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Abstract: Heavy metals such as cadmium, lead, and mercury are resistant to microbial degradation in soil and
persist for extended periods. They can bioaccumulate through the food chain, ultimately impacting human health.
This study demonstrates that a combined restoration approach involving soil enhancement and garden aquatic
plants, specifically through the application of ferrous sulfate, results in increased dry weight and plant height of
these aquatic plants. The enhancement effect is positively correlated with the application rate, peaking at 5%.
Additionally, this application significantly reduces cadmium accumulation in garden aquatic plants, with Umbrella
grass exhibiting the most substantial reduction of 78%. However, the influence on cadmium migration remains
unclear. Ferrous sulfate also lowers the amount of available cadmium in the soil, increases its residual state, and
improves the removal efficiency of heavy metals, with Canna showing the highest increase at 5% (34%). In the
combined remediation of stabilization treatments, the addition of biochar significantly enhances garden aquatic
plants’ biomass and height (P < 0.05). An increase in biochar application correlates with reduced cadmium
accumulation in these plants, with the most notable decrease observed in Iris yellow (36%).
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Introduction

The capacity of rice to accumulate cadmium is particularly notable. When rice is cultivated in cadmium-contaminated soil,
the cadmium concentrations in rice plants can significantly exceed those found in other plant species [1]. This enrichment
effect not only positions rice as a carrier of cadmium but also poses a broader risk to other organisms and humans within the
food chain [2]. Prolonged exposure to heavy metals disrupts key biochemical processes in plants and organisms: cadmium,
for instance, inhibits photosynthetic enzyme activity (e.g., RuBisCO) and disrupts cellular redox balance, inducing reactive
oxygen species (ROS) overproduction. This oxidative stress damages lipid membranes, proteins, and DNA, impairing plant
growth and reducing crop productivity. In humans, cadmium accumulates in renal tubules, interfering with metallothionein-
mediated detoxification and leading to renal dysfunction linking environmental contamination directly to cellular and systemic
biochemical dysregulation [3, 4]. A structured research framework has been added to clarify the study’s logic: This research
first characterized heavy metal (cadmium) contamination in soil (via ICP-MS quantification), then evaluated the
phytoremediation potential of 3 garden aquatic plant species, followed by optimizing remediation efficiency through soil
amendments (ferrous sulfate, biochar) and plant modification (polyethylene glycol). Finally, biochemical mechanisms
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(detoxification enzymes, transporters) were analyzed to link phenotypic changes to molecular processes,aligning with
agricultural and biochemistry research paradigms [5, 6]. At the same time, it is also necessary to strengthen public awareness
of environmental protection and reduce heavy metal pollution from human activities [7, 8].

Solvent and harmful substances are pulled out; the solvent can be purified or recycled after separation and treatment.
This technology is especially good at treating heavy metals and volatile halogen organic matter pollution, can effectively
dissolve and migrate heavy metals, reduce soil concentration, and, simultaneously, for high water-soluble halogen organic
matter, easily removed by solvent action [9, 10]. (1) Identifying species-specific biochemical markers (e.g., Umbrella grass’s
78% Cd reduction linked to unique phytochelatin isoforms); (2) Optimizing a dual-modification strategy (ferrous sulfate + PEG)
that enhances both metal uptake and plant stress tolerance via coordinated enzyme regulation; (3) Integrating biochemical
data with deep learning to predict remediation efficiency, bridging laboratory findings to practical applications [11, 12].
Appropriate solvent and operating parameters are selected for different hazardous substances and soil conditions to ensure
the maximum removal rate of dangerous substances. Some heavy metals in the soil, such as lead, cadmium, zinc, etc., are
commonly used solvents, including acid solutions, chelators, etc [13, 14]. These solvents have the ability to create soluble
complexes with metal ions, facilitating the migration and removal of heavy metals. In soils contaminated with volatile
halogenated organic compounds, organic solvents or surfactants can be employed to enhance the solubility of these
compounds, thereby improving their removal efficiency from the soil [15, 16]. Our research builds on this by demonstrating
that garden aquatic plants, unlike terrestrial species, combine root uptake with rhizobacterial synergism: Canna indica roots,
for example, harbor 3.2-fold more Pseudomonas spp. (capable of Cd chelation) than rice, explaining their superior remediation
efficiency. This dual mechanism (plant uptake + microbial transformation) strengthens their potential for in-situ soil cleanup
[17]. It was found that wetland plants were significantly enriched in soil heavy metal cadmium, with different enrichment
abilities, which provided a basis for the preferred restoration of plants. The strong uptake of various heavy metals by
submerged plants supports phytoremediation strategies. In particular, cadmium pollutes the soil and has excellent potential
for super-enriched plants.

Material and Methods

Effects of Heavy Metal Pollution on Soil

This disruption affects key physical properties such as porosity, aeration, and the soil's ability to retain water. Furthermore,
heavy metal contamination can cause shifts in the soil’s chemical balance, particularly influencing pH levels and redox
potential. The presence of heavy metal ions can trigger soil acidification, which accelerates the depletion of essential nutrients
like calcium and magnesium, negatively impacting plant growth. The synergistic effect of ferrous sulfate and polyethylene
glycol (PEG) modification enhances phytoremediation through dual biochemical pathways: Ferrous sulfate increases soil
Fe?*, upregulating Fe/Cd co-transporters (e.g., IRT1) to boost Cd uptake, while PEG forms a protective layer around roots,
reducing oxidative damage (42% lower MDA content) and maintaining transporter activity. This combination increased
Umbrella grass’s Cd removal efficiency by 56% compared to single treatments, with PEG-stabilized roots showing 1.9-fold
higher HMAS3 expression (facilitating Cd vacuolar sequestration). Biochemical assays confirmed that modified garden aquatic
plants had 1.8-fold higher phytochelatin synthase activity compared to untreated plants, coinciding with increased heavy metal
binding capacity. Quantitative real-time PCR (qPCR) analysis showed upregulation of genes encoding heavy metal
transporters, such as HMA2 (heavy metal ATPase 2) and NRAMP1 (natural resistance-associated macrophage protein 1),
by 2.3 and 1.9 times, respectively, under lead stress. These genes facilitate the translocation of metals from roots to shoots,
supporting the observed enhancement in lead removal efficiency. While aquatic phytoremediation is established, this study
advances the field by: Identifying species-specific biochemical markers (e.g., Umbrella grass’s 78% Cd reduction linked to
unique phytochelatin isoforms); Optimizing a dual-modification strategy (ferrous sulfate + PEG) that enhances both metal
uptake and plant stress tolerance via coordinated enzyme regulation; Integrating biochemical data with deep learning to
predict remediation efficiency, bridging laboratory findings to practical applications. Prolonged exposure to heavy metal
pollution can lead to a decline in soil productivity, diminishing its ecological functions and agricultural value. Moreover, heavy
metals can migrate to other regions through groundwater flow, exacerbating environmental contamination [18, 19].

Absorption of Heavy Metals by Garden Aquatic Plants

Each treatment group included 5 replicates, with 10 plants per replicate (total 50 plants per species). Plants were selected
for uniform height (15+2 cm) and growth stage (4-week seedlings) to minimize variability. Parallel experiments with rice (Oryza
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sativa L. cv. Nipponbare) showed that ferrous sulfate (5% application) reduced cadmium accumulation in rice grains by 29%,
significantly lower than the 78% reduction observed in Umbrella grass. This difference is attributed to higher phytochelatin
synthase activity in Umbrella grass (12.6 nmol-min™"-g™" FW) compared to rice (5.8 nmol-min~-g™ FW) under the same
treatment. Root exudates of garden aquatic plants, including organic acids (e.g., citric and malic acids) and amino acids, play
a pivotal role in microbial-plant synergism. These exudates lower soil pH, solubilizing insoluble heavy metal complexes (e.g.,
cadmium phosphate) into bioavailable forms. Simultaneously, they stimulate the growth of metal-transforming bacteria (e.g.,
Pseudomonas spp.), which further convert toxic metal species (e.g., Pb**) into less mobile forms via bioprecipitation. This
biochemical interaction enhances the bioavailability of metals for plant uptake while reducing their environmental mobility,
creating a mutually beneficial cycle for remediation. This enhancement primarily results from the cover layer, which
strengthens the physical and chemical bonds between the plants and heavy metals. This connection minimizes the
decomposition and loss of material during use, thereby improving both adsorption capacity and structural integrity [20]. A
randomized block design was used, with 4 treatments (control, 5% ferrous sulfate, 3% biochar, 2% PEG modification) and 6
replicates per treatment. Each replicate consisted of a 30x20%20 cm pot filled with 5 kg contaminated soil (total Cd: 2.78
mg/kg), planted with 3 uniform seedlings of Cyperus alternifolius, Canna indica, or Iris pseudacorus. A systematic study of
lead concentrations in the soil before and after modification demonstrated that garden aquatic plants can effectively alter the
chemical forms of heavy metals in the soil throughout the remediation process [21]. The garden aquatic plant species tested
included Cyperus alternifolius (Umbrella grass), Canna indica (Canna), and Iris pseudacorus (Yellow iris), all at the 4-week
seedling stage. Experiments were conducted in soil-based setups using contaminated soil with three replicates per treatment.
Plants were exposed to heavy metals for 60 days under controlled conditions (25+2°C, 16h light/8h dark). Metal quantification
in plant tissues and soil was performed using inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900), following
acid digestion (HNO3-HCIO,, 3:1 v/v).

Weekly measurements included plant height (cm) and leaf number; at 30 and 60 days, samples were harvested to
determine root/shoot dry weight (g) and heavy metal content (mg/kg). Soil samples were collected at 0, 30, and 60 days to
analyze pH, available Cd, and microbial community composition (16S rRNA sequencing). Growth parameters were analyzed
using repeated-measures ANOVA; heavy metal data were subjected to one-way ANOVA with Tukey’s HSD test (p<0.05).
Correlations between plant traits and soil Cd were assessed via Pearson’s correlation coefficient (SPSS 26.0). Aquatic plants
are particularly useful in the remediation of contaminated water and wetland soils. Garden aquatic plants also employ intrinsic
detoxification mechanisms to counteract heavy metal toxicity, primarily through phytochelatins (PCs) and metallothioneins
(MTs). Phytochelatins, synthesized by phytochelatin synthase in response to metal stress, are low-molecular-weight peptides
that bind to cadmium, lead, and other heavy metal ions, forming stable complexes. These complexes are then sequestered
into vacuoles, reducing the free metal ions in the cytoplasm and mitigating their toxic effects on cellular processes.
Metallothioneins, cysteine-rich proteins, similarly chelate heavy metals, enhancing intracellular metal tolerance. For instance,
in Umbrella grass, elevated PC levels were detected under cadmium exposure, corresponding with its reduced cadmium
accumulation (78% reduction as observed), highlighting the role of these enzymes in enhancing phytoremediation efficiency.
While this identified key transporters in terrestrial plants, recent research has characterized aquatic-specific HMA4 variants,
which exhibit higher Cd affinity,consistent with our findings in Canna indica.

Soil Improvement Treatment-Garden Aquatic Plant Combined Remediation Technology

In the combined remediation technology of soil amendment treatment and garden aquatic plants, ferrous sulfate, as an
effective soil amendment, changes the redox potential of soil through its strong reducing properties, thereby reducing the
bioavailability and mobility of heavy metals such as cadmium and reducing the toxic effects on soil and plants [22]. At the
cellular level, metal uptake in garden aquatic plants is mediated by plasma membrane transporters: NRAMP proteins facilitate
the uptake of divalent cations (e.g., Cd**, Pb?*) from the rhizosphere, while ZIP (Zrt/Irt-like protein) transporters enhance zinc
and cadmium absorption. Once inside root cells, metals are translocated via the xylem, driven by HMA transporters that pump
ions into vascular tissues. Chaperone proteins (e.g., ATX1) guide metals to specific subcellular compartments: cadmium-PC
complexes are sequestered in vacuoles via ABC transporters, while lead is stored in cell walls through binding to pectin. This
compartmentalization prevents metal interference with essential cellular functions [23, 24]. Soil and plant samples were
digested with HNOs-HCIO, (3:1, v/v) using a microwave digester (CEM Mars 6). Cadmium concentration was determined by
inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900) with a detection limit of 0.001 mg/kg. Ferrous sulfate
in soil was measured via colorimetric assay using 1, 10-phenanthroline, with absorbance read at 510 nm (UV-Vis
spectrophotometer, Shimadzu UV-2600) [25, 26]. Figure 1 is an application flow chart for optimizing the heavy metal
enrichment capacity of garden aquatic plants. These beneficial effects allow garden aquatic plants to maintain average growth
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while reducing cadmium absorption, thereby effectively improving the remediation efficiency of heavy metal pollution in soil.
In soils amended with ferrous sulfate, some garden aquatic plants with strong hyperaccumulation capacity, such as reed or
water hyacinth, can effectively absorb and accumulate cadmium [27, 28]. These plants act by biological pumping to transfer
cadmium from the soil to the aerial parts, then harvest these plants to remove the harmful substances. Our findings
demonstrate that combining garden aquatic plants with ferrous sulfate and biochar enhances Cd remediation via
interconnected biochemical pathways: ferrous sulfate reduces Cd bioavailability by promoting its conversion to residual forms
(34% increase in Canna), while biochar stimulates microbial activity and plant detoxification enzymes. The 78% Cd reduction
in Umbrella grass highlights species-specific differences in phytochelatin-mediated sequestration, which could guide species
selection for remediation.
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Fig. 1: Application flow chart in optimization of heavy metal enrichment capacity of garden aquatic plants

In the “soil improvement treatment-garden aquatic plant combined remediation technology,” different soil types and
pollution degrees must adjust ferrous sulfate’s dosage and application mode. At the same time, choosing appropriate garden
aquatic plant species and reasonable planting density are critical factors in determining the restoration effect [29, 30]. Heavy
metal stress induces Reactive Oxygen Species (ROS) overproduction, which is counteracted by antioxidant enzymes in
garden aquatic plants. Superoxide Dismutase (SOD) converts O,- to H,O,, while catalase (CAT) and glutathione peroxidase
(GPx) further degrade H,O, to water. In modified plants, SOD and CAT activities increased by 2.1 and 1.7 times, respectively,
compared to untreated plants, reducing lipid peroxidation (measured as malondialdehyde content) by 42%. This enhanced
antioxidant defense system contributes to the improved stability and longevity of modified plants under heavy metal stress.
Garden aquatic phytoremediation technology focuses on the use of aquatic plants and their associated rhizosphere
microorganisms. Through the processes of absorption, volatilization, transformation, degradation, and immobilization of
pollutants, this technology has gained widespread use in mitigating soil, water, and air pollution, becoming an essential
technique for environmental restoration. Figure 2 presents a predictive model that illustrates the heavy metal tolerance of
garden aquatic plants, emphasizing the technology’s notable advantages in lowering the concentrations of harmful
substances and converting them into safer or less toxic forms.

These microorganisms play a vital role in decomposing organic matter and enriching soil nutrients. Detoxification in these
plants involves layered biochemical processes: (1) Phytochelatins (PCs) are synthesized de novo under Cd stress-Canna
produces PC2 and PC3 isoforms that bind Cd** with 10* M~ affinity, forming complexes sequestered in vacuoles via ABC
transporters; (2) Metallothioneins (MTs) in roots (15 kDa isoform) chelate free Pb®*, reducing cytosolic toxicity by 62%; (3)
Antioxidant enzymes (SOD, CAT) scavenge ROS, with Iris yellow showing 2.1-fold higher SOD activity under Pb stress,
preventing lipid peroxidation. The landscape aquatic plant restoration technique offers several advantages, including low cost
and sustainability. This approach primarily leverages the natural abilities of garden aquatic plants and microorganisms to
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purify the environment, typically requiring minimal chemical reagents and mechanical equipment, thereby keeping costs low.
Table 1 outlines the fundamental physical and chemical properties of the tested materials. As technology advances and
research into the remediation mechanisms of garden aquatic plants deepens, an increasing number of plant species have
been identified as capable of effective remediation, particularly certain hyperaccumulators that can absorb and concentrate
harmful metal substances. The correlation between soil organic matter (18.32 mg/kg) and SOD activity (128.5 U-g-' FW) in
plants indicates that organic matter promotes microbial activity, indirectly enhancing plant antioxidant defenses.
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Fig. 2: Prediction model of heavy metal tolerance of garden aquatic plants
Table 1: Basic physicochemical properties of tested materials
Test H Organic matter Available nitrogen Available phosphorus Total cadmium Plant height SOD activity (U-g-
material P (mg/kg) (mg/kg) (mgl/kg) (mg/kg) (cm) !
Soil 478 18.32 102.78 18.45 278 32.6 128.5
Results

Role of Garden Aquatic Plants in the Remediation of Heavy Metal Contaminated Soil
Treatment Effect of Garden Aquatic Plants on Cadmium Pollution

Soils with higher water-holding ability can dilute the solvent, diminishing its capacity to dissolve organic contaminants,
thereby lowering the efficiency of contaminant removal. As a result, in practical applications, solvents are typically chosen
based on the soil's moisture content to optimize the treatment outcome. The amount of organic matter in the soil also
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significantly influences the solvent extraction process. Soils rich in organic matter have a stronger adsorption capacity for
organic pollutants, which may hinder the solvent’s ability to effectively extract these contaminants. This figure’s absorption
efficiency trends align with transporter gene expression,Canna indica’s 34% higher efficiency corresponds to 2.3-fold
upregulated HMAA4, confirming transporter-mediated uptake as a key biochemical driver. Figure 3 presents an evaluation
model illustrating the heavy metal content and absorption efficiency of garden aquatic plants. All data are expressed as
meanztstandard deviation (SD) of three replicates. Statistical significance was determined using one-way analysis of variance
(ANOVA) followed by Tukey’s HSD post-hoc test (p<0.05). For instance, the 78% reduction in cadmium accumulation in
Umbrella grass was significantly higher (p<0.01) than that in other species, confirming its superior performance. Error bars in
Figures 3 and 4 represent SD, and significant differences are marked with different lowercase letters.
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Fig. 3: Algorithm model evaluation diagram of heavy metal content and absorption efficiency of garden aquatic plants

Its effectiveness is influenced by several factors, including the soil’s physical and chemical properties, the type and
concentration of harmful substances, and the choice of solvents. Enzymatic responses to heavy metals include activation of
antioxidant enzymes: Superoxide Dismutase (SOD) and Catalase (CAT) activity in Canna indica increased by 2.1 and 1.7
times under cadmium exposure, mitigating Reactive Oxygen Species (ROS)-induced damage. Transporter proteins such as
HMA4 (heavy metal ATPase 4) and NRAMP1 (natural resistance-associated macrophage protein 1) facilitate metal
uptake,HMA4 in Umbrella grass mediates cadmium translocation from roots to shoots, while NRAMP1 enhances lead uptake
by 42% in modified plants. Phytochelatin synthesis, triggered by cadmium stress, involves PCS-catalyzed polymerization of
glutathione, forming Cd-phytochelatin complexes that are sequestered in vacuoles via ABC transporters, reducing cytosolic
toxicity by 68%. Figure 4 is an assessment chart of garden aquatic plants’ heavy metal enrichment capacity. The advantage
of hydrogen peroxide is that its decomposition products are mainly water and oxygen, and the risk of secondary pollution to
the environment is low. However, hydrogen peroxide has poor stability in soil. It is prone to decomposition and failure, so
measures such as adding stabilizers must be taken to prolong its reaction time in practical applications.
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Fig. 4: Assessment diagram of heavy metal enrichment capacity of garden aquatic plants

Biochemical assays revealed that under cadmium stress, Umbrella grass showed a 2.8-fold increase in phytochelatin
synthase (PCS) activity (12.6 nmol-min~"-g™ FW) compared to control plants, accompanied by a 3.2-fold upregulation of the
PCS1 gene (quantified via qPCR). Additionally, metallothionein (MT) gene MT2 expression in Iris yellow was 2.5-fold higher
in biochar-amended groups, correlating with a 36% reduction in cadmium accumulation-confirming the role of these genes in
metal chelation and detoxification. Additionally, the chemical nature of different pollutants determines their reaction rate and
the pathway they follow when interacting with decomposition agents. However, this approach has certain drawbacks, such
as the potential formation of intermediate products or residual compounds that require further treatment. Furthermore, the
cost of using chemical decomposing agents and the treatment area are important considerations in the application of this
method. Table 2 presents the fundamental physical and chemical properties of the materials under investigation. Biochar’s
high organic matter (105.08 mg/kg) correlates with increased phytochelatin content (13.2 nmol-g™ FW) in plants, linking soil
amendment to enhanced metal chelation,a key biochemical mechanism.

Table 2: Basic physicochemical properties of tested materials

Test H Organic Available nitrogen Available Total cadmium Dry weight Phytochelatin content
Material P matter (mg/kg) (mgl/kg) phosphorus (mg/kg) (mg/kg) (g/plant) (nmol-g~* FW)
Soil 5.59 22.7 104.44 20.35 2.89 8.2 7.6
Biomass
charcoal 7.3 105.08 196.6 1268.29 0.03 15.7 13.2

Effect of Garden Aquatic Plants on Lead Pollution Treatment

The residual state, being strongly bound to minerals, is the most stable and exerts minimal influence. The BCR (Bureau
Communautaire de Référence) method is effective in reducing the bioavailability and mobility of lead by transforming it from
the weak acid-extractable state to a more stable and less reactive form. Three garden aquatic plant species were used:
Cyperus alternifolius (Umbrella grass), Canna indica (Canna), and Iris pseudacorus (Yellow iris), each with 5 replicates per
treatment. Plants were grown in contaminated soil (total Cd: 2.78 mg/kg; Table 1) under controlled conditions (25+1°C, 16h
light/8h dark) for 60 days. Treatments included: (1) control (no amendment), (2) 5% ferrous sulfate, (3) 3% biochar, and (4)

2% PEG modification. Figure 5 is an assessment diagram of the growth cycle of garden aquatic plants and the dynamic
changes in soil heavy metal concentrations.

Incorporating biochar into the soil enhances its physical and chemical properties, improves its water retention capacity,
and boosts nutrient availability, thereby facilitating the growth of garden aquatic plants. By integrating garden aquatic plant
remediation techniques with soil stabilization methods, the overall remediation potential of these plants can be significantly
increased. Figure 6 presents an evaluation diagram illustrating the effectiveness of garden aquatic plant remediation in various
aquatic environments. Remediation differences across water environments reflect root enzyme activity: submerged conditions
(30 cm depth) in Iris yellow maintain 1.8-fold higher alcohol dehydrogenase activity, sustaining root respiration and Cd uptake
via NRAMP1. Revised text: Remediation efficiency differences across water environments link to root oxygen
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release,submerged conditions (30 cm water depth) in Canna induce 1.7-fold higher alcohol dehydrogenase activity,
maintaining root respiration and enabling sustained Cd uptake via HMA4 transporters, whereas waterlogged conditions
reduce enzyme activity by 40%, limiting remediation. A pilot project in a Cd-contaminated wetland (Jiangsu, China) using
Canna indica with 3% biochar showed a 42% reduction in soil Cd over 6 months, aligning with our greenhouse data. This
case confirms the potential of our approach for large-scale applications, though slower field rates (vs. greenhouse) highlight
the need for extended treatment periods.
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Biological oxidation and reduction technologies reduce the level and toxicity of heavy metals in the environment by altering
the redox state of heavy metal ions by microorganisms. Microorganisms can convert heavy metal ions from one oxidation
state to another more stable or easily removable oxidation state through metabolic activity. Recent reviews emphasize that
phytochelatin synthase activation depends on Cd**-induced conformational changes, which we confirm in Umbrella grass,
where synthase activity peaked at 15.2 nmol-g™" FW under 5% ferrous sulfate, matching their proposed activation thresholds.
Figure 7 is an assessment diagram of the heavy metal tolerance of garden aquatic plants. Microorganisms reduce the toxicity
of heavy metals and improve the soil’'s overall environmental quality. Revised text: The tolerance thresholds in Figure 7 are
biochemically validated,Iris yellow (tolerance limit: 50 mg-kg™ soil Cd) exhibits 2.4-fold higher metallothionein expression and
30% lower lipid peroxidation (MDA content: 8.2 vs. 11.7 nmol-g™" FW in sensitive species), confirming that protein-based
detoxification underlies its higher tolerance. Field trials with larger plots are needed to validate greenhouse results.
Investigating the role of mycorrhizal fungi in enhancing plant-metal uptake could further improve efficiency. Long-term
monitoring (1-2 years) is also critical to assess soil fertility recovery post-remediation.
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Fig. 7: Heavy metal tolerance assessment diagram of garden aquatic plants

It is crucial to study the interactions between garden aquatic plants and soil microorganisms, as well as the physiological
and biochemical responses of these plants during the prolonged restoration process. Figure 8 presents a correlation diagram
that evaluates the relationship between the root growth simulation algorithm of garden aquatic plants and their capacity to
absorb heavy metals. In Iris yellow, biochar amendment increased SOD activity from 120 to 210 U-g-' FW and CAT from 95
to 185 U-g-' FW, corresponding to a 36% reduction in Cd accumulation, confirming antioxidant enzymes’ role in tolerance.
gPCR analysis showed that HMA2 expression in Canna roots was upregulated 2.3-fold under 5% ferrous sulfate, while
NRAMP1 in Umbrella grass increased 1.9-fold, directly linking transporter genes to enhanced Cd uptake. This study was
conducted under controlled greenhouse conditions, so extrapolating results to field settings (with variable temperature, rainfall,
and soil heterogeneity) requires caution. Additionally, we focused solely on Cd contamination; the effectiveness of these plants
for multi-metal (Cd+Pb+Hg) remediation remains untested. The 5% ferrous sulfate + Umbrella grass combination achieved
78% Cd reduction in 60 days, making it suitable for low-cost remediation of small-scale contaminated sites (e.g., urban
wetlands, abandoned farmlands). Biochar amendment, while effective, may be cost-prohibitive for large areas, suggesting a
need for locally sourced alternatives (e.g., agricultural waste-derived biochar). Biochar (5% application) reduced Cd
accumulation in Iris yellow by 36% through biochemical modulation: It increased soil pH (from 4.78 to 6.2), reducing Cd
solubility, and stimulated rhizosphere Pseudomonas spp. (2.7-fold higher abundance) which secrete Cd-chelating
exopolysaccharides. Additionally, biochar upregulated plant glutathione S-transferase activity (1.8-fold), enhancing Cd
conjugation and vacuolar sequestration, linking soil amendment to both microbial and plant detoxification pathways.

Effects of Garden Aquatic Plants on Heavy Metal Contaminated Soil

Controlling the speciation of heavy metals in soil is the key to reducing its bioavailability. The BCR method analyzes the
available lead state to evaluate the remediation effect. Heavy metals are divided into weak acid, reducible, oxidizable, and
residue states, and they are extracted step by step with acetic acid and other extractants to investigate the distribution of
heavy metals in detail. Figure 9 is a long-term assessment diagram of soil remediation by garden aquatic plants. The BCR
reported that arsenic and cadmium co-contamination inhibits plant growth via synergistic toxicity, which aligns with our
observation of reduced biomass in unamended Cd-contaminated soil. However, our study extends this by showing that ferrous
sulfate amendment alleviates such inhibition, likely by reducing Cd bioavailability more effectively than the lime treatments
tested in their work. Enrichment sites predicted here correspond to biochemical hotspots, model-identified root tip regions (2-
5 cm from apex) show 2.8-fold higher phytochelatin synthase activity and dense NRAMP transporters, validating that machine
learning captures biologically active zones driving metal accumulation.
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Fig. 8: Correlation evaluation diagram between root growth algorithm simulation and heavy metal absorption capacity of garden
aquatic plants
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Fig. 9: Long-term assessment of soil remediation by garden aquatic plants

The adsorption rate evaluates the efficiency of adsorbent materials; faster means lower cost. Based on deep learning,
Figure 10 is an assessment diagram of heavy metal enrichment sites in garden aquatic plants. Each treatment group included
6 independent pots, with 4 plants per pot (total 24 plants per species per treatment). Three plant species were tested: Cyperus
alternifolius (Umbrella grass), Canna indica (Canna), and Iris pseudacorus (Yellow iris). A blank control (uncontaminated soil
+ plants) and a negative control (contaminated soil + plants without amendments) were included to isolate the effects of heavy
metals and amendments. The deep learning model uses a convolutional neural network (CNN) trained on 1,200 datasets,
including root morphology (3D scans) and tissue Cd concentrations (ICP-MS). Input features include root surface area,
transporter gene expression (HMA2, NRAMPS5), and soil Cd speciation. Validation showed a prediction error of <8% (R?=0.92)
when compared to experimental data, with enrichment sites accurately mapping to regions of high phytochelatin synthase
activity (=12 nmol-g™* FW), confirming model reliability. Long-term trends in Figure 9 reflect microbial-plant co-
metabolism,after 180 days, soil Cd bioavailability drops by 62%, paralleling a 3.1-fold increase in Bacillus spp. (which produce
Cd-chelating siderophores) and sustained phytochelatin production in plant roots (9.8 nmol-g~* FW), highlighting synergistic
biochemical detoxification.
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Fig. 10: Assessment of heavy metal enrichment sites of garden aquatic plants based on deep learning

As the adsorption time progressed, more Pb (Il) ions occupied the active sites on the MCCSPG surface, leading to a
gradual reduction in the adsorption rate, ultimately reaching an equilibrium point. Forms a hydrophilic coating on root surfaces,
reducing the shedding of root mucilage (a key adsorbent) by 45% compared to untreated plants. This coating strengthens
electrostatic interactions between root cell walls (rich in carboxyl groups) and heavy metal cations (Cd?*, Pb**), increasing
binding stability. Figure 11 illustrates an environmental assessment diagram using a fuzzy logic algorithm to evaluate the role
of garden aquatic plants in remediating heavy metal pollution. Added context: Fuzzy logic assessment incorporates
antioxidant enzyme data,higher remediation scores correspond to plants with SOD activity >180 U-g~* FW, validating oxidative
stress mitigation as a key biochemical driver. Microorganisms reduce heavy metal toxicity and enhance overall soil health
through bioremediation processes, such as converting soluble metal ions to stable precipitates and promoting nutrient cycling
via enzymatic degradation of organic matter.
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Fig. 11: Environmental assessment diagram of fuzzy logic algorithm to evaluate heavy metal pollution remediation by garden
aquatic plants
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Discussion

The combined remediation approach of soil amendments and garden aquatic plants operates through interconnected
biochemical pathways. Ferrous sulfate’s reduction of bioavailable cadmium (Table 1) aligns with its ability to activate plant
antioxidant systems,plants treated with 5% ferrous sulfate showed 1.8-fold higher SOD activity, mitigating oxidative stress
and enabling healthier growth (increased dry weight). This confirms that reduced metal bioavailability lowers cellular damage,
supporting sustained plant biomass accumulation.

The significant cadmium reduction in Umbrella grass (78%) reflects its unique detoxification machinery: elevated
phytochelatin levels (15.2 nmol-g™" FW) sequester cadmium into vacuoles, preventing interference with photosynthetic and
respiratory enzymes. In contrast, Iris yellow’s 36% cadmium reduction under biochar amendment is linked to biochar-induced
upregulation of metal transporters (NRAMP3), facilitating root-to-shoot translocation and subsequent harvesting.

Microbial contributions are biochemically distinct: root exudates (e.g., malic acid) from aquatic plants solubilize soil lead,
while associated bacteria (e.g., Pseudomonas) convert Pb®* to insoluble PbS via sulfide production, reducing soil lead mobility
by 42%. This plant-microbe synergy explains the higher remediation efficiency observed in combined treatments compared
to single approaches.

The present study demonstrates that garden aquatic plants remediate heavy metal-contaminated soil through coordinated
biochemical mechanisms: Transporter proteins (HMA4, NRAMP1) enhance metal uptake, with upregulated expression in
amended soils driving increased accumulation; Phytochelatin and metallothionein synthesis sequester metals in vacuoles,
reducing cellular toxicity,consistent with 78% lower Cd in Umbrella grass with high PCS activity; Antioxidant enzymes (SOD,
CAT) mitigate ROS damage, supporting plant growth in contaminated environments.

Conclusion

The study investigates the effectiveness of different remediation techniques for lead removal from contaminated soil,
focusing on the removal rates of various lead forms and the impact of the functional material MCCSPG.

In the soil remediation process, the removal rates for weak acid-extractable and reducible lead were significantly higher
than those for total lead and other forms. After 30 days of treatment, the removal rates achieved were 93.85% for weak acid-
extractable lead, 93.69% for reducible lead, 87.55% for oxidizable lead, and 83.84% for the residual form, with a total lead
removal rate of 91.46%. This indicates that the remediation techniques were particularly effective for weak acid-extractable
and reducible lead, underscoring their importance in soil decontamination efforts.

The adsorption of Pb (II) by MCCSPG is influenced by various factors, including dosage, time, temperature, pH, and initial
concentration. Optimal conditions for lead removal were identified as a moderate dosage, temperature between 20-25°C, and
pH of 3. The current approach balances cost and efficiency, avoiding soil structure destruction while leveraging aquatic plants’
natural adaptation to wet environments,an advantage over chemical or physical methods that are less eco-friendly for riparian
or wetland soils. Future work should explore epigenetic regulation of metal detoxification genes and field-scale trials with
mixed plant communities to optimize remediation efficiency. Integrating proteomics could identify novel metal-binding proteins,
enhancing our understanding of aquatic plant-specific detoxification pathways.

Long-term field trials (1-2 years) to validate greenhouse results under natural conditions, particularly assessing seasonal
variations in remediation efficiency. Molecular breeding of high-tolerance aquatic plant varieties, targeting genes encoding
phytochelatin synthase and metal transporters to enhance detoxification capacity. Synergistic effects of combining the current
strategy with microbial inoculants (e.g., metal-accumulating bacteria) to accelerate heavy metal removal. Ecological risk
assessment post-remediation, including impacts on soil biodiversity and food chain safety in adjacent ecosystems.

Enhanced phytoremediation efficiency in Umbrella grass and Iris yellow is linked to upregulated phytochelatin synthase
(2.1-fold) and metallothionein expression, driving 78% and 36% reductions in cadmium accumulation, respectively; Microbial-
plant synergism, mediated by root exudates (e.g., citric acid), increases heavy metal bioavailability for plant uptake while
stimulating microbial detoxification (e.g., bacterial sulfate reduction); Soil amendments (ferrous sulfate, biochar) alter metal
speciation via biochemical pathways,ferrous sulfate promotes cadmium conversion to residual forms (34% increase in Canna)
by enhancing soil redox potential, while biochar elevates microbial enzyme activity (e.g., dehydrogenase) to accelerate metal
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immobilization. These insights advance our understanding of biochemical-driven remediation, supporting optimized strategies
for heavy metal-contaminated soil.

All datasets generated or analyzed during this study are available from the corresponding author upon reasonable request.
This includes raw data on plant growth parameters, enzyme activities, gene expression levels, and soil heavy metal
concentrations. Sequencing data for microbial communities have been deposited in the NCBI Sequence Read Archive. This
study highlights critical biochemical mechanisms underlying heavy metal remediation by garden aquatic plants. Key findings
include: Enhanced phytoremediation efficiency in Umbrella grass and Iris yellow is linked to upregulated phytochelatin
synthase (2.1-fold) and metallothionein expression, driving 78% and 36% reductions in cadmium accumulation, respectively;
Microbial-plant synergism, mediated by root exudates (e.g., citric acid), increases heavy metal bioavailability for plant uptake
while stimulating microbial detoxification (e.g., bacterial sulfate reduction); Soil amendments (ferrous sulfate, biochar) alter
metal speciation via biochemical pathways,ferrous sulfate promotes cadmium conversion to residual forms (34% increase in
Canna) by enhancing soil redox potential, while biochar elevates microbial enzyme activity (e.g., dehydrogenase) to
accelerate metal immobilization. These insights advance our understanding of biochemical-driven remediation, supporting
optimized strategies for heavy metal-contaminated soil.

Ethics

This study complies with local and national regulations on the use of non-endangered plant species. No ethical approval
was required for this research.
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