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ABSTRACT
[bookmark: OLE_LINK38][bookmark: OLE_LINK11][bookmark: OLE_LINK6][bookmark: OLE_LINK39][bookmark: OLE_LINK5][bookmark: _GoBack]Phthalic acid esters (PAEs) are common organic contaminants in farmland soil across China. These chemicals pose significant carcinogenic, teratogenic, mutagenic, and estrogenic threats to humans and are therefore linked to food safety issues. Over the past decades, numerous studies have assessed the pollution status, ecological impact, and remediation strategies for PAEs in agricultural systems. This enabled a comprehensive evaluation of their environmental burden. Here, we consolidate the latest findings on the distribution, ecological effects, and bioremediation methods of PAEs in farmland ecosystems. In general, plastic agricultural films, municipal biosolids, pesticides, and wastewater irrigation are the primary sources of PAEs pollution. Among different PAEs, di-(2-ethylhexyl) phthalate (DEHP), di-n-butyl phthalate (DnBP), and di-isobutyl phthalate (DiBP) exhibit the highest detection frequencies and concentrations in both soil (with respective mean values of 1.497 mg/kg, 0.626 mg/kg and 0.313 mg/kg) and agricultural products (with respective mean values of 1.06 mg/kg, 0.66 mg/kg and 1.55 mg/kg) across most studies. The presence of these PAEs in agricultural ecosystem can significantly alter soil and plant-associated microbial communities, influencing their interactions and ecological functions, ultimately affecting the yield and quality of agricultural products. To tackle this issue, bioremediation techniques such as microbial degradation and phytoremediation are frequently explored. Especially microbial degradation plays a crucial role in the removal of PAEs in soils. The main known degradation pathways of PAEs in microorganisms are summarized in this work. Overall, the challenges and prospects in managing PAEs pollution in agricultural systems remain significant. This review aims to provide a comprehensive overview of current research on PAEs in China’s agricultural systems and offers insights into potential problems and research directions for future studies.
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1. INTRODUCTION
[bookmark: OLE_LINK1][bookmark: OLE_LINK7]Phthalic acid esters (PAEs) are commonly used as plasticizers to increase the softness and plasticity of plastics 1. PAEs are characterized by good insulation, high strength, excellent corrosion resistance, low cost and easy manufacturing, and are widely used in plastic products, cosmetics, medical supplies, household goods and so on 2-4. The current global production of PAEs is estimated at 600 to 800 million tons, and the utilization has increased by 1.3% from 2017 to 2022 5, 6. China is the world’s largest producer, consumer, and importer of plasticizers, accounting for 55% of the total consumption in 2020 7. Since PAEs are linked to plastic molecules through non-chemical bonds, they are prone to detachment from their substrates and subsequent release into the environment, posing a significant threat to environmental health.
[bookmark: OLE_LINK12][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK10]Given the widespread utilization of phthalate-containing products, PAEs have been detected across various environmental samples, including soil 8, 9, water 10, 11, sediment 12, 13, plants 14, 15, air 16, and house dust 17, 18. This widespread presence poses a considerable threat to the environment and public health, garnering increasing concern from governments, researchers, and the public worldwide 19. PAEs can enter the human body unnoticed through airborne transmission, skin contact, and food chain transmission, leading to potential health hazards 20. Although the exact pathogenesis remains incompletely understood, numerous epidemiological studies have established a significant association between phthalate exposure and various human diseases 20 (Figure 1). Up to now, researchers have found that diseases of different systems such as the reproductive 21-23, nervous 24, 25, cardiovascular 26, 27, respiratory 28-30, and many other disorders 31-35 are related to PAEs. Notably, dietary intake is a significant route of phthalate exposure in humans 36. Therefore, agricultural products cultivated in environments contaminated with PAEs merit our utmost attention.
In recent decades, farmlands have been exposed to substantial contamination due to unsustainable agricultural practices, industrial production, urban development, and human activities. PAEs can enter agricultural systems through different sources, encompassing wastewater irrigation, plastic mulching and greenhouses as well as fertilization, solid waste disposal, municipal solid misuse, and other off-site pollution sources (Figure 2) 9. Hence, the review aims to i) collect PAEs pollution data focusing on soil, air, and crops, and explore the geographical distribution of PAEs in farmland systems; ii) analyze the ecological effects of PAEs pollution on crops and related ecosystems; iii) evaluate the progress made in soil bioremediation techniques and the biodegradation pathway of phthalates.
2. The occurrence of PAEs in agricultural environments
[bookmark: OLE_LINK18][bookmark: OLE_LINK16][bookmark: OLE_LINK30][bookmark: OLE_LINK8][bookmark: OLE_LINK17]2.1 PAEs pollution in agricultural soil. Numerous studies have examined the extent of PAEs pollution in agricultural soils across various regions of China. For this study, researches related to “phthalate” and “agricultural”, “soil”, “vegetable”, and “air” were searched in the databases such as Web of Science, PubMed, Elsevier ScienceDirect, SpringerLink, and CNKI. Samples that were eventually involved in the analysis were mainly collected from farmland, vegetable fields, orchards, tea gardens, and tobacco-producing areas from 2003 to 2023 in China (Table S1). The distribution of PAEs among different provinces or regions exhibits significant variation. The ∑6 PAEs (Sum concentration of six United States Environmental Protection Agency (USEPA) priority PAEs, DMP, DEP, DBP, BBP, DOP, and DEHP) ranged from 0 to 1232 mg/kg, with the highest concentration observed in a cotton field located in South Xinjiang 37. This is followed by soil from peri-urban vegetable fields located in Guangdong and a flue-cured tobacco planting base in Guizhou; the ∑6 PAEs varied from 0.20-33.6 mg/kg and 0.84-25.7 mg/kg, respectively 38, 39. In the northeast of China, PAEs were widely found in black soil from agricultural environments; the 15 measured PAEs (∑15 PAEs) ranged from 1.37 to 4.9 mg/kg. The highest concentration was observed in summer, which might be due to increased agricultural production activities 40. Vegetable production is widespread in the Huang-Huai-Hai region (Shandong, Hebei, Tianjin, and Henan). Zhou, et al. 41 demonstrated that the concentrations of the sixteen PAEs in this region range from 0.052-3.6 mg/kg with a mean value 0.90 mg/kg, this high concentration was attributed to the extensive use of agricultural film. Coastal areas of China, including Shandong, Jiangsu, Zhejiang, Shanghai, Fujian, Guangdong, and Guangxi, were also found to be highly contaminated with PAEs; the concentration of ∑16 PAEs was found to be as high as 9.4 mg/kg 9, 19, 42, 43. Overall, agricultural soils in China are severely polluted with PAEs, with concentrations exceeding the control standards set by the United States for DMP 0.02 mg/kg, DEP 0.071 mg/kg, DBP 0.081 mg/kg, BBP 1.125 mg/kg, DEHP 4.35 mg/kg, and DnOP 1.2 mg/kg. In addition, the pollution level was higher than in many other countries, such as Czech Republic 44, France 45, United Kingdom 46, 47, and Denmark 48. This may be due to the vigorous development of protected agriculture,  the use of greenhouses, mulch film, fertilizers, pesticides, and sewage irrigation 49. 
[bookmark: OLE_LINK3]The pollution status of ∑6 PAEs in agricultural soils of different provinces is shown in Figure 3 (there are no PAEs pollution data for Tibet). The highest ∑6 PAEs concentration was found in Xinjiang, followed by Guizhou, Shandong, and Guangxi provinces. In general, the Huang-Huai-hai basin and the Pearl River Basin are the most polluted ones when it comes to PAEs. Among all PAEs, DEHP and DnBP exhibit the highest detection rates and concentrations, with peak values reaching 149 and 58 mg/kg, respectively. DnBP concentrations (mean value) were particularly high in Xinjiang and Hebei provinces (Figure S1). Hainan, Yunnan, Sichuan, Qinghai, Shaanxi, Hubei, Jiangxi, Fujian, Jilin and Taiwan provinces experience relatively minor DnBP pollution, with concentrations lower than 0.081 mg/kg, which is well within established control standards. The pollution pattern of DEHP closely mirrors that of DnBP, with significant pollution observed in Xinjiang, Guizhou, Hebei, Shandong, Jiangsu, Zhejiang, Ningxia, and Heilongjiang. These regional differences in PAEs concentrations may be attributed to varying climatic conditions and agricultural practices. Agriculture is generally more developed in areas close to rivers. Especially in these places, the long-term use of plastic greenhouses and mulching may contribute to higher PAEs emissions. Notably, DiBP, an isomer of DnBP, was frequently found in higher concentrations and detection frequencies in various studies. However, it is not included in the priority-controlled pollutant lists of the United States, Europe, and China. The scarcity of research on DiBP’s basic toxicological data, metabolic pathways, and potential impacts on crops and humans presents a novel research direction for exploring PAEs.
Furthermore, numerous studies have explored variations in PAEs concentrations across farmland, vegetable fields, and orchards 50-53. Typically, vegetable fields exhibit higher levels of PAEs pollution than farmland and orchard soils. This can be attributed to the frequent use of plastic films in vegetable cultivation. Additionally, seasonal changes also influence the concentration of PAEs in agricultural soils 40, 54. Higher temperatures during summer accelerate the migration of PAEs into the soil, resulting in increased concentrations. The duration of mulching and greenhouse use may also play a significant role in elevating PAEs concentrations: Yi, et al. 55 and Zheng, et al. 56  both observed that the concentration of PAEs initially rises and then decreases as the duration of mulching and greenhouse use increases. However, Li, et al. 57 found no significant correlation between greenhouse use duration and soil PAEs content. This discrepancy can be attributed to various factors, such as the characteristics of plastic films, their dosage, soil properties, degradation rates, and human activities. 
[bookmark: _Hlk179297726][bookmark: OLE_LINK50][bookmark: _Hlk179297894][bookmark: _Hlk179297931]2.2 PAEs concentration in the air of plastic greenhouses. Currently, the majority of studies concentrate on phthalate pollution in agricultural soil and vegetables. However, the contamination of PAEs in the air within agricultural systems is also a crucial concern. Especially plastic greenhouses, being semi-closed or enclosed spaces, can accumulate high levels of PAEs in the air, heightening the risk of respiratory exposure to phthalates among individuals. Therefore, it is imperative to investigate the concentrations of PAEs in the air of plastic greenhouses. Wang, et al. 58 conducted a study on the concentration of PAEs in the air of plastic agricultural greenhouses and found that the median concentration of ∑16 PAEs was 5305 ng/m3, significantly higher than in the control group. Notably, the gas-phase contained significantly more PAEs than the particle-phase, with DEHP (4780 ng/m3) and DnBP (1001 ng/m3) being the most abundant monomers. Zeng, et al. 59 also investigated the distribution of PAEs in plastic greenhouses in Guangzhou and reported a concentration of ∑16 phthalates in the air at 4393 ng/m3, with DEHP, DnBP, and DiBP being the primary compounds. The concentration of PAEs in greenhouse air was significantly higher than that in open fields. Li, et al. 54 studied the concentration of PAEs in the air of plastic film greenhouses in Chongqing and found that DEHP was the most dominant PAE, followed by DiBP and DnBP. There were significant differences in PAEs concentration between autumn and spring, possibly due to temperature variations.
[bookmark: OLE_LINK51]Despite the limited number of studies on atmospheric PAEs in agricultural settings, available evidence suggests that the pollution of PAEs in greenhouse air is higher than in open fields. This is primarily attributed to the volatilization of PAEs from plastic films and soil 54. However, due to their lower volatility, the concentration of PAEs in the air is generally lower compared to other environments like soil and water 60. Additionally, the amount of PAEs in the air is closely associated with temperature, as higher temperatures accelerate the volatilization rate of these compounds.
[bookmark: OLE_LINK2][bookmark: OLE_LINK4]2.3 Concentrations of PAEs in agricultural products. PAEs migrate into plants through root absorption or leaf intake in agricultural environments, and are subsequently taken in by humans through the food chain, posing potential health risks. Given China’s status as a major agricultural nation, the safety of agricultural products is paramount. Therefore, it is imperative to monitor the contamination of PAEs in major agricultural products. Numerous studies have revealed widespread contamination of different produce by PAEs. Table S2 shows the concentration of PAEs in different plants. Shi, et al. 61 investigated the pollution status of PAEs  in fruit and vegetable samples collected in Zhejiang province. Their results showed that DIBP, DBP, DEHP, and DEP have higher detection rates. Leaf vegetables (∑6 PAEs 0.05 mg/kg) and citrus fruits (∑6 PAEs 0.14 mg/kg) harboured the highest total PAEs concentrations. Xiang, et al. 62 demonstrated that DEHP was mainly localized in the cortex, phloem, and metaxylem of carrots. 
[bookmark: OLE_LINK26]The concentration of different PAE monomers in some plants is summarized in Figure 4. PAEs detected in plants are mainly DEHP, DnBP, and DiBP; these findings align with the detection of PAEs in soil, indicating a positive correlation between PAEs contents in plants and that in soil. Notably, the concentrations of PAEs in crops are often higher than in the corresponding soils, suggesting that PAEs in agricultural soils are not only transferred into plants, but that also biomagnification effects occur 9. It’s noteworthy to mention that while the proportion of DEHP in plants was lower than in soils, the content of DiBP was increased. This may be due to DiBP’s lower LogKow and higher water solubility, making it easier for plants to absorb 63. Additionally, plants can accumulate PAEs from the air through their leaves. Different types of fruits and vegetables absorb and migrate PAEs components at different rates 59. Root vegetables, rice, leafy vegetables, and beans tend to have higher concentrations of PAEs, indicating their greater capacity for PAEs accumulation. Furthermore, the accumulation of PAEs can vary among different cultivars of the same plant species, potentially due to differences in root exudate profiles, such as low molecular weight organic acids (LMWOAs) 64. Furthermore, the content of PAEs in the final agricultural products can also be influenced by various factors, including production and processing methods, transportation and management practices, storage conditions, and packaging materials.
[bookmark: OLE_LINK41]Currently, China has yet to establish a limit standard for PAEs in agricultural products. The United States Environmental Protection Agency (EPA) and the Office of Environmental Health Hazard Assessment (OEHHA) recommend a maximum intake dose of 0.01 mg/kg body weight per day for DBP and 0.05 mg/kg body weight per day for DEHP. Assuming an average weight of 60 kg and a daily intake of 0.5 kg (dry weight) of agricultural products, it becomes evident that the concentration of PAEs in a significant proportion of agricultural products exceeds these standards, posing potential health risks. Therefore, it is crucial, for the sake of food and environmental safety, to establish pollution control standards for phthalates in agricultural products. These standards could refer to the standards of the USEPA or the European Union, but they need to be adapted to the situation in China. 
3. Ecological effect of PAEs on agricultural environments
[bookmark: OLE_LINK9]3.1 Effect of PAEs pollution on soil ecosystems. The widespread contamination of PAEs in agricultural soils has garnered significant attention due to their adverse impacts on soil ecosystems. This is the case for microbial communities, enzyme activities, and soil properties. Microorganisms, a crucial component of soil ecosystems, play a pivotal role in degrading soil pollutants and maintaining biogeochemical cycles 65. They can enhance soil fertility and promote plant growth, thereby serving as the foundation for the stability of terrestrial ecosystems. Consequently, numerous studies have explored the effects of PAEs on soil microbial communities. Kong, et al. 66 observed a decrease in the diversity of soil bacterial communities with rising DBP concentrations, whereas the diversity of soil fungal communities was higher than that of the control group 67. Zhou, et al. 68 also demonstrated that PAEs exert a stronger influence on bacteria than fungi, with DEHP and DBP inhibiting bacterial growth while significantly promoting fungal growth. Wang, et al. 69 investigated the impact of DBP on the microbiome and functions of black soils, revealing a decline in the richness and Shannon index of bacterial communities following DBP treatment, whereas the Shannon index of fungal communities increased at lower DBP concentrations. In contrast, Wang, et al. 70 showed that DBP in salinized farmland soils decreases the abundance of different soil microorganisms, encompassing bacteria, archaea, and fungi. These findings suggest that PAEs generally decrease the diversity of bacterial communities, while their effects on fungi and archaea vary across studies. While many bacteria can utilize PAEs as a carbon source, the utilization of PAEs by fungi and archaea remains understudied, potentially explaining these discrepancies.
In addition to their impact on microbial diversity and abundance, PAEs significantly influence functional genes, network interactions, and enzyme activity within soil ecosystems. Tao, et al. 71 conducted a study on the effects of DEHP and DBP on nitrification in black soil, revealing that these contaminants competitively suppress nitrification processes. This suppression manifests in the reduced diversity of soil nitrification microbial communities and the decreased abundance of related genes. Kong, et al. 72 demonstrated that soil DBP contamination promotes nitrogen fixation and denitrification processes while inhibiting the nitrification process; this leads to soil nitrogen loss. The same phenomenon was found in a study by Wang, et al. 70. Additionally, Kong, et al. 73 demonstrated that DBP increases the network complexity of soil fungal communities through inter-species cooperation. Gao, et al. 74 reported that DBP can decrease the activity of enzymes such as protease, polyphenol oxidase, and β-glucosidase while increasing the activity of dehydrogenase, urease, and acid phosphatase. Given that soil enzymes serve as crucial indicators of the soil’s microecological status, these enzymatic activity variations also suggest potential alterations in soil ecological functions.
[bookmark: OLE_LINK24][bookmark: OLE_LINK20]The physical and chemical properties of soil, such as structure, ventilation, moisture content, pH, and organic content, are also significant for crop quality and yield. The presence of PAEs in soil can have profound effects, leading to a decrease in soil porosity and an increase in bulk density, thereby reducing its permeability and breathability 75, 76. Furthermore, DBP treatment has been shown to decrease soil pH, total nitrogen, and total phosphorus, while having no significant impact on total carbon content 66. However, Gao, et al. 77 reported that no significant change of soil physical and chemical properties was caused by PAEs. Overall, the presence of PAEs in soil can significantly alter the diversity, distribution, and interactions of key microorganisms, impacting carbon and nitrogen cycles within soil ecosystems, and modifying soil enzyme activity and properties. Nevertheless, the specific patterns and generalisability  of these effects remain contested among different studies 78. 
3.2 Effects of PAEs pollution on agricultural products. Multiple studies have explored the toxicity of phthalates in animals, but it’s imperative not to overlook their phytotoxic effects. PAEs present in soil or air can be directly absorbed by plants, and the accumulation of these compounds can disrupt their normal metabolic processes. For instance, Kong, et al. 66 indicated that the height and weight of Brassica napus grown in PAE-contaminated soil was significantly lower than in the control group. Additionally, the nitrate content was elevated, whereas soluble sugars, soluble proteins, and chlorophyll levels did not differ significantly from the control. Similarly, Kumari and Kaur 79 demonstrated that the biomass, as well as pigment and protein concentrations decreased in barley after DBP treatment, while the concentrations of carbohydrates, proline, and H2O2 increased. Xiao, et al. 80 investigated the toxicity of DEHP on cucumber seedlings and reported that DEHP significantly reduced membrane stability and chlorophyll content while enhancing antioxidase activity. Liang, et al. 81 demonstrated that the growth of capsicum and eggplant was significantly inhibited by PAEs, and that capsicum was more sensitive to PAEs pollution. Overall, PAEs pollution adversely affects agricultural production by affecting crop germination and reducing yield and nutritional value.
[bookmark: OLE_LINK33]In addition to their impact on the physicochemical properties of plants, PAEs can also affect microbial communities associated with plants. Pan, et al. 82 conducted a study on the effects of DBP on the bacterial community in the phyllosphere of field mustard and found that DBP altered its composition and the abundance of specific taxa. Similarly, Ge, et al. 83 investigated the effect of DBP on root and shoot endophytic bacteria of Brassica rapa var. chinensis and their results showed that DBP exposure results in disturbance of the endophytic microbial community. Kong, et al. 66 investigated changes in the phyllosphere, leaf, and root endophytic bacterial communities of Brassica napus after DBP exposure. They found that the relative abundance of some bacteria changed, but that the α-diversity was not significantly affected. The microbial community associated with plants is crucial for plant health and nutrition, including growth and development, nutrient absorption, resilience under abiotic stress, pollutant degradation, and suppression of plant pathogens 84. Therefore, by influencing these microbial communities, PAEs may indirectly affect the health and nutritional value of vegetables and potentially compromise their safety for human consumption by introducing pathogenic microbes.
4. Advances in bioremediation approaches of phthalates in soils
There are primarily two approaches for eliminating PAEs from soil: physicochemical remediation and bioremediation. While physicochemical remediation approaches are often expensive and challenging to implement on a large scale, they also often result in soil structure damage and fertility decline. Conversely, bioremediation approaches have emerged as the preferred method for controlling soil PAEs pollution due to their low secondary pollution, superior effectiveness, and cost-efficiency. Bioremediation encompasses various techniques such as microbial degradation, phytoremediation, and multi-method combined remediation. 
[bookmark: OLE_LINK47][bookmark: OLE_LINK27][bookmark: OLE_LINK31]4.1 Microbial degradation of PAEs. Microbial degradation is the most rapid and effective treatment method for PAEs, and it is also the focus of current research 85. At present, researchers have isolated a large number of functional bacteria with high PAEs degradation activity from different environments (Table S3). Moreover, many in-depth studies on their broad spectrum of degradation mechanisms, metabolic pathways and key functional genes were carried out. According to these scientific investigations, bacteria are the main microorganisms that degrade PAEs, showing different degradation effects, degradation spectra, and degradation pathways. For example, Xie, et al. 86 isolated a Bacillus sp. strain from activated sludge of a wastewater treatment plant and showed that it can completely degrade 500 mg/L DEHP within 5 days at pH 8.0 and 30˚C. It involved the formation of different intermediate metabolites, including MEHP, DEP, DMP, PA, and PCA. Similarly, Chang, et al. 87 isolated a DEHP-degrading Nocardia asteroids strain from electronic waste soil and the removal rate of DEHP (400 mg/L) reached 97.11% within 24 h. They identified the degradation intermediates DBP, MEHP, and 2-ethylhexanol. Xu, et al. 88 isolated Paracoccus kondratievae BJQ0001 from Jiuqu (fermentation starter for alcohol production) and showed that it can simultaneously degrade DMP, DEP, DnBP, DiBP, and DEHP. Beyond bacteria, certain fungi also possess the ability to degrade PAEs. For example, Naveen, et al. 89 employed Penicillium sp. to degrade PAEs, achieving a removal rate of 99.88% for DBP within 12 days. Savinova, et al. 90 demonstrated that Trametes hirsuta can completely degrade BBP within three days and remove 95% of DiBP within 10 days. Although current research on fungal degradation of PAEs is limited, with few identified isolates capable of PAEs degradation, fungal degradation remains a promising approach due to their exceptional enzymatic repertoires. Future research in this area is highly anticipated 91.
The degrading bacteria and fungi mentioned previously primarily possess the ability to degrade one or a limited number of PAEs types. However, in most polluted environments, multiple PAEs coexist, with indigenous bacteria exhibiting high competitiveness. Consequently, when a single strain is introduced, it faces significant limitations in degrading PAEs in soil. To address this, researchers have explored the utilization of synergistic interactions among different strains within functional communities to achieve broad-spectrum and efficient degradation of PAEs. For example,  Kou, et al. 92 employed a new bacterial consortium, which included unclassified Comamonadaceae, Achromobacter, and Pseudomonas, from agricultural soil covered with plastic film. This consortium demonstrated superior degradation efficiency towards DEHP compared to individual bacterial strains. Remarkably, the consortium also showed high degradations effect on several other PAEs, including DMP and DBP. Therefore, constructing suitable complex synthetic communities represents a potentially valuable approach for efficiently removing PAEs from contaminated agricultural soil, offering broader application prospects.
Furthermore, many studies on PAEs-degrading microorganisms focused on high substrate concentrations, whereas the actual PAEs content in contaminated farmland soil is significantly lower. Consequently, future research should prioritize exploring the degradation capabilities of bacteria under low PAEs concentrations, thereby enhancing the practical applicability of the involved microorganisms. Additionally, most of the current studies remain confined to laboratory conditions, and the actual application of these microorganisms in polluted soil environments remains uncertain. Therefore, researchers must prioritize addressing the challenges of enhancing the in situ remediation efficiency of functional microorganisms and overcoming limiting factors under field conditions. Solving these bottlenecks is crucial for advancing this research field and achieving practical environmental remediation outcomes.
4.2 [bookmark: OLE_LINK34][bookmark: OLE_LINK36]Phytoremediation of PAEs in soil. Phytoremediation, a technique that utilizes plants to directly or indirectly eliminate or accelerate the degradation of pollutants in the environment, exhibits varying remediation effectiveness depending on the type and cultivar of plants employed 93. Liao, et al. 94 investigated the remediation potential of 11 plants with DBP and their results indicated that garden lettuce has significant DBP absorption capability and that it could be an ideal plant candidate for DBP phytoremediation. Ma, et al. 95 examined the phytoremediation of PAEs through legume-grass intercropping in contaminated agricultural soil. Their results indicated that phytoremediation effectively targeted six PAEs, with alfalfa in monoculture achieving a removal efficiency of up to 90%. Cai, et al. 96 studied the potential for phytoremediation of different cultivars of Ipomoea aquatica in DBP-contaminated soils and their results indicated that the removal of DBP in soil is cultivar-specific, with significant variations in the remediation effectiveness of different cultivars. Additionally, Du, et al. 64 investigated the accumulation of PAEs with high- and low-PAE accumulating rice cultivars, and demonstrated that the root exudates play an important role in the PAEs accumulation.
Phytoremediation methods have been less explored as of now when compared to microbial remediation. The efficiency of phytoremediation for PAEs is influenced not only by the plant species but also by other environmental factors and interfering agents. Therefore, further research is urgently needed to explore the potential of phytoremediation approaches in eliminating phthalates from the environment and to address the challenges associated with their practical application.
4.3 [bookmark: OLE_LINK37]Other remediation methods. In addition to microbial remediation and phytoremediation mentioned above, a number of other bioremediation methods are also being studied. For example, Kou, et al. 97 successfully immobilized Rhodococcus sp. on waste biochar by a sodium alginate-based embedding method to improve the bacterium’s applicability. Their results indicated that the immobilized particles have good DEHP degradation efficiency, strong stability, and environmental impact resistance. Sun, et al. 98 explored the remediation of PAEs-contaminated soil through the immobilization of lipase. They observed that the degradation half-life of PAEs was significantly shortened compared to natural degradation processes. This improvement is attributed to enzymatic degradation of PAEs. The immobilization of enzymes onto inert or insoluble materials preserves enzyme activity, enhances stability and adaptability, and consequently plays a pivotal role in accelerating the removal rate of PAEs from soil. Earthworms have also been employed to accelerate the bioremediation of organic pollutants by direct absorption as well as improving soil properties 1, 99. In addition, combined methods that use bacteria, fungi, plants and other remediation methods concurrently, can also be valuable options to remove PAEs from soils. For example, Wu, et al. 100 investigated the degradation of DEHP through the synergistic action of plant and microbial communities, demonstrating that combining specific plants and bacteria can effectively enhance the degradation rate of DEHP.
5 Biodegradation pathways of PAEs in microorganism
Reasearch on biodegradation pathways of PAEs is helpful to understand the underlying mechanisms of various approaches and has the potential to improve them. The bacterial degradation of PAEs has been extensively studied, and revealed distinct mechanisms among various bacterial species. Typically, the biodegradation of PAEs can be categorized into two stages: the first stage is the hydrolysis of alkyl ester bonds into the key intermediate product PA, and the second stage is the ring-opening cleavage of PA, and finally, a decomposition into small molecules.
The hydrolysis of PAEs’ ester bonds can be divided into three reactions: de-esterification, β-oxidation, and trans-esterification (Figure 5a). De-esterification involves the sequential hydrolysis of two ester bonds, initially converting PAEs to monoesters of phthalates (MAPs) and ultimately to PA. β-oxidation, on the other hand, is a process where long-chain PAEs are hydrolyzed into shorter-chain PAEs (such as DMP and DEP). Subsequently, MAPs and PA are produced through de-esterification. Trans-esterification is a process where the ethyl group of DEP is replaced by a methyl group to form the ethyl-methyl phthalate and DMP. In addition, DMP and DEP can also undergo direct hydrolysis to PA, without the formation of intermediate products 101. 
PA can be further decomposed into smaller molecules, and the degradation process differs significantly between aerobic and anaerobic bacteria (Figure 5b). Under aerobic conditions, Gram-positive bacteria can metabolize PA into cis-3,4-dihydro-3,4-dihydroxyphthhalate, 3,4-dihydroxyphthhalate, and protocatechuic acid (PCA). Conversely, Gram-negative bacteria convert PA into cis-4,5-dihydro-4,5-dihydroxyphthhalate, 4,5-dihydroxyphthhalate, and PCA. PCA can undergo two types of ring-opening reactions: meta-cleavage and ortho-cleavage. Through the meta-cleavage, PCA is converted to 4-carboxy-2-hydroxymuconic semialdehyde, 2-hydroxy-4-carboxymucinic semialdehyde-hemiacetal, oxaloacetic acid, and pyroracemic acid., In the ortho-cleavage pathway, PCA is degraded to 3-carboxyl-cis, cis-muconic acid, 3-ketoadipate, succinic acid, and acetyl-coenzyme. The products are eventually converted to CO2 and H2O through the TCA cycle, glycolysis, and β-ketoadipic pathways. In addition to aerobic degradation, some anaerobic bacteria can also decompose PAEs. Under anaerobic conditions, PA is transformed into benzoate, adipic acid, acetate, CO2, and H2.
6 Conclusions and future perspectives
[bookmark: OLE_LINK21]PAEs pollution in agricultural systems is widespread in China, and the growing use of plastic greenhouses, plastic film mulching, pesticides, wastewater, biosolids, and various plastics in modern crop production systems exacerbates the problem. The presence of phthalates in agricultural systems not only impacts soil quality but also adversely affects crop yield and quality, soil microbial activity and diversity as well as enzyme activity. Furthermore, phthalates can accumulate in food, potentially exposing humans to these harmful compounds through oral ingestion. To avoid threats posed by phthalates to ecosystems and human health, it is important to reduce and eliminate sources of phthalate emissions and to remediate existing phthalate pollution in the environment. Microbiological degradation, phytoremediation, and immobilization approaches are promising methods for soil PAEs removal. Among them, microbial degradation methods are the most studied, and the degradation pathways of PAEs by bacteria are often known in detail. 
Some future trends and prospects are highlighted in the following:
 (1) PAEs pollutants in agricultural soils are assumed to mainly occur due to the use of plastic greenhouses, mulching films, pesticides, and wastewater. However, the relative contribution of each of these sources has yet to be evaluated in detail. Hence, there is a pressing need to intensify the source analysis for PAEs in the future and quantitatively assess their distribution patterns and contribution rates in various environments. 
(2) The environmental transitions of PAEs within the “soil-plant”, “soil-atmosphere”, and “soil-water” systems require deeper investigation. Additional research on the migration and transformation mechanisms of PAEs across multiple systems is crucial to effectively track their metabolic processes. 
(3) Current strategies to address potentially harmful chemicals to human health, such as phthalates, often involve replacing them with structurally similar alternatives. Nevertheless, the long-term health risks associated with these replacements also require further examination. For instance, alternatives to DEHP, including di-(2-ethylhexyl) terephthalate (DEHTP) and di-isopentyl terephthalate (DINCH), have also been shown to be potential health hazards 102, 103. We still need to develop new, safe, and harmless alternatives to PAEs, conducting safety testing before their implementation.
(4) Contaminated soils frequently contain a complex mix of pollutants, including heavy metals, pesticides, and polycyclic aromatic hydrocarbons, alongside PAEs. Future research must prioritize exploring the combined toxicity of these contaminants and developing effective removal strategies when PAEs coexist with other inorganic or organic chemicals in soil.
(5) Current technologies for PAEs remediation, particularly microbial remediation, are still primarily confined to laboratory conditions. Harnessing the degradation capacity of laboratory-screened microorganisms in actual soil environments poses a significant challenge. Therefore, we should focus on further optimizing soil PAEs remediation technologies under field conditions in the future and find suitable low-cost remediation methods for large-scale approaches. This will contribute to effectively reducing or eliminating the harmful impact of PAEs pollutants in the environment.
(6) It is crucial to establish specific limiting concentrations for PAEs in agricultural soil and product standards that meet China’s national standards. These actions will ensure environmental as well as human health.
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Figures and legends
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[bookmark: OLE_LINK28][bookmark: OLE_LINK29]Figure 1. The effect of PAEs on human health. Different types of diseases and disorders have been assigned into six groups depending on the human systems involved. PAEs can cause adverse respiratory, neurological, reproductive (differences between male and female individuals), cardiovascular, and other effects.
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Figure 2. The fate of PAEs in agricultural systems. Three main ways of accumulating PAEs in soil are schematically visualized: 1) Fertilizers and pesticides, 2) plastic greenhouses and mulching films, and 3) solid waste disposal and industrial emissions are recognized as sources of these pollutants.
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Figure 3. The pollution status of PAEs in China. Map depicting Chinese provinces that were polluted with six different PAEs (DEHP, DnBP, DMP, DEP, DOP, and BBP) over the years.
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Figure 4. The concentrations of different PAE monomers in various agricultural plants. Ten crop types (root, leafy, and other vegetables as well as rice, beans, fruits, peanuts, tea, tobacco, and ginseng) were previously studied. For each of these, the concentration of seven different PAEs (DEHP, DiBP, DnBP, BBP, DOP, DMP, and DEP) monomers was noted.
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[bookmark: OLE_LINK19]Figure 5. The microbiological degradation pathways of PAEs. a) Hydrolysis pathway of PAEs ester bond. b) Degradation pathway of PA. Abbreviation: PAEs, phthalic acid esters; DBP, dibutyl phthalate; DEP, diethyl phthalate; MEP, monoethyl phthalate; MAPs, monoester of phthalate; MMP, monomethyl phthalate; PA, phthalic acid.
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