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Drought stress mitigation and
improved yield in Glycine max
through foliar application of zinc
oxide nanoparticles

Shahin Shirvani-Naghani?, Sina Fallah'™, Lok Raj Pokhrel?>*“ & Ali Rostamnejadi?

The impact of climate change on agricultural production is apparent due to declining irrigation water
availability vis-a-vis rising drought stress, particularly affecting summer crops. Growing evidence
suggests that zinc (Zn) supplementation may serve as a potential drought stress management
strategy in agriculture. Field studies were conducted using soybean (Glycine max var. Saba) as a
model crop to test whether foliar application of zinc oxide nanoparticles (ZnO-NPs) or conventional
Zn fertilizer (ZnSO,) would mitigate drought-related water stress and improve soybean yield. Each
fertilizer was foliar applied twice at a two-week interval during the flowering stage. Experiments
were concurrently conducted under non-drought conditions (70% field capacity) for comparison.
Results showed drought significantly reduced relative water content, chlorophyll-a, and chlorophyll-b
in untreated control plants by 35.7%, 47.7%, and 41.4%, respectively, compared to non-drought
conditions (p < 0.05). Under drought conditions, ZnO-NPs (200 mg Zn/L) led to 33.1% and 20.7%
increase in chlorophyll-a and chlorophyll-b levels, respectively, compared to ZnSO, at 400 mg Zn/L.
Likewise, catalase, peroxidase and superoxide dismutase activities increased by 62.6%, 39.5% and
28.5%, respectively, with ZnO-NPs (200 mg Zn/L) under drought compared to non-drought conditions.
Proline was significantly increased under drought but was remarkably suppressed (~ 54% lower) with
ZnO-NPs (200 mg Zn/L) treatment. More importantly, the highest seed yield was observed with ZnO-
NPs (200 mg Zn/L) treatment under drought (39% higher than untreated control) and non-drought
(79.4% higher than control) conditions. Overall, the findings suggest that ZnO-NPs could promote
seed yield in soybean under drought stress via increased antioxidant activities, increased relative
water content, decreased stress-related proline content, and increased photosynthetic pigments. It is
recommended that foliar application of 200 mg Zn/L as ZnO-NPs could serve as an effective drought
stress management strategy to improve soybean yield.
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Soybean (Glycine max (L.) Merr) is an important legume and food crop globally. Soybean seeds are rich
in nutrients, comprising 20% oil!, 35-40% protein, and a variety of essential amino acids? that are vital for
promoting human nutrition and health®. Recognized as a superior source of vegetable protein, soybean sets
a standard for other vegetable protein sources*. Moreover, it serves as an exceptional source of carbohydrates
and essential nutrients such as copper, zinc, calcium, magnesium, iron, manganese, and phosphorus for human
and animal consumption®. Through symbiosis with Bradyrhizobium japonicum, soybean fixes nitrogen from
atmosphere®, thereby aiding in reducing reliance on nitrogen fertilizers in agriculture.

More than 25% of the Earth’s surface is classified as arid and semi-arid, with approximately 33% of arable
land facing water scarcity’. Drought is the primary constraint to agricultural productivity in these regions. The
increased frequency of drought events due to climate change poses a significant challenge to ensuring food
security for the ever-growing human population®. Among various stressors affecting crops, drought stress exerts
the most pronounced negative impact on crop yield and nutritional quality. Diminished grain yield and food
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quality due to drought stress contribute to food and nutritional insecurity. For instance, soybean yield and quality
are reduced under drought stress, with the extent of reduction influenced by stress intensity, duration, genotype,
and growth stage®!. Drought stress impedes water and nutrient uptake, leaf water status, gas exchange, and
overall crop productivity!'!. Moreover, reduced stomatal conductance under drought elevates leaf temperature,
resulting in wilting!2. Water deficit exacerbates membrane permeability, nutrient absorption, and chlorophyll
synthesis, reducing photosynthetic efficiency in plants!®>. Reactive oxygen species (ROS) generated under
drought stress can damage plant cell membranes and essential molecules like proteins and lipids'%. Increased
accumulation of hydrogen peroxide, malondialdehyde, and electrolyte leakage has been observed in various
plant species subjected to different stressors'>®.

Plants mitigate the adverse effects of drought stress by initiating antioxidant defense mechanisms, which play
a crucial role in the removal of ROSY. The defense mechanism involves the accumulation of osmolytes, such
as proline and vitamins in cytosol, as a protective shield against ROS-induced oxidative stress'®. Furthermore,
plants’ defense system comprises antioxidant enzymes such as superoxide dismutase and catalase!. Zinc (Zn),
as a micronutrient, is essential for various plant growth processes and physiological and biochemical functions.
These include protein synthesis, chlorophyll synthesis, and enzyme activity?’. Zinc also contributes to the stability
of cell membrane, cytochrome synthesis, and photosynthesis. Additionally, it plays a crucial role as a component
of carbonic anhydrase and as a stimulant for aldolase, both the enzymes involved in carbon metabolism?!.
Moreover, Zn is integral to biological molecules like lipids and proteins, significantly impacting plant nucleic
acid metabolism?2. Consequently, Zn supplementation is reccommended for promoting soybean yield?.

It is imperative to explore novel techniques that can improve agricultural production in water-stressed
conditions. One such method involves the utilization of micronutrients such as Zn. Research has shown that
Zn can mitigate the negative impact of drought stress in plants?*. Dimkpa et al.® found that application of
zinc oxide nanoparticles (ZnO-NPs) in soil (1-5 mg/kg) could improve sorghum growth and yield under
water stress. Additionally, it enhanced the levels of N, K, and Zn. The study revealed that grain production
increased significantly compared to control, depending on the concentration of ZnO-NPs. Vaghar et al.? also
investigated the impact of drought stress in soybean and observed a reduction in seed yield. Foliar spraying
of Zn nanochelates significantly promoted plant resistance to drought stress. Soybean plant treated with Zn
nanochelates led to a 31.7% increase in yield compared to control. Another study that involved seed priming
followed by foliar application of ZnO-NPs showed increased chlorophyll and relative water content in rice?”’.

Nano fertilizers have been shown to enhance nutrient uptake efficiency in plants, particularly in semi-arid
regions susceptible to drought?®?°. The use of nano fertilizers can lead to a reduction in fertilizer consumption
compared to traditional fertilizers, thereby mitigating environmental pollution. We hypothesized that the
application of ZnO-NPs would improve the photosynthetic activity and overall performance of plants by
promoting antioxidant defense system. In this study, we investigated the potential impact of ZnO-NPs in
soybean under drought conditions over a 120-day growth period in the field environment.

Materials and methods

Material characterization

ZnO-NPs and zinc sulfate (ZnSO,) were purchased from Pishgaman Nanomaterials and Kargozar companies,
Iran, respectively. The mean particle size of the ZnO-NPs was determined by tunneling electron microscopy
(TEM) and hydrodynamics diameter and zeta potential were measured by dynamic light scattering. The TEM
micrograph (Fig. 1a) showed particles were spherical with mean particle size of 20 nm. The phase purity and
crystal structure of the ZnO-NPs were characterized by X-ray diffraction (XRD) in the scanning angle range of
20 =25°-75¢ using Philips X’Pert PRO X-ray diffractometer and Cu-Ka X-ray source (\=1.5406 A). A summary
of obtained structural parameters is presented in Table 1. The Rietveld analysis of the XRD pattern using Fullprof
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Fig. 1. Representative TEM micrograph of zinc oxide nanoparticles (ZnO-NPs) (a) and Reitveld analysis of its
XRD patterns (b).
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software showed that ZnO-NPs are crystallized in triclinic structure without any trace of impurities (Fig. 1b).
The dynamic light scattering indicates mean zeta potential of -34 mV and hydrodynamic diameter of about
388 nm.

Study location

The research was conducted at Shahrekord University’s agricultural research farm located at a latitude of 32
degrees and 21 min north, a longitude of 50 degrees and 49 min east, and an altitude of 2050 m above the sea
level. Detailed information regarding the climate and soil characteristics are summarized in Supplementary
Tables S1 and S2. The study location lacked rainfall during the study period, allowing us to mimic drought
condition. Furthermore, the low levels of organic matter and pH in the soil suggested limited availability of
micronutrient elements, such as Zn.

Experimental design

The experiment followed a factorial randomized complete block design with three replications. The first factor
consisted of two levels of water availability: no drought (70% of field capacity) and drought (40% of field
capacity). The second factor included different concentrations of ZnO-NPs (0, 50, 100, and 200 mg Zn/L) and
zinc sulfate (400 mg/L). For ZnSO ,» & concentration of 400 mg Zn/L was chosen to represent conventional Zn
fertilizer commonly used by farmers. The highest concentration of ZnO-NPs (200 mg Zn/L), equivalent to 50%
of the typical Zn fertilizer, was selected based on the growth-promoting effects of nano-Zn based fertilizers as
reported by previous studies®>*! and to compare its effects with ZnSO,.

Ten-liter containers were used for cultivation. To ensure proper aeration, 500 g of pebbles were placed at the
bottom of each container. Subsequently, a plastic bag with 50 holes of 5 mm diameter was inserted into each
container to facilitate plant harvesting. A leveling hose was also inserted into each container to ensure adequate
root aeration. Each container was filled with 10 kg of soil. The containers were then positioned in deep furrows
in a row, and the surrounding area was covered with soil to align the surface of each container with the field soil
(Fig. S1). Before planting, one g per kg triple superphosphate fertilizer was mixed with the soil in the container.
Additionally, three g per kg urea was added to each container thrice (14, 35, and 56 days post-planting). Glycine
max (var. Saba) seeds were acquired from Karaj Seed and Plant Breeding Research Institute. Seeds were soaked
in distilled water for 24 h, briefly placed in a moist cloth at room temperature, and the seeds were immersed in a
suspension of B. japonicum for 30 min before sowing. On June 16, 2021, two seeds of uniform size were planted
in each container at a depth of 2.5 cm, followed by immediate irrigation. Treatment solutions were prepared and
homogenized with a vortex, and 200 ml solution was sprayed on to the foliage during the stem formation stage
of soybean (54 days post-sowing). Spraying was repeated the following week. Drought stress was imposed one
week after the second spray and continued until the end of the growth period. Plants were harvested when the
leaves and pods turned yellow.

Measurement of photosynthetic and physiological traits

Young leaf samples were collected at 96 days post-sowing from the middle part of the plant to assess physiological
and biochemical characteristics. The technique described by Lichtenthaler and Buschmann?? was used to quantify
the photosynthetic pigments: chlorophyll-a, chlorophyll-b, and carotenoids. During the flowering phase, 100 mg
of fresh leaf material was ground in 5 ml of 80% acetone using a mortar and pestle until a homogeneous mixture
was obtained. The resulting mixture was filtered using filter paper. Subsequently, the resulting filtrate was
adjusted to a volume of 10 ml with 80% acetone. The absorbance of leaf extract was measured at wavelengths:
663.2, 646.8, and 470 nm using a UV-Vis spectrophotometer (AE-UV 1606). 80% acetone served as a blank. The

Lattice structure Triclinic
Space group P63mc
Lattice parameters

a(4) 3.254
b (A) 3.254
c(A) 5213
a(®) 90.00
BC) 89.00
v 120.00
Unit cell volume (A)3 47.82
Reliability factors

Weighted profile factor (RWP) 9.92
Profile factor (Rp) 6.99
Expected R-factor (Rexp) 7.99
Bragg R-factor (RBmgg) 0.26
R-factor (Rp) 0.18
Chi squared (x%) 1.54

Table 1. Summary of the structural parameters of zinc oxide nanoparticles (ZnO-NPs)
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concentrations of photosynthetic pigments were determined using specific equations below and expressed in
milligrams per gram of fresh plant tissue weight.

Cha (%) — 12.25 x ODgg3 — 2.79 x ODgiss

Chb <%> = 1251 x ODgyes — 5.10 x ODggso
mL
o 470 — (1.82 a) — (85.
Carotenoids (%) _ 1000 x ODur (1.82 x Cha) — (85.02 x Chb)
mL 198

The relative water content (RWC) in leaves was measured following Martinez et al.33. The RWC was calculated
using the following equation.

RWC (%) = 3% x 100

FW =leaf fresh weight immediately after sampling. DW =leaf dry weight after oven-dried. SW =leaf-
saturated weight after exposure to distilled water.

To measure the content of hydrogen peroxide and membrane lipid peroxidation (malondialdehyde), the
methods described by Nag et al.** and Heath and Packer®® were used. The stability of the cell membrane was
assessed using the membrane electrolyte leakage (EL) method, as outlined by Dionisio-Sese and Tobita®. The EL
was calculated usmg the following equation.

EL (%) = <L x 100

Cl= 1n1t1al electrlcal conductivity. C2 =final electrical conductivity.

The concentration of malondialdehyde was determined based on the relationship described by Narwal et al.>”
and expressed as micromoles éaer gram of fresh weight.

MDA (mmol/g FW) = ASZ2600 v/
=absorption rate. 8 = extinction coefficient of malondialdehyde at 532 nm (155 mM~!ecm™1). V =sample
Volume (L). FW =weight of fresh plant tissue in the sample (0.1 g). d =width of cut (cm).

Proline was extracted following the method of Bates et al.*®. Briefly, 100 mg of fresh leaf was ground in 5 ml
of 80% acetone using a mortar and pestle until a homogeneous mixture was obtained. The resulting mixture
was filtered using a filter paper. The required reagents were prepared using serial dilution, and leaf extracts were
transferred into a falcon tube. The samples underwent centrifugation, and a portion of extract was moved into a
new falcon tube, followed by adding 2 ml ninhydrin acid and 2 ml glacial acetic acid, and vortexed thoroughly.
Samples were then heated in water bath at 100 °C for 1 h, followed by 10 min incubation in ice bath. Finally, 4 ml
toluene was added to the solution and vortexed for 20 s. Samples were left undisturbed for 15-20 min to allow
complete separation of the two phases. The supernatant containing toluene and proline was utilized to quantify
proline concentration. The optical density of the prepared extracts was measured at 520 nm for proline. Toluene
was used as a blank.

To extract antioxidant enzymes from leaf tissue, protein extracts were prepared and subsequently guaiacol
peroxidase, catalase, and superoxide dismutase activities were quantified according to the method described by
Narwal et al.¥7.

When pods had turned brown, plants were harvested to determine seed yield. Pods were air-dried for one
week. After separating the seeds from pods, seed weight was measured in gram per plant.

Statistical analysis

Data were collected, organized, and visualized in MS Excel. Utilizing SAS 9.4 software, an analysis of variance
(ANOVA) was conducted for the data as a factorial experiment. The treatment medians were compared using
Tukey’s post hoc test at a 5% significance level.

Results

Effects on photosynthetic pigments

The effects of water status and Zn on photosynthetic pigments (chlorophyll-a and chlorophyll-b), and
carotenoids, were statistically significant (p <0.01) (Table 2). In drought stressed plants with no treatment, the
levels of chlorophyll-a and chlorophyll-b decreased by 47.7% and 41.4%, respectively (Fig. 2a, b). Increasing Zn

Pr>F
S.0.V* | DF® | Chla Chlb Carotenoids | Hydrogen peroxide | Electrolyte leakage | Malondialdehyde
R 2 0.8706 0.0223 0.0945 0.6446 0.0172 0.6997
w 1 <0.0001 | <0.0001 | <0.0001 <0.0001 <0.0001 <0.0001
Zn 4 <0.0001 | <0.0001 | <0.0001 <0.0001 <0.0001 <0.0001
W*Zn | 4 0.1638 0.1582 0.0015 0.0060 0.0464 <0.0001
Error |18 <0.0001 | <0.0001 | <0.0001 <0.0001 <0.0001 <0.0001

Table 2. P value (pr>F) from the analysis of variance performed for photosynthetic pigments, hydrogen
peroxide, electrolyte leakage, and malondialdehyde in soybean. *R: Replication; W: Water status; Zn: Zinc
concentration. "Degrees of freedom. Chla: Chlorophyll-a; Chlb: Chlorophyll-b.
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concentrations up to 200 mg/L with ZnO-NPs increased photosynthetic pigments, but decreased with ZnSO,
(400 mg Zn/L) treatment. Under drought conditions, chlorophyll-a and chlorophyll-b contents at 200 mg
Zn/L with ZnO-NPs treatment were 33.1% and 20.7% higher, respectively, compared to ZnSO, (400 mg Zn/L)
treatment (Fig. 2a, b). Additionally, the chlorophyll-b content at 100 mg Zn/L with ZnO-NPs treatment was
significantly higher compared to ZnSO, (400 mg Zn/L) treatment (Fig. 2b). In both non-drought and drought
conditions, the lowest carotenoid levels were observed in plants treated with a foliar concentration of 200 mg
Zn/L, which was however not significantly different from 100 mg Zn/L. The difference in carotenoid levels
between drought and non-drought conditions at 100 and 200 mg Zn/L was lower than untreated control and
400 mg Zn/L treatment (Fig. 2¢).

Effect on hydrogen peroxide, electrolyte leakage, and malondialdehyde
The levels of hydrogen peroxide, electrolyte leakage, and malondialdehyde were significantly influenced by both
the water status and the Zn concentrations (p < 0.01; Table 2). Under both drought and non-drought conditions,
the levels of hydrogen peroxide decreased with increasing concentrations up to 200 mg Zn/L with ZnO-NPs
treatment, but increased with ZnSO, (400 mg Zn/L) treatment (Fig. 3a). Plants under drought had increased
levels of hydrogen peroxide, electrolyte leakage, and malondialdehyde in untreated control plants compared to
non-drought condition. Under non-drought conditions, the levels of malondialdehyde and hydrogen peroxide
at 200 mg Zn/L ZnO-NPs treatment were 44% and 31% lower compared to ZnSO, (400 mg Zn/L) treatment
(Fig. 3a, ¢). Under non-drought conditions, the level of electrolyte leakage at 200 mg Zn/L ZnO-NPs treatment
was not significantly different from lower concentration treatments (Fig. 3b).

Under drought conditions, the levels of hydrogen peroxide at 100 and 200 mg Zn/L ZnO-NPs treatments were
15% and 30% lower than ZnSO, (400 mg Zn/L) treatment (p <0.05). However, the levels of malondialdehyde
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Fig. 2. Photosynthetic pigments (a—c) in soybean affected by water status and Zn concentrations. Zn
concentrations 0-200 mg Zn/L are for ZnO-NPs, and 400 mg Zn/L is for ZnSO, used for comparison as
conventional fertilizer. Bars with similar letter are not significantly different, according to Tukey’s post hoc test
(p<0.05). Error bars represent + SD.
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Fig. 3. Hydrogen peroxide (a), electrolyte leakage (b) and malondialdehyde (c) in soybean affected by water
status and zinc concentration. Zn concentrations 0-200 mg Zn/L are for ZnO-NPs, and 400 mg Zn/L is for
ZnSO, used for comparison as conventional fertilizer. Bars with similar letter are not significantly different,
according to Tukey’s post hoc test (p <0.05). Error bars represent + SD.

and electrolyte leakage at the concentration of 400 mg Zn/L ZnSO, treatment were similar to 100 and 200 mg
Zn/L ZnO-NPs treatment (p>0.05). Additionally, the levels of hydrogen peroxide and malondialdehyde
at 400 mg Zn/L ZnSO, treatment were 23.4% and 34.7% lower, respectively, compared to untreated control
(p <0.05; Fig. 3a—c).

Effect on antioxidant enzymes

The impact of water status and Zn concentrations on the antioxidant enzyme activities was statistically
significant (p <0.01), including their interaction with the activity of catalase and superoxide dismutase (p <0.05;
Table 3). In untreated plants, guaiacol peroxidase activity increased by 75.8% under drought compared to
non-drought conditions (Fig. 4a). The highest guaiacol peroxidase activity was observed at 100 and 200 mg
Zn/L ZnO-NPs treatments under drought conditions, which differed significantly from ZnSO, (400 mg Zn/L)
treatment (Fig. 4a). Additionally, the activity of catalase enzyme increased in drought conditions up to 200 mg
Zn/L ZnO-NPs treatment but decreased with ZnSO, (400 mg Zn/L) treatment (Fig. 4b). At 200 mg Zn/L ZnO-
NPs treatment, catalase and superoxide dismutase activities increased by 62.6% and 28.5%, respectively, under
drought stress compared to non-drought conditions (Fig. 4b, ¢). Under non-drought conditions, catalase and
superoxide dismutase activities with 100 and 200 mg Zn/L ZnO-NPs treatments were similar to ZnSO, (400 mg
Zn/L) treatment. Moreover, there was no significant difference in the activities of superoxide dismutase and
catalase at 100 and 200 mg Zn/L under both conditions (Fig. 4b, c).
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R 2 0.0362 0.5066 0.8696 0.5597 0.8378 0.2955
w 1 <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 <0.0001
Zn 4 <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 <0.0001
W*Zn | 4 0.0527 0.0119 0.0302 0.9604 0.0005 <0.0001
Error |18 <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 <0.0001

Table 3. P value (pr>F) from the analysis of variance performed for antioxidant enzymes, relative water
content, proline content, and seed yield in soybean. ? R: Replication; W: Water status; Zn: Zinc concentration.
b Degrees of freedom. GPOX: guaiacol peroxidase; CAT: catalase; SOD; superoxide dismutase; RWC: relative
water content.

0.04 - a a

o

=

v}
.

cd

c
e
f
X ENon-drought
g ODrought
0.00 - . I
0 50

100 200 400

POX (mol tetragaiacol/mg
protein)
(=] (=]
o IS
—_ [\S)

007 1y a
0.06 - ab

0.05 - be
0.04

cd

d

i de
0.03 - e e ENon-drought
0.02 - ODrought
0.01 -

0 - T
0 50

CAT (nmol H,0,/min.mg
protein)

100 200 400

1.4
C

1.2 4 a
1.0 4

be
cd
0.8 e
0.6 - f ENon-drought
0.4 ODrought
0.2
0.0 - T T L
0 50

100 200 400
Zinc concentration (mg/L)

b-d b-d

SOD activity (uM/mg
protein)

Fig. 4. Antioxidant enzymes (a—c) in soybean affected by water status and zinc concentration. Zn
concentrations 0-200 mg Zn/L are for ZnO-NPs, and 400 mg Zn/L is for ZnSO, used for comparison as
conventional fertilizer. Bars with similar letter are not significantly different, according to Tukey’s post hoc test
(p<0.05). Error bars represent + SD. POX: guaiacol peroxidase, CAT: catalase, SOD; superoxide dismutase.
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The results of the study indicate that foliar application of 200 mg Zn/L ZnO-NPs under water stress led to
a minimal change in reactive oxidant levels, as well as reduced malondialdehyde content, compared to 400 mg
Zn/L ZnSO, treatment and control.

Effect on relative leaf water content and proline

The RWC and proline content in leaves were influenced by both the water status and Zn concentrations
(Table 3). The statistical analysis showed that the interaction effect of water status and Zn concentration on
proline content was significant (p =0.0005). Under drought conditions, the RWC in untreated control decreased
by 35.7% compared to non-drought conditions. However, the RWC increased by 47.2% and 57.1% with 100
and 200 mg Zn/L of ZnO-NPs treatments, respectively, compared to control (Fig. 5a). Interestingly, the RWC in
plants sprayed with 50 and 100 mg Zn/L of ZnO-NPs treatments was similar to that of ZnSO, (400 mg Zn/L)
treatment. Under drought conditions, with 200 mg Zn/L of ZnO-NPs treatments, RWC was similar to 400 mg
Zn/L of ZnSO, in non-drought conditions (Fig. 5a).

The proline content decreased with increasing Zn concentrations up to 200 mg Zn/L (Fig. 5b). Notably,
the decline in proline content was more pronounced under drought relative to non-drought conditions with
ZnO-NPs treatments. The proline content at 200 mg Zn/L ZnO-NPs treatment was reduced by 37.1% and
36.8% compared to 400 mg Zn/L of ZnSO,under non-drought and drought conditions, respectively. Under
non-drought conditions, the proline content at 100 mg Zn/L ZnO-NPs was similar to 400 mg Zn/L with ZnSO,
treatment, but a decrease of 33.5% was observed for 100 mg Zn/L ZnO-NPs treatments, compared to control.
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Fig. 5. Relative water content (a), proline content (b) and seed yield (c) in soybean affected by water status and
zinc concentrations. Zn concentrations 0-200 mg Zn/L are for ZnO-NPs, and 400 mg Zn/L is for ZnSO, used
for comparison as conventional fertilizer. Bars with similar letter are not significantly different, according to
Tukey’s post hoc test (p < 0.05). Error bars represent + SD.
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Under drought conditions, the proline content at 50 mg Zn/L with ZnO-NPs treatment was like that of 400 mg
Zn/L with ZnSO, treatment, and it was 23.9% lower than the control (Fig. 5b).

Seed yield

The ANOVA (Table 3) indicated that the seed yield was influenced by water status, Zn concentrations, and their
interaction. Under non-drought conditions, foliar applications of ZnO-NPs led to a significant increase in seed
yield in soybean (Fig. 5¢). The highest seed yield was recorded at a concentration of 200 mg Zn/L ZnO-NPs,
showing a 30% and 79% increase compared to ZnSO, and the control, respectively (Fig. 5c). Under drought
conditions, ZnO-NPs at 200 mg Zn/L resulted in a 26% and 39% increase in seed yield, compared to ZnSO 4 and
control, respectively. Seed yield at 400 mg Zn/L ZnSO, treatment was not significantly different from untreated
control and 50-100 mg Zn/L of ZnO-NPs. The use of ZnSO, under non-drought conditions boosted soybean
seed yield by 38% compared to control, while under drought conditions, there was no significant difference
between ZnSO, treatment and control (Fig. 5¢).

Discussion

Climate change-associated drought poses significant risks to soybean growth and yield, affecting both the
physiological processes of the plants and the broader agricultural economy™. The findings of this study indicated
that increasing photosynthetic pigments with foliar ZnO-NPs (up to 200 mg Zn/L) would promote chloroplast
performance and subsequently plant growth, a result consistent with Ghani et al.’. Improved chlorophyll
activity in Zn-supplied plants might mitigate the need to increase carotenoids to support plant growth (Fig. 2¢).
Leopold et al.! demonstrated that treatment with ZnO-NPs at 100 mg/L resulted in a 60.1% increase in
chlorophyll-a and a 24.7% increase in chlorophyll-b in soybean compared to untreated control. Furthermore,
Garcialopez et al.*? found that applying ZnO-NPs at 1000 mg/L led to increased chlorophyll content in Habanero
peppers compared to ZnSO, treatment. Drought can lead to a decrease in light-absorbing pigments and the
photosynthetic apparatus, which play crucial roles in the Calvin cycle and ATP synthesis*. However, Zn can
promote photosynthetic efficiency in plants via protein synthesis, chlorophyll synthesis, and enzyme activity?.
More specifically, Zn may promote photosynthetic efficiency in plants under drought stress via stimulating
carbonic anhydrase activity** and regulating leaf stomata®.

In our study, foliar application of Zn-based fertilizers helped overcome drought stress via inhibition of lipid
peroxidation in soybean. Increased photosynthetic pigments upon ZnO-NPs treatments (Fig. 2a-c) improved
primary productivity under drought stress. At the same time, the decrease in reactive oxidants’ levels reflected
the protective effects of ZnO-NPs treatment, promoting nutritional quality, stress tolerance, and plant growth
in soybean. Zinc plays a crucial role in safeguarding and maintaining cell membrane integrity. It is also involved
in protein synthesis, membrane functionality, cell elongation, and resistance to environmental pressures“; thus,
identification of the appropriate Zn dose is crucial for the maintenance of homeostasis and cell membrane
stability?”. It is well established that higher hydrogen peroxide levels lead to excess oxidative stress, causing
peroxidation of cellular lipids. Hence, the lower levels of hydrogen peroxide in plants treated with ZnO-NPs
treatment compared to ZnSO, indicated a balance between ROS production and the efficacy of the antioxidant
system in soybean under drought stress, as previously reported by Ruiz-Torres et al.*’. Similarly, Sun Luying
et al.*® demonstrated that ZnO-NPs treatment at 100 mg/L, as opposed to ionic Zn suspension, led to reduced
malondialdehyde and hydrogen peroxide levels in corn under both drought and non-drought conditions.
Furthermore, the levels of hydrogen peroxide and malondialdehyde were higher under drought compared
to non-drought conditions. Additionally, several studies have reported a decrease in malondialdehyde and
hydrogen peroxide accumulation, as well as electrolyte leakage by Zn-NP treatments**~>!.

The application of Zn micronutrient, particularly in the form of ZnO-NPs, has been reported to enhance
plants’ antioxidant system, including carotenoids and enzymes such as superoxide dismutase, catalase, and
guaiacol peroxidase, leading to protection against reactive oxidants and drought damage. Singh et al.> reported
increased growth and biochemical parameters, such as sugar content and nitrate reductase activity, compared to
those treated with bulk ZnO in S. lycopersicum, B. oleracea var. Capitata, and B. oleracea var. Botrytis. Moreover,
the study revealed that ZnO-NPs stimulated the function of antioxidant enzymes such as catalase, superoxide
dismutase, and guaiacol peroxidase, while also boosting the levels of photosynthetic pigments and protein
content in such plants. Another study reported increased catalase activity upon ZnO-NPs treatments up to
500 mg/kg but decreased at 1000 mg/kg in Phytolacca americana®. Similar changes in the activity of antioxidant
enzymes following exposure to ZnO-NPs have been reported earlier>>->. Salehi et al.’! found that foliar spraying
of bulk Zn increased both catalase and peroxidase enzyme levels compared to control. However, applying ZnO-
NPs at 0-2000 mg/L resulted in increased peroxidase activity compared to similar concentrations of ZnSO,.

Drought stress has negative effects on various physiological processes in plants, including a significant
reduction in RWC. Studies have shown that RWC exhibits an inverse linear relationship with drought®®. Imran
Qani et al.’” reported that RWC decreased under drought conditions compared to non-drought conditions.
However, when cucumber plants were subjected to drought-free conditions and treated with ZnO-NPs at a
concentration of 100 mg/L, the RWC increased by 7.7% compared to control. Under drought conditions, RWC
increased by 14.4% and 32.5% when treated with 25 mg/L and 100 mg/L of ZnO-NPs, respectively, compared
to control. In the current study, we observed that plants treated with 200 mg Zn/L of ZnO-NPs exhibited the
lowest amount of proline (Fig. 5b) and the highest amount of photosynthetic pigments (Fig. 2a, b). This, along
with the changes in hydrogen peroxide production and electrolyte leakage, suggests that foliar applications of
ZnO-NPs alleviated the adverse effects of drought in soybean. Additionally, there was a significant reduction in
lipid peroxidation, further supporting this assumption. Therefore, it is concluded that the nitrogen metabolism
involved in proline accumulation in soybean is much lower with ZnO-NPs treatments compared to ZnSO,
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treatments. Furthermore, plants treated with ZnO-NPs had lower levels of proline and higher RWC % compared
to control plants under drought conditions.

This study demonstrated that ZnSO, treatment can only enhance seed yield under non-drought conditions.
However, under drought stress, a significant portion of the plant’s photosynthetic resources may be utilized to
produce osmolytes like proline to prevent ROS accumulation and maintenance of RWC, resulting in lower yield
compared to control®®. On the other hand, ZnO-NPs significantly increased primary productivity and seed
production under non-drought conditions, and more importantly, under drought conditions by promoting the
antioxidant system, requiring less energy to counteract the oxidants (Figs. 4a-c and 5b). This study suggested
that the allocation of plant energy towards seed production was relatively higher in plants treated with ZnO-NPs
compared to ZnSO,. Despite drought stress induced seed yield loss (with control), seed production significantly
increased with foliar ZnO-NPs compared to ZnSO, treatment or the control. This can be attributed to ZnO-
NP-mediated stimulation of leaf chlorophyll (Fig. 2a, b), leading to increased photosynthesis and, consequently,
higher seed yield in soybean®. The findings of Ponce-Garcia et al.®* demonstrated optimal doses favoring N,
assimilation and yield were 25 mg/L for ZnO-NPs and 50 mg/L for ZnSO,, which increased yield by 15.5 and
13.7 g/plant, compared to control, respectively. Likewise, Dola et al.®! reported increased yield by 63.5% under
drought and 23.6% under non-drought conditions upon foliar treatment with 200 mg/L ZnO-NPs compared
to untreated control. Considering impending drought in semi-arid regions, adapting agricultural practices
involving Zn-NPs to improve drought stress tolerance in crops will provide an alternative to promote sustainable
farming systems.

Conclusions

This study demonstrated the benefit of foliar application of zinc oxide nanoparticles on the photosynthetic and
antioxidant systems in soybean. Compared to the application of zinc sulfate fertilizer, which rely heavily on
osmolytes, switching to zinc oxide nanoparticles will lead to superior performance and improved seed yield
in soybean. Overall, ZnO-NPs could promote soybean tolerance to drought stress and enhance seed yield by
increasing antioxidant activities, relative water content, and photosynthetic pigments while decreasing stress-
related proline content. Foliar application of 200 mg Zn/L in the form of ZnO-NPs could serve as an effective
drought stress management strategy while improving crop production in drought-impacted regions.

Data availability
The data supporting the findings of this study are available from the corresponding author(s) upon reasonable
request.
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