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Abstract: Sunflower has substantial potential for the remediation of heavy metals in soil, but its
efficiency in Cd-contaminated soil is limited, with high concentrations of Cd causing stress in plants.
Exogenous Si enhances plant tolerance to heavy metals, but the mechanism for enhancing the tol-
erance of oil sunflower under Cd stress is not known. In potting experiments, sunflowers were
grown in soil with a Cd concentration of 11.8 mg/kg soil (the maximum value in the Zhundong
coal mining area of Xinjiang) and five Si treatment levels (0, 50, 250, 500, and 1500 mg/kg soil).
Exogenous Si improved sunflower development, gas exchange characteristics, and antioxidant en-
zyme activities in sunflower compared with the Cd-only control; exogenous Si application increased
Cd concentrations in sunflower roots, stems, and leaves, and Cd was mainly concentrated in sun-
flower roots. Sunflower biomass increased by 13.83-114.18%, and gas exchange parameters increased
by 16.95-36.03%, 30.06-66.82%, and 9.77-14.71%, respectively, as compared to the control. With
the increase in sodium silicate concentrations, sunflower antioxidant enzyme activities increased
by 8.81-150.28%, 91.35-351.55%, and 35.11-54.69%, respectively, and MDA content decreased by
3.34-25.14% as compared to Si0. Moreover, exogenous Si increased Cd uptake and minimized Cd
stress in sunflowers at the seedling and blooming stages, and it potentially facilitated the phytoreme-
diation of Cd-contaminated soils through enriched plants such as sunflower, as well as contributing
to the achievement of sustainable development of the soil environment.

Keywords: Cd-contaminated soil; sodium silicate; sunflower; gas exchange characteristics; antioxidant
enzymes; phytoremediation; sustainability

1. Introduction

Cd is a highly environmentally toxic heavy metal and is widely present in the soil [1].
Cd pollution in soil mainly originates from human activities (e.g., sewage irrigation, agricul-
tural production, metal smelting, factory emissions) and natural sources (e.g., atmospheric
deposition, rock weathering, volcanic eruptions) [2,3]. Soil contaminated with heavy metals
threatens human health because the contaminants can transfer to other environmental
media [4,5]. The Zhundong coal mining area in the Xinjiang region has been polluted by
heavy metals to hazardous levels. Studies show that the Cd soil content in the Zhundong
coal mining area exceeds the national soil environmental quality class II standard, posing
a high ecological risk [6]. Likewise, Cd contamination in the Zhundong mining area has
also been found to negatively affect human health through diet. Cd has a cumulative
effect on human health in the body. The consumption of Cd-containing foods can lead to
kidney dysfunction, osteoporosis, and cancer [7]. Consequently, there is a need to find
methods that can minimize heavy metals in the soil of the Zhundong coal mining area.
Phytoremediation uses plants to sequester heavy metal pollutants from contaminated soils
and is highly effective and more environmentally friendly than physical and chemical
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remediation techniques [8]. These characteristics have attracted considerable attention to
phytoremediation in recent decades. Among phytoremediation techniques, phytoextraction
is the most useful for removing heavy metals and metalloids from contaminated soil, sedi-
ments, and water [9]. However, this remediation technique has limitations, such as the slow
growth rate and low biomass of plants, which result in the poor transfer of metals from the
root system of plants to the aboveground parts, restraining the extraction of heavy metals
by plants [10]. Therefore, the adoption of biomass-rich, fast-growing, and metal-enriched
plants to improve soil remediation efficiency has received widespread attention.
Sunflower (Helianthus annuus) is an annual herbaceous plant that is a high-biomass,
fast-growing annual herb, and it is widely planted in the Xinjiang region [11]. Sunflower, an
enriched plant (e.g., Cd), is highly resistant to heavy metals and can effectively absorb them
from the soil [12,13]. Merima et al. [14] revealed that the highest concentration of Cd was
found in sunflower leaves, followed by roots, and the lowest in stems and seeds, both under
low- and high-Cd-concentration treatments. Furthermore, Khalid et al. [15] stated that
sunflower had the highest root bioaccumulation, at a Cd concentration of 20 mg/kg soil,
and that Cd TF increased with increasing Cd content. Therefore, sunflowers are suitable
for efficient phytoremediation. Cd is a mobile element readily absorbed by plant roots
and accumulated aboveground [16,17]. Even at low levels in plants, Cd can impair the
metabolism, leading to toxicity and even death [18,19]. Although sunflower is an enriched
plant, it can be negatively affected by high levels of Cd. Thus, for effective remediation, it
is important to search for a substance that can effectively alleviate Cd stress in sunflowers.
Generally, Si is not a necessary ingredient for plants but has beneficial impacts on plant
and crop growth [20]. Si has been shown to mitigate the toxicity of many heavy metals
in plants [21,22]. It can mitigate a variety of biotic (e.g., microbes, pests, and diseases)
and abiotic (e.g., heavy metals, salinity, heat, cold, and drought) stresses in plants [23,24].
Si exerts its benefits in plants primarily via Si-transporter proteins. Rice Lsil, together
with exocytotic Si-transporter proteins, acts on Si transport between plastids and plant
cells [25]. The mechanisms by which Si reduces the toxicity of heavy metals to plants are
mainly that Si reduces metal activity by increasing ionic strength or pH, the release of
metal-phenol complexes from Si-mediated phenolic compounds, and the co-precipitation
of metals and Si in the growth medium [26]. In recent years, there has been extensive
research on how Si improves plant tolerance to heavy metals. Previous studies have shown
that supplementation with 1 mM Si significantly reduced the aboveground accumulation
of AS inrice [27-29]. He et al. [30] observed that exogenous silica nanoparticles reduced
Cd concentrations in barley leaves. Wu et al. [31,32] noted that Si supply significantly
reduced Cd concentrations in wheat roots and aboveground. In addition, the addition of
400 mg/kg of Si reduced Cd concentrations in maize roots and aboveground [33]. Other
studies have also reported that the Cd concentration in the xylem sap of cabbage treated
with Si was significantly reduced [34]. Meanwhile, Wu et al. [35] found that Si application
reduced Cd uptake by cucumber roots. Nevertheless, studies on the relieving of Cd
stress in plants using sodium silicate have mainly focused on graminaceous plants (high-
silica plants), such as rice (Oryza sativa L.) [27-29], barley (Hordeum vulgare L.) [30], wheat
(Triticum aestivum L.) [31,32], and maize (Zea mays L.) [33], or non-accumulating plants,
such as Chinese cabbage (Brassica campestris L. ssp. chinensis var. utilis) [34] and cucumbers
(Cucumis sativus L.) [35]. Sunflowers are both enriched and meso-silicon; however, the
mechanism by which Si alleviates Cd toxicity in metal-enriched plants remains unknown.
From a practical view, conducting studies on mitigating Cd toxicity to enhance phy-
toremediation efficiency, as well as promoting sustainable soil development, is crucial.
Unfortunately, studies on the enhancement of Si tolerance in sunflowers remain limited.
Thus, we used potting experiments to investigate the effects of five concentrations of Si on
sunflowers under heavy metal stress. The aims of the study were to (1) explore the physio-
logical changes in growth, photosynthesis, chlorophyll content, and antioxidant enzymes
in sunflowers under Cd stress by adding different levels of Si to the soil at different growth
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stages, and (2) to examine the possible mechanisms of Cd detoxification in sunflowers at
different reproductive periods after Si application.

2. Materials and Methods
2.1. Material and Conditions

Potting experiments were conducted on the rooftop of the second floor of the College
of Ecology and Environment of Xinjiang University from 19 April to 6 July 2023. The
rooftop was ventilated on all sides, and its center was exposed to the sun. Oil sunflower
dwarf big-head DR667 was purchased from the Pearl Flower Market in Urumgi, Xinjiang,
China, and grown in pots 30 cm in diameter and 24 cm in height, with a capacity of 6 kg
of soil. Potting soil was collected from a depth of 0-20 cm in the forest near the teaching
building of Xinjiang University and air-dried in the shade through a 10 mesh sieve. The
soil texture was loamy, and its basic physical and chemical properties are listed in Table 1.

Table 1. Physical and chemical properties of the test soil.

Soil Characteristics Value Soil Characteristics Value
Total Cd content Quick-acting phosphorus
(mg-kgfl) 0.29 content (mg-kgfl) 58.88
Effective Cd content Quick-acting potassium
(mg-kg™1) 0.02 content (mg-kg 1) 48948
pH 789 Organic matter content 13.74

(gkg™)
Alkaline nitrogen content

a 43.43
(mg-kg™)

Following the nutrient requirements for potted crops [12], a base fertilizer consisting
of urea, potassium dihydrogen phosphate, and potassium chloride was added to each pot.
After one week, soil samples were mixed with a solution containing 11.8 mg/kg CdCl,.
The sunflowers were sown on 19 April 2023, and silicon treatments were carried out after
interplanting after 15 days of growth: Si0, Si50, Si250, Si500, and Si1500 corresponded to the
amounts of Si added (as 5iO;), namely 0, 50, 250, 500, and 1500 mg per kg of soil. Sodium
silicate was added in the form of a solution [36-38]. The experiment used a completely
randomized design, with nine replicates for each treatment. Sunflowers were watered with
pure water (no Cd?*) during the growing period, and watering was rationed according to
the soil moisture, maintaining the soil water content at 30% of the maximum field water-
holding capacity. Plants were grown to the seedling stage (21 June) and blooming stage
(21 July). Three random plant samples were collected from each treatment. The collected
fresh leaves were immediately stored in a refrigerator at —20 °C for subsequent growth and
physiological and biochemical characterization at different growth periods. After sampling,
the phytoremediated plants are gathered and burned or gasified into biogas for use as a
gaseous fuel, which is fully utilized after the remediation of soil heavy metals [39].

2.2. The Estimation of Plant Growth and Biomass

Three pots per treatment were selected for harvest at both the seedling and blooming
stages. All parts of the collected sunflowers were cleaned with tap water and rinsed
thrice with purified water. Excess water was gently removed with filter paper, and plants
were separated into roots, stems, and leaves to measure fresh weight. Plant height, stem
thickness, number of branches, and number of leaves were recorded. Subsequently, roots,
stems, and leaves were placed into paper envelopes and put into the oven, where they were
killed at 105 °C for 30 min and then dried at 80 °C until a constant weight was achieved. The
weight of the dried samples was measured on a ten-thousandths scale to ensure accuracy.



Sustainability 2024, 16, 2037

4of 16

2.3. Quantification of Cd in Plants

Dried samples from each part of the sunflower were ground and sieved through
a 0.149 mm mesh sieve. The sieved sunflower parts were removed and cooled after
digestion with aqua regio-perchloric acid. The inner wall of the vessel was rinsed with
plain water and filtered through quantitative filter paper into volumetric flasks. The Cd
content in the sunflower roots, stems, and leaves was measured using an atomic absorption
spectrophotometer (21504337) (Agilent AA240, Santa Clara, CA, USA).

Cd accumulation = Cd content of aboveground parts (underground) x dry weight of aboveground parts (underground)

2.4. The Estimation of Chlorophyll Content and Photosynthetic Parameters

The photosynthetic characteristics of sunflower leaves were measured on the rooftop
of the second floor of the College of Ecology and Environment from 10:00 a.m. to 12:00 p.m.
using a portable photosynthesis meter (FS-3080D Plus, Shijiazhuang, China). Chlorophyll
content was quantified using a chlorophyll content test kit (Beijing Boxbio Science &
Technology Co., Ltd., Beijing, China).

2.5. Analysis of Antioxidant Enzymes and Malondialdehyde

Superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and malondialdehyde
(MDA) were detected by the superoxide dismutase assay kit (Beijing Boxbio Science &
Technology Co., Ltd.), POD assay kit (Beijing Boxbio Science & Technology Co., Ltd.), CAT
assay kit (Beijing Boxbio Science & Technology Co., Ltd.), and malondialdehyde content
assay kit (Beijing Boxbio Science & Technology Co., Ltd.), respectively.

2.6. Data Analysis

All experimental data were expressed as the mean =+ standard deviation of three
replicates and were statistically analyzed and plotted using Excel 2010, SPSS 26.0, and
Origin 2022. One-way analysis of variance (ANOVA) and Duncan’s multiple extreme
variance tests were performed at a probability level of 0.05. To establish the statistical
significance of the means between different reproductive periods (seedling and blooming),
t-tests were performed at p < 0.05.

3. Results and Discussion
3.1. Impact of Sodium Silicate on Growth Characteristics of Sunflower under Cd Stress

Cd accumulation in the soil is a serious environmental problem. Heavy metal accumu-
lation in fields of crops such as sunflowers not only affects their growth but also threatens
human health. Research has said that Si promotes plant development [40]. In addition,
because Si-rich ingredients such as fly ash and iron slag [41] are abundant, inexpensive,
and easily accessible, the use of Si is promising. New Si fertilizers, such as nanosilicon
fertilizers [42], are being developed. Nevertheless, few studies have investigated how Si
mitigates Cd toxicity in sunflowers, enriched plants, and mesosilicate plants. As shown
in Table 2, with an increasing gradient of Si, the plant height of each treatment showed
an increasing trend, increasing by 1.40-8.17 units compared to the control Si0. The in-
crease reached a significant level (p < 0.05) for the Si500 and Si1500 treatments during the
seedling stage and the Si250, S5i500, and Si1500 treatments during the blooming stage of
the sunflower. In contrast to the sunflower plant height at the seedling stage, there was
a tendency for plant height to increase with longer reproductive periods (seedling stage
to blooming stage), with an increase of 21.37-25.13 units across treatments, with all five
gradients of Si differing significantly (p < 0.05) for sunflower plant height at the blooming
stage. With an increase in the Si gradient, the stem thickness of sunflowers in all treatments
showed an increasing trend, increasing by 0.03-0.29 units, and the 5i250, S5i500, and Si1500
treatments in both periods reached significant levels (p < 0.05); stem thickness showed an
increasing trend, 0.18-0.35 units larger in all treatments than in the seedling stage, and all
five gradients of Si at the blooming stage differed significantly (p < 0.05). With an increasing
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Si gradient, the Si1500 treatment at the seedling stage and the 51500 and Si1500 treatments
at the blooming stage of the sunflowers significantly increased by 26.13-58.13% (p < 0.05),
and the other Si treatments were nonsignificant compared with the leaf area of the control
5i0. There was an overall trend of elevation in the treatments with prolonged fertility, with
significant differences (p < 0.05) at the blooming stage compared with the seedling stage.
There was no significant difference in the number of branches and number of leaf blades of
the sunflowers compared with those of the control Si0; with the prolongation of the fertility
period, there was an increasing trend in the number of branches and number of leaf blades
in all treatments, and they were significantly larger by 20.69-63.83% and 20.31-56.60%,
respectively, at the blooming stage than at the seedling stage. Our results indicated that Si
application ameliorated the deleterious effects of Cd stress on sunflower growth during
both reproductive periods (Table 2), which supports the results in the literature [43,44].
In this study, sunflowers treated with sodium silicate exhibited better growth than those
treated with Cd alone, and the extent of growth became more pronounced as the concentra-
tion of sodium silicate increased. With the growth of sunflowers, growth indices such as
plant height, stem thickness, and leaf area gradually increased, and the increase in sodium
silicate concentration promoted the growth of sunflowers to a greater extent, especially
with the Si250, S5i500, and Si1500 treatments. These results demonstrate that the application
of Si to Cd-contaminated soil significantly reduced the negative effects of Cd on sunflower
growth and mitigated the stress of Cd on the plant.

Table 2. Impact of various levels of sodium silicate on growth parameters of sunflower under
Cd stress.

. cd Si Plant Height Stem Thickness  Leaf Blade Area Number of Number of Leaf

Growth Period (mg/kg (mg/kg (cm) (mm) (cm?) Branches (One) Blades (Pieces)

DW Soil) DW Soil)

11.80 0 19.17 £ 0.60 cB 0.37 £ 0.06 cB 1244 £ 291bB 17.67 £+ 1.15 abB 20.33 + 2.52 abB

11.80 50 20.57 £+ 2.86 bcB 0.49 + 0.05bB 13.13 + 2.60 bB 15.67 £ 1.15bB 17.67 £ 1.53 bB

Seedling 11.80 250 21.73 £ 1.72 bcB 0.46 £ 0.04 bB 14.57 4 3.24 abB 16.00 + 1.73 bB 18.00 + 1.73 bB
11.80 500 23.63 + 0.71 abB 0.60 + 0.05 aB 18.02 + 3.32 abB 16.67 £ 1.15bB 19.00 + 1.00 abB

11.80 1500 2593 +£2.79 aB 0.66 = 0.02 aB 19.68 £ 2.34 aB 19.33 £ 0.58 aB 21.33 £ 0.58 aB

11.80 0 40.53 +=4.01 cA 0.72 £ 0.03 cA 20.24 + 1.05 bA 25.33 £ 1.53 aA 26.67 +1.53 aA

11.80 50 42.40 £ 1.45bcA 0.75 £ 0.05 bcA 2422 + 4.14 abA 25.67 £ 3.21 aA 27.67 +2.52 aA

Blooming 11.80 250 46.87 £ 3.33 abA 0.81 £ 0.01 abA 24.32 + 3.41 abA 23.67 £2.08 aA 25.33 £ 1.53 aA
11.80 500 4627 +£3.44abA  0.80 £ 0.05 abA 25.53 + 1.60 aA 25.67 + 3.06 aA 28.33 +2.52aA

11.80 1500 48.70 £ 0.85 aA 0.84 £ 0.06 aA 28.68 + 1.96 aA 23.33 £ 1.53 aA 25.67 £ 1.15aA

Note: Data are means + SD of three replicates. Small characters (e.g., a, b, c) represent significant (p < 0.05)
differences between Si levels during the same growth period; uppercase characters (e.g., A, B) represent significant
(p < 0.05) differences between growth periods for the same Si level.

3.2. Impact of Sodium Silicate on the Biomass of Sunflower under Cd Stress

As shown in Figure 1, the fresh and dry weights of each part of the sunflower
changed with the concentration of sodium silicate and the growth of the sunflower.
Figures 1a and 2b show pictures of sunflowers at the seedling and blooming stages. As
shown in Figure 1c,e, compared with the control Si0 treatment, after all other treatments,
the fresh weight of roots, fresh weight of the aboveground parts, and fresh weight of the
whole plant of the sunflower showed an increasing trend, which increased by 0.02—4.28,
0.08-7.99, and 0.90-12.27 units, respectively; the seedling and blooming Si1500 treatments
of the root fresh weight significantly increased by 100% and 22.89%, respectively; and the
aboveground parts fresh weight and whole-plant fresh weight of Si1500 at the seedling
stage, and the Si250, Si500, and Si1500 treatments at the blooming stage, were significantly
increased by 91.36%, 13.32-16.92%, 94.27%, and 10.13-18.37% (p < 0.05). With the prolonga-
tion of the fertility period, the fresh weights of the root, aboveground parts, and whole plant
exhibited an upward trend, which was significantly higher at the blooming stage than at the
seedling stage by 69.03-176.78%, 155.85-438.61%, 126.51%, 126.51%, respectively (p < 0.05).
As shown in Figure 1d,e, the aboveground dry weight and whole-plant dry weight of the
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sunflower, and the root dry weight, aboveground dry weight, and whole-plant dry weight
of the sunflower, increased in the Si50-5i1500 treatment compared with the Si0 treatment,
and the root dry weight at the seedling and blooming stage was significantly increased
by 29.64-101.11% in the Si1500 treatment, and the aboveground parts dry weight and
whole-plant dry weight of the Si1500 treatment at the seedling stage and the Si500 treat-
ment at the blooming stage significantly increased by 13.83-114.18% and 14.58-111.47%,
respectively (p < 0.05); weight tended to increase with the prolongation of the sunflower
fertility period and was significantly higher at the blooming stage than at the seedling stage
by 58.13-190.81%, 170.04—471.00%, and 147.93-412.46%, respectively (p < 0.05). In this study,
the existence of Si mitigated Cd toxicity by increasing cosmetic growth indices (e.g., the
plant height, stem thickness, and leaf area of sunflower plants) and biomass indicators (e.g.,
the fresh and dry weights of roots and aboveground parts; Figure 1). Vieira-Filho et al. [45]
drew similar conclusions: the supply of Si improved plant tolerance to Cu stress and
had a beneficial impact on photosynthetic parameters and antioxidant enzyme activities
in Tanzanian guinea grass. However, Bokor [46] investigated the impact of Si on maize
seedlings at higher Zn concentrations and did not observe any beneficial effect of Si on
maize seedlings subjected to Zn toxicity. The biomass of the sunflowers gradually increased
with their growth, and the increase in sodium silicate concentration promoted an increase
in sunflower biomass to a greater extent, especially with the S5i500 and Si1500 treatments.

CK S150  S1250  Si500  Si1500 CK Si50  Si250  S1500  Si1500
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Figure 1. Impact of sodium silicate on the biomass of sunflowers at different reproductive stages.
(a) Sunflowers grown under each treatment at the seedling stage; (b) sunflowers grown under each
treatment at the blooming stage; (c) root dry weight, aboveground dry weight; (d) root fresh weight,
aboveground fresh weight; (e) whole-plant fresh weight, whole-plant dry weight. Small characters
a and b in the graphs represent significant (p < 0.05) differences between different Si levels under
the same growth period; uppercase characters A and B represent significant (p < 0.05) differences
between different growth periods under the same Si level.
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Figure 2. Impact of sodium silicate on Cd content and Cd accumulation in various parts of sunflower
at different fertility stages. (a) Root Cd content, (b) stem Cd content, (c) leaf Cd content, (d) root Cd
accumulation, (e) stem Cd accumulation, (f) leaf Cd accumulation. Small characters a, b, and ¢ in the
graphs represent significant (p < 0.05) differences between different Si levels under the same growth
period; uppercase characters A and B represent significant (p < 0.05) differences between different
growth periods under the same Si level.

3.3. Impact of Sodium Silicate on Cd Uptake and Enrichment Characteristics of Sunflower under
Cd Stress

As illustrated in Figure 2a, with an increase in Si concentration, the root Cd content of
each treatment showed an increasing trend, which increased by 0.82-12.17 units compared
with the control Si0 and did not reach the significant level in all treatments at the seedling
and blooming stages of sunflowers (p > 0.05). Compared with the Cd content of sunflower
roots at the seedling stage, the Cd content of roots tended to increase with the fertility
period, increasing by 6.45-21.60 units across treatments, with nonsignificant (p > 0.05)
differences between fertility periods. As shown in Figure 2b, the Cd content of sunflower
stems tended to increase with the increasing Si gradient, increasing by 0.50-2.68 units in all
treatments and reaching significant levels (p < 0.05) in the Si500 and Si1500 treatments at
the blooming stage. Cd content in the stems of all treatments showed a decreasing trend
of 0.57-1.90 units compared with the seedling stage, and the difference between the two
periods under the Si250 treatment was significant (p < 0.05). As shown in Figure 2c, the
sunflower leaf Cd content, compared with that of the control Si0 and Si1500 treatments
at the seedling stage and the Si250, Si500, and Si1500 treatments at the blooming stage,
significantly increased by 44.23-133.37%, (p < 0.05), and the other Si treatments were
nonsignificant. With the prolongation of the fertility period, there was an overall decreasing
trend, with significant (p < 0.05) differences in the Si0, Si50, Si250, and Si1500 treatments
at the blooming stage compared with the seedling stage. These results demonstrate that,
with the growth of the sunflowers, the Cd content of the sunflower roots increased; the Cd
content of stems and leaves gradually decreased; and the Cd content in the roots, stems, and
leaves of the sunflowers increased with increasing sodium silicate concentrations, especially
in the Si500 and Si1500 treatments. Sunflower, an enriched plant, is characterized by the
transfer of heavy metals to the aboveground parts for accumulation [47]. However, the Cd
level in sunflower roots was higher than that of the aboveground parts in all treatments
(Figure 2), and it was not clear whether the heavy metals were transferred from the roots
to the aboveground parts after Si addition. The results suggest that the application of Si
in Cd-polluted soil significantly increased Cd uptake in all parts of the sunflower during
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the seedling and blooming periods, and with the prolongation of the fertility period, Cd
uptake in sunflowers was mainly concentrated in the roots.

As shown in Figure 2d, root Cd accumulation in all treatments showed an increasing
trend, compared with the control Si0 (i.e., increased by 4.45-21.70 units), and the Si1500
treatment at the seedling stage significantly increased by 108.60% (p < 0.05). With the exten-
sion of fertility compared with the seedling stage, root Cd accumulation in all treatments
showed an increasing trend, by 141.98-272.84%, and the difference was significant (p < 0.05)
only for the Si0 treatment. As shown in Figure 2e, with the increase in the Si gradient,
the stem Cd accumulation of sunflower in each treatment showed an increasing trend,
by 0.49-10.51 units, and reached a significant level in the seedling Si1500 and blooming
5i500 and Si1500 treatments (p < 0.05); compared with the seedling stage, the stem Cd
accumulation of each treatment showed an upward trend, increasing by 13.45-179.21%,
and the differences between the two periods under the Si0, 5150, S5i250, and Si500 treatments
were significant (p < 0.05). As shown in Figure 2f, for Cd accumulation in sunflower leaves,
the 5i1500 treatment at the seedling stage and the Si250, Si500, and Si1500 treatments at the
blooming stage significantly increased by 0.06-12.14 units (p < 0.05), compared with the
control Si0, and the other Si treatments were nonsignificant; with the prolongation of the
fertility period, there was an overall trend of elevation across treatments, and the difference
between treatments was nonsignificant (p > 0.05) between the two periods compared with
the seedling stage. Despite the better growth parameters of sunflowers treated with sodium
silicate than with the control treatment of Cd, the Cd content in the underground and
aboveground parts of plants treated with sodium silicate increased with the concentration
of sodium silicate (Figure 2). This finding supports findings in the literature [48,49] that Si
traps Cd and prevents its uptake by plant cells, mainly by combining with the cell wall. In
addition, Cd is trapped in the rhizosphere through vesicles, reducing the translocation of
Cd to the aboveground. Various effects of Si on plant growth parameters, and a reduction
or increase in Cd uptake and accumulation by plants after Si addition treatments, have been
observed in various plant soil tests [30,49,50]. These results suggest that the different results
of Si on the uptake and accumulation of Cd in plants could correlate with the species of the
plant, as well as the concentration of soil factors (cadmium and silicon). In our trial, Cd
concentration and accumulation in sunflower tissues increased after sodium silicate appli-
cation (Figure 2). These results and the improved growth of sunflowers under Cd-stressed
conditions after Si application are critical for optimal phytoremediation performance [51].
Thus, a supply of Si that promotes plant growth would help sunflowers remediate Cd-
contaminated soils. The aforementioned results indicate that Cd accumulation in sunflower
roots, stems, and leaves increased with the growth of sunflowers and with an increase in
sodium silicate concentration, especially with the Si1500 treatment. The results revealed
that Si significantly increased the accumulation of Cd in all parts of the sunflower plant at
the seedling and blooming stages and continued to increase with the prolongation of the
reproductive period.

3.4. Effect of Sodium Silicate on Photosynthesis of Sunflower under Cd Stress

As shown in Figure 3a—c, there were no significant differences (p > 0.05) in chlorophyll
a, chlorophyll b, and total chlorophyll contents among treatments with an increasing Si
concentration. With prolonged fertility, the chlorophyll a and total chlorophyll contents
of sunflower showed a tendency to increase, and chlorophyll a and total chlorophyll con-
tents at the blooming stage were significantly higher than those of the seedling stage by
133.81-201.46% and 51.47-99.97% (p < 0.05), and the chlorophyll b content of sunflower
showed a decreasing trend. The chlorophyll b content at the blooming stage decreased by
13.24-20.89% compared with the seedling stage, and the differences between the reproduc-
tive periods were nonsignificant (p > 0.05). Thus, the use of sodium silicate had little effect
on the chlorophyll content of sunflowers, but chlorophyll increased with the prolongation
of the reproductive period.



Sustainability 2024, 16, 2037

9of 16

W sio L -
£20{ Wlsso Dt g i £ - .
[ si2s0 i = 1 aA = aA A i
20 Sis00 0 ik hah & e T 2+ i
2144 5i1300 gu.x ak a8 ah - E 2
= g T 5
z [ . E 24 .m aB gB
206 8 )
3 1.0 o = aB T
= aB aB . = = T L
= w L Z.04 =
£ . i 214
Sos 5 g
Eh Z02 2
= = =
] 5 £
0.04 . 0.0 0 -
scedling blooming scedling blooming seedling blooming
(a) (b) (c)
70 530
a blooming 4 2601 stomatal conductance (Gs) . hlooming
~ % T — intercellular CO, concentration (i) E =
‘n 5 . g £
i i ® l b T «; ) s25 £
=0 * ‘[ e i ab b 5
a s £ 1 =
= c 4 £ Y =
= a 1 g =240 a 4500 F
& T = < T b £
= )
gs0r | = u . T 3 s
5 l a 17z S 230 ] 7 g
et ST E g 145 &
2 A a / ‘\\ s E 475 g
5 7 ™ \ E a0t b T =
Saf / 4 1, g 3 ¢ 1 @ 2
S Y P oL J
2 o —s— nel photesynthelic mte (Pn) = 2210 " T 2
" \ranspiration rate (Tr) o l l l .
30 0 200 425

i

T T
o 50

T
250

T
500

T
1500

T
230

T
500

T
1500

silicon treatment

(d)

silicon treatment

(e)

Figure 3. Effect of sodium silicate on chlorophyll content and gas exchange parameters of sunflowers
at different reproductive stages. (a) Chlorophyll a content, (b) chlorophyll b content, (c) total chloro-
phyll content, (d) net photosynthetic rate (Pn) and transpiration rate (Tr), (e) stomatal conductance
(Gs) and intercellular CO, concentration (Ci). Small characters a, b, and ¢ represent significant
(p < 0.05) differences among different Si levels under the same growth period; uppercase characters
A and B represent significant differences (p < 0.05) between different growth periods at the same
Si level.

As shown in Figure 3d, the net photosynthetic rate (Pn) of sunflower leaves at the
blooming stage showed a trend of increasing and then decreasing slightly with an increas-
ing Si concentration, increasing by 16.95-36.03% compared with the Si0 control, but the
differences among the five treatments of Si were nonsignificant (p > 0.05). The transpiration
rate (Tr) of sunflower leaves showed a trend of increasing and then decreasing slightly
with an increasing Si concentration, increasing by 30.06-66.82% compared with the Si0
treatment, with significant (p < 0.05) differences between the Si50, Si250, S5i500, and Si1500
treatments at the blooming stage. In relation to stomatal conductance (Gs) (Figure 3e),
the 5i50-5i500 treatments during blooming significantly increased the Gs of sunflowers by
9.77-14.71% (p < 0.05), respectively. With an increase in Si concentration, the intercellular
carbon dioxide concentration (Ci) of sunflower leaves showed a slight decreasing and
then increasing trend, which was opposite to the trend of Pn, Tr, and Gs. Sodium silicate
was reduced by 6.81-11.07% for each treatment compared with the Si0 treatment, with
significant differences between treatments (p < 0.05). The use of sodium silicate not only
promoted sunflower growth but also reduced the toxic actions of Cd in sunflowers at the
seedling and blooming stages, which were more pronounced in sunflowers treated with
a sodium silicate concentration of 500 mg/kg and at the blooming stage (Figure 3). This
discovery was also bolstered by the Si-induced improvements in photochemical parameters
(Figure 3). In our study, there were no significant differences in chlorophyll a, chloro-
phyll b, or total chlorophyll content between the different growth periods of sunflowers
and those of the Cd-only control (Figure 3); that is, the application of Si did not reduce
the negative effect of Cd on chlorophyll. This finding contrasts with those of Attia and
Farooq et al. [52,53]: exogenously applied Si enhanced the gas exchange characteristics (Pn,
Gs, Tr, and water use efficiency), chlorophyll content, and carotenoid properties of cotton
and marigold. However, in this study, the gas exchange parameters revealed a significant
improvement in the photosynthesis of sunflowers under Cd stress because of proper Si
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supply. Cd stress damages the photosynthetic organs of plants, reduces Gs, severely affects
photosynthesis, decreases Pn and Tr, changes the synthesis of sugars and sugar glycols, and
ultimately damages plant growth [54]. Compared with the Cd-only control, the appropriate
Si supply resulted in a significant increase in Pn, Tr, and Gs and a significant decrease in Ci
in sunflowers under Cd stress (Figure 3). Researches have suggested that Si reduces the
adverse effects of Cd on the photosynthetic machinery of plants, mainly by limiting Cd
transport from the roots to the aboveground [55]. Moreover, Si can enhance aboveground
internode elongation by increasing cell division and expansion [56], which may be one rea-
son why plants improve their growth properties under stress. Furthermore, the improved
gas exchange after Si application may also contribute to the improved growth properties of
sunflowers under stress and non-stress situations. Therefore, the results obtained so far may
mean that Si application diminishes the toxicity of Cd in photosynthesis and restores the
activity of sunflower plants by protecting guard cell regulators, the integrity of chloroplast
ultrastructure and bursa-like membranes, and by promoting Calvin cycle enzyme activity.
With the growth of sunflower, its leaf Pn, Tr, and Gs showed a trend of increasing and
then decreasing, and the intercellular carbon dioxide concentration Ci showed a trend
of decreasing and then increasing, which indicated that the optimum concentration of
sodium silicate for each photosynthetic parameter of sunflower was 500 mg/kg. During the
blooming period, sodium silicate improved the photosynthetic parameters of sunflowers.

3.5. Impact of Sodium Silicate on Antioxidant Enzyme Activities of Sunflower under Cd Stress

As shown in Figure 4a, the SOD activity of sunflower leaves increased with an increas-
ing Si concentration in all treatments, increasing by 8.81-150.28% compared with the Si0
control, and the differences were significant between the 5i50, Si500, and Si1500 treatments
at the seedling stage and the Si250 treatment at the blooming stage compared with the con-
trol; with the extension of the reproductive period, SOD activity showed an increasing trend,
and the SOD activity at the blooming stage increased by 16.84-85.69% compared with that
at the seedling stage, in which the differences between the Si0 and Si250 treatments were
significant (p < 0.05). As shown in Figure 4b, the POD activity of sunflower leaves showed
an increasing trend with an increasing Si concentration, increasing by 91.35-351.55% com-
pared with the Si0 treatment, and the differences were significant (p < 0.05) between the
5i1500 treatment at the seedling stage and the Si50, S5i250, and Si1500 treatments at the
blooming stage. With the prolongation of the reproductive period, POD activity tended to
increase. The POD activity at the blooming stage increased by 39.27-761.11% compared
with that at the seedling stage, in which the differences were significant (p < 0.05) between
the Si0, Si50, and Si500 treatments. CAT activity analysis (Figure 4c) demonstrated that
the 5i250-5i1500 treatments at the seedling stage and the Si500 treatments at the blooming
stage increased sunflower leaf CAT activity by 35.11-54.69% and 38.53%, respectively
(p < 0.05), and CAT activity significantly (p < 0.05) decreased when the prolongation of the
reproductive period decreased by 1.65-30.64% (p < 0.05). As shown in Figure 4d, sodium
silicate significantly reduced leaf malondialdehyde content (p < 0.05) in each treatment, and
compared with the Si0 treatment, sodium silicate in all treatments reduced by 3.34-25.14%
(p < 0.05), of which the Si50-511500 treatments in the seedling stage and Si1500 treatment
in the blooming stage were significantly different, and the malondialdehyde content of
sunflower leaves showed a decreasing trend with the prolongation of the fertility period
and was significantly reduced by 15.86% (p < 0.05) in the Si500 treatment at the blooming
stage. The mechanisms of alleviating heavy metal toxicity in plants are categorized into
internal and external mechanisms [57]. The Cd concentration in the roots and aboveground
(stems and leaves) of sunflowers increased significantly after Si treatment (Figure 2), and
sunflower growth improved (Table 2, Figure 1), indicating that the mitigating effect of
Si may be due to the internal mechanism of stimulating enzymatic and non-enzymatic
antioxidants to reduce membrane lipid peroxidation in sunflowers after the application of
Si. Under Cd stress, Si application stimulates enzymatic and non-enzymatic antioxidants
to reduce membrane lipid peroxidation [58-60]. High levels of Si activate physical and
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biochemical defense mechanisms in plant tissues and boost plant stress tolerance [61,62].
Oxidative stress is a key manifestation of biotic and abiotic stress. Cd disrupts the equation
between the production and removal of reactive oxygen species (ROS), causing oxidative
damage in plants and the inhibition of plant growth and development [42]. Huang [63]
demonstrated that the use of sodium silicate alleviated oxidative stress under Cd stress;
that is, the application of Si increased the strength and stability of cell membranes, reducing
the oxidative damage of Cd to plant tissues. Si is absorbed by plants and deposited in large
quantities in plant cells, enhancing the strength and stability of the cells and improving
the tolerance of plants to Cd [64]. In addition, the addition of Si can promote the secretion
of root secretions by plants, accelerate chelation with heavy metals, cause heavy metals

to precipitate in the cell wall, and reduce the toxicity of Cd to plants [65]. In this study,
Si treatment significantly reduced the Cd stress-induced increase in MDA content in sun-
flowers at different growth periods and alleviated oxidative stress damage in sunflowers

under Cd stress (Figure 4). These findings are consistent with those of Khan et al. [66], who

concluded that the use of silica nanoparticles reduced oxidative stress in wheat leaves in

Cd-contaminated soil, evidenced by reduced hydrogen peroxide production, electrolyte

leakage, and reduced malondialdehyde content. In summary, with the growth of sunflow-
ers, leaf enzyme activity showed an increasing trend, malondialdehyde content showed

a decreasing trend, and the use of sodium silicate increased the leaf enzyme activity of

sunflowers, especially at the blooming stage.
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Figure 4. Effect of sodium silicate on antioxidant enzyme activities of sunflower at different repro-
ductive stages. (a) Superoxide dismutase (SOD) activity, (b) peroxidase (POD) activity, (c) catalase
(CAT) activity, and (d) malondialdehyde content. Small characters a, b, and ¢ in the graphs represent
significant (p < 0.05) differences between different Si levels at the same growth period; uppercase
characters A and B represent significant (p < 0.05) differences between different growth periods at the

same Si level.
3.6. Heat Map and Correlation Analysis between Parameters of Sunflower

Clustered heat maps were used to visualize the correlation between various variables.
Heat map analysis showed the effect of different concentrations of sodium silicate on
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various parameters of sunflower under Cd stress (Figure 5a,b). The Si500 and Si1500
treatments increased Cd content and accumulation in the roots, stems, and leaves of
sunflowers and increased ST, LBA, POD, SOD, and CAT activities during the seedling stage.
Additionally, only for Cd-treated Si0 was MDA content highly expressed. Similarly, Si500
and Si1500 at the blooming stage increased Cd content and accumulation, enhanced PH, ST,
LBA, AFW, ADW, WPFW, WPDW, RFW, RDW, Gs, Pn, Tr, POD, SOD, and CAT activities,
and decreased Ci and MDA contents. The effects of the Si500 and Si1500 treatments on
sunflower growth parameters, photosynthetic parameters, antioxidant enzyme activities,
and Cd content were superior to those of the Si0 treatment.
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Figure 5. Heat map and Pearson correlation diagram of physiological and biochemical indicators of
sunflower under different concentrations of sodium silicate treatment. (a) Heat map of physiological
and biochemical indexes in sunflower at seedling stage, (b) heat map of physiological and biochem-
ical indexes in sunflower at blooming stage, (c) Pearson correlation analysis of physiological and
biochemical indexes in sunflower at seedling stage, (d) Pearson correlation analysis of physiological
and biochemical indexes in sunflower at blooming stage. The main indicators were plant height
(PH), stem thickness (ST), leaf area (LA), number of branches (NOB), number of leaf blades (NOLB),
root fresh weight (RFW), aboveground fresh weight (AFW), root dry weight (RDW), aboveground
dry weight (ADW), whole-plant dry weight (WPDW), whole-plant fresh weight (WPFW), root Cd
content (R Cd), stem Cd content (S Cd), leaf Cd content (L Cd), root Cd accumulation (R Cd A),
stem Cd accumulation (S Cd A), leaf Cd accumulation (L Cd A), chlorophyll a (Chl a), chlorophyll b
(Chl b), total chlorophyll (T Chl), superoxide dismutase (SOD), peroxidase (POD), catalase (CAT),
malondialdehyde (MDA), net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance
(Gs), and intercellular carbon dioxide (Ci). *, **, and *** indicate that each parameter of sunflower
was significantly correlated at p < 0.05, p < 0.01, and p < 0.001 levels, respectively.

The correlations between growth indexes, biomass, root, stem, and leaf Cd content,
root, stem, and leaf Cd accumulation, chlorophyll content, photosynthetic parameters,
antioxidant enzymes, and MDA were analyzed according to Pearson’s correlation heatmap
(Figure 5¢,d). After sodium silicate treatment, the aboveground Cd content in the sunflower
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seedling stage was significantly and positively correlated with root dry weight, SOD,
and POD activities (p < 0.05), and the root, stem, and leaf Cd content in the sunflower
blooming stage was significantly and positively correlated with Gs, root dry weight, stem
thickness, and leaf area (p < 0.05), and significantly and negatively correlated with the
number of branches. Sunflower seedling Cd accumulation in roots, stems, and leaves
showed a significant positive correlation (p < 0.05) with POD activity, SOD activity, plant
height, stem thickness, leaf area, number of branches, number of leaves, root fresh weight,
and root dry weight, and a significant negative correlation (p < 0.05) with MDA content;
sunflower blooming stage Cd accumulation in roots, stems, and leaves showed a significant
positive correlation (p < 0.05) with plant height, stem thickness, leaf area, whole-plant
fresh weight, CAT activity, Gs, root fresh weight, and root dry weight and was significantly
positively correlated (p < 0.05) and negatively correlated (p < 0.05) with the number of
branches and Ci (Figure 5¢,d). Plants have developed a complicated defense system to
eliminate excessive intracellular ROS, including enzymatic antioxidants, such as POD, CAT,
SOD, and APX. SOD converts superoxide anion radicals to hydrogen peroxide, CAT and
APX catalyze the conversion of intracellular HyO, to H,O and O, in plant cells, and POD
acts as a catalyst for the conversion of H,O, while oxidizing and reducing substrates [67].
Based on our results, our conclusion was that Si treatment enhanced the activities of SOD,
POD, and CAT in sunflowers during both growth periods (Figures 4 and 5). Enzymes
such as superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) are protective
mechanisms of plants in response to the formation of ROS generated by heavy metal stress,
and the enhancement of their activities suggests that Si scavenges the high ROS produced
due to heavy metal stress. Ahmad et al. also reported a significant increase in CAT and
SOD activity and the scavenging of Cd-induced ROS in the roots of alfalfa plants after Si
supplementation [48]. This indicates that Si enhances the activity of antioxidant enzymes
and reduces ROS levels in plants. By contrast, Huang et al. [58,68] demonstrated that the
addition of Si decreased POD and CAT activity in rice leaves under Cd and excess Zn stress,
as well as SOD, POD, and CAT activity in lobelia leaves under Cd stress. These changes in
antioxidant enzyme activity may be the cause of Si-related Cd resistance in sunflowers. In
conclusion, sodium silicate effectively reduced Cd toxicity. These results demonstrate that,
after sodium silicate treatment, sunflower growth indexes, biomass, antioxidant properties,
and gas exchange characteristics improved, which helped reduce Cd stress in sunflowers,
but the heavy metal content and accumulation in roots, stems, and leaves increased. This
result is consistent with the conclusions drawn from the aforementioned analysis.

4. Conclusions and Future Prospects

Our analysis indicates that soil-applied Si improved the growth parameters and physi-
ological and biochemical characteristics, and increased the Cd concentration in the roots,
stems, and leaves, of sunflowers. For various photosynthetic parameters of sunflowers,
Si application significantly alleviated Cd stress on Pn, Tr, and Gs more than the Cd-only
control did. Additionally, soil Si application significantly reduced MDA content and oxida-
tive stress in sunflowers, which increased the activities of the antioxidant enzymes SOD,
POD, and CAT. The use of sodium silicate may be an environmentally non-polluting and
sustainable technique to enhance plant development under metal stress, which requires
further investigation at the molecular level. Silica-mediated increases in Cd content also
facilitate soil heavy metal remediation. Specifically, Si-mediated mitigation showed similar
trends during both sunflower growth periods. Therefore, our study provides a reference
for environmentally sustainable strategies to address soil heavy metal pollution. Subse-
quently, more in-depth studies are needed to investigate the accumulation of heavy metals
in sunflower grains at maturity after Si addition to provide insights for human health and
agricultural production.



Sustainability 2024, 16, 2037 14 of 16

Author Contributions: Concept and design: H.W. and X.W.; data collection and analysis: H.W. and
H.G.; drafting of the article: H.W.; critical revision of the article for important intellectual content:
H.W. and J.C,; study supervision: H.W. and T.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This investigation was financially assisted by the Natural Science Foundation of China,
grant number 42067026 and Xinjiang Autonomous Region Nature Fund Project, grant number
2023D01A113.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: [ have to extend my heartfelt thanks to Gao Haifeng and my senior sister Chen
Jiao. I thank them for their help with my experiments as well as my thesis.

Conflicts of Interest: Author Tingting Zhang was employed by the company Anhui Blue Shield
Optoelectronics Co. The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.

References

1. Jamers, A.; Blust, R.; De Coen, W.; Griffin, J.L.; Jones, O.A.H. An Omics Based Assessment of Cadmium Toxicity in the Green
Alga Chlamydomonas reinhardtii. Aquat. Toxicol. 2013, 126, 355-364. [CrossRef]

2. Khan, M.A; Khan, S.; Khan, A.; Alam, M. Soil Contamination with Cadmium, Consequences and Remediation Using Organic
Amendments. Sci. Total Environ. 2017, 601-602, 1591-1605. [CrossRef] [PubMed]

3. Shi, J.; Zhao, D.; Ren, F; Huang, L. Spatiotemporal Variation of Soil Heavy Metals in China: The Pollution Status and Risk
Assessment. Sci. Total Environ. 2023, 871, 161768. [CrossRef] [PubMed]

4. Faraji, M.; Alizadeh, L; Oliveri Conti, G.; Mohammadi, A. Investigation of Health and Ecological Risk Attributed to the Soil
Heavy Metals in Iran: Systematic Review and Meta-Analysis. Sci. Total Environ. 2023, 857, 158925. [CrossRef] [PubMed]

5. Luo, X.; Wu, C.; Lin, Y.; Li, W,; Deng, M.; Tan, J.; Xue, S. Soil Heavy Metal Pollution from Pb/Zn Smelting Regions in China and
the Remediation Potential of Biomineralization. J. Environ. Sci. 2023, 125, 662-677. [CrossRef] [PubMed]

6. Zhang, H.; Zhang, F; Song, J.; Tan, M.L.; Kung, H.; Johnson, V.C. Pollutant Source, Ecological and Human Health Risks
Assessment of Heavy Metals in Soils from Coal Mining Areas in Xinjiang, China. Environ. Res. 2021, 202, 111702. [CrossRef]
[PubMed]

7. Clemens, S. Toxic Metal Accumulation, Responses to Exposure and Mechanisms of Tolerance in Plants. Biochimie 2006, 88,
1707-1719. [CrossRef]

8.  Sidhu, G.PS; Bali, A.S.; Singh, H.P,; Batish, D.R.; Kohli, R.K. Insights into the Tolerance and Phytoremediation Potential of
Coronopus didymus L. (Sm) Grown under Zinc Stress. Chemosphere 2020, 244, 125350. [CrossRef]

9. Sangthong, C.; Setkit, K.; Prapagdee, B. Improvement of Cadmium Phytoremediation after Soil Inoculation with a Cadmium-
Resistant micrococcus sp. Environ. Sci. Pollut. Res. 2016, 23, 756-764. [CrossRef]

10. Lebeau, T; Jézéquel, K.; Braud, A. Bioaugmentation-Assisted Phytoextraction Applied to Metal-Contaminated Soils: State of the
Art and Future Prospects. In Microbes and Microbial Technology; Ahmad, 1., Ahmad, F, Pichtel, ]., Eds.; Springer: New York, NY,
USA, 2011; pp. 229-266. [CrossRef]

11.  Jun, L.; Wei, H.; Aili, M,; Juan, N.; Hongyan, X.; Jingsong, H.; Yunhua, Z.; Cuiying, P. Effect of Lychee Biochar on the Remediation
of Heavy Metal-Contaminated Soil Using Sunflower: A Field Experiment. Environ. Res. 2020, 188, 109886. [CrossRef]

12.  Chen, L;; Yang, J.; Wang, D. Phytoremediation of Uranium and Cadmium Contaminated Soils by Sunflower (Helianthus annuus
L.) Enhanced with Biodegradable Chelating Agents. J. Clean. Prod. 2020, 263, 121491. [CrossRef]

13. Turgut, C.; Katie Pepe, M.; Cutright, T.]. The Effect of EDTA and Citric Acid on Phytoremediation of Cd, Cr, and Ni from Soil
Using Helianthus Annuus. Environ. Pollut. 2004, 131, 147-154. [CrossRef]

14. Toromanovié, M.; Jogi¢, V.; Ibrahimpasi¢, J.; DZaferovi¢, A.; Dedi¢, S.; Maki¢, H. Phytoremediation of Soil Contaminated With
Heavy Metals Using the Sunflower (Helianthus annuus L.). Qual. Life (Banja Luka) Apeiron 2021, 21, 77-84. [CrossRef]

15. Alaboudi, K.A.; Ahmed, B.; Brodie, G. Phytoremediation of Pb and Cd Contaminated Soils by Using Sunflower (Helianthus
annuus) Plant. Ann. Agric. Sci. 2018, 63, 123-127. [CrossRef]

16. Chang, C.; Yin, R.; Zhang, H.; Yao, L. Bioaccumulation and Health Risk Assessment of Heavy Metals in the Soil-Rice System in a
Typical Seleniferous Area in Central China. Environ. Toxic. Chem. 2019, 38, 1577-1584. [CrossRef] [PubMed]

17.  Verbruggen, N.; Hermans, C.; Schat, H. Mechanisms to Cope with Arsenic or Cadmium Excess in Plants. Curr. Opin. Plant Biol.
2009, 12, 364-372. [CrossRef] [PubMed]

18. Broadley, M.R.; Willey, N.J.; Wilkins, ].C.; Baker, A.].M.; Mead, A.; White, PJ. Phylogenetic Variation in Heavy Metal Accumulation

in Angiosperms. New Phytol. 2001, 152, 9-27. [CrossRef]


https://doi.org/10.1016/j.aquatox.2012.09.007
https://doi.org/10.1016/j.scitotenv.2017.06.030
https://www.ncbi.nlm.nih.gov/pubmed/28609847
https://doi.org/10.1016/j.scitotenv.2023.161768
https://www.ncbi.nlm.nih.gov/pubmed/36740051
https://doi.org/10.1016/j.scitotenv.2022.158925
https://www.ncbi.nlm.nih.gov/pubmed/36174699
https://doi.org/10.1016/j.jes.2022.01.029
https://www.ncbi.nlm.nih.gov/pubmed/36375948
https://doi.org/10.1016/j.envres.2021.111702
https://www.ncbi.nlm.nih.gov/pubmed/34284019
https://doi.org/10.1016/j.biochi.2006.07.003
https://doi.org/10.1016/j.chemosphere.2019.125350
https://doi.org/10.1007/s11356-015-5318-5
https://doi.org/10.1007/978-1-4419-7931-5_10
https://doi.org/10.1016/j.envres.2020.109886
https://doi.org/10.1016/j.jclepro.2020.121491
https://doi.org/10.1016/j.envpol.2004.01.017
https://doi.org/10.7251/QOL2103077T
https://doi.org/10.1016/j.aoas.2018.05.007
https://doi.org/10.1002/etc.4443
https://www.ncbi.nlm.nih.gov/pubmed/30994945
https://doi.org/10.1016/j.pbi.2009.05.001
https://www.ncbi.nlm.nih.gov/pubmed/19501016
https://doi.org/10.1046/j.0028-646x.2001.00238.x

Sustainability 2024, 16, 2037 15 of 16

19.
20.
21.
22.
23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Clemens, S.; Aarts, M.G.M.; Thomine, S.; Verbruggen, N. Plant Science: The Key to Preventing Slow Cadmium Poisoning. Trends
Plant Sci. 2013, 18, 92-99. [CrossRef]

Epstein, E. Silicon. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1999, 50, 641-664. [CrossRef]

Ma, J.E; Tamai, K.; Yamaji, N. A Silicon Transporter in Rice. Nature 2006, 440, 688—-691. [CrossRef]

Song, A; Li, P; Li, Z.; Fan, F.; Nikolic, M.; Liang, Y. The Alleviation of Zinc Toxicity by Silicon Is Related to Zinc Transport and
Antioxidative Reactions in Rice. Plant Soil. 2011, 344, 319-333. [CrossRef]

Adrees, M,; Ali, S.; Rizwan, M.; Zia-ur-Rehman, M.; Ibrahim, M.; Abbas, E,; Farid, M.; Qayyum, M.E,; Irshad, M.K. Mechanisms of
Silicon-Mediated Alleviation of Heavy Metal Toxicity in Plants: A Review. Ecotoxicol. Environ. Saf. 2015, 119, 186-197. [CrossRef]
Vaculik, M.; Lukacova, Z.; Bokor, B.; Martinka, M. Alleviation Mechanisms of Metal(Loid) Stress in Plants by Silicon: A Review. J.
Exp. Bot. 2020, 71, 6744-6757. [CrossRef]

Shanmugaiah, V.; Gauba, A.; Hari, S.K,; Prasad, R.; Ramamoorthy, V.; Sharma, M.P. Effect of Silicon Micronutrient on Plant’s
Cellular Signaling Cascades in Stimulating Plant Growth by Mitigating the Environmental Stressors. Plant Growth Regul. 2023,
100, 391-408. [CrossRef]

Liang, Y.;; Sun, W.; Zhu, Y.-G.; Christie, P. Mechanisms of Silicon-Mediated Alleviation of Abiotic Stresses in Higher Plants: A
Review. Environ. Pollut. 2007, 147, 422-428. [CrossRef]

Cai, Y;; Zhang, S.; Cai, K,; Huang, F; Pan, B.; Wang, W. Cd Accumulation, Biomass and Yield of Rice Are Varied with Silicon
Application at Different Growth Phases under High Concentration Cadmium-Contaminated Soil. Chemosphere 2020, 242, 125128.
[CrossRef]

Lavinsky, A.O.; Detmann, K.C.; Reis, J.V,; Avila, R.T; Sanglard, M.L.; Pereira, L.F.; Sanglard, L. M.V.P,; Rodrigues, F.A.; Aratjo,
W.L.; DaMatta, EM. Silicon Improves Rice Grain Yield and Photosynthesis Specifically When Supplied during the Reproductive
Growth Stage. J. Plant Physiol. 2016, 206, 125-132. [CrossRef]

Tripathi, P,; Tripathi, R.D.; Singh, R.P.; Dwivedi, S.; Goutam, D.; Shri, M.; Trivedi, PK.; Chakrabarty, D. Silicon Mediates Arsenic
Tolerance in Rice (Oryza sativa L.) through Lowering of Arsenic Uptake and Improved Antioxidant Defence System. Ecol. Eng.
2013, 52, 96-103. [CrossRef]

He, S.; Lian, X.; Zhang, B; Liu, X.; Yu, J.; Gao, Y.; Zhang, Q.; Sun, H. Nano Silicon Dioxide Reduces Cadmium Uptake, Regulates
Nutritional Homeostasis and Antioxidative Enzyme System in Barley Seedlings (Hordeum vulgare L.) under Cadmium Stress.
Environ. Sci. Pollut. Res. 2023, 30, 67552-67564. [CrossRef]

Tuna, A.L.; Kaya, C.; Higgs, D.; Murillo-Amador, B.; Aydemir, S.; Girgin, A.R. Silicon Improves Salinity Tolerance in Wheat Plants.
Environ. Exp. Bot. 2008, 62, 10-16. [CrossRef]

Wu, J.; Geilfus, C.-M.; Pitann, B.; Miihling, K.-H. Silicon-Enhanced Oxalate Exudation Contributes to Alleviation of Cadmium
Toxicity in Wheat. Environ. Exp. Bot. 2016, 131, 10-18. [CrossRef]

Liang, Y.; Wong, ] W.C.; Wei, L. Silicon-Mediated Enhancement of Cadmium Tolerance in Maize (Zea mays L.) Grown in Cadmium
Contaminated Soil. Chemosphere 2005, 58, 475-483. [CrossRef] [PubMed]

Wu, Z.; Wang, F; Liu, S.; Du, Y;; Li, E; Du, R.; Wen, D.; Zhao, ]. Comparative Responses to Silicon and Selenium in Relation to
Cadmium Uptake, Compartmentation in Roots, and Xylem Transport in Flowering Chinese Cabbage (Brassica campestris L. ssp.
Chinensis Var. Utilis) under Cadmium Stress. Environ. Exp. Bot. 2016, 131, 173-180. [CrossRef]

Wu, J.; Guo, J.; Hu, Y.; Gong, H. Distinct Physiological Responses of Tomato and Cucumber Plants in Silicon-Mediated Alleviation
of Cadmium Stress. Front. Plant Sci. 2015, 6. [CrossRef] [PubMed]

Lu, H.; Zhuang, P; Li, Z; Tai, Y.; Zou, B.; Li, Y.; McBride, M.B. Contrasting Effects of Silicates on Cadmium Uptake by Three
Dicotyledonous Crops Grown in Contaminated Soil. Environ. Sci. Pollut. Res. 2014, 21, 9921-9930. [CrossRef] [PubMed]
Valizadeh-rad, K.; Motesharezadeh, B.; Alikhani, H.A.; Jalali, M.; Etesami, H.; Javadzarin, I. Morphophysiological and Nutritional
Responses of Canola and Wheat to Water Deficit Stress by the Application of Plant Growth-Promoting Bacteria, Nano-Silicon,
and Silicon. J. Plant Growth Regul. 2023, 42, 3615-3631. [CrossRef]

Lu, Y;; Ma, J.; Teng, Y.; He, J.; Christie, P.; Zhu, L.; Ren, W.; Zhang, M.; Deng, S. Effect of Silicon on Growth, Physiology, and
Cadmium Translocation of Tobacco (Nicotiana Tabacum L.) in Cadmium-Contaminated Soil. Pedosphere 2018, 28, 680—689.
[CrossRef]

Mabhar, A.; Wang, P,; Ali, A.; Awasthi, M.K.; Lahori, A.H.; Wang, Q.; Li, R.; Zhang, Z. Challenges and Opportunities in the
Phytoremediation of Heavy Metals Contaminated Soils: A Review. Ecotoxicol. Environ. Saf. 2016, 126, 111-121. [CrossRef]
Savant, N.K.; Korndorfer, G.H.; Datnoff, L.E.; Snyder, G.H. Silicon Nutrition and Sugarcane Production: A Review. J. Plant Nutr.
1999, 22, 1853-1903. [CrossRef]

Gu, H-H,; Qiu, H,; Tian, T,; Zhan, S.-S.; Deng, T.-H.-B.; Chaney, R.L.; Wang, S.-Z.; Tang, Y.-T.; Morel, J.-L.; Qiu, R.-L. Mitigation
Effects of Silicon Rich Amendments on Heavy Metal Accumulation in Rice (Oryza sativa L.) Planted on Multi-Metal Contaminated
Acidic Soil. Chemosphere 2011, 83, 1234-1240. [CrossRef]

Cui, J.; Jin, Q.; Li, F; Chen, L. Silicon Reduces the Uptake of Cadmium in Hydroponically Grown Rice Seedlings: Why Nanoscale
Silica Is More Effective than Silicate. Environ. Sci. Nano 2022, 9, 1961-1973. [CrossRef]

Gong, H.; Chen, K; Chen, G.; Wang, S.; Zhang, C. Effects of Silicon on Growth of Wheat Under Drought. J. Plant Nutr. 2003, 26,
1055-1063. [CrossRef]

Ngugi, M.M.; Gitari, H.I,; Muui, C.W.; Gweyi-Onyango, ].P. Growth Tolerance, Concentration, and Uptake of Heavy Metals as
Ameliorated by Silicon Application in Vegetables. Int. |. Phytoremediation 2022, 24, 1543-1556. [CrossRef]


https://doi.org/10.1016/j.tplants.2012.08.003
https://doi.org/10.1146/annurev.arplant.50.1.641
https://doi.org/10.1038/nature04590
https://doi.org/10.1007/s11104-011-0749-3
https://doi.org/10.1016/j.ecoenv.2015.05.011
https://doi.org/10.1093/jxb/eraa288
https://doi.org/10.1007/s10725-023-00982-6
https://doi.org/10.1016/j.envpol.2006.06.008
https://doi.org/10.1016/j.chemosphere.2019.125128
https://doi.org/10.1016/j.jplph.2016.09.010
https://doi.org/10.1016/j.ecoleng.2012.12.057
https://doi.org/10.1007/s11356-023-27130-x
https://doi.org/10.1016/j.envexpbot.2007.06.006
https://doi.org/10.1016/j.envexpbot.2016.06.012
https://doi.org/10.1016/j.chemosphere.2004.09.034
https://www.ncbi.nlm.nih.gov/pubmed/15620739
https://doi.org/10.1016/j.envexpbot.2016.07.012
https://doi.org/10.3389/fpls.2015.00453
https://www.ncbi.nlm.nih.gov/pubmed/26136764
https://doi.org/10.1007/s11356-014-2947-z
https://www.ncbi.nlm.nih.gov/pubmed/24801288
https://doi.org/10.1007/s00344-022-10824-w
https://doi.org/10.1016/S1002-0160(17)60417-X
https://doi.org/10.1016/j.ecoenv.2015.12.023
https://doi.org/10.1080/01904169909365761
https://doi.org/10.1016/j.chemosphere.2011.03.014
https://doi.org/10.1039/D1EN00973G
https://doi.org/10.1081/PLN-120020075
https://doi.org/10.1080/15226514.2022.2045251

Sustainability 2024, 16, 2037 16 of 16

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Vieira-Filho, L.O.; Monteiro, FA. Silicon Improves Photosynthetic Activity and Induces Antioxidant Enzyme Activity in Tanzania
Guinea Grass under Copper Toxicity. Plant Stress. 2022, 3, 100045. [CrossRef]

Bokor, B.; Vaculik, M.; Slovakov4, L.; Masarovi¢, D.; Lux, A. Silicon Does Not Always Mitigate Zinc Toxicity in Maize. Acta
Physiol. Plant 2014, 36, 733-743. [CrossRef]

Al-Jobori, KM.; Kadhim, A.K. Evaluation of Sunflower (Helianthus annuus L.) for Phytoremediation of Lead Contaminated Soil. J.
Pharm. Sci. Res. 2019, 11, 847-854.

Kabir, A.H.; Hossain, M.M.; Khatun, M.A.; Mandal, A.; Haider, S.A. Role of Silicon Counteracting Cadmium Toxicity in Alfalfa
(Medicago Sativa L.). Front. Plant Sci. 2016, 7, 1117. [CrossRef] [PubMed]

Rahman, M.F; Ghosal, A.; Alam, M.E,; Kabir, A.H. Remediation of Cadmium Toxicity in Field Peas (Pisum sativum L.) through
Exogenous Silicon. Ecotoxicol. Environ. Saf. 2017, 135, 165-172. [CrossRef] [PubMed]

Vaculik, M.; Lux, A.; Luxova, M.; Tanimoto, E.; Lichtscheidl, I. Silicon Mitigates Cadmium Inhibitory Effects in Young Maize
Plants. Environ. Exp. Bot. 2009, 67, 52-58. [CrossRef]

Ehsan, S.; Ali, S.; Noureen, S.; Mahmood, K.; Farid, M.; Ishaque, W.; Shakoor, M.B.; Rizwan, M. Citric Acid Assisted Phytoremedi-
ation of Cadmium by Brassica napus L. Ecotoxicol. Environ. Saf. 2014, 106, 164-172. [CrossRef]

Attia, E.A.; Elhawat, N. Combined Foliar and Soil Application of Silica Nanoparticles Enhances the Growth, Flowering Period
and Flower Characteristics of Marigold (Tagetes erecta L.). Sci. Hortic. 2021, 282, 110015. [CrossRef]

Farooq, M.A,; Ali, S.; Hameed, A.; Ishaque, W.; Mahmood, K.; Igbal, Z. Alleviation of Cadmium Toxicity by Silicon Is Related
to Elevated Photosynthesis, Antioxidant Enzymes; Suppressed Cadmium Uptake and Oxidative Stress in Cotton. Ecofoxicol.
Environ. Saf. 2013, 96, 242-249. [CrossRef] [PubMed]

Tan, D.; Zhang, L.; Zhang, S.; Cui, B. Physiological Response of Four Widely Cultivated Sunflower Cultivars to Cadmium Stress.
Horticulturae 2023, 9, 320. [CrossRef]

Zhang, C.; Wang, L.; Nie, Q.; Zhang, W.; Zhang, F. Long-Term Effects of Exogenous Silicon on Cadmium Translocation and
Toxicity in Rice (Oryza sativa L.). Environ. Exp. Bot. 2008, 62, 300-307. [CrossRef]

Thind, S.; Hussain, I.; Ali, S.; Hussain, S.; Rasheed, R.; Ali, B.; Hussain, H.A. Physiological and Biochemical Bases of Foliar
Silicon-Induced Alleviation of Cadmium Toxicity in Wheat. J. Soil. Sci. Plant Nutr. 2020, 20, 2714-2730. [CrossRef]

Etesami, H.; Jeong, B.R. Silicon (Si): Review and Future Prospects on the Action Mechanisms in Alleviating Biotic and Abiotic
Stresses in Plants. Ecotoxicol. Environ. Saf. 2018, 147, 881-896. [CrossRef] [PubMed]

Liu, J.; Zhang, H.; Zhang, Y.; Chai, T. Silicon Attenuates Cadmium Toxicity in Solanum nigrum L. by Reducing Cadmium Uptake
and Oxidative Stress. Plant Physiol. Biochem. 2013, 68, 1-7. [CrossRef] [PubMed]

Nwugo, C.C.; Huerta, A.]J. The Effect of Silicon on the Leaf Proteome of Rice ( Oryza sativa L.) Plants under Cadmium-Stress. J.
Proteome Res. 2011, 10, 518-528. [CrossRef]

Nwugo, C.C.; Huerta, A J. Effects of Silicon Nutrition on Cadmium Uptake, Growth and Photosynthesis of Rice Plants Exposed
to Low-Level Cadmium. Plant Soil. 2008, 311, 73-86. [CrossRef]

Li, L,; Ai, S,; Li, Y.; Wang, Y.; Tang, M. Exogenous Silicon Mediates Alleviation of Cadmium Stress by Promoting Photosynthetic
Activity and Activities of Antioxidative Enzymes in Rice. J. Plant Growth Regul. 2018, 37, 602—-611. [CrossRef]

ur Rahman, S.; Xuebin, Q.; Zhao, Z.; Du, Z.; Imtiaz, M.; Mehmood, F.; Hongfei, L.; Hussain, B.; Ashraf, M.N. Alleviatory Effects of
Silicon on the Morphology, Physiology, and Antioxidative Mechanisms of Wheat (Triticum aestivum L.) Roots under Cadmium
Stress in Acidic Nutrient Solutions. Sci. Rep. 2021, 11, 19-58. [CrossRef]

Huang, H.; Rizwan, M.; Li, M,; Song, F; Zhou, S.; He, X,; Ding, R.; Dai, Z.; Yuan, Y.; Cao, M.; et al. Comparative Efficacy of
Organic and Inorganic Silicon Fertilizers on Antioxidant Response, Cd/Pb Accumulation and Health Risk Assessment in Wheat
(Triticum aestivum L.). Environ. Pollut. 2019, 255, 113146. [CrossRef]

Gao, M.; Zhou, J; Liu, H.; Zhang, W.; Hu, Y.; Liang, J.; Zhou, J. Foliar Spraying with Silicon and Selenium Reduces Cadmium
Uptake and Mitigates Cadmium Toxicity in Rice. Sci. Total Environ. 2018, 631-632, 1100-1108. [CrossRef] [PubMed]

Xu, J.; Mei, X.; Lv, Y;; Gao, S.; Li, N.; Liu, Y.; Cheng, H.; Xu, K. Silicon Actively Mitigates the Negative Impacts of Soil Cadmium
Contamination on Garlic Growth, Yield, Quality and Edible Safety. Sci. Hortic. 2023, 309, 111625. [CrossRef]

Khan, Z.S.; Rizwan, M.; Hafeez, M.; Alj, S.; Adrees, M.; Qayyum, M.E; Khalid, S.; ur Rehman, M.Z.; Sarwar, M.A. Effects of
Silicon Nanoparticles on Growth and Physiology of Wheat in Cadmium Contaminated Soil under Different Soil Moisture Levels.
Environ. Sci. Pollut. Res. 2020, 27, 4958-4968. [CrossRef] [PubMed]

Teng, K.; Xiao, G.Z.; Guo, W.E; Yuan, ].B.; Li, J.; Chao, Y.H.; Han, L.B. Expression of an Alfalfa (Medicago sativa L.) Peroxidase
Gene in Transgenic Arabidopsis Thaliana Enhances Resistance to NaCl and HyO,. Genet. Mol. Res. 2016, 2, 15. [CrossRef]
Huang, F; Wen, X.-H.; Cai, Y.-X.; Cai, K.-Z. Silicon-Mediated Enhancement of Heavy Metal Tolerance in Rice at Different Growth
Stages. Int. J. Environ. Res. Public. Health 2018, 15, 2193. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.stress.2021.100045
https://doi.org/10.1007/s11738-013-1451-2
https://doi.org/10.3389/fpls.2016.01117
https://www.ncbi.nlm.nih.gov/pubmed/27512401
https://doi.org/10.1016/j.ecoenv.2016.09.019
https://www.ncbi.nlm.nih.gov/pubmed/27736676
https://doi.org/10.1016/j.envexpbot.2009.06.012
https://doi.org/10.1016/j.ecoenv.2014.03.007
https://doi.org/10.1016/j.scienta.2021.110015
https://doi.org/10.1016/j.ecoenv.2013.07.006
https://www.ncbi.nlm.nih.gov/pubmed/23911213
https://doi.org/10.3390/horticulturae9030320
https://doi.org/10.1016/j.envexpbot.2007.10.024
https://doi.org/10.1007/s42729-020-00337-4
https://doi.org/10.1016/j.ecoenv.2017.09.063
https://www.ncbi.nlm.nih.gov/pubmed/28968941
https://doi.org/10.1016/j.plaphy.2013.03.018
https://www.ncbi.nlm.nih.gov/pubmed/23608626
https://doi.org/10.1021/pr100716h
https://doi.org/10.1007/s11104-008-9659-4
https://doi.org/10.1007/s00344-017-9758-7
https://doi.org/10.1038/s41598-020-80808-x
https://doi.org/10.1016/j.envpol.2019.113146
https://doi.org/10.1016/j.scitotenv.2018.03.047
https://www.ncbi.nlm.nih.gov/pubmed/29727936
https://doi.org/10.1016/j.scienta.2022.111625
https://doi.org/10.1007/s11356-019-06673-y
https://www.ncbi.nlm.nih.gov/pubmed/31840219
https://doi.org/10.4238/gmr.15028002
https://doi.org/10.3390/ijerph15102193

	Introduction 
	Materials and Methods 
	Material and Conditions 
	The Estimation of Plant Growth and Biomass 
	Quantification of Cd in Plants 
	The Estimation of Chlorophyll Content and Photosynthetic Parameters 
	Analysis of Antioxidant Enzymes and Malondialdehyde 
	Data Analysis 

	Results and Discussion 
	Impact of Sodium Silicate on Growth Characteristics of Sunflower under Cd Stress 
	Impact of Sodium Silicate on the Biomass of Sunflower under Cd Stress 
	Impact of Sodium Silicate on Cd Uptake and Enrichment Characteristics of Sunflower under Cd Stress 
	Effect of Sodium Silicate on Photosynthesis of Sunflower under Cd Stress 
	Impact of Sodium Silicate on Antioxidant Enzyme Activities of Sunflower under Cd Stress 
	Heat Map and Correlation Analysis between Parameters of Sunflower 

	Conclusions and Future Prospects 
	References

