8uw 2.03 71 0.23 35.48 ¢k 67.451™ 31.97 27.8cd 25.42 i 2.38
62 NBeG-47 1.29 d-m 1.371 0.08 29 4 41 ¢t 12 1.371w 1.62+Y 0.25 26.86 2k 54.27 a0 27.41 23,134 19.36 &1 3.74
63 JGG-1 1.34P 1.42 24 0.08 30e™n 438k 13 1.52 7w 1.65 ™2 0.13 29.75 ak 50.28 & 20.53 24,224 20.87 b 3.33
64 RVG-205 1.52 4% 1.59 & 0.07 34 50 @t 16 1.34 h-w 1.57 i 0.23 34.56 <k 56.75 ™" 22.19 23,62 20.31 ! 3.29
65 RVG-201 1.34 fp 14124 0.07 26 b 372 11 1.62°°W 1.84 w1 0.22 37.85 ik 59.35 b 21.5 25.4 2 20.42 b1 4.98
66 VISHAL 1420 1.53 2 0.11 27 b-f 41 14 1.25¢ 1.37 Fr 0.12 3452 <k 55.85 2™ 21.33 26.3 2 22681 3.62
67 JG-63 1.59 V-1 1.65 < 0.06 30 em 43 8™ 13 1.24 b 1.39 87 0.15 29.62 2k 50.12 a1 20.5 24.22d 21.43 <1 2.77
68 RVSSG-85 1.62 W 1.7 44 0.08 34p1 57 Wy 23 1.59 oW 1.86 V1 0.27 36.57 hk 63.25 0 26.68 26.524 24.350 2.15
69 RVG-210 1.22bf 1.322 0.1 36 V-VI 50 4t 14 1.12b° 1.25¢™ 0.13 28.45 2k 59.64 b 31.19 30.14 26.52 11 3.58
70 SAGL-161032 1.351P 1.44 0.09 345V 51t 17 0.98 1 1.1k 0.12 26.34 2K 56.35 2" 30.01 24,24 21.42 <1 2.78
71 SAGL-163603 1.45p 1.54 2 0.09 288 438 15 0.572 0.742 0.17 39.21 7k 59.12 b0 19.91 20.12d 15.42 2h 4.68
72 SAGL-161018 1.38 P 1.48 > 0.1 24P 40 d-h 16 1.254s 1.42 b 0.17 26.52 2k 58.42 b 319 27.4 b 23,52 3.88
73 SAGL-163008 1.27 41 1.36 1 0.09 308 425 12 1.12b° 1.26 4 0.14 22322k 50.32 3" 28 24324 21.34 ! 2.96
74 SAGL-161001 1.41 ™ 1.48 0.07 3pm-u 4674 14 1.62 0% 1.72 P 0.1 17.92 ¢h 40.122 222 2532 20.19 > 5.11
75 RVSSG-68 1.22b-e 1.3124 0.09 26 b-d 40 ¢h 14 0.85 1 12f 0.15 26.85 2K 49.37 7 2252 22424 16.35 7 6.05
76 JG-315 1.69 -1 172+ 0.03 37 Vil 59 Wy 22 1.84 VW 2.03 71 0.19 35.45 ¢k 67.42 31.97 27.6 25.89 k1 1.71
77 1G-74 1.26 4k 1.34 a1 0.08 30em 4674 16 1.32hv 1.45kv 0.13 26.85 2k 50.12 @™ 23.27 24334 19.56 &1 4.74
78 ICC-4958 1.68 11 1.71 0.03 3g Iv-viit 61 23 1.82VW 2.01 ¥ 0.19 39.85 K 70.25™ 30.4 25.624 23.62 871 1.98

Mean 1.40 1.47 0.07 31.3 46.32 15.01 1.23 1.43 0.20 28.59 54.48 25.89 23.36 19.7 3.56

Max. 1.7 1.76 0.17 40 62 24 1.86 2.05 1.13 39.85 70.25 32.67 30.4 28.45 6.05

Min. 1.02 1.1 0.02 20 34 7 0.57 0.74 0.03 13.25 37.12 13.73 15.4 10.24 0.78

SD 0.172 0.167 445 7.57 0.367 0.404 7.323 8.493 3.078 3.756

SE 0.02 0.02 0.31 0.50 0.03 0.03 0.48 0.55 0.26 0.28
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Phenol Content

Phenol was significantly enhanced in all 78 chickpea genotypes under stressed con-
ditions compared to normal conditions, and a significant difference was found among
the genotypes. Under normal conditions, it varied between 0.57 and 1.86 mg gallic acid
equivalent per g, with an average of 1.23 mg gallic acid equivalent per g, whereas under
stressed conditions, it ranged from 0.74 to 2.05 mg gallic acid equivalent per g, with a
mean of 1.43 mg gallic acid equivalent per g. Under normal conditions, the maximum
amount of phenol was evidenced in genotype SAGL152278 (1.86 mg gallic acid equivalent
per g), and the minimum in SAGL163603 (0.57 mg gallic acid equivalent per g). Similarly,
under stressed conditions, a higher phenol content was observed in genotype SAGL152238
(2.05 mg gallic acid equivalent per g), and lower in SAGL163603 (0.74 mg gallic acid equiv-
alent per g). Phenol content of the leaf increased by 0.03-1.13-fold in drought-stressed
genotypes, with a mean of 0.20-fold. A significant enhancement was observed in genotype
ICCV201107, which may be considered tolerant to drought, and less of an enhancement
in genotype ICCV 201111, which may be considered sensitive to drought (Table 3 and
Figure 2F).

2.3. Enzymatic Antioxidants

The generation of reactive oxygen species (ROS) in response to stress can be regulated
by many antioxidant enzymes, including DPPH, H,O,, CAT, APX, SOD, and POX. To assess
the survival of plants under stressed conditions, the enzymatic activities were determined.

2.3.1. DPPH Content

DPPH content was significantly enhanced in all 78 chickpea genotypes under stressed
conditions compared to normal conditions, and a significant difference was found among
the genotypes. Under stressed conditions, the maximum value was found in genotype
SAGL 22-105 (8.41%), and the minimum in SAGL152216 (4.26%), with an average of 6.41,
whereas under normal conditions, the maximum value was found in genotype SAGL22-105
(8.32%) and the minimum in genotype ICCV201113 (4.02%), with a mean of 6.22. DPPH
content in the leaf increased by 0.04-0.55-fold in drought-stressed genotypes, with an
average of 0.19-fold, a significantly greater increase in genotype RVSSG69, and a lesser
increase in genotypes such as ICCV201107 (0.04), ICC 4958 (0.04), JGG1 (0.05), JG315 (0.05),
and SAGL152208 (Table 4 and Figure 3A).

2.3.2. H,O, Content

H,0; content was significantly enhanced in all 78 chickpea genotypes under stressed
conditions compared to normal conditions, and a significant difference was found among
the genotypes. Under normal conditions, it ranged from 1.26 to 4.79 mmol g~ FW, with
an average of 3.05 mmol g~! FW, whereas under stressed conditions, it ranged from
2.89 to 4.89 mmol g~! FW, with a mean of 4.08 mmol g~! FW. Under normal conditions,
a higher H,O, content was observed in genotype SAGL152252 (4.79 mmol g~ FW), and
lower in genotype SAGL162370 (1.26 mmol g~ FW). Likewise, under stressed conditions,
a higher H,O, content was maintained in genotype ICC4958 (4.89 mmol g~! FW), followed
by SAGL152252 (4.82 mmol g~! FW), and lower in JGG-1 (2.89 mmol g~! FW). H,0,
content exhibited greater increases in drought-sensitive genotypes than in drought-tolerant
genotypes. The minimum enhancement of H,O, was observed in genotype SAGL152252
(0.03-fold), followed by JG-24 (0.04-fold), while the maximum enhancement of H,O,
was noticed in genotype SAGL162370 (2.76-fold) under stressed conditions over normal
conditions. Under stressed conditions, the average enhancement of H,O, was 0.08-fold
compared to normal conditions (Table 4 and Figure 3B).
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Table 4. Effect of drought on enzymatic activities under normal and stressed conditions.

Name of

S. No. Genotype DPPH (%) H;0; (mmol g~ FW) CAT (mg protein~1) APX (umol min—1g~1 FW) SOD (mg protein—1) POD (mg protein—1)
: & & ¢ & i s 2 £ & : 2 & i 2 & &
1 ICCV-201111 5.35 27 5.562h 0.21 221%h 4251V 2.04 19.38 F-p 22.858P 3.47 2,652 4252 1.6 147 o 152 ar 5 141 1.45h-1 0.05
2 JG-36 6.85 -t 6.99 bk 0.14 3.57 <0 4165 0.59 35.02 1 40.26 > 5.24 298P 52¢h 222 159 w1V 167 WX 8 2y 2.06 4w 0.06
3 GCP-101 6.34 <t 6.65 % 0.31 3422 41557 0.73 16.52 d-m 20.33 ™ 3.81 3.62¢h 521¢h 1.59 150 P~ 154 P4 4 1.6 % 1.65 1 0.05
4 ICCV-201105 5.03 af 5242 0.21 3.75¢™ 4327V 0.57 14.25 > 17.45 3.2 412 km 75254 3.4 1434 150" 7 1.59 Pr 1.65"4 0.06
5 ICCV-201209 6320t 6.55%°k 0.23 2,032 3.95ms 1.92 20.12 s 23.62 87" 3.5 3.24 b¢ 5.32 &1 2.08 150 P 156 ' 6 1.37 fm 1.4 K 0.03
6 ICCV-201113 4.022 4322 0.3 3.65 4™ 3.89 k-p 0.24 21.34 v 25.62 k-t 4.28 298P 4.85 < 1.87 161 VI 168 ¥ 7 1.35¢ 1.38 ¢k 0.03
7 ICCV-201118 52128 5428 0.19 3520 3.762 0.24 20.14 s 24,25 h-s 411 3.64h 5.24 &1 1.6 152 47 158t 6 1.4519 1.5k° 0.05
8 ICCV-201212 6.42 d-t 6.69 2k 0.27 312%™ 411 % 0.99 26.54 51 30.12 ° 3.58 4251 6.54 P 2.29 13587 145 ™ 10 14he 1.49 ™ 0.09
9 ICCV-201217 6.32 0t 6.61%% 0.29 326%™ 4,37 -Vl 1.11 23,51 - 27.36 -4 3.85 3588 4.98 &-F 14 130 4-h 1361 6 1.3 1.35 ¢ 0.05
10 ICCV-201102 5.03 2f 5.24 % 0.21 21228 325 1.13 12,5228 15.66 @0 3.14 4.67 P 5.64 - 0.97 145 ™ 153 °p 8 1.19 be 1.25 bed 0.06
11 ICCV-201218 5.98 2 6.33 2k 0.35 3.89 fn 4.06°" 0.17 7422 9.69 227 4.87 v 6.24°1 1.37 1288 135 8h 7 1.398° 1.42 h-k 0.03
12 ICCV-201108 7.52 1 7.6k 0.08 4.218™" 4,57 VX 0.36 27.43 vl 36.52 V1 9.09 5.67 -1V 7455 1.78 161 -V 1771 16 185" 1.98 tu 0.13
13 CHAFFA 6.34 <t 6.58 2k 0.24 3.54¢™n 417! 0.63 7427 10.52 abed 3.1 4861 5.42 87k 0.56 132 fk 1381 6 1.2b¢ 1.25 b 0.05
14 JG-24 6.85 -t 6.95 bk 0.1 438" 4,42 V-V 0.04 21.03 70 326257 11.59 5.98 V-V1 8451 247 161 VI 178 11 17 155° 1.73 9 0.18
15 ICCV-201114 6.52 d-t 6.74 2K 0.22 3.62 4 42+l 0.58 13.62 2 16.54 27 2.92 432 ™P 523 ¢h 0.91 160 =1V 165V 5 0.982 1.022 0.04
16 ICCV-201107 7.68 " 7.72 £k 0.04 437 fn 4.49 VH-IX 0.12 24,31 ™7 35.42 vl 11.11 6.12 V1 9.62 W 3.5 156 +1t 174! 18 185" 2.03 v 0.18
17 SAGL 22-101 7.98 8.06 ik 0.08 420 4317V 0.11 2632971 37.41 1 11.09 5.64 -1V 8524 2.88 165 M-Vt 179 - 14 2091 217 Vv 0.08
18 SAGL 22-102 6.57 d-t 6.78 % 0.21 21228 423wV 2.11 7.51 b 9.232 1.72 3.84 8 5.26¢h 1.42 150 9 155 ar 5 1.45' 1.49 i-m 0.04
19 SAGL 22-103 5.23ah 552h 0.27 2.54 3™ 3.58¢h 1.04 15.42 <k 20.13 ™ 4.71 46294 6.34 87 1.72 137 8™ 1426 5 1.421p 1.46 M 0.04
20 SAGL 22-104 6.35 6.65%°% 0.3 3.62 4 4.25%V 0.63 19.85 Mr 25117 5.26 342 5.28 fh 1.86 140 149" 9 1.3 1.35¢<h 0.05
21 SAGL 22-105 832t 8.41% 0.09 432" 4.46 VX 0.14 29.54 711 44.46 1 14.92 52wl 9.52W 432 175 XXt 192 VI 17 2010 215vv 0.14
22 SAGL 22-106 634t 6.48 >k 0.14 2.54 3" 3.9 1.36 23.61 ™Y 27.42 ™4 3.81 4.32™P 6.45° 2.13 134 87k 1407 6 1.2bd 1.23 be 0.03
23 SAGL 22-107 5122 53228 0.2 1.26 %0 3.52¢f 226 21.03 7™ 26.34 It 5.31 4.87 v 7455t 2.58 123 af 1254 2 1.59 Pr 1.65°4 0.06
24 SAGL 22-108 5.84 2P 6.1k 0.26 254 3™ 4,39 -Vl 1.85 30.12 1 34.12 ¢ 4 3.62¢h 5.29 ¢h 1.67 160 Y-V! 164 W 4 1.25 bf 1.29 h 0.04
25 SAGL 22-109 7.67 ™t 7.74 £k 0.07 4,29 h-n 4,42 V-V 0.13 27.42 vl 36.52 Wl 9.1 5.32 71 10.24Y 492 1378 150 ™ 13 185 1.98 tu 0.13
26 SAGL 22-111 4.32 abe 46 0.28 256" 4327V 1.76 20.12 1 23,6284 35 3.21b¢ 6.42°4 321 150 P> 154pq 4 1.29 < 1.34¢h 0.05
27 SAGL 22-112 7.45 k-t 7.52 ¢k 0.07 459 4,74 XX 0.15 23.25 v 40.32 771 17.07 5.75 V-V 11.03 5.28 175 XX1 1851V 10 199y 212uw 0.13
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Table 4. Cont.

Name of

S. No. Genotype DPPH (%) H;0; (mmol g~ FW) CAT (mg protein~1) APX (umol min—1g-1 FW) SOD (mg protein~1) POD (mg protein—1)
A L N T A T O Y
28 SAGL 22-113 5.62 5.75 a7 0.13 345" 4.155% 0.7 18.56 ¢° 22.34 87 3.78 4.38 ™4 6.34 074 1.96 151 ¥ 156 ™ 5 1.35¢ 1.36 ¢ 0.01
29 SAGL 22-114 5.37 1 5.64 % 0.27 2.753™n 417 ¢! 1.42 15.42 < 19.65 4m 423 4619 5.98 m—o 1.37 130 d-h 132°¢ 2 1349 1.34¢h 0.04
30 SAGL 22-115 7128 7.23 4k 0.11 4.4 4.46 VX 0.06 28.12 V1! 37.45x1 9.33 5.21 w1 9.54 WX 433 169 VI-IX 187V 18 1.76%v 1.86 5 0.1
31 SAGL-152403 6.32 < 6.58 @k 0.26 245%™ 3914 1.46 20.12 h-s 241287 4 3.62¢h 7.645°4 4.02 157 u-ill 162 5 1.67 ™ 1.73 4 0.06
32 SAGL-152254 5.12 53728 0.25 3.29 2" 425wV 0.96 27.45 vl 30.25 0% 2.8 4520 6.52°" 2 148 o1 152° 4 1.3¢ 1.37 4k 0.07
33 SAGL-162370 5.34 27 5.6427% 0.3 1.26 4,027 2.76 25.42 1 28.62 "W 3.2 485 5.61 h-m 0.76 140 143! 3 1.62 1.64 ™ 0.02
34 SAGL-152210 7321t 741k 0.09 4120 427V 0.15 25.42 1 35.23 vl 9.81 5.43 711 9.64 WX 421 180 X! 199 Vil 19 1.8 1.98 0.18
35 SAGL-152273 5.42 2k 5.65 0.23 2342k 4.05° 1.71 15.42 <k 17.52 ¢k 2.1 3.76 1 5.64 im 1.88 150 P> 153 °P 3 1.32¢4 1.37 4k 0.05
36 SAGL-152216 4122 4262 0.14 1.622 40401 242 9.85 2 13.25 > 34 456 P 6.34°4 1.78 129 ¢h 133 °f 4 1.21be 1.27 bede 0.06
37 RVSSG-64 6.37 < 6.64 2K 0.27 242" 3.861° 1.44 15.24 bk 19.52 ¢m 4.28 3.58 &-f 485 1.27 162 I-VII 167 W 5 1.8 X 1.859 0.05
38 SAGL-162265 6.98 7.25 4k 0.27 2.623" 3.78 h-m 1.16 8.46 2 12.322¢ 3.86 4.12km 6.34°4 2.22 138 hn 141 % 3 112 114 0.04
39 SAGL-152347 6.75%4 712k 0.37 3492 417~ 0.68 9.51 12,512 3 4,629 7.45 2.83 153 1 157 4 1.29 4! 1.34 0.05
40 SAGL-162376 5.67 2 5.9ak 0.23 2342k 4.1 P 1.76 10.23 ¢4 18.65 1 8.42 3.68°¢% 5.24 ¢h 1.56 158 VIV 165 VW 7 1.31¢4 1.36 4 0.05
41 SAGL-152314 5.49 a1 5.75 27 0.26 2422 431 7V1 1.89 14.32 %7 17.56 2k 3.24 4,37 ™ 5.99 m-o 1.62 13581 1381 3 1.55 1" 1.59 4 0.04
42 SAGL-162375 6.85 -t 712k 0.27 2.58 ™M 3.758m 1.17 13.422h 16.42 3 3.85 hk 4.65b=< 0.8 153 1 157 st 4 1.39 1.34¢h 0.04
43 SAGL-152278 7.68 ot 7.74 K 0.06 4,02 Fn 4127y 0.1 25121 37.68 X1 12.56 5.02vY 12.341 7.32 165 M-Vt 180 ™ 15 205" 219¥W 0.14
44 SAGL-152242 5.62 3™ 5.89 % 0.27 3.253™n 4241V 0.99 15.32 < 20.31 ™ 4.99 3.24 b 5.65] 2.41 138 h-n 1426 4 1.29 b 1.34<h 0.05
45 SAGL-152238 8125 8.23 1k 0.11 3.95fn 4.6 VII-XI 0.65 19.52 £ 27.9 ™V 8.38 5.34 1 9.62 WX 428 159 x 1V 175! 16 179t 1.98 tu 0.19
46 SAGL-162390 7.98 - 8.21 7 0.23 4238™" 435V 0.12 27.32 1 42321 15 5.67 W=V 10.24V 457 179 XX 192 VIl 13 2,040 2.15v-w 0.11
47 RVSSG-69 6.37 < 6.92 % 0.55 352" 4,21 v 0.69 25.31 ™1 29.61 o 43 4,28 m-o 7.45 5t 3.17 133 87k 135 8h 2 1.32¢4 1.37 4k 0.05
48 SAGL-152256 5.45 31 5.65 21 0.2 2453 42+ 1.75 21.42 v 28.02 ™W 6.6 4640 6.59 PT 1.95 1172 121b 4 1.25b8 12908 0.04
49 SAGL-152208 7.85 Pt 7.9 bk 0.05 335%™ 4.58 VI-X 1.23 26.31 97V 35.42 ull 9.11 5.62 -1V 9.87% 4.25 174 VIIFIX 185V 11 1268 1.38 % 0.12
50 SAGL-152303 6.52 4t 6.68 2k 0.16 312" 4312V 1.19 28.45 w1l 31.25 97 2.8 342 5.42°4 2 141 & 146 ™ 5 1.4 Mo 1.44 M 0.04
51 SAGL-152404 4,622 4.78 2 0.16 245" 43yV1 1.85 15.62 <% 19.85 ™ 423 3.65¢°h 6.57 PF 2.92 1407° 145 ™ 5 1.29 b 1.35¢<h 0.06
52 SAGL-152236 5.47 a1 5.75 27 0.28 2.12%h 3.67 Fk 1.55 29.65 w1 32.02 %2 237 426 6.95 2.69 146 ™ 150 4 1.61 ® 1.65 P4 0.04
53 SAGL-152252 6.85 -t 6.95 >k 0.1 479 m-n 4,82 XI-X1I 0.03 30.25 v 39.75y-1I 9.5 5.16 W2 11257 6.09 160 Y-V 1781 18 187! 2.03 4V 0.16
54 SAGL-152349 5.32 5.462h 0.14 1.522 3.25 1.73 18.52 ¢™ 20.32™ 1.8 432mP 6.35°1 2.03 152 4% 156 ' 4 1.65™ 1.69 P 0.04
55 SAGL-162389 5.02 <t 535k 0.33 152" 4125t 26 14.26 2 18.65%8 4.39 4.62P 7.54 54 2.92 153 -1 158 st 5 1.4 Mo 1.43 % 0.03
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Table 4. Cont.

S. No. (?eillgtey(}))fe DPPH (%) H;0; (mmol g~ FW) CAT (mg protein~1) APX (umol min—1g-1 FW) SOD (mg protein~1) POD (mg protein—1)

— - 3 — -1 v — -1 Y — -1 OJ — - Y — - v

E ) g g & g g B g g B g g ) g g ) g

2 g £ 2 g E 2 g E 2 g E E g E E g

) o 3] 1) e 3] 1) o 3] ) o 13 5} 2 3} ) 4 3]

z ) = 4 A S 4 a S z a S z a S z [ R
56 SAGL-162371 5.98 2 6123k 0.14 24221 3.65 1.23 2542 p1 29.56 ° 414 42510 6.58 P" 233 160y V! 165V 5 1314 1.38 ¢k 0.07
57 SAGL-152342 6.36 <t 6.45 3k 0.09 22ah 324 1.04 28.45 w-ll 31.02 P 2.57 4,98 v 7.54 51 2.56 121 ¢ 1254 4 192wl 1.98 t 0.06
58 SAGL-152334 7.24 bt 7.54 ¢k 0.3 2322k 425>V 1.93 26.42 1 29.65 ° 3.23 46291 6.52°" 1.9 166 VX 170Y 4 1314 1.35¢h 0.04
59 RVSSG-75 4572d 469 abe 0.12 3.033™m 352 et 0.49 23.62 ™Y 27.42 mu 3.8 3,52 d-f 4.97 <¢ 1.45 129 b8 134 f8 5 1.53 mr 1.58 -0 0.05
60 JG-14 6.39 <t 6.5k 0.11 23224 423 vl 1.91 12.32 16.52 2 42 4629 6.57 PF 1.95 120 abe 123¢ 3 1.35fi 1.37 4k 0.02
61 JG-11 6.42 d-t 6.49 % 0.07 455" 4,67 X1 0.12 25.23 -1 35.42 874 10.19 5.26 W1 10.25Y 4.99 175 XX 187V 12 122¢ 1298 0.07
62 NBeG-47 4624 4,872 0.25 1.34 abe 3.25 Fk 1.91 8.45 2" 10.23 2bc 1.78 3.24b-d 6.54 Pr 33 1152 1182 3 1.83 VY 1.86 5 0.03
63 JGG-1 5.8524 5.9a%k 0.05 242%™ 2.89 ab 0.47 7.452 11.65 ¢ 42 3.9811 4252 0.27 145 ™ 152° 7 1.38 1418k 0.03
64 RVG-205 6.12 2 6.34 2k 0.22 2.543™ 321 0.67 9.85 2 12.34 2 2.49 3754 6.54 Pr 2.79 1321 138 6 1.3 1.34¢h 0.04
65 RVG-201 6.46 -t 6.54 2k 0.08 264%™ 451 be 1.87 20.13 h-s 25.32 ks 5.19 458 Pt 6.34 3 1.76 162 VI 165V 3 1314 1.36 < 0.05
66 VISHAL 7.42 Kt 7.58 ek 0.16 324N 4129V 0.88 31.42 -1 34.12 ¢ 2.7 4765 5.87 1.11 130 d-h 133 o 3 1.65™ 1.68°4 0.03
67 JG-63 6213 6.34 2k 0.13 3.62dm 435V 0.73 16.42 4 19.65 d-m 3.23 3.95 ik 4322 0.37 155 s 158 3 1.29 ¢h 1.34¢h 0.05
68 RVSSG-85 7.61 ™t 7.75 8% 0.14 451™ 4,77 XX 0.26 30.54 =11 44251 13.71 5.46 HIl 9.65 W 4.19 168 V-IX 180 1 12 206" 2.18 VW 0.12
69 RVG-210 6.62°t 6.72 4k 0.1 243N 3.6t 1.18 19.65 -4 22.32 fo 2.67 5.02 HV 762570 2.6 139 o 1426 3 1.45kd 1.49 +m 0.04
70 SAGL-161032 4,652 4854 0.2 3.062™" 351 ¢f 0.45 25.42 P 29.62 ° 42 4,98 VW 524 ¢h 0.26 160 y-V! 163 ¢ 3 1.6 % 1.64 ™4 0.04
71 SAGL-163603 632t 6.52 4k 0.2 324%™ 421+ 0.97 20.12h-s 24627 45 3.62¢h 54581 1.83 1192 124 <d 5 2.081 2134w 0.05
72 SAGL-161018 5.34 27 5.49 ah 0.15 1.252 3.8in 2.55 27.45 vl 30.12 2.67 456 P 5.75 k= 1.19 1311 135 8h 4 1319 1.37 4k 0.06
73 SAGL-163008 6.34 <t 6.57 3% 0.23 24243 3.6¢t 1.18 25.43 P 29.85 o 442 3.28¢4d 435t 1.07 120 abed 123¢ 3 1.25 %8 1.29 bede 0.04
74 SAGL-161001 51228 5.32af 0.2 265%™ 3548 0.89 26.34 1 31.26 92 492 439" 6.58 P* 2.19 145 ™ 149 ° 4 1.4 ho 1.45 11 0.05
75 RVSSG-68 5752 5.86 7 0.11 2.753™ 3.41de 0.66 30.12 1 33.25P% 3.13 3.26 b 5.85 5t 2.59 149 m-r 154 5 1.61 9% 1.65°4 0.04
76 JG-315 7.34 7t 7.39 bk 0.05 452kn 4,78 X-X1l 0.26 27425 40.21 =11 12.79 5.98 V-V1 11.24% 5.26 175 VX 190 V1 15 20121 22V 0.19
77 ]G-74 6.32 0t 6.64 2% 0.32 23227 3.72H 1.4 30.12 w1 32,6257 25 3.62¢h 44220 0.8 170 VI-X 1722 2 162 1.64 ™4 0.02
78 ICC-4958 8.027t 8.06 % 0.04 481" 4.89 X1 0.08 28.45 it 42321 13.87 6.01 V-V 13521 7.51 174 VII-XI 192 VIt 18 1971 215 VW 0.18
Mean 6.22 6.41 0.19 3.05 4.08 1.03 20.96 26.48 5.52 4.40 6.90 2.50 148.54 155.62 7.08 152 1.59 0.07
Max. 8.32 8.41 0.55 481 4.89 2.76 35.02 44.46 17.07 6.12 13.52 7.51 180.00 199.00 19.00 2.09 2.20 0.19
Min. 4.02 4.26 0.04 1.25 2.89 0.03 7.42 9.23 1.72 2.65 425 0.26 115.00 118.00 2.00 098 1.02 0.01

SD 1.029 0.995 0.936 0.426 7.089 9.187 0.838 2.058 16.72 19.75 0.28 0.31
SE 0.07 0.07 0.06 0.04 0.50 0.62 0.06 0.13 1.09 1.30 0.03 0.04




22 of 44

Plants 2024, 13, 2746

s

SRR T O NS

8S6¥-DDI
vi-or

SLE-Or
89-DSSAN
LOOL9L-TTOVS
B00L9L-T1DVS
BLOLOL-IDVS
£09€91-T1OVYS
ZEOL9L-1DVS
okZ-oAd
S$8-OSsSAY
£9-Or
AYHSIA
LoZ-Dnd
S0Z-DAY
1-0or
Ly-D9daN
LL-or

vi-or
SL-OSSAY
YEEZSI-T1OVYS
ZPEZSL-TIOVS
LLEZOL-TTOVYS
LVEZS-T1OVYS
6rEZSL-TIOVS
2592251-19VYsS
9EZZS-1OVS
YovesL-1oOvs
£0£251-T1OVYS
B0ZZSL-1DVS
9G2251-1OVS
69-DSsSAY
06£29L-TOVS
BEZZSL-1OVS
EVECSI1DVS
BLZZSL-T1OVS
SLEZOL-IOVS
YLEZSL-T1DVS
92£291L-1OVS
LVEZS-T1ODVS
G9229L-1OVS
9-DOsSsAd
9LZZST1OVS
£LZZSL-IOVS
0ZZSI-1OVvsS
02£291L-T1OVS
¥YSZZSL-1OVS
£OPZSI-1OVS
SLL- 22 1OVS
¥ 11L-22 1DVS
EHL-ZZ 1DVS
ZLL-ZZ 1OVS
LEL-ZZ 1DVS
601-22 1OVS
80L-22 N1OVS
201-2Z 1DVS
901-22 1OVS
S0L-2Z 1OVS
vOL-ZZ 1DVS
€0L-22 1OVvS
Z0L-2Z 1DVvsS
LOL-Z22Z 1DYS
20LLOZ-ADDI
ELLOZ-ADDI
ve-or
YAAYHD
80LLOZ-ADDI
812H02-ADDI
Z0LL0Z-ADDI
Z12H02-ADDI
Z12H02-NADDI
8LLLOZ-ADDI
€LLL0Z-ADOI
602102-ADDI
SO0LLOZ-ADOI
LOL-dOD
2e-Or
LLLLOZ-ADDI

Genotypes

W Normal M Stress

A

H,0, content (mmol g' FW)

?mmnnmmmimnnmmmmmimmmuumnmlimmmi

896001
vi-or

Sie-or
89-DSSAY
LOO L9L-1OVS
800£9L-1DVS
8LOLOL-1OVS
£09€91L-1OVS
2e019L-1Dvs
01Z2-DAd
98-0OSSAY
£€9-Or
IYHSIA
L0Z-DAY
S02-OAd
Loor
2y-D2dN
LL-or

vi-or
9.-0SSAd
YCETSL-1OVS
ZYeZSL-1OVvsS
LLEZOL-1DVS
2¥ETSI-1OVS
SYETS-1OVS
€522S1-10VS
9g£ZTTS-1OVS
PorZsL-1Ovs
£0E€2SL-1DVS
B80ZZSL-1DVS
952291-10VsS
69-DSSAY
06£Z9L-1DVS
8E€22SL-1OVS
ZYTTSI1OVS
BLTTG-1OVS
S2€291L-110VS
YLEZSL-1DVS
9.€291L-10VS
2¥E2ZSL-1DVS
S9Z2291L-1DVS
v9-OSSAN
912251-10VS
£LTTG-1OVS
0122S1L-1DVS
0LETIL-1DVS
¥S2251L-10VS
£0¥ZSL-1DVS
SHi- ZZ 1OVS
YLL-22 1OVsS
€L1-22 T1OVS
ZHTZT 1DVS
LLL-ZZ2 1DVS
60122 1OVS
80L-2Z IDVS
201722 1OVS
90L-ZZ 1DVS
S01-22 1OVvs
¥0L-22 1OVS
€0L-ZZ 1DVsS
201-22 1OVvs
LOL-ZZ 1OVS
L0KLOZ-ADDI
PLLLOZ-ADDI
ve-or
YA4YHOD
80LLOZ-ADDI
81ZL0Z-ADDI
20LL0Z-ADDI
2121L02-ADDI
ZIZHOZ-ADDI
8LLLOZ-ADDI
€LLL0ZT-ADDI
60Z10Z-AD2I
S0LLOZ-ADDI
LOL-dDD
9c-or
LLLLOZ-ADDI

Y

B Stress

B Normal

Genotyes

(B)

Figure 3. Cont.



23 of 44

ittt

60

Plants 2024, 13, 2746

wooroo 8561001
vior g ofen
sig-or 2 el

89-DSSAN
89-955A8 3 LO0LL-IDVS
looleTovs E 800£91-19VS
200£91-19VS = ,

8L019L-1DVS

glol9-1ovs ™
€09E9L-19DVYS
<E0L9L-T1OVS

£09¢91-10VS
CE019L-1OVS

el
98-9S55AH

£9-Or
£9-or

TYHSIA
AYHSIA

N 0Z-9Ad

o S0Z-9Ad
S0Z-9Ad
-o9or l-99r
Lr-9%aN W.Mwmz
o vi-or
vi-or
GL-9SSAH SL-OSSAY
¥eezSL-19vsS PEETSL-1DVS
PETGL-1OVS ZPEZEL-1OVS
LLEZIL-1DYS | JAx4:] _.”._wa.m
LPEZSL-1OVS 2yees _..._w<m
6PEZSL-1DvYS [ 4] _..._Ud_m
TSTISL-1OVS fATAAY _..._Ud.m
9LTTGL-1OVS 9ETTGI-1DVS

POrZSEL-1OVS

POP2SL-19VS
£0RZGL-1OVS
80ZZ251-19VS
99Z2ZeL-19vs

£0ETSL-T1OVS
B0TTS-T1OVS
952251 T1OVS

69-9SSAY G69-D8SAM

06£29L-19VS 06£291L-1DVS

2£2ZZS-1OVS 8ETTG1DVS
P 44 o D)4

ZPEeSL-19VS
8.Z2Z51L-19VS
CLEZ9L-19VS
FLETSL-1OVS
9.4£291-19VS

8ITTGL-T1OVS
§1£291-1DVS
PIETGL-1DYS
9.£291-10VS

ittt

APX activity (umol min1g' FW )

weezgk1ovs 2 (O LYETSH10VS
g9zZZ9L-19VS = §97291-19vs
¥9-9SSAY P9-D55Ad
912281-19VS 91Zeel10vs
£12ZGL-1OVS £LECGL-T1OVS
0L225L-1DVS 01ZZ§1-10VS
02£29}19VS 0LE281-10VS
¥SZZSL-19VS $5225L-10VS
COFZSL-1DVS £0PZSL-1DVS
Shl- 22 19VS SLL- 22 19VS
PLI-22 1OVS FH-ZE 1DVS
€H1-22 1OVS e CL1ZC 1OYS
ZLL-22 1OVS P e T11-ZZ 1OVS
LL1-22 1DVS P | 122 10VS
60L-2Z 1OVS e 601-2Z 19VS
801-2Z 1DVS === 801-ZZ 19VS
201-22 1OVS s 10122 19VS
901-22 1OVS i 901722 1OVS
G0L-TT 1OVS e 501-C2 19VS
$0L-22 1OVS W= ¥01-ZC 19VS
€01-Z2 19VS == £01-2Z 19V
201-22 1OvS i Z0L-ZZ19VS
101-22 T1OVS M LOL-ZZ 1DVS
20HE0Z-A22I e 10LLOZ-ADDI
PLLLOZ-ADDI i VELLOZT-ADDI
rZ-or N V7O
Y44YHD " Ydd4VHO
90LL0Z-ADDI e 80LL0Z-AD2I
81ZE0Z-ADI i 81ZM0Z-AD2I
20LL0Z-AD2I M ZOLLOZ-ADDI
L12102-ADDI = J1ZH0Z-ADDI
ZIZ10Z-ADDI M TIZIOZ-ADDI
81EL0Z-ADDI W 8HI0Z-ADDI
€HEH0Z-ADDI == CHZ-ADDI
60Z10Z-AD21 T 60ZH0Z-A22I
SOLL0Z-ADDI S e S0LLOZ-ADOI
H0L-dd9 i 101-dDD
ge-or e 9t-Or
Fioemm— | HH0Z-ADDI —— LLLLOZ-ADDI
B8 & e-° O ITNOoO®OT AN

= Stress

= Normal

Genotypes

(D)

Figure 3. Cont.



24 of 44

Plants 2024, 13, 2746

SOD activity (mg protein)

; , 1 1 - ’ :
: ‘ I I W1 i I
““““‘ ‘ ‘ ‘ “ ‘ f ' | | I | | 7

250

200

150

100

50

B8S6¥-0DI
vi-or

SE-0r
89-DSSAN
L0099 1DYS
BOOEIL-1DVYS
BLOLOL-T1OVWS
£09E91L-1D0VS
ZE0I9L-1DVS
0k2-oAd
S8-DsSsAd
£9-Or
IYHSIA
L0Z-DONAd
S0Z-ond
-Dor
L¥-O°dN
L-or

vi-or
SI-DSsSAN
YEEZSL-1DVS
ZreEesL-1Ovs
LIE29L-1DYS
LVECSL-1DVS
6¥EZSL-T1OVWS
FA:TAA ] Sl b - 45
9£TTSL-1DVYS
voresi-1ovs
£0E£2SL-T1OVS
BOZEZSL-1OVYS
952251~ 10Vs
69-0SSAN
06£291L-1DYS
BECZSL-1OVWS
CVees10vsS
BLZZSIL-1DVYS
SLEZ9L-1OVS
VIECSE1DOVWS
9.£291-1DVS
LVEESI-1OVWS
S9229L-10VS
¥9-OSSAY
9122Zs-10Vvs
€LCCSIT1OVS
0LZESI-1DVS
0LETI-1DVS
YS22SL-1OVS
£O¥CSL-10VS
Sk~ 22 1OVS
¥LL-22 T1OVS
€22 1DVS
ZHLZZ 1DVS
LLL-22 TOVS
601-22 1DVS
80L-Z2 1DVS
L0L-2Z 1OVsS
90L-2¢ 1DVS
S0L-22 1OVS
Y0L-2Z 1OVsS
£01-22Z 1OVS
Z0L-22 1OVsS
LOL-ZZ T1OVsS
£01102-ADDI
¥ELLOZ-ADDI
ve-or
Y44YHD
BOKLOZ-ADDI
B1C1H0E-NADDI
Z0L102-AD2I
21ZH0Z-ADDI
[4 ¥4 il ke le]]
B11L0Z-ADDI
€FHH0Z-ADDI
60€10€-ADDlI
S011L02-AD2I
HO-dDD
9g-or
ELLLOZ-ADDI

Genotypes

u Stress

uNormal

(E)

POX activity (mg protein-')
- 3 . '
3 ] - i T
‘ ““‘II I II‘ I I I II “ ‘l l“‘l ‘ ‘I“‘ “ “‘I “‘ l ‘ ‘I‘

TNNROINTROE NS
o™ o oo0oo

856122l
vi-or

SIE-Or
89-95SAY
L00L9L-1DVS
800£9L-1DVS
8L019L-1DVS
€09€91-710VsS
Z2E019L-19YS
0LZ-9AY
S8-O8SAY
€9-Or
IYHSIA
L0Z-9AY
S0Z-9AY
L-0or
D98N
b-or

vi-or
§L-D8SAN
veETSI-10VS
ZreTSI-10VYS
LLETA-OVS
LVETSIIOVS
6YETSI-1OVS
ZSTZS-10VS
9€TTGI-1OVS
YorZsi-1ovs
£0£ZSH-1OVS
802Z51-10VS
952ZG1-10VS
69-DSSAY
06£Z91-1DVS
8ELTSI-1OVS
CreTSI10VS
81EZGI-1OVS
S1E29L-10VS
VIETSI-1DVS
9.£791-10VS
LVETGL-1OVS
S9TTIL-1OVS
V9-O5SAd
9LETS-1OVS
£L2TS1-10VS
0LZZGL-1OVS
02£291L-19VS
VSETSL-19VsS
£0rZSE-1OVS
S 2T 1OVS
¥LL-22 19VS
£11-22 19VS
CTh-2T 1OVS
22 1OVS
601-22 10VS
B801-2Z 1OVS
L01-22 1OVS
901-22 1OVS
S01-2C 1OVS
Y0L-2Z 1OVS
£0L-2Z 1OVS
20L-22 10VsS
LOL-ZT 1DVS
ZOLHOZ-ADDI
YLLLDZ-ADDI
ve-or
Y44YHD
80LLDZ-ADDI
BICHOZ-ADDI
20LLDZ-ADDI
L12102-AD2I
ZLEL0Z-ADDI
8LLLDZ-ADDI
€LLHOZ-ADDI
60210Z-AD2I
S0LLDZ-ADDI
L0k-dDO
9¢-or
LLLLOZ-ADDI

uNormal
= Stress

Genotypes

(F)

Figure 3. Consequence of drought stress at flowering stage on (A) DPPH, (B) H,O,, (C) CAT, (D) APX, (E) SOD, and (F) POX enzyme action of studied genotypes,

where SOD, POX, CAT, and APX indicate superoxide dismutase, peroxidase, catalase, and ascorbate peroxidase, correspondingly.
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2.3.3. CAT Activity

CAT has a role in the decomposition of peroxidase under drought conditions. Under
drought conditions, the maximum CAT activity was revealed by genotype SAGL22-105
(44.46 mg protein ') and the lowest by SAGL22-102 (9.23 mg protein~!), with an average
of 26.48 mg protein~!. Nevertheless, under normal conditions, genotype SAGLJG36
(35.02 mg protein—!) had the highest CAT enzyme activity and genotype ICCV201218
(7.42 mg protein 1) had the lowest CAT enzyme activity, with a mean of 20.96 mg protein—!.
The highest activity of the catalase enzyme was found in tolerant genotypes. The maximum
enhancement of catalase was noticed in genotype SAGL22-112 (17.07-fold) under stressed
conditions over normal conditions, while the minimum enhancement of catalase was
evident in genotype SAGL 22-102 (1.72-fold), with a mean of 5.52 (Table 4 and Figure 3C).

2.3.4. APX Activity

APX was significantly boosted in all genotypes under stressed conditions compared to
normal conditions, and a significant difference was found among the genotypes. Un-
der normal conditions, it ranged from 2.65 to 6.12 pmol min~! g~! FW, with an av-
erage of 4.40 umol min~! ¢~! FW, while under stressed circumstances, it varied from
4.25 to 12.34 umol min~! g~! FW with a mean of 6.90 umol min~! g~! FW. Under nor-
mal conditions, the maximum APX was observed in genotype ICCV201107 (6.12 umol
min~! g*1 FW), and the minimum in ICCV201111 (2.65 pmol min~! gfl FW). Similarly,
under stressed conditions, a higher APX activity was recorded in genotype ICC4958
(13.52 umol min—! g~! FW), followed by SAGL152278 (12.34 umol min~—! g~! FW), and
lower in ICCV201111 and JGG-1 (4.25 umol min~! g’l FW). The APX content of the leaf
increased by 0.26-7.51-fold in drought-stressed plants, with an average of 2.50-fold, a signif-
icantly greater increase in genotypes tolerant to drought, such as ICCV 4958 (7.51-fold) and
SAGL152278 (7.32-fold), and a lesser increase in sensitive genotypes such as SAGL161032
and JGG-1 (0.26- and 0.27-fold, respectively) (Table 4 and Figure 3D).

2.3.5. SOD Activity

SOD activity was significantly enhanced in genotypes under stressed conditions com-
pared to normal conditions, and a significant difference was evident among the genotypes.
Under normal conditions, it ranged from 115 to 180 mg protein !, with a mean of 148.54 mg
protein~—!, whereas under stressed conditions, it ranged from 118 to 199 mg protein—!,
with a mean of 155.62 mg protein~!. Under normal conditions, a higher SOD activity was
detected in genotype SAGL152210 (180 mg protein '), and lower in NBeG-47 (115 mg
protein~!). Similarly, under stressed circumstances, a higher SOD activity was maintained
in genotype SAGL152210 (199 mg protein—!), and lower in NBeG-47 (118 mg protein—1).
The minimum enhancement of SOD was evident in genotypes viz., JG-74, RVSSG-69, and
SAGL22-107 (2-fold), and the maximum in genotype SAGL152210 (19-fold) under stressed
conditions over normal conditions. Under stressed conditions, the average increase in SOD
was 7.08-fold compared to normal conditions (Table 4 and Figure 3E).

2.3.6. POX Activity

POX activity was significantly enhanced in all genotypes under stressed conditions
compared to normal conditions, and a significant difference was found among the geno-
types. Under normal conditions, it ranged from 0.98 to 2.09 mg protein !, with an average
of 1.52 mg protein’l, whereas under stressed conditions, it ranged from 1.02 to 2.20 mg
proteinfl, with an average of 1.59 mg proteinfl. Under normal conditions, a higher POX
activity was detected in genotype SAGL22-101 (2.09 mg protein—'), and a lower activity
in ICCV201114 (0.98 mg protein™!). Likewise, under stressed conditions, a higher POX
activity was maintained in genotype JG315 (2.20 mg protein~!), and lower in ICCV201114
(1.02 umg protein~—!). The maximum enhancement of POX was witnessed in genotype
JG315 (0.19-fold), and the minimum in SAGL22-113 (0.01-fold) under stressed conditions
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over normal conditions. Under stress conditions, the average enhancement of POX was
0.07-fold compared to normal conditions (Table 4 and Figure 3F).

2.4. Correlation Analysis between Drought and Normal Conditions

Under drought as well as normal conditions, there was also a positive and significant
correlation between MDA, phenol, proline, chlorophyll a, and chlorophyll b. During stress,
phenol, proline, chlorophyll a, and chlorophyll b revealed a positive and significant correla-
tion with MDA. Phenol had a positive and significant correlation with proline, chlorophyll
a, and chlorophyll b. Proline had a positive and significant correlation with chlorophyll
a and chlorophyll b. Furthermore, there was a significant positive correlation between
chlorophyll a and chlorophyll b (Table 5, Figure 4a), whereas under stressed circumstances,
the correlation analysis revealed a highly positive and significant relationship between
different antioxidant enzyme activities. During drought and normal conditions, there was
also a positive and significant correlation between DPPH, H,O,, CAT, ascorbate, SOD, and
POX. Under stressed conditions, HyO,, CAT, ascorbate, SOD, and POX revealed a positive
and significant correlation with DPPH. H,O; had a positive and significant correlation
with CAT, ascorbate, SOD, and POX. CAT had a positive and significant correlation with
ascorbate, SOD, and POX. Ascorbate had a positive and significant correlation with SOD
and POX. Moreover, there was a significant positive correlation between SOD and POX
(Table 6, Figure 4b).

2.5. Principal Component Analysis (PCA)

Principal component analysis was carried out for all genotypes, as well as the seven
non-enzymatic and six enzymatic biochemical parameters under investigation in each treat-
ment, to better understand the relationship between genotypes and to extract the significant
and valuable information present in the data matrix. Additionally, the principal component
analysis reduced the number of qualities that accounted for the highest proportion of
variability found in the data matrix. More than one eigen value in the major components
accounted for about 10% of the overall variation. The principal components indicated that
the higher eigenvalues were the most representational of system features [22].

PC-I, PC-II, PC-1II, and PC-1V had eigen values > 1 out of the 14 principal components,
according to the scree plot of the non-enzymatic biochemical parameters (Figure 5C) Eigen
values < 1 for the remaining principal components indicated that they were not further
discussed. The first four components were the most significant; separately, PC-I, PC-II,
PC-I1I, and PC-IV contributed 49.16%, 13.57%, 9.27%, and 8.01% of the overall variability
in this investigation under various biochemical parameters, respectively. Combined, both
components provided 80.01% of the variability (Table 7).
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Table 5. Correlation analysis between drought and normal conditions for non-enzymatic biochemical parameters.
MDA N MDA D Sugar N Sugar D Phenol N Phenol D Proline N Proline D Protein N Protein D ChlaN ChlaD Chlb N Chlb D
MDA N 1.0000
MDA D 0.9961 ** 1.0000
Sugar N 0.6263 ** 0.6137 ** 1.0000
Sugar D 0.5140 ** 0.5126 ** 0.6619 ** 1.0000
Phenol N 0.3604 ** 0.3442 ** 0.3366 ** 0.2816 ** 1.0000
Phenol D 0.5387 ** 0.5149 ** 0.5464 ** 0.4559 ** 0.9296 ** 1.0000
Proline N 0.5668 ** 0.5392 ** 0.5034 ** 0.4195 ** 0.2531 ** 0.4675 ** 1.0000
Proline D 0.5982 ** 0.5707 ** 0.6122 ** 0.5305 ** 0.3638 ** 0.6055 ** 0.7749 ** 1.0000
Protein N 0.0573 0.0438 0.1787 0.2124 0.1897 0.1079 0.2643 * 0.2380 * 1.0000
Protein D 0.2216 0.1930 0.2824 * 0.3891 0.3247 0.2582 0.3948 ** 0.4107 ** 0.9411 ** 1.0000
Chl, N 0.6091 ** 0.4771 ** 0.4382 ** 0.2400 ** 0.4660 ** 0.6051 ** 0.4133 ** 0.5766 ** 0.3378 0.2111 1.0000
Chl, D 0.6002 ** 0.5209 ** 0.4986 ** 0.3011 ** 0.4782 ** 0.6397 ** 0.4767 ** 0.6429 ** 0.3850 0.2831 * 0.7803 ** 1.0000
Chl, N 0.5009 ** 0.4489 ** 0.4531 ** 0.6027 ** 0.3907 ** 0.4184 ** 0.2659 ** 0.4189 ** 0.1484 0.2993 ** 0.5782 ** 0.5469 ** 1.0000
Chl, D 0.5332 ** 0.4714 ** 0.4219 ** 0.6327 ** 0.4424 ** 0.4670 ** 0.3178 ** 0.4487 ** 0.2282 * 0.3853 ** 0.6139 ** 0.6099 ** 0.8714 ** 1.0000
N—normal condition D—drought condition Significant level 0.05 * and 0.01 **.
Table 6. Correlation analysis between drought and normal conditions for antioxidant enzyme activity.
DPPH N DPPH D H,O,N H,O,D CAT N CAT D Ascorbate n Ascorbate d SOD N SOD D POX N POX D
DPPHN 1.0000
DPPH D 0.9961 ** 1.0000
H,O, N 0.6263 ** 0.6137 ** 1.0000
H,O, D 0.5140 ** 0.5126 ** 0.6619 ** 1.0000
CATN 0.3604 ** 0.3442 ** 0.3366 ** 0.2816 ** 1.0000
CATD 0.5387 ** 0.5149 ** 0.5464 ** 0.4559 ** 0.9296 ** 1.0000
Ascorbate N 0.5668 ** 0.5392 ** 0.5034 ** 0.4195 ** 0.2531 ** 0.4675 ** 1.0000
Ascorbate D 0.5982 ** 0.5707 ** 0.6122 ** 0.5305 ** 0.3638 ** 0.6055 ** 0.7749 ** 1.0000
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Table 6. Cont.
DPPH N DPPH D H,O,N H,O,D CAT N CATD Ascorbate n Ascorbate d SOD N SOD D POX N POX D
SOD N 0.4824 ** 0.4689 ** 0.5269 ** 0.4545 ** 0.3514 ** 0.5164 ** 0.3754 ** 0.4824 ** 1.0000
SOD D 0.5629 ** 0.5437 ** 0.6272 ** 0.5121 ** 0.3804 ** 0.5791 ** 0.4702 ** 0.5910 ** 0.9798 ** 1.0000
POX N 0.4996 ** 0.4771 ** 0.4382 ** 0.2400 * 0.4660 ** 0.6051 ** 0.4133 ** 0.5766 ** 0.3378 ** 0.4231 ** 1.0000
POXD 0.5460 ** 0.5209 ** 0.4986 ** 0.3011 ** 0.4782 ** 0.6397 ** 0.4767 ** 0.6429 ** 0.3850 ** 0.4819 ** 0.9927 ** 1.0000

N—normal conditions; D—drought conditions. Significance levels of 0.05 * and 0.01 **.
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Figure 4. (a) Scatterplot matrix for non-enzymatic biochemical parameters. (b) Scatterplot matrix for
antioxidant enzyme activity.
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Figure 5. (A,B) Biplot of chickpea genotypes for the first four principal components. Based on the
angle between the traits, the biplot was categorized into four groups. (C,D) Scree plot representing
cumulative variability and eigenvalues for studied non-enzymatic and antioxidant activities for
biochemical parameters.

For a more reliable identification of the genotype with the maximum value for one
or more traits, genotype-by-trait (GT) biplots were constructed for PC-I, PC-II, PC-III, and
PC-1V for all genotypes and all traits under all treatments. These exhibited the trait profile
of a genotype. In the biplots, to understand the interrelationship among the genotypes
and traits, vector lines were drawn from the origin of the biplots. Genotypic performance
(how it differs from the average genotype) can be estimated by the distance of a genotype
from the origin of the biplot; distant genotypes could have maximum values for one or
more traits. The Pearson correlation between traits was indicated by the cosine angle
between the two traits, i.e., no correlation = angle of 90°; positive correlation =< 90°.
Based on the angle between the vectors, the biplot was categorized into two major groups:
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Group 1 showed a positive correlation between protein and proline; Group 2 depicted a
positive correlation among MDA, chlorophyll a, and chlorophyll b (Figure 5A). The scree
plot of biochemical antioxidant enzyme activities (Figure 5C,D) showed that, among the
12 principal components, PC-1, PC-II, PC-1II, and PC-IV had extracted eigenvalues > 1. The
remaining principal components had eigenvalues < 1, so they were not investigated further.
The first four components were evidently the most influential: PC-I, PC-II, and PC-III
individually contributed 56.41%, 11.83%, and 9.33% of the total variability, respectively,
while cumulatively, they contributed 77.57% of the variability in this study under different
biochemical parameters. Based on the angle between the vectors, the biplot was categorized
into two major groups: Group 1 showed a positive correlation between CAT and POX;
Group 2 depicted a positive correlation among DPPH, H,O,, and SOD (Figure 5B).

Table 7. (a) PCA, eigenvalue, variability, and cumulative % for non-enzymatic biochemical parame-
ters. (b) PCA, eigenvalue, variability, and cumulative % for enzymatic biochemical parameters or
antioxidant activity.

Traits Principal Component (PC) Eigenvalue Variability (%) Cumulative (%)
(a)

MDA (Normal) PC1 6.88 49.16 49.16
MDA (Drought) PC2 1.90 13.57 62.73

Sugar (Normal) PC3 1.30 9.27 72
Sugar (Drought) PC4 1.12 8.01 80.01
Phenol (Normal) PC5 0.83 5.93 85.94
Phenol (Drought) PCé6 0.70 5.02 90.96
Proline (Normal) PC7 0.49 347 94.43
Proline (Drought) PC8 0.27 1.96 96.38
Protein (Normal) PC9 0.14 1.02 97.41
Protein (Drought) PC10 0.12 0.83 98.23
Chl, (Normal) PC11 0.09 0.64 98.87
Chl, (Drought) PC12 0.08 0.57 99.44
Chl, (Normal) PC13 0.07 0.49 99.93
Chl,, (Drought) PC14 0.01 0.06 100

(b)

DPPHN PC1 6.77 56.41 56.41
DPPH D PC2 1.42 11.83 68.24
H202 N PC3 1.12 9.33 77.57
H202 D PC4 0.84 7.02 84.59
CATN PC5 0.73 6.11 90.7
CATD PCé6 0.59 4.95 95.65
Ascorbate n PC7 0.31 2.54 98.19
Ascorbate d PC8 0.18 1.52 99.71
SOD N PC9 0.02 0.17 99.88
SOD D PC10 0.01 0.08 99.96
POXN PC11 0.00 0.03 99.99
POXD PC12 0.00 0.01 100
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3. Discussion

The drought stress that developed during seed filling had a substantial effect on
chickpea growth and productivity. According to Reddy et al. [23] and Yadav et al. [24],
plants that thrive in low-water conditions exhibit physiological and biochemical changes
that may constitute pathways for water deficit adaptation. Growth inhibition is often
associated with altered plant water status and a decrease in the relative water content of
leaves [25]. Drought tolerance critically depends on plants” physiological ability to maintain
the operation of their photosynthetic system in the face of water stress [26]. Additionally,
changes in plant metabolism brought on by environmental stressors such water scarcity
cause ROS to build up in the cells, which oxidatively damages the plants [27,28]. A shortage
of water in the chickpea crop alters several physiological and biochemical processes [2].

The current study shows that several physiological indicators drastically decreased
because of drought stress. The average performance of several characteristics under both
normal and drought-prone conditions showed that the mean of most of the characteris-
tics under study had sufficiently decreased. A plant’s water potential is determined by
calculating its relative water content. Our investigation revealed a noteworthy decrease
in RWC across all genotypes analyzed. Under typical circumstances, genotype SAGL
22-102 displayed a high RWC. However, genotype SAGL152278 showed a greater RWC
under stressful conditions. The relative water content drastically dropped when drought
stress was applied. Under moisture stress, SAGL161001 showed the largest loss in RWC
among the sensitive genotypes, while SAGL15221 showed the least reduction among the
tolerant genotypes. Because tolerant genotypes have more effective control mechanisms
to maintain cell and tissue hydration under water stress by regulating stomatal opening,
their RWC declines less than that of sensitive genotypes. When compared to the control
plants, the plants under drought stress had a considerably lower RWC. Rizvi et al. [29]
and Sharma et al. [16] have similarly reported these changes in RWC in response to water
stress. All chickpea genotypes included in our investigation had a significant increase in
SWD. Genotype SAG162375 exhibited a substantial SWD in both scenarios. Under stressed
conditions compared to normal conditions, genotype SAGL152347 (0.97) showed the lowest
rise in SWD, while JG-14 (16.53) showed the highest increase in SWD. SWD values were
significantly greater in the susceptible genotypes, but lower in the tolerant genotypes when
compared to the susceptible genotypes. A rising water deficit in a variety of crops has
also been linked to a similar trend of a considerable increase in SWD. When comparing
drought-stressed conditions to normal conditions, CTD reduced [15,30]. A higher CTD was
shown in genotype SAGL162370 under normal circumstances and in genotype SAGL152303
under stressful circumstances. Under stressed conditions compared to normal conditions,
genotype SAGL22-115 showed the lowest drop in CTD (0.42), while genotype SAGL162371
showed the largest reduction in CTD (7.50). According to Karimizadeh et al. [31] and
Shakeel et al. [32], the drought-tolerant chickpea genotypes showed a higher CTD under
drought-stressed circumstances than other genotypes, demonstrating their remarkable ca-
pacity to maintain a canopy cooler than the others. In early-generation selections, CTD has
already been used as a selection indication for tolerance to drought and high-temperature
stress. Karimizadeh et al. [33] and Tiwari et al. [2] also reported results that were similar.
Higher MSI values in germplasm lines indicate a greater capacity to withstand drought
stress [34,35]. When comparing drought-stressed settings to normal conditions, MSI was
lower. Genotype JG11 was shown to have a higher MSI under normal circumstances,
which was maintained during stress. Under challenged conditions compared to normal
conditions, genotype SAGL162389 (14.10) showed the greatest reduction in MSL

When a crop faces stressed conditions, the activities of antioxidant enzymes are al-
tered for cellular protection. Plant cells defend against oxidative stress by lowering ROS
concentrations while retaining antioxidant defense chemicals and osmolytes. Drought
stress, alone or in amalgamation, causes an overproduction of reactive oxygen species
in many organelles, creating a danger to cellular metabolic functions [15,36,37]. These
harmful reactions damage biological components, for instance, the photosynthetic system
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and thylakoidal membranes, resulting in DNA larceny and amino acid and protein oxida-
tion [38—42]. Drought tolerance mechanisms in the chickpea relate to the increased synthesis
of osmolytes and antioxidants, which aid in metabolism, preserve macromolecules, and
maintain membrane veracity, resulting in drought adaption.

The current study examined the effects of proline content, lipid peroxidation, total
soluble sugar, and protein content on osmotic adjustment. For plants, the primary functions
of the chlorophyll pigments are light absorption and tumbling abilities. Because of the
unwavering relationship between chlorophyll concentration and photosynthetic capability,
a genotype’s comparative tolerance can be regulated by the relative amounts of each gene.
The results showed that genotypes SAGL162371 and SAGL201108 under stressful and
normal conditions, respectively, produced the highest amounts of Chl, and Chl,. Drought
stress meaningfully reduced leaf chlorophyll a and chlorophyll b in all genotypes, especially
in the drought-sensitive genotypes such as SAGL162370, SAGL22-107, and SAGL163603,
and exerted minimum changes in tolerant genotypes such as ICCV201218, ICCV201108,
SAGL22-115, SAGL152403, SAGL162265, and ICCV4958. The reduction in leaf chlorophyll
a and chlorophyll b in drought-sensitive genotypes was also reported by Rizvi et al. [29],
Kumar et al. [43], Jameel et al. [41], and Sahu et al. [44]. Drought-induced decay in pho-
tosynthesis could also result in a decrease in the carbon skeleton of amino acids, leading
to a reduction in protein synthesis [45]. The decrease in protein content under stressed
conditions also agree with earlier studies, including those by Rizvi et al. [29], Bhagyawant
etal. [46], Shah et al. [35], Jameel et al. [41], and Sahu et al. [44]. Drought tolerance is usually
related to the gathering of osmo-protectants such as proline, for example [47]. Proline con-
tent was assessed under both normal and stressed conditions. Under both circumstances,
the maximum proline content was observed in genotype SAGL152252. There was a sub-
stantial upsurge in proline content in both tolerant and sensitive genotypes under stressed
conditions. Drought-tolerant genotypes had a significant increase in proline content, in-
cluding SAGL162375, SAGL152314, ICCV201108, SAGL152210, and SAGL152208, while
less of an increase was evidenced in sensitive genotypes such as SAGL22-106, ICCV201105,
and SAGL163603. This suggests that the tolerant genotype has a basic mechanism to fight
alterations in water status in its environment by regulating its proline concentration. Under
drought-stressed conditions, the manufacturing of proline aids plants in the alteration
of their osmotic cell potential to preserve cell turgor, which contributes to drought toler-
ance. The direct indication of the function of proline under stress has been addressed by,
Bhagyawant et al. [46], Jameel et al. [41], Sahu et al. [44], and Rajput et al. [48]. Among the
non-enzymatic antioxidants, total phenolic content (TPC) represents the foremost bio-active
compounds, which accomplish innumerable structural tasks in the body and are directly
related to antioxidant activity [49]. The tolerant genotype showed a higher upsurge in
phenol content than the sensitive genotypes. In the case of normal conditions, the maxi-
mum phenol content was produced in genotype SAGL152278. Similarly, under stressed
conditions, a higher phenol content was recorded in genotype SAGL152238. Significant
enhancement was observed in genotype ICCV201107, which may be considered tolerant to
drought, and less of an enhancement in genotype ICCV201111, which may be considered
sensitive to drought. A higher phenol content under stressed conditions was also reported
by Sahu et al. [44]. Changes in the magnitude of soluble sugars in relation to drought stress
may be due to increased sugar production, the alteration of carbohydrates from storage
forms to soluble sugars, the breakdown of cell wall polysaccharides, and changes in the
rate of sugar transport. This results in reduced water potential due to the breakdown
of starch by hydrolytic enzymes, known as amylases, into glucose and maltose, which
elevates the osmotic concentration of the cell [50]. Consequently, cellular turgor, expansion
growth, and the uptake of water and minerals through the roots are sustained. In the
present investigation, increased TSS levels were evidenced in genotype SAGL22-101 under
normal conditions, and JG11 had a high sugar content under stressed conditions. Genotype
SAGL152252 showed the maximum increase in TSS content under moisture-stressed condi-
tions compared to control conditions. Similarly, an increased level of total soluble sugar
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was reported under stressed conditions in earlier studies by Jameel et al. [41] and Rajput
et al. [48]. MDA content is employed as a lipid peroxidation indicator in investigations
related to oxidative stress and usually indicates injury in plant membranes [51]. In this
research, we found that in general, the MDA content was enhanced under stress in all the
genotypes. The maximum value was recorded in genotypes SAGL162390 and SAGL152252
under stressed conditions, whereas under normal conditions, the maximum value was
observed in genotype SAGL162390. Here, the maximum increase in MDA was observed
in genotype SAGL152403, which may be considered a drought-sensitive genotype, while
the minimum increase was in genotype SAGL 22-105, which may be considered a tolerant
genotype. MDA can play a positive role in acclimation processes by energizing the gov-
erning genes involved in plant defense apparatus. Analogous results of increased MDA
content were reported under water-stressed conditions in the chickpea by Jameel et al. [41]
and Rajput et al. [48].

Increased activity of SOD, POX, CAT, and APX was observed in all genotypes under
drought stress compared to normal conditions. A higher activity level was noticed in
tolerant genotypes compared to other genotypes. Drought stress triggered an increase in
the DPPH content in the leaves of all genotypes. Under stressed conditions, the maximum
value was found in genotype SAGL22-105, whereas under normal conditions, the maximum
value was recorded in genotype SAGL22-105. A significant increase was recorded in
genotype RVSSG 69, and a lesser increase in genotypes including ICCV201107, ICC4958,
JGG1, JG315, and SAGL152208. A higher DPPH content under stressed conditions was also
reported earlier by Saleghi et al. [52]. ROS including hydrogen peroxides, superoxidase
anions, and hydroxyl radicals are byproducts of physiological metabolism. This metabolism
is a part of the defense mechanism against drought stress. Drought-stress-induced stomatal
closure favors photorespiration and the production of HyO; in peroxisomes. H,O, content
was meaningfully enhanced in all genotypes under stressed conditions compared to normal
conditions. Under normal conditions, a higher H,O, content was evidenced in genotype
SAGL152252. Similarly, under stressed conditions, a higher H,O, content was maintained
in genotype ICC4958. H,O, content had greater increases in drought-sensitive genotypes
than in drought-tolerant genotypes. The minimum enhancement of H,O, was observed
in genotype SAGL152252, followed by JG-24, under stressed conditions over normal
conditions. Similar results of increased H,O, content were reported under water-stressed
conditions in the chickpea by Bhagyawant et al. [46] and Jameel et al. [41].

Catalase eliminates H,O, by breaking it down into H,O and O, [53]. CAT has a role in
the decomposition of peroxidase under drought conditions and plant drought tolerance [53].
Under drought conditions, the maximum CAT activity was demonstrated by genotype
SAGL22-105, while under normal conditions, genotype SAGLJG36 had the highest CAT
enzyme activity. A higher activity of the catalase enzyme was found in the tolerant geno-
types. The maximum enhancement of catalase was noticed in genotype SAGL22-112 under
stressed conditions over normal conditions, while the minimum enhancement of catalase
was observed in genotypes viz., SAGL 22-105, SAGL 22-112, SAGL22-105, SAGL152208,
SAGL152278, ICC4958, and JG315. Several researchers reported a similar increased level of
catalase activities under water-stressed conditions in the chickpea including Jan et al. [54]
and Jameel et al. [41]. APX is the most imperative peroxidase that aids in H,O, scavenging,
acting as an electron donor and defending cell components by eradicating ROS [55]. In
the current study, the increase in APX activity indicated its inactivation by the accumu-
lated H,O induced by water shortage. Under normal conditions, the maximum APX was
observed in genotype ICCV201107 and the minimum in ICCV201111. Genotypes such
as SAGL152252, SAGL 22-105, SAGL22-112, ICCV4958, JG315, and SAGL152278, with
a significantly greater increase in APX, showed tolerance to drought. These genotypes
displayed drought tolerance as they portrayed enhanced enzymatic antioxidant potential.
Parallel results were also reported in the chickpea under drought stress by [41,54], as they
observed that increased antioxidant activity constitutes the first line of defense via the
detoxification of superoxide radicals to H,O,. Increased levels of SOD activity quench



Plants 2024, 13, 2746

35 of 44

higher levels of superoxide radicals generated under drought stress. Under both conditions,
a higher SOD activity was observed in SAGL152210. The minimum enhancement of SOD
was observed in JG-74, RVSSG-69, and SAGL 22-107, while the maximum enhancement of
SOD was noticed in SAGL152210, ICCV201108, SAGL 22-105, SAGL162390, SAGL 22-112,
and SAGL22-109 under stressed conditions over normal conditions. The enhancement of
SOD activity in drought-tolerant cultivars of the chickpea was also reported by some other
researchers [41,54]. Peroxidases (PODs) are enzymes that catalyze an oxidation-reduction
reaction, employing free radicals that convert several compounds into the polymerized
or oxidized form [56]. Under normal conditions, a higher POX activity was observed in
SAGL 22-10. Similarly, under stressed conditions, a higher POX activity was maintained
in genotype JG-315. The maximum enhancement of POX was noticed in ICC4958, JG315,
SAGL152252, SAGL162370, SAGL152238, SAGL162390, SAGL152208, and ICCV201108
under stressed conditions over normal conditions. The increase in peroxidase activity
under drought conditions has also been reported by Jan et al. [54] and Jameel et al. [41].

The PCA-based biplot is the most valuable multivariate analysis to study the trait in-
teractions and genotypic performance of crops under stressed conditions [41,54]. The PCA
biplot analysis performed for both enzymatic and non-enzymatic biochemical traits demon-
strated a good contribution with respect to the performance of genotypes by depicting the
associations between the studied traits and the allocation patterns of the studied genotypes
under stressed conditions. PCA biplots of non-enzymatic biochemical traits demonstrated
a strong positive correlation between MDA, protein, proline, chlorophyll a, and chlorophyll
b, while the PCA biplots of the enzymatic biochemical traits, DPPH, HyO,, CAT, SOD and
POX, displayed a sturdy positive association with the investigated enzymatic biochemical
parameters. These strongly positively associated traits may be considered to have a maxi-
mum contribution to yield output in comparison to other studied traits. In our research,
the genotypes viz., SAGL22-115, ICC4958, ICCV201108, ICCV201107, SAGL152252, and
JG 11 were selected for their ability to tolerate drought based on non-enzymatic biochem-
ical characteristics. The genotypes SAGL152208, SAGL22-105, SAGL22-112, ICC201108,
SAGL152278, SAGL152252, SAGL162371, SAGL162390, ICC4958, and JG315 may be con-
sidered drought-tolerant based on antioxidant enzymatic activities. PCA biplots were
successfully utilized in several recent studies for the prioritization of multivariate traits
and to distinguish effective genotypes under drought-stressed conditions [57].

4. Materials and Methods

In the experimental field, a total of 78 genotypes of chickpeas (Table 8 were sown in a
randomized block design with three replications under stressed and irrigated circumstances
(control). The experimental trial was conducted in the field of the Department of Genetics
and Plant Breeding, College of Agriculture, RVSKVYV, Gwalior M.P, India. In November
of 2022, the crop was sown. Four 3 m long rows with 30 cm row spacing were used to
accommodate each genotype. Physiological parameters such as relative water content, satu-
rated water deficit, membrane stability index, and depression in canopy temperature were
measured from leaves during the reproductive stage. Biochemical parameters included
protein content, total soluble sugar, lipid peroxidation, proline, superoxide dismutase, per-
oxidase and catalase activities, HyO, content, ascorbate peroxidase, and DPPH parameters.
The recognized agronomic practices were adopted throughout the crop season for proper
crop growth and development. The crop was maintained free from weeds, diseases, and
pests by applying suitable plant protection methods. Under normal conditions, irrigation
was performed as per need, while no irrigation was provided after the initial stage under
stressed conditions.

4.1. Physiological Parameters

From each treatment, three plants were randomly selected for the recording of different
physiological traits.



Plants 2024, 13, 2746 36 of 44

Table 8. Details of experimental material with their parentage.

S. No. Genotype Pedigree S. No. Genotype Pedigree
1 ICCV-201111 JNKVYV, Jabalpur 40 SAGL-162376 JSC 52 x RSG 888
2 JG-36 JG12 x JG 16 41 SAGL-152314 KAK 2 x VISHAL
3 GCP-101 JNKVYV, Jabalpur 42 SAGL-162375 JAKI 9218 x JSC 52
4 ICCV-20 1105 JNKVYV, Jabalpur 43 SAGL-152278 JSC 37 x JSC 36
5 ICCV-201209 JNKVYV, Jabalpur 44 SAGL-152242 PG 9425-9 x BG 1108
6 ICCV-201113 JNKVYV, Jabalpur 45 SAGL-152238 PG 9425-9 x IPC 9494
7 ICCV-201118 JNKVYV, Jabalpur 46 SAGL-162390 JSC 37 x JSC 36
8 ICCV-201212 JNKVYV, Jabalpur 47 RVSSG-69 RAK, Sehore
9 ICCV-201217 JNKVYV, Jabalpur 48 SAGL-152256 JSC 19 x KAK 2
10 ICCV-201102 JNKVYV, Jabalpur 49 SAGL-152208 BG 362 x IPC 9494
11 ICCV-201218 JNKVYV, Jabalpur 50 SAGL-152303 JSC 19 x BGD 112
12 ICCV-201108 JNKVYV, Jabalpur 51 SAGL-152404 RAK, Sehore
13 CHAFFA JNKVYV, Jabalpur 52 SAGL-152236 KAK 2 x BG 362
14 JG-24 (JG 74 x ICC 4958)-21 53 SAGL-152252 ICC 4958 x BG 1108
15 ICCV-201114 JNKVYV, Jabalpur 54 SAGL-152349 KAK 2 x PHULE G5
16 ICCV-201107 JNKVYV, Jabalpur 55 SAGL-162389 ICC4812 x JAKI 9218
17 SAGL 22-101 KAK 2 x BG 362 56 SAGL-162371 JSC 52 xJG 130
18 SAGL 22-102 JG -6 x RVSSG 2 57 SAGL-152342 KAK2 x JSC 19
19 SAGL 22-103 JG 130 x FG 703 58 SAGL-152334 PG 9425-9 x IPC 9494
20 SAGL 22-104 JSC33 x JG 11 59 RVSSG-75 RAK, Sehore
21 SAGL 22-105 JAKI 9218 x BGD 112 60 JG-14 (GW5/7 x P326) x ICCL83149
22 SAGL 22-106 RVG 204 x JSC 37 61 JG-11 (Phule G-5 x Narsinghpur bold) x ICCC37
23 SAGL 22-107 RVG 202 x JG 11 62 NBeG-47 RAK, Sehore
24 SAGL 22-108 JAKI 9218 x RSG 888 63 JGG-1 RAK, Sehore
25 SAGL 22-109 JG11 x JSC 37 64 RVG-205 RAK, Sehore
26 SAGL 22-111 JG 130 x JSC 37 65 RVG-201 Phule G5 x Bheema
27 SAGL 22-112 RVSSG 74 x GBM 2 66 VISHAL RAK, Sehore
28 SAGL 22-113 JSC 38 x IPCK 1078 67 JG-63 Single Plant selection from JG 62
29 SAGL 22-114 RVSSG 74 x ICC4958 68 RVSSG-85 RAK, Sehore
30 SAGL 22 -115 SG 9200 x BG 362 69 RVG-210 RAK, Sehore
31 SAGL-152403 RAK, Sehore 70 SAGL-161032 RAK, Sehore
32 SAGL-152254 BG 362 x ICC 506 71 SAGL-163603 RAK, Sehore
33 SAGL-162370 PG 9425-9 x BG 2064 72 SAGL-161018 JG 130 x BGD 112
34 SAGL-152210 IPC 9494 x ICC 506 73 SAGL-163008 ICC 4812 x RSG 888
35 SAGL-152273 KAK 2 x IPC 9494 74 SAGL-161001 JSC 52 x BGD 112
36 SAGL-152216 JG 16 x VIJAY 75 RVSSG-68 RAK, Sehore
37 RVSSG-64 RAK, Sehore 76 JG-315 JGM 1 x ICC 4929
38 SAGL-162265 BG 362 x JSC 19 77 JG-74 A composite from genetic stock
39 SAGL-152347 KAK 2 x JSC 19 78 ICC-4958 JGC 4958

(Source—genotypes acquired from AICRP on Chickpea, RAK College of Agriculture, Sehore, RVSKVYV, Gwalior,
M.P, India and AICRP on Chickpea College of Agriculture, INKVYV, Jabalpur, M.P,, India).

4.2. Relative Water Content (RWC)

To analyze relative water content, the plants were sampled at mid-day (between
9:00 a.m. and 11:00 a.m.), and the third completely developed leaves from the top were
taken. They were then promptly packed in humified polythene bags, brought to the
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laboratory (on ice), and promptly weighed to determine their fresh weight. After that, the
leaf was stored for three hours in a Petri dish containing distilled water. The leaf, which
was now completely turgid, was then weighed once more and baked for 72 h at 65 °C until
it reached a steady dry weight. Using the following formula provided by Weatherley [58],
RWC (%) of leaves was computed.

RWC (%) = (Fresh weight — dry weight)/(Turgid weight — dry weight) x 100

4.3. Saturation Water Deficit
SWD was calculated based on following formula.

SWD =100 — RWC

4.4. Canopy Temperature Depression (at Reproductive Stage)

Canopy temperature indirectly measures plant transpiration and plant water status.
Using an infrared thermometer, the canopy temperature of an extended second leaf was
measured at 60 and 90 DAS from the tip of the main stem between 11:00 a.m. and 12:00 noon.
Three tagged plants were used to obtain the mean of five readings per plot. The same
position (distance, angle) was maintained throughout the measurement. Weather that was
windy or cloudy was avoided. Furthermore, the measurements were taken at noon with
the sun behind the operator.

4.5. Membrane Stability Index

Two sets of 200 mg of leaf sample were used to determine the membrane stability
index (MSI) in a test tube holding 10 mL of double-distilled water. To measure the electrical
conductivity (C;) of the solution using an electrical conductivity meter, one set was heated
to 40 °C for thirty minutes in a water bath. To measure the second set’s conductivity (Cy), it
was heated to 100 °C for ten minutes in a boiling water bath, as previously mentioned. To
determine the membrane stability index, the following formula given by Khanna-Chopra
and Selote [59] was used.

MSI = [1 — {C;/C3}] x 100

where C;j is the electrical conductivity of water containing the leaf sample in set one and
C;, is the electrical conductivity of water containing the leaf sample in set two.

4.6. Biochemical Traits

All biochemical analyses including enzymatic and non-enzymatic activities were
performed at Biochemical Analysis Laboratory, Department of Plant Molecular Biology
and Biotechnology, College of Agriculture, RVSKVV, Gwalior, M.P, India. The chemicals
utilized in the biochemical analysis were procured from Cisco, Himedia, and Sigma. All
reagents were of analytical grade or higher, with their purity levels conforming to the
specific requirements outlined in standard biochemical analysis guidelines.

4.7. Chlorophyll Content

Total chlorophyll was calculated as per the method given by Arnon et al. [60]. One
hundred mg of fresh leaf sample was randomly taken after 70 days from sowing. Then,
the leaf sample was finely crushed in 10 mL of 80% acetone and transferred into a Falcon
tube followed by centrifugation (Centurion, Scientific limited, Refrigerated) for 15 min
at 10,000 rpm, and the green supernatant was transferred into a fresh 15 mL Falcon tube.
Readings were taken in a spectrophotometer at 645 nm, 663 nm, and 470 nm wavelengths.

4.8. Estimation of Proline Content

Proline was measured spectrophotometrically using the method of Bates et al. [61],
the ninhydrin technique. First, 0.25 mg of a random fresh leaf sample was taken after
70 days from sowing. The leaf sample was very finely crushed in 3.0 mL 3% homogenize
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sulfosalicylic acid solution in a mortar pestle followed by centrifugation at 1000 rpm
for 15 min, and the supernatant was transferred to a 15 mL Falcon tube. Then, 2.0 mL
of supernatant was taken from the Falcon tube and mixed with 2.0 mL ninhydrin acid
(ninhydrin + glacial acetic acid). Subsequently, it was heated at 100 °C for 60 min in a water
bath, and then the mixture (ice bath) was cooled until reaching room temperature, 25 °C.
Finally, 4.0 mL of toluene was supplemented until a pink layer appeared, then the upper
layer was taken and the reading was recorded at 520 nm absorbance in a spectrophotometer.
The proline concentration was determined from a standard curve using D-proline.

4.9. Estimation of Sugar Content (mg ¢~ Fresh Weight)

Sugar content was estimated by employing the anthrone reagent method as described
by Dubois et al. [62]. One hundred mg of a random fresh leaf sample was taken from the
field after 70 days from sowing and crushed in 5.0 mL of 80% ethanol in a mortar and
pestle until the leaf completely disappeared and a fine liquid solution was made, which
was poured into a 15.0 mL Falcon tube and centrifuged at 1000 rpm for 10 min. Then
supernatant was transferred to a fresh 15.0 mL Falcon tube and an additional 5.0 mL of 80%
ethanol was added to the old tube, which was again centrifuged at 1000 rpm for 10 min.
The supernatant was transferred to the Falcon tube. A total of 10 mL (5.0 mL + 5.0 mL) of
supernatant was heated in a glass bottle in an oven at 65 °C until it dried. After drying,
1.0 mL of distilled water was added. Then, 100 microliters were taken from the glass bottle
with the help of a pipette, and then the anthrone reagent was added to the Falcon tube. The
Falcon tube was heated at 100 °C for 30 min and cooled until it reached room temperature,
and then the absorption was measured at the 630 nm wavelength in a spectrophotometer.
A series of standard glucose solutions (e.g., 0.2, 0.4, 0.6, 0.8, 1.0 mg/mL) were prepared
and treated in the same manner as the samples. The absorbance was plotted against the
concentration to create a standard curve.

4.10. Lipid Peroxidation Assay

The method of Hodges et al. [63] was employed to measure the lipid peroxidation
in terms of MDA content. Twenty-five mg of leaf sample was crushed in liquid nitrogen.
Five hundred microliters of 0.1% trichloroacetic acid were added before vortexing and
centrifugation at 10,000 rpm for 10 min. A total of 100 puL of supernatant was taken in an
Eppendorf tube and 200 pL of 0.5% TBA was added. The reaction mixture was heated
to 95 °C for 30 min and quickly cooled to —80 °C, holding for 2 min to stop the reaction.
After 2 min, it was centrifuged at 10,000 rpm for 10 min and the supernatant was taken for
reading at the 532 nm wavelength. The MDA content was calculated by using an extinction
coefficient of 155 mM ! cm 1.

The MDA concentration was calculated according to the following formula.

6.45 x (A532 — A600)/155

4.11. Extraction and Estimation of Total Protein

The protein content was calculated using the Lowry et al. [64] technique. A pestle and
mortar were used to macerate 500 mg of plant materials with 10 mL of 20% trichloroacetic
acid. The homogenate was centrifuged at 600 rpm for 15 min. The supernatant was
discarded. After adding 5.0 mL of 0.1 N NaOH to the pellet, it was centrifuged for 5 min.
The supernatant was preserved and added to 0.1 N NaOH to make 10 mL. The amount of
protein was estimated using this extract. Initially, 5 mL of reagent ‘C" were added to one
mL of the extract in a 10 mL test tube. After mixing the solution, it was left in the dark for
10 min. Following the addition of 0.5 mL of Folin phenol reagent, the mixture was exposed
to darkness for 30 min. The UV spectrophotometer read the sample at 660 nm. The protein
content was given on a fresh weight basis in mg g~!. The standard curve was prepared
using bovine serum albumin (BSA) as the standard protein.
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4.12. Estimation of Phenol Content

The total phenol content was determined using the Swain and Hillis [65] technique.
Under alkaline conditions, phenol lowers phospho-tungstate molybdic acid to form a blue
color complex that may be detected using calorimetry. A single gram of oven-dried and
powdered seed was obtained, and 20 mL of 80% alcohol was added. The mixture was then
centrifuged at 10,000 rpm for 15 min, and the supernatant was gathered in three test tubes
for the biological, standard, and blank samples. In a test tube, 1.0 mL of phenol reagent and
1 mL of supernatant were combined. Next, 2.0 mL of sodium carbonate solution was added,
and the volume was adjusted with 50 mL of distilled water. Using the same 1.0 mL gallic
acid solution, blank and standard solutions were also made using the aforesaid procedure.
All three test tubes were filled, and the mixture was then allowed to continue to incubate
at room temperature. Following the procedure, the color intensity was measured at the
650 nm wavelength, and the total phenol content was computed in terms of mg g~! of
sample using a standard curve made of gallic acid.

4.13. Enzymatic Antioxidants

Under drought stress, plants have evolved a robust antioxidant mechanism to counter-
act oxidative damage. It involves the actions of antioxidant enzymes, which tightly control
the production of ROS and their uptake in various plant compartments.

4.14. Procedure for the Extraction of Enzymes

After 10 DAS, leaf samples (250 mg) were collected and processed to a fine powder
using liquid nitrogen. Before centrifuging at 10,000 rpm for 15 min at 4 °C, the ground pow-
der was homogenized in 1.5 mL of ice-cold extraction solution that contained phosphate
buffer (100 mM, pH 7.0), 1% PVP, and 1 mM EDTA. After being separated, the supernatant
was kept at 4 °C until the spectrophotometer was used to evaluate the enzymatic activity.

4.15. Estimation of DPPH (1, 1-Diphenyl-2-picryl hydrazyl) Radical Scavenging-Method

The DPPH assay was performed following the procedure developed by Sanja et al. [66].
Using 10 mL of acidified methanol, 10 mg of chickpea seed flour was added. After 20 min in
a water bath, the sample solution was heated to 40 °C. The final blend was centrifuged for
20 min at 2500-3000 rpm. The result was three separate extracts, one for each genotype. In a
test tube, 100 pL of sample extract was extracted and diluted to 2.9 mL with pure methanol
to assess the reduction of the DPPH radical. After that, this sample mixture was combined
with 150 uL of DPPH solution, which acted as a control with a comparable concentration
(4.3 mg in 3.3 mL of methanol). For 15 min, the resultant sample solution was left to stand
at room temperature in the dark. After 15 min, the mixture was agitated and the absorbance
at the 515 nm wavelength was measured using a UV /VIS spectrophotometer. Using the
following formula, the percent (%) free radical-scavenging activity was determined:

Percent (%) free radical-scavenging activity = Control absorbance — Sample absorbance x 100/Control absorbance

where, control absorbance is the absorbance of the DPPH solution without the extract.

4.16. Estimation of Hydrogen Peroxide (H,O,, mmol g~ FW)

Hydrogen peroxide was estimated as per the method described by Alexieva et al. [67].
Initially, 25 mg of leaf sample was taken and crushed in liquid nitrogen. Five hundred uL of
0.1% trichloroacetic acid was added and vortexed followed by centrifugation at 10,000 rpm
for 10 min. Then, 100 uL of supernatant was taken in a microcentrifuge tube and 200 uL of
0.5% TBA was added. The reaction mixture was heated at 95 °C for 30 min and quickly
cooled to —80 °C, holding for 2 min to stop the reaction. After 2 min, it was centrifuged at
10,000 rpm for 10 min and the supernatant was taken for reading at 532 nm absorbance. A
series of hydrogen peroxide standards were prepared to create a calibration curve. HyO,
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content, expressed as nmol g ! fresh weight, was determined based on the standard curve
generated from known concentrations of HyO5.

4.17. Estimation of Catalase Activity

The Catalase Activity Protocol [68] was followed to measure the enzyme’s activity.
Using a cold pestle and mortar, 100 mg of plant leaf samples from stressed and normal
plants were obtained and homogenized in 5 mL of 0.1 M phosphate buffer (pH 6.4). The
crude extract was centrifuged for 20 min at 4 °C and 10,000 rpm. Until the enzymatic test
was finished, the enzyme extract was kept in a low-temperature storage area. Using 2.6 mL
of 0.1 M phosphate buffer (pH 6.4), 0.1 mL of enzyme extract, and 0.1 mL of 1.0% H,O,, the
enzyme’s activity was measured. At room temperature, the reaction mixture was rapidly
combined. Similar preparations were made for a blank, except that the reaction mixture
received 0.1 M phosphate buffer (pH 6.4) in place of the enzyme extract. For two minutes,
changes in absorbance at 230 nm were recorded at 15 s intervals.

4.18. Estimation of APX Activity

The method developed by Nakano and Asada [69] was used to measure APX activity.
Diluted enzyme extract (20 uL) was added to 50 mM potassium phosphate buffer (880 uL)
containing 0.5 mM ascorbate to form the reaction mixture to measure APX activity. The
addition of 1 mM H;O; (100 pL) initiated the process. For two minutes, decreasing
absorbance was measured at 290 nm at 15 s intervals.

4.19. Estimation of SOD Activity

Twenty-five milligrams of crushed leaf material were placed in a microcentrifuge tube,
filled with 250 puL of 0.1% trichloroacetic acid, centrifuged for 20 min at 10,000 rpm, and
allowed to settle. Next, 160 pL of phosphate buffer was added to 160 pL of supernatant in
an Eppendorf tube. Next, 1 M potassium iodide in 680 uL was added. After an hour in the
dark, the reaction mixture was analyzed for absorbance at 390 nm.

4.20. Estimation of POX Activity

The assay for peroxidase activity was carried out in accordance with Castillo’s recom-
mended methodology [70]. Using a cold pestle and mortar, 100 mg of leaf samples from
stressed and normal plants were homogenized in 5.0 mL of 0.1 M phosphate buffer (pH 6.4)
to prepare the sample for enzyme extraction. The crude extract was centrifuged for 20 min
at4 °C and 10,000 rpm. Until the enzyme assay was carried out, the supernatant was kept
at 4 °C. Then, 4.6 mL of 0.1 M phosphate buffer (pH 6.4), 0.2 mL of pyrogallol (50 uM),
0.1 mL of 50 uM H,0O;, and 0.1 mL of enzyme extract were added to create the reaction
mixture. The mixture was incubated for five minutes at 25 °C. After that, 0.5 mL of 5.0%
H,SO4 was added to stop the reaction. Absorbance was measured at 420 nm with the help
of spectrophotometer.

4.21. Statistical Analysis

Using SPSS V20 software (SPSS, IBM crop., Armonk, NY, USA), data were subjected
to analysis of variance (ANOVA). Line diagrams based on means were created to examine
the genotype’s response to various treatments. Using STAR V2.0.1 (IRRI, Los Barios,
Philippines) and SPSSV20 software, respectively, the significance was determined by means
of analysis of variance (ANOVA) and Duncan’s multiple range test (DMRT) at p < 0.05.
Using the STAR V2.0.1 program, biplots were created for the first four principal components
of the principal component analysis (PCA) and genotypic selection under various situations.
The same program was used to perform cluster analysis and correlation (Pearson test) for
all genotypes under both conditions using algometric hierarchical clustering.
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5. Conclusions

In the present investigation, we found that chickpea plants exhibit a range of drought
stress adaptation mechanisms, which include simple morphological to physiological or
biochemical characteristics that function as significant stress tolerance markers. Geno-
types viz., SAGL152208, SAGL22-105, SAGL22-112, ICC201108, SAGL152278, SAGL152252,
SAGL162371, SAGL162390, ICC4958, and JG315 may be considered drought-tolerant lines.
The selected potential cultivars may be tested in other agroclimatic zones before being
released directly or used in national and international hybridization programs to enlarge
the genetic basis of cultivated gene pools. The promising line(s) with drought-tolerant
characteristics can easily fit in India’s rainfed chickpea regions.
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