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Abstract

Nanoparticles have potential to mitigate the harmful effects of wastewater in agricultural crop, reducing
crop contamination and improving wheat growth and development. However, no information has been
reported concerning the impact of seed priming of biogenic MnO-NPs on the germination and physiochemical
parameters of wheat crop under wastewater stress condition. The current study examined the impact of primed
seed with biosynthesized manganese oxide nanoparticles (MnO-NPs) from Bacillus flexus on wheat growth
under wastewater stress. This study was conducted in a pot experiment. Wheat seeds were primed with
different concentrations of MnO-NPs (0, 20,40, 60, 80, and 100 mg L"'). Primed seeds were sown in
wastewater-polluted soil. The pot experiment was conducted for 30 days. The soil in the pots was kept
consistently moist, with moisture levels at about 60-70% of the soil's maximum water-holding capacity.
Control included seeds without MnO-NP priming. The wastewater contained contaminants such as heavy
metals and organic pollutants. The result showed that 80 mg L'MnO-NP treatment showed a more positive
impact in combating wastewater stress. MnO-NPs at 80 mg L™ positively influenced wheat seed germination
parameters up to 57% and growth attributes by 63.75% compared to the control treatment. Moreover, seed
priming with MnO-NPs at 80 mg L improved gas exchange attributes by 67%, increased chlorophyll contents
by 53.5%, and enhanced antioxidant enzyme activities: 38% for superoxide dismutase (SOD), 61% for
ascorbate peroxidase (APX), 65% for catalase (CAT), and 55% for peroxidase (POD). Meanwhile, hydrogen
peroxide(H,O,), malondialdehyde (MDA), and electrolyte leakage (EL) were decreased by 51%, 69%, and 52%
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respectively. These results demonstrate that primed seed with MnO-NPs can significantly enhance wheat's
germination and biochemical attributes under wastewater stress, providing a promising approach for
improving crop resilience and productivity in wastewater polluted conditions.

Keywords: biochemicals attributes; cereal crop; manganese oxide nanoparticles; wastewater
reuse; wheat

Introduction

Due to global water scarcity, wastewater is much needed for agricultural irrigation reuse (Al-Suhaibani
et al, 2021; Seleiman er al, 2021). Generally, this wastewater is used to irrigate the field crops near the cities.
The improper disposal of such wastewater leads to water, air, and soil pollution. This problem is even more
severe in developing countries, where wastewater is utilized for various purposes, including irrigation (Haidri
et al, 2023; Rubab er al, 2023). Untreated or inadequately treated wastewater may negatively impact soil,
plants, ecosystems, and human beings. The quality of irrigation water plays a crucial role in farming practices,
directly influencing the soil's physical and chemical properties and the overall crop yield. Using low-quality
irrigation water, such as wastewater or saline-sodic water, reduces crop yield and contributes to soil
deterioration (Hashem and Q4i, 2021). Estimates suggest that water demand will rise by approximately 30% by
2040 (Kumar and Lee, 2012). It is estimated that the world produces over 359 billion cubic meters (95 trillion
gallons) of wastewater annually (Hashmi er a/, 2023). There are many sources of wastewater, i.c., industries,
household activities, etc. Household activities contribute significantly to wastewater generation, especially in
urban areas (Ahmed er al, 2022; Fu et al, 2022; Irfan er al, 2023).

Rapid industrialization, urbanization, and increasing population are putting tremendous pressure on
natural resource utilization and ecosystem deterioration (Barros Ruas er al, 2022; Zhang er al, 2022).
Wastewater contains large amounts of salts and heavy metals which may affect the physiological processes,
particularly in salt-sensitive crops, and lead to lower crop yield (Zi et al, 2022; Mustafa et al, 2023). Moreover,
there are many studies, that show that heavy metals hinder the metabolic process of the crops. Especially, heavy
metals like Cd, Cu, Zn, Pb, and Hg can replace the central atom of chlorophyll and magnesium (Anderson er
al, 2022; Liu er al, 2023). This replacement interferes with chlorophyll's ability to absorb light, hindering
photosynthesis in stressed plants. Photosynthesis involves the absorption of light energy, which is then
converted into biochemical energy (Shebl ez al, 2019; Haidri et a/, 2024). Recently, nanomaterials have gained
significant attention across various fields (Ahmad et a/, 2023; Seleiman et al, 2023). Previous studies have
proven that nanoparticles (NPs) are highly effective in reducing the risks posed by abiotic stresses in plants (Ye
etal,2019; Al-Selweyer al, 2023; Shafqat et al, 2023). Bacterial synthesis of nanoparticles is often considered
more efficient than plant-based synthesis for several reasons: control over synthesis conditions, higher yield,
and cost-effectiveness. Silver nanoparticles (AgNPs) were found to mitigate the toxic effects of lead in two
genotypes of Vigna radiata. The results showed that 25 mg L' of AgNPs was the optimal concentration,
yielding the best results in both genotypes (Chen er al, 2022). Another study showed that selenium
nanoparticles SeNPs at 10 mg L have alleviated the harmful effects of drought and heat stresses on wheat
(Triticum aestivum L.) seedlings (Omar eral, 2023). Similarly, due to their multiple functions, reports showed
that NPs have been used in wastewater reclamation. Previous studies showed that MnNPs and ZnNP have
been used to remove pollutants from wastewater (Harsh er al, 2023). Biosynthesized MnNPs used for
wastewater treatment demonstrated a 79% removal of COD (Chemical Oxygen Demand) from the
wastewater (Ishfaq er al, 2023). Biosynthesized ZnNPs used for wastewater treatment demonstrated a 76.5%
removal of COD (Chemical Oxygen Demand) from the wastewater (Haidri ez al, 2023).

Crops are a significant source of essential nutrients for animals and humans (Rubab er al, 2023).
Important minerals like iron (Fe) with manganese (Mn) must be absorbed, and this depends upon soil
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properties along with the presence of microbes and the soil's nutrient concentrations (Mpanga er al,
2022). Plant development depends on the germination of seeds and after that establishment of seedlings
(Heidari and Kahrizi, 2018). The nutritious composition of seeds may be enhanced by using nano-priming
methods with micronutrients like zinc and magnesium, according to earlier research (Ishfaq er al, 2023, 2025).
Primed seed with nanoparticles has increased attention in today’s research to improve crop yield (Gao er al,
2024). Primed seeds often show better tolerance to various stresses, including heavy metal stress. They may
have improved antioxidant defenses and detoxification mechanisms. According to the research, seed priming
enhances phenolic accumulation, nutrient uptake, photosynthetic activity, net assimilation rate, leaf area index,
relative water content (RWC), chlorophyll (Chl) content, and antioxidant enzyme activities (Imran er al,
2021; Ahmad er al, 2024). Recently, reports exposed that nano-priming improved the morpho-physiological
attributes of plants under stress conditions. For example, chili ( Capsicum annumL.) seeds priming with metal
oxide nanoparticles (zinc, titanium, and silver) enhanced seedling growth processes (Kumar e a/, 2020).

Wheat (7riticum aestivum L.) is an essential crop for 35 percent of the world's population. As per
(Wheat and Glutens 1996), it is acknowledged as the principal cereal crop globally. According to a recent
survey, it is the second most farmed crop after maize, with a global production of 749 million tons (Shafqat ez
al,2023). So, Numerous items that support the cattle, as well as poultry feed industries, are made from wheat.
Pakistan is among the nations where a scarcity of water represents an issue. Water scarcity and irrigation with
wastewater are two more serious problems associated with wheat cultivation (Rhaman er al, 2022; Irfan et al,
2023). Therefore, this research aimed to evaluate the role of MnO-NPs in maintaining plant development and
mitigating the negative impacts of wastewater. Specifically, we implemented seed priming with MnO-NPs to
enhance seed germination and developmental performance. Seed priming accelerates germination, enabling
dormant seeds to germinate more rapidly and uniformly. This method helps plants become more resilient to
various environmental stresses, including those induced by wastewater (Sytar er al, 2019). The current
research offers a new method for mitigating the negative impacts on wheat crops using biosynthesized MnO-
NPs as seed priming. Therefore, this study was conducted with the following objectives; i) to mitigate the
negative impact of wastewater stress on wheat by using the biogenic MnO-NPs, ii) to improve the germination
and biochemical attributes of wheat under wastewater stress.

Materials and Methods

Biosynthesis and characterization of MnO-NPs

It was reported that Ishfaq er al (2023) that manganese oxide (MnO) nanoparticles were synthesized
using Bacillus Aexuswith 10 mM MnCl.4H,O. Bacteria cultured in 100 mL nutrient broth on a rotary shaker
(120 rpm, 28 °C) for 24 hours turned from yellow to dark brown upon adding 0.1 mM MnCl,. After shaking
for 24 hours, centrifugation (700 rpm, 10 min), and oven drying (24 hours), MnO-NPs were obtained. There
are some common analytical instruments and techniques used for characterizing nanoparticles: Scanning
Electron Microscopy (SEM), X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR),
Ultraviolet-Visible Spectroscopy (UV-Vis). These nanoparticles (MnO-NPs) were subsequently applied to
wheat plants against wastewater stress conditions. The UV-visible spectrometer detected a peak at 325.23 nm,
indicating the biosynthesis of MnO NPs in Figure 1A). SEM results showed that MnO nanoparticles are
agglomerated flakes with spherical particles (Figure 1D). XRD analysis revealed that the MnO-NPs have an
average size of 21 to 30 nm (Figure 1B). Furthermore, FTIR of MnO-NPs was examined the strongest peak at
3397.55 cm™ was observed due to the broad bonded N-H/O-H stretching group of alcohol and amine. The
peaks at 1725.41 cm™ and 1532.05 cm™ represented the C-O group of aldehydes and N-O stretching group of
nitro compounds, respectively. The peaks at 1230.24 cm™ were due to the C-O group of ether stretching
(Figure 1C).
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Figure 1. Characterization of MnO-NPs: UV-VIS spectroscopy (A), XRD (B), FTIR (C), and SEM (D)
(Ishfaq eral, 2023)

Sample collection of wastewaters

Samples of wastewater were collected from the industrial drainage near Sargodha Road, Faisalabad,
Pakistan (31°25'15” N 73°5'21" E). This area is known for its industrial activities and wastewater outlets,
including textile mills, dyeing units, tanneries, and metalworking factories. These samples were centrifuged at
1000 RPM to remove particles and stored at 4 °C to analyze their physical and chemical properties.
Wastewater's physicochemical characteristics were examined according to the standard methods of Arshad and

Shakoor (2017)(Table 1).

Table 1. Analysis of different parameters of wastewater

Parameters Value
Color removal 0.14
EC(dSm") 54
PH 8.6

COD (mgL") 371
TDS (mgL") 3403
Sulfates (mg L") 761
Phosphates (mg L") 345
Manganese (mg L) 15

Seed priming with MnO-NPs

Wheat seeds (Akbar-2019) were sterilized using sodium hypochlorite for 2 minutes. Wheat seeds were
splashed with deionized water to clear the residue. For seed priming, a 100 mL solution was prepared with
diverse concentrations of MnO-NPs (0, 20, 40, 60, 80, and 100 mg L™). Initially, nanoparticles were dispersed
via mechanical stirring and ultrasonic agitation (100 W, 40 kHz) using sonicators in distilled water for
approximately 30 minutes to prevent particle aggregation (Arikan er a/, 2022). 100 mL of the resultant
solution was used to soak 400 wheat seeds of varying sizes. After soaking, seeds were dried to their initial
moisture content and stored 4 °C pot experiment.
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Experimental conditions

The pot study was conducted in October 2024 under natural environmental conditions (67 + 5%
humidity, 28/22 °C Day/night temperature, respectively, and light intensity PPFD, 23 pmol m-2s") at the
garden of GCUF, Faisalabad, Pakistan (31.4° N, 73.06° E). Soil samples were collected from an agricultural
field. Surface soil, within the depth range of 0 to 15 cm, was collected in triplicate through an augur. These soil
samples were randomly placed in polythene bags. Soil samples were assorted to create composite samples with
uniform properties. The soil was sieved to remove stones and other contaminants. Soil's physicochemical
characteristics were examined according to the standard methods of Kumar and Rao (2017) before filling in
pots (Table 2). Every pot was filled with Skg of soil. A total numberof 36 pots were used for this experiment.
Pots were divided into two groups; the 1 was irrigated with distilled water, while the 2™ was irrigated with
wastewater. In the control group of distilled and wastewater, plants were irrigated with distilled water and
wastewater with zero concentration of MnO-NPs. There was a total of five treatments of MnO nanoparticles:
T1=20 mg L' MnO nanoparticles, T2 = 40 mg L MnO nanoparticles, T3 = 60 mg L" MnO nanoparticles,
T4 = 80 mg L' MnO nanoparticles, TS = 100 mg L' MnO nanoparticles. 10 primed seeds were planted in
individual pots. The plants were thinned after germination and 4 plants were kept per pot. These 4 plants were
then utilized for assessing germination parameters. The plants were harvested after 30 days of sowing. Roots
and shoots of plants were taken from each pot washed with distilled water and then stored at 4°C for further
analysis.

Table 2. Studies of all physiochemical properties of soil

Parameter Unit Reading
Texture - Clay loam
E.C. dS m! 7.9
pH - 2.8
Nitrogen % 0.6
Phosphorous MgL' 11.8
Potassium MgL' 150
Organic matter % 0.79

Germination parameters

At 2" day of sowing, the germination rate of the wheat seeds was examined using the methodology of
Lahuta er al (2022). Five days after sowing, plumule, and radical lengths were measured. The methodology of
Abou-Zeid er al (2021) was used to determine the length of the shoot and roots. The seedling vigor was
calculated using the following equations:

Vigor index = Germination% x Seedling length (Root + Shoot)

Plant physical parameters

After 30 days of sowing, plant biomass and growth parameters were examined by following the protocol
of Mazhar er a/ (2023). From each pot, the average shoot and root length, fresh root, and shoot weight were
calculated.

Gas exchange parameters

Using the methods described by Macedo e a/ (2021), the Infrared Gas Analyzer (ADC-225-MK3 +
WA-161-MK3A Hoddesdon, UK) was used to assess gas exchange parameters such as net photosynthetic rate,
stomatal conductance, transpiration rate, and water usage cfficiency. These measurements were taken before
the one week of harvest.

Chlorophyll contents

The chlorophyll content, which includes chlorophyll a, chlorophyll b, and carotenoids, was estimated
by using the methodology of Lichtenthaler and Buschmann (2001). 0.5 grams of leaf material were ground in
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10 ml of 80% (v/v) acetone. Then, the extract was separated by centrifugation at 10,000 rpm for 10 minutes.
The supernatant was gathered and kept in refrigerate at -4 °C. According to Lichtenthaler and Buschmann
(2001), a spectrophotometer (IRMECO U2020) was utilized to measure the amount of chlorophyll at three
distinct wavelengths (663, 645, and 480).

Total Chl = [20.2(OD 4s) — 8.02(0D ;)] x v/w x 1/1000

Chl a = [12.7(0OD 4;) — 2.69(0D 4s)] x v/1000 x w

ChL b =[22.9(0OD as) — 4.68(0OD 4)] x v/1000 x w

A Car. (ug/g FW) = OD 450 + (0.114 x OD 663) X (0.638 x OD 445)

where Car = A Car/Em 100% X 100, emission = Em 100% = 2500, OD = absorbance at respective
wavelength, V = volume of the extract (mL), and W = weight of the fresh leaf tissue (g).

Estimation of proline and phenolic content

Proline concentration in wheat plants was measured using the Troll and Lindsley (1955) method. 10 ml
of 30% sulpho-salicylic acid was used to grind fresh leaf (0.5 g), and filter paper was used to filter the mixture.
Glacial acetic acid and acid ninhydrin (2 ml) were combined with the filtrate solution. A water bath was used
to heat the resultant mixture to 100 °C for 60 minutes. The absorbance of the resulting solution was examined
by a spectrophotometer (IRMECO U2020) at 520 wavelengths.

Phenolic concentration in wheat plants was measured using the Julkunen-Tiitto (1985) method. Fresh
leaves (0.5 g) were crushed with 5 ml of the enzyme extract in 80% (v/v) acetone. After that, the mixture
solution was centrifuged at 10,000 rpm for 10 minutes. 1 ml of Folin-Ciocalteu's phenol reagent and 2 ml of
distilled water were added to produce 0.1 ml of the supernatant. Afterwards, 5 milliliters of sodium carbonate
were added to the mixture solution, and distilled water was used to increase the volume to 10 milliliters. At 750
nm, the absorbance of the solution was measured with a spectrophotometer.

Estimation of antioxidants

Through spectroscopic evaluation, various enzymatic antioxidant content such as SOD, POD, APX,
and CAT in wheat plants were examined. Machly (2006) method was used to measure SOD and POD
content. Fresh samples of leaves were washed using distilled water. From these, a fresh leaf of 0.5 g was ground
in 0.05 M phosphate buffer (pH 7.8). The centrifugation was done at 4000 rpm for four minutes at 4 °C; the
cooled temperature was set at 4 °C.Finally, the supernatant was collected and subsequently, the
spectrophotometer was utilized for the SOD and POD activity measurements. To score the CAT activity, the
Cohen er al (1996) method was used. An experimental solution that comprised 3 mL in 1 L of H,O,, which
was approximately 100 mg mL", 100 mL of sample (3000 mM) was prepared. At 240 nm, the absorbance of
the solution was measured with a spectrophotometer. To assess the activity of APX enzymatic activity the

procedure originally described Amako er al (1994) was applied.

Estimation of electrolyte leakage

Thalhammer et al (2014) procedure used to calculate electrolyte leakage (EL). The reagent used in this
experiment is 8 milliliters of distilled water to wet a 5 mm plant sample. Then, by interacting twice with a water
bath kept at 32 °C for 2 hours, it remained. The sample's starting electrical conductance (EC1) has been
calculated. After that, the sample was put in an autoclave for 20 minutes at 121 °C to cleanse the remaining
electrolytes. When at T = 25 °C, the sample's second electrical conductance (EC2) was recorded in the
experiment. For this, the equation for EL was used as follows:

EL = (EC1/EC2) x100
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Estimation of hydrogen peroxide and malondialdehyde content

By following the method of Eisenberg (1943), fresh leaves (50 mg) were ground with phosphate buffer
(50 mM, pH 6.5) to quantify H,O,. The amount of H,O, present was measured by centrifuging a mixture
containing 3 mL of enzyme extract and 1 mL of titanium sulfate in 20% (v/v) H,SO4 at 6000 rpm for 15
minutes. The absorbance of this solution was measured by spectrophotometer at 410 nm.

A method described by Davey er al (2005) was used to measure the quantity of MDA. 5 mL of
trichloroacetic acid (TCA) at a 0.1% concentration was combined with one gram of leaf extract. For five
minutes, the solution was centrifuged at 10,000 rpm for 10 minutes. 1 mL of the supernatant was combined
with 20% TCA (4 mL) and 0.5% thiobarbituric acid (TBA). After 30 minutes at 95 °C in the water bath, the
mixed solution was allowed to cool to room temperature. The mixture's absorbance was measured at 532 nm
using the spectrophotometer after 10 minutes of centrifugation at 10,000 rpm.

Estimation of Mn concentration in whear

The method Bhat er a/ (2010) was followed to estimate manganese concentration in wheat. The dried
sample of plant shoot and root (0.5g) was splashed with distilled water and taken in the flask. The samples were
mixed with concentrated nitric and perchloric acids (HCIO4-HNQO3). They were added at 1:3 and kept for 24
hours. The mixed solution was boiled until all the samples were dissolved. To ensure the quality of the sample
result, a blank solution is maintained as a control. The amount of Mn was measured using atomic absorption

spectroscopy (Hitachi, Model 7JO-8024; Tokyo, Japan).

Statistical analysis

The statistical analysis was performed using Statistix 8.1 to conduct a two-way analysis of variance
(ANOVA). Statistical design was performed in complete randomized design (CRD). The experiment
was conducted in triplicates. To determine whether there were any statistically significant variations between
the means of the different treatments, the 95% confidence level Fisher's Least Significant Difference (LSD) test
was utilized. The results are presented as mean values + standard deviation (SD). A significant variation is
indicated by treatments with different letters.

Results

Germination parameters of seed

Results displayed that in wastewater, seed priming at the concentration of 80 mg L™ led to a significant
increase of 40% in germination percentage, 70% enhancement in radical length, 40% growth in Plumule length,
and 70% risc in seedling vigor index (SVI), compared to the control treatment (Figure 2A-D). Similarly, primed
seeds with MnO nanoparticles (NPs) at varying concentrations showed variable germination percentages;
however, maximum germination was observed at 80 mgL " In distilled water, seed priming at the concentration
of 80 mg L' led to a significant increase of 44% in germination percentage, 75% enhancement in radical length,
44% growth in plumule length, and 72% rise in Seedling Vigor Index (SVI), as well as the control treatment.
When the concentration increased to 100 mg L, both germination and growth showed a decline due to the
possibility of toxicity.
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Figure 2. Effect of seed priming with different concentrations of manganese oxide nanoparticles on
germination attributes of wheat seedlings (mean + standard error; n = 4)
GR germination rate(A), shoot length (B), Root length (C), vigour index(D)

Plant physical growth ateributes

The study evaluated the effects of primed seed with varying concentrations of MnO-NPs on wheat
growth under wastewater stress by measuring shoot and root heights, as well as fresh shoot and root biomass
(Figure 3A-D). Results showed a significant reduction in shoot and root height, fresh weight (FM), and dry
weight (DM) due to the imposition of wastewater stress. However, seed priming with MnO-NPs enhanced the
physical growth parameters of wheat plants. The treatments (wastewater and distilled) where seeds were
primed with 80 mg L' MnO-NPs showed the highest development in plant heights; nevertheless, the distilled
water treatment showed an increase in plant height in comparison to the wastewater-stressed treatment.
Applying the MnO-NPs concentration (80 mg L") in distilled water treatment resulted in a significant increase
of 52% in shoot height, 58% in root height, 74% in shoot biomass, and 74% in root biomass as well as to the
control (distilled water without nanoparticles). Similarly, under wastewater stress conditions, MnO-NP
concentration led to a substantial enhancement of 43% in shoot height, 55% in root height, 72% in shoot
biomass, and 72% in root biomass as well as to the control (wastewater without nanoparticles). It was observed
that wheat growth attributes showed a significant increase up to 80 mg L concentration of MnO-NPs under
wastewater stress conditions, however, 100 mg L of MnO-NP concentration showed a decline in growth.
These findings conclude that using MnO-NDPs improves wheat plants' growth parameters only up to a specific
concentration, after that an increase in concentration results in a negative impact on wheat growth.
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Figure 3. Effect of seed priming with different concentrations of manganese oxide nanoparticles on growth

attributes of wheat under water-stress condition (mean #+ standard error; n = 4)
Bars labeled with identical letters for both water-stressed and non-stressed scenarios indicate no significant difference.

(A) shoot length, (B) root length, (C) Root fresh weight, (D) Shoot fresh weight

Phorosynthetic pigments
Figure 4A-D showed that the seed priming of MnO NPs significantly increased chlorophyll a,

chlorophyll b, and carotenoid contents. MnO NPs significantly increased the photosynthetic pigments by
53.5% up to 80 mg L. After the threshold, at 100 mg L' photosynthetic pigment contents were decreased.
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Figure 4. Effect of seed priming with different concentrations of manganese oxide nanoparticles on

chlorophyll content of wheat under water-stress condition (mean + standard error; n = 4)
Bars labeled with identical letters for both water-stressed and non-stressed scenarios indicate no significant difference.

(A) Chlorophyll a, (B) chlorophyll b ,(C) total chlorophyll content, (D) carotenoids

Gas exchange parameters
When compared to the control in distilled water, the results in Figure 5(A-D) demonstrated that seed

priming with manganese oxide nanoparticles (MnO-NPs) at concentrations up to 80 mg L significantly
improved gas exchange parameters, such as stomatal conductance, net photosynthesis rate, water use efficiency,

and transpiration rate, by roughly 78%, 63%, 58%, and 68%, respectively.
Moreover, in wastewater application, seed priming with MnO-NPs at a concentration of 80 mgL"

resulted in a substantial enhancement of 58%, 61%, 56%, and 58% in gas exchange parameters compared to the

control.
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Figure 5. Effect of seed priming with different concentrations of manganese oxide nanoparticles on gas
exchange parameters of wheat under water-stress condition (mean + standard error; n = 4)

Bars labeled with identical letters for both water-stressed and non-stressed scenarios indicate no significant difference.
(A) net area of photosynthesis, (B) stomatal conductance, (C) water use efficiency, (D) transpiration rare

Biochemical parameters

Figure 6 and 7 depicted the impact of priming with varying concentrations of MnO-NPs on wheat plant
antioxidants (CAT, POD, SOD, APX), hydrogen peroxide, malondialdehyde, and electrolyte leakage in the
presence of wastewater-induced stress.

The results indicated a significant reduction in antioxidants (CAT, POD, SOD, APX), duc to the
influence of wastewater stress as compared to distilled water (Figure 6 (A-D)).

Notably, the highest increase in plant antioxidants was observed in plants that were primed with 80 mg
L' MnO-NPs. Specifically, in distilled water, the application of MnO-NPs concentration (80 mg L") led to a
substantial rise of 40.9%, 58%, 72%, and 63% in SOD, POD, CAT, and APX respectively as compared to the

control.
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Figure 6. Effect of seed priming with different concentrations of manganese oxide nanoparticles on
antioxidants of wheat under water-stress condition (mean + standard error; n = 4)

Bars labeled with identical letters for both water-stressed and non-stressed scenarios indicate no significant difference.
(A) superoxide dismutase, (B) catalase, (C) peroxidase, (D) ascorbate peroxidase, (E) phenolic, (F) proline

Likewise, under wastewater-induced stress condition, the same concentration of MnO-NPs resulted in
a noteworthy enhancement of 38%, 55%, 65%, and 61% in SOD, POD, CAT, and APX respectively as well as
to the control. The attributes of wheat antioxidants demonstrated improvement in the presence of wastewater
stress up to a concentration of 80 mg L™ of MnO-NPs, after which antioxidant attributes slightly declined at
100 mg L' of MnO-NPs. These findings suggest that the application of MnO-NPs may offer enhancement to

12



Ishfaq A er al (2025). Not Bot Horti Agrobo 53(2):14419

the antioxidant’s parameters up to a specific level under wastewater-induced stress conditions. In distilled water
and wastewater, the seed priming of MnO-NPs concentration (80 mg L) resulted in a significant decrease of
63.3% and 57.3% respectively in oxidative stress parameters (Hydrogen Peroxide, Malondialdehyde, and
Electrolyte Leakage) as compared to the control (Figure 7A-C). When seeds were subjected to priming with
MnO-NPs at a concentration of 80 mgL™" in both distilled water and wastewater, there was a notable boost in
proline and phenolic content. Specifically, in distilled water, proline increased by 54.3% and phenolic content
by 77.3%. In wastewater, the increase was even more pronounced, with proline showing a 52.3% rise and
phenolic content experiencing a substantial increase of 65.3% compared to the control (Figure 6 E,F).
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Figure 7. Effect of seed priming with different concentrations of manganese oxide nanoparticles on
oxidative parameters of wheat under water-stress conditions (mean # standard error; n = 4)
Bars with the same letters specified for water-stressed and non-stressed conditions do not differ significantly. (A)

malondialdehyde, (B) hydrogen peroxide, (C) electrolyte leakage
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Uptake of manganese concentration in roots and shoots

Figure 8 (A-B) depicted the effect of primed seed using various concentrations of MnO-NPs on
manganese uptake by wheat plants under wastewater-induced stress condition. In distilled water and
wastewater, the seed priming of MnO-NPs concentration (80 mg L") resulted in a significant increase of 18%
and 21% respectively in the shoot of wheat in contrast to the control. Similarly, in deionized water and
wastewater, the seed priming of MnO-NPs concentration (80 mg L") resulted in a significant increase of 21%
and 22% respectively in the root in contrast to the control.
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Figure 8. Effect of seced priming with different concentrations of manganese oxide nanoparticles on
manganese concentration of wheat under water-stress condition (mean # standard error; n = 4)
Bars with the same letters specified for water-stressed and non-stressed conditions do not differ significantly. (A)

manganese concentration in the shoot, (B) manganese concentration in the root

Correlation analysis

Pearson correlation analysis was shown between the uptake of manganese in the root and shoot of plants
to gas exchange parameters, physical parameters, and physicochemical parameters (Figure 9). The analysis
showed that the higher concentration of manganese in root and shoot showed a strong negative correlation
with gas exchange parameters, physical growth parameters, photosynthetic pigments, and antioxidant
attributes. The higher concentration of manganese in wheat plants showed a positive correlation with MDA,
H,0O,, and EL concentration.
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Figure 9. Person correlation analysis between the 21 main parameters on studied wheat plants. The red
color shows negative correlations, while the red color shows negative correlations

Abbreviations: MnR, manganese in the root; Mn S, manganese in the shoot; CHL, chlorophyll content; CAR,
carotenoids; RL, root length; SL, shoot length; SFW, shoot fresh weight; RFW, root fresh weight, APX, ascorbate
peroxidase; CAT, catalase; POD, peroxidase; SOD, superoxide dismutase; MDA, malondialdehyde; H2O:, hydrogen
peroxide; EL, electrolyte leakage; Transp, Transpiration rate; Res, respiration rate and WU, water use efficiency; NA,
net area of photosynthesis; SDC, stomatal conductance; proin, proline; PNC, phenolic

Discussion

MnO-NPs have small-sized particles that are easily absorbed by wheat plant seeds during seed priming
(Murgueitio-Herrera er al, 2022). The wheat plant absorbs its manganese directly from the seed primed, the
NPs mediated by MnO (Ahsan et al, 2022). This could be kind of a stimulant for the growth and development
of wheat and fight the manganese deficiency at the same time (Siddique ez al, 2021). The presence of MnO-
NPs shows a considerable increase in radicle and plumule, which was profoundly significant. It can be
attributed to manganese's function, which cannot be ignored, in the production of hormones that are called
gibberellins and auxins (Noreen ez al, 2018). Previous researchers found that manganese is a great facilitator in
the metabolism of protein and carbohydrates which in turn leads to a successful germination and assimilation
of green synthesized nanoparticles (MnO-NP) (Konate ez al, 2017). Given the high sensitivity of manganese
to seedling emergence and development, putting it directly into the seed priming solution could therefore lead
to better root development at the early stages (Broadley er al, 2012; Jiang et al, 2023; Shafqat et al, 2024).
Plant morphological attributes were reduced in the control treatment where no application of MnO NPs was
applied. Plant photosynthetic processes may be reduced as a result of compromised water transport and
absorption mechanisms, which could explain the decline in plant height (Tourky et a/, 2023). Primed seed
with MnO NPs improved the morphological attributes of wheat duc to manganese being a dynamic
micronutrient and increased the accessibility of nutrients against stress (Kasote ez a/, 2021; Haidri ez al, 2023).
The latest research on MnO-NPs suggested that improved wheat germination and morphological attributes
can be ensured from the stressed plants when exposed to wastewater (Asmat-Campos et al, 2023). As well this
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seed priming also has an effect on plant's metabolic processes, which leads to better seedling development and
more vigor in seedlings (Shivay and Prasad, 2014).

Chlorophyll is positively correlated with photosynthetic rate (Song er al, 2022). Wastewater stress
notably impacts the chlorophyll levels in leaves, helping as a prominent indicator of toxicity in plants (Verma
et al, 2023). The photosynthetic parameters and chlorophyll content of wheat were increased at 80 mgL"! of
MnO-NPs with seed priming, this concentration provided an optimal environment for the plants to absorb
and utilize the manganese oxide nanoparticles. It leads to enhanced growth and performance of the wheat plant
(Paparella eral, 2015). However, at 100 mg L™ of nanoparticles concentration, toxicity may have been induced
causing adverse effects on the plants. This higher concentration may have been too much for the metabolism
of the wheat plant to process or tolerate (Oliveira er a/, 2022). The result of the study aligns with Kasote ez al
(2021) showed that seed priming of MnO-NPs increased photosynthetic parameters levels in wheat. The
observed improvement in these growth parameters might be due to the significant accumulation of water and
nutrients in wheat plant (Mazhar er al, 2023).

The current study indicated that, in wastewater conditions, primed seed improved wheat antioxidant
levels to 80 mg L of MnO-NPs. Under wastewater conditions, ROS of wheat decreased at 80 mg L of MnO-
NPs with primed seed. Examining antioxidant attributes revealed how wheat plants protect themselves against
abiotic stress from outside environmental elements such as drought, sewage, and weather (Yang er al, 2023).
Results showed that the plants antioxidant system becomes healthier by applying biogenic MnO-NPs under
wastewater. The biogenic nanoparticles possess intrinsic antioxidant properties. These intrinsic antioxidant
properties of nanoparticles may directly scavenge ROS, reducing oxidative stress in wheat plants (Liu et al,
2021). The reduction in ROS increased the antioxidant enzymes like SOD, POD, CAT, and APX to function
more effectively. The seed priming of MnO-NPs may increase the structural integrity of plant cell membranes.
Because less oxidative stress is produced, this increase lessens membrane damage from wastewater stress. The
increase in enzymatic antioxidant activity in wheat plants might be because the nanoparticles may modulate
plant stress signaling pathways (Mughal et al., 2025). Results are inconsistent with (Hussain ez a/, 2019), they
used seed priming of silicon nanoparticles at 0, 300, 600, 900, and 1200 mg L" under cd stress. These found
that applying silicon nanoparticles on wheat plants in the presence of cadmium stress promotes the activity of
antioxidant mechanisms within the plant, leading to enhanced stress tolerance to salinity. Khepar er al (2023)
used ferrous sulfide NPs (FeS-NPs) and manganese sulfide NPs (MnS-NPs) as nano-priming agents for
pathological, and antioxidative defense parameters of rice. For cight hours, a concentration of 35 pg/mL
enhanced the germination indicators while decreasing the phytopathological. Additionally, it was shown that
FeS-NPs and MnS-NPs were cfficient nano-priming agents for encouraging the germination of rice seeds that
were naturally contaminated with fungi (Yan er al, 2022).

The uptake of Mn nanoparticles by biological systems is influenced by several factors, including particle
size, surface charge, and the presence of coatings or functional groups (Perfileva and Krutovsky, 2024). MnNPs
are primarily taken up by cells through endocytosis. The efficiency of uptake can vary depending on the cell
type and the physicochemical properties of NPs. For instance, smaller particles with a positive surface charge
are generally taken up more efficiently. Green synthesis of nanoparticles is more economical and scalable
compared to traditional methods, as it uses inexpensive, natural materials and minimizes environmental
negative impact (Song et al, 2022). This approach supports large-scale applications and aligns with sustainable
practices, making it a viable and more friendly solution for agriculture. Seeds are usually stored in rooms under
natural environmental conditions for neatly a year before sowing next year in conventional agriculture
(Pathirana and Carimi, 2022). During this time, the seeds may naturally deteriorate. However, this aging
process can cause a decline in seed germination rates, sometimes falling below the suggested threshold of 80%
set by seed companies, which can negatively influence crop output and farmer income (Guo er al, 2015).
Nanoparticle-mediated wastewater treatment offers farmers a sustainable way to reuse water and boost plant
health, reducing environmental negative impacts and increasing crop yields. Various techniques have been
employed to address this issue, including priming (Ferreira er al, 2022; Javaid er al, 2022). However, seed
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priming with polyethylene glycol can be costly and may not be economically viable for large-scale applications
due to problems (Singh er a/, 2020). Primed seed with nanoparticles presents an alternative solution that can
be adopted for large-scale crops. Also, due to its bactericidal properties, the seed-priming solution contains no
environmental hazard, and therefore, it is economical and eco-friendly for agriculture and urban farming
systems. It is an affordable and practical way that is beneficial for crops, both increasing their yields as well as
protecting them against biotic stress, like wastewater.

Conclusions

This research showed MnO-NPs as a viable means of treatment that could be applied to wheat seed and
ultimately help to alleviate stress from wastewater exposure on wheat plants. Especially at the MnO-NPs
concentration of 80 mg/L, the following development indicators showed the enhancement of the growth
attributes such as biomass, shoot, and root length, as well as gas exchange parameters. Enhanced photosynthetic
activity and increased antioxidant levels were observed as significant physiological improvements in the plants.
Furthermore, the use of nanoparticles that make nanopriming environmentally friendly emphasizes its promise
as a sustainable agriculture approach.
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