PUBLISHING

SPECIAL ISSUE |[RESEARCH PAPER
https://doi.org/10.107 | /FP23036

Functional Plant Biology

Silver nanoparticles protect tillering in drought-stressed wheat
by improving leaf water relations and physiological functioning

Muhammad Sarwar”, Muhammad Farrukh Saleem”, Najeeb Ullah®* (2, Muhammad Jahanzaib Khan*,
Hamza MaqsoodA, Hassaan Ahmad”, Asif Tanveer© and Muhammad Shahid®

For full list of author affiliations and
declarations see end of paper

*Correspondence to:

Najeeb Ullah

Agricultural Research Station, Office of VP
for Research and Graduate Studies, Qatar
University, Doha 2713, Qatar

Email: n.ullah@ug.edu.au

Handling Editor:
Honghong Wu

Received: 21 February 2023
Accepted: 6 July 2023
Published: 25 July 2023

Cite this:

Sarwar M et al. (2023)
Functional Plant Biology
doi:10.107 1/FP23036

© 2023 The Author(s) (or their
employer(s)). Published by

CSIRO Publishing.

This is an open access article distributed
under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0
International License (CC BY-NC-ND).

OPEN ACCESS

ABSTRACT

The tillering phase of wheat (Triticum aestivum) crops is extremely susceptible to drought. We
explored the potential of silver nanoparticles (AgNPs) in protecting wheat genotypes from
drought injury during this sensitive stage. After treating with AgNPs (60 ppm), the plants were
submitted to different water levels; i.e. 100% field capacity (FC), 75% FC (mild drought), 50% FC
(moderate drought) and 25% FC (severe drought) from 15 to 4| days after sowing (tillering
phase). Leaf physiological data were collected at stress termination, while yield attributes were
recorded at crop maturity. We found that increasing drought intensity significantly impaired leaf
physiology and grain yield of both studied genotypes. Compared with control, moderately and
severely drought-stressed plants produced 25% and 45% lesser grain yield per spike, respectively
(averaged across genotypes and years of study). Likewise, moderate and severe drought reduced
photosynthesis by 49% and 76%, respectively, compared with control. In contrast, AgNPs
significantly restored leaf physiological functioning and grain yield formation at maturity. For
example, under moderate and severe drought, AgNPs-treated plants produced 22% and 17%
more grains per plant, respectively, than their respective water-treated plants. Our study suggests
that exogenous AgNPs can protect wheat crops from drought during early development
stages.

Keywords: cellular biochemistry, drought-tolerance, grain yield, osmo-protectants, senescence,
silver nanoparticles, tiller formation, water relations.

Introduction

Global warming and erratic changes in weather patterns are among the major factors
affecting crop growth and yields (Ahmad et al. 2022a). Most countries that produce
wheat (Triticum aestivum) experience frequent and prolonged drought, particularly during
sensitive developmental phases (Lesk et al. 2016; El Sabagh et al. 2019). Drought-induced
loss in global wheat yields has been estimated at 20.6% over the past three to four decades
(Daryanto et al. 2016). Tillering in winter wheat begins 20-25 days after sowing and this
phase is highly sensitive to stress (Fleury et al. 2010). As tillering contributes to 87% of
wheat grain yield, any stress during this stage reduces the effective tillers and grain
numbers (Tilley et al. 2019). Water shortage prevails mostly at wheat tillering in most of
the wheat-growing regions of south Asia, and data suggests that drought during this
growth stage is the most common cause of grain yield losses than any other growth stage
(Thsan et al. 2016). Similarly, in many wheat-growing regions, water scarcity is already a
major constraint to agricultural productivity and climate change is expected to exacerbate
this problem. Studies have shown that under current climate conditions, drought events
during the tillering phase of wheat are already frequent and intense in many regions,
such as the Mediterranean, south Asia and north Africa (Saeidi et al. 2015; Zhang et al.
2018; Figueroa-Bustos et al. 2019). Moreover, climate projections suggest that drought
frequency and intensity will increase in many of these regions in the future (Naumann
et al. 2021).
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Wheat is classified as moderately drought-stressed when
field capacity (FC) drops between 45% and 60%, and severe
drought occurs between 25% and 30% of FC (Munsif et al.
2022). Moderate to severe drought stress at wheat tillering
for 10 days decreases wheat yield by up to 16% (Abid et al.
2018). Drought at wheat tillering affects the gas exchange
components (Pn and Gs) and the chlorophyll fluorescence
(Fv/Fm) (Aslam et al. 2022; Hickey et al. 2022). Bukhari
et al. (2021) documented that severe drought stress during
wheat tillering limits the photosynthetic rate and minimises
carbohydrate assimilation. Drought in wheat affects the
top-leaf water relations by decreasing the leaf water potential
and increasing the leaf osmotic potential (Nawaz et al. 2012).

Drought can be mitigated by growing tolerant genotypes
and crop management; e.g. supplemental irrigation (Bayoumi
et al. 2008; Dhakal 2021), application of nutrients/growth
regulators (Maswada et al. 2021; Aurangzaib et al. 2022) and
nanoparticles. Recent studies suggested the high efficiency of
foliar spray of nanoparticles for managing drought-stressed
wheat (Soliman et al. 2022). Silver nanoparticles (AgNPs)
have a strong signalling capability in field crops under
drought/abiotic stress, maintaining a favourable water
gradient within leaves (Taran et al. 2017; Nagqvi et al. 2022).
Few workers have reported the mitigatory drought role of
AgNPs under drought stress in wheat and other crop plants
(Hojjat and Ganjali 2016; Ahmed et al. 2021). Exogenous
application of AgNPs increases grain yield in wheat and
eggplant under drought stress by maintaining a favourable
water potential and protecting the membranes from oxidative
stress. According to Igbal et al. (2019) and Alabdallah et al.
(2021), there is little information available on the effects of
moderate to severe drought stress from pre-tillering to the
end of tillering and no work has been done to our knowledge
on the role of AgNPs under moderate to severe drought
stresses at wheat tillering. The objectives of this study were
to: (1) quantify the impact of moderate to severe drought at
tillering on tolerant and sensitive wheat genotypes; and
(2) investigate the roles of AgNPs in restraining grain yield,
physiology, water relations and plant defensive system from
moderate to severe drought stresses at tillering.
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Materials and methods

Experimental conditions

Pot experiments were carried out in the wirehouse facility
of the University of Agriculture in Faisalabad, Pakistan
(31°26’'N, 73°06’E; altitude, 184.4 m) during the Rabi
(wet) seasons of 2018-19 and 2019-20. Weather data were
collected from the metrological observatory of the University
of Agriculture in Faisalabad. Weather data for the cropping
seasons are in Fig. 1. The soil used in the experiments was
analysed before crop planting with properties: organic matter
1.20 + 0.024%; pH 8.1 + 0.2; electrical conductivity (Ec-dS/m)
0.55 + 0.014; available potassium 212 + 6.0 ppm; available
phosphorous 23.2 + 0.6 ppm; available zinc 1.33 + 0.034 ppm;
and available boron 0.7 + 0.016 ppm. Each pot was filled with
18 kg of soil in a peat:silt mix (3:1 ratio). Each earthen pot
(35 x 25 cm, length x width, 14.7 L capacity) received 15 seeds,
which were thinned to 10 seedlings per pot 1 week after
germination and each pot received 2.24 g of urea (containing
46% nitrogen). Half of the nitrogen was applied at the time of
sowing and the other half was applied 20 days later.

Applying the water treatments

Five days after the main stem had two unfolded leaves (Zodak
12) and before the onset of tillering, different field capacities
(FC)/drought levels were maintained in separate pots; i.e.
100% FC (optimal water condition), 75% FC (mild drought
stress), 50% FC (moderate drought stress) and 25% FC (severe
drought stress), and continued until the last tiller was visible
(at 26 days). For each FC treatment, four pots were used. The
method described by Thsan et al. (2016) was used to calculate
soil field capacity. To determine the FC treatements, 500 g of
soil was oven-dried and then reweighed. The soil saturation
paste was created by pouring water and stirring with a
scapula. The saturation point was defined as the point at
which water began accumulating as a thin layer on the soil
surface. As 100% FC, half of the saturation point was used.
Similarly, to maintain respective field capacities of 75%, 50%
and 25%, water was added daily to maintain the respective FC
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treatments (lhsan et al. 2016). After applying thedrought
stress, the same agronomic conditions were used for all the
pots throughout the experiment.

Silver nanoparticles (AgNPs) were sprayed early in the
morning, 1 day before the drought levels were maintained.
Tween-20 (0.1% solution) was used as a surfactant and
carboxymethyl cellulose (5% solution) as a sticking agent
for foliar application. AgNPs were chemically synthesised
by reacting silver nitrate (AgNO3) with trisodium citrate
(Na3CgHs05-2H50) and analysed by scanning electron micro-
scope (SEM) for size analysis using the methods of Jhanzab
et al. (2019) and Yasmeen et al. (2015). The AgNPs were
uniform, highly pure and fine, spherical in shape, with sizes
ranging from 15 to 20 nm. In this study, we used two
wheat (Triticum aestivum L.) genotypes: (1) FSD-08 (relatively
drought tolerant); and (2) Galaxy-13 (relatively drought
sensitive). Both genotypes are commercially grown in wheat-
growing areas of Pakistan. The seeds were obtained from
the Wheat Research Institute, Ayub Agricultural Research
Institute, Faisalabad, Pakistan. These genotypes were screened
for drought tolerance in a preliminary experiment based
on their relative cell injury (RCI), net photosynthetic rate,
stomatal conductance, chlorophyll fluorescence and seed
yield (data not shown). The experimental treatments were
arranged under a completely randomised design with factorial
arrangements, with four replications for each treatment.

Leaf biochemical attributes

Three top leaves were collected from each pot at the end of the
drought stress treatments for biochemical analysis and a
composite sample was prepared from the leaves of each
pot. A 0.5-g leaf sample was taken from the composite
sample for extraction of enzyme and malondialdehyde (MDA)
contents. Superoxide dismutase (SOD) (U mg~! protein)
activity was measured by inhibiting nitro blue tetrazolium.
In an ELISA plate, a reaction mixture of 100 pL enzyme
extract was used and absorbance was measured at 560 nm
using an ELISA plate reader (Giannopolitis and Ries 1977).
Guaiacol oxidation was used to quantify leaf peroxidase
(POD) activity (U mg’1 protein) and reaction mixtures were
placed in an ELISA plate along with 150 pL enzyme extract
and enzyme quantity was measured at 470 nm (Liu et al.
2009). Using the protocol described by Liu et al. (2009),
hydrogen peroxide reactant was used to quantify catalase
(CAT) activity (U mg~! protein). In an ELISA plate reader, a
reaction mixture containing 150 pL enzyme extract was used
and the absorbance was measured at 240 nm. Leaf proline
content was determined by extracting 0.5 g of leaves in
3% of 5 mL sulfosalicylic acid. The extraction mixture was
centrifuged for 15 min. A volume of 1 mL supernatant from
the leaf extraction mixture was then added, followed
by 1 mL 3% ninhydrin (prepared in equal parts 6 M
orthophosphoric acid and glacial acetic acid) and 1 mL
glacial acetic acid. The mixture was vortexed for 10 min

before being incubated at 100°C for 1 h and cooled in an
ice water bath. Toluene (1 mL) was then added, vortexed and
the upper aqueous layer was discarded. The lower organic
layer of 150 pL was transferred to an ELISA plate and
absorbance was measured at 520 nm using toluene as a
blank for a standard curve on an ELISA plate reader (Bates
et al. 1973). To quantify glycine betaine, 0.5 g of leaves
were homogenised with 5 mL of deionised (DI) water and
centrifuged for 5 min. A 10 mL solution of potassium triiodide
was made by combining 7.5 g iodine and 10 g potassium
iodide in 1 M HCI, after which 1 mL leaf extracts, 0.1 mL
potassium triiodide solution and1 mL HCl (2M) were mixed
and incubated at 4°C for 1 h before adding 5 mL chilled DI
water and 10 mL 1,2-di-di-chloroethane and vortexed for 5 min.
The upper aqueous layer was removed and absorbance at
365 nm was measured using an ELISA plate reader and an
organic layer (Grieve and Grattan 1983). MDA contents of
leaves were determined using the procedure described by
(Cakmak and Horst 1991). The supernatant was extracted
after homogenising a 0.5-g leaf sample with 3 mL of 0.1%
(w/v) trichloroacetic acid (TCA). A volume of 20% TCA (3 mL)
solution and 0.5% thiobarbituric acid were added to 0.5 mL of
supernatant. A mixture, leaf extract and a blank were added to
an ELISA plate and the absorbance was measured at 532 nm
and 600 nm.

Leaf water relations

After drought termination, three top leaves from each pot
were collected at pre-dawn for water relations (water
potential and osmotic potential) and chlorophyll contents,
as previously described by Arnon (1949) and Silveira et al.
(2009). Leaf water potential (—MPa) was determined immedi-
ately after sampling using a Scholander-type pressure
chamber (ARIMAD 2, Korea) following the methodology of
Scholander et al. (1965). For leaf osmotic potential, the
leaves were stored at —20°C for 1 week and then thawed.
The osmotic potential of the extracted sap was determined
using an osmometer (Osmomat 030).

Relative cell injury (RCI)

Three top leaves from each pot were collected and averaged at
12:00 hours after the drought stress period ended. Two leaf
discs with a diameter of 10 mm were obtained from both
sides of the top leaves. Both leaf discs were washed three to
four times with double distilled water before being placed in
test tubes containing deionised water. One set of test tubes
was treated in a 50°C water bath for 1 h, while the other
set was kept at room temperature at 25°C for an hour. An
electrical conductivity (EC) meter was used to measure
both heat-treated and control test tubes’ initial EC at room
temperature (Model, Jenway 4510, Japan). Following the
initial EC, both test tubes were autoclaved for 10 min at

C
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0.1 MPa pressure (Model, HAU-85, Hirayam instruments,
Kasukabe-shi Saitama, Japan).

The final EC of both test tubes was determined at room
temperature. RCI was determined according to Sullivan (1972):

1-(7)

1- (@)

RCI% =1 — x 100

where C, and C, are the initial and final EC of control test tubes,
respectively; and T; and T are the initial and final EC readings
of heat-treated test tubes, respectively.

Photosynthetic parameters

Between 10:00 hours and 12:00 hours, top leaf gas exchange
components and chlorophyll fluorescence (Fv/Fm) were
measured and averaged from three leaves in each pot
immediately after drought stress removal (42 days after
sowing). An infra-red gas analyser (LCi Analyzer with Broad
Head, Part Number LCi-002/B with Serial Number 32455)
was used to determine the net photosynthetic rate (Pn,
mol m~2 s~!) and stomatal conductance (Gs, mol m=2 s~1).
The gas exchange characteristics of top leaves were measured.
After 20 min of dark adaptation of leaves, Fv/Fm was
measured using a multi-mode chlorophyll fluorometer (Serial
Number 0729501, OptiScience, UK). Maximum Fv/Fm was
calculated as a plant stress indicator (Prasad et al. 2008).

After stopping the drought stress, three top leaves from
each pot were collected before sunset to determine chlorophyll
a and b content. A total of 0.5 g sub-sample was taken from each
pot leaf and soaked overnight in 80% acetone. In an ELISA
plate, a blank with 80% acetone and 1.5 L leaf extracts was
placed and absorbance was measured at 645 and 663 nm
wavelengths in an ELISA plate reader for chlorophyll a and b
contents (Arnon 1949). The same leaves of non-destructive
measurements (gas exchange components) were used for
destructive measurements (leaf biochemistry attributes,
water relations and chlorophyll contents).

Top leaves senescence and yield attributes

Three top leaves from each pot were tagged to measure the
leaf senescence at the end of drought treatment while yield
per spike and grain weight per spike were recorded after
harvesting the crop. The senescence of top leaves on selected
plants was measured 1 day before and 7 days after drought
stress. The senescence percentage of selected leaves was
calculated by averaging the values measured with a measuring
scale. The crop was harvested 125 days after sowing and the
number of grains per spike (NGPS), grain weight per spike
(GWPS-gram) and 1000-grain weight were recorded and
averaged from the selected plants.

Statistical analysis

A three-way ANOVA was used to evaluate the effect of
drought levels, AgNPs and genotypes and data (P < 0.01)

D

were statistically analysed using Fisher’s analysis of variance
technique (Steel and Torrie 1960). Using STATISTIX 10.1
software, Tukey’s honestly significant difference (HSD) test was
used to compare the means at 1% (Gomez and Gomez 2010).
A separate ANOVA was run for each factor before running
the combined ANOVA. The graphs were formed in MS Excel
2016 and the correlation matrix and Principal Component
Analysis (PCA) were carried out in XL-STAT software.

Results

Grain yield components under drought and
application of AgNPs

Individual and interactive effects of water levels, genotypes
and AgNPs on wheat yield attributes were significant
during both years of study (P < 0.01) (Fig. 2). Among the
water levels, 50% (moderate drought) and 25% (severe
drought) of FC significantly reduced wheat yield attributes
compared to 100% FC (optimal water conditions); however,
non-significant effects of 75% FC (mild drought) were
observed on grain yield attributes. Averaged across 2 years,
moderate and severe drought reduced the number of tillers
per plant by 33% and 57%, respectively, over the optimal
water conditions. Both tolerant and sensitive genotypes were
significantly affected by moderate and severe drought
stresses, although the degree of damage significantly varied
across the genotypes. For example, the sensitive genotype
produced 14% and 24% fewer tillers in response to moderate
and severe drought, respectively, compared with the tolerant
genotype (averaged across both years of study) (Fig. 2a).
Among the yield attributes, 1000-grain weight was reduced
by 29% and 44% (Fig. 2b), respectively, and grain numbers
per plant were reduced by 42% and 62% (Fig. 2c) in moderate
to severe drought stresses, respectively (averaged across both
years of study), compared with control. Similarly, under
moderate and severe drought conditions, total grain weight
per plant was significantly reduced (Fig. 2d). Drought (moderate
to severe) negatively affected the drought-sensitive genotype
(Galaxy-13) more than the drought-tolerant genotype (FSD-
08) during both years of study. For example, the sensitive
genotype experienced 42% and 51% more reduction in
1000-grain weight and grain numbers per plant, respectively
under severe drought than the tolerant genotype (averaged
across both years of study) (Fig. 2b, d). Similarly, grain
weight per plant was reduced in drought-sensitive over
drought tolerant genotype (Fig. 2c). Overall, severe drought
reduced wheat tillers by 69% and grain numbers by 52%
when compared with optimal conditions.

AgNPs increased the number of tillers and yield attributes
under moderate and severe drought in both wheat genotypes
(Fig. 2). For example, AgNPs treated plants produced 19% and
29% more tillers under moderate and severe drought, respec-
tively, compared to the water-treated plants. However, AgNPs



www.publish.csiro.au/fp

Functional Plant Biology

(a) 0100% FC m75% FC 050% FC 925% FC (b) 0100% FC M75% FC ©@50% FC ©25% FC
4.5 60

41 @ a a a
£ _.50 2 a a2 a
5351 C]
3 3 £40
1 4 o
§25 2 0]
E 29 i
o
5 1.5 1 g’ 204
2 14 8
5 € 40/
Z 0.5

04 i B8 0 B

Water spray AgNPs spray Water spray AgNPs spray Water spray AgNPs spray Water spray AgNPs spray
FSD-08 Galaxy-13 FSD-08 Galaxy-13
0100% FC m75% FC 050% FC 825% FC d 0100% FC m75% FC §50% FC 825% FC
25,(C), a a a a a a g0, (d)

5 2 601 a a a a
5 5%
5 15 = 401
o Q
= 2 30
2 19 g
H 520+ =
c [s}
s 0.5 o
o 3101 —

0 i i B : E

Water spray N AgNPs spray Water spray N AgNPs spray Water spray ‘ AgNPs spray Water spray AgNPs spray
FSD-08 Galaxy-13 FSD-08 Galaxy-13

Fig. 2. Effect of moisture regimes at tillering of wheat genotypes and foliar spray of AgNPs (moisture regimes X AgNPs X

genotypes, P < 0.01; years X moisture regimes X AgNPs X genotypes, P > 0.05) on (a) number of tillers per plant, (b) 1000-grain
weight, (c) grain weight per spike, and (d) number of grains per spike. Values are the means of four replications (n = 4) + s.e. and
treatments with the same letters are not statistically significant at P > 0.01. Levels of significance: drought levels = *¥; genotypes = **;
foliar spray of AgNPs = **; years = n.s.; drought X genotypes = **¥; drought X AgNPs = ** genotypes X AgNPs = **; drought X
genotypes X AgNPs = **; years X drought = n.s.; years X genotypes = n.s.; years X AgNPs = n.s.; years X drought X genotypes = n.s.;
years X drought X AgNPs = n.s.; years X genotypes X AgNPs = n.s., years X drought X genotypes X AgNPs = n.s. NGPS, number of

grains per spike; FC, field capacity. **P < 0.01; n.s., not significant.

did not affect tillers per plant under mild drought and optimal
conditions. When comparing the genotypes, AgNPs increased
tillers per plant by 35% and 20% in the drought-tolerant
genotype under moderate and severe drought, respectively,
compared to the sensitive genotype (Fig. 2a). Similarly,
AgNPs increased 1000-grain weight by 14% and 12%,
respectively, and grain numbers per plant by 13% and 11%,
from moderate to severe drought, respectively, compared to
the water-treated plants (Fig. 2b, d). Across the genotypes,
AgNPs increased grain numbers per plant by 38% and 37%,
respectively, and grain weight per plant by 12% and 18%
in the tolerant genotype under moderate and severe drought,
compared to the drought-sensitive genotype (Fig. 2c, d).
However, AgNPs significantly increased grain numbers and
grain weight per plant in both tolerant and sensitive genotypes
under moderate and severe drought. Overall, AgNPs increased
grain numbers and grain weight per plant by 10% and 30%,
respectively, in moderate and severe drought stresses (averaged
across) when compared to the corresponding water-treated
plants.

Leaf physiological changes in response to
drought application of AgNPs

Drought levels, genotypes and AgNPs treatment all signifi-
cantly affected top leaves senescence, gas exchange, chlorophyll

fluorescence and water relations at tillering stage (drought x
genotypes X AgNPs; P < 0.01) (Fig. 3, Tables 1 and 2).
Compared with optimal conditions, top leaf senescence was
amplified by 30% and 48% as the drought level increased
from moderate to severe drought stresses. Across the genotypes,
the sensitive genotype showed 15% and 26% higher top leaf
senescence than the tolerant genotype under moderate and
severe drought stresses, respectively (Fig. 3).

Leaf physiological traits such as Pn, Gs, Fv/Fm and
chlorophyll a were reduced by 44%, 40%, 38% and 32%,
respectively, under moderate, and by 67%, 62%, 59% and
57%, respectively, under severe drought compared to optimal
conditions (averaged across). Across the genotypes, moderate
and severe drought caused significantly more damage to the
sensitive than tolerant genotype. For example, under severe
drought leaf Pn, Gs, Fv/Fm and chlorophyll a content of
sensitive genotype were reduced by 48%, 48%, 51% and
47%, respectively, of drought tolerant genotype (averaged
across during both years of study) (Table 2).

Both moderate and severe drought significantly affected
leaf water and osmotic potential, with a maximum reduction
in water potential by 0.79-fold and an increase in solute
potential by 1.83-fold in response to optimal water conditions
(averaged across) under severe drought. Under moderate and
severe drought stresses, the sensitive genotype had 25% and
44% lower water potential, respectively, compared to the

E
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Fig. 3. Effect of moisture regimes at tillering of wheat genotypes, growth seasons and foliar spray of

AgNPs (moisture regimes X AgNPs X genotypes, P < 0.01; years X moisture regimes X AgNPs X
genotypes, P > 0.05) on flag leaf senescence of wheat. Values are the means of four replications
(n = 4) £ s.e. and treatments with the same letters are not statistically significant at P > 0.01.
Levels of significance: drought levels = *¥; henotypes = **; foliar spray of AgNPs = *¥; years = n.s;
drought X genotypes = *¥ drought X AgNPs = *¥ henotypes X AgNPs = *¥ drought X
genotypes X AgNPs = **; years X drought = n.s.; years X genotypes = n.s.; years X AgNPs = n.s.;
years X drought X genotypes = n.s; years X drought X AgNPs = n..; years X genotypes X
AgNPs = n.s.; years X drought X genotypes X AgNPs = n.s. FC, field capacity. **P < 0.01; n.s., not

significant.

tolerant genotype (averaged across both years of study)
(Table 1). When comparing the AgNPs effects under drought
levels, foliar spray of AgNPs reduced top leaf senescence
(Fig. 3) and increased Pn, Gs, Fv/Fm and chorophyll a and
b contents under moderate to severe drought stress with a
relatively greater increase observed under moderate drought
stress (Table 2). For example, AgNPs reduced top leaf
senescence by 12% and 13% under moderate and severe
drought stresses, respectively, compared to water-treated
plants under the same drought stresses. Similarly, AgNPs
reduced top leaf senescence by 13% and 11% under moderate
to severe drought stresses of the tolerant compared to the
sensitive genotype (averaged across both years of study).
Exogenous application of AgNPs showed non-significant
effects on top leaf senescence, gas exchange components
and water relations under optimal water (Fig. 3).

When leaf physiology was compared under various drought
levels, AgNPs improved Pn, Gs, Fv/Fm and chlorophyll a by
23%, 24%, 19% and 18%, respectively, under moderate
drought stress, while the increase was 13%, 15%, 15% and
24% under severe drought stress, compared to the water-
treated plants of corresponding drought treatments averaged
across both years of study. Across the genotypes under
moderate and severe drought, AgNPs improved Pn, Gs,
Fv/Fm, chlorophyll a and water potential by 42%, 43%, 47%,
63% and 26%, respectively, in the tolerant compared to the
sensitive genotype (Tables 1 and 2).

Drought levels, genotypes and AgNPs all had a significant
effect on antioxidants (SOD, POD, CAT, proline and GB),
MDA and RCI (drought x genotypes x AgNPs; P < 0.01)

F

(Tables 1 and 2). Antioxidants, MDA and RCI levels were
increased significantly from moderate to severe drought
stress compared to optimal water conditions; however, no
significant increase in antioxidants, MDA and RCI was
observed under mild drought. When compared the drought
levels, SOD, proline and GB increased by 40%, 70% and
47%, respectively, under moderate drought stress while the
increase was 95%, 83% and 52%, respectively, under severe
drought stress over the optimal water conditions averaged
across both years of study. Similarly, under severe drought,
leaf MDA and RCI levels were increased by 98% and 78%,
respectively, over the plants of optimal water conditions
averaged across both years of study. From moderate to
severe drought stresses, the MDA and RCI have significantly
increased both in sensitive and tolerant genotypes, but the
most pronounced effect of drought was observed in the
sensitive genotype. AgNPs increased antioxidants and reduced
MDA contents and RCI from moderate to severe drought
stresses, but had no significant effect under mild drought
stress and optimal water conditions (Tables 1 and 2). Foliar
spray of AgNPs, for example, increased SOD, proline and
GB by 33%, 45% and 18%, respectively, under moderate,
and 95%, 33% and 17%, under severe drought, compared
to their corresponding water-treated plants. Similarly, AgNPs
reduced MDA and RCI by 35% and 21%, respectively, under
moderate drought stress, and 40% and 27%, respectively,
under severe drought stress (averaged across both years of
study) compared to water-treated plants of corresponding
drought stresses. The effect AgNPs application was significant
on both wheat genotypes. When genotypes were compared,
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Table I. Flag leaf antioxidant and water relations of wheat genotypes in response to drought stress and application of AgNPs during the tillering

phase of crop.

Proline GB MDA Yw (—MPa) ¥s (—MPa)
contents (umolg™')  (nmol g'
(rmol g™") FW)

Drought Foliar Genotypes SOD POD CAT
levels spray of (U mg™! (U mg™! (U mg™!
AgNPs protein) protein) protein)
(60 ppm)
100% field VWater FSD-08 94+23a 4l +£10la 83 +2lab
capacity  spray Galaxy-13 93 +22a 38+095ab 80+ 2.0b
AgNPs FSD-08 98 +2.6a 43 + 1.07a 95 +2.3a
Galaxy-13 99 +27a 44+ 1.10a 90 + 2.2a
75% field  Water FSD-08 96 +25a 42+ 1.05ab 87 +2.1b
capacity  spray Galaxy-13 97 +26a 4l +102b  85+2.1lb
AgNPs FSD-08 100 +2.6a 45+ 1.13a 99 + 2.5a
Galaxy-13 102 +28a 46 + |.16a 101 + 2.5a
50% field  Water FSD-08 125 +3.0c 78 + 1.95¢ 130 + 3.2¢
capacity  spray Galaxy-13  114+29d 6l +153d 115+27d
AgNPs FSD-08 180 + 6.8a 127 +3.13a 285+7.la
Galaxy-13 150 + 6.0b 114 +29Ib 260 + 6.5b
25% field  Water FSD-08 141 +3.5c 87 +2.18c 140 + 3.5¢c
capacity  spray Galaxy-13 120 +3.0d 67+ 1.68d 123 +3.1d
AgNPs FSD-08 263 +63a 137+33a 292+7.la
Galaxy-13 248 +59b 122 +3.0lb 271 +6.7b
HSD 8.6 3.90 8.92
Levels of significance
Drought levels e e e
Genotypes ok ok ok
Foliar spray of AgNPs ot ok ek
Years n.s. n.s. n.s.
Drought X genotypes o e <
Drought x AgNPs ok ok ok
Genotypes X AgNPs e I 3
Drought X genotypes X AgNPs ok o wox
Years X drought ns. ns. n.s.
Years X genotypes n.s. n.s. ns.
Years X AgNPs n.s. n.s. n.s.
Years X drought X genotypes n.s. n.s. ns.
Years X drought X AgNPs n.s. n.s. ns.
Years X genotypes X AgNPs n.s. n.s. ns.
Years X drought X genotypes X ns. ns. ns.
AgNPs

1.20 + 0.03a 165 +42a 0.63 +00l4a 0.67 +£0.007a 0.64 + 0.015a
1.23 + 0.04a 158 +39a 0.62 +0.018 0.69 +0.008a 0.63 + 0.014a
1.22 + 0.03a 164 +4.1a 0.60+00lla 0.69 +0.008a 0.65 + 0.016a
1.24 + 0.04a 160 +4.0a 0.61 +0.015a 0.70 + 0.009a 0.66 + 0.016a
1.24 + 0.04a 167 +43a 0.64+00l4a 0.70 £0.009a 0.62 + 0.014a
1.20 + 0.03a 161 +39a 0.63 +0018 0.69 +0.008a 0.65 + 0.015a
1.29 + 0.04a 169 +45a 0.6l +00lla 072 +0.010a 0.66 + 0.0l6a
1.27 + 0.03a 165+42a 0.62+0.015a 0.73 +£0.010a 0.67 +£0.0l6a
1.80 +0.06c 225 +56c 1.10+£0.0280 0.99 +0.027b  1.30 + 0.040b
1.60 +0.05d 213 +53d 1.35+0.038  |.2]1 +0.034a 1.50 + 0.046a
250 +0.07a 275+ 69a 0.73 +0.020d 0.86 +0.013c 1.07 + 0.033c
220 +0.06b 245+ 6.1b 083 +0.023c 1.07 +0.028b .25 + 0.03%b
195+ 0.05c 240 +6.0c 1.45+0037b .18 +£0.036b 1.88 + 0.045c
1.80 +0.05d 220 +55d 1.70 +0.049a  1.66 + 0.04la  2.11 + 0.052a
270 £0.07a 285+72a 0.86+0025d 0.96 +0.029d .62 + 0.040d
230 +£0.06b 257 +6.5b  1.06 £0.029c  1.36 £ 0.035c  1.96 + 0.048b

0.082 10.1 0.048 0.056 0.071
ok ok ok ok ok
ok Hox ok ok ok
ok ok ok ok ok
n.s. n.s. n.s. n.s. n.s.
ok ok ok ok ok
ok ok ok ok ok
ok ok ok ok ok
n.s. n.s. n.s. n.s. n.s.
n.s. n.s. n.s. n.s. n.s.
n.s n.s n.s n.s n.s
n.s. n.s. n.s. n.s. n.s.
n.s. n.s. n.s. n.s. n.s.
n.s. n.s. n.s. n.s. n.s.
n.s. n.s. n.s. n.s. n.s.

Values are the means + s.e. (n = 4).
Treatments with the same letters are not statistically significant at P > 0.01.

FSD-08, drought tolerant; Galaxy- | 3, drought susceptible; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase; GB, glycine betaine; MDA, malondialdehyde;
¥, water potential; ¥s, solute potential; AgNPs, silver nanoparticles; HSD, honestly significant difference.

*P < 0.01; n.s., not significant.

AgNPs increased SOD, proline and GB by 61%, 19% and
42%, respectively, more in the drought-tolerant genotype
under moderate drought stress than in the drought-sensitive
genotype (average across both years of study). Likewise,

AgNPs reduced MDA and RCI by 28% and 38%, respec-
tively, greater in drought-tolerant genotypes under moderate
drought stress over the drought-sensitive genotype averaged
across both years of study.
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Table 2. Changes in flag leaf gas exchange and chlorophyll fluorescence traits of wheat genotypes in response to drought and appliation of AgNPs

during the tillering phase of crop growth.

Drought levels Foliar spray of Genotypes RCI (%) Pn (pmolm=2s"') Gs(m molm2s7') Fv/IFm Chlorophyll a Chlorophyll b
AgNPs (60 ppm) (mgg' FW) (mgg'FW)
100% field capacity WVater spray FSD-08 40 + 1.2b 29.5 + 0.72b 091 £0.019a 0.92 + 0.023a  1.73 £ 0.04la  0.26 + 0.006a
Galaxy-13 51 +1.3a 294 +0.71b 0.89 + 0.018a 091 £0.02la 1.74 £ 0.043a  0.27 + 0.007a
AgNPs FSD-08 28 +0.7¢c 30.0 + 0.75a 0.93 + 0.022a 0.93 +0.022a 1.75 £ 0.044a  0.23 + 0.005a
Galaxy-13 4l + 1.1b 30.5 + 0.76a 0.92 + 0.021a 0.92 +0.021a  1.76 + 0.045a  0.24 + 0.006a
75% field capacity = Water spray FSD-08 43 £ 1.3b 29.3 + 0.72b 0.90 + 0.019ab 0.94 + 0.024a  1.75 + 0.043a  0.25 + 0.006a
Galaxy-13 55+ l.4a 29.5 +0.73b 0.91 + 0.020a 093 +£0.023a .74 £ 0.042a  0.26 + 0.005a
AgNPs FSD-08 32+ 08¢ 30.2 £ 0.76a 0.94 + 0.023a 094 +£0.024a 1.76 + 0.044a  0.24 + 0.004a
Galaxy-13 45+ 1.2b 30.7 +£ 0.77a 0.93 + 0.022a 0.95 +0.025a .77 £ 0.045a  0.23 + 0.005a
50% field capacity ~ Water spray FSD-08 60 + 1.5b 16.8 + 0.53b 0.58 + 0.012c 0.59 £ 0.013b  1.26 +0.023c  1.02 + 0.025b
Galaxy-13 80 +2.2a 13.4 + 0.43d 0.49 + 0.008d 046 £ 0.0llc 0.92 +0.020d 1.14 + 0.027a
AgNPs FSD-08 47 £ 1.3c 203 + 0.61a 0.71 £ 0.017a 0.72 £ 0.017a 144 £ 0.030a 0.74 + 0.014d
Galaxy-13 60 + 1.5b 17 + 0.55¢c 0.59 + 0.014b 0.53 +£0.013b  I.Il £0.025b  0.90 + 0.02Ic
25% field capacity =~ Water spray FSD-08 85 +23b 122 + 0.33b 0.44 + 0.009¢ 0.46 + 0.008c 0.87 +0.017c  1.30 + 0.033b
Galaxy-13 94 + 2.4a 6.3 +031d 0.22 + 0.007d 0.23 + 0.006d 0.49 +0.015d 1.40 + 0.035a
AgNPs FSD-08 60 + 1.5d 142 + 0.4la 0.50 +£0.012a 053 £0.010a 1.13 +£0.026a 0.98 + 0.024d
Galaxy-13 70 + 1.7¢c 7.7 £032c 0.27 + 0.011b 0.27 +0.008b 0.58 + 0.019b  1.20 + 0.028c
HSD 2.75 0.64 0.036 0.031 0.050 0.040
Levels of significance
Drought levels e o e w3 e
Genotypes ok ok ok ok ok ok
Foliar spray of AgNPs 5 R R gt 5 R
Years n.s. n.s. ns. n.s. ns. n.s.
Drought X genotypes e o e o e e
Drought x AgNPs ok ok ok ok ok ok
Genotypes X AgNPs e 3 3 R 3 3
Drought X genotypes X AgNPs ok o ok ok ok ok
Years X drought n.s. n.s. ns. n.s. ns. ns.
Years X genotypes n.s. n.s. n.s n.s n.s n.s
Years X AgNPs ns. ns. n.s. n.s n.s ns.
Years X drought X genotypes n.s. n.s. n.s n.s n.s. n.s.
Years X drought X AgNPs n.s. n.s. n.s. n.s n.s. n.s.
Years X genotypes X AgNPs n.s. n.s. n.s. n.s n.s. n.s.
Years X drought X genotypes X AgNPs n.s. n.s. n.s. n.s n.s. n.s.

Values are the means + s.e. (n = 4).
Treatments with the same letters are not statistically significant at P > 0.01.

FSD-08, drought tolerant; Galaxy-13, drought susceptible; RCI, relative cell injury; Pn, net photosynthetic rate; Gs, stomatal conductance; Fv/Fm, chlorophyll
fluorescence; Chl, chlorophyll contents; AgNPs, silver nanoparticles; HSD, honestly significant difference.

**P < 0.01; n.s., not significant.

Principal component analysis (PCA)

PCA was used to estimate the relative effects of top leaf
senescence, MDA, RCI and water potential (¥,,) on 1000-grain
weight, grain numbers, Pn and Gs of drought-stressed wheat at
tillering. Post-drought treatment PCA loading matrix shows a
strong negative correlation of top leaf senescence, MDA, RCI
and water potential (¥,,) with 1000-grain weight, NGPS, Pn

H

and Gs. Leaf stress indicators such as MDA, RCI, senescence
and water potential all had a strong and positive correlation,
whereas 1000-grain weight, NGPS, Pn and Gs showed a
strong and positive correlation. Top leaf senescence and water
potential fell in the negative quadrant of PCA, indicating that
these traits contributed most to the reduction of yield and gas
exchange components, while MDA and RCI also had a negative
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(b) Biplot (axes F1 and F2: 98.71 %)
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contribution of malondialdehyde (MDA), relative cell injury (RCI), flag leaf senescence (FLS), leaf water potential (¥,,) with the net
photosynthetic rate (Pn), stomatal conductance (Gs), 1000-grain weight (1000 GW), number of grains per spike (NGPS) and glycine
betaine (GB) under water regimes of wheat (averaged across both years of study). A, B, C and D, 100 FC moisture regime; L, M, N
and O, 75% FC moisture regime; W, X, Y and Z, 50% FC moisture regime; |, 2, 3 and 4, 25% FC moisture regime.

correlation with grain yield and gas exchange components
(Fig. 4a). The first component (PC 1) covered the greatest
amount of variation (96.77%), followed by the second
component (PC 2), which covered 1.95% of the total
variation. The A, B, C and D dots represent 100% FC (ideal
water conditions), the L, M, N and O dots represent 75% FC
(mild drought stress), the W, X, Y and Z dots represent 50%
FC (moderate drought stress), and the 1, 2, 3 and 4 dots
represent 25% FC (severe drought stress) (Fig. 4b, c). The
A, B, C and D dots, as well as the L, M, N and O dots, are
scattered closely together and away from the vertical line
in the positive quadrant of PCA, indicating the close and
positive performance of yield and gas exchange components

with a weak correlation with MDA, RCI, top leaf senescence,
and ¥, at 100% and 75% field capacity. The dots 1, 2, 3 and 4
dots are scattered away from the vertical line and also are
away from each other, indicating that the grain yield and
gas exchange components perform poorly with MDA, RCI,
top leaf senescence and ¥,, under severe drought stress and
have a strong negative association with these parameters.
Similarly, the W, X, Y and Z dots indicate that lower grain
yield and less value of gas exchange component under
moderate drought stress (Fig. 4b, ¢). The maximum variation
of PC 1 shows that MDA, RCI, top leaf senescence and ¥,, have
a strong and negative correlation with 1000-grain weight,
NGPS, Pn and Gs (Fig. 5).
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Variables MDA RCI FLS Y GB Pn Gs NGPS 1000 GW
MDA 1 0.941 0.8841 0.8611 -0.9502 -0.9214 -0.9431 -0.9634 -0.8645
RCI 0.901 1 0.8765  0.9042] -0.9065 -0.9094 -0.9158 -0.9073 -0.9054
FLS 0.8941 0.8765 1 0.9669 -0.8785 -0.8737 -0.8871 -0.8856 -0.8957
Yy 0.9111 0.8442  0.9569 1 -0.8891 -0.8841 -0.8908 -0.8794 -0.8674
GB 0.9702 0.9065 0.9785 0.9391 1 -0.938 -0.9819 -0.8608/ -0.9625
Pn -0.8514 -0.8694 -0.9037 -0.8841 0.938 1 0.9064  0.9424  0.9825
Gs -0.8731 -0.9158 -0.8871 -0.8908 0.9219  0.9764 1 0.9591 0.9945
NGPS -0.8634 -0.9373 -0.8956 -0.9294 0.9808 0.9324  0.9591 1 0.9966
1000 GW | -0.9645 -0.9254 -0.9357 -0.9474 0.9625 0.9025 0.9145 0.9966 1
Fig. 5. Heat map correlation matrix of malondialdehyde (MDA), relative cell injury (RCI), flag leaf senescence

(FLS), leaf water potential (¥,), glycine betaine (GB), net photosynthetic rate (Pn), stomatal conductance (Gs),
1000-grain weight (1000 GW), number of grains per spike (NGPS) and under water and application of AgNPs.

Discussion

Drought stress during tillering reduces growth
and yield of wheat crops

In this study, moderate and severe drought significantly
reduced tillers per plant and thus grain yield formation,
whereas mild drought stress did not affect wheat crops. Water
scarcity during tillering may have limited the initiation of
new tillers via hormonal regulation, assimilate synthesis/
translocation and water supplies (Abid et al. 2018; Yang
et al. 2022). Drought during tillering is among the leading
causes of yield loss in wheat crops (Nakhforoosh et al.
2015). For each degree increase in drought intensity; i.e. from
75% FC to 50% FC, the number of tillers per plant, grain
number and grain weight per spike were reduced by 3.0%,
2.6% and 1.5%, respectively. Tillering contributes 87% of
grain yield in wheat (Tilley et al. 2019), and moderate
drought during this stage could reduce up to 21.5% of fertile
tillers (Zulfiqar et al. 2022) and 47% of final grain yield
(Ramezanpoor and Dastfal 2004). Drought at tillering
might disturb the hormones regulating tillering pathway,
roots functioning and leaf physiological process (Bacher
etal. 2022; Yang et al. 2022). Abid et al. (2016) and Yang et al.
(2021) investigated the effects of drought stress on wheat
tillering and found that moderate drought stress results in a
reduction of the number of tillers per plant, while severe
drought stress causes a significant reduction in both tiller
number and size. The unaffected wheat tillers under mild
drought imply that wheat plants tend to conserve moisture
rather than using maximum field capacity. Drought-induced
injury to photosynthetic machinery during tillering as
observed in this study may slow down the overall efficiency
of the assimilation process. Further, the negative effects of
drought could be stored in plant memory, limiting leaf
physiology performance and disrupting water relations during
reproductive stages (Ali et al. 2022; Aurangzaib et al. 2022;
Vijayaraghavareddy et al. 2022). Poor grain yield of drought-
stressed plants could result from a drop in leaf water content,

J

increase in solute accumulation, damage to photosystem
health/gas exchange components, increase in top leaf senescence
and oxidative burst (Kalal et al. 2022; Yang et al. 2022).
Moderate drought stress (50% field capacity) significantly
reduces the grain yield and grain weight per spike in wheat.
Similarly, severe drought stress (25% field capacity) had an
even more pronounced effect, with a significant reduction
in grain yield and grain weight per spike (Hussain et al.
2016; Mickky et al. 2019).

The genotypes used in this study performed differently
under various drought levels. For example, the sensitive
genotype produced 1.0%, 2.0% and 0.8% fewer tillers,
grains and grain weight per spike, respectively, compared
to the tolerant genotype for each degree rises in mild drought
to moderate drought. This capacity of drought-tolerant
genotype to sustain tillering could be associated with increased
accumulation of osmolytes/compatible solutes, improved leaf
physiology, membrane integrity and water relations as
suggested by (Ahmad et al. 2022b; Jamshidi Goharrizi et al.
2022; Shah et al. 2022). The findings suggest that screening
wheat genotypes for drought tolerance using the same
parameters will aid in the development of better genotypes
for future climates. The yield stability of wheat genotypes
has been linked with superior leaf physiological functioning
and sustaining membrane integrity under heat (Ullah et al.
2022).

AgNPs modulate leaf water status to reduce
drought injury

We found that AgNPs increased tiller formation, grain
numbers and grain weight per spike by 1.4%, 0.52% and
0.80%, respectively, than water spray, for each degree rises
in drought from mild to severe drought stress, supporting
our hypothesis that AgNPs can increase yield attributes of
drought-stressed wheat. Chanu and Upadhyaya (2019) docu-
mented that nanoparticles can restrain the leaf physiology
and water relations of drought-stressed field crops. In our
study, AgNPs induced 0.30%, 0.8% and 0.60% more tillers,
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gains numbers and grain weight per spike, respectively, in the
tolerant than sensitive genotype, for each degree rise in
drought from mild to moderate drought stress. The response
of the tolerant genotype to nanoparticles could be associated
with its capacity to restrict water loss and sustain leaf
physiological functioning under drought, accelerating the
growth recovery process (El-Bassiouny et al. 2022). Due to
improvements in gas exchange components, membrane stability
and water relations, AgNPs increase grain yield in wheat and
other cereal crops under drought stress (Jaskulska and
Jaskulski 2020; Ahmed et al. 2021). Photosynthesis is the
primary source of dry biomass production and grain yield in
plants, and as a result of chlorophyll loss and photosynthetic
apparatus disassembly under various stresses, the leaf
assimilation area decreases and senescence increases (Zhang
et al. 2022).

Top leaf senescence increased while leaf physiological
components were decreased from moderate to severe drought
stress in both genotypes of the current study, with relatively
more damage to the sensitive genotype under severe drought.
Previous findings suggest that reduced leaf turgidity due to
hydraulic failure decreased photosynthetic energy conversion
capacity and decreased photosynthetic efficiency due to
excessive electron production due to accelerated leaf
senescence during wheat crop tillering (Abid et al. 2016,
2018). Akhkha et al. (2011) and El-Afry et al. (2012)
examined that moderate drought stress (50% field capacity)
limits the photosynthesis rate, stomatal conductance and
maximum quantum yield of PSII (Fv/Fm), while severe
drought stress (25% field capacity) further decrease these
parameters. These studies also found that both moderate
and severe drought stresses led to a significant reduction in
chlorophyll contents in wheat leaves. In the current study,
AgNPs protected plants from drought injury with a greater
impact on the tolerant genotype under moderate drought.
AgNPs may help to stabilise chloroplast and cell membranes,
improving photosynthetic efficiency and gas exchange
components (Razzaq et al. 2016; Jhanzab et al. 2019;
Kannaujia et al. 2022). AgNPs increase photosynthetic pigments,
stomatal opening, photosynthetic rate and yield of photosyn-
thetic machinery under drought stress by improving nutrient
uptake and mobility in plants (Ahmed et al. 2021). Leaf water
potential (LWP) is a useful index of plant soil water stress that
provides insights into plant-water relations (Wankmidiller and
Carminati 2022). When water availability decreases, plants
develop mechanisms to cope with water stress by decreasing
LWP (Nishida et al. 2009). In the current study, moderate to
severe drought reduced water potential in top leaves while
increasing the osmotic potential. The results indicate that
drought stress could reduce leaf turgidity in wheat, reducing
water movement from the xylem to leaf tissues (Verbeke et al.
2023). Higher leaf solute potential in wheat under drought
holds the leaf water, making it unavailable for photosynthesis
(Rashid et al. 2022). Moderate drought stress reduces leaf
water potential in wheat while severe drought stress further

limits the water potential (Arzanesh et al. 2011; Alghory and
Yazar 2019). Under moderate to severe drought, exogenously
applied AgNPs increased water potential while decreasing
osmotic potential by creating a favourable gradient for
water movement from the xylem to the leaves. The positive
results of AgNPs could be used to improve drought tolerance
in the plants cultivated in water-stressed regions.

Drought disrupts the balance between oxidative stress and
the plant defensive system, causes lipid bilayer hydrolysis and
reduces membrane water and solute potential (Hou et al.
2016; Zada et al. 2020). In this study, medium to severe
drought stress weakened the plant defensive system with a
higher oxidative burst, indicating higher membrane leakage
with lower water potentials. The results appear to indicate that
drought stress at wheat tillering causes hydrolysis of
membrane lipids, membrane fusion and transient pores in
membranes (Sheoran et al. 2015). Drought at wheat tillering
causes more damage to membranes than other vegetative and
reproductive stages because plant assimilates shift from
primary tillers to secondary tillers (Marcifiska et al. 2013).
Under moderate to severe drought stress in wheat, the
overflow of electrons and lipid peroxidation in membranes
have caused water and solute leakage from membranes
(Sheoran et al. 2015; Rashid et al. 2022). Drought-stressed
wheat produces more reactive oxygen species such as MDA,
which disrupts the balance of water relations and antioxidant
enzymes (Hameed et al. 2011). Under drought, AgNPs can
stimulate the plant’s defensive system and protect cellular
membranes from oxidative injury (Alabdallah et al. 2021).
Our findings suggest that under drought, exogenous applica-
tion of AgNPs stimulates the production of osmoprotectants
and enzymatic antioxidants maintaining the water potential
by increasing membrane stability. This study suggests that
using AgNPs during drought stress during wheat tillering
could mitigate the negative effects of water scarcity.

Conclusion

Moderate to severe drought stress severely affected the leaf
physiology, plant defensive system and grain yield of both
wheat genotypes, with significantly more damage to drought
susceptible genotype. Further, severe drought caused more
damage to leaf physiology and grain yield. The foliar
application of AgNPs in this study induced drought tolerance
and strengthened the plant physiology and defensive system
of both genotypes. The drought-tolerant genotype had the
most pronounced effect of AgNPs on plant physiology and
grain yield. Our findings suggest that foliar application of
AgNPs before the onset of drought stress can protect wheat
crops from drought stress during tillering. However,
additional field studies are required to confirm the efficacy
of AgNPs under different drought levels.
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