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Abstract

Both cadmium (Cd) contamination in agricultural soils and drought stress pose a serious problem for crop quality and human
health. Owing to the specific physical and chemical characteristics, zinc oxide (ZnO) nanoparticles (NPs) can be used in
agriculture as a nanofertilizer but their impact on Cd accumulation in wheat (7riticum aestivum) grains under normal and limited
water conditions remains insufficient. In this study, the efficiency of ZnO NPs on Cd intake by wheat was investigated under
normal and water-limited conditions grown in Cd-contaminated soil for 125 days after seed sowing. The lower biomass and
higher oxidative stress were observed in the tissues of the control and drought stress further decreased the plant biomass and
caused oxidative stress. Zinc oxide NP treatments increased the tissue dry weight and minimized the oxidative stress either Cd
stress alone or combined with drought. Drought stress enhanced the Cd contents in wheat tissues and grains, while ZnO NPs
significantly reduced the Cd accumulation in tissues and grains by reducing the soil bioavailable Cd and its accumulation by
roots. These findings depicted that NP application to contaminated soils can promote wheat productivity and effectively alleviate
soil Cd contamination either alone or under water-limited conditions. The baseline data demonstrated in this study provide
insights that pave the way towards safer wheat production under combined drought and metal stress. However, the application of
NPs at field levels with numerous crops and climatic conditions needs to be investigated before final recommendation.

Keywords Cadmium - Drought - Nanoparticles - Zinc - Wheat

Introduction et al. 2012). The Cd is extremely toxic to humans, animals, and

plants (Rehman et al. 2018; Wang et al. 2018). In humans, the

The contamination of soils with toxic trace elements has turned
one of the serious environmental issues worldwide (Nagajyoti
et al. 2010). Cadmium (Cd) is the toxic non-essential chemical
element which mainly accumulates in the soils through anthropo-
genic sources and is a global agricultural contaminant (Gallego
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major source of Cd is through food and Cd causes serious harmful
effects including cancer (Baycu et al. 2017). In plants, Cd can
readily enter through the roots and causes damages to photosyn-
thetic system, impairing plant growth and nutrient accumulation
by plants (Bashir et al. 2018). Cadmium negatively affects the
redox homeostasis of the plant cells and enhance the release of
reactive oxygen species (ROS) which affects the cell viability via
lipid peroxidation, membrane damage, and inactivation of the
enzymes. Although plants have a developed system of defense
for quenching of ROS, this system fails at elevated Cd stress
(Mittler 2002; Rizwan et al. 2019a). Therefore, it is necessary to
minimize Cd accumulation by crops for the improvement in plant
growth and reduction in human health risks.

Wheat (Triticum aestivum) is the main food crop in
Pakistan and is one of major staple foods worldwide (Curtis
and Halford 2014; Joy et al. 2017). Studies depicted that Cd
not only accumulates in vegetative organs of wheat where it
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impairs the growth and yield but is also transferred to grains
which is the major pathway of Cd accumulation to general
population depending upon wheat products as a main food
(Rizwan et al. 2016). The Cd exceeds the threshold level
(0.2 mg/kg) specified for cereal grains even without causing
negative impacts on vegetative growth, which may affect the
health if the wheat-based products are being consumed
(Rehman et al. 2015, 2019).

Drought stress is another one of the yields limiting abiotic
stresses at world level. Drought negatively affects the wheat
growth, especially latter growth stages of the plant which is
called the terminal drought stress (Rizwan et al. 2015). The
studies reported demonstrated that drought not only affects the
plant growth but also the Cd uptake (Shi et al. 2015; Liu et al.
2017). The increase/decrease in Cd intake by drought-stressed
plants depends upon the plant species, duration, and stages of
the drought stress (Bauddh and Singh 2012; Xia et al. 2015).
Recently, we have reported that drought stress during latter
growth stages of the wheat increased the Cd in the vegetative
tissues and grains (Abbas et al. 2018). The problem of drought
stress and excess amount of Cd in grains of wheat is a prom-
inent topic for research in recent time.

Zinc (Zn) is an essential micronutrient for crops, animals,
and humans (Cakmak and Kutman 2018) and its deficiency in
humans cause health complications as Zn is involved in ap-
proximately 10% of the human proteins (Krezel and Maret
2016). Zinc deficiency is mainly found in the people depend-
ing upon cereal-based foods worldwide (Rizwan et al. 2017a).
The excessive amount of phosphorus (P) fertilizers is applied
recently to enhance the growth of wheat and this excess
amount of P reduced the bioavailability of Zn and its concen-
tration in grains of wheat (Cakmak et al. 2010). Adequate
amount of soil Zn is not only required for plant development
but could also decrease the accumulation of non-essential el-
ements such as Cd (Rizwan et al. 2019a, 2019b). Cadmium
present in the soil is taken up by plants via the Zn transporters,
due to the similarity between Cd and Zn, or by the transporters
for the accumulation of other essential nutrients, i.e., iron (Fe)
and calcium (Ca). It has been reviewed that Zn and Cd antag-
onistically or synergistically interact in several crop species
(Rizwan et al. 2019a, 2019b). Various forms of Zn could be
used to provide the Zn in the available forms in soil-plant
system (Rizwan et al. 2017a; Hussain et al. 2018).

Recently, nanotechnology has received great attention due
wide use of nanoparticles (NPs) in various sectors including
agriculture (Liu and Lal 2015; Rizwan et al. 2017b).
Nanoparticles can be employed as a controlled release of nu-
trients, considerably micronutrients because plants require on-
ly a small quantity of micronutrients which may limit their
entry to other environmental compartments (Tripathi et al.
2015; Raliya et al. 2017; Hussain et al. 2019). It has been
shown that Zn can be applied to the plants in the form of
NPs and mainly zinc oxide (ZnO) NPs have been used for
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the studies (Sturikova et al. 2018). The positive impacts of
ZnO NPs have been reported in several plant species and the
efficiency of NPs varies with the methods and doses of the
NPs (Sturikova et al. 2018; Ali et al. 2019). It has been report-
ed that ZnO NPs reduced the Cd intake in wheat (Hussain
et al. 2018). Zinc oxide NPs reduced the oxidative stress in
plants (Mahajan et al. 2011; Venkatachalam et al. 2017). In
addition, soil and foliar application of ZnO and other types of
NP composite reduced the drought stress in soybean (Dimkpa
et al. 2017b). In the colloidal solution of Cu/Zn NPs dimin-
ished the oxidative stress and enhanced the leaf chlorophyll
contents in wheat (Taran et al. 2017). This demonstrates the
positive effects of NPs on plants under metal and drought
stress, but the efficiency of ZnO NPs under combined drought
and Cd stress has not been investigated so far.

Hence, we assumed in the current study that ZnO NPs
could be applied as a fertilization strategy for improving crop
growth under Cd stress in different soil moisture conditions is
logical. The main objective was to explore the impact of ZnO
NPs on Cd uptake and oxidative burst in wheat under Cd and
drought stress, which is likely to be a potential novel use of
ZnO NPs in climate-smart agriculture.

Materials and methods
Soil selection and materials

A sandy loam soil (pH 7.71, 1:2.5 soil/water ratio) was sam-
pled from surface layer (0—20-cm depth) of agricultural field
located in the suburb of Multan (30° 12’ N, 71° 28" E and 215
m from sea level) which was receiving raw city effluent as a
source of water since long time. The samples were sieved at
2 mm to homogenize and remove any unwanted material and
then air-dried prior to analyze and growth of the plants. The
detailed information about the sampling site have been previ-
ously described (Abbas et al. 2018). The homogenized soil
sample was used to analyze the soil for initial characteristics
and the analytical results are given in Table 1. The texture of
the soil was measured by using hydrometer (Bouyoucos
1962). The Walkley-Black method was employed to estimate
the initial soil organic matter (Walkley and Black). The total
and bioavailable contents of selected metals Cd, lead (Pb), Zn,
and iron (Fe) were determined either by digesting the soil in
HNO;3; and HCIO; with specific ratio (Amacher 1996) and
extracting the samples with ammonium bicarbonate
diethylene triamine pentaacetic acid (AB-DTPA), respectively
(Soltanpour 1985). In brief, to determine the AB-DTPA ex-
tractable metal concentrations in the soil, 10 g soil was ex-
tracted with 20 ml of AB-DTPA (pH 7.6) solution by horizon-
tal shaking for 2 h at 180 rpm. Thereafter, the solution was
filtered through a Whatman filter paper no. 42, and the filtrate
was stored in plastic bottles and analyzed the metal
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Table1 Initial physico-chemical characteristics of the experimental soil
Parameters Unit Values
Textural class Sandy loam
Sand % 71
Silt % 18
Clay % 11
pH - 7.71
EC dS/m 2.01
Soluble ions
COoy> mmol./L -
HCO; mmol/L 1.32
Cl” mmol,/L 5.89
Mo mmol,/L 11.61
Ca®* + Mg? mmol./L 7.95
Na* mmol/L 8.67
K* mmol/L 0.98
SAR (mmol/L)"? 436
CEC cmol /kg 3.57
CaCO; % 1.82
oM % 0.97
Metal concentrations Total Available®
Cd mg/kg 7.67 1.21
Pb mg/kg 31.59 2.01
Zn mg/kg 39.04 3.92
Cu mg/kg 16.23 4.08
Mn mg/kg 56.18 5.21
Fe mg/kg 173.05 37.11

*By difference = TSS — (COs>~ + HCO5_ + CI")
# AB-DTPA extractable

concentration by an atomic absorption spectrophotometer
(AAS) (Analytik Jena novAA 350).

Zinc oxide NPs (20-30 nm) were of Alfa Aesar containing
a high purity (99%) and density of 5.606 g/cm’. Specified
concentrations of ZnO NP solutions were made in d-H,O
and the suspensions were ultrasonicated for 30 min to increase
the dispersion of the particles. The final concentrations of NPs
were 25, 50, and 100 mg/kg of soil and the soil was placed
under ambient conditions after mixing the treatments for 2
weeks prior to the growth of wheat as detailed previously
(Hussain et al. 2018).

Experimental setup

A pot experiment was performed under ambient conditions
(68 £ 5% relative humidity and 29/20 °C day/night tempera-
ture, respectively, at the time of sowing) to better understand
the effects of NPs under real environmental conditions at the
Government College University, Faisalabad, Pakistan. Seeds
of wheat (var. Lasani-2008) were surface disinfected with

NaOCl solution of 0.5% by dipping the seeds in the solution
for 5 min and subsequently washed many times by using d-
H,O0. Seed planting was done by using ten seeds in every pot
containing 5 kg of soil amended with four (0, 25, 50, and 100
mg/kg) treatments of ZnO NPs. However, five uniform seed-
lings of wheat were maintained after 7 days of germination.
All the pots were watered by using tap water to maintain about
70% of field water-holding capacity (WHC) by weighing ev-
ery 3 days and water WHC was adjusted with tap water as per
requirement. The soil in the pots was NPK-fertilized as a basal
rate of 120/50/25 kg/ha at the time of seed sowing. The
sources of NPK were urea, DAP (diammonium phosphate),
and SOP (sulfate of potash). Only nitrogen (N) was given to
the plants in two splits, i.e., half with PK and other half after
30 days of plant growth. Two water regimes were initiated
after 50 days of seed placing in the pots. Half of the pots were
irrigated at 70% of WHC termed as without drought stress and
the remaining half pots were irrigated with 35% of WHC
termed as drought stress. These water regimes were selected
on the bases of our previous study (Abbas et al. 2018). Thus,
all the treatments were duplicated as without and with drought
stress and these treatments were randomly assigned. Each
treatment was replicated four times, and finally, there were
32 pots with four treatments of NPs, two water regimes and
four replicates in a complete randomize design with factorial
arrangement. The selected soil moisture regimes were adjust-
ed every 3 days with tap water by weighing the pots for the
remaining duration of the study. The pots were rotated ran-
domly and periodically, and finally, the weeds were checked
and removed regularly.

Chlorophyll measurement

The fully expanded leaves were taken after 80 days of the seed
sowing and the contents of chlorophyll @ and b from the upper
expanded leaf samples were determined by extracting the
leaves (50 mg) in acetone (80%) in dark at 4 °C for about
24 h and then filtered the solution. The absorbance of the
extracted solution was determined by a spectrophotometer
(Halo DB-20/DB-20S, Dynamica Company, London, UK)
at different wavelengths (470, 647, and 664.5 nm). The con-
tents of the pigments were calculated by using the equations as
described previously (Lichtenthaler 1987).

Estimation of EL, H,0,, MDA, and assays
of enzymatic antioxidants

The above parameters were measured from the leaves and
sampling was done at 80 days of seed sowing. All the samples
were washed with d-H,O before further use of these leaf sam-
ples. Already developed procedure was employed to measure
EL from the leaves (Dionisio-Sese and Tobita 1998).
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Carefully washed leaves were cut into pieces of appropriate
size (about 200 mg and 1.0 cm) and transferred into the tubes
and 10 ml of d-H,O was added in the tubes. All the tubes were
placed for 2 h at 32 °C and EC of the solution in each tube was
recorded which is termed as EC;. Subsequently, the same
solution of each tubes was placed for 20 min at 121 °C, finally
cooled at room temperature, and EC of the solution in each
tube was recorded which is termed as EC,. A formula was
employed to calculate the EL of each sample.

EL = (EC,/EC;) x 100 (1)

The Heath and Packer (1968) procedure was employed to
calculate the MDA contents in the leaves. The level of MDA
in leaves, which is correlated with lipid peroxidation (LPO),
was determined as thiobarbituric acid—reactive substances
(TBARS). Leaf samples (approx. 0.25 g) were ground in
5 ml of 0.1% trichloroacetic acid (TCA) and centrifuged at
13000g for 20 min at 4 °C. Of this solution, 1 ml was added in
4 ml of 0.5% thiobarbituric acid (TBA) in 20% TCA and the
solution was heated for 30 min at 95 °C, cooled, and centri-
fuged (13,000g for 10 min). The concentration of TBA-MDA
complex was measured by subtracting the absorption taken at
600 nm from that at 532 nm. Finally, MDA contents were
estimated using an extinction coefficient (155 mM ! cmﬁl).

Hydrogen peroxide concentration in the leaves was esti-
mated with prescribed procedure; 3 ml of the extracted solu-
tion was added in 1.0 ml of titanium sulfate (0.1%) towards
sulfuric acid (20% v/v). The final solution was centrifuged for
15 min at 6000g and the intensity of the solution was estimat-
ed at 410 nm, and subsequently, the concentration of H,O,
was calculated by using coefficient (0.28 pmol ' cm ™).

For the measurement of superoxide dismutase (SOD) and
peroxidase (POD) activities, the leaves (0.5 g approx.) were
ground in ice in 10 ml of potassium phosphate buffer (50 mM)
and homogenizing solution of 1.0% w/v polyvinylpyrrolidone
(pH 7.8). Subsequently, the centrifugation was done for
30 min at 10,000g in 4 °C. The supernatant solution was
employed for the estimation of SOD and POD activities, as
described previously (Zhang 1992).

Plant harvesting and analysis

The harvesting of wheat was performed at physiological ma-
turity (at 125 days of seed sowing). Before harvesting, the
height of plants and spike lengths were recorded with the help
of meter scale. The aboveground tissues were separated into
shoots and grains and washed with d-H,O, oven-dried at
about 70 °C until the constant weight. The roots were removed
from the pots of each pot and washed with tap water followed
by washing with dilute acid and finally with d-H,O. The roots
were also oven-dried as described above.
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Cd and Zn analysis of plants and post soil Cd

Dry biomass (approx. 0.5 g) of aboveground and below-
ground tissues taken in flasks and added the concentrated
acids (HC1O4-HNO;) at 1:3 ratio and placed the mixtures
overnight. Subsequently, the mixtures were placed on a hot
plate and digestion was processed until colorless solution and
the final volume was made with d-H,O. The blank solutions
(without plant samples) were digested in parallel to the sample
digestions to ensure the quality of the results. The concentra-
tions of Cd and Zn of the digested solutions were recorded
with AAS.

The soil sampling was also performed after harvesting the
wheat. This soil was extracted with AB-DTPA solution and
Cd concentrations in the samples were recorded with AAS.

Translocation factors (TF) of shoots to roots and grains to
shoots were recorded as below

Cd concentrations in shoots

TF (shoot to root) =

(2)

Cd concentrations in roots
Cd concentrations in grains

TF (grain to shoot) = - -
(g ) Cd concentrations in shoots

(3)

Statistical analysis

All data reported in the study are the means of four replicates +
standard deviations (n = 4). Statistical analyses of the data
were performed using the SPSS 21.0 software for windows.
All parameters were examined using analysis of variance
(ANOVA), followed by the least significant difference
(LSD) test and significant differences were recorded at P <
0.05.

Results
Plant biomass and chlorophyll contents

Nanoparticles and drought had a significant effect on dry bio-
mass of shoots, roots, grains, and plant height and spike
lengths of wheat (Fig. 1). The lowest values of these attributes
were observed in the plants without any NPs (0 mg/kg NPs)
under drought stress, whereas the highest values were reported
in the 100 mg/kg NPs without drought stress. The NPs im-
proved the growth and dry biomass yield of shoots, roots, and
grains in a dose additive way either alone or combined with
drought conditions. Overall, all of the NP treatments in Cd-
contaminated soil increased the plant height which was in-
creased by 6%, 18%, and 24% without drought and increased
by 12%, 26%, and 34% with drought in 25, 50, and 100 mg/kg
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NPs, respectively, when compared with the respective con-
trols. In NPs without and with drought, the spike length en-
hanced by 27% and 37% in 100 mg/kg NPs, respectively. The
shoot, root, and grain dry biomasses enhanced by 37%, 40%,
and 52% in the maximum NP treatment (100 mg/kg) without
drought and increased by 54%, 46%, and 69% in the same NP
treatment along with drought. Shoot, root, and grain dry
weight of wheat had a strong positive correlation with plant
height and spike length (Table 2).

Adding NPs to the Cd-contaminated soil significantly af-
fected the chlorophyll content of wheat leaves either alone or
under drought (Fig. 2). Drought stress significantly decreased
the photosynthetic pigment concentrations compared with the
respective NP treatments without drought except at 100 mg/kg
NPs where the non-significant decrease was observed. The
highest increase in chlorophyll a and b concentrations was
found in 100 NP treatments without drought, while the mini-
mum values of the parameters were found in drought-stressed
control. At 0 mg/kg NPs, the drought stress decreased the
chlorophyll a content by 21%, and chlorophyll 5 concentra-
tion by 20% compared with the same NP treatment without
drought. Without drought, the NPs increased the chlorophyll a
concentration by 13%, 24%, and 39% and chlorophyll b con-
centration by 14%, 32%, and 44% in 25-, 50-, and 100-mg/kg
NP levels as compared with the control. Under drought, the

NPs increased the chlorophyll a concentration by 16%, 40%,
59%, and chlorophyll & concentration by 19%, 24%, and 49%
in 25, 50, and 100-mg/kg NP levels as compared with the
control. The chlorophyll contents had a strong positive corre-
lation with dry weight and height of plants (Table 2).

Oxidative stress and antioxidant enzymes

The EL, H,O,, and MDA concentrations and enzyme activi-
ties (SOD, POD) in wheat shoots grown in the tested soils are
reported in Figure 3. The drought stress increased the EL,
H,0,, and MDA concentrations in the leaves compared with
the respective treatments without drought stress (Fig. 3(a—c)).
The highest values of these oxidative stress indicators were
reported in the control leaves under drought whereas, the low-
est values were reported in the 100-mg/kg NP treatment with-
out drought. Soil application of different NP treatments de-
creased the values of EL, H,O,, and MDA in leaves in com-
parison with the control either alone or under drought stress
and the results were significant, especially with higher levels
of treatments (50 and 100 mg/kg). Additions of 100 mg/kg
NPs without drought stress decreased the EL, H,O,, and
MDA concentrations by 33%, 35%, and 49%, respectively
when compared with the control. Under drought stress with
100 mg/kg NPs, the reduction in EL, H,O,, and MDA
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Fig. 2 Changes in chlorophyll @ and b concentrations in wheat leaves
under different rates of ZnO NPs with and without drought stress. Data
presented in the figure is the average of 4 replicates (n = 4) + standard
deviation. Different letters between NP and drought treatments showed
significant differences at p < 0.05

concentrations was 44%, 46%, and 48%, compared with
drought-stressed control. The EL, H,O,, and MDA contents
were negatively correlated with the plant height, chlorophyll
contents, and dry biomasses of plant tissues and positively
correlated with tissue Cd concentrations (Table 2).

All the NP treatments enhance the leaf SOD and POD activ-
ities in comparison with control irrespective of drought stress
(Figure 3(d, e)). The drought stress reduced the activities of these
enzymes in leaves in comparison with the respective NP treat-
ments without drought. In control treatments, there was a signif-
icant reduction in these enzyme activities under drought stress
than the normal control and this reduction was about 18% and
16% for SOD and POD activities, respectively. The leaf SOD
and POD activities were positively correlated with the plant bio-
mass and chlorophyll contents and negatively correlated with the
Cd contents in the tissues of wheat (Table 2).

Cadmium and Zn concentrations in wheat

Figure 4 shows the concentration of Cd/Zn in wheat tissues
grown in the tested soil and amended with different NPs under

different soil moisture conditions. Cadmium accumulation in
wheat mainly occurred in roots, followed by other tissues
(shoots and grains). Cadmium ranged from 4.88 to 7.64
mg/kg in shoots and 8.6 to 16.73 mg/kg in roots and 0.19 to
1.38 mg/kg in grains (Fig. 4(a—c)). The highest Cd concentra-
tions were observed in shoots, roots, and grains under drought
stress without NPs, whereas the lowest Cd concentrations in
these parts were found in the 100 mg/kg NPs without drought
conditions. The drought stress enhanced the Cd in wheat than
the same NP treatments without drought stress. In treatments
without NPs, there was a significant enhancement in Cd con-
centrations in wheat shoots, roots and grains under drought
stress in comparison without drought conditions. The NP soil
amendments significantly decreased the Cd concentrations in
wheat tissues over the control. There was a significant impact
of drought, NPs, and drought x NPs except the Cd concentra-
tions in roots where non-significant trend was observed for
drought x NPs. The Cd concentrations in plants were nega-
tively correlated to the plant biomass and chlorophyll contents
and positively correlated with oxidative stress markers such as
EL, H,O,, and MDA contents (Table 2).

The NP amendment to Cd-contaminated soil potentially
enhanced the Zn in wheat tissues (shoots, roots, grains) in
comparison with that of control (Fig. 4(d—f)). The highest
Zn accumulation by shoots, roots, and grains was achieved
in the 100-mg/kg NP treatments under drought conditions.
Limited water conditions were the most effective in enhancing
Zn concentrations in wheat than the respective NP doses with-
out drought stress. About 78%, 64%, and 103% greater Zn
concentrations were observed in shoots, roots, and grains with
the highest NPs (100 mg/kg) than with the control without
drought. In comparison with the drought-stressed control,
the Zn concentrations increased by 76%, in shoots, 93% in
roots, and 96% in grains under the 100-mg/kg NP amendment
under drought stress.

Soil bioavailable Cd and TF values

Cadmium mobility in the soil was considerably reduced (p <
0.05) with increasing levels of NPs compared with that of
control (Fig. 5). The bioavailable soil Cd ranged from 0.61
to 1.19 mg/kg. The Cd concentration decreased by 45% and
37% in the 100-mg/kg NP treatment under alone or drought
stress, respectively. Under the same NP amendments, there
was a slight increase in Cd concentrations under water-
limited conditions than normal water conditions.

Cadmium accumulated in wheat is absorbed by the roots
from the soil and then transferred to the shoots and finally to
grains. The Cd shoot to root TF increased as the NP levels
increased in the soil which ranged from 0.46-0.57 to 0.47—
0.54 in normal and drought stress conditions (Table 3). There
was a significant increase in TF at the highest NPs compared
with the control. The grain to shoot TF linearly decreased as
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Fig. 3 Changes in electrolyte
(EL), hydrogen peroxide (H,0,),
lipid peroxidation (MDA),
superoxide dismutase (SOD), and
peroxidase (POD) activities in
wheat leaves under different rates
of ZnO NPs with and without
drought stress. Data presented in
the figure is the average of 4 rep-
licates (n = 4) + standard devia-
tion. Different letters between NP
and drought treatments showed
significant differences at p < 0.05.
EL electrolyte leakage, MDA
malondialdehyde, H,O, hydro-
gen peroxide, SOD superoxide
dismutase, POD peroxidase

Fig. 4 Changes in Cd and Zn
concentrations in wheat shoots,
roots, and grains under different
rates of ZnO NPs with and
without drought stress. Data
presented in the figure is the
average of 4 replicates (n = 4) +
standard deviation. Different
letters between NP and drought
treatments showed significant
differences at p < 0.05
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Fig. 5 Effect of amendments on Cd of the soil after wheat harvesting.
Data presented in the figure is the average of 4 replicates (n = 4) +
standard deviation. Different letters between NP and drought treatments
showed significant differences at p < 0.05

the NP levels increased in the soil. There was a significant
decrease in grain to shoot TF under the 50- and 100-mg/kg
NP amendments compared with the control.

Discussion

Zinc has a beneficial role in growth and development of
plants, whereas Cd is non-essential element for plants and
caused oxidative stress through ROS production and dam-
age at cellular levels (Rizwan et al. 2019a). Zinc improves
the plant response under stressful environment through
maintaining cell turgidity, homeostasis of nutrients, and
improving cell structure and anatomical features in plants
(Rizwan et al. 2019a). The purpose of the current study
was to explore the efficiency of ZnO NPs on alleviation
of Cd stress in wheat under different water conditions.
The lower biomass was found in the control tissues and
drought stress further minimized the plant biomass
(Figure 1). Numerous studies highlighted that Cd-caused
toxicities in crops and negatively affected the growth by
stimulating the ROS generation (Nagajyoti et al. 2010). In
current study, the minimum biomass observed in the con-
trol could be employed to the lower chlorophyll contents

(Fig. 2), higher Cd concentrations in wheat (Fig. 4), and
oxidative stress in leaves (Fig. 3). The drought stress fur-
ther decreased the plant biomass (Fig. 1) and chlorophyll
contents (Fig. 2). The studies reported that drought stress
decreased the growth and plant biomass by affecting the
nutrient intake by plants (Moosavi et al. 2015; Abbas
et al. 2018) or altering the plant morphology (de Silva
et al. 2012). It has been shown that drought combined
with metal stress diminished the chlorophyll contents
and gas exchange characteristics by altering the photosyn-
thetic machinery (Xia et al. 2015; Ma et al. 2016).

The results clearly demonstrated that wheat biomass
increased under NPs and the increasing trend was higher
in higher levels of the treatments applied (Fig. 1). The
colloidal solution of Cu and Zn NPs improved the
drought-stressed wheat growth (Taran et al. 2017). The
ZnO NPs improved the growth of wheat under Cd stress
(Hussain et al. 2018). The positive impacts of ZnO NPs
on plant biomass have been reported under metal
(Venkatachalam et al. 2017; Ali et al. 2019) or drought
stress (Taran et al. 2017). The composite supply of three
micronutrient NPs (ZnO, B,0Os, and CuO) increased the
growth of drought-stressed soybean (Dimkpa et al.
2017a). The present study reported first time, to the best
of our knowledge, that NPs have also beneficial role un-
der combined Cd-drought stress. The major reason of var-
iation in biomass and chlorophyll contents of the wheat
was due to the Cd and Zn concentrations in the tissues.

Zinc plays an important role in cereals such as wheat
and its high accumulation in required to alleviate abiotic
and biotic stresses especially in Zn-deficient soils
(Rizwan et al. 2019a). The results showed that ZnO NP
soil amendment enhanced the Zn concentrations in wheat
tissues and grains (Fig. 4(d-f)). The results are in line
with the published reported demonstrating that NPs of
Zn enhanced the Zn concentrations on the plants
(Dimkpa et al. 2017b; Taran et al. 2017; Ali et al.
2019). These higher tissue Zn contents may minimize
the oxidative stress as was depicted by the minimum gen-
eration of ROS in leaves (Fig. 3) and thus recovered
wheat from Cd-induced oxidative stress. Thus, exogenous
ZnO NPs might be the strategy to increase Cd tolerance in
crops. The higher Zn concentration application in the soil

Table 3  Translocation factors (TF) of Cd under different ZnO NP treatments either alone or under drought stress. Data presented in the table is the
average of 4 replicates (n = 4) + standard deviation. Different letters between NP and drought treatments showed significant differences at p < 0.05
NP treatments (mg/kg) 0 25 50 100
Shoot/root Without drought 0.46 +0.05" 0.51 +0.04 0.52 +0.03 0.57 +£0.03*
With drought 0.47 +0.03° 0.50 + 0.05% 0.53 +0.03% 0.54 +0.02*
grain/shoot Without drought 0.18 +0.02* 0.15 +0.03% 0.04 + 0.00° 0.04 + 0.00°
With drought 0.18 £0.01* 0.14 £ 0.02* 0.06 + 0.02° 0.04 + 0.00°
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in the form of NPs might be an efficient mean to mini-
mize Cd intake by wheat due to the increased competition
at the surface of roots which is due to the similar behavior
of Zn and Cd (Rizwan et al. 2019b). The main reason for the
low Cd content in tissues was due to the higher plant Zn contents.
There is antagonism between Zn and Cd in plants but this effect
depends upon the doses of Zn and Cd in the media (Rizwan et al.
2019a, 2019b). Cadmium accumulation by wheat is through
roots and then is transferred to aboveground tissues. In the study,
Cd concentrations were highest in roots then in shoots and were
lowest in grains (Fig. 4). These results are consistent with the
previous reports (Qayyum et al. 2017; Ali etal. 2019; Salam et al.
2019) indicating that roots are a main organ for Cd intake and
accumulation.

The increase of Cd contents in wheat under limited
water condition might be ascribed to the soil Cd availabil-
ity (Abbas et al. 2018; Salam et al. 2019). Lower soil
moisture conditions enhanced the Cu and Pb concentra-
tions in corn tissues than higher moisture contents in the
soil (Salam et al. 2019). These variations in metal uptake
by plants could be due to the changes in metal mobile
frictions in the soil as it was reported that higher moisture
contents in the soil (80% of FC) decreased the mobile
portion of Cu and Pb in sequential extraction compared
with the lower moisture contents (Salam et al. 2019). The
more concentrated solution under limited water conditions
could be the reason of higher Cd accumulation by plants
(Abbas et al. 2018). The reduction in mobility in moisture
conditions might be ascribed to the precipitation of Cd
with sulfides as Rinklebe et al. (2016) reported that Cu
precipitated with sulfides under wet conditions.
Furthermore, the difference in the biomass of the tissues
(Fig. 1) may affect the Cd accumulation in wheat (Fig. 4).

The lower grain Cd concentrations could be explained
by the reduction in Cd accumulation by roots and de-
clined its upward roots to shoots movement and finally
shoots to grains which is due to the decreasing Cd avail-
ability in the soil following the application of NPs (Figs. 4
and 5). In this study, shoot to root TF values increased
with the increasing soil NP amendments (Table 3). It has
been reported that translocation of metals from roots to
shoots decreased when there are higher metal concentra-
tions in the roots (Keller et al. 2015). This decreased
translocation might be ascribed to the stimulation of
metal-stressed plant defense system and plants tolerate
metal stress by depositing the metals in the roots through
different mechanisms such as chelation (Rizwan et al.
2018, 2019a, 2019b). However, under low metal concen-
trations, the plant defense system may not be active and
the higher metal might be transported to the shoots. Our
results depicted that Cd grain to shoot TF decreased with
increasing NP levels (Table 3), suggesting that NPs can
restrain transfer of Cd from shoots to grains. The higher
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Zn concentrations in grains may cause an antagonistic
effect on Cd translocation to grains.

Conclusion

Zinc oxide NP application significantly increased the wheat
yield and simultaneously reduced the wheat grain Cd accumu-
lation, and the higher NP treatment (100 mg/kg) was the most
effective in this regard. The reduction in grain Cd was related
to the low bioavailability of soil Cd and Cd transfer from roots
to shoots and then shoots to grains especially via the highest
NP treatment. Overall, the application of NPs to Cd-
contaminated soils under drought stress with the appropriate
level could be an effective way to produce safe and quality
food. The potential morpho-physiological and biogeochemi-
cal mechanisms occurring in the soil need to be explored, and
field level tests are also helpful.
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