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Abstract
Drought adversely affects the yield, quality and nutritional value of the crop plants.
Additionally, it causes unrest in society and economic loss to the farmers and govern-
ments. The present study involved the applications of nanoparticles to induce drought
tolerance and improve yield in the wheat (Triticum aestivum L.) plants. Green chemical
methods were used for the synthesis of silver nanoparticles (AgNPs) and copper
nanoparticles (CuNPs). CuNPs were used in 0, 3, 5 and 7 mg/L and 0, 10, 20 and 30 mg/
L of AgNPs were tested at � 4, � 6 and � 8 bars osmotic potential in laboratory ex-
periments and 40%, 60% and 80% field capacity (FC) in the glasshouse experiments were
maintained. The solution culture experiments revealed significantly higher chlorophyll
stability index (CSI), leaf succulence (LS) and leaf K (LK) content in plants treated with
03 mg/L of CuNPs and 10 mg/L of AgNPs, indicated the positive role of CuNPs and
AgNPs in drought tolerance of wheat. A similar trend was observed for stomatal
conductance (SC) and morphological parameters with the applications of Cu and Ag
nanoparticles at different levels of field capacity. The results of this study provide the
experimental evidence to use CuNPs and AgNPs to induce drought resistance and
improve yield in the wheat plants by a satisfactory increase in nutrients uptake and water
retention.

1 | INTRODUCTION

Food security is an important issue in the modern world. Loss
of the food during the process of cultivation, wrong seed se-
lection, natural disasters and the poor environmental condi-
tions of an area play a major role to affect the crop physiology
that ameliorates grain yield and the quality of the product [1].
Drought is abiotic stress and affecting the wheat crop world-
wide. It is one of the leading causes of food insecurity, an
increase in inflation, the poor mental stability of the farmers
and leads to a great loss to the economy of a country [2]. The
literature has many reports which show that the drought can
lead to an increase in the accumulation of the heavy metals in
crops that eventually affect the crop quality and the quantity
[3]. It was observed that most of the changes in the climate of
an area are mainly associated with global warming and drought.
It was predicted that in the first quarter of the 21st century

about 1.8 billion world population will be under absolute water
shortage and scarcity, while 65% of the population will be
under partial‐water shortage, which is a very big and alarming
number [4].

Wheat is a very important staple food, inhabitants of many
regions including South Asia, America and Europe, use wheat
and the product of the wheat to fulfil their nutritional re-
quirements [5]. The importance of wheat as a staple food
necessitates utilising modern technologies to boost wheat
production and nutritional values [6]. An important constraint
for low productivity is the plant stress which can be managed
through nanoparticle applications [7]. The most important
abiotic stress for wheat in semi‐arid regions is drought. In
Pakistan, 15 million hectares area under wheat cultivation, is
being adversely affected by the drought [8].

Nanotechnology is a modern discipline of science that has
applications in almost every field including agriculture [9]. The
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use of nano‐fertilisers, nano‐pesticides, nano‐biosensors, nano‐
metrological instruments are helping farmers to not only
enhance the crop yield and quality by improving the soil
conditions but it also helps by predicting the weather forecast
of an area and using sensors for automation of agriculture
sector [10–12]. The green synthesis of metal nanoparticles has
advantages over using hazardous chemicals because of the ease
of reaction conditions, energy‐intensive, cost‐effective and
results in the synthesis of biocompatible nanoparticles [13].
The nanoparticles promote the uptake of nitrate reductase
enzyme in the embryo which enhances the abilities of seeds' to
absorb a great amount of water and other nutrients. The water
absorbance plays a promising role to break the seed coat and
the nutrients uptake help plants to overcome drought [11].

Cu is a very important naturally occurring plant micro-
nutrient that acts as an enzyme and co‐enzyme in the various
metabolic processes of plants. Cu plays a crucial role to help
lignification of cell walls via the polyphenol metabolism, and
thus influences the water balance in plants. It also contributes
towards the process of photosynthesis, respiration, carbohy-
drate synthesis and protein metabolism [14–16]. Cu also con-
tributes greatly to chlorophyll biosynthesis [17].

Ag is another important metal and is bactericidal and
antimicrobial. It plays a promising role to control the pests’
population because of its cytotoxic nature but the limited
amount of Ag can be beneficial and stimulate the process of
growth and development [18]. Silver contributes greatly to
bioremediate soil. AgNPs play a promising role to improve
seed germination, plant growth, photosynthetic efficiency and
curb microbial growths on plant body [19].

The physical, optical and chemical properties of the ele-
ments change remarkably by their conversion into nanoforms
[20]. Nanoparticles greatly influence the physiological and
morphological states of the crop plants and it also helps to
improve the soil conditions. Different concentrations of NPs
have a different impact on plants' quality and growth param-
eters [5,6].

Some studies were performed previously to study the effects
of CuNPs and AgNPs to increase drought resistance in wheat
plants [16,21–23]. However, they did not perform in‐depth
analysis to provide detailed information regarding the effects of
nanoparticles on physiological and morphological traits of
wheat plants. The present study was designed to apply different
concentrations of CuNPs and AgNPs in soil and hydroponic
solution to induce drought resistance in the wheat plants under
osmotic stress and evaluation of stimulatory effects of nano-
particles to promote yield under different field capacities. The
schematic layout of the work is given in Figure 1.

2 | MATERIALS AND METHODS

2.1 | Green synthesis of silver and copper
nanoparticles and spectrophotometric analysis

AgNPs were prepared by the reduction of silver nitrate
(AgNO3) by tri‐sodium citrate dihydrate (Na3C6H5O7.2H2O).

A total of 157.4 mg of AgNO3 was reduced by using 294 mg of
sodium citrate through continuous stirring (600–700 rpm) at
70°C on a magnetic stirrer [24–26].

CuNPs were synthesised by following the plant‐mediated
green synthesis method. Onion (Allium cepa. L.) aqueous
extract was used as an agent to reduce and stabilise
CuSO4.5H2O into a nano‐copper. An onion extract was pre-
pared in a 1 to 10 ratio of the plant material and distilled water.
Five hundred milligram of CuSO4 was dissolved per litre of
distilled water. This solution was reduced by the stepwise
addition of 250 ml of onion extract along with the continuous
stirring (300–400 rpm) by magnetic stirrer at 100 °C on a water
bath [14–16].

Initially, the synthesis of AgNPs and CuNPs was
confirmed by observing a change in the colour of the reaction
mixture followed by measuring the absorbance of light wave-
length between 200 and 900 nm by using a UV‐Visible spec-
trophotometer (Shimadzu 1601, Japan) [27].

2.2 | Scanning electron microscopic
imaging and particle size analysis

Structural evaluation of nanoparticles was performed on a
scanning electron microscope (SEM) JEOL 7500F HRSEM.
Copper grids were used to mount the sample by using the drop
coating method [13].

The size distribution of nanoparticles and zeta potential
(ionic charge) was evaluated by using a dynamic light scattering
technique (Malvern Instruments particle sizer, Zetasizer Nano
S, Malvern Instruments, UK). The sample was prepared in
Milli‐Q® water [28].

2.3 | Preparation of plant specimens and
experimental setup

Experiments were conducted to determine the effects of
AgNPs and CuNPs on wheat seedlings grown under various
osmotic stress conditions and on yield parameters. The seeds
of wheat cultivar Punjab‐2011 were obtained from the Na-
tional Agriculture Research Centre (NARC). The seeds were
sterilised with ethanol for 5 min and chemicals from the seed
surfaces were removed through washing with the distilled
water. The seedlings were then shifted to the chiller for cold
treatment for 3–4 days at chilling temperature to enhance seed
germination.

2.4 | Measurement of physiological
parameters

After processing, the seeds were transferred to the plastic
pots filled with a known volume of the MS medium
(Murashige and Skoog) containing 10, 20 and 30 mg/L of
AgNPs and 3, 5 and 7 mg/L of CuNPs and osmotic stress
of � 6, � 8 and � 10 bars were induced by mixing
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polyethylene glycol (PEG‐6000) in liquid medium at 20 °C
and was measured by using an osmometer. The NPs were
applied hydroponically in MS medium of the plant pots. The
treatments were arranged according to two factorial fashion
using a completely randomised design (CRD) in three rep-
licates [5,8,29,30].

2.4.1 | Plant physiological parameters

The data on chlorophyll contents (CC), chlorophyll stability
index (CSI), leaf succulence (LS) and leaf K (LK) contents of
wheat plants treated hydroponically with CuNPs and AgNPs
were recorded.

2.4.2 | Chlorophyll contents measurement

The CC were measured by SPAD‐502, Konica Minolta
Sensing, Inc. Japan. The CC of the wheat plant were measured
after 80 days of plant growth. Plant leaves were extracted with
the solution of (80% v/v) acetone and the temperature was
maintained at 4 °C for 24 h under dark which was followed by
observing samples on a spectrophotometer at 470, 647 and
664.5 nm [29].

2.4.3 | Chlorophyll stability index measurement

The wheat leaf samples were collected after 80 days of culti-
vation. One gram of fresh leaf samples were heated at 65 °C in
25 ml of distilled water on the water bath. The chlorophyll was
extracted by using 80% of acetone in 40 ml quantity and
blended for 5 min and filtered by using a Whatman filter paper.
The filter paper was washed thrice to remove any residues of
the chlorophyll from the surface. The extracted samples were
read at 660 nm wavelength of light. The CSI was calculated by
using the following formula [31];

CSIð%Þ ¼
Total chlorophyll contents ðstressedÞ
Total chlorophyll contents ðcontrolÞ

� 100

2.4.4 | Leaf succulence measurement

The leaf area, fresh and dry weight of a known mass of
leaves were recorded. The leaves were subjected to oven
drying at 70 °C for a period until no further reduction in
weight was recorded. The LS was recorded by using the
following equation [32];

F I GURE 1 Schematic layout of the work
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LS¼
Fresh weight � Dry weight

Leaf area

2.4.5 | Leaf potassium contents and stomatal
conductance measurement

The leaf potassium contents were determined with a flame
photometer using a standard procedure [14] and stomatal
conductance (SC) was measured by Leaf Porometer (AP4) at a
flag leaf stage.

2.5 | Measurement of morphological
parameters

The greenhouse experiments were conducted to document the
effects of various concentrations of AgNPs and CuNPs on
wheat growth and yield attributes grown under different field
capacity (FC) levels. The seedlings were shifted to earthen pots
(10 seedlings per pot) in a greenhouse after cold treatment
containing 0.58 g of urea (46% N), 0.52 g of DAP (18% N,
46% P2O5) and 0.46 g of KCl (52% K2O). The pots were filled
with a known mass of soil (12 kg) and FC was determined with
the gravimetric method. The FC levels included 40%, 60% and
80% and 0, 10, 20 and 30 mg/L concentrations of AgNPs and
0, 3, 5 and 7 mg/L concentrations of CuNPs were applied. The
seedlings were thinned to five per pot at 40 days after shifting.
The treatments were arranged according to CRD factorial
design. The yield attributes such as spike length, number of
spikelets and grains per spike, hundred grains weight and
grains yield per pot were recorded [19,33,34].

2.6 | Statistical analysis

All experiments were performed in triplicates. The mean and
SD of the results was calculated. The multifactorial analysis of
variance (ANOVA) was performed by using Statistix 8.1®

software. The data was further subjected to perform the least
significance difference (LSD) test at 5% probability level for
parameters for which the F value was found significant.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis of Ag and Cu nanoparticles
and spectrophotometric analysis

Change in the colour of the reaction mixture was considered as
an initial sign for the synthesis of CuNPs and AgNPs which is
a response of the interaction of nanoparticles with the elec-
tromagnetic light waves [35]. The results of the spectropho-
tometric analysis expressed a surface plasmon resonance (SPR)
band at 485 and 550 nm characteristic to manifest the synthesis
of AgNPs and CuNPs, respectively (Figure 2(a, b). The SPR

band is a result of the oscillating electromagnetic light waves
with the vibrating free electrons of AgNPs and CuNPs [13]. A
characteristic greenish‐yellow and brown colour were observed
from CuNPs and AgNPs, respectively (inset Figure 3).

A previously published paper expressed the characteristic
SPR band between 400 and 500 nm which represents the
synthesis of AgNPs [27] while the SPR band at 650 nm was
observed to confirm the synthesis of CuNPs which is in favour
of our study [36].

3.2 | Structural evaluation and particle size
analysis of nanoparticles

The SEM images of AgNPs expressed that they are aniso-
tropic, nearly spherical while some cubical nanoparticles were
also found (Figure 2(c)). The CuNPs were observed aniso-
tropic and polydisperse (Figure 2(d)). The particle size analysis
of nanoparticles in Brownian motion was performed by using a
dynamic light scattering technique and it was observed that the
AgNPs have a size of ≤10 nm (Figure 3(a)) while CuNPs
existed between 100 and 1000 nm (Figure 3(b)).

The particle size analysis was performed at the room
temperature after synthesis and with a gap of 3 months after
synthesis by using the DLS machine to check the stability of
nanoparticles. There was no change in the size of nanoparticles
before and after a gap of three months which represents the
stability of nanoparticles. The stability of nanoparticles was
further confirmed by measuring the zeta potential (ζ). The
ionic charge on the surface of AgNPs was measured at
� 12.79 mV, which shows that the AgNPs have a negative
charge on their surface which provides them the repulsive
forces and help them to stay stable for a longer period. The
zeta potential of CuNPs was measured at � 54.29 mV. The
negative value of the CuNPs zeta potential also represents that
the nanoparticles are stable. Our results are in favour of pre-
viously published literature [35,37].

These results show that the nanoparticles are small and
stable enough to be used for biological applications on crop
plants. The small size of nanoparticles helps them to absorb
easily on the cell's surface and pass the plasma cell membrane
barrier to perform their biochemical functions.

3.3 | Effects of CuNPs and AgNPs on
various physiological parameters of wheat
under different osmotic stress levels

Water deficiency is a major problem in the modern world. The
use of classical agronomic practices is obsolete and are not
much futile to control drought [8,38,39]. The researchers are
focusing on nanotechnology due to their diverse applications
to treat drought which is increasing day by day due to upheave
in population and global warming [40]. The data presented in
Tables 1 and 2, show the effects of CuNPs and AgNPs on
chlorophyll stability (CSI), LS and LK contents (LK) under
different osmotic stress levels (� 6, � 8 and � 10). It was
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observed that different concentrations of AgNPs (0, 10, 20 and
30 mg/L) and CuNPs (0, 3, 5 and 7 mg/L) under different
osmotic stress levels have a very different effect on physio-
logical attributes of the wheat plants which mainly affect the
quality and quantity of the seeds. The concentration of the
CuNPs and AgNPs were designed according to the response
of the wheat plants to the initial treatment received.

The wheat plants were introduced to drought stress by
increasing the osmotic potential by the application of poly-
ethylene glycol to the hydroponic culture medium. It was
observed that the control experimental plants grown in
drought stress had drastic effects on physiological parameters
and they declined gradually with increasing the osmotic po-
tential. The CSI, LS and leaf potassium contents showed a
marked decrease from 48.33% to 35.33%, 10.60 to 5.97 mg/
cm2 and 1.15 to 0.87 mg/kg, respectively when no CuNPs
treatment was given (p < 0.05). The growth of wheat plants
increased remarkably which have shown in the form of an
increase in physiological parameters when 03 mg/L colloidal
solution of CuNPs were used (Figures 4 and 5). The CSI, LS

and LK contents increased at 03 mg/L and better growth was
observed at � 6 bar osmotic potential which decreased grad-
ually by increasing osmotic stress. At the same time, the
CuNPs treated plants exhibit better stress tolerance repre-
sented by physiological traits. The CSI was at maximum by
using 03 mg/L of CuNPs and decreased at higher concentra-
tions. It was increased by 20.6% at � 6 bars, 30.0% at � 8 bars
and 31.8% at � 10 bars regarding their respective controls
(p < 0.05). The highest chlorophyll stability index (58.30%) was
recorded at � 6 bars when 03 mg/L of CuNPs were used and
the lowest values were produced from 7 mg/L of CuNPs along
with three osmotic stress levels. The application of CuNPs
improved the LS under osmotic stress conditions. Like CSI,
03 mg/L was again the optimum CuNPs concentration for
improving LS. Although improvement in LS was gradually
decreased at higher osmotic stress. The leaf potassium contents
were improved by applying 03 mg/L of CuNPs. It was
maximum (1.34 mg/kg) at � 6 bars and decreased at higher
osmotic stress levels (p < 0.05). It indicates that 03 mg/L
concentration of CuNPs improved the potassium uptake and

F I GURE 2 Spectrophotometric analysis of (a) AgNPs and (b) CuNPs. Scanning electron microscopic images of (c) AgNPs and (d) CuNPs
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mobility in plants. These parameters modulate photosynthesis
directly or indirectly and help plants to tolerate drought stress.
The K plays a very important role to maintain turgor pressure.
It also contributes to the ionic exchange and opening and
closing of the stomatal guard cells. The K also acts as a co‐
enzyme. The leaf potassium contents determine the cell's
turgor pressure, stomatal activity and water relation. The
decreased leaf potassium contents are due to reduced potas-
sium mobility in plants [4]. The plants treated with 03 mg/L of
CuNPs improved the CSI and SC under drought conditions
over control. Some previous studies manifested Cu as a very
important micronutrient that contributes to its potential in the

hydrolysis of water during the process of photosynthesis. The
copper is taken up by wheat plants in the form of Cu2þ. The
copper is a very important component of plastocyanin in
photosynthetic electron transport chains of photosystems. The
photosynthetic cells usually have higher copper contents.
The potential of Cu as an electron carrier in redox reactions of
the electron transport chain also helps plants to tolerate
drought stress conditions [17]. It is also evident that Cu con-
tributes to plant growth and help in the process of wheat
reproduction [41].

The application of 10 mg/L of AgNPs improved the CSI,
LS and leaf potassium contents over control from 52.44% to
62.01%, 9.61 to 13.8 mg/cm2 and 1.36 to 1.60 mg/kg, respec-
tively (Table 2) (p< 0.05). The application of 10mg/L of AgNPs
at � 6, � 8 and � 10 bars produced 19.48%, 14.07% and 19.32%
of LK contents over their respective control (Figures 4 and 5)
(p < 0.05).

The higher concentration of AgNPs beyond 10 mg/L,
decreased the CSI. The lowest (29.00%) and highest (66.69%)
CSI were recorded for 30 mg/L of AgNPs at � 10 bars and
10 mg/L of AgNPs at � 6 bars osmotic potential, respectively
(p < 0.05). A similar trend was followed for LS. The maximum
LS (17.63 mg/cm2) was reported by using 10 mg/L of AgNPs at
� 6 bars and minimum LS (6.30 mg/cm2) was observed by using
10 mg/L of AgNPs at � 10 bars of osmotic potential. The leaf
potassium contents were similarly affected by AgNPs applica-
tions at various stress levels. The treatment of wheat plants with
silver nanoparticles can improve the electron exchange effi-
ciency in cells which reduces the formation of reactive oxygen
species (ROS) through arresting the electron leakage. The sharp
increase in chlorophyll b and substantial improvement in chlo-
rophyll a content in silver nanoparticles treated seedlings was
also mentioned in previous reports [11,39].

The plants respond to various environmental stresses
through modification in an internal process. The wheat sown
under different osmotic stress levels led to decreased physio-
logical and morphological attributes [16,30,31]. The reduced
values for leaf chlorophyll and LS under drought conditions

F I GURE 3 Particle size analysis of (a) AgNPs and (b) CuNPs by using
the DLS technique. Insets are showing the colloidal solution of Ag and Cu
NPs

TABLE 1 Effect of CuNPs on various physiological traits under different levels of osmotic stress

Conc. (mg/L)

Chlorophyll stability index (%)

Means

Leaf succulence (mg/cm2)

Means

Leaf K (mg/kg)

Stress (bars) Stress (bars) Stress (bars)

¡6 ¡8 ¡10 ¡6 ¡8 ¡10 ¡6 ¡8 ¡10 Means

0 48.33bc 40.00efg 35.33gh 41.22b 10.60b 9.37bc 5.97ef 8.64b 1.15b 1.10bc 0.87de 1.04b

3 58.30a 52.00b 46.58bcd 52.32a 12.87a 10.33b 5.93ef 9.71a 1.34a 1.11b 0.96cd 1.14a

5 45.33cde 42.55def 39.73fg 42.54b 9.07bc 8.00cd 4.90f 7.32c 1.08bc 1.05bc 0.65f 0.93c

7 36.67gh 32.33h 31.67h 33.56c 8.60c 6.53de 4.70f 6.61c 0.87de 0.80e 0.50g 0.72d

Means 47.18a 41.72b 38.33c 10.28a 8.56b 5.38c 1.11a 1.02b 0.75c

LSD (conc.) ¼ 3.23 LSD (conc.) ¼ 0.92 LSD (conc.) ¼ 0.08

LSD (stress) ¼ 2.80 LSD (stress) ¼ 0.80 LSD (stress) ¼ 0.07

LSD (conc. � stress) ¼ 5.60 LSD (conc. � stress) ¼ 1.59 LSD (conc. � stress) ¼ 0.14

Means values denoted by various lower case alphabets differed significantly at 5% probability levels using the LSD test (p < 0.05).
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have already been confirmed. The LS is positively influenced
by leaf water potential which decreases at limited moisture
supply. The control experimental plants without nanoparticles
reported significantly low physiological parameters (p < 0.05).
The drought reduced the growth of wheat. However, the
nanoparticles application at certain concentrations was very
helpful to induce drought tolerance. It may be because small
size nanoparticles that easily enter the epidermal cells for os-
motic adjustments [1,5,11,29].

3.4 | Effects of CuNPs and AgNPs on
stomatal conductance of wheat at different
field capacities

SC is an important process to determine the photosynthetic
rate and most likely to be affected first in drought. The SC also
plays a very important role to determine the efficiency of the
stomatal apparatus. It also helps to explain the photosynthetic
abilities and respiratory quotient of a particular plant. The

TABLE 2 Effect of AgNPs on various physiological traits under different levels of osmotic stress

Conc. (mg/L)

Chlorophyll stability index
(%)

Means

Leaf succulence (mg/cm2)

Means

Leaf K (mg/kg)

Means

Stress (bars) Stress (bars) Stress (bars)

¡6 ¡8 ¡10 ¡6 ¡8 ¡10 ¡6 ¡8 ¡10

0 57.00b 52.67bc 47.67cd 52.44b 11.67de 9.53fgh 7.63hi 9.61c 1.54b 1.35cd 1.19ef 1.36b

10 66.69a 62.80a 56.54b 62.01a 17.63a 15.30b 8.50gh 13.81a 1.84a 1.54b 1.42bc 1.60a

20 48.67cd 47.86cd 44.94d 47.16c 14.53bc 12.70cd 7.57hi 11.62b 1.53b 1.23de 1.13ef 1.29b

30 36.67e 34.31ef 29.00f 33.33d 11.40def 9.90efg 6.30i 9.20c 1.42bc 1.15ef 1.09f 1.22c

Means 52.26a 49.41b 44.54c 13.81a 11.88b 7.50c 1.58a 1.32b 1.21c

LSD (conc.) ¼ 3.23 LSD (conc.) ¼ 1.06 LSD (conc.) ¼ 0.07

LSD (stress) ¼ 2.80 LSD (stress) ¼ 1.23 LSD (stress) ¼ 0.07

LSD (conc. � stress) ¼ 5.60 LSD (conc. � stress) ¼ 2.13 LSD (conc. � stress) ¼ 0.13

Means values denoted by various lower case alphabets differed significantly at 5% probability levels using the LSD test (p < 0.05).

F I GURE 4 Effects of the AgNPs and CuNPs on the physiological characteristics of wheat under osmotic stress. Different alphabets represent that results
are significantly different (p < 0.05)
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physiological stress including drought greatly alters the SC
which affects the growth and the quality of the crop plant. The
SC was decreased at low field capacity (Figure 5). The CuNPs
applications mitigated the adverse effects of drought by
improving the SC by 8.0%, 10.5% and 9.3% at 40%, 60% and
80% FC levels, respectively (p < 0.05); 3 mg/L of CuNPs
found very effective to increase the SC at all field capacities.
The highest values for stomatal conductance (262.12 mmol
m� 2 s� 1) was observed by using 03 mg/L of CuNPs at 80%
FC. However, the further increase in the concentration beyond
03 mg/L, significantly reduced the stomatal conductance
(p < 0.05).

The data presented in Figure 5 indicate the significant
differences between AgNPs‐treated plants and control for the
stomatal conductance (p < 0.05). In contrast to CuNPs, the
AgNPs were inhibitory at lower concentrations and stimulatory
at higher concentrations [4–6,11]. Therefore, plants treated
with 30 mg/L of AgNPs produced the maximum figures
regarding the SC.

3.5 | Effects of CuNPs and AgNPs on
morphological parameters of wheat under
different field capacities

The morphological attributes of the plants change with
physiological mechanisms. The morphological traits of the
wheat plants were measured in terms of spike length,
spikelets per spike, the number of the grains per spike,
weight of the grains and number of the grains per pot

(Figures 6 and 7). It was observed that increasing the FC by
the addition of fertilisers along with the application of the
CuNPs and AgNPs greatly improved the morphological pa-
rameters. The highest values for spike length (12.67 cm),
spikelets per spike (12.33 spike� 1), gains per spike (17.33
spike� 1), 100‐grains weight (10.50 g) and grains yield per pot
(14.59 g pot� 1) was achieved by the application of 03 mg/L
of CuNPs at 80% FC. Non‐significant differences at 05 mg/
L of CuNPs and control were observed at 40% and 60% of
FC. The plants treated with 03 mg/L of CuNPs significantly
improved the yield by 22.3%, 43.4% and 18.0% with respect
to control at 40%, 60%, and 80% FC levels, respectively
(p < 0.05).

The data presented in Figures 6 and 7 indicate signifi-
cant differences between AgNPs‐treated plants and control
for grain yield (p < 0.05). In contrast to CuNPs, the AgNPs
were inhibitory at low concentrations and stimulatory at
the higher concentrations. Therefore, plants treated with
30 mg/L of AgNPs produced the maximum figures
regarding morphological parameters. However, the 30 mg/L
of AgNPs produced significant differences over control for
the morphological growth components (p < 0.05). Figure 8
represents the photographic comparison of different
morphological traits of the wheat plants after soil application
of CuNPs and AgNPs.

It can be concluded that the increase in the CC, CSI, LS
and LK contents due to the applications of CuNPs and
AgNPs, have a strong impact on the morphological parameters
of the wheat plants. Our results are in favour of some previ-
ously published scientific reports [4,14,39,40,42,43].

F I GURE 5 Effects of the AgNPs and CuNPs on the physiological characteristics of wheat under different osmotic stress levels. Different alphabets
represent that results are significantly different (p < 0.05)
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F I GURE 6 Effects of the AgNPs and CuNPs on the morphological characteristics of wheat under different field capacities (FC) levels. Different alphabets
represent that results are significantly different (p < 0.05)

F I GURE 7 Effects of the AgNPs and CuNPs on the morphological characteristics of wheat under different field capacities (FC) levels. Different alphabets
represent that results are significantly different (p < 0.05)
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4 | CONCLUSION

Herein, we reported the hydroponic applications of CuNPs
and AgNPs in different concentrations to induce drought
tolerance in wheat plants grown under different osmotic
stress levels and soil applications of nanomaterials to
improve the yield at varying field capacities. An increase in
the physiological parameters such as CSI, LS and LK
contents was observed by the application of nanoparticles
which indirectly maintained plant morphological character-
istics favouring the use of CuNPs and AgNPs to induce
drought resistance in wheat. The CuNPs at a low concen-
tration of 03 mg/L and the highest field capacity (80%)
improved morphological attributes of plants significantly
different from the control (p < 0.05). Unlikely, AgNPs
showed inhibitory effects at the lowest concentration
(10 mg/L) and stimulatory or growth‐promoting effects at
the higher concentration (30 mg/L) to improve the yield.
Even a very slight increase in the growth of plants under
drought by using NPs can be very promising to increase the
yield per hector, decrease the food scarcity, destress farmers,
can increase export and add a marginal digit to the
country's GDP.
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