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Abstract: Water scarcity is a major challenge to wheat productivity under changing climate conditions,
especially in arid and semi-arid regions. During recent years, different agronomic, physiological and
molecular approaches have been used to overcome the problems related to drought stress. Breeding
approaches, including conventional and modern breeding, are among the most efficient options to
overcome drought stress through the development of new varieties adapted to drought. Growing
drought-tolerant wheat genotypes may be a sustainable option to boost wheat productivity under
drought stress conditions. Therefore, the present study was conducted with the aim to screen different
wheat genotypes based on stress tolerance levels. For this purpose, eleven commonly cultivated wheat
genotypes (V1 = Akbar-2019, V2 = Ghazi-2019, V3 = Ujala-2016, V4 = Zincol-2016, V5 = Anaj-2017,
V6 = Galaxy-2013, V7 = Pakistan-2013, V8 = Seher-2006, V9 = Lasani-2008, V10 = Faisalabad-2008 and
V11 = Millat-2011) were grown in pots filled with soil under well-watered (WW, 70% of field capacity)
and water stress (WS, 35% of field capacity) conditions. Treatments were arranged under a completely
randomized design (CRD) with three replicates. Data on yield and yield-related traits (tillers/plant,
spikelets/spike, grains/spike, 100 grain weight, seed and biological yield) and physio-biochemical
(chlorophyll contents, relative water content, membrane stability index, leaf nitrogen, phosphorus,
and potassium content) attributes were recorded in this experiment. Our results showed that drought
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stress significantly affected the morpho-physiological, and biochemical attributes in all tested wheat
varieties. Among the genotypes, all traits were found to be significantly (p < 0.05) higher in wheat
genotype Faisalabad-2008, including biological yield (9.50 g plant−1) and seed yield (3.39 g plant−1),
which was also proven to be more drought tolerant than the other tested genotypes. The higher
biological and grain yield of genotype Faisalabad-2008 was mainly attributed to greater numbers
of tillers/plant and spikelets/spike compared to the other tested genotypes. The wheat genotype
Galaxy-2013 had significantly lower biological (7.43 g plant−1) and seed yield (2.11 g plant−1) than
all other tested genotypes, and was classified as a drought-sensitive genotype. For the genotypes,
under drought stress, biological and grain yield decreased in the order V10 > V2 > V1 > V4 > V7 > V11

> V9 > V8 > V3 > V6. These results suggest that screening for drought-tolerant genotypes may be a
more viable option to minimize drought-induced effects on wheat in drought-prone regions.

Keywords: drought; growth; genotypes; pot experiments; screening; yield; wheat

1. Introduction

Wheat (Triticum aestivum L.), originating from South Western Asia, is cultivated
throughout the world [1]. It is known as the king of cereals and consumed as a staple crop
by one-third of the global population [2]. According to an estimate, wheat is the second
most commonly grown crop in the world [3,4]. Its seed provides 1.8% fiber, 9.4% protein,
69% carbohydrates and 2.5% fat [5]. In Pakistan, wheat is grown on an area of 9.2 million
hectares with net production of about 25.52 million tonnes annually. It contributes about
10% of value added and 2.2% of the GDP of Pakistan (Economic Survey of Pakistan, 2019).
Under field conditions, wheat crops often face various biotic and abiotic stresses that nega-
tively affect its growth and development [6]. Among abiotic stresses, drought is known to
have injurious effects on the growth, development and qualitative traits in wheat [7–11].
Abiotic stresses, including drought, cause many physiological and molecular disorders
in plants through excessive production of reactive oxygen species (ROS). According to
Raza et al. [12], drought negatively influences the morpho-physiological traits, including
plant height, leaf area, relative water content, stomatal oscillation, chlorophyll contents,
osmotic potential and leaf water potential, in wheat crops [12]. Under moisture deficit
conditions, surplus electrons are released to oxygen, which results in production of ROS
during respiration and photosynthetic processes in plants. These circumstances cause
oxidative damage in plants [11,13,14]. Reactive oxygen species production is hazardous
to plant cells because it can damage the cellular organelles, i.e., the chloroplast, nucleic
acids, membrane lipid, mitochondria and metabolic enzymes [15]. Under drought-induced
oxidative stress, plants show abnormalities in physiological and biochemical processes
leading to cell death [16]. Photosynthesis is one of the most sensitive processes to drought
stress [17,18] because drought damages the photosynthetic process and causes the stomatal
closure. The reduced photosynthesis due to stomatal closure is reported to limit the supply
of CO2 [18].

Crop plants have evolved various defense mechanisms to counter the negative effects
of ROS generated under drought conditions [19,20]. Different enzymes in plants, such as
superoxide dismutase (SOD), ascorbate (APX), peroxidase (POD) and catalase (CAT), are
involved in ameliorating the detrimental effects of drought-induced oxidative stress. These
enzymes increase plant tolerance against the damaging consequences of drought [15,19,20].

Water resources are steadily depleting because of the increase in water demand by
a growing human population and water consumption by domestic, environmental, and
industrial sectors. As a result, the optimum provision of water to agricultural crops will
decrease in the near future. Indeed, agricultural crops are currently facing severe water
shortages [21]. Thus, there is a need to develop and implement technologies that are based
on the economical and efficient consumption of water to provide a satisfactory agricultural
yield [21].
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In recent years, different strategies have been adopted to minimize the challenges
associated with of drought. These include partial root drying, mulching, artificial precipita-
tion, ground water recharge, and using compatible and drought-tolerant genotypes [22–24].
The testing of crop genotypes for drought tolerance in terms of their physiological and
biochemical responses to drought stress may serve as a potent approach to screen and
develop new cultivars. In addition, evaluating the physiological and biochemical changes
occurring under drought may lead to the genetic improvement of drought-tolerant geno-
types [25]. Varietal screening can be performed either by modern breeding tools or by
conventional breeding practice of growing the varieties under different environmental con-
ditions, although conventional breeding is a long-term process and not recommended until
the sufficient availability of basic resources. Therefore, varietal screening under controlled
conditions is recognized as one of the best methods to select the most appropriate abiotic
stress-tolerant genotypes [11]. Moreover, when screening drought-sensitive and -resistant
wheat genotypes, physiological parameters such as relative water content, intercellular CO2
concentration, turgor pressure, water use efficiency, photosynthesis, chlorophyll content
and stomatal conductance of wheat leaves are considered. Drought-tolerant varieties are
reported to be superior in all of the above-mentioned parameters compared to drought-
sensitive varieties. Similarly, drought-tolerant varieties have higher antioxidant activities
than drought-sensitive varieties [12,26]. Moreover, traits of particular interest have been
identified in different wheat genotypes and then introduced into other species [27]. Wheat
has different genotypes and varieties that differ in terms of transformation, regeneration,
tissue culture and callus induction efficiency [28]. The success of genetic engineering
depends on the efficiencies of these parameters. Wheat genotype screening is essential
because it aids in the selection of desired parents and is helpful in carrying out breeding
processes [29,30]. In the context of these facts, this study aimed to screen wheat genotypes
for resistance against moisture deficit conditions in semi-arid regions of Pakistan. We
hypothesized that there is no genotype-dependent variation of morpho-physiological and
biochemical parameters among the tested genotypes. We also hypothesized that there is no
difference in the yield and yield-related traits of tested varieties.

2. Materials and Methods

This experiment was performed in a wire house (a pot trial) at the University of
Agriculture Faisalabad (altitude 184 m, latitude 31.30◦ N, longitude 73.05◦ E) during the
winter season, 2019–2020. The pots (measuring 20 cm × 20 cm) were filled with 5 kg of
well-sieved soil. The experiment comprised two factors regarding drought treatments:
well-watered (WW, 70% of field capacity) and water stress (WS, 35% of field capacity)
and 11 wheat genotypes, namely, Akbar-2019, Ghazi-2019, Ujala-2016, Zincol-2016, Anaj-
2017, Galaxy-2013, Pakistan-2013, Seher-2006, Lasani-2008, Faisalabad-2008 and Millat-
2011. The seeds of these genotypes were procured from the Directorate of Farms, Students
Research Farm, Department of Agronomy, Faculty of Agriculture, University of Agriculture,
Faisalabad, Pakistan. Sowing of wheat was undertaken in soil having a uniform soil
moisture, and stress was imposed at 25 days after sowing. After stress imposition, soil
moisture was determined on a daily basis with the help of a soil moisture meter (TZS-W),
and water losses were remunerated by adding water to achieve the described level of field
capacity in respective treatments. The study was laid out in a completely randomized
design with factorial arrangements, where each treatment had three replications. The dose
of NPK (80:58:35 mg kg−1), against the recommended rates of NPK 160:100:60 kg ha−1

for wheat, was applied at the time of sowing. Seeds (15 per pots) of all wheat genotypes
were sown on 15th November, at equal distance, and a uniform stand was maintained by
keeping ten seedlings per pot after completion of emergence. All other practices were kept
uniform for each treatment of the experiment.
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2.1. Soil Analysis

Soil sampling, using an auger, was performed before sowing the crop to record the
physical and chemical properties of the soil. Soil samples were placed in polyethylene
bags that were tagged and transferred to the Soil and Water Testing Laboratory, Ayub
Agricultural Research Institute (AARI), Faisalabad, for analysis. Details of different physio-
chemical features are given in Table 1.

Table 1. Physio-chemical parameters of soil before sowing of the wheat crop.

Parameters Values

pH 8.2
EC 1.40 (dSm−1)
Organic Matter 1.08 (%)
Nitrogen 0.042 (%)
Phosphorus 4 (ppm)
Potassium 320 (ppm)
Textural class Loam

2.2. Irrigation Water Analysis

In the current experiment, canal water was used for irrigation. Water analysis was
performed before sowing the crop. Samples were collected in rubber bottles for examination
and immediately moved to the Soil and Water Testing Laboratory, Ayub Agricultural
Research Institute, Faisalabad after labeling. The physico-chemical properties of irrigation
water are given in Table 2.

Table 2. Analysis of water used for irrigation.

Parameters Values (Units)

Extra Sodium Bicarbonate (RSC) Not found
Sodium Adsorption Ratio (SAR) 0.64 (mmolc L−1)
Sulphate (SO4)−2 Not found
Chloride (Cl)−1 0.81 (mmolc L−1)
Bicarbonate (HCo)−2 7.01 (mmolc L−1)
Carbonate (Co)−2 Not found
Sodium (Na)+1 1.24 (mmolc L−1)
Calcium+Magnesium (Ca+Mg)+2 7.13 (mmolc L−1)
Electrical conductivity (ECx10) 843 (mmolc L−1)

2.3. Meteorological Data

Weather data during the crop growing season were obtained from the Meteorological
Observatory at the Department of Agronomy, University of Agriculture, Faisalabad, and
are shown in Figure 1.

2.4. Yield and Yield-Related Parameters

In order to determine the yield and yield-related traits, five plants were harvested at
harvesting stage from each pot. The average of the fertile tillers and number of spikelets
from each spike were calculated. The spikes were then manually separated and threshed.
The number of grains from each spike was calculated and then averaged. One hundred
grains were counted and weighed using an electrical weighing balance. Grain yield was
determined by adding the grain weight of all spikes in each pot.
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Figure 1. Weather data (average temperature (Avg. Temp., ◦C), relative humidity (R.H, %) and
rainfall (R.F, mm)) during the growing season of the wheat crop.

2.5. Leaf Nitrogen Content

At maturity stage, flag leaves were harvested to determine the nitrogen content. For
this, 0.1 g dried ground leaf was placed in digestion tubes. Each test tube was filled with
5 mL of concentrated sulfuric acid (H2SO4). Then, at room temperature, the samples were
incubated overnight. One mL of H2O2 (35%) was poured into the digestion tube and
heated at 350 ◦C for 30 min in a digestion block. Then, digestion tubes were allowed to
cool before adding 1 mL of H2O2 and re-inserting them into the digestion block. These
measures were repeated until the digested material had cooled to the point of becoming
colorless. Volumetric flasks were used to sample the extract. Kjeldahl’s method was used
to determine the nitrogen content.

2.6. Leaf Phosphorus Content

For phosphorus content, 5 mL of aliquot was placed in a 50 mL volumetric flask, and
an additional 1 mL of distilled water and 10 mL of Barton reagent were added to bring
the volume to the desired level. The volume was calculated using KH2PO4 and 10 mL of
Barton reagent, and distilled water was used as the standard. Later, the colorless material
was used to measure the phosphorus content through spectrophotometer at a wavelength
of 420 nm.

2.7. Leaf Potassium Content

In digestion tubes, 0.1 g of dried ground leaves were placed, and each tube was filled
with 5 mL of concentrated H2SO4. At room temperature, the samples were then incubated
overnight. To the sides of the digestion channel, 1 mL of H2O2 (35%) was applied. Firstly,
tubes were placed in a digestion block and heated at 350 ◦C until continuous fumes were
emitted. Then, digestion tubes were removed and allowed to cool at room temperature.
The tubes were then reinserted into the digestion block, where 1 mL of H2O2 was added to
each tube. These measures were repeated until the digested content looked colorless. A
filtered extract was used to determine the potassium content via a flame photometer.

2.8. Chlorophyll Contents

Arnon’s [31] method was used to assess the chlorophyll a and b contents at 60 days after
sowing. According to this method, 0.2 g fresh leaves were digested in 80% acetone overnight
at 0–4 ◦C. The samples were centrifuged at 10,000× g for 5 min and the absorbance of the
supernatant was determined at wavelengths of 645 and 663 nm using a spectrophotometer
(Hitachi-U2001, Tokyo, Japan).
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The chlorophyll a and b contents were determined using the following formulae:

Chl a = [12.7 (OD 663) − 2.69 (OD 645)] × V/1000 × W

Chl b = [22.9 (OD 645) − 4.68 (OD 663)] × V/1000 × W

where V is the volume of the extract (mL) and W is the weight of the fresh leaf tissue (g).

2.9. Leaf Chlorophyll Contents (SPAD Value)

SPAD was used to measure the chlorophyll content of the leaves (model SPAD-502;
Minolta Corp., Ramsey, NJ, USA).

2.10. Relative Water Contents (RWC)

The relative water contents were calculated via the method of Schonfled [32]. At
the booting stage, leaves were harvested and placed in plastic bags to find the turgid
weight. The imbibition process was allowed for 12 h in the presence of light (around
20 mmol m−2 s−1) and a naturally changing temperature. After imbibition, leaf samples
were weighed again and turgor weights (TW) were recorded. Then, leaves were dried in
an oven at 70 ◦C for 72 h and dry weights were determined. Relative water content was
calculated using the following equation:

RWC (%) = [(fresh weight − dry weight)/(turgid weight − dry weight)] × 100

2.11. Membrane Stability Index

The leaf membrane stability index (MSI) was calculated using the method of
Premachandra [33] and then modified by Sairam [34]. Leaf samples (0.1 g) were placed
in ten mL of double-distilled water in test tubes. Firstly, test tubes were kept at 40 ◦C for
30 min and the conductivity (C1) was measured using a conductivity meter. After 15 min,
the conductivity of the same set, which was kept in a boiling water bath at 100 ◦C, was
noted (C2). The MSI was calculated as:

MSI = [1 − (C1/C2) × 100]

2.12. Statistical Analysis

Fisher’s analysis of variance (ANOVA) technique was used to statistically evaluate
the collected data. Statistics version 8.1 (Analytical Software ©, 1985–2005) was used to
compare the significant differences among treatment means using the least significant
difference (LSD) test (p < 0.05), according to Steel et al. [35]. Principal component analysis
was performed using XLSTAT ver. 2019.

3. Results
3.1. Number of Tillers per Plant and Number of Spikelets per Spike

In the case of the well-watered condition, the maximum numbers of tillers per plant
were recorded in Akbar-2019 (6.11) and Faisalabad-2008 (6.06); in contrast, the minimum
number of tillers was recorded in Seher-2008 (5.36). While under drought stress, Faisalabad-
2008 (4.35) showed the maximum number of tillers per plant, in contrast to Galaxy-2013
(3.68), in which the minimum number of tillers was recorded (Table 3). Our data showed
that under control conditions, Akbar-2019 (26.00) and Faisalabad-2008 (25.50) showed the
maximum number of spikelets per spike, in contrast to Seher-2008 (21.00), in which the
minimum number of spikelets was recorded. Under drought stress conditions, Faisalabd-
2008 (15.33) and Galaxy-2013 (11.16) recorded the highest number of spikelets per spike,
whereas Galaxy-2013 (11.16) recorded the least (Table 3).
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Table 3. Number of tillers, number of spikelets per spike, number of grains per spike, 100-grain weight, seed yield, biological yield and leaf nitrogen contents of
different wheat varieties under well-watered (WW) and water deficit stress (WS) conditions.

Wheat
Varieties

Number of Tillers
per Plant

Number of Spikelets
per Spike

Number of Grains
per Spike 100-Grain Weight (g) Seed Yield

(g plant−1)
Biological Yield

(g plant−1)
Leaf Nitrogen

Contents (mg g−1 DW)

WW WS WW WS WW WS WW WS WW WS WW WS WW WS

Akbar-2019 6.11 a 4.25 fgh 26.00 a 14.33 ghi 50.66 a 33.66 kl 5.83 a 2.88 gh 6.21 a 3.18 ijk 17.83 a 9.01 ijk 21.16 a 12.20 hij
Ghazi-2019 5.91 abc 4.31 fg 24.58 abc 14.83 gh 46.33 d 34.33 k 5.200 c 2.96 g 5.84 bc 3.26 ij 16.70 cd 9.23 ij 19.33 bcd 12.91 hi
Anaj-2017 5.66 cde 4.05 fghij 22.05 ef 13.16 hij 41.00 h 31.00 no 4.38 de 2.53 ijk 5.16 fg 2.92 klm 15.83 fg 8.53 klm 17.63 efg 11.70 ijk
Ujala-2016 5.69 bcde 3.79 jk 22.50 def 11.88 jk 43.00 g 27.16 qr 4.500 de 2.03 lm 5.28 ef 2.28 o 16.08 ef 7.8 no 18.05 defg 11.00 jk

Zincol-2016 5.87 abc 4.20 fghi 24.16 abcd 14.00 ghi 45.16 de 32.500 lm 5.03 c 2.78 ghi 5.76 cd 3.09 jkl 16.56 de 8.95 jk 18.97 bcde 12.98 hi
Galaxy-2013 6.00 ab 3.68 k 25.08 ab 11.16 k 48.00 c 26.00 r 5.33 bc 1.93 m 5.98 abc 2.11 o 17.13 bc 7.43 o 19.93 abc 10.33 k

Pakistan-
2013 5.71 bcd 4.13 fghi 22.91 cdef 13.55 ghij 43.83 fg 31.83 mn 4.60 d 2.61 hij 5.50 de 3.02 jkl 16.21 def 8.67 kl 18.41 cdefg 11.86 jk

Millat-2011 5.52 de 3.98 ghijk 21.66 ef 12.91 hijk 40.00 h 30.16 o 4.200 ef 2.40 jk 5.00 gh 2.84l mn 15.45 g 8.30l mn 17.18 fg 11.46 ijk
Lasani-2008 5.82 abcd 3.95 hijk 23.50 bcde 12.66 jk 44.50 ef 28.66 p 4.68 d 2.33 jkl 5.55 d 2.70 mn 16.36 def 8.01 mn 18.73 cdef 11.26 jk
Faisalabad-

2008 6.06 a 4.35 f 25.50 a 15.33 g 49.33 b 35.66 j 5.61 ab 3.06 g 4.88 h 3.39 i 17.46 ab 9.50 i 20.60 ab 13.50 h

Seher-2008 5.36 e 3.90 ijk 21.00 f 12.00 jk 38.66 i 27.83 pq 4.01 f 2.2000 klm 2.61 n 2.61 n 14.66 h 7.91 no 16.82 gs 11.150 jk

Drought
(WS) 49.93 ** 1744.82 ** 3063.96 ** 89.71 ** 121.50 ** 1029.92 ** 797.47 **

Variety (V) 0.21 ** 9.90 ** 51.07 ** 1.10 ** 0.73 ** 2.68 ** 5.96 **
WS × V 0.086 * 3.40 * 19.55 ** 0.37 ** 0.35 ** 1.06 ** 2.53 *

LSD ≤ 0.05 4.12 6.58 2.10 5.61 3.80 2.62 6.43

Means not sharing the common letter differ significantly, * Significant at 0.05 level of significance, ** Significant at 0.01 level of significance, LSD = Least significant difference test.
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3.2. Number of Grains per Spike

Our results showed that, under the well-watered condition, the maximum number
of grains was found in Akbar-2019 (50.66), in contrast to Seher-2008 (38.66), in which
the minimum was recorded. Under the water stress condition, the maximum number of
grains per spike was counted in Faisalabad-2008 (35.66), followed by Ghazi-2019 (34.66),
in contrast to Galaxy-2013, for which the smallest number of grains per spike (26.00) was
recorded (Table 3).

3.3. 100-Grain Weight

In this study, under the well-watered condition, the maximum 100-grain weight
was recorded in Akbar-2019 (5.83 g), in contrast to Seher-2008 (4.01 g), which exhibited
the minimum 100-grain weight. Under the drought condition, Faisalabad-2008 (3.06 g)
recorded the maximum 100-grain weight, followed by Ghazi-2019 (2.96 g), in contrast to
Galaxy-2013 (1.93 g), in which the minimum 100-grain weight was recorded (Table 3).

3.4. Seed and Biological Yield

Under the well-watered condition, seed yield and biological yield (g plant−1) were
maximized in Akbar-2019 (6.21 and 14.66 g, respectively), in contrast to Seher-2008
(2.61 and 14.66 g, respectively), in which the minimum yield was recorded. Under the
water deficit condition, Faisalabad-2008 recorded the maximum seed and biological yield
(3.39 and 9.50 g, respectively), in contrast to Galaxy-2013 (2.11 and 7.43 g, respectively), in
which the minimum was recorded (Table 3).

3.5. Leaf Nitrogen Content

Our data showed that Akbar-2019 (21.16 mg g−1 DW) depicted maximum leaf nitro-
gen content under the well-watered condition, whereas Seher-2008 (16.82 mg g−1 DW)
showed minimum leaf nitrogen content. Under water deficit conditions, Faisalabad-2008
(13.50 mg g−1 DW) recorded maximum N content, whereas Galaxy-2013 (10.33 mg g−1 DW)
showed minimum N content in leaves (Table 3).

3.6. Leaf Phosphorus Content

Under the well-watered condition, Akbar-2019 (6.26 mg g−1 DW) exhibited maximum
leaf phosphorus, in contrast to Seher-2008 (5.06 mg g−1 DW), in which minimum leaf phos-
phorus content was recorded. Under drought stress, Faisalabad-2008 (4.01 mg g−1 DW)
showed maximum leaf phosphorus content, in contrast to Galaxy-2013 (2.63 mg g−1 DW),
in which minimum leaf phosphorus content was recorded (Table 4).

3.7. Leaf Potassium Content

As shown in Table 4, under the control condition, Lasani-2008 (7.14 mg g−1 DW)
recorded the highest leaf potassium content, in contrast to Seher-2008 (5.39 mg g−1 DW),
which recorded the lowest value. Leaf potassium content was highest in Faisalabad-2008
(3.78 mg g−1 DW) and lowest in Ujala-2016 (3.05 mg g−1 DW) under the drought condition
(Table 4).
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Table 4. Leaf phosphorus content, leaf potassium content, chlorophyll a, chlorophyll b, chlorophyll (Spade value), leaf relative water content and membrane stability
index in wheat varities under well-watered (WW) and water deficit stress (WS) conditions.

Wheat
Genotypes

Leaf Phosphorus
Content (mg g−1 DW)

Leaf Potassium
Content (mg g−1 DW)

Chlorophyll a
(mg g−1 FW)

Chlorophyll b
(mg g−1 FW)

Chlorophyll
(Spade Value)

Leaf Relative Water
Content (%)

Membrane Stability
Index (%)

WW WS WW WS WW WS WW WS WW WS WW WS WW WS

Akbar-2019 6.26 a 3.73 jk 6.52 ab 3.69 d 2.81 a 1.34 hi 0.96 ab 0.36 ijk 56.00 a 34.00 kl 91.33 a 73.00 hi 85.66 a 70.00 ij
Ghazi-2019 5.98 bc 3.91 ij 5.95 bc 3.74 d 2.65 bc 1.38 hi 0.97 a 0.38 ij 52.66 cd 35.66 jk 87.66 bc 74.00 h 81.33 bc 71.00 hi
Anaj-2017 5.28 fg 3.41l m 5.57 bc 3.41 d 2.26 f 1.26 ij 0.77 f 0.32 klm 45.00 h 30.33 no 81.33 efg 69.33 jkl 76.33 ef 66.00 kl
Ujala-2016 5.43 ef 2.81 pq 5.68 bc 3.05 d 2.35 ef 1.06 kl 0.80 ef 0.27 no 47.00 g 25.66 rs 82.66 def 62.66 n 77.33 def 61.66 no

Zincol-2016 5.78 cd 3.66 k 5.87 bc 3.61 d 2.58 c 1.32 hi 0.88 cd 0.35 jk 51.33 de 33.00 lm 90.0 ab 71.66 hij 81.00 bc 72.33 ghi
Galaxy-2013 6.10 ab 2.63 q 6.36 abc 2.96 d 2.71 ab 1.02 l 0.92 bc 0.24 o 53.33 bc 24.33 s 89.00 ab 62.66 n 83.33 ab 59.33 o

Pakistan-2013 5.53 e 3.56 kl 5.75 bc 3.50 d 2.41 de 1.28 ij 0.83 de 0.34 jkl 49.00 f 31.66 mn 83.66 de 70.33 ijk 78.66 cde 68.00 jk
Millat-2011 5.15 gh 3.25 mn 5.5 bc 3.28 d 2.22 fg 1.18 jk 0.72 g 0.30 lmn 43.33 h 29.00 op 79.66 fg 67.66 klm 74.66 fg 65.00 lm
Lasani-2008 5.63 de 3.10 no 7.14 a 3.20 d 2.52 cd 1.12 kl 0.89 c 0.29 mn 50.00 ef 27.66 pq 85.33 cd 66.0 lmn 79.33 cd 63.33 lmn

Faisalabad-2008 6.18 ab 4.01 i 6.45 ab 3.78 d 2.76 ab 1.42 h 0.94 ab 0.39 i 54.66 ab 36.66 j 90.33 ab 71.66 hij 84.66 a 72.00 ghi
Seher-2008 5.06 h 2.98 op 5.39 c 3.46 d 2.10 g 1.09 kl 0.67 h 0.28 no 41.33 i 26.66 qr 78.33 g 65.33 mn 73.33 gh 62.33 mn

Drought (WS) 87.37 ** 110.91 ** 26.42 ** 4.64 ** 5956.50 ** 4667.05 ** 2853.88 **
Variety (V) 0.82 ** 0.544 ns 0.15 ** 0.02 ** 90.91 ** 80.75 ** 79.96 **

WS × V 0.32 ** 0.553 ns 0.06 ** 0.01 ** 28.97 ** 29.71 ** 29.65 **
LSD ≤ 0.05 2.75 13.43 4.21 4.62 2.70 2.81 2.32

Means not sharing the common letter differ significantly, ** Significant at 0.05 level of significance, ns = Non-significant, LSD = Least significant difference test.
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3.8. Chlorophyll a

In the current study, under the well-watered condition, Akbar-2019 (2.81 mg g−1 FW)
recorded the maximum chlorophyl a content, in contrast to Seher-2008 (2.10 mg g−1 FW),
which had the minimum chlorophyll a content. Under drought stress, Faisalabad-2008
(1.42 mg g−1 FW) had the highest chlorophyll a content, whereas Galaxy-2013 (1.02 mg g−1 FW)
recorded the lowest chlorophyll a content among the genotypes (Table 4).

3.9. Chlorophyll b

Data showed that under the control treatment, Ghazi-2019 (0.97 mg g−1 FW) recorded
the maximum chlorophyll b content, in contrast to Seher-2008 (0.67 mg g−1 FW), which
recorded the minimum chlorophyll b content. Under water deficit conditions, Faisalabad-
2008 (0.39 mg g−1 FW) had the highest chlorophyll b content, in contrast to Galaxy-2013
(0.24 mg g−1 FW), in which the minimum was recorded (Table 4).

3.10. SPAD Values

Under the well-watered condition, Akbar-2019 (56) had the highest SPAD values, in
contrast to Seher-2008 (41.33), in which the lowest SPAD values were recorded. Under
drought stress, Faisalabad-2008 (36.66) showed the highest SPAD values, in contrast to
Galaxy-2013 (24.33), in which the minimum was recorded (Table 4).

3.11. Leaf Relative Water Content

Our data showed that under well-watered conditions, Akbar-2019 recorded the high-
est leaf relative water content (91.33%), in contrast to Seher-2008, which had the lowest
(78.33%) leaf relative water content. Under drought conditions, the highest relative water
content (74.00%) was found in Ghazi-2019, whereas the lowest (62.66%) was in Galaxy-2013
(Table 4).

3.12. Membrane Stability Index

Under the control condition, Akbar-2019 (85.66%) had the highest membrane stability
index, in contrast to Seher-2008 (73.33%), which had the lowest index. Under drought stress,
Zincol-2016 and Faisalabad-2008 (72.33% and 72%, respectively) had the highest membrane
stability index, whereas Galaxy-2013 (59.33%) recorded the lowest index (Table 4).

3.13. Principal Component Analysis

To better understand the drought tolerance potential of 11 wheat genotypes, principal
component analysis was conducted (Figure 2). Based on the highest squared cosine value
corresponding to principal component factors, plant growth and yield attributes were clus-
tered around the examined genotypes. Factor F1, covering 69.88% of the variability in the
data (eigenvalue 19.57), showed clustering of all plant growth variables with Akbar-2019,
Ghazi-2019, Ujala-2016, Zincol-2016, Millat-2011, and Seher-2008, indicating remarkable
performance of these genotypes in terms of plant growth and yield. Moreover, all plant
growth and yield variables were found in the same but opposing quadrants of the axis,
indicating their positive association with the corresponding genotypes.
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Figure 2. Principal component analysis (Pearson n) among observations (genotypes) and variables
(attributes) of wheat under drought stress conditions. The observations are labeled with blue colored
text, whereas the attributes of drought stressed (WS) and well-watered (WW) plants are shown in red
and green color, respectively. Abbreviations: tillers—number of tillers; spikelets—number of spikelets
per spike; grains/spike—number of grains per spike; 100-grains—hundred grain weight; Ec-yield—
seed yield; B-yield—biological yield; N—leaf nitrogen; P—leaf phosphorus; K—leaf potassium;
Chl a—Chlorophyll a; Chl b—chlorophyll b; Chl-SPAD—SPAD values; RWC—relative water content;
MSI—membrane stability index.

4. Discussion

Drought is one of the major abiotic stresses that limits crops’ production and yield.
Crops demonstrate various morpho-physiological, biochemical and molecular responses to
tackle drought stress. Breeding is one of the most efficient options to overcome drought
stress through the development of new genotypes adapted to drought. Therefore, selection
of wheat genotypes adapted to drought stress should be undertaken. In addition, drought
tolerance mechanisms should be identified during the development of new genotypes
in order to increase crop productivity. The assortment of parents, along with superior
drought tolerance, is critical in dry environments [36,37]. Therefore, it is a challenge to
determine the degree of tolerance using a single parameter. In addition, this has limited
value due to the diversity of the factors and their relations that contribute to drought
tolerance under field conditions [38]. Usually, genotypes that are found to germinate under
reduced water potential do not fail to germinate and establish into seedlings. Studies on
water potential can enable the recognition of genotypes appropriate for growing under
water deficit conditions [39]. Different stages of the life cycle of a crop actually deter-
mine the yield; among these, seed germination and subsequent seedling growth are most
crucial [40], and are also more vulnerable to drought stress [41]. Water scarcity at these
stages is often associated with delayed germination and reduced growth [42], which may
be due to changes in physiological and biochemical characteristics [43]. Screening under
drought stress is the primary goal, but controlling rainfall is a major concern because it
interferes with stress intensity. In recent years, different drought-tolerant wheat genotypes
have been developed by wheat breeders to enhance plant performance under drought
conditions [42]. To facilitate these breeding programs, drought tolerance screening of the
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germplasm is an excellent means of finding materials for advanced breeding. Because of
the high genotypic variation found across all traits, the study’s germplasm pool may be
a valuable source of genetic diversity for breeding. Due to different genotypic responses,
the germplasm pool can be used to identify a genotype that performs better under water
stress [44]. All of the genotypes used in this study were selected from various pedigrees,
and most of the traits found are quantitatively inherited, enabling the genotypes to react
to the environment in different ways. As a result, significant effects of wheat genotypes,
water regimes, and other environmental factors were observed. Crop plants with inherited
mutations may be used to select genotypes with desirable traits. These distinctions are
also critical when evaluating wheat varieties for drought resistance [45,46]. Under drought
stress, low availability of soil moisture directly impacts plant morphology. The current
study revealed high genetic variability in drought tolerance in all wheat genotypes. In
our study, drought stress significantly affected the yield and yield-related traits (including
the number of tillers, spikelets, and straw and grain production), physiological param-
eters (chlorophyll content, spade values, relative water content and membrane stability
index), and biochemical parameters (including leaf nitrogen, phosphorus and potassium
contents) in all tested genotypes. These findings are in line with previous studies [47–49],
where authors have demonstrated that drought causes a significant reduction in morpho-
physiological, biochemical and yield-related parameters of field crops. The negative effects
of drought on wheat plants resulted in a substantial reduction in the morphological traits
and productivity of all eleven wheat genotypes studied, and these findings are consistent
with previous studies [49–51]. Dehydration under drought caused denaturing of proteins,
the release of ROS, and a decrease in plant biomass, resulting in lower wheat production
and all its traits [26]. Drought stress generally results in sugar accumulation and a decrease
in leaf N content, leading to C/N imbalance, which is reflected in the increased C:N ratio
in plant leaves. The availability of carbon (C), especially in its carbohydrate form, and
nitrogen (N), are important factors in the regulation of plant metabolism and development.
Phosphorus (P) is a major element present in plant tissues and its low mobility in soil
causes its deficiency there; consequently, various changes in the physiology, morphology
and biochemistry of plants can occur depending on P availability. It is commonly known
that plants decrease P uptake under water deficit conditions. Drought can hinder P uptake
by decreasing P distribution to roots, and other factors related to water in the affected plant.
In this study, better performance of Faislabad-2008 under drought stress may be attributed
to higher N and P contents than in the other tested genotypes (Table 3).

Wheat variety Faisalabad-2008 produced the maximum yield under water stress
(WS = 35% of field capacity) conditions in soil-filled pots, thus showing its drought tol-
erance. Under drought conditions, a substantial difference in the number of tillers per
plant was observed, with maximum tillers per plant reported in Faisalabad-2008, and
minimum tillers per plant recorded in Galaxy-2013. Seed yield was greatest in Akbar-
2019 followed by Seher-2008 in well-watered conditions. Under water deficit conditions,
Faisalabad-2008 showed the greatest seed yield, in contrast to Galaxy-2013, for which the
lowest yield was recorded. Other researchers have noted a reduction in the number of
tillers per plant, yield, and yield-related traits when there is a lack of water in wheat [52],
maize [14] and cotton [53,54]. Plant physiological traits, such as chlorophyll content (a
and b), relative water content, and membrane stability index, are all viable for drought
treatments [55]. Drought stress reduced the chlorophyll content, relative water content, and
membrane stability index in all wheat genotypes tested. There were significant increases
in chlorophyll content, relative water content and membrane stability index in drought-
tolerant genotypes compared to the non-tolerant genotypes [11,16]. When compared to
the drought-sensitive wheat variety (Galaxy-2013), the drought-tolerant wheat variety
(Faisalabad-2008) had higher chlorophyll content, relative water content and membrane
stability index under severe drought stress. Plants with high chlorophyll content are able
to store more assimilates, allowing them to expand and produce more robust shoots and
leaves. In water-stressed plants, the growth of drought-tolerant genotypes results in higher
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relative water content [56]. In addition, drought stress also weakens cell membrane stability,
leading to further cell wall damage [14]. Further, the chlorophyll content in the flag leaves
of barley decreases under water deficit conditions [57], and a more prominent reduction
is noted in drought-susceptible wheat genotypes [58]. Our results are in contradiction
with earlier findings on wheat crops [59], where the authors have reported an increased
chlorophyll content in stressed leaves compared to non-stressed plants. Drought stress
hampers photosynthesis by destroying the chlorophyll machinery, damaging the photosyn-
thetic system, and decreasing the uptake of soil nutrients and their translocation within
crop plants [60]. Furthermore, drought stress was also reported to damage the thylakoid
membranes [61], negatively affecting chlorophyl synthesis, and accumulation and distri-
bution of photo-assimilates [62]. Leaf chlorophyll content may be used as an index for
source evaluation; therefore, reducing chlorophyll content under drought stress has been
considered to be a pronounced non-stomatal limiting factor [63]. Additionally, chlorophyll
content has been recognized as an index to determine plant tolerance to drought stress [64],
and reduction in chlorophyll content in response to water deficit is regarded as a sign of
oxidative stress damage caused by chlorophyllase enzymes [65]. Different studies have
also shown that abiotic stress stimuli cause a severe reduction in grain yield compared to
no stress conditions [66]. Drought can have unusual effects on the grain yield, depending
on the crop developmental stage at which stress occurs. Thousand-grain weight and grain
yield were remarkably reduced when drought was imposed at pre- and post-anthesis,
anthesis, and booting stages [67]. A significant reduction in grain yields due to water
stress at the post-anthesis stage may result in a severe reduction in the production of
photo-assimilates (source limitation), power of the sink to absorb photo-assimilates, and
reduced grain-filling duration. Drought at post-anthesis also severely reduces grain yield
(up to 98%), depending on the severity of the stress and the crop growth stage during
which drought was imposed [68,69]. The improvement in yield and yield-related aspects
in wheat and barley under drought stress has been found to result from a prolonged
grain-filling period, high chlorophyll content, a more sustained turgor, or a combination
of these factors [70]. The incidence of drought at early and later growth stages severely
affects wheat growth, which alters water-utilizing capacity and ultimately results in a
substantial reduction in seed yield [71]. The anthesis stage is highly vulnerable to drought
because it affects the pollen grain viability, which in turn reduces the number of grains
per spike [72]. Taking together, modern biotechnological approaches and transcriptional
regulatory networks may play a pivotal role in understanding the molecular mechanism of
drought tolerant genotypes [73,74].

5. Conclusions

The findings of this study indicate that the wheat genotypes responded differen-
tially in response to drought. Yield and yield-related traits (tillers/plant, spikelets/spike,
grains/spike, 100-grain weight, biological yield and seed yield), biochemical parameters
(leaf nitrogen, phosphorus, and potassium contents), leaf chlorophyll a, chlorophyll b, SPAD
values, leaf relative water content, and membrane stability index were all found to be useful.
Our results showed that Faisalabad-2008 was drought tolerant, whereas Galaxy-2013 was
drought sensitive in a pot experiment, based on all of the above parameters. Plant breeders
and physiologists working on drought-tolerant wheat genotypes could use these findings
for breeding programs. These drought-tolerant genotypes could be used in a breeding
program to make elite higher genetic genotypes tolerant to drought, and confer an ability
to survive in drought-prone areas. As a result, more research is required to determine how
the screened content fares in the field.

6. Suggestions and Recommendations

Farmers can save time and money by using screening systems to identify drought-
resistant crop genotypes. It has been well established that wheat crop genotypes differ
in their drought resistance. An effort should be made to raise awareness about drought-
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tolerant wheat genotypes among Pakistani farmers, local governments, national govern-
ments, and local, regional, and international wheat seed companies. Given the results
of the current pot study, this experiment should be undertaken in the field, and farmers
should be advised to cultivate Faisalabad-2008 on drought-prone soils under Faisalabad’s
agro-ecological conditions.
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