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Abstract

Chromium (Cr) is a venomous heavy metal and environmental concern which threatened the global food safety due to its
carcinogenic and mutagenic effects on biological systems. Some researchers have investigated the ameliorative role of
ZnO-NPs to manage heavy metal toxicity in agricultural systems; however, their protective role has never been explored.
Therefore, the present research was performed to explore the protective role of ZnO-NPs application under severe Cr toxicity
in soybean seedlings. Soybean seedlings were supplemented with 100 uM Cr stress which caused deleterious effects on seed
germination, plant growth, biomass, photosynthetic rate, disturbed PSII system, total soluble sugar, total soluble protein,
nutrient acquisition by increasing the lipid peroxidation, and electrolyte leakage. Moreover, Cr stress also negatively affected
the enzymatic antioxidative activities (SOD, POD, and CAT), and non-enzymatic activities (GR, GSH, GSSH) activities in
soybean seedlings due to increased metal accumulation. However, foliar spray of ZnO-NPs mitigated Cr stress by reducing
root and shoot Cr uptake as well as plant concentration of oxidative stress markers (MDA and H,0,). Moreover, a higher
biomass, altered enzymatic and non-enzymatic antioxidant activities and increased nutrient uptake was observed in ZnO-NPs
treated plants. This protective role might be due to the competitive superiority of ZnO-NPs over Cr to use similar in-planta
transport channels. Our results revealed that the application of ZnO-NPs can alleviate Cr toxicity in soybean and offers a
sustainable solution of crop growth in Cr-contaminated agricultural soils.
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Introduction worldwide (Sadak et al. 2020). Soybean seeds comprise

approximately 20% edible oil, 35% protein, 35% carbohy-
Soybean (Glycine max L. Merril) is an essential legume drates (17% dietary fiber), and 5% ash as well as vitamins
that is a crucial source for edible oil production. It is also  besides minerals (Rehal et al. 2019; Thomas and Erostus
consumed as a protein concentrate for animals feeding  2008). Soybean is cultivated across China and major cul-
tivated zones are located in Southern Province (Bakhoum
et al. 2019). The rapid industrialization and mining activities
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in adjacent areas resulted in the accumulation of toxicants
in agricultural soil causing decreased crop yield and net
production (Bakhoum et al. 2019). Besides, heavy metals
toxicity modifies the soil physicochemical properties and is
noxious for plant growth and development which may sub-
sequently enter the edible plant parts and imposes serious
health disorders in humans and animals (Bansal et al. 2002).

Chromium (Cr) being non-essential to plants is deliber-
ated as 2nd utmost copious element on the earth crust (Mao
et al. 2018). Cr occurs in trivalent Cr (IIT) or hexavalent Cr
(VI) form inside the soil and is considered detrimental to
both humans, and animals (Amin et al. 2019; Dubey et al.
2010). Cr contamination in agricultural soils is a foremost
environmental restraint that imperils the development as
well as the safety of agricultural products (Basit et al. 2021).
Plants have evolved several defense mechanisms to cope Cr
mediated toxicity such as enhanced antioxidant activities
and metal ion conjugation but at higher levels, Cr stress
can affect morpho-physio biochemical processes and may
hinder the overall growth and development of plants (Gong
et al. 2017). Morpho-physiological changes include inhibi-
tion of seed germination, impaired seedling development,
maturation, and biochemical changes involving inhibitions
of enzymes, depletion of photosynthesis pigments as well
as cellular structures due to Cr-induced ROS production in
plants (Basit et al. 2022).

Continued exposure to Cr stress interferes with nutrient
uptake and affects the metabolic functions in plants which
subsequently causes cell death in plants (Javed et al. 2021).
Several physical and chemical remediation techniques are
being used to overcome heavy metal contamination and to
immobilize/remove HMs from the soils. Although, these
approaches are quick to perform, and are not more cost-
effective (Venkatachalam et al. 2017). However external
use of nanoparticles is considered more efficient, environ-
mentally friendly, as well as cost-effective to mitigate Cr
stress (Gong et al. 2017). Nanotechnology infers the use of
different devices and techniques to formulate nanoparticles,
which have the potential to counter various abiotic stresses
and can be used to enhance crop growth. Several researchers
have reported the use of (NPs) as HMs chelators which limit
metal uptake/translocation and stimulate plant development
in metal-polluted environments (Venkatachalam et al. 2017).

The use of ZnO NPs seems to be a valuable approach for
plant science, with promising aspects for plant growth and
yield enhancements, which is one of the most significant
solutions for the world's rapidly growing population (Chanu
and Upadhyaya, 2019). However, it prompted a variety of
negative effects on plant growth and crop yield at large doses
and extended periods, and also become a threat to human,
and animal health when it becomes a part of the food chain.
Additionally, various plants show distinctive responses to
ZnO NPs, some plants show beneficial effects while others
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demonstrate toxic, but the behind mechanism is still uncer-
tain. (Thounaojam et al. 2021). While, various studies have
revealed that the NPs size and dose are the foremost factors
that determine their upshots. Substantially, investigations are
conduction to produce environmentally safe ZnO NPs, with
functionalization being one of the most successful strategies
for bringing the NPs into a stable, less toxic, and more effica-
cious state. Extensive research and more effective solutions
are still required to overcome the increasing exploitation and
risk of ZnO NPs (Chanu and Upadhyaya 2019; Thounaojam
et al. 2021).

Zinc oxide nanoparticles (ZnO-NPs) showed a positive
effect on different crop plants when used in optimum con-
centrations as nano fertilizers. For example, ZnO-NPs appli-
cation alleviated the metal stress in Leucaena leucocephala
plants, and enhanced plants growth, biomass and antioxidant
levels (Venkatachalam et al. 2017). In addition, it was docu-
mented that ZnO-NPs reduce arsenic-induced toxic effects in
wheat cultivars, and regulates its biochemical activities by
decreasing the uptake of arsenic (Ahmad et al. 2020). Lately,
studies have shown that ZnO-NPs reduce the venomous
effects of cadmium toxicity in Triticum aestivum and Zea
mays L. by lowering the oxidative impairment via improv-
ing the antioxidant defense system inside plants (Khan et al.
2019; Rizwan et al. 2019b). Moreover, ZnO-NPs applica-
tion through seed priming efficiently improved photosyn-
thetic pigments, as well as ultrastructural damage persuaded
by cobalt disclosure (Salam et al. 2022). Besides, as per
our knowledge, the use of nanoparticles (NPs) particularly
ZnO-NPs for the amelioration of Cr stress in Soybean crops
is poorly discussed. So in this study, we selected the soy-
bean genotype to investigate its response to different ZnO-
NPs and to investigate their relationship to the changes in
morpho-physio biochemical attributes and Cr accumulation
under Cr stress. Henceforth, current research work hypothe-
sized that different concentrations of ZnO-NPs may alleviate
Cr-induced phytotoxicity in soybean seedlings by improving
growth and thereby decreasing Cr uptake and accumulation
in Soybean. The objectives were to find insights into the
protective role of ZnO-NPs to alleviate Cr induce oxida-
tive damage by evaluating the germination traits, nutrient
acquisition, antioxidant system, and Cr accumulation under
the Cr stress regime in soybean plants.

Materials and methods

Zn0O-NPs characterization and concentration
screening

The zinc oxide nanoparticles were obtained from Alfa Aesar
(Massachusetts, USA), has an average diameter 15-30 nm
and a precise surface area (50 mz/g). These NPs were
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highly pure with ~99% purity as well as density of 5.605 g/
cm’.Transmission electron microscopy (TEM) was used
for imaging ZnO NPs by using TEM microscope (Model
H-7650, Hitachi, Japan). Various concentrations of ZnO
NPs used for screening were (0, 25, 50, 75, 100, 150, and
200 mg/L) sprayed after 2 weeks of germination with the
given plant nutrient solutions subsequently sonication for
nearly 30-35 min (Table S1). Based on preliminary experi-
ment, the three levels of ZnO NPs concentrations such as 0,
50, 75, and 100 mg/L were selected.

Seed germination assay

The soybean cultivar Xudou-18 (XD-18) was used in this
experiment and the seeds were taken from the Zhejiang Non-
gke Seeds CO., LTD. Hangzhou, Zhejiang Province, China.
Initially, soybean seeds were sterilized by submerging them
in a 5% sodium hypochlorite (NaClO) solution for 5 min and
soaked hastily with ddH,O to remove impurities. Afterward,
for seed germination assay seeds with the living embryo (50
seeds per box (12 cm X 18 cm) with three different replica-
tions for each treatment) were sown. For 14 days, all germi-
nation boxes were placed in a growth room at 25 °C with an
8-h illumination and 16-h dark cycle. (Cadavid et al. 2020),
and incubated seeds were treated with foliar application of
ZnO-NPs (0, 50, 75, and 100 mg/L) as well as 0 and 100 uM
chromium stress from the day 1*' to estimate the germina-
tion analysis. On the fifth day of germination, germinated
seeds were evaluated for germination energy (GE) and the
percentage of germination (GP) was calculated on day 14th.
Germination Index (GI), Mean Germination Time (MGT),
as well as Vigour Index (VI), was measured by following
formulas (Zheng et al. 2006).

GI = X(Gt/Tt) (D
MGT = Z(Gt x Tt)/ZGt 2)

VI = Germination (%) X [Shoot length (SL) + Root length (RL)]
3)

Gt is considered as the total germinated seeds on day t,
Gt is the total calculated number of germinated seeds on

day t, and Tt is the corresponding time to Gt in days (Zheng
et al. 2006).

Experimental lay out and harvesting

Simultaneously, another lot of seeds was germinated in plas-
tic trays on wet paper towels under the above-mentioned
conditions. The seeds on trays were thinned to get equal-
sized germinated seedlings, which were sprayed with 0, 50,
75, and 100 mg/L ZnO-NPs as a protective measure. The

seedlings were transferred in 2L planting plastic boxes hav-
ing 100 uM or 0 uM Cr in nutrient media solution. The
various concentrations of ZnO-NPs were treated such as 0,
50, 75, and 100 mg/L. The solution was changed after every
two days. Plants with no exogenously applied Cr stress as
well as application of ZnO-NPs were deliberated as control
(CK). After 21 days, samples were harvested, and to conduct
more analysis, samples were frozen with liquid nitrogen and
frozen at -80 °C.

Determination of morphological parameters

The treated and untreated soybean seedlings were harvested
on the 21st day. Then, the measurements of various param-
eters such as plant length (PL), fresh weight (FW), and dry
weight (DW) were carried out (Plucknett and Simmonds
1976).

Determination of photosynthetic attributes

The determination of photosynthetic pigments i.e. chloro-
phyll a, b, total chlorophyll (Chl-a+ b), and carotenoids
were carried out by following the protocol of (Lichtenthaler
and Wellburn 1983). Fresh samples of leaf tissues (0.2 g)
were standardized in 3 mL ethanol (95%, v/v). Later, the
centrifugation of the sample at 5000xg was conducted for
10 min and the supernatant was collected. Afterward, 9 mL
ethanol was poured in 1 mL aliquots and the absorbance was
calculated at the particular wavelengths i.e. 665, 649, and
470 nm via atomic absorption spectrophotometer (iCAT-
6000-6300, Thermo Scientific, USA). The following equa-
tions were utilized for the cunning of pigment amounts:

Chlorophyll a (Chla) = 13.95 A665 — 6.88 A649 4)
Chlorophyll b (Chlb) = 24.96 A649 — 7.32 A665 )
Total chlorophyll content = Chla + Chlb 6)

Carotenoids (Cx +¢) = (1000 A470 —2.05 Chl a —104 Chl b)/245
(N
The quantity of photosynthetic pigments was approxi-
mated as milligrams per liter of plant extract. The observa-
tion of gas exchange parameters was carried out according
to the methodology used by (Sheteiwy et al. 2018). The gas
exchange traits such as net photosynthetic rate (Pn), stomatal
conductance (gs), transpiration rate (Tr), the intercellular
concentration of CO, (Ci), and the photochemical efficiency
of PS II (Fv/Fm) in the leaves were calculated on the com-
plete uppermost wholly extended leaf subsequently 2 h of
acclimatization in a growth chamber at 18 °C, 1000 pmol/
(m? s) light intensity and 60% relative humidity.
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Estimation of electrolyte leakage, total soluble
sugar and total protein content

To determine the electrolyte leakage as EL (dS/m), a5 g
sample was used for each treatment with a minimum of
three replications. Consequently, the seedlings were dipped
in 25 mL ddH,0 and nurtured (25 °C) for 24 h. The sample
was shifted to an alternative blank beaker and ddH,O was
poured to make a volume of 25 mL, EL was expressed in
dS/m according to the method of (Ista et al. 2004).

To determine the total soluble sugar (TSS), the shoot
fresh sample (0.5 g) was homogenized in extraction buffer
followed by centrifugation at 12,000xg for 15 min. After-
ward, the supernatant was used for quantification of TSS
followed by the methodology of the phenol-sulfuric acid
assay (Dubois et al. 1951) as well as a total soluble pro-
tein (TSP) was determined by following the methodology
of Bradford (1976).

Quantification of malondialdehyde (MDA),
hydrogen peroxide (H,0,), and superoxide radical
(0,7) contents

The estimation of MDA content was conducted by taking
1.5 mL of leaf tissue homogenized in 2.5 mL of 5% TBA
as well as diluted in 5% trichloroacetic acid. Later, homog-
enized samples were heated at 90 °C for 20 min, and earlier,
it was immediately chilled on ice and absorption was meas-
ured at 532 and 600 nm wavelengths through a UV-vis spec-
trophotometer. (Hitachi U-2910) following the method of
(Heath and Packer 1968). The MDA content was expressed
as nmol/mg protein.

The hydrogen peroxide (H,0,) contents were estimated
by homogenizing the plant tissues in phosphate buffer and
then centrifugation at 6000xg. The 0.1% titanium sulfate
comprising 20% (v/v) H,SO, was poured into the super-
natant and stirred thoroughly. The strength of the yellow
color was calculated calorimetrically at 410 nm following
(Kwasniewski et al. 2013). The H,O, values were calculated
by creating the standard curve with the known concentra-
tion of H,O, and the reaction mixture of tissue sample was
deliberated as control alongside its interpretations deducted
from treatments. The H,0, values were intended in terms
of (umol/g FW).

The quantification of superoxide radical (O, ™) was done
by following the protocol of Jiang and Zhang (2001) with
little adjustments. Almost 0.5 g leaf tissues were amalga-
mated in 4 mL of 70 mM potassium phosphate buffer, fol-
lowed by centrifugation at 5000xg for 12 min and 1 mL
supernatant was mixed with 0.8 mL of 70 mM potassium
phosphate buffer and 0.2 mL of 10 mM hydroxylamine
hydrochloride. Afterward, the incubation of mixture was
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done for 24 h. Later 1 mL of sulphanilamide (17 mM) was
followed by adding anaphthylamine (7 mM) thoroughly the
mixed for 20 min at 25 °C and 1 mL of n-butanol was added
and centrifuged at 15,000xg for 10 min. The absorbance was
calculated at 530 nm and the production rate of superoxide
radical was premeditated with a standard curve.

Additionally, the H,0, and O," ~ accumulation was
observed inside both shoot and root samples of soybean
plants by using staining with 3,3-diaminobenzidine (DAB),
and nitroblue tetrazolium (NBT), individually. Immersed
shoots and roots were observed under a high digital resolu-
tion microscope camera (Leica MZ-g5, Germany).

Determination of antioxidant enzymatic,
and non-enzymatic activities

The activity of superoxide dismutase (SOD) was analyzed
by using the protocol of El-Shabrawi et al. (2010). The SOD
activity was assayed in U (one U was the amount of enzyme
required to inhibit photoreduction (50%) of NBT) (min/
mg protein). For CAT determination, the extinction coeffi-
cient of 39.4 M~! cm™! was utilized to measure the catalase
activity following the protocol of Hossain et al. (2010). The
peroxidase (POD) activity was estimated according to the
Change and Maehly (1955) method, and the activities of
enzymes were measured in terms of 1 M of guaiacol oxidized
g ! FW min~! at 25+2 °C.

To determine the non-enzymatic activities, the plants tis-
sues were collected and homogenized using a solution of 5%
metaphosphoric acid and 1 mM ethylenediaminetetraacetic
acid (EDTA). Following that, the homogenate was extracted
by centrifugation (12,000xg for 10 min) and subjected to
quantify the GR contents according to the protocol of Schae-
dle and Bassham (1977) with minor modifications whereas,
GSH, and GSSG were estimated by following the methodol-
ogy of Law et al. (1983).

Determination of Cr contents, and micronutrients
in plant tissues

To measure the Cr-metal analysis, dried samples of both
shoots and roots (0.2 g) for each treatment were used and
assimilated by 5 mL concentrated HNO; and HCLO, (5:1,
v/v) on a hot plate at 70 °C for approximately 5 h. The
digested samples were diluted using 2% HNO; to a final
volume of 10 mL and examined. The filtrate was used for the
quantification of Cr and other microelements Cu, Mn, and
Zn using an atomic absorption spectrophotometer (iICAT-
6000-6300, Thermo Scientific, USA) (Khan et al. 2013).
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Statistical analysis

The analysis of all experimental data was performed by
applying analysis of variance (One-way ANOVA) with the
least significant differences (LSD) at p <0.05 and p<0.01
levels amongst mean values using Statistix (8.1) software.
All data demonstrated in this study are the mean values of
three biological replicates. And the experiment was con-
ducted in a completely randomize design.

Results
Plant phenotypic traits

Phenotypic changes are an indicator of Cr stress on soybean
seedlings and foliar spray with various levels of ZnO-NPs (0,
5075, and 100 mg/L) under Cr toxicity showed considerable
changes in comparison to Cr-stressed plants (Fig. 1). Under
alone treatment of Cr, the plant height declined significantly
as compared to the control. However, the plant length was
significantly enhanced when subjected to 50, and 75 mg/L
ZnO-NPs concentration under Cr stress as compared to the
alone treatment of Cr exposure (Fig. 1). Whereas the foliar
use of 100 mg/L ZnO-NPs remarkably enhanced the plant
length under Cr stress in comparison to other ZnO-NPs.

Fig. 1 Comparative effects of
different concentration (0, 50,
75, and 100 mg/L) of ZnO-
NPs on a phenotypic changes,
and b percentage of ZnO-NPs
(100 mg/L) mediated increase
in G.P, G.E, VI, and P/L of
soybean seedlings than control
under chromium (Cr) stress

These phenotypical visualizations suggest that 100 mg/L
ZnO-NPs can significantly promote plant growth under Cr-
induced toxicity.

Seed germination, and plant growth attributes

The germination attributes of seeds such as germination
energy (GE), germination percentage (GP), mean germina-
tion time (MGT), and vigor index (V.I) as well as growth
traits viz plant fresh weight (F/W), plant dry weight (D/W)
and plant length (P/L), were investigated to examine the
effect of Cr stress on soybean seedlings. The Cr treat-
ment for soybean seedlings caused a significant reduction
in germination traits (G.E, G.P, and V.I by 89.34, 86.83,
and 69.12%, respectively) as well as in plant growth such
as (F/W, D/W, and P/L by 69.23, 52.38, and 43.39%, cor-
respondingly) than control (Table 1). Although, MGT was
considerably enhanced (33.67%) under Cr alone exposure
(Table 1). However, the foliar treatment of ZnO-NPs (50,
and 75 mg/L) significantly enhanced the germination indices
such as G.E, G.P, and V.I by 28.32/30.57%, 29.63/32.42%,
and 44.92/47.18%, individually under Cr exposure whereas,
the increment inside the above-mentioned seed germination
indices were more obvious through 100 mg/L ZnO-NPs
concentration by 40.01%, 39.67%, and 62.52%, correspond-
ingly under Cr treatment. At the same time, the MGT was

~_~
=2
~

Percentage (%)

ZnO-NPs concentrations (mg/l) under Cr (100uM) stress

Table 1 Effects of different concentrations of ZnO-NPs application on germination energy (%), germination percentage (%), germination index
(%), mean germination time (%), Fresh weight (g), dry weight (g), plant length (P/L), and vigor Index (V.I) of soybean seeds under Cr toxicity

Treatment names G.E G.P G.I MGT F/wW D/W P/L V.I

CK 94.67+1.15*  94.67+2.31* 33.18+£0.93* 1.95+0.019 0.78+0.01*> 0.09+0.00* 33.03+1.56*° 2.92+0.11%
Cr 50.00+2.00° 50.67+1.15° 11.96+0.57° 2.94+0.08% 0.26+0.02° 0.03+0.009 14.20+0.46° 0.36+0.01°
50+4Cr 69.67+1.15¢  72.00+1.15¢ 22.74+027¢ 226+0.16° 0.52+0.00¢ 0.05+0.00° 22.77+1.22¢ 1.24+0.07¢
75+4Cr 7133 +1.15% 733342170 23.58+0.48¢ 235+0.14* 0.54+0.01°0 0.06+0.00° 23.97+0.70°¢ 1.29+0.04%
100+Cr 83.33+1.15" 84.00+2.00" 27.52+0.08" 2.04+0.11° 0.65+0.02> 0.08+£0.00° 27.57+0.83" 2.06+0.06°

The same letters within a column designate there was no significant difference at a 95% probability level at the p <0.05 level, correspondingly
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decreased in 100 mg/L application of ZnO-NPs seedlings
(38.02%) under Cr toxicity (Table 1). Further, the plant
growth traits i.e. F/W, D/W, and P/L were augmented with
the foliar treatment of ZnO-NPs (50, and 75 mg/L) under Cr
toxicity by 50.18/51.85%, 42.31/49.26%, and 37.63/40.76%,
individually, but the increment was more prominent with
100 mg/L ZnO-NPs as compared to the other ZnO-NPs
treatment levels by 60.13%, 62,50%, and 48.65%, respec-
tively under Cr toxicity stress (Fig. 1b, Table 1).

Effect of ZnO-NPs on photosynthetic pigments
and gas exchange parameters in soybean seedlings
under Cr stress

Comparable to the control, the photosynthetic pigments were
ominously decreased under Cr stress treatment (Fig. 2a—d).
However, foliar addition of 75 mg/L ZnO-NPs caused an
increase in photosynthetic traits (chlorophyll a, b, total chlo-
rophyll, and carotenoid content) up to 25.41, 27.13, 21.53,
and 43.71%, correspondingly but the increase was not a
significant when compared with 50 mg/L foliar supply of
ZnO-NPs in soybean seedlings. Although, the increase in
photosynthetic traits was more apparent with foliar spray
of 100 mg/L ZnO-NPs which showed significant increase
in chlorophyll a up to (9.7%), chlorophyll b (33.27%),
total chlorophyll (38.42%), and carotenoid content upto
(65.95%) under Cr stress than alone treatment of Cr toxicity
(Fig. 2a—d). Likewise, we analyzed that 100 mg/L concentra-
tion of ZnO-NPs significantly improved the Fv/Fm values
as comparable to the control and Cr-stressed plants. It was
further verified through taking the false-colored images of

Fv/Fm, and Fm via using ImagingWin software (IMAGING-
PAM, Walz, Effeltrich, Germany) (Fig. 3a-b).

The gas exchange parameters of soybean seedlings with
foliar application of various ZnO-NPs under Cr toxicity are
presented in (Table 2). Related to the control condition, there
was a significant reduction in Pn, Tr, gs, and Ci values under
the alone treatment of Cr but these values were noticeably
enhanced with 50, and 75 mg/L application of ZnO-NPs
than Cr alone treated plants. These gas exchange attributes
were further augmented with a foliar spray of 100 mg/L
ZnO-NPs concentrations under Cr stress in comparison
to other ZnO-NPs treatment levels (Fig. 3c). These results
showed that 100 mg/L concentration of ZnO-NPs can effi-
ciently alleviate the Cr stress than 50 and 75 mg/L applica-
tions under Cr stress conditions.

Effect of ZnO NPs on MDA, 0, H,0, production,
and electrolyte leakage (EL) under Cr stress

Under Cr toxicity, a visible higher accumulation of H,O,
(82.41%), MDA (73.95%), and O, (79.16%) was observed
in soybean plants as compared to controls (Fig. 4a—c).
Whereas, under Cr-induced toxicity, the treatment of 50
and 75 mg/L ZnO-NPs diminished the accumulation of
H,0, (41.32%), MDA (39.26%) O, (43. 91%) per plant,
correspondingly. Further, the 100 mg/L ZnO-NPs applica-
tion reduced the accumulation of H,0O, by 54.68%, MDA
53.89%, and O, 72.19% per plant, respectively under Cr
exposure as compared to the 50, and 75 mg/L ZnO-NPs
application (Fig. 4a, c).

Fig.2 Influence of ZnO-NPs on (a) 30 (b) 18
photosynthetic pigments of soy- 16 1
bean seedlings under chromium ‘.: 251 2 b ‘: 144
(Cr) stress 2 Ll = 21, b
E 20 c c E 12 T
S = 109 ¢
= 1 = C
z d N NHg—
=3 [=3
£ 107 £ 61
: 2 a
O 5 5 4
2<
0 0
(©) 35 (d)
- a 61 a
2 3 T ~ 5 L B
E 251 b =) d =
= c c E 44 d <
= 20 - @ —
g 157 £ e
= 2 =
© 10 £ 2
E S
g 5 o
0 0
CK 0 50 75 100 CK 0 50 75 100

ZnO-NPs concentrations (mg/L)
under Cr (100pM) stress
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ZnO-NPs concentrations (mg/L)
under Cr (100pnM) stress
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ZnO (100mg/L) + Cr

ZnO (lOl]mg/L) +
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Fig. 3 Influence of ZnO-NPs on a Fv/Fm, and b Fm, and ¢ percentage of ZnO-NPs (100 mg/L) mediated increase in Pn, Tr, Gs, Ci, and Fv/Fm
values of soybean seedlings as compared to the control under chromium (Cr) stress

Table 2 Effects of different concentrations of ZnO-NPs on net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (gs), inter-
cellular concentration of CO, (Ci), and photochemical efficiency of PS II (Fv/Fm) under chromium (Cr) stress

Treatment Name Pn Tr Gs Ci Fv/Fm

CK 9.60+0.51° 6.68+0.03* 0.37+0.01° 589.49 +6.19% 0.97 £0.02?
Cr 5.17+0.04¢ 3.37+0.03° 0.16 +0.00° 312.61+7.05¢ 0.47+0.02¢
50+Cr 6.30+0.08° 4.72+0.03¢ 0.18+0.00¢ 387.11+2.40° 0.63+0.02¢
75+Cr 6.43+0.05¢ 4.73+0.03%4 0.20+0.00°¢ 396.32+2.72° 0.67 +£0.02¢
100+Cr 8.38+0.03" 5.66+0.03° 0.25+0.01° 423.01 +12.51° 0.77 +£0.03°

The same letters within a column designate there was no significant difference at a 95% probability level at the p <0.05 level, correspondingly

Furthermore, a significant upsurge in electrolyte leakage
up to (53.31%) was observed under alone exposure to Cr tox-
icity (Fig. 4d) relative to the control. To some extent the 50,
and 75 mg/L ZnO-NPs foliar exposure reduced the EL by
(32.01, and 33.47%) respectively under Cr stress. Whereas
the 100 mg/L ZnO-NPs treatment minimized the EL by
48.73% under Cr stress (Fig. 4d).

Additionally, the findings related to the accumulation of
H,0,, MDA, and O, were further confirmed thru histo-
chemical staining by foliar application of ZnO-NPs (0, and
100 mg/L) under Cr-induced 100 uM Cr stress (Fig. Sa, d).
The Soybean shoots and roots exposed to 100 uM Cr tox-
icity showed dark brown and dark blue staining for H,O,
and O, . The 100 mg/L. ZnO-NPs applications abridged
the staining intensity of DAB and NBT in soybean shoots

as well as roots as compared to the alone treatment of Cr
exposure under Cr toxicity (Fig. 5a, d).

Effect of ZnO NPs on enzymatic, and non-enzymatic
activities of soybean seedlings under Cr stress

Relative to the normal controls, the exposure to Cr stress
considerably enhanced the antioxidative enzymatic (SOD,
POD, and CAT) activities in soybean seedlings (Fig. 6a—c).
Comparable to the Cr alone treatment, 75 mg/L ZnO NPs
further stimulated the SOD, POD, and CAT (25.67, 38.31,
21.94%) in Soybean seedlings. The optimum increase in
antioxidant enzymes SOD, POD, and CAT value (32.93,
46.34, and 34.61%) were noticed in plants added with
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Fig.4 Influence of ZnO-NPs
on the production of a H,0,, b
MDA ¢5 O, and d EL in soy-
bean seedlings under chromium
(Cr) stress

Zn0 (100mg/L) + Cr
(©) (d)
o ¢ e c* ¢ <
M S
& &
o S
° 4\90

H,0, activity (umol g FW) &

0, (amol min g ' FW) ©

800

700+
600-
500+
400-
300+
200
100+

be

144
12

i AR

CK

-

0

be

50

75

100

ZnO-NPs concentrations (mg/L)

under Cr (100pM) stress

—_
=2
-~

Electrolyte leakage (us em’! g'l) =

MD A activity (nmol mg'l protein)

=

>

c

3.5
3.0+
2.51
2.0+
1.5
1.0
0.57
0.0-

be ¢

CK 0 50 75 100

ZnO-NPs concentrations (mg/L)
under Cr (100uM) stress

Ry ..

© ZnO (100mg/L) + Cr

Fig.5 Effects of ZnO-NPs on the histochemical staining of shoots, and roots to identify the accumulation of hydrogen peroxide (H,0,) and
superoxide (O, 7) by 3, 3-diaminobenzidine (DAB) and nitro blue tetrazolium (NBT)

100 mg/L ZnO NPs under Cr stress as comparable to the

alone disclosure of Cr stress (Fig. 6a—c).

The result indicated that the application of ZnO NPs
had a positive impact on the non-enzymatic activities
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of Cr Stressed Soybean plants. The Cr-exposed plants
showed increased activity of GR, GSH, and GSSG up to
(56.72, 69.31, and 51.44%) in contrast to controls. Inter-
estingly the treatments of ZnO NPs reduced the activities
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Fig.6 Influence of ZnO-NPs
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of GR, GSH, and GSSG by (34.71, 29.27, and 37.89%)
and (35.02, 31.93 and 39.32%) in 50, and 75 mg/L ZnO
NPs applied plants individually in comparison to the alone
Cr stress condition (Fig. 7a—c). However, the maximum
decrease in values of non-enzymatic antioxidant activi-
ties such as GR, GSH, and GSSG was found up to (39.92,

37.33 and 47.21%), was noticed with foliar application
of 100 mg/L ZnO NPs treatment under Cr exposure
(Fig. 7a—c). These results explained that 100 mg/L ZnO
NPs noticeably scavenges the overproduction of reactive
oxygen species under Cr-induced toxicity and improves
the tolerance capability of soybean plants.
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Fig.8 Influence of ZnO-NPs on (a) (b)
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Relative to the control, the TSS, and TSP content was sig-
nificantly decreased in soybean seedlings under Cr expo-
sure (Fig. 8a, b). However, the foliar treatment of 50, and
75 mg/L ZnO-NPs enhanced the TSS, and TSP content by
(38.23, 32.86%), and (38.92, 33.71%) respectively under
Cr toxicity than the alone application of Cr. Moreover, the
foliar treatment of 100 mg/L. ZnO-NPs caused a significant
increase in TTS up to (to 56.79%), and TSP (49.21%) under
the Cr stress (Fig. 8a, b).

Effect of ZnO NPs on Cr content and nutrient uptake

In comparison to the control, the Cr accumulation was
augmented in roots and shoots of soybean plants under
exogenously applied alone treatment of Cr stress and the
higher Cr accumulation was found in Soybean roots than
shoots (Table 3). The foliar addition of ZnO-NPs 50, and
75 mg/L significantly decreased the Cr uptake inside roots,
as well as translocation toward shoots in soybean seed-
lings, but the prominent reduction was seen with 100 mg/L
ZnO-NPs foliar spray under Cr stress (Table 3). Further,
under the alone treatment of Cr toxicity, a significant

ZnO-NPs concentrations (mg/L)
under Cr (100pM) stress

decline in micronutrient (i.e. Mn, Fe, and Zn) uptake,
and translocation were observed inside soybean plants.
The decline was more obvious in roots as compared to the
shoots (Table 3). Interestingly, the foliar supply of 50, and
75 mg/L ZnO-NPs improved the micronutrient uptake and
translocation balance inside soybean seedlings by restrict-
ing the Cr uptake, and accumulation significantly. How-
ever, a significant diminution in Cr uptake and nutrient
accumulation was found in 100 mg/L. ZnO-NPs treatment
than alone Cr exposure under Cr-induced toxicity.

Discussion

ZnO-NPs play a vital role in plant growth by emancipat-
ing the Zn element which is intricate in cell division, and
cell expansion through the synthesis of the auxin, and
indole-3-acetic acid (Rai-Kalal and Jajoo 2021; Adrees
et al. 2021). Chromium is a toxic heavy metal that can
change its oxidation states and confers damage to living
organisms when released into the environment (Sharma
et al. 2022). Chromium translocation inside plant tissues
can disrupt enzyme activities, damage cell wall integ-
rity, reduce the photosynthetic process, and may cause
yield loss. The exploitation of nano-biotechnology is a

Table 3 Effects of different concentrations of ZnO-NPs on micronutrients uptake in both shoots, and roots of soybean seedlings under chromium

(Cr) stress

Treatments  Elemental concentration (mg/g DW)

Shoots Roots

Cr Mn Fe 7n Cr Mn Fe 7n
CK - 1.52+0.26*  0.10+£0.10*  0.29+0.02¢ - 0.51+0.06*  0.19+0.03* 021+0.11¢
Cr 1.08+£0.08%  044+0.10° 0.05+0.01* 0.16x£0.02¢  4.98+0.48  0.23+0.01¢  0.06+0.01° 0.09 +0.04°
50+Cr 0.73+0.00° 1.05+0.11"  0.07+0.01* 0.33+0.03* 337+048" 0.30+0.04° 0.07+0.02*  0.23+0.07*
75+Cr 0.69+0.05° 1.08+0.04* 0.07+0.01* 0.36+0.02° 325+0.34°* 0.32+0.01° 0.07+0.01°  027+0.02*
100+Cr 042+0.01°  144+0.02*  0.09+0.04* 047+0.05* 1.79+0.74° 046+0.18"  0.12+0.02**  0.39+0.40"

The same letters within a column designate there was no significant difference at a 95% probability level at the p <0.05 level, correspondingly
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fast-growing approach to increase crop yield and remedi-
ate heavy metals contaminated soils for sustainable agri-
culture to overcome the increasing global food demand.
Germination indices and plant growth are fundamental
preliminary factors to detecting Cr-induced oxidative
damage in plants. In the current study, Cr stress dimin-
ished the seed germination attributes (GE, GP, GI, VI),
and reduced plant biomass traits such as (F/W, D/W, P/L)
which might be caused by Cr-induced reticence of growth
process, disturbance in water uptake balance and reduced
nutrient uptake (Table 1). It was envisaged that decreased
germination attribute may have resulted due to Cr accu-
mulation inside the seed coat. Besides, reduced fresh and
dry biomass might have happened due to decreased water
absorption, nutrient acquisition, and Cr accumulation
inside root cells (Shahid et al. 2017; Abbas et al. 2020).

The Zinc nanoparticle treatment acts as a slow Zn-
fertilizer and is an important source of Zn elements that
enhance the metabolic activities in plants (Li et al. 2019).
Inside our research, the foliar supply of ZnO-NPs relieved
soybean seedlings from Cr stress and increased the seed
germination traits concurrent with plant growth as depicted
in (Table 1). Our finding corroborates with (Faizan et al.
2021b) who reported that Zinc NPs substantially increased
the growth and biomass in Lycopersicum esulentum under
Cd stress via decreasing metal accumulation. Further, a nota-
ble increment in foxtile millet has been reported through
the foliar application of Zinc NPs (Kolencik et al. 2019).
Current findings demonstrated that Cr stress significantly
reduced the photosynthetic efficacy of soybean seedlings
by deteriorating the chlorophyll and carotenoids content or
either disrupting the chlorophyllase biosynthesis as reported
in different plants (Fig. 2). The decreased chlorophyll con-
tent may have occurred due to inhibition in Fe-uptake and
suppressed heme-based enzyme activities responsible for the
chlorophyll synthesis which may have a deleterious influ-
ence on plant growth (Sharma et al. 2021).

Results revealed that photosynthetic traits were con-
siderably decreased in response to Cr stress which leads
toward stomatal closure and inhibition of CO, absorption
in Cr-stressed plants as presented in (Table 2). Further-
more, decreased water transport leading to reduced tran-
spiration rate (Tr) might have occurred owing to stomatal
closure (Chaves et al. 2009; Flexas et al. 2012). Heavy
metal-induced oxidative stress destroyed the mesophyll
cells, and caused leaf shrinkage which ultimately decreases
(Gs), (Ci), and (Pn) values and leads to diminished photo-
synthesis (Flexas et al. 2012). Photosystem II is essential
for plants to engage in photosynthesis and Fv/Fm is used
to measure the activity of PS II (Maxwell and Johnson
2000). Chromium-induced stress lowered the value of Fv/
Fm which represents alterations in PS II and causes photoin-
hibition (Pan et al. 2018). Application of Zinc nanoparticles

significantly improved the (Gs), (Ci), (Pn), and Fv/Fm values
of Cr-stressed seedlings which indicate growth promoting
ability of ZnO NPs. Similarly, Zinc nanoparticles reportedly
enhanced the development of chloroplast and repaired PS 11
under a stress environment (Salama et al. 2019; Spormann
et al. 2021). Likewise, ZnO-NPs enhanced the photosyn-
thetic attributes and these outcomes are concurrent to the
findings in wheat against Cd exposure (Hussain et al. 2018),
in soybean under arsenic (Zeeshan et al. 2021), in rice under
arsenic (Wu et al. 2020), and inside wheat under lead toxic-
ity (Raghib et al. 2020).

Results demonstrated that Cr-induced stress enhanced
MDA formation which is indicative of cell membrane
damage, and oxidative stress is associated with (O, and
H,0,) production as well as electrolyte leakage in soybean
seedlings (Figs. Sa—c, 4a). Lipid peroxidation and injury
to DNA and RNA structures concurrent with disruption of
enzymatic activities might result from elevated levels of
MDA and H,0O, generation (Chaves et al. 2009; Maxwell
& Johnson 2000). These findings are parallel to those in
rice (Basit et al. 2021; Mostofa et al. 2019), Brassica napus
(Ulhassan et al. 2019), besides Brassica juncea (Kohli et al.
2018) wherein lipid peroxidation marked increased when
plants were exposed to HMs stress. It was also noted that
the Cr stress caused lipid peroxidation to increase than oxi-
dative stress, indicative of membrane damage which was
further confirmed through histochemical staining of both
roots, and shoots of soybean seedlings (Fig. 5). Besides high
dose of Zinc nanoparticles relieved the Cr toxicity in soy-
bean seedlings through decreased MDA accumulation and
scavenging H,O, by converting them into H,O and enhanced
antioxidant activities. Previous studies corroborated with
our outcomes that ZnO-NPs application decrease the ROS
accretion, MDA contents, and electrolyte leakage of differ-
ent plant species (Bandyopadhyay et al. 2015; Hussain et al.
2018; Rizwan et al. 2019a; Zeeshan et al. 2021). Under Cr
stress we observed decreased TSS and TSP content in soy-
bean seedlings (Fig. 4b, ¢). Plant accumulate TSP and TSP
contents to mitigate stress by facilitating metabolism thereby
growth. Additionally TSS, and TSP are linked with photo-
synthesis activity in plants (Mostofa et al. 2019). However,
Zinc nanoparticle spray facilitate the TSS and TSP accumu-
lation in Cr stressed plants as presented in (Fig. 4b, c). The
increased level of TSS and TSP assists plants to overcome
Cr-induced toxicity by improving the structural stability and
metabolic functions in plants (Mostofa et al. 2019).

Antioxidants (enzymatic, and non-enzymatic) are pon-
dered as the first line of defense against abiotic stress. In
the current study, soybean seedlings showed augmented
levels of SOD, POD, and CAT accumulation against Cr
stress. Plants tend to upregulate antioxidant levels which
serve as ROS scavengers in a metal-stressed environment
and diminish the oxidative hassle (Ahmad et al. 2020). Zinc
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nanoparticles substantially increased the levels of antioxi-
dant levels (SOD, POD, and CAT) in Cr-stressed soybean
seedlings to overcome the metal-induced damage and initiate
a defense mechanism (Fig. 7a—c). The inhibitory effect on
ROS biosynthesis through the Zinc NPs application has been
stated in rice and Brassica napus under chromium (Ulhassan
et al. 2019) toxicity. Non-enzymatic antioxidants GR, GSH,
and GSSG were elevated under Cr stress in soybean plants in
comparison to the control. Likewise, alterations in non-enzy-
matic activities were observed in soybean (Wani et al. 2018)
and Vigna angularis (Ahanger et al. 2020) under metal stress
conditions. The ZnO-NPs foliar spray up-regulated the non-
enzymatic activities under Cr stress inferred decreased accu-
mulation and consequent oxidative damage. A recent study
(Zeeshan et al. 2021) reported that the up-regulation of the
non-enzymatic system under NPs application can overcome
the arsenic-induced stress. In this study, Cr contents were
enhanced whereas micronutrients (Mn, Fe, and Zn) were
decreased in roots and shoots of soybean seedlings with-
out ZnO NPs application. However, it was anticipated that
ZnO NPs condensed the uptake of chromium in the root and
shoot tissue of soybean seedlings. The ZnO-NPs may act as
a metal binding agent behind the possible mechanism of Cr
sequestration and sequester it into the vacuole by forming a
complex with Cr ions (Rizwan et al. 2019a). Increased Zn
content concurrent with other nutrients by Zinc NPs has
been reported by (Faizan et al. 2021a) which specified their
association with growth augmentation, and crop protection
against metal stress. The potential of ZnO NPs to decrease
metal content was reported by (Faizan et al. 2021a) inside
wheat (Adrees et al. 2021). Hence, this study suggests that
the application of Zinc NPs can offer novel prospects to
develop the formulation that can further use as a remedy for
the metal stressed environment for sustainable agriculture.

Conclusion

Herein, our study demonstrated that employing ZnO-NPs
can alleviate Cr stress through modulation in Cr uptake
antioxidant machinery and nutrient balance. Our results
confirmed that Cr-stressed toxicity significantly inhibited
soybean growth, biomass, antioxidant system, and nutrient
uptake. Application of ZnO-NPs (especially 100 mg/L) con-
fers advantageous effect on growth as reflected from higher
biomass, photosynthetic apparatus, enzymatic and non-
enzymatic antioxidants while maintaining decreased levels
of lipid peroxidation, electrolyte leakage, and Cr uptake and
translocation. It was concluded that ZnO-NPs can be used
as a proficient remediation tool for crop growth in Cr pol-
luted environment for sustainable agriculture, which may
be endorsed to improve the plant growth, biomass, and
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chlorophyll pigments in ZnO-NPs treated soybean plants
against Cr stress. It is highly recommended that the ZnO-
NPs fertilizers can alleviate Cr-induced phytotoxicity, and at
the same time enhance soybean plants growth and develop-
ment. It was further proposed that the field trials should be
performed to draw parallels among cost-profit ratio, yield
losses, and environmental restoration are recommended to
further validate the ZnO-NPs (100 mg/L) as a remediation
agent in Cr-contaminated soils.
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