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Recently, seed priming has gained significant attention as a technique to enhance stress
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INTRODUCTION

Many nanoparticles have beneficial uses, but it is
important to note that some can be toxic to both
micro and macro-flora, including plants and our food
crops (Shukla et al., 2024; Siddigi and Husen, 2016;
Hatami and Ghorbanpour, 2014; Dimkpa et al., 2011).
In recent years, several scientists have conducted
studies to understand the impact of nanoparticles on
seed germination and plant growth, to promote their
use in agricultural applications (Hafez and Khalil,
2024; El-Shazoly, 2019b; Dimkpa et al., 2011; Nair et
al., 2010).

Zinc oxide nanoparticles (nano-ZnO) are extensively
used in the nano-industry (Meena et al., 2021). Over
a decade ago, the presence of nano-ZnO in soil was
estimated to range from 3.1 mg/kg to 31 mg/kg
(Boxall et al., 2007). Since then, the production of ZnO
nanoparticles has significantly increased from 550 to
33,400 tons, and this upward trend continues (Keller
et al., 2013; Stroller and Ochando-Pulido, 2020). As a
result, the potential risks associated with the
environmental distribution of nano-ZnO are
considered high (Rajput et al., 2018). The number of
studies exploring nano-ZnO use in agriculture is also
growing (Yusefi-Tanha et al., 2020). However, the
interaction between nano-ZnO and soil systems
presents several drawbacks, including accumulation
(Kang et al., 2024), transformation (Azarin et al.,
2022), bioavailability and potential phytotoxicity
(Ahmed et al., 2021).
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Germination is a critical stage in the life cycle of plants
and plays a significant role in crop production.
Therefore, there is an urgent need to improve seed
quality, including viability and vigor, not only for
successful agricultural crop establishment but also to
address diverse environmental stressors (Mansour et
al.,, 2019). Seed priming has been recognized as
fulfilling all these criteria for managing abiotic and
biotic stress, as it enables plants to defend against
stressful agents without negatively impacting plant
physiology (Ellouzi et al., 2021).

Seed priming can be applied through various
methods, including hydro-priming (soaking seeds in
water) (Kaya et al., 2006), osmo-priming (treating
seeds with osmotic solution like mannitol) (Jisha et al.,
2013), halo-priming (soaking seeds in inorganic salts
solution) (Nawaz et al, 2011), hormo-priming
(applying phytohormones) (Attia et al., 2022; Ibrahim
et al., 2022), chemical-priming (utilizing chemical
agents like melatonin or H202) (Demir et al., 2012),
and nutrient-priming (treating seeds with macro or
micro-nutrient solutions) (Alves et al., 2019). These
seed priming treatments have been proven to have a
positive impact on the dynamics of germination and
plant response to heavy metal toxicity (Posmyk et al.,
2008; Hu et al., 2009; Sun et al, 2013). Being
generally considered the second most abundant
element in the earth's crust, after oxygen (Zhu and
Gong 2014), timely silicon (Si) is usually classified
under the beneficial element category by the
International Plant Nutrition Institute (IPNI) (Ouellette
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et al.,, 2017). In recent years, several studies have
highlighted the positive effects of silicon (Si)
fertilization in agriculture (Thakral et al., 2024; Liang
et al., 2015). Si has been found to play a beneficial role
in mitigating biotic stresses (Fauteux et al., 2006;
Fallah, 2012) and abiotic stresses (Ellouzi et al., 2023;
El-Shazoly, 2019a; Shi et al., 2016; Zhu and Gong,
2014).

Fenugreek, scientifically known as (Trigonella
foenum-graecum L.), is an annual leguminous crop
belonging to the Fabaceae family. It is considered one
of the oldest and most significant aromatic and
medicinal plants (AMPs), originally found in India and
Northern Africa but now cultivated worldwide
(Benayad et al., 2014). This crop exhibits a moderate
tolerance to salinity, drought, and heavy metals,
allowing it to thrive in various climatic regions and
marginal lands (Lamsaadi et al., 2024; Tunctirk,
2011). Fenugreek seeds and leaves are renowned for
their high concentrations of bioactive compounds,
which contribute to their therapeutic effects against a
wide range of diseases, including diabetes and cancer
(Benayad et al., 2014; Alrumaihi et al., 2021). In this
investigation, our focus revolves around the use of
silicon (Si) as a priming agent, considering its
numerous beneficial roles in managing environmental
constraints, particularly concerning ZnO NPs
phytotoxicity. The aim of this study is to assess the
impact of Si priming on plant biomass, as well as
various physiological and biochemical parameters, in
fenugreek plants subjected to ZnO NPs phytotoxicity
under natural conditions.

MATERIAL AND METHODS
Zinc oxide nanoparticles (ZnO NPs) suspension
preparation

The technique of ball milling was used to prepare ZnO
NPs in this study from commercial zinc oxide (density
of 5.61 g/cm3, 99.5% purity, 81.37 g/mol), obtained
from Chem. lab nv company, Belgium (Othman et al.,
2018). The characterization of its nanoparticle size is
(37£2.6) nm and sonication is used to ensure
dispersion for 30 min to prepare the tested
suspension of 200 mg/L ZnO NPs.

Growth media preparation and plantation
conditions

Sand culturing was used for this experiment, it was
prepared as previously described (El-Shazoly, 2019b).
Plastic pots filled with 700 grams of the treated sand.
The fenugreek seeds (Trigonella foenum-graecum L.)
used in the experiment provided by the Agricultural

Research Center in Giza, Egypt. Seeds were sterilized
in a 10% hydrogen peroxide solution for 20 minutes
and washed extensively with distilled water. Following
sterilization, the seeds were soaked in a solution
containing 2mM Sodium silicate (Si) for 12 hours
before being sowed in the soil. For the experiment, 15
seeds were planted in sand treated with varying
concentrations of ZnO NPs (0, 100, and 200 mg L%).
The soil was maintained at its full field capacity of
100% with an approximate water content of 11%. The
control represents the seeds planted solely with
distilled water. After germination, the eight healthiest
and most uniform seedlings were selected for further
analysis. Each treatment was replicated in six plastic
pots to ensure precise data collection.

Growth yield and harvest

At the end of the (30 days) experiment, the shoots
were carefully separated from the roots. For future
analysis, a fresh portion of the harvested shoots was
stored at -802C. The roots were rinsed with distilled
water. To determine the shoots and roots' fresh
weight (FW), they were weighed individually, then
placed in an oven to remove all moisture at 702C for
72 hours to determine dry weight (DW), and water
content was measured.

Preparation of plant extract

Fresh fenugreeks shoot samples were ground with 5
ml buffer solution in a chilled mortar and pestle as
described by Padmaja et al., (2011). Buffer solution
containing 50 mM Tris HCI (pH 7), 1 mM sodium EDTA
and 3 mM MgClz. The extract was centrifuged at 4°C
for 10 min at 5000 rpm. The resultant supernatant
was used in the determination of soluble metabolites
and antioxidants (enzymatic & non-enzymatic).

Soluble metabolites

Soluble carbohydrates: The soluble carbohydrate
content was assessed following the method outlined
by Fales (1951). The formation of a blue-green color
was recorded at 620 nm, and the soluble
carbohydrates were quantified using glucose to
establish a calibration curve, expressed as mg g* FW.

Soluble proteins: The determination of soluble
protein content was conducted by the procedure
described by Lowry et al. (1951) using the Folin
reagent method. Soluble proteins were quantified
using bovine serum albumin (BSA) to establish a
standard curve, expressed as mg gt FW.

Free amino acids: The free amino acid content was
determined following the method outlined by Moore
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and Stein (1948). Free amino acids were quantified
using glycine to establish a standard curve, expressed
asmg gl FW.

Non enzymatic antioxidants

Flavonoids: Total flavonoid content was measured
following the method outlined by Moreno et al.
(2000), with quercetin utilized as the standard. The
results were represented as mg g™ FW.

Free phenolics: The assessment of phenolic content
was carried out using the Folin-Ciocalteu's phenol
reagent method cited by Kofalvi and Nassuth (1995).
Phenolics were quantified using gallic acid as the
standard curve, expressed as pg gt FW.

Total antioxidants (DPPH%): The stable free radical
scavenging activity using 2,2-diphenyl-1-
picrylhydrazyl (DPPH) was assayed with the method
reported by Blois (1958). Reference materials were
ascorbic acid and BHT. The formula I= (Abs Control-
Abs sample)/Abs control x 100. was used to calculate
inhibition percentage (I) as radical scavenging activity.

Reducing power: The estimation of reducing power
was performed following the method suggested by
Oyaizu (1986) with slight modifications. The data are
expressed as mg g-1 FW, using ascorbic acid as the
standard.

Enzymatic antioxidants

Catalase (EC 1.11.1.6): A spectrophotometric
determination was used to determine catalase (CAT)
activity following the decrease in H.0; absorbance at
A240 nm, using the method reported by (Aebi,1984).

Superoxide dismutase (EC 1.15.1.1): The activity of
Superoxide dismutase (SOD) was recorded using the
adenochrome (autoxidation of epinephrine) as
described by (Misra and Fridovich, 1972). The activity
was presented as (UE mg™? protein).

Ascorbate peroxidase (EC 1.11.1.11): The ascorbate
peroxidase enzyme (APX) activity was assayed by
detecting the decrease in absorbance due to the
oxidation of ascorbic acid at A290 nm, as cited by
Jiang and Zhang. (2002).

Peroxidase (EC 1.11.1.7): The activities of the
Peroxidase enzyme (POD) were spectrophoto-
metrically determined by following the absorbance
increase at A470 nm, as cited by Tatiana et al. (1999).

Statistical analysis

The experiments were simple, following the one-way
Analysis of Variance (ANOVA), and performed under

the complete randomized (CR) design. The data was
collected from two independent experiments as six
measurements in three replicates. The SPSS statistical
11.0 package was utilized to perform the ANOVA
analysis. Duncan's as a posthoc test, under p < 0.05 as
a significance level was conducted as multiple range
tests. Principal Component Analysis (PCA) variance
regression ordination was employed to analyze the
assessed parameters. The circular heatmap was
generated using the ggplot packages, R software
(RStudio).

RESULTS
Growth yield

Results in Figure 1a, b represents the effects of Si
priming on shoot and root fresh weight of fenugreek
(Trigonella foenum-graecum L.) plants grown under
zinc oxide nanoparticle levels (0, 100, and 200 mg L
1). The data showed a significant reduction in shoot
and root fresh weight affected by ZnO NPs. On the
other hand, significant enhancement was detected in
fresh matter gain in shoots treated with Si priming at
100 and 200 mg L'* ZnO NPs by about 75% and 64%
enhancement, respectively, when compared to the
corresponding treatment without Si (Figure 1).
Application of silicon-induced root fresh matter by
about 120% and 80%, respectively, under 100 and
200 mg L' ZnO NPs when compared to corresponding
treatments without Si priming. The reduced dry
weight of fenugreek plants (shoot and root) because
of ZnO NPs applications without Si priming (Figure 2a,
b) could be observed. Application of 100 and 200 mg
L'l ZnO NPs to the growth media reduced shoot dry
matter by 20% and 32%, respectively, while root dry
matter reduced by 16% and 33%, respectively, when
compared with control. Plants grown from seeds
soaked in 2 mM sodium silicate showed significant
enhancement in shoot dry weight under 100 and 200
mg L'! ZnO NPs by about 72% and 85%, respectively,
when compared to corresponding treatments
without Si priming. Data on root dry weight showed
improvement but was not significant.

The water content of shoots was reduced significantly
due to 100 and 200 mg L ZnO NPs applications
(Figure 3a). However, the water content of roots
(Figure 3b), was reduced significantly at fenugreek
plants exposed to the 100 mg L' ZnO NPs
phytotoxicity, but significant induction in root water
content %, up to the absolute control level, was
observed at 200 mg L't ZnO NPs. The effect of external
Si priming was more obvious in roots than shoots as
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Figure 1. Shoot fresh weight (FW) (1a) and root fresh weight FW
(1b) of ZnONPs (0, 100 and 200 mg L%) treated fenugreek
(Trigonella foenum-graecum L.) plants as affected by sodium
silicate (Si) (as priming agent 2 mM) applications. Values represent
means of six replicates, from two independent experiments and the
vertical bars indicate + SE. Different letters above the columns
indicate significant difference between treatments, (one-way
ANOVA, Duncan's test) at P<0.05 level.

Si application alleviated root water content %
significantly at 100 mg L™X ZnO NPs to the control level,
while no such response was observed in shoots
(Figure 3a).

Soluble metabolites

The effects of ZnO NPs and Si priming on soluble
carbohydrates, soluble proteins and free amino acids,
respectively were represented in Figure 4a, b, and c.
Data shown in Figure 4a demonstrated that soluble
carbohydrate content increased but was not
significant in shoots because of ZnO NPs application.
While, with the application of Si priming at (0 and 100
mg L' ZnO NPs), soluble carbohydrates were
increased significantly to the highest levels. On the
other hand, data on soluble proteins showed an
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Figure 2. Shoot dry weight (DW) (2a) and root dry weight DW (2b)
of ZnONPs (0, 100 and 200 mg L) treated fenugreek (Trigonella
foenum-graecum L.) plants as affected by sodium silicate (Si) (as
priming agent 2 mM) applications. Values represent means of six
replicates, from two independent experiments and the vertical
bars indicate = SE. Different letters above the columns indicate
significant difference between treatments, (one-way ANOVA,
Duncan's test) at P<0.05 level.

opposite response to soluble carbohydrates; an
enhancement in shoot was recorded under 100 mg L
1ZnO NPs level. Increasing the level of ZnO NPs to 200
mg L resulted in a significant reduction in soluble
protein content. Meanwhile, application of Si-
induced soluble protein content in shoot compared to
the corresponding treatment under (0 and 100 mg L
ZnO NPs) (Figure 4b). Also, free amino acid data
showed a similar trend to soluble proteins (Figure 4c).

Non enzymatic antioxidants

Flavonoids and free phenolic contents in shoots of
fenugreek plants were enhanced with the application
of 100 mg L'! ZnO NPs (Figure 5a, b). The content of
free phenolics and flavonoids showed no significant
change at the higher level of ZnO NPs (200 mg L?)
when compared to the control. On the other hand, a
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Figure 3. Shoot water content % (3a) and root water content % (3b)
of ZnONPs (0, 100 and 200 mg L) treated fenugreek (Trigonella
foenum-graecum L.) plants as affected by sodium silicate (Si) (as
priming agent 2 mM) applications. Values represent means of six
replicates, from two independent experiments and the vertical
bars indicate = SE. Different letters above the columns indicate
significant difference between treatments, (one-way ANOVA,
Duncan's test) at P<0.05 level.

significant increase was recorded in free phenolics
and flavonoid content in a shoot at 200 mg L™ ZnO
NPs level because of Si priming compared to the
corresponding treatment without Si priming (Figure
5a, b). Data of total antioxidant DPPH% represented
as affected with ZnO NPs phytotoxicity (with or
without) Si priming in Figure (6a). ZnO NPs
phytotoxicity at 100 mg L reduced significantly the
total antioxidants% to the lowest level. While the
external application of Si as a priming agent increased
the content of total antioxidants significantly. On the
other hand, increasing the level of ZnO NPs
phytotoxicity up to 200 mg L' with Si priming induced
total antioxidant % significantly to the highest level.

Reducing power

Results in Figure 6b exhibit the response of reducing
power content as affected by ZnO NPs phytotoxicity
(with or without) Si priming. A significant reduction in
reducing power content was recorded at 200 mg L*!
Zn0O NPs phytotoxicity, compared to absolute control.
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Figure 4. Shoot soluble metabolites; soluble carbohydrates (4a),
Soluble proteins (4b) and free amino acids (4c) of ZnONPs (0, 100
and 200 mg L?) treated fenugreek (Trigonella foenum-graecum L.)
plants as affected by sodium silicate (Si) (as priming agent 2 mM)
applications. Values represent means of six replicates, from two
independent experiments and the vertical bars indicate + SE.
Different letters above the columns indicate significant difference
between treatments, (one-way ANOVA, Duncan's test) at P<0.05
level.
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Figure 5. Shoot non-enzymatic antioxidants; flavonoids (5a) and
phenolics (5b) of ZNONPs (0, 100 and 200 mg L) treated fenugreek
(Trigonella foenum-graecum L.) plants as affected by sodium
silicate (Si) (as priming agent 2 mM) applications. Values represent
means of six replicates, from two independent experiments and
the vertical bars indicate * SE. Different letters above the columns
indicate significant difference between treatments, (one-way
ANOVA, Duncan's test) at P<0.05 level.

The external application of Si as priming agent
induced reducing power content significantly when
compared to 200 mg L ZnO NPs level without Si
priming. On the other hand, 100 mg L ZnO NPs
without Si priming significantly induced power
content to the highest level.

Enzymatic antioxidants

The activity of CAT in a shoot of fenugreek plants
grown under ZnO NPs phytotoxicity showed
reduction at 100 and 200 mg L'* ZnO NPs levels (Figure
7a). Application of Si-induced CAT enzyme
significantly, when compared to the corresponding
treatment without priming. The activity of the SOD
enzyme in shoots of fenugreek plants was reduced
significantly to the lowest level because of 100 mg L?
ZnO NPs applications (Figure 7b). External application
of Si induced SOD activity significantly at 100 mg L?
ZnO NPs level when compared to the corresponding

100

80

HH o
(g}

60 e

40

—h

20

Total antioxidants (DPPH%)

20

mo0 100 @200
16

12

Reducing power (mg g FW)
o

without Si priming
ZnO NPs (mg L?)

Figure 6. Total antioxidants DPPH % (6a) and reducing power (6b)
of ZnONPs (0, 100 and 200 mg L) treated fenugreek (Trigonella
foenum-graecum L.) plants as affected by sodium silicate (Si) (as
priming agent 2 mM) applications. Values represent means of six
replicates, from two independent experiments and the vertical
bars indicate + SE. Different letters above the columns indicate
significant difference between treatments, (one-way ANOVA,
Duncan's test) at P<0.05 level.

treatment without Si priming. Increasing ZnO NPs
concentration in the growth media up to 200 mg L*!
increased SOD activity significantly to the highest
level. Results in Figures 7c, d demonstrated the
activities of ascorbate peroxidase (APX) and
peroxidase (POD) enzymes in the shoots of the
fenugreek plant as affected by ZnO NPs levels and Si
seed priming. APX activity increased significantly due
to ZnO NPs application at 100 mg L*. without Si
priming (Figure 7c). On the other hand, POD activity
showed no significant change under 100 and 200 mg
L' ZnO NPs application (Figure 7d). Meanwhile, the
activities of ascorbate peroxidase and peroxidase
enzymes reached their peak because of Si priming at
200 mg L't ZnO NPs level.

Principal component analysis (PCA)

A principal component analysis (PCA) was conducted
on the dataset from the current experiment to find
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Figure 7. Shoot enzymes; catalase CAT (7a), superoxide dismutase
SOD (7b), ascorbate peroxidase APX (7c) and peroxidase POD (7d)
of ZnONPs (0, 100 and 200 mg L) treated fenugreek (Trigonella
foenum-graecum L.) plants as affected by sodium silicate (Si) (as
priming agent 2 mM) applications. Values represent means of six
replicates, from two independent experiments and the vertical
bars indicate = SE. Different letters above the columns indicate
significant difference between treatments, (one-way ANOVA,
Duncan's test) at P<0.05 level.

the relationships among treatments under different
levels of zinc oxide nanoparticles (with or without Si
priming). The dataset consisted of 6 treatments and
16 parameters. The biplot provides the positive and
negative correlations among the 16 parameters. The
closer the parameters are to each other on the biplot,
the more similar their trends are. In the right-hand
half of Figure 8, there was a noticeable contrast
between non-enzymatic antioxidants (phenolics,
flavonoids, and reducing power), and soluble
metabolites (proteins and amino acids) from this side
and parameters in the left-hand half (shoot and root
water content%), total antioxidants (DPPH%), and
antioxidant enzymes (CAT&SOD). The first axis of the
PCA1 captured approximately 43.6% of the
cumulative variance, while the second axis of the
PCA2 captured 21.1%. The left-hand half was largely
influenced by the control treatment and 200 mg L*
ZnO NPs without Si priming (Figure 8). Meanwhile,
the right-hand half was greatly influenced by
treatments involving 100 mg L! ZnO NPs without Si
priming. It was observed that the lower half
collected a positive correlation among growth
parameters (fresh and dry weight in shoot and root),
carbohydrates, APX, and POD. On the other hand,
silicon priming treatments under different ZnO NPs
levels (0, 100, and 200 mg L) clustered in the lower
half of the biplot.

Hierarchical clustering pattern (circular heatmap)

A dendrogram resulted from cluster analysis (Figure
9) with different sub-clusters for all the evaluated
attributes and studied treatments. Shoot water
content%, root water content%, Total antioxidants
DPPH%, and soluble carbohydrates traits showed
positive linkages with most treatments, which formed
distinct clusters and became separated from other
parameters. The remaining parameters such as dry
weight (shoot & root), fresh weight (shoot & root),
POD, and CAT formed different sub-clusters, showing
a negative relationship for most of the treatments.

DISCUSSION

Based on the findings of this study, it was observed
that the treatment of fenugreek plants with ZnO NPs
resulted in a decrease in the fresh and dry weight of
both roots and shoots. However, the presence of Si
demonstrated an effect in limiting the decrease in
shoot biomass to a greater extent compared to root
biomass. Zn tends to accumulate in root vacuoles,
where it binds to organic acids. Excessive levels of Zn
can lead to reduced biomass, potentially due to the
inhibition of meristematic mitoses and the impaired
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Figure 9. Heatmap graphical display of the relationships among the
6 investigated treatments and 23 measured growth and
physiological traits under ZnO NPs levels and GA3 priming
application. The different colors and intensities were adjusted
based on associations among treatments and traits. The darker
blue indicates lower values, while the darker red indicates higher
values. Treatments: a=control, b=100 mg L'2ZnO NPs, c=200 mg L*
ZnONPs, d=0 mg L*ZnO NPs +Si priming, e=100 mg L ZnO NPs +Si
priming, f=200 mg L™*ZnO NPs +Si priming. Parameters: Sh WC%=
shoot water content %, R WC%= root water content %, ShFW=
shoot fresh weight, Sh DW= shoot dry weight, RFW= root fresh
weight, RDW= root dry weight, Carb=carbohydrates, Amino=amino
acids, prot=proteins, Pheno=phenolics, Redu=reducing power,
Flavo=flavonoids, DPPH%=total antioxidants.

elongation of root cells. Zn also tends to bind to
components of the cell wall, such as structural
proteins, cellulose, hemicellulose, and pectin, which
disrupts the normal development of roots
(Krzestowska, 2011).

According to Rao and Shekhawat (2014), it was
observed that a significant decline in fresh and dry
weight occurred as the concentration of ZnO NPs
increased in the growth medium. Consistent with the
results of this study, Song et al. (2011) reported that
Si played a significant role in mitigating the reduction
in shoot and root biomass caused by excess Zn in two
rice cultivars, with a greater impact on shoots than
roots. Additionally, Anwaar et al. (2015) found that
the addition of 25 and 50 uM Zn to the nutrient
solution resulted in a significant decrease in the
weight of stems, leaves, and roots in young cotton
plants. However, the addition of Si enhanced the
plants' ability to cope with Zn excess and reduced the
decrease in biomass. Similar findings regarding the
ameliorating effect of Si on Zn toxicity have been
reported in previous studies (Zajaczkowska et al.,
2020; Gu et al., 2012; Kaya et al., 2009). Silicon supply
was proven to reduce the translocation of Zn from
roots to shoots (Song et al., 2011). Also, Si supply
induces the formation of poly-silicate in the cell wall,
reinforcing the cell walls and changing the binding
capacity for metals, particularly Zn (Brasser et al.,
2006). Additionally, Currie and Perry (2007) reported
that the integration of silicate compounds in the cell
walls of roots increases the number of binding sites
for Zn ions, thus enhancing the amount of Zn in the
matrix of the cell wall.

The result of water content % indicates a significant
reduction in shoot water content% and no significant
change in root water content % at 200 mg L2 ZnO NPs.
However, a significant reduction in root water content
% was recorded at 100 mg L'! ZnO NPs. The effect of
silicon application as a priming agent was observed
only in root water content at 100 mg L' ZnO NP, as its
application restored root water content significantly
up to the control level. Zinc toxicity in plants can have
a profound effect on their water content and overall
growth. Increased zinc levels in soil and water can
hinder the absorption of essential nutrients and
disrupt various physiological functions. Previous
studies have shown that elevated zinc concentrations
can lead to oxidative stress, damaging cellular
structures and hindering the plant's ability to
maintain turgor pressure, which ultimately results in
wilting and decreased water retention (Zhang et al.,
2018; Shah et al., 2020). Additionally, zinc toxicity has
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been found to negatively affect root development,
restricting the plant's access to water and nutrients,
thereby worsening water deficit conditions (Sajjad et
al., 2019). In species such as Senna multijuga and
Erythrina crista-galli, high soil zinc concentrations
have been linked to a linear reduction in the root-
specific surface area, negatively impacting growth and
diminishing their capacity for water and nutrient
absorption (Scheid et al., 2017).

Silicon plays an essential role in supporting plant
growth and preserving water content. Studies have
indicated that applying silicon can boost a plant's
resistance to drought by enhancing water retention
and lowering transpiration rates (Gao et al., 2020).
Additionally, silicon helps maintain the structural
integrity of plant cells by reinforcing cell walls and
supporting turgor pressure, which is vital for optimal
growth (Baker et al., 2021). Moreover, silicon has
been shown to promote root development, enabling
plants to access water and nutrients more efficiently
from the soil (Kumar et al., 2018). This strengthened
root system not only facilitates water absorption but
also increases the plant's overall resilience to
environmental stressors (Bafiuelos et al., 2019).

Soluble metabolites were generally induced at a
concentration of 100 mg L' ZnO NPs, while a
significant reduction was observed in soluble
carbohydrates, soluble proteins, and free amino acids
at a concentration of 200 mg L* ZnO NPs. However,
the external application of silicon significantly
increased the levels of soluble metabolites, even at a
concentration of 200 mg L™X ZnO NPs. Previous studies
have highlighted the protein-rich nature of fenugreek
seeds (Nagulapalli et al., 2017).

Data inferred from this study indicates that ZnO NPs
at a concentration of 200 mg L negatively affect the
nutritional quality of plants, specifically in terms of
soluble metabolites (Fig. 4a, b, c). In contrast, Si
priming alleviated the harmful effects of ZnO NPs
phytotoxicity and significantly improved the content
of soluble proteins, soluble carbohydrates, and free
amino acids. The improvement in soluble metabolites
recorded at 100 mg L' ZnO NPs without silicon
priming could be attributed to the crucial role of Zinc
as a structural stabilizer for various proteins, including
transcription factors and enzymes involved in
essential physiological processes such as the synthesis
and catabolism of biological molecules, from
carbohydrates to proteins, and from nucleic acids to
lipids (Figueiredo et al., 2012; Marschner, 1995; Pedas
et al., 2009).

However, an excessive amount of Zn can disrupt
nutrient homeostasis, negatively affecting mineral
uptake and translocation. This disturbance can lead to
deficiencies in essential ions like Mg, Fe, and P,
ultimately impacting important metabolic processes
such as photosynthesis and transpiration (Ali et al.,
2013; Abbas et al., 2009). Additionally, Zn excess has
been found to reduce protein, sucrose, and starch
levels, as well as affect flowering and seed
development in crops like maize and sugar beet (Singh
et al., 2005).

Our results align with the hypothesis proposed by
Bijanzadeh and Egan (2017), suggesting that the
alleviating effect of Si may be linked to its
osmoprotective role under stressful conditions. Other
studies, such as Avila et al. (2021) and Hussain et al.
(2021), have reported the positive influence of Si on
plant response to water deficit and shading,
respectively,  through  mechanisms involving
osmoregulation and improved carbon metabolism
and photosynthesis capability.

The data obtained from the present study indicated
that there was no significant change in the content of
phenolics and flavonoids when the concentration of
ZnO NPs increased to 200 mg L' However, a
significant increase was observed at 100 mg L'! ZnO
NPs. Interestingly, when plants were primed with Si,
there was an induction of phenolics and flavonoids
even at 200 mg L™ ZnO NPs. Phytotoxicity of ZnO NPs
at 200 mg L? level increased total antioxidants
significantly but reduced reducing power content to
the lowest value. Application of Si increased reducing
power content significantly.

The significant increase, obtained in this study, in the
content of phenolics and flavonoids at 100 mg L™ ZnO
NPs follows earlier studies that have indicated that
plants exposed to ZnO nanoparticles or bulk zinc
exhibited heightened levels of flavonoids and
phenols, along with increased activity of certain
antioxidant enzymes. Some researchers propose that
zinc may contribute to the activation of genes
involved in the production of antioxidants and
secondary metabolic processes (Garcia-Lépez et al.
2018; Ma et al. 2017). Fenugreek is a valuable
medicinal and aromatic plant, owing to its diverse
applications in traditional medicine, pharmacy, and
cosmetics (Nagulapalli et al., 2017). Fenugreek seeds
are particularly known for their high antioxidant and
bioactive molecule content, which contributes to
their medicinal properties (Alrumaihi et al., 2021).
Previous studies have highlighted the richness of
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fenugreek seeds in polyphenols, flavonoids, and
saponins (Alrumaihi et al., 2021; Nagulapalli et al.,
2017; Benayad et al., 2014).

In this study, the data inferred that ZnO NPs at a
concentration of 200 mg L resulted in a decrease in
reducing power content, while no significant change
was observed in phenols and flavonoid content.
However, Si priming significantly enhanced the
content of phenolics and flavonoids and reduced
power. Therefore, these findings demonstrate the
efficacy of Si seed priming in mitigating the adverse
effects of ZnO NPs phytotoxicity on non-enzymatic
antioxidants in fenugreek plants.

Reactive oxygen species (ROS) can accumulate in
plants experiencing various abiotic and biotic
stresses, such as salinity, drought, UV-B radiation,
cold, metal toxicity, and pathogen attacks (Das and
Roychoudhury, 2014). In response, plants activate
their defense systems to eliminate or reduce excess
ROS by producing antioxidant enzymes. Among these
enzymes, superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT) play crucial roles in
scavenging excessive ROS, reflecting the dynamic
equilibrium of the plant's antioxidant system (Reddy
et al., 2016).

In this study, the activity of SOD increased significantly
at a concentration of 200 mg L' ZnO NPs, reaching the
highest level. SOD acts as the first line of defence
against induced damage by ROS, catalyzing the
dismutation of superoxide (02 ) into hydrogen
peroxide (H202) and oxygen (0:) (Das and
Roychoudhury, 2014). While H20:z is beneficial at low
concentrations, it can be damaging at higher levels
and must be tightly controlled within the cell (Das and
Roychoudhury, 2014). POD and CAT, on the other
hand, are considered dominant enzymes that convert
H202 into water (H20) or other non-toxic products
(Kim et al., 2012). In this study, Si priming significantly
increased the activity of peroxidase (POD), ascorbate
peroxidase (APX), and catalase (CAT), reaching the
highest level at a concentration of 200 mg L'™X ZnO NPs.

Zinc (Zn) serves as a structural stabilizer for numerous
proteins and metalloenzymes, including superoxide
dismutase (Figueiredo et al., 2012). The activation of
antioxidant systems in plants appears to play a crucial
role in mitigating metal toxicity (Puppe et al., 2023;
Hussain et al., 2015; Sytar et al., 2013; Sharma and
Dietz, 2009; Shi et al., 2005). Generally, in the present
work, silicon (Si) can alleviate oxidative stress induced
by ZnO NPs toxicity by enhancing the activities of
enzymatic (e.g., ascorbate peroxidase, peroxidase,

and catalase) and non-enzymatic (phenolics and
flavonoids) antioxidants. This induction in the
antioxidant system could mitigate oxidative stress and
help to decrease the accumulation of reactive oxygen
species such as hydrogen peroxide (H202) and
hydroxyl radicals (OH®), which are known to disrupt
cell signaling pathways, leading to severe cell damage
or death (Choudhury et al., 2013; Gill and Tuteja,
2010; Kwak et al., 2006). In a meta-analysis, Cooke
and Leishman (2016) conducted a statistical
assessment of plant responses to Si application under
abiotic stress. Their findings indicated that Si
consistently alleviates oxidative stress, with variations
in responses observed among different plant families.

CONCLUSION

Zinc oxide nanoparticles have a constraining effect on
the growth and physiological characteristics of
Fenugreek plants. Silicon (Si) has emerged as a
promising approach to counteract the phytotoxicity
of ZnO NPs. However, there is limited knowledge
regarding the impact of Si-seed priming on the
growth and physiological responses of fenugreeks
under natural conditions in the presence of ZnO NPs
toxicity. Si seed priming demonstrated the ability to
mitigate Zn toxicity in young fenugreek plants by
reducing the decline in biomass. Additionally, silicon
enhanced the pool of soluble metabolites (soluble
proteins, soluble carbohydrates, and free amino
acids) and non-enzymatic antioxidants (phenolics and
flavonoids). Furthermore, the beneficial impact of
silicon priming extended to the activities of enzymatic
antioxidants (CAT, APX, and POD). As a result, the
seed priming technique presents a practical, cost-
effective, and environmentally friendly approach to
crop management. Despite the positive outcomes
observed in growth and physiological parameters,
further research is warranted to evaluate the effects
of these treatments on fungus productivity. This
agricultural technique is especially recommended for
soils contaminated with ZnO NPs.
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