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To better explore the resistance of garden plants to heavy metals and to achieve the ecological remediation of garden plants in heavy metal contaminated soils, the study analyzed their resistance under heavy metals and combined with ameliorated soils for experimental design. The soil and plant analyzer development values of rhododendrons and heather were reduced by more than 15% when treated with heavy metals, and the malondialdehyde of gardenia was increased by 6.42% on Zinc (Zn). The gardenia plant had significant Zn and Cadmium (Cd) accumulation ability, the enrichment coefficient of rhododendron root system under Copper (Cu) was 6.38, and the transfer coefficient of Cu metal of weigela was about 2.0. Compared with the control, the difference of proline content of rhododendron and gardenia under the treatment of the improved soil was more than 9 times. Meanwhile, the reduction trend of Pb, Zn, and Cu in the cultivated soil of cuckoo with diethylenetriaminepentaacetic acid applied was 28% higher than that of the blank control, which indicated that gardenia had a better effect of diethylenetriaminepentaacetic acid-Cu applied. The research results show that the physiological response and accumulation of garden plants to heavy metals demonstrate their tolerance to heavy metals, and the addition of stabilizers in heavy metal contaminated soil is feasible. This research content can promote the excavation of garden plants with high tolerance potential, and has reference technical value for the restoration of ecological landscapes in mining areas.
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1 INTRODUCTION
Mineral resources are an important material basis for social development, but their irrational exploitation has led to the increasingly serious problem of heavy metal pollution (Yaashikaa et al., 2022). According to the National Soil Pollution Survey Bulletin, China’s soil pollution exceeds the standard by more than 10 per cent, and the main pollutants are heavy metals such as lead, copper, chromium, zinc and nickel (Nie et al., 2023; Chaturvedi et al., 2018). These harmful substances migrate through water washing, rainfall and sedimentation and eventually accumulate in the soil, causing serious impacts on plant growth and the ecological environment. Although small amounts of heavy metals are beneficial to plant growth, excessive accumulation can inhibit or poison plants (Wang et al., 2018; Hatamian et al., 2019). Some plants have developed heavy metal tolerance mechanisms through evolution, such as extraction, volatilisation and filtration, and other remediation processes, among which the plant extraction technology shows great promise in heavy metal pollution management (Souri et al., 2018). For example, Bertini et al. (Bertini et al., 2019) found that plants with strong antioxidant capacity can effectively reduce heavy metal concentrations, while Jin-Hua et al. (Jin-Hua et al., 2022) showed that bryophytes have significant remediation effects on iron, manganese, and other heavy metal contamination in the Changgou Manganese Mine in Zunyi, Guizhou. Bai et al. conducted a performance evaluation of Pinus massoniana with strong manganese tolerance. The results showed that the increased activity of antioxidant enzymes in Pinus sylvestris was effective in remediating Mn-contaminated soils and that it could alter ambient gas parameters to maintain photosynthesis (Bai et al., 2021). The increase in temperature, exposure time, and initial metal concentration can affect the metal absorption capacity of floating plants such as water lilies (Pang et al., 2023). However, most of the current studies focus on laboratory simulation, and the remediation techniques in practical applications still need to be explored in depth. As an important medium for heavy metal pollution, mine soil not only affects local ecology, but also inhibits photosynthesis, antioxidant capacity and enzyme activity of garden plants. Therefore, accelerating vegetation restoration in mining areas has become a hot issue in environmental management.
Garden plants are widely used for ecological improvement and soil restoration in mining areas because of their adaptability, fast growth rate and remarkable absorption effect. The resistance of plants to heavy metals is mainly realised through two forms of exclusion and enrichment, but the tolerance mechanism varies according to plant species (Pandey et al., 2019; Meena et al., 2021). When heavy metals exceed the tolerance limit of plants, they will have toxic effects on plants, therefore, combining phytoremediation technology with other pollution control means (such as chelating agents, voltage, microorganisms and amendments) can effectively make up for the limitations of a single remediation technology (Pachaiappan et al., 2022; Abubakar et al., 2024). Based on the serious status of soil heavy metal pollution and the urgency of ecological remediation, the study aimed to explore the physiological response mechanism and tolerance characteristics of garden plants to heavy metal pollution, and to analyse the remediation mechanism through hydroponic and soil cultivation experiments, combined with diethylenetriacetic acid (DTPA) amendment. DTPA is a multi-purpose compound with strong chelating properties and is widely used in various industrial, medical and environmental fields. In environmental remediation, DTPA can form stable complexes with metal ions to remove heavy metals from contaminated soil and water, thereby reducing metal toxicity and improving soil quality. The study screened the garden plant materials suitable for planting, combined with the amendment to achieve the stabilisation and remediation of soil heavy metals, explored the growth condition, heavy metal fixation effect and uptake efficiency of plants under the action of stabiliser, and analysed the tolerance mechanism of plants at the molecular level. The research aims to explore the tolerance mechanism of garden plants to heavy metal pollution, evaluate the role of amendments in soil remediation, propose comprehensive remediation strategies, provide theoretical basis for screening and cultivating garden plants with greater remediation potential, and provide practical reference for ecological restoration in mining areas.
2 MATERIALS AND METHODS
2.1 Experimental materials and methods
The study selected four common garden tree species as experimental trees in a particular seedling breeding site and conducted the experiments in an intelligent greenhouse at a university. This study on plants is complied with relevant institutional, national, and international guidelines and legislation. The field studies on plants were approved by Henan Polytechnic. In the experiments, the seedlings of four garden trees were kept at the same height (basically located around 20 cm). The cultivation process started by contextualizing the roots of the seedlings in distilled and condensed pure water to remove impurities such as soil, and then placing them in light-proof buckets with 1.8 L of nutrient solution. Three seedlings were placed in each bucket, the nutrient solution was Hoagland’s (the main components were 1 mmol/L ammonium phosphate solution ionised (NH4H2PO4), 5 mmol/L calcium nitrate 4 hydrate (Ca(NO3)2.4H2O), and 5 mmol/L potassium nitrate (KNO3). 2 mmol/L magnesium sulphate heptahydrate (MgSO4.7H2O) was diluted after 10 times configuration and the pre-culture time was 10 days. Table 1 shows the information of the garden plants selected for the experiment. The environmental conditions during the experimental period were all carried out in greenhouse, and the soil samples were sterilized for 30 min at 105°C.
TABLE 1 | Information about garden plants.
[image: Table 1]After pre-culturing the seedlings, the garden plants were treated with heavy metals. The heavy metal sources chosen were from Pb nitrate Pb(No3)2, Zn sulphate heptahydrate ZnSO4-7(H2O), Cu sulphate pentahydrate CuSO-5H2O, Cd chloride CdCl2-2.5H2O, Cr trioxide Cr2O3, and Ni sulphate NiSO4, with high purity and from which Pb2+, Zn2+, Cu2+, Cd2+, Cr3+, and Ni2+. The concentration ratios of heavy metals were set for different garden plants, and the concentrations of heavy metals Pb2+, Zn2+, Cu2+, Cd2+, Cr3+, and Ni2+ for the four plants were 100 mg/L-1 (Pb), 100 mg/L-1 (Zn), 15 mg/L-1 (Cu), 5 mg/L-1 (Cd), 5 mg/L-1 (Cr), and 5 mg/L-1 (Ni) (Peng et al., 2022; Abbas et al., 2021). During the experiment, the nutrient solution was renewed every 5 h and the gas flow in the greenhouse was kept normal, and the corresponding plant plants were obtained after 2 weeks.
2.2 Determination of plant samples
The relative chlorophyll content of the plants during growth was determined with the aid of a soil and plant analyzer development (SPAD)-502 chlorophyll meter, i.e., the SPAD values were determined for each plant on selected leaves at three different locations. Measurements were taken at two-thirds of the leaf and readings were taken while the leaf was out of the body to reduce the instability of the data, with the average of three repeated readings being the final value. To ensure the authenticity of chlorophyll measurement values, visible near-infrared spectroscopy technology is applied to assist in detecting plant chlorophyll content. The spectra of leaves are collected through reflection sampling, and the spectral data are preprocessed using smoothing, differentiation, and wavelet transform methods. Then, a quantitative analysis model of leaf chlorophyll content and leaf absorption spectrum is established using the partial least squares method. After group verification, the prediction accuracy of the model meets the requirements of practical measurement applications. Malonicdialdehyde (MDA) is one of the most important products of membrane lipid peroxidation and its increased levels can cause damage to membranes and cells, resulting in impairment of cell structure and function. MDA indirectly reflects the severity of free radical attack on the body’s cells, which is used to determine the degree of ageing of plant organs (Rai et al., 2021; Hoang et al., 2021a). Thiobarbituric acid (TBA) can be used to determine the MDA content. The principle is that MDA and TBA condense to form a red product, which forms a peak aggregate with maximum absorption at 532 nm. Free proline (F-proline) content is a measure of plant growth and development and is primarily used to help the body break down proteins (Hoang et al., 2021b; Jin et al., 2022). This level can be determined by the acidic ninhydrin method, which involves the formation of a stable purple-blue product of F-proline and ninhydrin under acidic or heated conditions. The shade of this coloured product can be read colourimetrically under spectrophotometry, with darker shades indicating higher levels of F-proline and artificial permutation removing interfering impurities of amino acids (El Rasafi et al., 2021). The determination of heavy metal content in plants is carried out in a sterile environment. The plants are washed in deionized water and placed in a solution of 20 mM Ethylenediaminetetraacetic acid (EDTA) disodium salt to remove the metal ions, followed by a secondary cleaning with pure water. The cleaned plants are divided into three parts according to their organ parts, which are disinfected, dried, and ground. The heavy metal content is determined with the aid of an inductively coupled plasma emission spectrometer. The main measurement time for experimental samples is once every 2 days, and the analysis of plant organs mainly involves the three parts of roots, stems, and leaves. The repeated treatments for groups are three.
2.3 Experimental materials and related designs for treating heavy metals with modifiers
Test environment and materials: the test area was located in an intelligent greenhouse of an agricultural and forestry university, and the test soil came from a lead-zinc mine area 0–20 cm soil layer (pH = 4.0–6.5), and the soil was discarded using natural air drying method after removing rocks and biological residues, and the particles were screened with a hundred-mesh sieve. In the soil sample of this experiment, the copper content is 120–450 mg/kg and the zinc content is 800–1800 mg/kg. Soil pH was monitored regularly during the experiment and maintained in a stable range by adding buffers (e.g., calcium carbonate or sulphuric acid) to minimise the effect on the solubility and chemical form of copper and zinc. The moisture content of the soil was also maintained at 70% of the field water holding capacity) at a constant temperature of 25°C during the control experiments. It was ensured that soil treatments, watering frequency, and light conditions were consistent between the experimental and control groups, and the experimental data were regularly monitored and adjusted accordingly.
Modifier: the modifier selected for the study was zeolite, constructed from a technology limited company, in which modified zeolite had a pH value of 9.03, and phosphorus and potassium content reached 1.74 and 2.08, respectively.
Experimental design and treatment: the protocol design was carried out with indoor potting experiments, selecting the plant materials mentioned in the study, and the group with 3% zeolite in the injection mode was the experimental group, and the group without any modifier was the blank control group.
Specifically, the contaminated soil and modifier were mixed well and filled into pots to which urea and dipotassium phosphate were added as basal fertiliser. The weight of soil in each basin was the same, the water content was 70% of the field capacity, and the watering time during the experiment was set at every 2 days, with three replications for each treatment group. The whole experiment lasted for 2 months.
Determination of heavy metals: Traditional soil agrochemical analysis and DTPA extraction methods were used. DTPA, as an important amino chelator, can combine with metal ions to form chelates, which indirectly reflect the heavy metal content and pollution degree in soil. Ltd. produces ICP-5000 Inductively Coupled Plasma Emission Spectrometer for material analysis and testing. The setting of heavy metals is based on the national soil environment quality level 2 standard (GB15618-1995“Soil Environment Quality Standard”).
2.4 Data processing and analysis
Excel 2007 was used to organize and analyze the data during the experimental process. SPSS 22.0 was used for data statistical analysis, significance difference analysis, and analysis of variance (ANOVA). Duncan’s new complex range (SSR) method was used for difference significance analysis (P < 0.05). The experimental data are presented in the form of mean [image: image] standard deviation.
[image: image]
Equation 1 represents the formula for calculating the study sample mean [image: image]. [image: image] is the number of samples and [image: image] is the sample value of the [image: image] th number (Ievinsh et al., 2020).
[image: image]
Equation 2 represents the expression for calculating the standard deviation [image: image] of the study sample.
The equations for the enrichment factor [image: image] and the transfer factor [image: image] for metals can be expressed in Equation 3 (Liu et al., 2023).
[image: image]
In Equation 3, [image: image] is the heavy metal concentration. [image: image] indicates the concentration of heavy metals absorbed and accumulated by plants under specific environmental conditions, rather than the background concentration of plants when they are uncontaminated, and it reflects the enrichment capacity of plants for heavy metals. [image: image] indicate the original and treated, above-ground, and root concentrations of the plant respectively.
3 RESULTS
As an element necessary for photosynthesis in plants, chlorophyll plays an important role in energy conversion. The intensity of photosynthesis is related to the amount of chlorophyll content. The study measured the relative chlorophyll content of four plants during the experiment to better reflect the mechanism of the effect of medium and heavy metals on the chlorophyll content of plants. The results of the experiments are shown in Table 2.
TABLE 2 | Effect of heavy metals on SPAD value of different plants.
[image: Table 2]The results in Table 2 show that there is some variation in the SPAD values exhibited by the state of the plants without adding any heavy metals. The values of chlorophyll content were as follows: Ea > Gj > Pf > Rr, with the values fluctuating between (44,120) and the maximum chlorophyll of 115.22 for the Ea plants, and the SPAD values of the garden plants were reduced to different degrees by the addition of different heavy metals. Specifically, the four plants treated with Pb metal showed a decrease in SPAD of 24.3%, 14.5%, 18.2% and 12.7%, respectively, compared to the control, while the four plants treated with Zn metal showed a decrease in SPAD of 27.1%, 1.5%, 24.3%, and 18.6%, respectively, compared to the control. The effects were similar to those of Cu. Ea showed the most significant SPAD values for the six metals, indicating that it was more susceptible to heavy metal contamination, and the most significant changes in chlorophyll content of the plant leaves. gj plants were more tolerant to heavy metals. In Table 2, the four plants except azalea, whose SPAD values with plants under different heavy metal interventions, all showed statistically significant differences (P < 0.05) with the blank group without adding anything. The statistical difference between gardenia plants under Pb and Cu interventions and the control group was very obvious (P < 0.001), and the data of SPAD change in weigelia plants under the heavy metal interferences of Zn and Cr were significant (P < 0.001) and the difference of their mean SPAD scores was 30 and above. The MDA content and proline of the plant leaves are subsequently measured and the results are shown in Table 3.
TABLE 3 | MDA content and proline value of plant leaves under different heavy metals.
[image: Table 3]In Table 3, the MDA content in the leaves of plants treated with heavy metals increased to different degrees, and all of them had different degrees of peroxidation reaction. There was a statistically significant difference between them and the control group (P < 0.05). The data of azalea and gardenia under Pb and Cu heavy metals in particular changed significantly, and the statistically significant difference from the control group showed P < 0.001. The mean Rr decreased from 0.231 (µ/mol/g)−1 to 0.221 (µ/mol/g)−1 under heavy metal Zn, which was significant compared to the decrease under the influence of Pb and Cu metals. However, MDA of Rr plants increased by 3.95% in Cd group. The peroxide values of Gj and Ea plants increased by 6.42% and 1.72%, respectively under the effect of heavy metal Cr, while Pf plants increased by 54.16%. Statistically significant difference was observed between Pf plants under Cu and Cr metals and control group. The above results indicated that their cell damage under the corresponding metals was severe. And the differential effect between the control and heavy metal treatment groups indicated that the differential effect of their MDA values was not significant and the plants under Cd treatment were better tolerated and more resistant to the toxicity. Proline can achieve the inhibitory effect on plant growth through reactive oxygen signal. The proline index of the three plant tissues Gj, Ea, and Pf increased under the influence of heavy metal concentrations, indicating a certain resistance to heavy metals. The plant leaves of Ea were affected by the heavy metal Pb by well over 50% and there were significant data differences (P < 0.05) between their values and those of the control group. The accumulation of heavy metals was then compared for different parts of the organs of the garden plants and the results of the data are shown in Table 4.
TABLE 4 | Accumulation of heavy metals in different parts of garden plants.
[image: Table 4]In Table 4, the plants under the influence of different heavy metals all exhibit an accumulation of elements mainly in the roots, while the accumulation of elements in the stem and leaves is less. This may be due to the fact that heavy metals are repelled during uptake and transfer, thus preventing excessive accumulation of metals. The accumulation of metals in all parts of the plant was mainly Pb > Zn > Cu > Cd, with the accumulation of Pb in the root and stem parts of the Rr plant exceeding 300 mg/kg-1, and the accumulation of Zn and Cd in the Gj plant being significantly higher. The accumulation of metals in each plant part specifically was further explored and four distinct heavy metals, Pb, Zn, Cu, and Cd, were selected for experimental analysis, the results of which were shown in Figure 1.
[image: Figure 1]FIGURE 1 | Accumulation of heavy metals in different parts of plants. (a) Pb; (b) Zn; (c) Cu; (d) Cd.
Figure 1 shows the heavy metal enrichment factors (Biological Enrichment Factor, BCF) of four garden plants. The results in Figure 1 showed that heavy metals were mainly concentrated in the roots and stems of the plants, and their enrichment factors were above 2.0 in the roots. The accumulation effect of Pb in Ea, and the accumulation of Zn, Cu, and Cd in the roots, stems, and leaves of Gj were obvious. The results of the assessment of the heavy metal uptake and transport capacity of the garden plants are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Heavy metal transport of different parts of plants. Note: “*” indicates significant differences between different treatment groups under the modifier (P < 0.05).
In Figure 2, Rr and Gj plants were significantly more capable of transposing Pb metals than other plants and that their values were significantly different from those of the blank control. The transfer coefficient of Rr reached 1.15 in Zn and Ea had the highest transfer coefficient in the case of Cu uptake and transfer, approximating 2.0. Overall, plants with transfer coefficients greater than 1 all showed a strong uptake and transfer capacity under the corresponding heavy metals. The Lead zinc mine soil used for experiments was improved by adding artificial permutation to investigate the mechanism of its joint action with the garden plants, and the experimental results were shown in Figure 3.
[image: Figure 3]FIGURE 3 | Ecological response mechanism of landscape plants under heavy metal improvement. (a) SPAD; (b) MAD; (c) Proline.
The results of Figure 3 showed that the chlorophyll content of the plants increased by more than 60% under the amended soil compared to the conventional group. And that there was a significant difference in the variation of the values, with Rhododendron plants showing less variation than the other plants. In terms of MDA values, the heavy metals were less damaging to the plants in the amended soil, with Rhododendron in particular tending to show no change in this indicator. The proline of the garden plants in Figure 3C increased to varying degrees, with Rhododendron and gardenia showing more than a 9-fold difference in value compared to the control group. These results indicated that the soil amendment effectively reduced the toxic effects of heavy metals on the plants. Further analysis of the accumulation of heavy metals in the roots of each garden plant was carried out and the results were shown in Table 5.
TABLE 5 | Accumulation of heavy metals in roots of garden plants under improved soil.
[image: Table 5]From Table 5, the accumulation of Pb in the garden plants under the amended soil was improved to varying degrees. The values for Rr, Gj, Ea, and Pf plants differed significantly (P < 0.05) from those of the control group by 41.26%, 16.28%, 21.76%, and 32.64%, with Rr showing a decrease in the concentrations of Pb, Cu, Zn, and Cd in the amended soil. The effect of heavy metal accumulation by Gj and Ea in the presence of Cu was highly significant (P < 0.001). Gj showed higher tolerance to Pb, with improved and control mean values of 267.14 and 192.33, respectively, and showed a higher enrichment effect on Zn. The results of the analysis of the heavy metal situation under the amended soil combined with garden plants are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Heavy metals under improved soil and garden plants. (a) Pb; (b) Zn; (c) Cu; (d) Cd.
DTPA is an important amino chelator that binds to metal ions to form chelates, which can give a side view of the heavy metal content of the soil and the degree of contamination (Li et al., 2023). Figure 4 shows that the amendments are effective in reducing the effective state of the soil, including heavy metals. Among them, DTPA-Pb, DTPA-Zn and DTPA-Cu decreased significantly in the Rr planted soil. They decreased by 42.16%, 28.54%, and 29.21%, respectively. Compared to the blank control, the decreasing dynamics of DTPA-Cu in the Gj planted soil reached 15.38%. The results of the subsequent correlation analysis between the accumulation in the roots of the landscape plants and the DTPA state were shown in Figure 5.
[image: Figure 5]FIGURE 5 | Correlation analysis between root accumulation of garden plants and DTPA state. (a) Pb; (b) Zn; (c) Cu; (d) Cd.
Figure 5 showed that soil amendment agents significantly reduced the heavy metal content of Rr and Ea. The DTPA-Pb and DTPA-Zn correlations for Rr were significant (P < 0.05), while Gj had a degree of negative correlation for Pb and Zn metals under amended soil, and the values varied less at small doses.
4 DISCUSSION AND CONCLUSION
Heavy metal soil pollution can cause changes in the growth mechanism and stability of garden plants (Cui and Jin, 2023). This study analyzed the accumulation ability and physiological response of four garden plants under heavy metal stress, and conducted experimental design in combination with soil improvement. The results showed that without adding any heavy metals, the maximum chlorophyll content of Ea plants reached 115.22, indicating that their photosynthetic intensity was greater than that of other plants. The addition of heavy metals can affect the SPAD values of garden plants. Among them, the four plants with Pb metal input showed a SPAD decrease of more than 12% compared to the control group, and the SPAD values of Rr and Pf decreased by much more than 15% compared to the control group. Ea is more susceptible to heavy metal pollution, while Gj plants have better tolerance to heavy metals. The three plant tissues Gj, Ea, and Pf showed an increasing trend in proline values under the influence of heavy metal concentration, indicating their resistance to heavy metals. The increase in the influence of heavy metal Pb on Ea’s plant leaves far exceeds 50%. The reason is that azaleas belong to typical acidic soil plants, with well-developed root systems and high ability to accumulate heavy metals in the soil, resulting in a high ability to accumulate heavy metals. Research has found that heavy metals mainly accumulate in the roots of plants, followed by the stems and leaves. The metal accumulation in various parts of plants is mainly Pb > Zn > Cu > Cd, and the Pb accumulation value in the roots and stems of Rr plants exceeds 300 mg kg-1. This result is consistent with Li’s (Li et al., 2022) research, which found that heavy metals mainly accumulate in the roots of duckweed plants under Zn and Cd pollution conditions. The reason may be that heavy metals exhibit repulsive behavior during absorption and transfer, leading to a more pronounced accumulation in the roots. The enrichment coefficient of Rr roots under Cu is 6.38, indicating its strong enrichment ability for Cu, while the migration rate of Ea in Cu is about 2.0, demonstrating high heavy metal transport capacity. In contrast, Pb mainly exists in the soil in the form of precipitation, making its upward transport in plants more difficult. This is similar to the research results of Rasheed et al. (Rasheed et al., 2020), who found that the roots of lychee fruit trees have a stronger ability to accumulate Zn, Pb, and Cd. In addition, the MDA values of Gj and Ea increased by 6.42% and 1.72%, respectively, under Zn stress, while the MDA value of Pf increased by 54.16% under Cr stress. This indicates significant differences in the tolerance of different plants to heavy metals. Pf has poor tolerance to Cr, possibly due to its antioxidant system failing to effectively respond to heavy metal stress, leading to increased membrane lipid peroxidation. In contrast, Ea exhibits higher tolerance, possibly due to the activation of its flavonoid metabolites, which can degrade and metabolize heavy metals through the myristic acid system, thereby reducing damage (Zhao et al., 2023; Sun et al., 2022).
The application of zeolite amendments significantly reduces the available content of heavy metals in soil. The DTPA Pb, DTPA Zn, and DTPA Cu in Rr planting soil decreased by 42.16%, 28.54%, and 29.21%, respectively, while the DTPA Cu in Gj planting soil decreased by 15.38%. This indicates that zeolite converts heavy metals in soil from active to inactive states through adsorption and ion exchange, thereby reducing plant uptake of heavy metals. This result is consistent with the study by Raklami et al. (Raklami et al., 2022), which found that microbial remediation and amendments can effectively reduce the bioavailability of heavy metals in soil. After improving the soil, the chlorophyll content of the four garden plants increased by more than 60% compared to the conventional group, among which the chlorophyll content of Rr, Gj, Ea, and Pf increased by 41.26%, 16.28%, 21.76%, and 32.64%, respectively. This indicates that zeolite amendments not only reduce the bioavailability of heavy metals, but also improve the photosynthetic capacity of plants. This is similar to the findings of Aboubakar et al. (Aboubakar et al., 2023), which found that Pinus massoniana maintains photosynthesis by adjusting gas parameters under high manganese stress. Rhododendron shows a significant correlation between DTPA Pb and DTPA Zn in improved soil, indicating its strong selectivity in absorbing Pb and Zn. The correlation may be related to the organic acids or chelating agents secreted by their roots, which can activate Pb and Zn in the soil and increase their bioavailability. The root system of Rhododendron may secrete organic acids such as oxalic acid and citric acid to convert Pb and Zn in the soil from inactive to active states, thereby increasing their absorption. Zeolite amendments significantly reduced the heavy metal content in plants of the Euonymus genus, which may be related to their antioxidant mechanism and heavy metal fixation ability. The absorption of Pb and Zn by Gardenia jasminoides showed a certain degree of positive correlation, but the difference in changes was small at low doses. Zeolite improver reduces the absorption of heavy metals by Gardenia jasminoides by lowering the effective state content. Gardenia may reduce the accumulation of heavy metals in the body by enhancing antioxidant capacity or heavy metal rejection mechanisms (Nejad et al., 2018).
There are significant differences in the physiological response mechanisms and stress resistance characteristics of four types of garden plants. Ea exhibits high tolerance, which may be related to the activation of its flavonoid metabolites, which can degrade and metabolize heavy metals through the myristic acid system. In contrast, Pf has poor tolerance to Cr, possibly due to its antioxidant system failing to effectively respond to heavy metal stress. The MDA value of Gj increased less under Zn stress, indicating its strong antioxidant capacity. The enrichment coefficient of Rr under Cu stress was higher, but its SPAD value decreased by more than 15%, indicating that its photosynthesis was inhibited under heavy metal stress. These results are consistent with the study by Natasha et al. (Natasha et al., 2020), which found significant differences in the tolerance and detoxification mechanisms of different plants to heavy metals. For example, nickel (Ni) has the strongest toxicity to plants, while plants with high-fat oxidation exhibit certain variability in different parts. In addition, the study by Panda et al. (Panda et al., 2018) showed that lemongrass exhibited different tolerances in fly ash improved soil, especially at a 25% fly ash ratio, where its photosynthetic rate and photosystem II activity were significantly reduced, but oxidase activity increased, demonstrating good ecological remediation potential. Research has found that zeolite amendments can significantly reduce the available levels of heavy metals in soil and improve the photosynthetic capacity of plants. In addition, the study also found that Ea plants have strong heavy metal tolerance, which may be related to the activation of their flavonoid metabolites. These results provide a theoretical basis for screening and cultivating high tolerance garden plants, and have important technical reference value for the restoration of ecological landscapes in mining areas. The study analyzed the accumulation ability and physiological response of four garden plants to heavy metals, revealing the tolerance mechanisms of different plants to heavy metal stress, and providing new ideas and methods for the remediation of heavy metal contaminated soil. Future research can further explore the tolerance mechanism of garden plants to heavy metals under the action of amendments, especially the role of flavonoid metabolites in heavy metal detoxification. In addition, microbial remediation technology can be combined to study the impact of plant microbe interactions on the remediation of heavy metal contaminated soil.
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