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Aim. This study was purposed to investigate the effects of zinc oxide nanoparticles (ZnO NPs) on the
growth and yield performance of two soybean (Glycine max L.) varieties, TGX1904-6F and TGX1951-3F,
under controlled experimental conditions.

Materials and methods. Zinc oxide nanoparticles were synthesized and characterized following stan-
dard protocols, and their effects were evaluated across five treatment levels (20, 40, 60, 80, and 100 ppm)
in a completely randomized design with five replicates. Growth parameters, including plant height, leaf
morphology, stem diameter, and branch number, were assessed alongside phenological and yield traits
such as days to flowering, flower production, pod metrics, and seed weights.

The results revealed significant improvements in plant growth and yield metrics at intermediate ZnO
NP concentrations, with enhancements observed in plant height, branch number, pod weight, and seed
yield. Specifically, 60 ppm ZnO NP treatment resulted in the highest branch production, while 40 and
80 ppm treatments significantly promoted floral and pod development. Conversely, higher concentra-
tions (100 ppm) exhibited inhibitory effects on plant height and leaf morphology, suggesting potential
toxicity at elevated ZnO NP levels. Statistical analyses, including one-way ANOV A and Pearson’s correla-
tion, confirmed significant treatment effects (P <0.05) on growth and yield parameters, highlighting the
critical role of dose optimization.

Conclusions. The findings underscore the potential of ZnO NPs as a novel agricultural supplement to
enhance soybean productivity while emphasizing the need for balanced application to mitigate toxicity
risks. This study contributes valuable insights into sustainable farming practices, leveraging nanotech-

nology to optimize crop performance and address global food security challenges.
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Soybean is a globally significant crop, but
its role in Africa is especially noteworthy due
to its potential to address food security and
improve rural livelihoods. In Sub-Saharan
Africa, soybean is an important crop, with
countries like Nigeria, Tanzania, and Uganda
leading its production. The crop thrives
across various agroecological zones, from
savannas to highlands and coastal regions,
making it highly adaptable to the continent’s
diverse climates. Recent advancements, such
as the use of rhizobium bacteria inoculation,
have significantly boosted soybean yields,
particularly in Africa, where enhancing
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agricultural productivity is crucial [1]. While
countries in South America, the United States,
and Asia dominate global soybean production,
Africa’s expanding cultivation of this crop
reflects its growing importance. Soybean not
only offers a valuable source of protein and
oil but also plays a key role in improving soil
fertility, making it a vital part of sustainable
farming systems across the continent [2].
Soybean’s chemical composition makes it an
excellent alternative to animal protein, thanks
to its high protein and carbohydrate content
coupled with low cholesterol levels. Beyond
its direct use in food, soybean by-products
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are essential for animal feed, supporting
broader agricultural systems. One of the most
critical products of soybean is its oil, which
is extracted using solvents such as hexane.
The oil primarily consists of triglycerides,
with minor components like phospholipids,
tocopherols, and phytosterols, though these
compounds are reduced during typical oil
processing. Soybean oil is one of the leading
edible oils globally, used in a wide array of
food products, including salad dressings,
margarine, and cooking oils. Nutritionally,
it is rich in essential fatty acids, containing
about 53% linoleic acid and 8% linolenic acid
in its unhydrogenated form. Even after partial
hydrogenation, it retains significant levels of
linoleic acid (23%) and linolenic acid (3%).
These qualities make soybean oil a highly
beneficial and versatile oil, contributing
both to human nutrition and the global food
industry [3].

Metal and metal oxide nanoparticles,
including those containing silver, gold, copper,
and zinc, are increasingly recognized for their
significant potential in agriculture. These
nanoparticles offer remarkable opportunities
to enhance crop productivity, improve stress
tolerance, and increase nutrient-use efficiency.
Studies have shown that the application of such
nanoparticles can increase yields by up to 20%,
reduce disease incidence by 50%, decrease
nutrient leaching by 30%, and boost soil
carbon sequestration by 15% . Moreover, these
metal oxide nanoparticles act as signaling
molecules, modulating various biological
processes such as stress response, nutrient
uptake, and hormone regulation, ultimately
promoting plant health and productivity [4].

Among these metal oxide nanoparticles,
zinc oxide nanoparticles (ZnO NPs) are one
of the most widely utilized due to their dual
role as both a micronutrient source and a
stimulant for essential physiological and
biochemical processes in plants. ZnO NPs
positively influence growth, photosynthesis,
and antioxidative defense systems.
However, while ZnO NPs can promote plant
health, they also have inhibitory effects
on root elongation, especially at higher
concentrations. For example, ZnO NPs have
been shown to reduce root growth in crops
like maize significantly (Zea mays), with
more pronounced effects during the seed
incubation phase as compared to the soaking
stage. This indicates that ZnO NPs, depending
on their concentration, can play a crucial role
in determining plant health during critical
growth stages [5].

At lower concentrations, ZnO NPs
stimulate growth and enhance photosynthetic
activity in various crops. For instance, in
maize and tomatoes, ZnO NPs, in conjunction
with arbuscular mycorrhizal fungi, have
been shown to boost nutrient uptake, thereby
improving plant resilience and overall
productivity [6]. Additionally, ZnO NPs
enhance a plant’s antioxidative defense
system, which helps mitigate oxidative stress
induced by environmental challenges such as
drought, salinity, and heavy metals. In tomato
plants, the application of ZnO NPs increased
the activities of antioxidative enzymes like
superoxide dismutase (SOD) and catalase
(CAT), which are vital for neutralizing reactive
oxygen species (ROS). This enhancement of the
plant’s defense mechanisms enables greater
tolerance to stress, thereby promoting growth
and productivity even under suboptimal
conditions [7].

In specific crops, the benefits of ZnO NPs
are even more pronounced. For example, in
Gossypium hirsutum (cotton), bioengineered
ZnO NPs significantly improved growth
characteristics, with plant growth increasing
by 125.4% and biomass by 132.8%.
Additionally, exposure to ZnO NPs led to
higher chlorophyll and carotenoid content,
further supporting robust plant development
[8]. Similarly, in maize, biogenic ZnO NPs
stimulated shoot and root biomass production
while enhancing photosynthetic pigments
like chlorophyll and carotenoids, which are
essential for healthy plant growth [9]. In
lettuce, ZnO NPs at an optimal concentration
of 10 mg/kg enhanced the net photosynthetic
rate, resulting in increased biomass compared
to untreated plants [10]. In tomato plants,
lower concentrations of ZnO NPs improved
growth, chlorophyll fluorescence, and
photosynthetic efficiency, further reinforcing
the benefits of nanoparticle application [7].

ZnO NPs also strengthen plants’ ability
to combat oxidative stress. In Pleioblastus
pygmaeus, for instance, ZnO NPs improved
antioxidative defense systems, reducing heavy
metal accumulation and enhancing the plant’s
overall tolerance to environmental stress [11].
Wheat treated with ZnO NPs under cadmium
contamination showed reduced oxidative
stress and an increase in SOD and peroxidase
activities, enabling the plants to withstand
heavy metal-induced stress more effectively
[12]. Additionally, ZnO NPs enhanced zinc
bioavailability in wheat, increasing zinc
concentrations in roots and shoots while
reducing cadmium uptake. This not only
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improved plant health but also mitigated
toxicity risks [13]. ZnO NPs have been shown
to enhance secondary metabolite production
in medicinal plants. In Stevia rebaudiana,
Zn0O NPs doubled the production of steviol
glycosides, a valuable compound for the
sweetener industry, while also improving the
plant’s antioxidative response [14].

A significant challenge for soybean
production is poor growth and yield, which
traditional organic and inorganic fertilizers have
been unable to address fully. These fertilizers
not only pose environmental and health risks
but are also expensive and often in limited
supply. In response, metal oxide nanofertilizers,
particularly zinc oxide (ZnO) nanoparticles, have
emerged as effective, eco-friendly alternatives
for enhancing soybean productivity.

This study set out to explore the
transformative impact of zinc oxide (ZnO)
nanoparticles, alongside zinc nitrate and
traditional fertilizer, on two soybean (Glycine
max L.) varieties. It focused on how these
treatments influence not only vegetative
growth and development but also the ultimate
yield and productivity of the crop.

Materials and Methods

A. Study Area

This study was carried out in Makurdi
metropolis of Benue state. Makurdi is a town
within Longitude 8°30'E, 8°30’E and Latitude
7°30'N, 7°43'N. It is a 16 km radius circle,
covering 804 km? land mass. Makurdi has
an estimated population of 500,797 (The
World Gazetteer, 2003). Being situated in the
Lower Benue Valley, the relief of the Local
Government Area (LGA) is generally low,
with heights ranging between 73 meters and
167 meters above sea level. The soils of Makurdi
typically are highly ferruginous tropical soils.

Climatically, Makurdi falls within the
tropical, sub-humid, wet and dry climate,
which has two distinct seasons, namely, wet
season and dry season. The wet season starts
in April and lasts till October, while the
dry season starts in November and lasts till
March. Rainfall ranges from 775 millimeters
to 1792 millimeters, with a mean annual value
of 1190 millimeters. Mean Monthly Relative
Humidity in Makurdi LGA varies between
43% in January to 81% in the July-August
period [15]. Makurdi LGA. falls within the
Guinea Savannah belt of Nigeria. The Guinea
Savannah belt is a transitional vegetation
zone separating the forested belt of southern
Nigeria from the actual savannah of the north.
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A mixture of tall grasses and trees of average
height characterizes it. Most of the trees are
deciduous and shed their leaves during the dry
season [16].

B. Materials

The materials used in the study included
soybean seeds of two varieties, TGX1904-
6F and TGX1951-3F, synthesized and
characterized Zinc oxide nanoparticles as
reported by Fayomi et al. and colleagues [17].
The ZnO NPs, the light-yellow powder with
an average crystallite size of 62.49 nm, were
characterized using UV/VIS, FTIR, SEM, and
XRD methods. All glassware was thoroughly
washed with deionized water and oven-dried
before use. Deionized water was employed for
all homogenization processes.

C. Collection of Seeds and Soil Samples

Soybean seeds were procured from the seed
stores of the Department of Plant Breeding
and Seed Science at Joseph Sarwuan Tarka
University. Surface soil samples were collected
from fallow land within the botanical garden
of the Department of Botany at the same
university. The soil samples were air-dried
and sieved using a 2 mm sieve to eliminate
pebbles and visible root fragments. A total of
approximately 25 kg of prepared soil was used
to fill forty pots for the study.

D. Experimental Design and Planting

The experiment was conducted using
a completely randomized design with five
replicates to evaluate the growth and yield
differences between two soybean varieties
(Glycine max L.). The two varieties were
randomly assigned to treatment groups to
ensure unbiased comparisons and accurate
assessments of growth rates and yield
production. Treatments were applied at
various levels of 20, 40, 60, 80, and 100 ppm.

On September 1, 2023, four soybean seeds
were manually sown at a depth of 3 cm in each
pot. Following seedling establishment, the
plants were thinned to two per pot to maintain
uniformity.

E. Growth Parameter Determination

The growth parameters of soybean plants
were assessed to evaluate their development
under different treatment conditions.
Plant height was measured at maturity by
recording the size of five randomly selected
plants from the soil surface to the top of
the main stem, with results expressed in
centimeters. The number of plants in each
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pot was determined by counting the emerging
and surviving plants for each treatment,
which provided insight into germination and
survival rates.

Leaf production was evaluated by counting
the total number of leaves per plant in each
pot. To further assess leaf morphology, leaf
length was measured as the distance from
the base to the apex, while leaf width was
measured as the distance between the two
sides of the leaf lamina, excluding the petiole.
Stem diameter was determined by measuring
the widest part of the stem using a ruler,
indicating stem robustness.

Finally, the number of branches per
plant was recorded by counting the branches
for each plant in every pot. These growth
parameters were critical for understanding the
morphological differences and responses of the
soybean varieties under the applied treatment
levels. Similar approaches to measuring
plant growth have been reported in studies of
soybeans and other crops.

F. Phenological and Yield Parameter
Determination

The phenological parameters of soybean
plants were evaluated to understand their
reproductive development. The number of
flowers per plant in each pot was counted
to determine flower production. Days to
flowering were recorded by counting the
number of days from planting until the
appearance of flowers for each plant, providing
an indication of the reproductive onset.

Yield parameters were assessed to evaluate
productivity. The number of pods or fruits per
plant was determined by counting the pods
produced by each plant in each pot. Pod length
was measured using a ruler to determine the
distance from the base to the tip of the pod,
excluding the stalk or peduncle. To assess seed
production, the number of seeds per pod was
determined by counting the seeds within each
pod.

Further yield assessments included
measurements of pod and seed weights. Total
pod weight was obtained by using a weighing
scale to measure the collective weight of all
pods harvested from a plant, while total seed
weight was similarly determined by weighing
the total seeds collected from each plant. These
measurements provide critical insights into
the yield potential of soybean varieties under
different treatment conditions, aligning with
methodologies commonly employed in crop
yield studies.

G. Statistical Analysis

Minitab 16.0 was used in analyzing the
results. The following tools were applied:
Descriptive statistics (mean, standard error,),
One-way ANOVA, and Person’s correlation)
Turkey’s method was used to carry out the
mean of separation at a 95% confidence limit
(P value = 0.05 limit).

Result and Discussion

A. Effect of ZnO NP on the Growth
Parameters

The application of zinc oxide nanoparticles
(ZnO NPs) has emerged as an innovative approach
to enhance the growth and yield of soybean
(Glycine max L.), addressing both productivity
and sustainability in agricultural practices.
The findings from Tables 1 and 2 provide a
comprehensive analysis of the effects of ZnO
NPs on the growth parameters of two soybean
varieties, TGX1904-6F and TGX1951-3F.

The control treatments served as a
benchmark for assessing the natural growth
potential of the soybean varieties. TGX1904-
6F exhibited robust vertical growth with
moderate branching and stem diameter,
consistent with the notion that untreated
conditions can support adequate growth in
nutrient-sufficient soils [18]. Similarly,
TGX1951-3F demonstrated comparable plant
height (13.02 = 1.73 cm) and structural
stability, indicating the natural adaptability
of these varieties. Fertilizer treatments
enhanced stem robustness (1.54 = 0.09 cm for
TGX1951-3F) and leaf production, reflecting
improvements in photosynthetic potential due
to improved nutrient availability [19] have
been commonly used in agriculture, and have
attracted more attention for researchers. In
this study, a 2-year experiment was conducted
involving two Zn types (ZnO NPs and ZnSO,.
However, a notable reduction in plant height
under fertilizer treatments underscores
the limited effectiveness of conventional
fertilizers in promoting vertical growth
without micronutrient supplementation.

ZnSO, treatments exhibited moderate
improvements in growth metrics, such as
increased leaf width (3.76 = 0.15 cm for
TGX1951-3F) and stem diameter. These
findings affirm the essential role of zinc
in supporting structural and metabolic
processes, including cell wall biosynthesis
and antioxidative enzyme activities [20].
Despite these structural benefits, plant height
under ZnSO, treatments remained below
control levels, suggesting that while zinc
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supplementation aids metabolic stability, it
may not fully address growth demands such as
elongation and branching.

The effects of ZnO NP treatments revealed
a concentration-dependent relationship
with soybean growth parameters. Low
concentrations (20 ppm) were particularly
effective in maintaining natural growth
dynamics, as seen in TGX1904-6F with plant
height (12.38 = 2.27 c¢m) and branch count
comparable to the control. These findings align
with reports highlighting the stimulatory
effects of low ZnO NP concentrations on
seedling vigor and metabolic efficiency [21].
Intermediate concentrations (40—-60 ppm)
demonstrated the most significant benefits,
with TGX1951-3F producing the highest
number of branches (7.00 = 2.55) at 60 ppm.
This enhancement is likely attributable to ZnO
NPs’ role in modulating hormonal pathways,
particularly auxin and cytokinin, which are
critical for lateral growth [22].

Higher ZnO NP concentrations (80—
100 ppm) presented a dual effect. While stem
diameter peaked, other parameters, such
as plant height and leaf morphology, were
adversely impacted, reflecting potential
phytotoxicity. Excessive ZnO NPs are known
to disrupt cellular homeostasis and induce
oxidative stress, inhibiting growth and
compromising overall plant performance [23]
Zn oxide nanoparticles (ZnONPs).

The statistical analysis demonstrated
significant effects of ZnO NPs on growth
parameters, including plant height, stem
diameter, and branch count, with P < 0.05.
Post-hoc comparisons using least significant
difference (LSD) values revealed distinct
groupings, indicated by the labels “a,” “b,”
“c,” and “d,” which represent statistically
significant differences among treatments.
Groups labeled “a” had the highest or
statistically similar wvalues, while “b,” “c,”
and “d” denoted progressively lower values.
These findings emphasize the reproducibility
of observed trends and highlight the necessity
of dose optimization to maximize the benefits
of ZnO NPs while minimizing potential
toxicity [24].

Effect of ZnO NP on the Yield Parameters

The reproductive performance of soybean
(Glycine max L.) varieties TGX1904-6F and
TGX1951-3F under various treatments,
including control, fertilizer, zinc sulfate
(ZnS0O,), and zinc oxide nanoparticles (ZnO
NPs), reveals significant insights into the
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yield-related impacts of these inputs. Tables 3
and 4 detail how these treatments influenced
parameters such as flower production, days to
flowering, pod characteristics, and seed
weight, underscoring the potential of ZnO NPs
as a sustainable agricultural intervention.

The control treatments established
benchmarks for reproductive metrics in
both soybean varieties, with TGX1904-6F
producing an average of 5 flowers, flowering
at 55 days, and yielding pod and seed
weights of 1.30 = 0.07 g and 3.26 = 0.36 g,
respectively. Similarly, TGX1951-3F exhibited
standard flowering (55.00 = 4.95 days) and
pod weights (1.30 = 0.07 g) under untreated
conditions. These observations align with
studies demonstrating stable yet unimproved
reproductive performance in nutrient-limited
environments [25].

Fertilizer treatments accelerated
flowering for both varieties (46.60 = 1.52
days for TGX1904-6F and TGX1951-3F)
and increased flower production (7.00 =+
0.71). Modest improvements in seed weights
(3.58 = 0.43 g for TGX1951-3F) suggest
enhanced reproductive development driven
by improved nutrient uptake and metabolic
efficiency [26]. However, the limited
enhancement in pod and seed weights indicates
the need for micronutrient supplementation to
optimize reproductive success.

ZnS0, treatments significantly improved
flower production for both varieties (7.60 =
1.34 for TGX1904-6F and TGX1951-3F) and
modestly increased pod weight (1.66 = 0.44 g
for TGX1951-3F). These results underscore the
pivotal role of zinc in reproductive processes,
including enzyme activation, protein synthesis,
and structural development [18]. However, the
absence of significant gains in seed weight for
TGX1904-6F indicates that ZnSO, alone may
not optimize yield without precise application
strategies tailored to the specific physiological
requirements of the variety.

The ZnO NP treatments exhibited marked
concentration-dependent effects on both
varieties. Low concentrations (20 ppm) delayed
flowering for TGX1904-6F (57.20 = 1.30 days)
and TGX1951-3F (57.20 = 1.30 days) but
improved seed weights slightly for TGX1904-
6F (3.72 = 0.33 g). This suggests that low ZnO
NP concentrations prioritize seed quality over
flowering intensity or pod weight, a trend
consistent with findings linking ZnO NPs to
improved nutrient allocation at lower doses
[24].

Intermediate concentrations (40—80 ppm)
produced the most significant improvements,
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Table 1. Effect of ZnO Nanoparticles Treatment on the Growth Parameters of Soybean TGX1904-6F

No. of No. of Leaf width | Plant height Leaf No. of Stem dia-
Treatment length meter
plants leaves (cm) (cm) branches
(cm) (cm)
13.02 = 5.00 = 3.60 = 0.98 =
Control 3.00+0.00 | 7.60=2.30 | 3.64+0.65 1.732 0.71bc 0.89 0.08d
- d 3.00 = 3.60 = 1.54 +
Fertilizer 2.20+0.84 | 8.60+1.14 | 3.56 +0.36 | 5.60 = 0.55 0.71d 0.89 0.092
3.96 = 4.00 = 1.60 =
ZnS0O,Salt | 2.40=0.89 | 7.80 £1.10 | 3.76 +0.15 | 8.20 = 0.45C 0.05¢d 0.71 0.202
ZnO NP 12.38 = 5.16 = 3.00 = 1.32 +
20 ppm 3.00+=0.00 | 8.40+2.07 | 3.62=+0.16 9. 972 0.88bc 0.00 0.41b¢
ZnO NP 12.80 = 6.40 = 3.40 = 0.92 +
40 ppm 2.40=0.55 | 6.60=0.55 | 3.54 +0.51 1.102 2302 1.14 0.08d
ZnO NP 10.40 = 7.00 = 3.00 = 1.18 =
60 ppm 2.80+0.45 | 6.00=1.58 | 3.78 =0.13 1.52b 9552 0.71 0.99¢cd
ZnO NP c 4.56 = 4.40 = 1.58 =
80 ppm 3.00+=0.00 | 8.40=0.55 | 3.60+0.34 | 8.00=1.22 0.52¢cd 0.55 0.13ab
ZnO NP c 4.14 = 4.20 = 1.68 =
100 ppm 2.20+0.84 | 7.80+0.84 | 3.54+0.51 | 8.60=+1.14 0.48¢d 0.84 0.182
p-value 0.10 0.07 0.96 0.00 0.00 0.06 0.00
LSD 1.76 1.71 0.28
Table 2. Effect of ZnO Nanoparticles treatment on the Growth Parameters of Soybean TGX1951-3F
. Plant Stem dia-
Treatment No. of No. of Leaf width height Leaf length No. of meter
plants leaves (cm) (cm) branches
(cm) (cm)
7.60 = 13.02 = 5.00 = 3.60 = d
Control 3.00+=0.00 2.30 3.64 = 0.65 1.732 0.71bc 0.89 0.98 =£0.08
- 8.60 = 5.60 = 3.00 = 3.60 = ab
Fertilizer | 2.20 = 0.84 1.14 3.56 =0.36 0.55d 0.71d 0.89 1.54 +0.09
7.80 = 8.20 = 3.96 = 4.00 = a
ZnSO, Salt | 2.40=0.89 1.10 3.76 =0.15 0.45C 0.05¢d 0.71 1.60 =0.20
ZnO NP 8.40 = 12.38 = 5.16 = 3.00 = be
20 ppm 3.00=0.00 2.07 3.62=+0.16 9. 972 0.88bc 0.00 1.32+0.41
ZnO NP 6.60 = 12.80 = 6.40 = 3.40 = d
40 ppm 2.40 =0.55 0.55 3.54 =0.51 1.102 9.30ab 1.14 0.92 +=0.08
ZnO NP 6.00 = 10.40 = 7.00 = 3.00 = cd
60 ppm 2.80+0.45 1.58 3.78=+0.13 1.59P 9 552 0.71 1.18+0.29
ZnO NP 8.40 = 8.00 = 4.56 = 4.40 = ab
80 ppm 3.00=0.00 0.55 3.60+0.34 1.29¢ 0.52¢d 0.55 1.58 £0.13
ZnO NP 7.80 = 8.60 = 4.14 = 4.20 = a
100 ppm 2.20+0.84 0.84 3.54 =0.51 1.14¢ 0.48¢d 0.84 1.68 £0.18
p-value 0.10 0.07 0.96 0.00 0.00 0.06 0.00
LSD 1.76 1.71 0.28

with TGX1904-6F achieving the highest
flower production (8.80 = 1.64 at 80 ppm) and
TGX1951-3F exhibiting enhanced pod weights
(1.80 = 0.28 g at 40 ppm). These results reflect
the stimulatory effects of ZnO NPs on auxin
and cytokinin regulation, which promote

reproductive organ development and enhance
yield potential [27].

At high concentrations (100 ppm), yield
metrics declined significantly for both
varieties, with TGX1904-6F showing reduced
pod weight (0.92 = 0.08 g) and TGX1951-3F
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Table 3. Effect of ZnO NPs treatment on the yield of TGX1904-6F

Treat- No. Days Pods per Pod length | Seeds per Pod Seed

ment of flowers | to flowering plant (2) pod weight (g) | weight (g)
Control 5(’)'.07013 ‘Z%%%ﬁ 5.00 = 0.71 | 4.78 = 0.19 %i%j (1):3(7)04_{1 3.26 + 0.36
Fertilizer| ("0%b0d | vpsd | 540089 | 492028 | 300 | 1500|358+ 0.43
ggﬁo‘* 1702364050 i’f)éggcﬁ 5.20+ 0.84 | 4.64 = 0.11 20'-24%1? (1,:225) 3.32+0.43
gg?);‘f Otbea | P10 500141 (458040 | SN | L 3722033
fg?)gf ;:f(l)ai %2.'282%§ 5.60 = 0.89 | 4.58 = 0.63 %%%f %‘Z%Qf 3.32+0.54
coomn | 1oged | srgbed |440=152|486=0.19| 0T | Ve | 3.50+0.62
g(‘)‘?)gf ﬁ'%‘lf Z?éggbf, 5.20 + 0.45 | 4.68 = 0.41 20'.24%1? é:‘llfbic 3.26 + 0.46
fgg;lfn Fbe | G |440=055 | 462070 300 | 093642054
p-value 0.02 0.00 0.46 0.84 0.00 0.00 0.63
LSD 2.14 5.48 0.35 0.30

Note: (P <0.05) indicates a significant effect or difference.
Table 4. Effect of ZnO Nano Treatment on the Yield of TGX1951-3F

Treatment | No. of flowers to leo :/};Srin g P;?:Ifter lenIg):;)ltll (2 piii)c})sd Pod (vg):ight Seed(\év)e ight
Control 5.00=0.71d | 22005 | 500071 | 4T8E | 320 | LE9E | 3.26=0.36
Fertilizer 0.7 19bcd 090 | sa0x080 | 492= | SO0 | Sh0pc | 3.58=0.43
ZnSO,Salt | 7.60 = 1.34bc | 50205 | 5904084 | AOLF | 2205 LE0L ) 53920.43
pone | s | T swenn| G | A | e |smeos
Zgggf 7.80=3.113b | PZBNE I 560=080 | 405 | SOF | L0 | 3.32+0.54
Goomm | 5e0=to5ed | SR8 lag0=152 | 400 | FUL | ginde | 3.50=0.62
ggggf 8.80=1.642 | 52200 | 520045 | A08F | 2205 LABS | 3 96-0.46
oo | 7-60=1142bc | ATERGE 02055 | 4PZE | SO | Qe | s64+0.54
p-value 0.02 0.00 0.46 0.84 0.00 0.00 0.63
LSD 2.14 5.48 0.35 0.30

Note: (P <0.05) indicates a significant effect or difference.
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exhibiting diminished flower production.
This trend aligns with reports that excessive
ZnO NPs induce oxidative stress and cellular
disruption, negatively impacting reproductive
processes [28].

The statistical analyses confirmed the
significant effects of ZnO NP treatments
on flower production (P < 0.02), days to
flowering (P <0.05), and pod and seed weights
(P < 0.05), validating the reproducibility of
the results. The least significant difference
(LSD) values further highlighted these
variations, with labels “a,” “b,” “c,” and “d,”
denoting statistically distinct groups. Groups
labeled "a" had the highest or statistically
similar values, while “b,” “c,” and “d,”
represented progressively lower means. These
findings underscore the importance of dose
optimization to maximize the benefits of ZnO
NPs while minimizing toxicity risks.

The wuse of zinc oxide nanoparticles
(ZnO NPs) modulates key physiological
and biochemical pathways, supporting the
development of sustainable agricultural
practices [18]. ZnO NPs positively influence
soybean growth by enhancing photosynthetic
efficiency, stem robustness, and branch
formation, particularly at low to moderate
concentrations (20—60 ppm). These effects are
attributed to improved nutrient uptake and
the regulation of key growth hormones, such
as auxins and cytokinins, which drive lateral
growth [27]. Foliar applications of ZnO NPs
have shown significant improvements in seed
yield and antioxidant enzyme activity [29].
These findings underscore the importance
of tailoring ZnO NP applications to optimize
benefits.

The efficacy of ZnO NPs is highly
concentration-dependent. Low to moderate
concentrations enhance growth metrics,
while excessive concentrations (80—100 ppm)
induce phytotoxicity, disrupting cellular
homeostasis and increasing oxidative stress
[80]. The morphological properties of ZnO
NPs, such as particle size, further influence
their impact. For example, spherical ZnO
NPs (38 nm) demonstrate enhanced uptake
efficiency and reduced toxicity compared to
more extensive or irregularly shaped particles
[28].

The reproductive performance of soybean
varieties TGX1904-6F and TGX1951-3F
highlights the transformative potential of
ZnO NPs. Under control conditions, both
varieties showed stable yet suboptimal
reproductive metrics. Fertilizer treatments
improved flower production and accelerated

flowering, although gains in pod and seed
weights remained modest, suggesting the
need for micronutrient interventions [31].
ZnSO, treatments further improved flower
production and pod weight, emphasizing
zinc’s role in enzymatic and structural
processes, but were insufficient to maximize
seed weight without precise application
strategies [32].

7ZnO NPs exhibited significant concentra-
tion-dependent effects, with intermediate
concentrations (40-80 ppm) achieving the
highest flower production and pod weights.
These benefits are linked to the stimulatory
effects of ZnO NPs on reproductive hormone
pathways, including auxin and cytokinin
regulation [24]. However, high concentrations
(100 ppm) caused oxidative stress, reducing
reproductive success, consistent with studies
demonstrating the negative impacts of
nanoparticle overuse [33].

ZnONPsenhancesoybeanresiliencetoabiotic
stresses by improving antioxidant defenses and
osmolyte accumulation, as demonstrated under
drought and arsenic stress conditions [29].
Their integration with biofertilizers further
amplifies benefits, enhancing nodulation and
increasing unsaturated fatty acids in soybeans,
which contribute to improved crop quality and
yield [34].

Conclusions

This work showed the effects of zinc
oxide (Zn0O) nanoparticles on the growth and
yield of soybean (Glycine max L.), providing
valuable insights into the potential benefits of
employing nanotechnology in agriculture. The
findings demonstrate that ZnO nanoparticle
applications can significantly enhance growth
parameters such as plant height, leaf area,
and overall yield metrics, establishing their
potential as a viable agricultural supplement.
These results are particularly encouraging in
the context of increasing global food demands
and the need for sustainable intensification of
farming systems.

The concentration-dependent effects
observed in this study underscore the
importance of optimizing nanoparticle dosages
to maximize benefits while minimizing
potential toxicity or environmental risks.
While the benefits of ZnO nanoparticles
are apparent, further research is essential
to unravel the precise biochemical and
physiological mechanisms underlying
these enhancements. Additionally, studies
addressing the long-term environmental
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impacts of ZnO nanoparticles, including
their interactions with soil microbiota,
nutrient cycles, and non-target organisms, are
imperative for ensuring safe and sustainable
implementation.

Conflict of Interest
The authors declare that they have no
conflict of interest.

REFERENCES

1. Pagano M.C, Miransari M. The importance of
soybean production worldwide. ResearchGate,
December 2016. doi: 10.1016/B978-0-12-
801536-0.00001-3

2. Mishra R, Tripathi M.K., Sikarwar R.S.,
Singh Y., Tripathi N. Soybean (Glycine max L.
Merrill): A Multipurpose Legume Shaping Our
World. Plant Cell Biotechno.l Mol. Biol. 2024,
25(3-4):17-37. doi: 10.56557/PCBMB/2024/
v25i3-48643

3. Liu K. Chemistry and Nutritional Value of
Soybean Components. Soybeans. Springer,
Boston, MA. https://doi.org/10.1007/978-1-
4615-1763-4_2

4. Francis D.V., Abdalla A.K., Mahakham W.,
Sarmah A.K., Ahmed Z.F.R. Interaction of
plants and metal nanoparticles: Exploring
its molecular mechanisms for sustainable
agriculture and crop improvement. Environ
Int. 2024, Aug:190: 108859. https://doi.
org/10.1016/j.envint.2024.108859

5. Lin D., Xing B.Phytotoxicity of nanoparticles :
Inhibition of seed germination and root growth.
Environ Pollut. 2007, 150: 243-50. https://
doi.org/10.1016/j.envpol.2007.01.016

6.Li S., Liu X., Fa-yuan W., Miao Y. Effects of
ZnO Nanoparticles, ZnSO4 and Arbuscular
Mycorrhizal Fungus on the Growth of Maize.
Environ Sci. 2015, 36(12): 291-7.

7.Wang X.P.,Li Q.Q., Pei Z.M.,Wang S.C. Effects
of zinc oxide nanoparticles on the growth,
photosynthetic traits, and antioxidative
enzymes in tomato plants. Biol Plant.
2018;62:801-8.

8. Priyanka N., Venkatachalam P. Biofabricated
zinc oxide nanoparticles coated with
phycomolecules as novel micronutrient catalysts
for stimulating plant growth of cotton. Adv. Nat.
Sci. Nanosci. Nanotechnol. 2016;7(4):045018.
doi: 10.1088/2043-6262/7/4/045018

9. Buono D. Del, Michele A.Di., Costantino F.,
Trevisan M., Lucini L. Biogenic ZnO
Nanoparticles Synthesized Using a Novel
Plant Extract: Application to Enhance
Physiological and Biochemical Traits in Maize.
Nanomaterials. 2021, 11(5): 1270; https://
doi.org/10.3390/nan011051270

64

Author Contributions

All the authors planned the work,
contributed to the article’s conception,
manuscript article writing, and editing. They
all contributed to seeing the experiment done.
All authors contributed to the reading, revision,
and approval of the submitted version.

Funding Sources
Not Applicable.

10. Xu J., Luo X., Wang Y., Feng Y. Evaluation
of zinc oxide nanoparticles on lettuce (
Lactuca sativa L .) growth and soil bacterial
community. Environ. Sci. Pollut. Res. 2018,
25: 6026-6035. doi: 10.1007/s11356-017-
0953-17.

11. Emamverdian A., Hasanuzzaman M.,
Liu G. Zinc Oxide Nanoparticles Improve
Pleioblastus pygmaeus Plant Tolerance
to Arsenic and Mercury by Stimulating
Antioxidant Defense and Reducing the Metal
Accumulation and Translocation. Front.
Plant Sci. 2022, 13: 841501. https://doi.
org/10.3389/fpls.2022.841501

12. Rizwan M., Ali S., Ali B., Adrees M., Arshad
M., Hussain A., Rehman M. Z.U., Wari
A.A. Chemosphere Zinc and iron oxide
nanoparticles improved the plant growth and
reduced the oxidative stress and cadmium
concentration in wheat. Chemosphere. 2019,
214: 269-77. https://doi.org/10.1016/j.
chemosphere.2018.09.120

13. Hussain A., Ali S., Rizwan M., Zia M.,
Rizwan M., Imran M. Chatha S.A.S.,
Nazir R. Zinc oxide nanoparticles alter the
wheat physiological response and reduce
the cadmium uptake by plants. Environ
Pollut. 2018, 242: 1518-26. https://doi.
org/10.1016/j.envpol.2018.08.036

14. Javed R., Usman M., Yiicesan B., Zia M.,
Giirel E. Effect of zinc oxide (ZnO)
nanoparticles on physiology and steviol
glycosides production in micropropagated
shoots of Stevia rebaudiana Bertoni. Plant
Physiol. Biochem. 2017;110:94-9. https://
doi.org/10.1016/j.plaphy.2016.05.032

15. Peter Onuche, Adah Victoria, Ibobee Aondona
Michael. Daily air temperature variation in
Makurdimetropolisusing analysisof variance
model. Int. J. Sci. Res. Arch. 2023, 9(2):
191-200. doi: https://doi.org/10.30574/
ijsra.2023.9.2.0448

16. Tyowua B., Agbelusi E., Dera B. Evaluation of
Vegetation Types and Utilization in Wildlife
Park of the University Of Agriculture Makurdi,
Nigeria. Greener J. Agric. Sci. 2013. 3(1): 001—
5. http://dx.doi.org/10.15580/GJAS



Experimental articles

17.

18.

19.

20.

21.

22.

23.

24.

25.

FayomiO.M.,OlasandJ.O.,AguoruC.U.,Anjorin
T.S., Sule A.M. Effect of biosynthesized
ZnO nanoparticles derived from jatropha
tajonensis on the yield of bambara groundnut
( Vigna subterranean L .). African J. Agric.
Allied. Sci. 2024, 4(1): 192-214.

Bhat J.A., Faizan M, Bhat M.A., Huang F.,
YuD.,AhmadA., Bajguz A.,Ahmad P..Defense
interplay of the zinc-oxide nanoparticles and
melatonin in alleviating the arsenic stress
in soybean (Glycine max L.). Chemosphere.
2022, 288(P2): 132471. https://doi.
org/10.1016/j.chemosphere.2021.132471
Yang G., Yuan H., Ji H., Liu H., Zhang Y.,
Wang G., Chen L., Guo Z. Effect of ZnO
nanoparticles on the productivity, Zn
biofortification, and nutritional quality
of rice in a life cycle study. Plant Physiol.
Biochem. 2021, 163(March): 87-94. https://
doi.org/10.1016/j.plaphy.2021.03.053

Hashemi S, Asrar Z, Pourseyedi S,
Nadernejad N. Investigation of ZnO
nanoparticles on proline, anthocyanin

contents and photosynthetic pigments and
lipid peroxidation in the soybean. IET
Nanobiotechnology. 2019, 13(1): 66-70.
https://doi.org/10.1049/iet-nbt.2018.5212
Fatemi H., Zaghdoud C., Nortes P.A., Carva-
jal M., del Carmen Martinez-Ballesta M.
Differential Aquaporin Response to Distinct
Effects of Two Zn Concentrations after Foliar
Application in Pak Choi (Brassica rapa L.).
Plants.Agronomy.2020.10(3): 1-18. https://
doi.org/10.3390/agronomy10030450

Salehi H., De Diego N., Chehregani Rad A.,
Benjamin J.J., Trevisan M., Lucini L.
Exogenous application of ZnO nanoparticles
and ZnS04 distinctly influence the metabolic
response in Phaseolus vulgaris L. Sci. Total
Environ. 2021, 778: 146331. doi: 10.1016/j.
scitotenv.2021.146331

Yusefi-Tanha E., Fallah S., Rostamnejadi A.,
Pokhrel L.R. Responses of soybean (Glycine
max [L.] Merr.) to zinc oxide nanoparticles:
Understanding changes in root system
architecture, zinc tissue partitioning and
soil characteristics. Sci Total Environ. 2022,
835(April). https://doi.org/10.1016/j.
scitotenv.2022.155348

Komatsu S., Murata K., Yakeishi S., Shima-
daK.,Yamaguchi H.,Hitachi K., Tsuchida K.,
ObiRumina,AkitaS.,FukudaR.Morphological
and Proteomic Analyses of Soybean Seedling
Interaction Mechanism Affected by Fiber
Crosslinked with Zinc-Oxide Nanoparticles.
Int J Mol Sci. 2022;23(13). https://doi.
org/10.3390/ijms23137415
Hernandez-Viezcas J.A., Castillo-Michel H.,
Andrews J.C., Cotte M, Rico C., Peralta-
Videa J.R., Ge Y., , Priester J.H. Holden P.A.,
Holden J.A. In situ synchrotron X-ray

26.

27.

28.

29.

30.

31.

32.

fluorescence mapping and speciation of CeO
2 and ZnO nanoparticles in soil cultivated
soybean (Glycine max). ACS Nano. 2013,
7(2): 1415-23. https://doi.org/10.1021/
nn305196q

Oghenerume P, Eduok S, Ita B, John O,
Basssy I. Impact of Zinc Oxide Nanoparticles
Amended Organic Manure on Arachis
hypogaea Growth Response and Rhizosphere
Bacterial Community. Int. J. Plant Soil.
Sci. 2020, 32(5): 24-35. https://doi.
org/10.9734/ijpss/2020/v321530279
Ahmad P, Alyemeni M.N., Al-Huqail AA.,
Alqahtani M.A., Wijaya L., Ashraf M.,
Kaya C., Bajguz A. Zinc oxide nanoparticles
application alleviates arsenic (As) toxicity in
soybean plants by restricting the uptake of as
and modulating key biochemical attributes,
antioxidant enzymes, ascorbate-glutathione
cycle and glyoxalase system. Plants . 2020,
9(7): 1-18. doi: 10.3390/plants9070825
Mirakhorli T., Ardebili Z.0., Ladan-Mogha-
dam A., Danaee E. Bulk and nanoparticles
of zinc oxide exerted their beneficial effects
by conferring modifications in transcription
factors, histone deacetylase, carbon and
nitrogen assimilation, antioxidant biomarkers,
and secondary metabolism in soybean. PLoS
One. 2021, 16(9 September): 1-16. https://
doi.org/10.1371 /journal.pone.0256905
Zeeshan M., Hu Y.X., Igbal A., Salam A.,
Liu Y.X., Muhammad I., Ahmad Shakeel,
KhanAamirHamid,HaleBrett, WuHaiYan,
Zhou Xun Bo . Amelioration of AsV toxicity
by concurrent application of ZnO-NPs
and Se-NPs is associated with differential
regulation of photosynthetic indexes,
antioxidant pool and osmolytes content
in soybean seedling. Ecotoxicol. Environ.
Saf. 2021, 225(April): 112738. https://doi.
org/10.1016/j.ecoenv.2021.112738
Yusefi-Tanha E., Fallah S., Rostamnejadi A.,
Pokhrel L.R. Zinc oxide mnanoparticles
(ZnONPs) as a novel nanofertilizer: Influence
on seed vyield and antioxidant defense
system in soil grown soybean (Glycine
max cv. Kowsar). Sci. Total. Environ.
2020 Oct 10:738: 140240. doi: 10.1016/j.
scitotenv.2020.140240

Yoon S.J., Kwak J.Il., Lee W.M., Holden P.A.,
An Y.J. Zinc oxide nanoparticles delay
soybean development: A standard soil
microcosm study. Ecotoxicol. Environ.
Saf. 2014,100(1): 131-137. http://dx.doi.
org/10.1016/j.ecoenv.2013.10.014

Veena M., Puthurd.T.Seed nutripriming with
zinc is an apt tool to alleviate malnutrition.
Environ. Geochem. Health. 2022;44(8):
2355-73. https://doi.org/10.1007/s10653-
021-01054-2

65



BIOTECHNOLOGIA ACTA, V.17, No 6, 2024

33.Wang Z., Wang S., Ma T., Liang Y., Huo Z., Zemdirbyste. 2016:103(3): 251-258. doi:
Yang F.Synthesisof Zinc Oxide Nanoparticles 10.13080/z-a.2016.103.032
and Their Applications in Enhancing 35. Sharifi S., Blanquer S., Kooten T. van,
Plant Stress Resistance: A Review. Grijpma D. Biodegradable nanocomposite
Agronomy. 2023; 13(12): 3060. https://doi. hydrogel structures with enhanced mecha-
org/10.3390/agronomy13123060. nical properties prepared by photo-

34. Sharifi R.S. Application of biofertilizers crosslinking solutions of poly (trimethylene
and zinc increases yield, nodulation carbonate). Acta Biomater. 2012 Dec;8(12):
and unsaturated fatty acids of soybean. 4233-43. doi: 10.1016/j.actbio.2012.09.014

BIIJIUB JINCTKOBOI OBPOBKH QAHO‘IACTRAMH OKCHUAY IIMHEKY (ZnO)
HA PICT I BPOJKAUHICTbD COI (Glycine max L.)
Fayomi Omotola Michaell, Olasan Joseph Olalekanz,Aguoru Celestine Uzoma?,
Terhemba Mamnenge Sarah?

Department of Chemistry, Joseph Sarwuan Tarka University, Makurdi, Nigeria
2Department of Botany, Joseph Sarwuan Tarka University, Makurdi. Nigeria

E-mail: omotolafayomi@gmail.com

Mema. Hocnim:xkeHHA OyJ0 CIIPAMOBAHO HA BUBUEHHSA BIJIMBY HAHOYACTOK OKcuAay HUHKY (ZnO
NPs) Ha picT Ta IpoAyKTUBHICTH ABOX copTiB coi (Glycine max L.), TGX1904-6F ra TGX1951-3F, 3a
KOHTPOJLOBAHUX €KCIIEPUMEHTAIbHUX YMOB.

Mamepianu ma memodu. HaHOUaCTKYU OKCUAY IUHKY OyJIiu CHHTE30BaHi Ta 0XxapakTepu30BaHi Bif-
IMOBiZHO A0 CTAHAZAPTHUX IPOTOKOJIIB, a IXHill BIIMB OIiHIOBAJIM HA I ATHU PiBHAX 00pobaenns (20, 40,
60, 80 Ta 100 ppm) y mOBHiCTIO paHAOMi30BaHOMY ILJIAHYBaHHI 3 I’ AThMa MMOBTOPeHHAMU. [lapameTpu
pPoCTy, BKJIOUAIOUN BUCOTY POCJNH, MOP(OJOTiio JUCTKiB, fiameTp crebsa Ta KiJlbKicTh IriJloK, aHadi-
3yBaJId Pa3oM i3 (PeHOJIOTIUHMMHU Ta BPOKAUHUMU XapaKTepPUCTUKAMU, TAKUMHU AK KiJIbKicTh THIB 10
IBiTiHHA, YTBOPEeHHA KBiTiB, mapamMeTpu 600iB Ta Bara HaciHHA.

Pesyavmamu. PesdynbTaTy moKasajay 3HaUHe TOKPAI[eHHSA POCTY POCJNH Ta MOKA3HUKIB BPOYKa-
HOCTi 3a cepeIHiX KOoHIleHTpamii HaHouacTok Zn0. Coocrepiranau 30iabIlIeHHS BUCOTH POCIANH, Kilb-
KocCTi risiok, Baru 6000iB Ta BposkaiiHocTi HaciHHA. 3o0Kkpema, o0pobaerus 60 ppm ZnO NP 3abesmeun-
JI0 HalibiabINy KiJIbKiCcTh riJIoK, ToAi aK 006pobseHHsa 40 Ta 80 ppm 3HAYHO COPUSJIO PO3BBUTKY KBiTiB
Ta 606iB. Bogumouac Buii KormeuTparii (100 ppm) manu iHrioyBanabHU# BIJIUB HA BUCOTY POCJIUH i
MOP@OJIOTiI0 JIUCTKiB, IIT0 BKAa3y€e HAa MOMKJUBY TOKCUUYHICTh Ipu migBuinenux piBHax ZnO NP. Cra-
TUCTUYHI aHalisdy, BKJAOUAOUYN ogHOGAKTOPHUN aucnepcitiumuii anamnisa (ANOVA) Tta Kopensdiiiio 3a
ITipcoHom, migTBepAUIYu 3HAUYHUN BIAUB 00pobseHsb (P < 0.05) Ha mapamMeTpu pOCTy Ta BPOKAMHOCTI,
OigKpeca0oUYnd BaKJUBiCTh, onTuMisallii fosyBanusa. OrpuMaHi gaHi cBifuaTh Ipo HepPCIeKTUBHICTD
BUKOPUCTAHHSA HAaHOYACTOK Zn(O AK HOBOTO arpapHOTro AOJATKY AJA HiABUNIEHHSA HNPOAYKTHUBHOCTI
coi, BOAHOYAC aKI[eHTYIOUN Ha Heo0XigHOoCTi 30a/1aHCOBAHOTO 3aCTOCYBAHHS AJIA 3MEHIIIeHHS PU3UKiB
TOKCUYHOCTI.

Bucosok. lle ncaimsxkeHHsa Hamae MiHHY iH(GOPMIiIifo cTaamx arapHUX NPaKTHUK, BUKOPUCTOBYIOUYH
HaHOTEXHOJIOTII A1 onTuMisaliii mpoAyKTHBHOCTI KYJILTYP Ta BUPIIIeHHS II00aJIbHUX IPOO6JIeM IpPo-
IOBOJILYOI Oe3IIeKu.

Knwou4oei cnoéa: HaHOUACTUHKU OKCUAY IIUHKY, cod, Glycine max, picT, yposKaliHiCTh.
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