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Abstract

This study was conducted to identify physiological and morphological traits linked with drought tolerance and variation
among different bread wheat genotypes. In this study, 20 different bread and durum wheat genotypes were characterized on
morphological, biochemical, and physiological traits under well-watered (70% water holding capacity; WHC) and drought
stress (35% WHC) conditions. Drought stress significantly affected different morphological, biochemical, and physiologi-
cal traits of wheat; however, significant genotypic differences were noted in both bread and durum wheat genotypes. Under
drought stress, the activities of catalase and superoxide dismutase were higher in all tested genotypes compared to well-
watered conditions. Regarding physiological traits, an overall increase in the leaf temperature, SPAD chlorophyll contents,
intercellular CO, concentration (Ci), water use efficiency (WUE), intrinsic (WUEI), and instantaneous (WUEins) water
use efficiencies was recorded across the genotypes under drought stress compared to well-watered conditions. The prin-
cipal component analysis (PCA) showed that under drought stress, the two principal components (PCs) had a significant
variation for morphological and biochemical traits and the contribution of variation was 39.1 and 25.6% by PC1 and PC2,
respectively. For physiological traits, under drought, the PC1 contributed 59.2 and PC2 18.4% of the total variability and the
Ci, SPAD chlorophyll contents, photosynthesis (A), WUE, WUEIi, and WUEins were negatively correlated, while stomatal
conductance (gs), transpiration rate (T), and the ratio of A/Ci were positively correlated with PC1. The genotypes SQU-97,
SQU-95, and SQU-80 were grouped based on high Ci, A, WUE, WUEi, and WUEins, while genotypes SQU-85, SQU-86,
SQU-89, and SQU-90 were grouped based on high gs, T, and A/Ci. The agglomerative hierarchical clustering clustered the
studied genotypes into three classes and the variation within the classes was 47.6%, while between the classes was 52.4%.
The wheat genotypes (SQU-79, SQU-82, SQU-87, SQU-89, SQU-91, SQU-93, SQU-94, SQU-95, SQU-96, and SQU-98)
with higher SPAD chlorophyll contents, antioxidant activities, intercellular CO, concentration, water use efficiencies, and
net photosynthesis were better able to tolerate the drought stress.
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1 Introduction

Wheat (Triticum aestivum L.) is a staple for more than 2.5
billion people worldwide (www.wheatatlas.org) and is the
largest rain-fed grain crop. However, water scarcity and
drought are serious threats to sustainable wheat production.
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About two-thirds of the global wheat-growing areas may
face “severe, prolonged and near-simultaneous droughts” by
the end of this century (Trnka et al. 2019). This challenge
and the increasing population worldwide require developing
strategies for sustainable wheat production for global food
security (Farooq et al. 2022).

Drought stress suppresses plant growth and yield forma-
tion through alteration in plant water relations and nutri-
ent uptake, and reduction in the rate of net photosynthesis
and assimilates translocation (Farooq et al. 2009; Ullah and
Farooq 2021). However, the extent of growth suppression
and yield reduction depends on the severity and duration of
the drought stress (Farooq et al. 2009). Drought also causes a
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significant decrease in the activities of key enzymes involved
in carboxylation, grain development, and other metabolic
events (Zahra et al. 2021). The drought-induced decrease in
photosynthesis causes an imbalance between the excitation
and utilization of electrons and results in the over-production
of reactive oxygen species (ROS) (Reddy et al. 2004; Fang
et al. 2015). These ROS, including superoxide anions (O, "),
singlet oxygen ('0,), hydroxyl radicals (OH'), and hydrogen
peroxide (H,0,), cause oxidative damages to the biological
membranes, nucleic acids, and proteins (Farooq et al. 2019).

The ability of plants to sustain growth, drought toler-
ance, involves several morphological, physiological, bio-
chemical, and molecular modifications at cellular tissue,
organ, and organism levels. These modifications include
activation of antioxidant defense systems (involving both
enzymatic and non-enzymatic components) (Anjum et al.
2016), increases of water uptake by developing deep root
systems, reduction in water loss through a decrease in
stomatal density and conductance, and accumulation of
osmolytes (Chipilski et al. 2012; Huseynova, 2012; Abid
2016). These modifications help plants grow and produce
a fair amount of yield even under drought (Izanloo et al.
2008; Farooq et al. 2014).

The activation of plant antioxidant defense systems helps
to scavenge the ROS and protects the plants from oxida-
tive stress (Farooq et al. 2017). The enzymatic antioxidants
include superoxide dismutase (SOD), catalase (CAT), per-
oxidase (POD), glutathione peroxidase (GPX), ascorbic
acid peroxidase (APX), and dehydroascorbic acid reductase
(Reddy et al. 2004). As the first line of defense, SOD dis-
mutases the superoxide anions (O, ") into hydrogen peroxide
(H,0,) (Cakmak and Horst 1991) whereas the other compo-
nents of enzymatic antioxidant modulate to keep homeosta-
sis of H,0, concentration (Droge 2002). However, for the
scavenging of singlet oxygen ('O,) and hydroxyl radicals
(OH), non-enzymatic antioxidants are more effective (Bose
et al. 2014). The non-enzymatic antioxidants consist of low-
molecular-weight metabolites and include glutathione, toco-
pherols, ascorbic acid, and flavonoids (Noctor and Foyer
1998).

The accumulation of osmolytes including proline, glycine
betaine, and trehalose helps maintain tissue water potential
and thus allows to maintain physiological activities (Farooq
et al. 2009, 2018). In addition to their role in osmotic adjust-
ment, these osmolytes also help improve drought tolerance
by restricting protein denaturation, acting as a free radical
scavenger, and stabilizing biological membranes (Farooq
et al. 2009, 2018).

Identification of key morphological, physiological,
and biochemical adaptation under drought may help
improving growth and yield formation under water defi-
cit conditions (Bowne et al. 2012; Han et al. 2015). This
necessitates exploring a wide group of wheat genotypes

for drought tolerance. The determination of diversity
within and between the wheat populations is the basis
for elucidation of genetic structure and improvement of
quantitative traits including drought tolerance (Mwadzin-
geni et al. 2016). Although several studies (Ahmad et al.
2014; Bilal et al. 2015; Ahmed et al. 2019) are available
on the response of wheat genotypes to drought, there is
limited information on the morphological, biochemical,
and physiological responses of a diverse group of bread
and durum wheat genotypes to drought stress. This study
hypothesized that wheat genotypes with higher intercel-
lular CO, concentration, antioxidant potential, and the
rate of photosynthesis can better tolerate drought stress.
The specific objective of this study was to determine
physiological and morpho-biochemical traits linked with
drought tolerance and genotypic variation among differ-
ent wheat genotypes.

2 Material and Methods

2.1 Experimental Site, Treatment Details,
and Design

This experiment was conducted in the glasshouse at the
Agricultural Experimental Station, Sultan Qaboos Univer-
sity, Oman, in 2020. The temperature in the growth chamber
was maintained at 25/18 +2 °C day/night.

Twenty wheat genotypes: 5 collected from Interna-
tional Maize and Wheat Improvement Centre (CIM-
MYT) and 15 from International Centre for Agricultural
Research in Dry Areas (ICARDA) (Table S1), were
sown in plastic pots (1.5 kg) filled with Universal pot
ground media (Van-Eganond potgrond, Amsterdam, Hol-
land) maintained at 35% water holding capacity (WHC)
(drought stress) and 70% WHC (control). Three seeds per
pot were sown in all 120 pots (20 wheat genotypes X 2
treatment levels X 3 replications). Plants were raised
under well-watered conditions for 2 weeks, on the 16th
day after sowing drought was imposed by using the mois-
ture probe meter. The characteristics of media used were
organic matter (85-95%), electrical conductivity (0.6—1.5
mS/cm), pH (5.0-6.0), moisture contents (50%), carbon
into nitrogen ratio of (50:1), and sodium chloride < 1%.
The experiment was conducted under a completely ran-
domized design in a factorial arrangement with three
repeats. There were two pots on each replication. The
experiment was harvested on the 31st day after sowing.
Gas exchange parameters, SPAD values, and the relative
leaf water contents (RLWC) were recorded on the 30th
day after sowing whereas the rest of the observations
were recorded at harvest.
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2.2 2.2.0bservations.
2.2.1 Shoot Length (cm) and Seedling Dry Weight (g)

Shoot length (2 plants per pot) was measured from the base
to the top of the plants with a measuring ruler at the harvest-
ing. The seedling dry weight (shoots only) (2 plants per pot)
was determined by drying the seedling in an electric oven
until constant weight.

2.2.2 Relative Leaf Water Contents (%)

To determine the relative leaf water contents (RLWC), fresh
leaves (Wf) were weighed and then soaked in water for 4 h to
take the saturated weight (Ws). The leaves were then oven-
dried at 80 °C until constant weight and then dry weight
(Wd) was recorded. The RLWC was calculated as described
by Barr and Weatherley (1962).

RLWC = (Wf-Wd)/(Ws-Wd) x 100

2.2.3 Biochemical Traits

The catalase activity was determined using the method of
Chance and Maehly (1955). Briefly, leaf samples (1 g) were
digested in a 3-mL solution, which comprised of phosphate
buffer and H,0,. The changes in absorbance of the reac-
tion solution were recorded after every 20 s at 240 nm. The
SOD activity was estimated following the method of Gian-
nopolitis and Ries (1977). In this method, the inhibition of
photochemical reduction of p-nitro blue tetrazolium chlo-
ride (NBT) was noted with the spectrophotometric measure-
ment at 560 nm. The reaction mixture contained 2.9 ml K-P
buffer, 0.5 mL 50 mM Na,CO;, 0.5 mL 50 mM L-methio-
nine, 0.5 mL 75 pM NBT, and 500 pL 2 uM riboflavin with
100 pL supernatants. After the addition of riboflavin, the
tubes containing the reaction mixture were placed under the
light in a growth room for 8 min, and then absorbance was
recorded at 560 nm.

2.2.4 Physiological Traits

The SPAD value of chlorophyll (2 plants per pot) was taken
from the penultimate leaf using the SPAD meter (SPAD-
502Plus; Konica Minolta, Osaka, Japan). Different gas
exchange traits as stomatal conductance (gs; mmol m2 s‘l),
net CO, assimilation rate (A; umol m2 s‘l), intercellular
CO, concentration (Ci; pmol m_l), the ratio of CO, net
assimilation rate (A) and intercellular CO, concentration
(Ci) (A/Ci), transpiration rate (T; mmol m~2 s~!), water
use efficiency (WUE), and leaf temperature (°C) were
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measured by using the CIRAS-3 portable photosynthesis
system (Amesbury, MA 01,913, USA, 2019 with leaf area
fixed at=1.75 cm™2, cuvette temperature set to 30 °C). The
intrinsic water use efficiency (ratio of A and gs) (WUE;) and
instantaneous water use efficiency (ratio of A/T) (WUEins)
were calculated following Martin and Ruiz-Torres (1992)
and Anyia and Herzog (2004), respectively. The external leaf
CO, concentration (Ca) and artificial saturating photosyn-
thetic active radiation (PAR) were fixed at 400 pmol mol~!
and 1500 umol m~2 s™, respectively. The relative humidity
was maintained at 45% and the flow rate of water at 500 um
along with a vapor pressure deficit of 1.7 kPa in the cuvette
to prevent the stomatal closure. The readings were taken
on the 15th day of drought stress from two plants per pot
with three biological replicates on a clear and cloudless day.
Measurements were taken in the morning between 08.00
a.m. and 11.0 a.m. from the penultimate leaf by clamping
the leaf inside the sensor head.

2.3 Data Analysis

The data were analyzed using analysis of variance tech-
nique under a completely randomized design with fac-
torial arrangement with the aid of XLSTAT-2020. The
principal component analysis (PCA) was performed using
XLSTAT-2020 to determine the multivariate ordination of
physiological and morphological traits of tested wheat geno-
types. The PCA plots were constructed using XLSTAT-2020
(Addinsoft-2020; XLSTAT statistical and data analysis solu-
tion; New York, USA; https://www.xlstat.com). Agglomera-
tive hierarchical clustering (AHC) of genotypes was done
on physiological traits under drought stress and the dendro-
gram was constructed with XLSTAT-2020 on dissimilarity
(Euclidean distance) using Ward’s method.

3 Results
3.1 3.1 Growth Traits

Analysis of variance showed that drought stress signifi-
cantly affected the growth traits (shoot length, relative leaf
water contents, and seedling dry weight) of wheat geno-
types (Table 1). The individual effects of drought stress,
genotypes, and drought stress X genotypes were significant
(p <£0.05) for all growth attributes (Table 1). The fitness
of the model and R square of the fitness of a model had
good significance for different studied growth parameters
(Tables 2S5-4S).

There was a substantial genotypic difference among the
wheat genotypes regarding different studied growth traits
under drought stress and well-watered conditions (Fig. 1).
Under drought stress, all the studied growth traits were
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Fig. 1 Box plots showing (a) shoot length (SL), (b) relative leaf water plots show the median, mean, first quartile, third quartile, minimum,
contents (RLWC), and (c) seedling dry weight (SDW) of 20 wheat and maximum. Whiskers separate the sample from extreme data
genotypes under drought stress and well-watered conditions. The box point. Data presented beyond whiskers represent outliers
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reduced in all genotypes compared to well-watered condi-
tions (Fig. 1).

3.2 3.2 Biochemical Attributes

Analysis of variance depicted that drought stress signifi-
cantly influenced the activities of leaf catalase and super-
oxide dismutase enzymes (Table 1). The individual effects
of drought stress, genotypes, and drought stress X genotypes
were significant (p <0.05) for the activities of catalase and
superoxide dismutase except for the drought stress X geno-
types for the catalase activity (Table 1). The fitness of the
model and R square of the fitness of a model also showed
a good sign for activities of leaf catalase and superoxide
dismutase (Tables 2S-4S).

Regarding leaf catalase and SOD activities, substantial
differences were recorded among different wheat genotypes
under both drought stress and well-watered conditions. How-
ever, the activities of catalase and SOD enzyme were higher
among the tested genotypes under drought stress compared
to well-watered conditions (Figs. 1 and 2).

3.3 Physiological Traits

The analysis of variance of different physiological traits (leaf
temperature, SPAD chlorophyll contents, intercellular CO,
concentration, stomatal conductance, net photosynthetic
rate, the ratio of CO, net assimilation rate and intercel-
lular CO, concentration (Ci), transpiration rate, water use
efficiency, intrinsic water use efficiency, and instantane-
ous water use efficiency) showed that drought stress sig-
nificantly influenced the physiological traits of wheat geno-
types (Table 1). The effects of drought stress, genotypes,
and drought stress X genotypes were significant (p <0.05)
for all the studied physiological traits (Table 1). The fitness
of the model and R square of the fitness of a model also
showed good significance for different physiological traits
(Tables 2S-5S).

Different physiological traits (leaf temperature, SPAD
chlorophyll contents, Ci, gs, A, T, A/Ci, WUE, WUEi, and
WUE:ins) showed a substantial genotypic variation under
both well-watered and drought stress conditions (Figs. 3, 4,
and 5). An overall increase was observed in the leaf tem-
perature, SPAD chlorophyll contents, Ci, WUE, WUEIi, and
WUEIins across the genotypes under drought stress com-
pared to well-watered conditions (Figs. 3, 4, and 5). How-
ever, an overall decrease in gs, A, A/Ci, and T was recorded
across the genotypes under drought stress compared to well-
watered. However, under drought stress, the genotype SQU-
95 had a higher net photosynthetic rate than other genotypes
compared to well-watered conditions (Fig. 4).
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Fig.2 Box plots showing activities of (a) superoxide dismutase
(SOD) and (b) catalase (CAT) of 20 wheat genotypes in response to
drought stress and well-watered conditions. The box plots show the
median, mean, first quartile, third quartile, minimum, and maximum.
Whiskers separate the sample from extreme data point. Data pre-
sented beyond whiskers represent outliers
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Fig.3 Box plots showing (a) leaf temperature; (b) SPAD chlorophyll first quartile, third quartile, minimum, and maximum. Whiskers
contents; (c) intercellular CO, concentration (Ci); and (d) stomatal separate the sample from extreme data point. Data presented beyond
conductance (gs) of 20 wheat genotypes in response to drought stress whiskers represent outliers

and well-watered conditions. The box plots show the median, mean,
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Fig.4 Box plots showing (a) transpiration rate (T); (b) net photosyn-
(c) ratio of net photosynthesis over intercellular CO, con-
(A/Ci); and (d) water use efficiency (WUE) of 20 wheat
genotypes in response to drought stress and well-watered conditions.
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The box plots show the median, mean, first quartile, third quar-
tile, minimum, and maximum. Whiskers separate the sample from
extreme data point. Data presented beyond whiskers represent outliers
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Fig.5 Box plots showing (a) intrinsic (WUEi) and (b) instantaneous
water use efficiency (WUEIins) of 20 wheat genotypes in response to
drought stress and well-watered conditions. The box plots show the

3.4 Multivariate Coordination
3.4.1 Morphological and Biochemical Traits

The principal component analysis (PCA) of morphologi-
cal and biochemical traits under well-watered and drought
stress conditions is presented in Fig. 6. The two PCs had
54.0 and 17.0% total variation under well-watered condi-
tions and the leaf shoot length, relative leaf water con-
tents, and seedling dry weight had a negative correlation
in PC1, while activities of catalase and superoxide dis-
mutase were positively correlated in PC1 (Fig. 6a). Under
drought stress, the two PCs had a significant variation for
morpho-biochemical traits and the contribution of varia-
tion was 39.1 and 25.6% by PC1 and PC2, respectively.
The relative leaf water contents and seedling dry weight
were negatively correlated with PC1, while the activities
of catalase and SOD were positively correlated with PC1
(Fig. 6b). The genotypes SQU-97, SQU-87, and SQU-88
were grouped based on high catalase and superoxide dis-
mutase activities under drought stress. While genotypes
SQU-80 and SQU-82 were grouped due to high leaf shoot
length under drought stress (Fig. 6b).
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median, mean, first quartile, third quartile, minimum, and maximum.
Whiskers separate the sample from extreme data point. Data pre-
sented beyond whiskers represent outliers

3.4.2 Physiological Traits

The PCA showed significant variation for different studied
physiological traits under both well-watered and drought
stress conditions. Under well-watered conditions, the two
components PC1 and PC2 contributed 65.9 and 14.9%
of the total variation, respectively (Fig. 4a). The Ci, A,
A/Ci, WUE, WUEI, and WUEins were positively corre-
lated, while gs, T, leaf temperature, and SPAD chlorophyll
contents were negatively correlated in PC1 (Fig. 7a). The
genotypes SQU-79, SQU-80, and SQU-81 were grouped
based on high Ci, A, A/Ci, WUE, WUEi, and WUEins.
The genotypes SQU-97, SQU-98, SQU-94, SQU-95, and
SQU-90 were grouped based on high gs, T, leaf tempera-
ture, and SPAD chlorophyll value (Fig. 7a).

Under drought, the PC1 contributed 59.2 and PC2 18.4%
of the total variability and the Ci, SPAD chlorophyll contents,
A, WUE, WUEi, and WUEins were negatively correlated,
while gs, A/Ci, and T were positively correlated with PC1
(Fig. 7b). The genotypes SQU-97, SQU-95, and SQU-80
were grouped based on high Ci, A, WUE, WUEi, and WUE-
ins, while genotypes SQU-85, SQU-86, SQU-89, and SQU-
90 were grouped based on high gs, T, and A/Ci (Fig. 7b).



Journal of Soil Science and Plant Nutrition (2021) 21:2378-2391

2387

(a)

8
SL
[ ]

6

4 CAT
§ SOD
O_ o
N~
<, sQuyal | /
N DwW
O . sauiR® 79 sQUA squ-87
o RL o \® % °

SQU-80 2-81U-90
° \p ®
. oy =
° ° L1}
SQU-82 SQuU-94 SQQLL89
=2
_4 -
B 4 &) 2 4 6

0
PC1 (54.0 %)

Fig.6 Principal component analysis of morphological and -bio-
chemical traits of 20 wheat genotypes in relation to (a) control and
(b) drought stress conditions; SL shoot length; SDW seedling dry

3.4.3 Agglomerative Hierarchical Clustering

The AHC of the wheat genotypes was performed based on
studied physiological traits under drought stress on dissimi-
larity. The tested 20 wheat genotypes were divided into three
classes. The variation within the classes was 47.6%, while
between the classes was 52.4%. The genotypes SQU-79,
SQU-80, SQU-82, SQU-88, SQU-95, and SQU-97 were clus-
tered together into class 1 (Fig. 8). The genotypes SQU-85,
SQU-86, SQU-89, and SQU-90 were clustered together into
class 3. However, the genotypes SQU-81, SQU-83, SQU-84,
SQU-87, SQU-91, SQU-92, SQU-93, SQU-94, SQU-96, and
SQU-98 were clustered into class-2 and this class had clus-
tered maximum genotypes compared to class-1 and class-3
(Fig. 8). The class-2 and class-3 had a low variation, while
class-1 and class-2 and genotypes SQU-88 and SQU-83 had
more variation (Fig. 8).

4 Discussion

The results supported the hypothesis that wheat genotypes
with higher intercellular CO, concentration and rate of
photosynthesis and strong antioxidant defense system can
better tolerate drought stress. The genotypes with higher
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weight; RLWC relative leaf water contents; CAT catalase contents;
SOD superoxide dismutase contents

intercellular CO, concentration and rate of photosyn-
thesis maintained better growth under drought than the
other genotypes (Fig. 1). Although drought stress caused a
reduction in plant biomass, the genotypes SQU-79, SQU-
87, SQU-91, SQU-93, and SQU-94 sustained biomass
under drought than the other genotypes (Table 6S) because
of better carbon assimilation (Table 7S), accumulation
of compatible solutes (data not given), and antioxidant
potential.

Although a general reduction in plant growth and bio-
mass was observed under drought stress, a few genotypes
sustained their growth even under water deficit conditions.
In fact, the genotypes capable of osmotic adjustment, due
to accumulation of compatible solutes, can minimize the
drought-induced decrease in the growth as has been in this
study. The sustained growth capability of plants, under
drought, is an excellent indicator of drought tolerance
and can be employed in selection and breeding programs
(Diouf et al. 2018; Sallam et al. 2019). Drought stress
also causes oxidative damages to the plants which results
in a reduction in photosynthesis and overall plant growth.
However, the genotypes better equipped with antioxidant
defense system can continue to grow (Ahmadi et al. 2018),
although at a lower rate than that of under well-water con-
ditions as has been recorded in this study. Generally, the
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Fig.7 Principal component analysis of physiological traits of 20
wheat genotypes in relation to (a) control and (b) drought stress con-
ditions; gs stomatal conductance; Ltemp leaf temperature; T transpi-
ration rate; A photosynthetic rate; Ci intercellular CO, concentration;

activities of antioxidant antioxidants increased upon expo-
sure to drought (Figs. 1 and 2); however, only drought tol-
erant genotypes can sustain this increase during the stress
conditions (Guo et al. 2017; Ahmadi et al. 2018). This is
important to note that the functioning of this antioxidant
defense system and accumulation of compatible solutes is
always at the cost of metabolic energy that is otherwise
available for plant growth.

Drought stress also significantly affected the gas exchange
traits, leaf temperature, SPAD chlorophyll contents, and
indices of water use efficiency. A significant decrease
was recorded in the gas exchange traits (gs, A, A/Ci, and
T) under drought whereas drought caused an increase in
leaf temperature, SPAD chlorophyll contents, Ci, WUE,
WUEi, and WUEins in the tested genotypes (Figs. 3, 4,
and 5). Upon exposure to drought, plants tend to econo-
mize the water use through a decrease in the stomatal con-
ductance (Farooq et al. 2009). However, this decrease in
stomatal conductance causes a decrease in the influx of
CO, resulting in a reduction in the net rate of photosyn-
thesis. Therefore, the tolerant please species and genotypes
develop a balance between the water loss through transpi-
ration and CO, influx required for the carbon assimilation
process as has been noted in this study (Table 7S). A very

@ Springer

10 T

PC2 (18.4 %)

PC1 (59.2 %)

A/Ci photosynthetic rate/intercellular CO, concentration; WUE water
use efficiency; WUEiI intrinsic water use efficiency; WUEins instanta-
neous water use efficiency

little decrease in the rate of photosynthesis was recorded
in genotypes SQU-82, SQU-89, SQU-93, SQU-94, SQU-
95, SQU-96, and SQU-97 under drought stress than other
genotypes (Table 7S). However, some non-stomatal fac-
tors may also cause a reduction in photosynthesis under
drought stress (Pandey and Shukla 2015). These factors
involve the stability of the thylakoid membrane, activities
of photosynthetic enzymes, triose-phosphate formation, etc.
(Farooq et al. 2009). Interestingly, an increase in intercel-
lular CO, concentration was noted under drought across the
genotypes compared to well-watered conditions (Fig. 3).
The increase in Ci, under drought stress, indicates better
CO, influx despite low stomatal conductance and contrib-
utes to improving in WUE and both intrinsic and instanta-
neous WUE as has been observed in this study (Figs. 4 and
5). The WUE is an important physiological adaptation in
plants to improve the productivity of plants under drought
stress (Medrano et al. 2015) and after a point of decrease
in stomatal conductance, a level exists where a decrease in
stomatal conductance increases the WUE in plants (Mashilo
et al. 2017). Developing crop genotypes for high WUE is an
attractive option to save adequate water for agriculture and
food security (Hall and Richards 2013). A higher level of Ci
also helps to improve carboxylation efficiency and reducing
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Fig.8 Agglomerative hierarchical clustering of 20 wheat genotypes based on studied physiological traits under drought stress. The dendrogram
was constructed with XLSTAT-2020 on dissimilarity (Euclidean distance) using Ward’s method

photorespiration (Zhang and Dang 2005; Stiling et al. 2013).
This also contributes to enhancing the antioxidant enzyme
activities (Marabottini et al. 2001; Schwanz and Polle 2001).

The tested wheat genotypes had significant variation
in morpho-biochemical (64.7%), and physiological traits
(77.6%) under drought stress (Figs. 6 and 7). Likewise,
the AHC of the wheat genotypes also showed a signifi-
cant variation (within the classes 47.6% and between the
classes 52.4%). The class-2 had clustered more genotypes
and class-1 and class-2 had more variation than class-2
and class-3. Among the genotypes, the genotypes SQU-
88 and SQU-83 had more variation (Fig. 8). The existing
variation can be used in developing more drought-tolerant
wheat genotypes as breeders are in interested in improv-
ing drought tolerance in wheat to feed the ever-increasing
human population. The finding of this study can help
breeders to target the specific traits (morpho-biochemical
and physiological) to include in future breeding programs
to develop highly tolerant wheat genotypes as the evalu-
ation, identification, and selection of genetically differed
wheat genotypes aid in the development of high-yielding
wheat genotypes suitable for drought- and heat-stressed
environments (Cossani and Reynolds 2015; Reynolds et al.
2017). The genetic gains of wheat for improved yield and
drought tolerance can be attained by developing novel
genotypes by targeting the drought- and yield-related

agronomic, biochemical (Joudi et al. 2014; Crespo-Herrera
et al. 2018), and physiological traits.

5 Conclusion

The tested wheat genotypes differed in their responses to
drought stress. The genotypes SQU-79, SQU-82, SQU-87,
SQU-89, SQU-91, SQU-93, SQU-94, SQU-95, SQU-96,
and SQU-98 were better able to tolerate drought stress, as
indicated by a lower reduction in seedling dry weight under
drought stress, owing to higher intercellular CO, concentra-
tion, rate of photosynthesis, and antioxidant potential.
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