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cadmium toxicity in muskmelon
(Cucumis melo): integrative insights from
photosynthesis to antioxidant activity to gene
expression
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Cadmium (Cd) toxicity is a potential abiotic stress that significantly affects plant growth and development,

especially in vegetable crops like muskmelon. Silicon (Si), a vital element, plays an essential role in alleviating

Cd-induced stress by various mechanisms. The present study explored the impact of Cd and Si treatments

at 25, 50, 100, and 200mg per kg soil concentrations on the physio-biochemical and molecular changes in

muskmelon. Si treatment stabilized key physiological factors like increasing photosynthesis by 16% to 98%,

decreasing electrolyte leakage by 28% to 69%, and increasing the relative water content by 7% to 48%,

respectively, under increasing concentrations of Cd treatments supplemented with Si, improving the

overall plant health. The results indicated that Cd exposure led to increased oxidative damage, as

evidenced by the levels of hydrogen peroxide, malondialdehyde, and proline, under a maximum

concentration of 200 mg kg−1 with respective fold increases of 3.44, 2.84 and 5.03, while Si

supplementation significantly mitigated these effects, with respective fold changes of 0.83, 0.92 and

0.87, under similar concentrations, when compared with the control plants. Si enhanced the activity of

the antioxidant enzyme and improved the gene expression associated with oxidative stress, providing

a protective effect against Cd-induced damage. Si also promoted nutrient uptake and alleviated the

unfavourable impacts of Cd on soil physio-biochemical properties, like pH, electrical conductivity (EC),

and organic carbon (OC) content. The combined application of Cd and Si showed a synergistic effect,

enhancing plant resilience and reducing Cd accumulation. These findings suggest that Si is an effective

strategy for mitigating Cd toxicity, improving plant health, and promoting crop productivity, particularly

in muskmelon and other vegetable crops.
Environmental signicance

Cadmium (Cd) is a non-biodegradable, hazardous microelement prevalent in the atmosphere. The transfer of cadmium through ecosystems presents signicant
threats to the ecology. Human activity, including metal extraction, smelting, and application of chemical pesticides and fertilizers, has increased the levels of
cadmium in the ecosystem. Cadmium exposure to crops induces the formation of reactive oxygen species (ROS), which impair the functioning of cells and
numerous biological molecules in plants. The detrimental impact of cadmium results in a disruption of physiological systems, development, and overall growth
in plants. To date, the effect of cadmium has not been explored in detail. This study shows that silicon reduces the severity of cadmium in muskmelon by
improving the plant’s overall performance.
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Introduction

Cadmium (Cd), a nonessential heavy metal, is considered
a severely toxic contaminant due to its potential to accumulate
in organisms and remain for a long duration, even at negligible
concentrations.1 It causes serious health issues in humans and
animals when it enters the food chain.2 The soil contaminated
with Cd has a negative impact on plant growth attributes,
leading to symptoms such as yellowing of leaves, reduced
growth and yields, decreased activity of enzymes, accumulation
of reactive oxygen species (ROS), and protein damage.3,4 Cd is
easily taken up by plants because of its high movement in soil
and plant systems. Excessive build-up of cadmium within the
body of an individual can lead to calcication of the kidneys and
bones, problems with metabolism, ostealgia, hypertension,
diabetes, emphysema, and various other disorders. It can result
in oxidative damage to deoxyribonucleic acid (DNA), impede the
repair mechanisms, and promote the formation of cancer cells.1

Muskmelon variety Kashi Madhu has been developed by the
Indian Council of Agriculture Research-Indian Institute of
Vegetable Research (ICAR-IIVR). It is known for its high yield,
good fruit quality, and resistance to various diseases. Kashi
Madhu has a round, slightly attened shape with a smooth,
golden-yellow skin and sweet, orange-colored esh. The variety
is preferred for its taste, attractive appearance, and relatively
high market value. It is well-suited for cultivation in regions
with a warm climate and is known for its ability to thrive under
both rainfed and irrigated conditions. Kashi Madhu also has
a good shelf life, making it suitable for commercial farming and
marketing.5 Interestingly, China, Turkey, and India produced
14.07, 1.64, and 1.48 million metric tons of muskmelons,
respectively, during 2023–24 (Foreign Agriculture Service,
USDA, assessed on 24th January, 2025).

Silicon (Si) constitutes approximately 27.7% of the Earth’s
crust, ranking as the second largest component aer oxygen, and
is not necessary for the survival of higher plants on the Earth.
Nonetheless, it plays a signicant role inmaintaining plant growth
attributes and product qualities under abiotic and biotic stresses.6

It has been determined that silicon dioxide nanoparticles are an
attractive kind of nanomaterial that has the potential to address
a wide range of stressors, including the toxicity of heavy metals in
polluted soil. In addition, when compared to traditional silicon
fertilizers, SiO2 NPs have the ability to successfully minimize the
effects of cadmium stress. Increases in Cd toxicity, plant growth,
photosynthetic parameters, and chlorophyll contents can be ach-
ieved through the use of silicon dioxide nanoparticles. Addition-
ally, the concentration of Cd within plants can be decreased
through the utilization of these nanoparticles.7 Si enhances soil
qualities by boosting soil microbiome, regulating nutrient cycling,
increasing retention of soil water, and creating a suitable envi-
ronment for plant growth.8 Although, in nature, Si is present in
plentiful amounts, it is generally found in complex forms to which
plants cannot have access. Solubilized, bio-available forms such as
monosilicic/protosilicic acid [Si(OH)4/H4SiO4] generally occur at
low concentrations (0.1–0.6 mM) in soil.9 Si is absorbed by plants
solely as H4SiO4, the only accessible form in the soil. Once
922 | Environ. Sci.: Adv., 2025, 4, 921–937
absorbed, H4SiO4 moves radially through the cortex of the root via
the plasmodesmata or cytoplasm.10,11 Aer reaching the xylem, it is
fastly transported to the aerial parts of the plants such as stems,
leaves, owers, and fruits with the help of a transpiration stream.12

In plant organs like leaves and stems, H4SiO4 is moved via the
xylem to the extracellular apoplastic space.

The phytotoxic effects of Cd in the soil become evident only
aer plants absorb it and translocate it to different tissues and
organs. There are two pathways by which Cd can enter plant
roots: (1) apoplast and (2) symplast pathways.13,14 In the apo-
plast pathway, Cd is absorbed by roots through positive diffu-
sion and moves through the spaces between the rhizodermis
cell walls and cortex, eventually entering the xylem and phloem
without entering the cells. The symplast pathway, on the other
hand, involves the movement of Cd through cellular plasmo-
desmata facilitated by membrane transporters of the cells.15,16

Si can interfere with both pathways of Cd uptake, reducing Cd
accumulation in plants and thus mitigating its toxicity.15,17

However, Si improves plant growth attributes under Cd toxicity.18

The photosynthesis disruption is a key impact of Cd stress that can
be minimized by Si application.19 Furthermore, Si constitutes
barriers in physical form within the cell wall and also alters the
expression genes that participated in Cd absorption and trans-
portation. Under Cd stress, high ROS amounts such as hydrogen
peroxide (H2O2), hydroxyl radical (OH

−), and superoxide ion (O2
−),

accumulate in the cells of the plant.20,21 Antioxidant enzymes like
ascorbate peroxidase (APX), catalase (CAT), guaiacol peroxidase
(GPX), peroxidase (POD) and superoxide dismutase (SOD) are
synthesized by plants to counteract the negative impact of ROS at
high concentrations under Cd toxicity.22 Si can increase the plant's
antioxidative capability, and the application of SiO2 (silicon dioxide)
nanoparticles activates the antioxidative defense machinery.23

Although there is extensive research on the role of Si in
alleviating environmental stresses caused by cadmium in
different crops, to the best of our knowledge, the role of silicon
in mitigating cadmium stress in muskmelon has not been
studied. Therefore, based on the aforementioned consider-
ations, the current experiment was planned to investigate
whether silicon can enhance cadmium tolerance in muskmelon
by modulating different physio-biochemical and molecular
parameters. Therefore, implementing effective strategies to
mitigate Cd stress and reduce its concentration in plants via Si
treatment is a future aspect for enhancing muskmelon plant
growth and ensuring better productivity.

Materials and methods
Plant materials and treatments

Muskmelon seeds of the variety Kashi Madhu were used in the
present study. Experiments were carried out at the Dept. of Agri-
culture, Marwadi University Research Center, Marwadi University,
Rajkot, Gujarat, India, with 22.36° N latitude and 70.79° E longi-
tude. Seeds were disinfected using 3% sodium hypochlorite
(NaOCl) for 5 min followed by washing thrice using distilled water.
Seeds were germinated in plastic trays lled with a coco peat and
vermiculite mixture. Plant at the true leaf stage was used for
transplanting in pots with diameter and height of 21 and 23 cm,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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respectively. Pot soil pH and bulk density were 6.8 and 129 g cm−3,
respectively. CdSO4 (cadmium sulfate), in the concentration range
of 25mg, 50mg, 100mg, and 200mg Si per kg soil, weremixedwith
the soil in pots before two days of seed sowing; similarly, Si (SiO2) in
the concentration range of 25 mg, 50 mg, 100 mg, and 200 mg Cd
per kgweremixedwith the soil.While the soilmoisture content was
maintained up to 65%. The setup of treatments was as follows: T1=
control (untreated), T2 = 25 mg Cd per kg soil, T3 = 50 mg Cd per
kg soil, T4= 100 mg Cd per kg soil, T5= 200 mg Cd per kg soil, T6
= 25mg Si per kg soil, T7= 50mg Si per kg soil, T8= 100mg Si per
kg soil, T9 = 200 mg Si per kg soil, T10 = 25 mg Cd per kg soil +
25 mg Si per kg soil, T11 = 50 mg Cd per kg soil + 50 mg Si per kg
soil, T12= 100mg Cd per kg soil + 100mg Si per kg soil, and T13=
200 mg Cd per kg soil + 200 mg Si per kg soil. Each of the experi-
ments were carried out in triplicate (n= 3). Pots were irrigated with
1.5 liters of water at three days intervals, and data were recorded
aer 50 days of germination when the fruit setting starts.

Root and shoot length measurement

Three representative plants from each treatment were carefully
and meticulously uprooted from their pots, ensuring minimal
disturbance to the roots. This careful approach was taken to
maintain the accuracy of the data and to provide a reliable basis
for our research. Root and shoot measurements were carried
out using meter tape.

Root and shoot dry and fresh weight measurements

Plants extracted intact from the roots were separated into shoot
and root parts, and their fresh mass (FM) was recorded.
Furthermore, these parts were dried for 48 h at 80 °C in a hot air
oven to obtain the dry mass (DM). The dry-to-fresh mass ratio of
each portion was calculated as a percentage using formulae,
which were adapted from Kausar24 with slight modications.25

Net photosynthetic rate (Pn), stomatal conductance (gs),
chlorophyll uorescence (Fv/Fm) and chlorophyll color index
(CCI) measurement

The Pn and gs were meticulously recorded using a portable
photosynthetic system (LI-6200; LICOR, USA). These measure-
ments were conducted on 03 leaves per replication between
11:00 AM and 1:00 PM. Fv/Fm was assessed by recording the
photosystem II maximum quantum efficiency, by employing
a hand usable Plant Efficiency Analyzer. For this measurement,
30 min dark adaption of leaves was carried out by employing
clips on the adaxial surface. Excitation irradiance was main-
tained at 3000 mmol m−2 s−1. Higher (F0) and lower (Fm) uo-
rescence were recorded to calculate Fv/Fm.

For CCI measurements, the top three leaves were selected
during daytime hours (10:00–11:00 AM) using a handy chloro-
phyll meter at wavelengths of 655/940 nm, which are known to
be optimal for chlorophyll content determination.

Electrolyte leakage (EL) and relative water content (RWC)

For EL assessment, 1 cm diameter leaf discs were soaked in
20ml of water at room temperature for 4 h tomeasure the initial
© 2025 The Author(s). Published by the Royal Society of Chemistry
conductivity (EC1). The discs were further autoclaved for 30 min
at 121 °C to measure the nal conductivity (EC2). EL was
calculated with the help of the formula given below:

EL% = (EC1/EC2) × 100.25

The RWC was measured following meticulous protocols.26

The fresh weight (FW) of leaf samples was recorded rst fol-
lowed by soaking in water for full turgidity for 6 h and
measurement of the turgid weight (TW). Subsequently, the leaf
samples were dried at 80 °C using an oven to measure the dry
weight (DW). The calculation of RWC% was performed using
the formula: RWC% = (FW − DW/TW − DW) × 100.

Chlorophyll (Chl) and carotenoid (Car) measurement

For Chl and carotenoid estimation, approximately 250 mg of
fresh leaf tissue was crushed in 80% of chilled acetone by
utilizing a mortar and pestle. The supernatant absorbance was
measured at 663 nm, 645 nm, and 470 nm wavelengths for Chl
a, Chl b, and Car, respectively, on a UV-vis spectrophotometer
(UV-1900, Shimadzu, Japan). The pigment concentrations were
calculated according to Ansari.26

Leaf proline content

The free proline content was measured using the ninhydrin
technique reported by Bates.27 Aer ltering the homogenate
solution, 2 ml of the ltrate was transferred to fresh test tubes,
and 2 ml of each of acid ninhydrin and glacial acetic acid was
mixed. The tubes were incubated at 80 °C for 1 h followed by
rapid cooling on ice to stop the reaction. The optical densities
were noted at 520 nm following the separation of the toluene-
based chromophore from the aqueous phase.

Estimation of hydrogen peroxide (H2O2)

The KI reagent was used to quantify the H2O2 concentration in
accordance with Jana and Choudhuri.28 Four ml of 5% tri-
chloroacetic acid (TCA) was utilized for crushing 0.2 g of frozen
roots from each pot. Following centrifugation at 10 000 rpm for
15 min at 4 °C, the supernatant (0.5 ml) was added with 0.5 ml of
phosphate buffer (0.1 M, pH= 7.0) and 1ml of KI (1M), and then
dark incubation was performed at room temperature for 1 h.

Leaf malondialdehyde (MDA)

Malondialdehyde (MDA), which is produced by the peroxidation
of lipids, was estimated in fresh leaf tissues by following the
methodology stated by Weisany.29 A total of 0.2 g of freshly
collected leaf tissue was crushed in 5 ml of trichloroacetic acid
(TCA; 0.1% w/v), followed by centrifugation at 12 000 g for 5 min
at 4 °C. Finally, the extract was cooled on ice, and the optical
density was recorded at 532 nm.

Assay of antioxidant enzyme activity

To extract antioxidant enzymes, 1 g of leaf tissues was crushed in
50 mM phosphate buffer. Aer centrifuging at 15 000 g for 20 min
Environ. Sci.: Adv., 2025, 4, 921–937 | 923
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at 4 °C, the supernatant was collected and utilized as a source of
enzymes. Using the technique described earlier,30 the amount of
protein in the supernatant was determined. Estimation of super-
oxide dismutase (SOD, EC 1.15.1.1) was carried out as stated by
Beyer.31 The optical density was measured at 560 nm, U per mg
protein was used to express the activity of SOD. The activity of
catalase (CAT, EC1.11.1.6) wasmeasured by tracking the change in
optical density at 240 nm for 2 min.32 Ascorbate peroxidase (APX,
EC 1.11.1.11) activity was recorded using the procedure described
in Nakano and Asada,33 and absorbance was measured for 3 min
at 290 nm. The activity technique of Foyer and Fletcher34 was used
for glutathione reductase (GR; EC 1.6.4.2), and the change in the
optical density at 340 nm was monitored for 2 min.
RNA isolation, cDNA preparation, and real-time PCR

Total RNA was extracted from the leaf tissue using a Chromous
RNA Isolation Kit. One mg of total RNA with random primers
was used to synthesize 1st strand cDNA using a synthesis kit.
The cDNA was further diluted and used for real-time PCR. 1st
strand cDNA (2 ml) in 20 ml reaction was mixed with 10 ml iQ-
SYBR Green Supermix (Bio-Rad, United States), 0.8 ml of 100
ng ml−1 of each gene-specic primer pair, and 6.4 ml of Milli-Q
water. Changes in the expression pattern of antioxidant
Fig. 1 Effect of different treatment on (A) EC, (B) Ph, and (C) organic cont
= control (untreated), T2= 25 mg Cd per kg soil, T3= 50 mg Cd per kg so
Si per kg soil, T7= 50mg Si per kg soil, T8= 100mg Si per kg soil, T9= 20
= 50 mg Cd per kg soil + 50 mg Si per kg soil, T12 = 100 mg Cd per kg so
per kg soil.

924 | Environ. Sci.: Adv., 2025, 4, 921–937
enzyme-related genes, SOD, CAT, PO, PAL, PR2 and PR3, were
determined by qRT-PCR. The qRT-PCR was performed at 94 °C
(5 min) for 1 cycle, 35 cycles at 95 °C (20 s), and annealing as per
the Tm of individual primer (1 min) and extension at 72 °C (30
s). The output from the real-time soware was analyzed and was
used for the cycle threshold (CT) values. Calculations of relative
expression were performed by implementing the DDCT.35
Element quantication

The concentration of Na, Mg, K, Ca, and Fe was measured using
a 7700x ICP-MS system (Agilent Technologies, USA). Dried leaf
tissues were nely powdered and subject to microwave diges-
tion with HNO3 (SupraPur™, USA). The analysis procedure
followed the guidelines outlined by Bhati.36 Metal analysis was
conducted on three independent replicates. For data process-
ing, we utilized Syngistix for ICP-MS soware (PerkinElmer,
Waltham, Massachusetts, USA).
Determination of total and available Cd in muskmelon and
soil

The nitrate method was utilized to determine Cd inmuskmelon as
described elsewhere.37 The plant and soil samples were dried and
ent of the soil. Means of three replicates± SEs. *Bar symbol indicates T1
il, T4= 100mg Cd per kg soil, T5= 200mg Cd per kg soil, T6= 25 mg
0mg Si per kg soil, T10= 25mgCd per kg soil + 25mg Si per kg soil, T11
il + 100 mg Si per kg soil, and T13 = 200 mg Cd per kg soil + 200 mg Si

© 2025 The Author(s). Published by the Royal Society of Chemistry
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powdered by grinding. A total of 3ml nitric acid (concentrated) was
added andmixed followed by 1 h of boiling in a hot water bath. The
mixture was allowed to cool, then 0.5 ml of 30%H2O2 solution was
added to the reaction and warmed for 30 min in a hot water bath.
The reaction mixture was cooled and diluted by adding deionized
water to an optimum concentration. Diethylenetriaminepenta-
acetic acid (DTPA) was utilized to extract the soil samples followed
by ltration for 2 h on a shaking table, the resultant solution was
diluted by adding deionized water. The concentration of Cd in
different muskmelon parts and soil was estimated with the help of
an Avanta M atomic absorption spectrophotometer,38 while HMs
were calculated using the equation given by Lu.39

Statistical interpretation

All the statistical analysis for the present study was performed
with the help of SPSS soware (version 16.0, SPSS Inc.). Three
independent replicates (biological) were taken for each experi-
ment, and each was conducted in triplicate.

Results
Soil parameters

The impact of different treatments of Cd and Si, individually
and in combination, on soil properties was assessed, including
electrical conductivity, pH, and organic carbon content. For the
control, the EC was 209, pH was 7.1, and OC was 0.98. Cadmium
(Cd) treatments increased the EC from 212 (25 mg Cd per kg) to
Fig. 2 Effect of different treatments on (A) root and shoot length, (B) root
of muskmelon plants. Means of three replicates ± SEs. *Treatment deta

© 2025 The Author(s). Published by the Royal Society of Chemistry
219 (200 mg Cd per kg), with pH remaining around 7.1–7.2 and
OC slightly decreasing to 0.96, although these changes were
non-signicant (Fig. 1A and B). Silicon (Si) treatments increased
the EC from 220 (25 mg Si per kg) to 228 (200 mg Si per kg), with
pH 7.2 in all treatments and OC mostly stable around 0.99.
Combined Cd and Si treatments further increased EC up to 235,
with pH increasing to 7.3 and OC remaining fairly consistent
around 0.97–0.99, indicating the combined impact on soil
chemistry (Fig. 1C).
Root and shoot lengths

Under Cd stress, an increase in the length of the root was
recorded although it is signicant (p # 0.05) at 100 and 200 mg
Cd, respectively. A non-signicant change in the root length was
observed at 25, 50, and 100 mg Si per kg soil, although the
increase in the root length was signicant at 200 mg Si per kg
soil. The data indicate that the root length increases with higher
concentrations of Cd and Si, the highest root length being
observed at 200 mg Cd + Si per kg soil. Under Cd stress,
a signicant (p # 0.05) reduction in plant growth in terms of
shoot length was noted, with the maximum reduction at 200 mg
Cd concentration. Plants under Cd + Si treatment showed
reduction, although it was lower when treated separately with
Cd only; however, the reduction was non-signicant up to
100 mg concentration, although a signicant increase was
recorded at 200 mg Cd + Si concentration (Fig. 2A).
and shoot dry and freshmass ratio, and (C) leaf dry and freshmass ratio
ils as mentioned in Fig. 1.

Environ. Sci.: Adv., 2025, 4, 921–937 | 925
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Root, shoot, and leaf dry and fresh mass ratio

It has been observed that root, shoot, and leaf dry and fresh
mass ratio signicantly (p # 0.05) increases at all concentra-
tions of Cd, compared to control plants. However, a non-
signicant change in root, shoot, and leaf dry-to-fresh mass
ratio was recorded when the plants were treated with different
concentrations of Si. However, a non-signicant change in root
dry-to-freshmass ratio was noted under all concentrations of Cd
and Si joint treatment. Although in the case of shoot and leaf
dry and fresh mass ratio, a non-signicant (p # 0.05) increase
was noted up to 50 mg Cd + Si concentration, but at 100 and
200 mg Cd + Si concentration, the increase was signicant
(Fig. 2B and C).
Fig. 3 Effect of different treatments on (A) relative water content (RWC) a
conductance (gs), (D) Fv/Fm, (E) chlorophyll color index (CCI), and (F) tota
three replicates ± SEs. *Treatment details as mentioned in Fig. 1.

926 | Environ. Sci.: Adv., 2025, 4, 921–937
Relative water content (RWC) and electrolyte leakage (EL)

The RWC decreased as the cadmium concentration increased,
and the reduction was non-signicant (p # 0.05) at 25 mg Cd
concentration. However, a signicant (p # 0.05) reduction
compared to the control was noted up to 200 mg Cd concen-
tration. Although, under Si treatment, a positive change in the
RWC was recorded, which increased with respect to the control,
these changes were non-signicant. When treated with Cd + Si
together, compared to the control, the change was non-
signicant up to 50 mg Cd + Si concentration; however, it was
signicant (p # 0.05) at 100 and 200 mg concentration of Cd +
Si. Electrolyte leakage (EL) signicantly (p # 0.05) increased
with higher cadmium (Cd) concentrations, from 23.5 at 25 mg
nd electrolyte leakage (EL), (B) net photosynthetic rate (Pn), (C) stomatal
l chlorophyll content (mg g−1) in leaves of muskmelon plants. Means of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cd per kg soil to 46.9 at 200 mg Cd per kg soil. Silicon (Si)
treatments reduced EL, while combined Cd and Si treatments
showed mitigated EL, with 19.8 at 25 mg Cd + Si per kg soil and
32.3 at 200 mg Cd + Si per kg soil (Fig. 3A).
Photosynthesis parameters

The net photosynthetic rate (Fig. 3B) signicantly (p # 0.05)
decreased with increasing cadmium (Cd) concentrations,
compared to the control. Conversely, silicon (Si) treatments
increased photosynthetic rates, while combined Cd and Si
treatment resulted in a signicant (p # 0.05) increase when
compared with Cd treatment alone. Stomatal conductance
decreased signicantly (p# 0.05) with increasing cadmium (Cd)
concentrations, from 1.27 to 0.97, compared to the control
(1.35). Conversely, silicon (Si) treatments signicantly improved
stomatal conductance (Fig. 3C). Combined Cd and Si treat-
ments show mitigated reductions in stomatal conductance
when compared with individual treatments with Cd. Fv/Fm
values decreased with increasing Cd concentrations, from 0.75
to 0.63; the reduction was non-signicant at 25 mg concentra-
tion, beyond which it was signicant (p # 0.05). Conversely,
silicon (Si) treatments increased Fv/Fm values, although the
increase was non-signicant when compared with control,
while it was signicant (p # 0.05) when compared to respective
Fig. 4 Effect of different treatments on (A) hydrogen peroxide in mmol p
g−1 in leaves of muskmelon plants. Means of three replicates ± SEs. *Tre

© 2025 The Author(s). Published by the Royal Society of Chemistry
individual CD treatments. Combined Cd and Si treatments
showed mitigated reductions in Fv/Fm values, 0.79 to 0.68,
although the reduction was signicantly lower when compared
with Cd treatment alone (Fig. 3D).

The Chlorophyll Content Index (CCI) decreased signicantly
(p # 0.05) with increasing cadmium (Cd) concentrations,
compared to the control. Conversely, silicon (Si) treatments
signicantly (p # 0.05) increased the CCI (Fig. 3E), while
combined Cd and Si treatments showed improved CCI values
compared with individual Cd treatments. The total chlorophyll
content (Fig. 3F) and carotenoid levels decreased signicantly (p
# 0.05) with increasing cadmium (Cd) concentrations. The total
chlorophyll content dropped from 61.5 (25 mg Cd per kg soil) to
53.4 (200 mg Cd per kg soil), while carotenoid levels declined
from 1.82 to 1.55, compared to the control (64.8 for chlorophyll
and 1.87 for carotenoids). Silicon (Si) treatments enhanced both
the chlorophyll and carotenoid content, while combined Cd and
Si treatments showed mitigated reductions.
Hydrogen peroxide, proline, and MDA contents

The result showed that the H2O2, malondialdehyde (MDA), and
proline levels increased signicantly (p # 0.05) with the
increase in cadmium (Cd) concentrations (Fig. 4A–C). For
instance, the H2O2 level increased from 22.4 to 45.4 compared
er g (H2O2), (B) MDA content in mmol g−1, and (C) proline content in mg
atment details as mentioned in Fig. 1.
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to the control (13.2). MDA level increased from 1.32 to 3.24 and
proline content from 53.2 to 144.5, indicating stress-induced
oxidative damage and proline accumulation under Cd stress.
In contrast, silicon (Si) treatments decreased H2O2, MDA, and
proline levels, although these changes were non-signicant
when compared with control and signicant (p # 0.05) when
compared with respective treatments. Combined Cd and Si
Fig. 5 Effect of different treatments on activities of key antioxidant enzym
(B) superoxide dismutase [units per mg (protein)] (SOD), (C) ascorbat
glutathione reductase [mmol (NADPH) per mg (protein) per min] (GR) and,
(POD) in leaves of muskmelon plants. Means of three replicates ± SEs. *

928 | Environ. Sci.: Adv., 2025, 4, 921–937
treatments mitigated these increases, indicating Si involvement
in alleviating Cd-induced oxidative damage.
Antioxidant enzyme activity

Activities of all enzymes, including SOD, CAT, APX, GR, and
POD, increased signicantly (p # 0.05) with the increase of Cd
concentration from 25 mg to 200 mg, with the maximum value
es: (A) catalase [mmol (H2O2 oxidized) per mg (protein) per min] (CAT),
e peroxidase [mmol (ascorbate) per mg (protein) per min] (APX), (D)
(E) guaiacol peroxidase [mmol (H2O2 reduced) per mg (protein) per min]
Treatment details as mentioned in Fig. 1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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achieved at 200 mg concentration. Under Si treatment, SOD and
CAT activities changed non-signicantly when compared with
control, although the change was signicant when compared
with the respective treatment of Cd. Similarly, APX, GR, and
POD activities changed non-signicantly up to 50 mg of Si
treatment, compared with control, although the change was
signicant with respect to the same concentration of Cd.
Moreover, signicant change was recorded for APX, GR, and
POD activities under 100 and 200 mg Si treatment, with respect
to control and similar treatment of Cd. Under combined treat-
ment of Cd + Si, SOD, CAT, APX, GR, and POD activities
Fig. 6 Effect of different treatments on the concentration of solutes: (A)
Means of three replicates ± SEs. *Treatment details as mentioned in Fig

© 2025 The Author(s). Published by the Royal Society of Chemistry
increased signicantly with an increase in the concentration of
Cd + Si, and it was signicantly (p # 0.05) higher in the case of
all the enzymes at 200 mg concentration. However, the increase
in the enzyme activity was much lower compared with the
activity of all the enzymes when treated with Cd alone and
higher with respect to Si only treatment (Fig. 5A–E).
Element concentration

Fig. 6A–E present the concentrations of various elements (Na, K,
Mg, Fe, and Ca) in leaf tissues treated with different
Na, (B) K, (C) Mg, (D) Fe, and (E) Ca in the leaves of muskmelon plants.
. 1.
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concentrations of cadmium (Cd) and silicon (Si), individually
and in combination. With an increase in Cd concentration, Na,
K, Fe, and Ca, concentration rises signicantly (p # 0.05), with
maximum rise noted under 200 mg Cd concentration, with
respective values, 2876, 62, 563, and 532, the increase in the
concentration of elements under all concentration of Cd treat-
ment was signicant (p # 0.05). However, a signicant (p #

0.05) reduction was recorded under all concentrations of Cd
treatment in the case of the Mg element. Under 25 mg of Si
treatments, the concentration of Na, K, Fe, and Ca increased
Fig. 7 Effect of different treatments on the relative expression of antioxid
(C) ascorbate peroxidase (APX), (D) glutathione reductase (GR), and (E) gu
replicates ± SEs. *Treatment details as mentioned in Fig. 1.

930 | Environ. Sci.: Adv., 2025, 4, 921–937
non-signicantly, while the Mg concentration decreased non-
signicantly, with respect to the control. At 50, 100, and
200 mg concentration of Si, the concentration of Na, K, Mg, Fe,
and Ca increased signicantly (p # 0.05) with respect to the
control, although the reduction in the concentration of K and
Mg was recorded under 200 mg Si treatment. Under the
combined treatments of Cd + Si, with concentrations of 25 mg,
50 mg, 100 mg, and 200 mg, a signicant (p # 0.05) increase in
the concentration of Na, K, Mg, Fe, and Ca was recorded, and it
was signicantly (p # 0.05) higher with respect to the values
ative enzyme genes: (A) catalase (CAT), (B) superoxide dismutase (SOD),
aiacol peroxidase (POD) in leaves of muskmelon plants. Means of three

© 2025 The Author(s). Published by the Royal Society of Chemistry
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under the Si treatment of same concentration, while their
values were signicantly lower when compared with the
concentration under Cd treatment of similar concentration.
Gene expression changes

Expression of antioxidative enzyme related genes CAT, SOD,
APX, GR, and POD was analyzed using RT-PCR. Under different
concentrations of Cd stress, the gene expression of all the genes
was signicantly (p # 0.05) increased with respect to the values
under the control condition. Under 25 mg, 50 mg, 100 mg, and
200mg Cd treatment, the gene expression of CAT, SOD, APX, GR,
and POD was in the range 1.88–7.88, 1.23–4.43, 2.25–5.69, 2.25–
5.67 and 1.98–5.33, respectively, with the maximum value under
200 mg Cd treatment in the case of all the enzymes. It has been
noted that under all the treatments of Si, viz., 25 mg, 50 mg,
100 mg, and 200 mg, the expression of CAT, SOD, APX, GR, and
POD did not change signicantly, only slight changes were
recorded, and the values were very close to the values under the
control conditions. When the plants were treated with Cd + Si
together at concentrations of 25 mg, 50 mg, 100 mg, and
200 mg, a signicant (p # 0.05) increase in the expression of
CAT, SOD, APX, GR, and POD genes was recorded; however the
increase in the gene expression level was comparatively lower in
the case of individual Cd treatment (Fig. 7A–E).
Multivariate analysis

The correlation matrix presented in the gure shows relation-
ships between various physio-biochemical and molecular
parameters in muskmelon (Fig. 8) under Cd, Si, and Cd + Si
treatments. Most of the parameters recorded were signicantly
(p # 0.05) correlated either negatively or positively. However,
soil parameters EC and pH were non-signicantly (p # 0.05)
correlated with all the parameters except for the root length and
Fig. 8 Pearson correlation analysis among the parameters analysed und

© 2025 The Author(s). Published by the Royal Society of Chemistry
total carotenoid content. The RWC and Pn showed strong
positive correlations with silicon (Si) treatment. Enzyme activi-
ties like SOD, CAT, APX, GR, and POD were positively correlated
with H2O2 and MDA. Signicant negative correlations between
Cd treatments and parameters like RWC and photosynthetic
parameters were recorded. Mg concentration showed a negative
correlation with Cd treatments. The Principal Component
Analysis (PCA) biplot (Fig. 9) visualizes the distribution of
different treatments and variables, showcasing the variance
explained by the rst two principal components (PCA 1 and PCA
2). PCA 1 accounts for 85.06% of the variance, while PCA 2
accounts for 9.53% of the variance. Most of the parameters
observed particularly all the enzymes, and their gene expression
was found on the right side of the plot, which grouped with high
concentration of Cd or Cd + Si, showing a positive correlation.
Discussion

Silicon (Si) has an important role in alleviating cadmium (Cd)
toxicity in plants by different modes of action; it decreases the
absorption of Cd by plants, thereby restricting Cd accumulation
in different plant tissues. The mechanisms are mediated by the
regulation of gene/s associated with the lignin biosynthetic
pathway and hormone signal transduction in plants. Si helps in
mitigating Cd-induced oxidative stress by enhancing anti-
oxidative enzyme activities; in addition to this, Si also enhances
the plants' mineral nutrient uptake, which is helpful in retain-
ing plant growth attributes under Cd toxicity. Furthermore, it
helps in the regulation of water balance in plants, which can
improve the plant resistance to Cd toxicity.40,41 It has been re-
ported that the individual and combined Cd and Si utilization
affected the EC, pH, and OC of soil to different degrees,
although the changes were non-signicant. The soil EC is one of
the most important parameters that indicate the salinity and
er different treatments in muskmelon plants.
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Fig. 9 Principal component analysis among the parameters and under different treatments in muskmelon plants.
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ionic concentration of the soil. In the present study, Cd treat-
ments slightly increased the soil EC with no signicant (p #

0.05) difference over the control, similar to other studies in
which Cd contamination resulted in enhanced soil salinity.42,43

In this study, the Si applicationmostly at higher concentrations,
was reported to slightly increase the soil ionic concentration,
although the changes were found to be non-signicant statis-
tically. The result is similar to previous ndings, which suggests
that Si amendments are helpful in plant growth and in slightly
modifying the ionic balance of soil.44 The mixed Cd and Si
application resulted in a collective effect on EC. The Cd and Si
combination might be increasing the ionic exchange capacity of
the soil, further enhancing the EC, as reported byWang,45 where
the Si application in contaminated soils inuenced the
absorption and mobility of various ions, including heavy
metals. In the present study, we found that the pH of the soil
largely remained unchanged across all the Cd treatments; it also
suggests that Cd may have little to no direct impact on soil pH.
Our ndings are in support of the nding of Tong,46 in which
they found that Cd application at lower concentrations has no
signicant impact on soil pH. On the other hand, the treatment
of Si slightly increased the pH of the soil. The pH increment by
Si application is well documented as it affects the soil buffering
capacity, generally inducing a slightly alkaline condition.47

Importantly, the mixed Si and Cd application displayed a more
pronounced pH increment, which was up to 7.3. The results
revealed that Si might mitigate the Cd acidifying effects, or
probably enhance the soil neutralization capacity. Previous
studies also suggested this synergistic effect in which Si is
supposed to modify other elements' impacts by affecting the
base cations such as magnesium and calcium.48

However, in this study, we found amarginal reduction in soil
OC, suggesting that applied concentrations of Cd did not
932 | Environ. Sci.: Adv., 2025, 4, 921–937
signicantly affect the soil OC. The Si treatments, on the other
hand, sustained the soil OC up to 0.99, revealing that Si has no
negative impact on soil OC. Li49 concluded that Si can increase
soil organic matter stability by altering the activity of microbes
and promoting the OC concentration in soils, which could state
the OC level stability in the present study. The Cd and Si mixed
application maintained the OC level. This steadiness indicates
that Si might play an OC stabilizing role in the presence of Cd,
signicantly countering the Cd adverse impact of soil organic
matter. Ma22 also reported similar results, where Si minimized
the heavy metal's negative impacts on soil organic matter. The
results of this study provide signicant insights into the effect
of Cd stress and Si application on plant growth attributes,
especially with respect to shoot and root growth. Cd is very toxic
and is known to check plant growth attributes, mainly by
affecting the physiology at the cellular level and the uptake of
nutrients. Anyhow, the Si application is identied to play a role
in abiotic stress alleviation and appears to mitigate Cd negative
effects. The results of the present study are similar to the
ndings of Li,50 in which they found elongated roots under
metal stress to improve the capacity of plants to cope with
stressors. The Si application, on the other hand, displayed
a non-signicant increment in the height of the plant up to
100 mg Si per kg soil, but at 200 mg Si per kg soil a signicant
height increment was reported. This reveals that the application
of Si may increase the growth of shoots, especially at higher Si
concentrations. Si has been proven to improve plant's cellular
mechanical properties, enhance resistance against oxidative
stress, and balance different metabolic pathways, which can
participate in better growth of shoots under abiotic stresses.51

The results reveal that while Cd application individually
enhances EL and decreases the RWC, Si application helps to
sustain these properties. The mixed Cd and Si application
© 2025 The Author(s). Published by the Royal Society of Chemistry
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displays a synergistic effect, further sustaining EL and RWC,
pointing out that Si can cope with Cd-induced stress in plants.
These results support the potentiality of Si as an important tool
in Cd stress contamination management in wheat, ensuring
sustainable plant health and productivity.52 The results
demonstrate that Cd stress notably damages the physiological
functions of plants, including Pn, gs, CCI, total chlorophyll and
carotenoid levels, and Fv/Fm values. The Cd alone treatment
signicantly (p # 0.05) declines these parameters, pointing to
the negative effect of Cd on plant health and efficiency of
photosynthesis. However, the Si application resulted in
a signicant (p# 0.05) improvement in the above parameters. Si
not only improved the stomatal conductance and net photo-
synthetic rate but also maintained Fv/Fm values, chlorophyll
content, CCI, and carotenoid concentration.53 These positive
improvements reveal that Si has an important role in coping Cd
stress by elevating the function of chloroplast, protecting
photosynthetic pigments, and maintaining membrane integrity
in muskmelon. Furthermore, the mixed Cd and Si treatment
proved the protective effect of Si, displaying that Si mitigated
the negative impacts of Cd on plant physiology to a signicant
(p # 0.05) extent. The combined treatments showed interme-
diary values between individual treatments of Cd and Si,
pointing out that Si can efficiently counter the toxic impact of
Cd, thereby improving the plant's overall health and yield
performance.41 For example, in wheat, Cd-induced stress
reduced the stomatal conductance, and photosynthetic rates
were maintained by Si treatment, which increased the stability
of chlorophyll and led to an increment in Fv/Fm values, resulting
in overall better plant performance.54 In the same way, in
cucumber, Si application helped maintain higher photosyn-
thetic rates and caused lower electrolyte leakage, suggesting the
importance of Si in cell membrane protection and improvement
of water use efficiency.55 Spinach is very sensitive to heavy metal
stress, and Si application is benecial by causing signicant (p
# 0.05) increment in chlorophyll and carotenoid quantities,
showing enhanced growth and tolerance to stress.

This study displayed that Cd exposure causes potential
oxidative stress in muskmelon crops, as pointed out by the
enhanced levels of H2O2, MDA, and proline. The results are
similar to the previous ndings on various vegetable crops, like
lettuce and spinach.56 Si treatment potentially reduces Cd
induced oxidative stress by reducing the H2O2, MDA, and
proline levels in plants. In addition to this, the protective role of
Si has been observed in different vegetables like cucumber,
cabbage, and radish, in which antioxidant defense responses
were improved by Si application which reduces oxidative
damage.57–59 The mixed Cd and Si treatment was able to cope
with oxidative stress, although not to baseline levels, stating
that Si can partially alleviate the Cd adverse impact, improving
muskmelon resilience against Cd toxicity. Cd toxicity induces
potential oxidative stress in muskmelon,60 as proved by
enhanced key antioxidative enzyme enhanced in the present
study. Our ndings are similar to the ndings on different
vegetable crops like tomato,61 cabbage,62 and radish,63 where an
increment in antioxidative enzyme activity was also reported
under Cd exposure. While Si alone did not potentially change
© 2025 The Author(s). Published by the Royal Society of Chemistry
the activities of the enzyme over the control, it adjusted the
plant's response against Cd stress. In particular, Si signicantly
(p# 0.05) enhanced APX, GR, and POD activities at higher doses
(100 and 200mg Si) under Cd treatment alone, pointing out that
Si plays a protective role in minimizing oxidative damage.
However, the increment in the activity of enzymes under the
mixed application was lower than that reported over Cd alone
and higher than that over Si alone treatment. This points out
that Si mitigates oxidative stress induced by Cd. Similar reports
have also been found in tomato and cucumber, in which mixed
Si and Cd application resulted in improved activities of anti-
oxidant enzymes over Cd alone, but the increment was not
similar to the case of Si alone.64,65

The present study suggests that Cd exposure potentially
affected the concentrations of key elements (Na, K, Mg, Fe, and
Ca) in plants, with a notable increment in Na, K, Fe, and Ca and
a reduction in Mg under Cd stress. The application of Si,
especially at higher doses (50–200 mg Si), signicantly increases
the concentrations of the elements, revealing the importance of
Si in modulating the uptake of the nutrient and mitigating Cd
adverse impact on plant nutrition. The mixed Cd and Si appli-
cation results in a signicant (p # 0.05) increment in the
concentration of elements, with higher values over Si alone
treatment but lower over Cd alone treatment. These results
point out the signicance of Si in the improvement of nutrient
status and reducing the Cd detrimental impacts on vegetable
crops. These results are similar to the ndings on vegetables,
such as lettuce, cucumber, cabbage, and tomato, where Si
alleviates the heavy metal stress by improving the uptake and
transport of nutrients.66 In crops such as cucumber and tomato,
similar experiments also suggest that Si decreases the accu-
mulation of Cd in the plant and improves the plant's overall
health by sustaining the function of the membrane and
absorption of nutrients.19 These ndings point out that Si may
decrease the uptake of Cd and toxicity by competition for the
root binding site with Cd or by nutrient transport mechanism
improvement, but it does not completely overcome the Cd
induced interference.19

The Cd stress potentially upregulates the antioxidative
enzyme gene expression in muskmelon, pointing to the plant's
adaptation responses against oxidative damage caused by metal
toxicity. The elevated CAT, SOD, APX, GR, and POD expression
recorded under Cd exposure activates the antioxidative defense
mechanisms of plants.67 This is supported by the studies where
Cd exposure initiated a strong antioxidative response by upre-
gulated gene expression and activity of enzymes.68 Though Si
did not signicantly activate the antioxidative enzyme gene
expression under normal conditions and plays a protective role
under Cd stress. Si has been proven to improve the antioxidative
defense machinery, lowering the oxidative stress and improving
plant sustainability against metal toxicity.67 Silicon additionally
impacts gene expression associated with Cd absorption and
transportation. The primary Cd carrier genes encode proteins
that are members of the natural resistance associated macro-
phage protein, low affinity cation transporter, yellow stripe-like
transporter, ZRT-like protein, IRT-like protein, P-type adenosine
triphosphatase (ATPase, HMA), and cation diffusion facilitator
Environ. Sci.: Adv., 2025, 4, 921–937 | 933
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families. Silicon attenuates the expression of Nramp5 in rice
cells subjected to Cd contamination.69 The translocation of Cd
to vesicles could work as an essential process for Cd detoxi-
cation. Si enhances the expression of OsHMA3 in the root
system.70 Cd toxication elevates the expression of four genes
(Nramp5, Nramp1, HMA2, and HMA3) responsible for encoding
Cd transporter proteins in rice. The external application of Si
reduces the expression of these four genes in response to Cd
stress.71 Consequently, the application of Si can mitigate Cd-
induced harm to plants by decreasing the absorption and
translocation of Cd.

In this study, Si application, when mixed with Cd, displayed
a moderate up-regulation in CAT, SOD, APX, GR, and POD gene
expression over Cd alone. This points out that Si application can
help in oxidative damage mitigation induced by Cd by up-
regulating antioxidative gene expression, although to a lesser
extent than the Cd alone treatments. These results are in
support of previous ndings in vegetable crops like cucumber,
lettuce, and tomato where Si application reduced the oxidative
stress induced by Cd by antioxidative enzyme activity improve-
ment.72,73 The mixed Cd and Si application in the present study
not only moderated the gene expression levels over Cd alone
treatment but also pointed out that Si application might help in
reducing Cd uptake in plant tissues, hence minimizing oxida-
tive damage. This is in support of studies that show Si can
minimize the uptake of heavy metals and mitigate their toxic
impacts by improving the physio-biochemical properties of
plants. The correlation matrix data highlight the intricate
interactions between Cd and Si treatments and their impacts on
physiological, biochemical, and molecular responses in the
muskmelon plant. These ndings highlight the protective role
of Si in mitigating Cd-induced stress, improving antioxidant
defense mechanisms, maintaining balanced nutrition and
ultimately the overall plant health. This PCA biplot effectively
demonstrates the complex interactions between different soil
treatments and their effects on various physio-biochemical and
molecular parameters in muskmelon. The signicant variance
explained by the rst two principal components highlights the
dominant effects of Cd and Si treatments on plant responses.

Conclusion

In conclusion, this study highlights the signicant role of
silicon (Si) in mitigating the toxic effects of cadmium (Cd) stress
in muskmelon, a vegetable crop. Cd exposure leads to oxidative
stress, nutrient imbalances, and reduced plant growth, which
are alleviated by Si supplementation. Si enhances the anti-
oxidative defense system by boosting the activity of key antiox-
idant enzymes and their respective gene expression and
reducing oxidative damage. Si treatment with 200 mg Si per kg
soil, showed maximum reduction in dry and fresh mass ratio,
and it was 35%, 41% and 40% in case of root dry and fresh mass
ratio, shoot dry and freshmass ratio and leaf dry and freshmass
ratio, respectively. Additionally, Si helps maintain nutrient
uptake, stabilizes key physiological parameters such as photo-
synthesis, and improves the overall plant growth under Cd
stress. The combined application of Cd and Si shows
934 | Environ. Sci.: Adv., 2025, 4, 921–937
a synergistic effect, further improving plant resilience. These
ndings suggest that Si could be a promising strategy to reduce
Cd toxicity in muskmelon, which might be consequential in
other cucurbits and vegetables, thereby improving crop
productivity. Hence, Si fertilizers can be used in sustainable
agriculture to mitigate HM toxicity and improve vegetable crop
productivity. Further research is needed to better understand
the molecular mechanisms underlying Si's protective role in
muskmelon crops. In addition, studies should be carried out to
validate the signicance of Si in alleviating the negative impacts
of Cd on other vegetable crops and under different environ-
mental conditions.
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