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Abstract 
 

Heavy metal contamination in soil and water has increased in association with industrial development, urban 

expansion, mining activities, municipal waste disposal, and intensive agricultural practices. These 

contaminants are environmentally persistent because they are non-biodegradable and may accumulate in soil, 

aquatic systems, plants, and other organisms. Their movement through environmental compartments can 

affect soil fertility, plant growth, food quality, and ecological safety. Conventional remediation techniques, 

including chemical extraction, soil washing, and excavation, have been applied to contaminated sites; 

however, these methods may be costly, technically demanding, and disruptive to the environment. 

Phytoremediation provides an environmentally compatible and economically feasible alternative that uses 

plants and associated rhizosphere microorganisms to remove, immobilise, transform, or detoxify pollutants. 
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This review discusses the major mechanisms of phytoremediation, including phytoextraction, 

phytostabilisation, phytodegradation, phytovolatilisation, and rhizofiltration. It also summarises the roles of 

hyperaccumulator plants, aquatic and wetland plants, woody species, agricultural crops, and microorganisms 

in the management of heavy metal-contaminated environments. Plant selection, contaminant characteristics, 

soil properties, and plant-microbe interactions are important determinants of remediation performance. The 

review highlights phytoremediation as a sustainable strategy for environmental restoration while recognising 

the need to improve plant selection, microbial-assisted approaches, and field-level efficiency. 

 

 

Keywords: Phytoremediation; heavy metals; contaminated soil; contaminated water; phytoextraction; 

phytostabilisation; rhizofiltration; hyperaccumulators; aquatic plants; rhizosphere 

microorganisms; bioremediation. 

 

1. Introduction 
 

The continuous rise in population, along with urban expansion and rapid industrial development, has resulted in 

the discharge of significant amounts of pollutants into the environment. As a result, soil and water ecosystems 

are increasingly contaminated with various organic, inorganic, and metallic substances, particularly in 

agricultural regions where industrial discharge and intensive farming practices are common. These pollutants 

originate from multiple sources such as industrial effluents, mining operations, municipal waste disposal, and 

the excessive application of fertilisers and pesticides in crop production systems (Alengebawy et al., 2021; 

Moghimi Dehkordi et al., 2024; Elumalai et al., 2025). Recent global and review-based assessments further 

indicate that heavy metal pollution remains closely linked with agricultural and human-health risks, which 

reinforces the need for sustainable remediation strategies (Hou et al., 2025; Rasool et al., 2023). 

 

Among the different environmental contaminants, heavy metals are considered especially hazardous due to their 

persistence and non-biodegradable nature. Unlike organic pollutants, heavy metals cannot be decomposed by 

microbial or chemical processes and therefore remain in the environment for long periods. Over time, these 

metals accumulate in soil, water bodies, and biological organisms, eventually entering the food chain and posing 

serious risks to ecological systems and human health (Sethy & Ghosh, 2013; Ali et al., 2019). The continuous 

accumulation of heavy metals in agricultural soils can reduce soil fertility; negatively affect plant growth and 

productivity, and compromise food quality and safety (Muthusaravanan et al., 2018; Kumar et al., 2019). 

 

Several conventional techniques such as chemical extraction, soil washing, and excavation have been used to 

remediate contaminated sites. However, these methods are often costly, technically demanding, and may cause 

further environmental disturbance. In recent times, phytoremediation has attracted increasing interest as a green 

and sustainable approach for addressing environments contaminated with heavy metals. This approach utilises 

plants and their associated rhizosphere microorganisms to remove, stabilise, or detoxify contaminants present in 

soil and water systems (Lone et al., 2008; Yan et al., 2020). Phytoremediation is considered a green technology 

because it is cost-effective, environmentally compatible, and suitable for large-scale remediation programs 

(Amanullah et al., 2016). Thus, phytoremediation is gaining attention as a sustainable and efficient method for 

addressing heavy metal contamination and supporting the rehabilitation of degraded ecosystems. Recent reviews 

and experimental studies also suggest that phytoremediation outcomes depend on plant selection, contaminant 

characteristics, and mechanistic understanding of metal uptake and tolerance (Islam et al., 2024; Saa-Aondo et 

al., 2024). Despite these advances, the manuscript indicates a need for an integrated synthesis of 

phytoremediation mechanisms, candidate plants, and microbial applications for heavy metal-contaminated 

environments. 
 

1.1 Objective 
 

The present review focuses on the fundamental principles, mechanisms, and practical applications of 

phytoremediation and highlights its significance in the remediation of toxic heavy metals from polluted 

environments. 
 

2. Phytoremediation and its Mechanisms 
 

Phytoremediation is an environmentally friendly and economically feasible technology that utilises plants to 

remove, stabilise, or detoxify pollutants present in soil, water, and even the atmosphere. This approach relies on 
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the natural ability of plants and their associated rhizospheric microorganisms to absorb, accumulate, or 

transform contaminants into less harmful forms. The efficiency of phytoremediation is influenced by several 

factors, including the type and concentration of contaminants, their bioavailability, and soil characteristics such 

as pH, texture, and organic matter content, as well as microbial activity in the rhizosphere (Cunningham et al., 

1995; Cunningham et al., 1997). The remediation of heavy metals from polluted environments through 

phytoremediation generally occurs through several distinct mechanisms as discussed below. 

 

1. Phytoextraction 

2. Phytostabilization 

3. Phytodegradation 

4. Phytovolatilization 

5. Rhizofiltration 

 

 
 

Fig. 1. Schematic representation of phytoremediation tactics 

 

 
 

Fig. 2. Phytoremediation mechanisms used by plants to remove, stabilize, degrade, or volatilize 

contaminants 
Source: (Favas ET AL., 2014) 
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2.1 Phytoextraction 
 

Phytoextraction, also known as phytoaccumulation, is a phytoremediation process in which plants absorb heavy 

metals from contaminated soil through their root systems and translocate them to above-ground parts such as 

stems and leaves. These metals accumulate in the plant biomass, which can later be harvested and removed from 

the contaminated site, thereby gradually reducing the concentration of toxic elements in the soil. Certain plant 

species, including Brassica juncea, Helianthus annuus, Pteris vittata, Thlaspi caerulescens, Alyssum murale and 

Sedum alfredii are known as hyperaccumulators and possess the ability to accumulate exceptionally high levels 

of metals such as cadmium, nickel, zinc, and lead without showing toxicity symptoms. This technique is 

particularly useful for the remediation of moderately contaminated soils because it is environmentally friendly 

and relatively cost-effective (Chaney et al., 1997; Ali et al., 2013). 

 

2.2 Phytostabilization 
 

Phytostabilization is a phytoremediation strategy that reduces the mobility and bioavailability of contaminants in 

soil through the action of plant roots. In this process, plants immobilise heavy metals in the rhizosphere by 

mechanisms such as adsorption onto root surfaces, precipitation, or complex formation with soil components. 

Rather than removing metals from the site, phytostabilization prevents their movement into groundwater or their 

uptake by plants and other organisms. Several plant species, including Vetiveria zizanioides, Festuca 

arundinacea, Agrostis capillaris, Populus deltoides, Salix viminalis, and Atriplex halimus, have been widely 

used for phytostabilization because of their extensive root systems, high tolerance to heavy metals, and ability to 

reduce contaminant mobility in soil. This method is particularly suitable for highly contaminated soils where 

metal removal is difficult but stabilization can effectively limit environmental and health risks (Johnston et al., 

2005; Kumpiene et al., 2008; Ali et al., 2013; Cunningham & Berti, 2000). 

 

2.3 Phytodegradation 
 

Phytodegradation, also referred to as phytotransformation, involves the breakdown of organic contaminants 

through metabolic processes within plants or through the activity of enzymes produced by plant-associated 

microorganisms in the rhizosphere. In this mechanism, pollutants are absorbed by plants and then converted into 

less toxic or less harmful compounds through biochemical reactions. Several plant species, including Populus 

deltoides, Populus nigra, Salix viminalis, Medicago sativa, Brassica juncea, and Typha latifolia, have 

demonstrated significant potential for phytodegradation because of their ability to absorb, transform, and 

stimulate microbial degradation of contaminants. This process is particularly effective for the remediation of 

organic pollutants such as pesticides, hydrocarbons, and industrial chemicals present in soil and water 

environments (Salt et al., 1998; Newman and Reynolds, 2004; Saier & Trevors, 2010). 

 

2.4 Phytovolatilization 
 

Phytovolatilization is a process in which plants take up pollutants from soil or water and convert them into 

volatile forms that are subsequently released into the atmosphere through transpiration. This mechanism is 

commonly associated with elements such as mercury, selenium, and arsenic. After uptake, plants chemically 

transform these substances into gaseous compounds, which are then emitted from the leaves. Several plant 

species, including Brassica juncea, Populus deltoides, Populus nigra, Salix viminalis, Arabidopsis thaliana, 

have demonstrated the ability to absorb and volatilize contaminants such as selenium, mercury, and arsenic. 

Consequently, phytovolatilization can contribute to the remediation of contaminated soils and water bodies by 

reducing pollutant concentrations in the environment (Zayed et al., 1998; Lee, 2013; Limmer & Burken, 2016). 

 

2.5 Rhizofiltration 
 

Rhizofiltration is a phytoremediation technique used mainly for the treatment of contaminated water. In this 

process, plant roots absorb, adsorb, or precipitate pollutants such as heavy metals from aqueous solutions. 

Several plant species, including Helianthus annuus (sunflower), Eichhornia crassipes (water hyacinth), Lemna 

minor (duckweed), Pistia stratiotes (water lettuce), Typha latifolia (broadleaf cattail), and Vetiveria zizanioides 

(vetiver grass), have been widely used in rhizofiltration. The contaminants accumulate on the root surface or 

within root tissues. Plants used for rhizofiltration are often grown hydroponically and then introduced into 
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polluted water bodies to remove dissolved contaminants (Dushenkov et al., 1995; Banerjee & Roychoudhury, 

2022; Biswal, 2025). 

 

3. Plants Involved in Phytoremediation 
 

Phytoremediation involves the use of specific plant species that are capable of tolerating, accumulating, 

stabilising, or transforming toxic heavy metals present in contaminated soil and water. These plants are typically 

characterized by rapid growth, high biomass production, extensive root systems, and an enhanced capacity for 

the uptake and translocation of heavy metals (Bhat et al., 2022; Sabreena et al., 2022). 

 

Based on their remediation mechanisms, plants used in phytoremediation can be broadly classified into 

hyperaccumulators, aquatic plants, woody plants, and crop plants. Hyperaccumulator plants possess the 

remarkable ability to accumulate exceptionally high concentrations of heavy metals in their tissues without 

exhibiting phytotoxic effects. Aquatic plants including Eichhornia crassipes, Pistia stratiotes, Lemna minor, 

Spirodela polyrhiza, Typha latifolia, Phragmites australis, and Vetiveria zizanioides are particularly useful for 

the remediation of contaminated water bodies through processes such as absorption and rhizofiltration. In 

contrast, woody plants such as Populus deltoides, Populus nigra, Salix viminalis, Salix alba, Betula pendula, 

Eucalyptus camaldulensis, and Robinia pseudoacacia, together with crop species such as Brassica juncea, 

Helianthus annuus, Zea mays, Oryza sativa, Triticum aestivum, Sorghum bicolor, and Ricinus communis play a 

significant role in stabilising contaminants within the soil or extracting heavy metals through phytoextraction 

(Xu et al., 2024). 

 

The effectiveness of phytoremediation largely depends on the careful selection of plant species, which should be 

based on the nature of the contaminants, environmental conditions of the site, and the intended remediation 

goals. Choosing plants that are well-adapted to specific pollutants and local conditions ensures better survival 

and contaminant removal. In addition, combining these plants with beneficial microorganisms and adopting 

proper agronomic practices can greatly improve the overall performance and success of the phytoremediation 

process (Salt et al., 1998; Pilon-Smits, 2005; Jan et al., 2016; Ashraf et al., 2019).  

 

The ability of certain plants to accumulate and tolerate high levels of heavy metals has been widely documented, 

making them important tools in phytoremediation. More than 500 plant species, distributed across 

approximately 40–45 families, have been identified as hyperaccumulators. These plants can absorb and 

concentrate significant amounts of metals such as nickel (Ni), zinc (Zn), cadmium (Cd), lead (Pb), copper (Cu), 

cobalt (Co), and arsenic (As) in their tissues without showing visible signs of toxicity (Saha et al., 2021; Sharma 

et al., 2025; Li et al., 2026). Their unique physiological and biochemical adaptations enable them to survive in 

contaminated environments. These plants are widely utilized in remediation strategies like phytoextraction and 

phytostabilization, where they help remove, immobilise, or neutralise contaminants present in soil and water. 

Numerous plant taxa across different families have been documented for their capacity to either accumulate or 

withstand heavy metal stress, highlighting their significance in environmental clean-up efforts and various 

plants are listed in Table 1. 

 

Table 1. Plants used for phytoremediation of heavy metals 

 

S. No. Common 

name  

Plant species  Type of plant  Heavy 

metals 

removed  

Reference  

1. Indian 

mustard 

Brassica juncea Hyperaccumulator Pb, Cd, Cr Cunningham and Ow, 

1996) 

2. Chinese 

brake fern 

Pterisvittata Hyperaccumulator As Ma et al., 2001; Irshad et 

al., 2021 

3. Sunflower Helianthus annuus Crop plant  Pb, U Dushenkov et al., 1995; 

Awa, &Hadibarata, 2020 

4. Water 

hyacinth 

Eichhorniacrassipes Aquatic plant 

 

Cd, Pb Wolverton & McDonald 

1979;Rezania et al., 2015 

5. Vetiver 

grass 

Vetiveriazizanioides  Grass plant Pb, Zn, Cd Danh et al., 2009; Suelee 

et al., 2017 

6. Poplar tree Populus spp. Woody plant Cd, Zn, Ni Pulford & Watson (2003); 
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S. No. Common 

name  

Plant species  Type of plant  Heavy 

metals 

removed  

Reference  

Salehi & Shariat, 2024 

7. Indian 

pennywort 

Centellaasiatica Herbaceous plant  Cd, Pb Zayed et al., 1998; 

Mazumdar &Das,  2021 

8. Alpine 

pennycress  

Thlaspicaerulescens Herbaceous plant 

/ 

Hyperaccumulator 

Zn, Cd Baker et al., 1994; 

Satapathy et al., 2025 

9. Willow  Salix spp. Trees or shrubs Cd, Pb, Zn Pulford & Watson (2003); 

Kaur et al., 2024 

10. Duckweed  Lemna minor Aquatic plant Cd, Pb, Hg Zayed et al., 1998; Ahmed 

& Kareem, 2025 

11. Maize  Zea mays Crop plant Pb, Cd Anjum et al., 2015;Chen et 

al., 2024 

12. Rice  Oryzasativa Crop plant As, Cd Meharg & Zhao 

(2012);Wu, et al., 2024 

13. Cattail  Typhalatifolia Aquatic plant Pb, Cd, Zn Raskin et al., 1997; Liu et 

al., 2025 

14. Reed Phragmitesaustralis Aquatic /Wetland 

plant 

Pb, Cd, Zn Pulford & Watson 

(2003);Al-Homaidan et 

al., 2020 

15. Barley  Hordeum vulgare Crop plant Cd, Pb Chen et al., 2010; Wang et 

al., 2025 

16. Wheat  Triticum aestivum Crop plant Cd, Pb, Zn McGrath & Zhao, 

2003;Yousuf, 2026 

17. Tomato  Solanum 

lycopersicum 

Crop plant Cd, Pb Peralta-Videa, 2002; 

Lopes, 2018; Romero-

Estévez et al., 2020. 

18. Spinach  Spinaciaoleracea Crop plant Cd, Pb, Zn Clemens, 2006; Khosa et 

al., 2023 

19.  Mustard 

greens  

Brassica rapa Crop plant Pb, Cd Chaney et al., 2004; 

Rizwan et al., 2018 

20  Rapeseed  Brassica napus Crop plant Pb, Zn, Cu Salt et al., 1998 

21. Radish  Raphanus sativus Crop plant Cd, Zn, Ni Kumar et al., 1995; 

Ahmad et al., 2018. 

22. Amaranthus Amaranthus spp. Crop plant Cd, Pb, Zn Vamerali et al., 2010; 

Sharma et al., 2024 

23. Pumpkin Cucurbita pepo Crop plant Pb, Cd White et al., 2003; Flores-

Iga et al., 2023 

24. Flax Linumusitatissimum Crop plant Cd, Pb Saleem et al., 2020 

25. Kenaf Hibiscus 

cannabinus 

Fiber crop Cd, Pb Cleophas et al., 2023 

26. Jerusalem 

artichoke 

Helianthus 

tuberosus 

Energy crop Cd, Zn, Pb Chen et al., 2011; 

Mohamed et al., 2025 

27. Marigold Tageteserecta Ornamental plant Pb, Cd Liu et al., 2006; 

Meeinkuirt et al., 2024 

28. Alyssum Alyssum murale Hyperaccumulator Ni Reeves & Brooks, 1983; 

Reeves, 2024 

29. Azolla Azolla pinnata Aquatic fern Cd, Pb Rai et al., 1995; Zeid, et 

al., 2024 

 

3.1 Hyperaccumulator Plants 
 

Hyperaccumulator plants are specialized species capable of absorbing and storing exceptionally high 

concentrations of heavy metals in their aerial parts without exhibiting toxic effects. Metals such as zinc (Zn) and 
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cadmium (Cd) can accumulate in these plants at levels far higher than those tolerated by most other species. 

This ability is supported by distinct physiological and biochemical mechanisms, including efficient uptake from 

the soil, enhanced translocation to shoots, and compartmentalization of metals within plant tissues to avoid 

toxicity (Asare et al., 2023; He et al., 2026). 

 

These metal-tolerant plants including Noccaea caerulescens (Zn, Cd), Alyssum murale (Ni), Pteris vittata (As), 

Brassica juncea (Pb, Cd, Cr), Sedum alfredii (Zn, Cd, Pb), Arabidopsis halleri (Zn, Cd), and Helianthus annuus 

(Pb, U, Cd are of great importance in phytoremediation, particularly in techniques such as phytoextraction and 

phytostabilization. In phytoextraction, hyperaccumulators absorb contaminants from polluted soils and 

concentrate them in harvestable plant parts, thereby facilitating the removal of toxic metals. In 

phytostabilization, they help reduce the mobility and bioavailability of contaminants, contributing to 

environmental stabilization. A wide variety of plant families have been reported to contain species capable of 

accumulating or tolerating heavy metals, demonstrating their ecological significance (Nedjimi, 2021). 

 

Furthermore, hyperaccumulator plants serve as valuable model systems for understanding the processes of metal 

uptake, transport, tolerance, and detoxification in plants. Research on these species has contributed significantly 

to improving phytoremediation technologies and developing sustainable strategies for managing contaminated 

environments (Rasheed et al., 2024) and are summarised in Table 2. 

 

Table 2. Hyperaccumulator plants used for clean-up of heavy metals 

 

S.No. Common name  Scientific name  Heavy metals  Authors name  

1.  Alpine pennycress Thlaspicaerulescens Zn, Cd Brooks et al., 1977 

2.  Nickel alyssum Alyssum murale Ni Brooks et al., 1998; Dehghani et al., 

2021; Konakci et al., 2023. 

3.  Chinese brake fern Pterisvittata As Ma et al., 2001; Zhao et al., 2023; 

Han et al., 2024 

4.  Sedum stone crop Sedum alfredii Zn, Cd Yang et al., 2004; Chen et al., 2025 

5.  Indian mustard Brassica juncea Pb, Cd, Cr Salt et al., 1997; Ali, et al., 2021; 

Mohapatra&Mohanty, 2024 

6.  Alpine pennycress 

relative 

Arabidopsis halleri Zn, Cd Bert et al., 2000; Geng et al., 2021 

 

Table 3. Aquatic and wetland plants used for clean-up of heavy metals 

 

S. 

No. 

Common 

name  

Scientific name  Heavy 

metals  

Authors name  

1.  Water 

hyacinth 

Eichhorniacrassipes Pb, Cd, 

Hg 

Wolverton & McDonald, 1979; Churko et al., 

2023; Monroy-Licht et al., 2024. 

2.  Duckweed Lemna minor Cu, Zn, 

Pb 

Zayed et al., 1998; Ajiboye et al., 2024 

3.  Water lettuce Pistiastratiotes Cd, Pb Rai et al., 1995; Rizvi et al., 2024 

4.  Cattail  Typhalatifolia Cr, Pb, Zn Raskin et al., 1997; Rizvi et al., 2024 

 

3.2 Aquatic and Wetland Plants used for Clean-up of Heavy Metals 
 

Aquatic macrophytes including Eichhornia crassipes, Pistia stratiotes, Lemna minor, Spirodela polyrhiza, 

Typha latifolia, Phragmites australis, and Vetiveria zizanioides are extensively utilized in rhizofiltration, a 

phytoremediation technique designed to remove heavy metals from contaminated water bodies and wastewater. 

These plants possess dense and well-developed root systems that effectively absorb and accumulate toxic metal 

ions from the surrounding water, and in some cases, they can also aid in converting them into less harmful 

forms. Their rapid growth rate, high biomass production, and strong tolerance to polluted environments make 

them particularly suitable for water purification applications. Consequently, aquatic and wetland plant species 

are considered highly efficient in removing heavy metals such as lead (Pb), cadmium (Cd), mercury (Hg), 

chromium (Cr), and zinc (Zn) from aquatic systems (Aryal, 2024; Satapathy et al., 2025) and are listed in             

Table 3. 
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3.2.1 Woody Plants 
 

Woody plant species including Populus deltoides, Populus nigra, Salix viminalis, Salix alba, Betula pendula, 

Eucalyptus camaldulensis, and Robinia pseudoacacia have been widely recognised for their effectiveness in 

phytoremediation, particularly in phytostabilization and long-term restoration of contaminated soils. Their deep 

and extensive root systems enable them to access pollutants present in deeper soil layers while simultaneously 

stabilising contaminants within the soil. In addition, their large biomass and perennial growth habit allow 

continuous interaction with contaminated environments over extended periods, enhancing remediation 

efficiency (Pulford & Watson, 2003; Acharya et al., 2023). 

 

Woody plants also contribute significantly to environmental protection by reducing soil erosion and limiting the 

spread of contaminants through leaching and runoff. Their root networks improve soil structure and prevent the 

dispersion of polluted particles to surrounding areas. Moreover, their high biomass production enables greater 

accumulation of heavy metals, and their non-edible nature reduces the risk of contaminants entering the food 

chain, making them suitable for large-scale remediation projects (Suman et al., 2018; Alliluev et al., 2026) and 

are presented in Table 4. 

 

Table 4. Woody plants used for clean-up of heavy metals 

 

S. 

No. 

Common 

name  

Scientific name  Heavy metals  Authors name  

1. Poplar Populus spp. Cd, Zn, Pb Pulford& Watson, 2003; Tőzsér et al., 2023; Li et 

al., 2025. 

2. Willow Salix spp. Cd, Cu, Zn Pulford& Watson, 2003; Cao et al., 2022; Jiang et 

al., 2024 

3. Eucalyptus Eucalyptus spp. Pb, Cd Robinson et al., 2000; Negrini et al., 2024 

 

Table 5. Agricultural crops used for clean-up of heavy metals 

 

S.No. Common name  Scientific name  Heavy 

metals  

Authors  

1. Sunflower  Helianthus 

annuus 

Pb, Cd, 

Zn 

Dushenkov et al., 1995;  Zhong et al., 2024; 

Zhao et al., 2023 

2. Maize Zea mays Pb, Cd Ebbs &Kochian, 1997; Elik&Gül, 2025; Chen et 

al., 2024 

3. Rice Oryza sativa As, Cd Meharg& Zhao, 2012; Wang et al., 2024 

4. Mustard Brassica napus Cd, Pb Salt et al., 1998; Zhao et al., 2023 

 

3.2.2 Agricultural Crops  
 

Agricultural crops such as maize, sunflower, mustard, and rice have shown potential in phytoremediation. These 

crops can absorb and accumulate certain heavy metals from contaminated soils, particularly under controlled 

conditions. Although their accumulation capacity is generally lower than that of hyperaccumulators, their rapid 

growth, high biomass production, and economic value make them useful for phytoextraction and 

phytostabilization. However, precautions must be taken to prevent the entry of accumulated metals into the food 

chain (Deng et al., 2024; Kumar et al., 2022) are shown in Table 5. 

 

3.3 Microbes Used for Clean-up of Heavy Metals 
 

Microorganisms play a crucial role in the detoxification of heavy metal-contaminated environments through a 

range of biological mechanisms. Diverse groups such as bacteria, fungi, algae, and cyanobacteria have 

developed the ability to survive in metal-stressed conditions and remove toxic elements from soil and water. 

They employ processes such as biosorption, bioaccumulation, biomineralization, biotransformation, and 

bioleaching, which collectively help reduce the mobility, bioavailability, and toxicity of heavy metals, thereby 

contributing to ecosystem restoration (Gadd, 2004; Wang & Chen, 2009; Rajkumar et al., 2012; Agrawal et al., 

2024). 
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Bacteria are among the most extensively studied microorganisms for heavy metal remediation due to their 

adaptability and metabolic versatility. Genera such as Pseudomonas, Bacillus, Arthrobacter, and Alcaligenes are 

known to remove metals by binding them to cell surfaces or converting them into less toxic forms. These 

bacteria produce extracellular polymeric substances (EPS), siderophores, and metal-binding proteins that 

enhance the immobilisation and removal of metals like lead (Pb), cadmium (Cd), chromium (Cr), and nickel 

(Ni) from contaminated environments (Nies, 1999; Volesky, 2001; Verma et al., 2023; Patil et al., 2025). 

 

Fungi also serve as effective agents for heavy metal remediation due to their high tolerance to toxic conditions 

and significant biomass production. Species such as Aspergillus niger, Penicillium chrysogenum, and 

Trichoderma viride exhibit strong metal-binding capacity because of functional groups like carboxyl, hydroxyl, 

phosphate, and amino groups present in their cell walls. These groups facilitate the adsorption and sequestration 

of heavy metals from polluted environments (Gadd, 1994; Kapoor & Viraraghavan, 1995; Baldrian, 2003). 

 

Fungi also serve as effective agents for heavy metal remediation due to their high tolerance to toxic conditions 

and significant biomass production. Species such as Aspergillus niger, Penicillium chrysogenum, and 

Trichoderma viride exhibit strong metal-binding capacity because of functional groups like carboxyl, hydroxyl, 

phosphate, and amino groups present in their cell walls. These groups facilitate the adsorption and sequestration 

of heavy metals from polluted environments (Gadd, 1994; Kapoor & Viraraghavan, 1995; Baldrian, 2003; 

Mishra et al., 2021). 

 

Algae and cyanobacteria are widely utilized in wastewater treatment systems for their ability to remove heavy 

metals through biosorption and intracellular accumulation. Microalgae such as Chlorella vulgaris and 

filamentous algae like Spirogyra can efficiently accumulate metals including copper (Cu), cadmium (Cd), and 

mercury (Hg). Similarly, cyanobacteria such as Anabaena species are capable of removing metals like 

chromium (Cr) and nickel (Ni) through adsorption and metabolic processes (Mehta & Gaur, 2005; Wang & 

Chen, 2009; Markou et al., 2018). 

 

The integration of plants and microorganisms, commonly referred to as microbial-assisted phytoremediation or 

rhizoremediation, significantly enhances the efficiency of heavy metal removal. Plant growth-promoting 

rhizobacteria (PGPR) improve plant tolerance to metal stress by producing siderophores, organic acids, and 

exopolysaccharides that increase metal availability and uptake. This synergistic interaction between plants and 

microbes has been widely recognised as an effective and sustainable approach for remediating contaminated 

environments (Dotaniya et al., 2018; Sharma et al., 2023) and are listed in Table 6. 

 

Table 6. Microbes used for clean-up of heavy metals 

 

S.No. Microorganisms Type Heavy metals 

removed 

Reference 

1.  Pseudomonas putida Bacteria Pb, Cd, Cr Volesky, 2001; Tasleem et al., 2023; 

Zhang et al., 2024 

2.  Bacillus subtilis Bacteria Pb, Cu, Cd Nies, 1999; Jhariya et al., 2025 

3.  Arthrobacter spp. Bacteria Cr, Ni Nies, 1999; Nnaji et al., 2023 

4.  Aspergillus niger Fungus Pb, Cd, Zn Kapoor &Viraraghavan, 1995; 

Alabssawy& Hashem, 2024 

5.  Penicillium 

chrysogenum 

Fungus Cu, Zn Gadd, 1994; Alabssawy&Hashem, 2024 

6.  Trichoderma viride Fungus Pb, Cd Baldrian, 2003; Syed et al., 2023 

7.  Chlorella vulgaris Algae Cu, Cd, Hg Wang & Chen, 2009; Fitri et al., 2024 

8.  Spirogyra spp. Algae Pb, Cd Mehta & Gaur, 2005; Machado et al., 

2024 

9.  Anabaena spp. Cyanobacteria Cr, Ni Rai & Dubey, 1989; Aslam et al., 2025 

 

4. Conclusion  
 

Heavy metal contamination of soil and water has become a major environmental problem due to rapid 

industrialisation, urbanisation, and intensive agricultural activities. Because heavy metals are non-biodegradable 
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and persistent in nature, they accumulate in ecosystems and enter the food chain, posing serious risks to human 

health and environmental sustainability. Conventional remediation technologies are often costly, energy-

intensive, and may cause further environmental disturbances. In this context, phytoremediation has emerged as a 

promising, eco-friendly, and cost-effective approach for the remediation of heavy metal-contaminated 

environments. 

 

Phytoremediation utilises the natural ability of plants to absorb, accumulate, stabilise, or detoxify pollutants 

through several mechanisms such as phytoextraction, phytostabilization, phytodegradation, phytovolatilization, 

and rhizofiltration. Various plant species including hyperaccumulators, aquatic plants, woody plants, and 

agricultural crops have demonstrated significant potential for the removal or stabilization of toxic metals such as 

Cd, Pb, Zn, Ni, Cu, and As. In addition, the involvement of rhizosphere microorganisms such as bacteria, fungi, 

algae, and cyanobacteria further enhances the efficiency of phytoremediation through processes like biosorption, 

bioaccumulation, and biotransformation. 

 

Although phytoremediation offers several advantages such as low cost, environmental compatibility, and 

aesthetic value, its practical application may be limited by factors such as slow plant growth, low biomass 

production, and limited metal uptake capacity under certain conditions. Therefore, future research should focus 

on identifying highly efficient hyperaccumulator plants, improving plant–microbe interactions, and applying 

advanced biotechnological approaches such as genetic engineering and microbial-assisted phytoremediation to 

enhance remediation efficiency. Overall, phytoremediation represents a sustainable and environmentally 

friendly strategy for the management and restoration of heavy metal-contaminated ecosystems and has 

significant potential for large-scale application in environmental clean-up programs. 

 

5. Limitations 
 

The review is limited by its reliance on previously published evidence rather than experimental data generated 

within the manuscript. Phytoremediation efficiency may also vary across field conditions, contaminant 

concentrations, soil properties, plant species, and microbial communities. Therefore, site-specific validation is 

necessary before large-scale application. 

 

Declaration of AI Use 
 

This manuscript was prepared through the combined contributions of all author(s), including contributions to the 

study design, data, content development, results, interpretation, and related scholarly work. The author(s) 

acknowledge the use of Grammarly and ChatGPT to assist with grammar checking, language refinement, 

reference formatting. These AI-assisted tools were not used as authors and did not replace the intellectual 

contributions or scholarly judgment of the author(s). All AI-assisted outputs, including content, references, and 

interpretations, were carefully reviewed, revised, verified, and approved by the author(s). The author(s) accept 

full responsibility for the accuracy, integrity, and final content of the manuscript. 

 

Competing Interests  
 

Authors have declared that they have no known competing financial interests OR non-financial interests OR 

personal relationships that could have appeared to influence the work reported in this paper. 

 

References 
 

Acharya, A., Perez, E., Maddox-Mandolini, M., & De La Fuente, H. (2023). The status and prospects of 

phytoremediation of heavy metals. arXiv. https://doi.org/10.48550/arXiv.2312.14288 

Agrawal, K., Ruhil, T., Gupta, V. K., & Verma, P. (2024). Microbial assisted multifaceted amelioration processes 

of heavy-metal remediation: A clean perspective toward sustainable and greener future. Critical Reviews 

in Biotechnology, 44(3), 429–447. https://doi.org/10.1080/07388551.2023.2170862 

Ahmad, K., Ashfaq, A., Khan, Z. I., Bashir, H., Sohail, M., Mehmood, N., & Dogan, Y. (2018). Metal 

accumulation in Raphanus sativus and Brassica rapa: An assessment of potential health risk for 

inhabitants in Punjab, Pakistan. Environmental Science and Pollution Research, 25(17), 16676–16685. 

https://doi.org/10.1007/s11356-018-1868-7 

https://doi.org/10.48550/arXiv.2312.14288
https://doi.org/10.1080/07388551.2023.2170862
https://doi.org/10.1007/s11356-018-1868-7


 
 

 

 
Kavitha et al.; Int. J. Plant Soil Sci., vol. 38, no. 7, pp. 335-353, 2026; Article no.IJPSS.160782 

 

 

 
345 

 

Ahmed, A. M., & Kareem, S. L. (2025). Comprehensive review of Arundo donax and Lemna gibba for 

phytoremediation efficacy in sustainable wastewater treatment. Environmental Claims Journal, 37(4), 

601–627. https://doi.org/10.1080/10406026.2025.2478045 

Ajiboye, A. V., Adelodun, A. A., & Babatola, J. O. (2024). Simultaneous removal of nutrients and heavy metals 

from wastewater using sole and combined water macrophytes: Eichhornia crassipes, Lemna minor, 

Nymphaea, and Pistia stratiotes. International Journal of Research and Scientific Innovation, 11(8), 602–

618. https://doi.org/10.51244/IJRSI.2024.1108049 

Alabssawy, A. N., & Hashem, A. H. (2024). Bioremediation of hazardous heavy metals by marine 

microorganisms: A recent review. Archives of Microbiology, 206(3), Article 103. 

https://doi.org/10.1007/s00203-023-03793-5 

Alengebawy, A., Abdelkhalek, S. T., Qureshi, S. R., & Wang, M.-Q. (2021). Heavy metals and pesticides 

toxicity in agricultural soil and plants: Ecological risks and human health implications. Toxics, 9(3), 

Article 42. https://doi.org/10.3390/toxics9030042 

Al-Homaidan, A. A., Al-Otaibi, T. G., El-Sheikh, M. A., Al-Ghanayem, A. A., & Ameen, F. (2020). 

Accumulation of heavy metals in a macrophyte Phragmites australis: Implications to phytoremediation in 

the Arabian Peninsula wadis. Environmental Monitoring and Assessment, 192(3), Article 202. 

https://doi.org/10.1007/s10661-020-8177-6 

Ali, H., Khan, E., & Ilahi, I. (2019). Environmental chemistry and ecotoxicology of hazardous heavy metals: 

Environmental persistence, toxicity, and bioaccumulation. Journal of Chemistry, 2019, Article 6730305. 

https://doi.org/10.1155/2019/6730305 

Ali, H., Khan, E., & Sajad, M. A. (2013). Phytoremediation of heavy metals—Concepts and applications. 

Chemosphere, 91(7), 869–881. https://doi.org/10.1016/j.chemosphere.2013.01.075 

Ali, S., Shahid, M. J., Hussain, A., Rizwan, M., Ahmad, A., & Adrees, M. (2021). Metals phytoextraction by 

Brassica species. In M. Hasanuzzaman (Ed.), Approaches to the remediation of inorganic pollutants (pp. 

361–384). Springer. https://doi.org/10.1007/978-981-15-6221-1_18 

Alliluev, I., Minkina, T., Ahmad, I., Mandzhieva, S., Chernikova, N., Chaplygin, V., Vechkanov, E., Rajput, V. 

D., & Wong, M. H. (2026). Phytoremediation of heavy metal-contaminated sites: Mechanisms, 

limitations and recent prospects. Physiology and Molecular Biology of Plants, 32(2), 163–183. 

https://doi.org/10.1007/s12298-025-01660-9 

Amanullah, M., Ali, A., Wang, P., Wang, Q., Shen, F., Lahori, A. H., Li, R., Awasthi, M. K., Zhang, Z., & 

Öztürk, M. (2016). Soil amendments for heavy metal immobilization using different crops. In K. R. 

Hakeem, J. Akhtar, & M. Sabir (Eds.), Soil science: Agricultural and environmental prospectives (pp. 

371–399). Springer. https://doi.org/10.1007/978-3-319-34451-5_17 

Anjum, S. A., Tanveer, M., Hussain, S., Bao, M., Wang, L., Khan, I., Ullah, E., Tung, S. A., Samad, R. A., & 

Shahzad, B. (2015). Cadmium toxicity in maize (Zea mays L.): Consequences on antioxidative systems, 

reactive oxygen species and cadmium accumulation. Environmental Science and Pollution Research, 

22(21), 17022–17030. https://doi.org/10.1007/s11356-015-4882-z 

Aryal, M. (2024). Phytoremediation strategies for mitigating environmental toxicants. Heliyon, 10(19), Article 

e38683. https://doi.org/10.1016/j.heliyon.2024.e38683 

Asare, M. O., Száková, J., & Tlustoš, P. (2023). Mechanisms of As, Cd, Pb, and Zn hyperaccumulation by plants 

and their effects on soil microbiome in the rhizosphere. Frontiers in Environmental Science, 11, Article 

1157415. https://doi.org/10.3389/fenvs.2023.1157415 

Ashraf, S., Ali, Q., Zahir, Z. A., Ashraf, S., & Asghar, H. N. (2019). Phytoremediation: Environmentally 

sustainable way for reclamation of heavy metal polluted soils. Ecotoxicology and Environmental Safety, 

174, 714–727. https://doi.org/10.1016/j.ecoenv.2019.02.068 

Aslam, A., Kanwal, F., Javied, S., Nisar, N., & Torriero, A. A. J. (2025). Microbial biosorption: A sustainable 

approach for metal removal and environmental remediation. International Journal of Environmental 

Science and Technology, 22(13), 13245–13276. https://doi.org/10.1007/s13762-025-06611-1 

Awa, S. H., & Hadibarata, T. (2020). Removal of heavy metals in contaminated soil by phytoremediation 

mechanism: A review. Water, Air, & Soil Pollution, 231(2), Article 47. https://doi.org/10.1007/s11270-

020-4426-0 

Baker, A. J. M., Reeves, R. D., & Hajar, A. S. M. (1994). Heavy metal accumulation and tolerance in British 

populations of the metallophyte Thlaspi caerulescens J. & C. Presl (Brassicaceae). New Phytologist, 

127(1), 61–68. https://doi.org/10.1111/j.1469-8137.1994.tb04259.x 

Baldrian, P. (2003). Interactions of heavy metals with white-rot fungi. Enzyme and Microbial Technology, 32(1), 

78–91. https://doi.org/10.1016/S0141-0229(02)00245-4 

https://doi.org/10.1080/10406026.2025.2478045
https://doi.org/10.51244/IJRSI.2024.1108049
https://doi.org/10.1007/s00203-023-03793-5
https://doi.org/10.3390/toxics9030042
https://doi.org/10.1007/s10661-020-8177-6
https://doi.org/10.1155/2019/6730305
https://doi.org/10.1016/j.chemosphere.2013.01.075
https://doi.org/10.1007/978-981-15-6221-1_18
https://doi.org/10.1007/s12298-025-01660-9
https://doi.org/10.1007/978-3-319-34451-5_17
https://doi.org/10.1007/s11356-015-4882-z
https://doi.org/10.1016/j.heliyon.2024.e38683
https://doi.org/10.3389/fenvs.2023.1157415
https://doi.org/10.1016/j.ecoenv.2019.02.068
https://doi.org/10.1007/s13762-025-06611-1
https://doi.org/10.1007/s11270-020-4426-0
https://doi.org/10.1007/s11270-020-4426-0
https://doi.org/10.1111/j.1469-8137.1994.tb04259.x
https://doi.org/10.1016/S0141-0229(02)00245-4


 
 

 

 
Kavitha et al.; Int. J. Plant Soil Sci., vol. 38, no. 7, pp. 335-353, 2026; Article no.IJPSS.160782 

 

 

 
346 

 

Banerjee, A., & Roychoudhury, A. (2022). Assessing the rhizofiltration potential of three aquatic plants exposed 

to fluoride and multiple heavy metal polluted water. Vegetos, 35(4), 1158–1164. 

https://doi.org/10.1007/s42535-022-00405-3 

Bert, V., Macnair, M. R., de Laguerie, P., Saumitou-Laprade, P., & Petit, D. (2000). Zinc tolerance and 

accumulation in metallicolous and nonmetallicolous populations of Arabidopsis halleri (Brassicaceae). 

New Phytologist, 146(2), 225–233. https://doi.org/10.1046/j.1469-8137.2000.00634.x 

Bhat, S. A., Bashir, O., Ul Haq, S. A., Amin, T., Rafiq, A., Ali, M., Américo-Pinheiro, J. H. P., & Sher, F. (2022). 

Phytoremediation of heavy metals in soil and water: An eco-friendly, sustainable and multidisciplinary 

approach. Chemosphere, 303, Article 134788. https://doi.org/10.1016/j.chemosphere.2022.134788 

Biswal, T. (2025). Rhizofiltration: A sustainable green technology for remediation of heavy metals from aquatic 

systems. In A. Kuanar, D. Kar, A. P. Das, & D. Bhanja (Eds.), Recent advances in bioremediation and 

phytoremediation (pp. 1–21). Springer. https://doi.org/10.1007/978-3-031-77884-1_1 

Brooks, R. R., Chambers, M. F., Nicks, L. J., & Robinson, B. H. (1998). Phytomining. Trends in Plant Science, 

3(9), 359–362. https://doi.org/10.1016/S1360-1385(98)01283-7 

Brooks, R. R., Lee, J., Reeves, R. D., & Jaffré, T. (1977). Detection of nickeliferous rocks by analysis of 

herbarium specimens of indicator plants. Journal of Geochemical Exploration, 7, 49–57. 

https://www.documentation.ird.fr/hor/fdi:08595 

Cao, Y., Xiao, J., Chen, J., Li, X., Shi, J., & Chen, G. (2022). Plant growth and nutrient composition of shrub 

and arbor willows grown in Cu-contaminated flooded soil. Forests, 13(7), Article 989. 

https://doi.org/10.3390/f13070989 

Chaney, R. L., Malik, M., Li, Y. M., Brown, S. L., Brewer, E. P., Angle, J. S., & Baker, A. J. M. (1997). 

Phytoremediation of soil metals. Current Opinion in Biotechnology, 8(3), 279–284. 

https://doi.org/10.1016/S0958-1669(97)80004-3 

Chaney, R. L., Reeves, P. G., Ryan, J. A., Simmons, R. W., Welch, R. M., & Angle, J. S. (2004). An improved 

understanding of soil Cd risk to humans and low cost methods to phytoextract Cd from contaminated 

soils to prevent soil Cd risks. BioMetals, 17(5), 549–553. 

https://doi.org/10.1023/B:BIOM.0000045737.85738.cf 

Chen, F., Wang, F., Sun, H., Cai, Y., Mao, W., Zhang, G., Vincze, E., & Wu, F. (2010). Genotype-dependent 

effect of exogenous nitric oxide on Cd-induced changes in antioxidative metabolism, ultrastructure, and 

photosynthetic performance in barley seedlings (Hordeum vulgare). Journal of Plant Growth Regulation, 

29(4), 394–408. https://doi.org/10.1007/s00344-010-9151-2 

Chen, J., Dai, Y., Deng, Y., Chen, X., He, A., Jiang, H., & Duan, M. (2025). Study on the difference of cadmium 

extraction from Sedum alfredii and Sedum plumbizincicola based on population characteristics. 

Agronomy, 15(11), Article 2595. https://doi.org/10.3390/agronomy15112595 

Chen, L., Long, X. H., Zhang, Z., Zheng, X. T., Rengel, Z., & Liu, Z. P. (2011). Cadmium accumulation and 

translocation in two Jerusalem artichoke (Helianthus tuberosus L.) cultivars. Pedosphere, 21(5), 573–

580. https://doi.org/10.1016/S1002-0160(11)60159-8 

Chen, Q., Wang, L., Li, B., He, S., Li, Y., He, Y., Liang, X., & Zhan, F. (2024). Remediation of cadmium and 

lead in mine soil by ameliorants and its impact on maize (Zea mays L.) cultivation. Agronomy, 14(2), 

Article 372. https://doi.org/10.3390/agronomy14020372 

Churko, E. E., Nhamo, L., & Chitakira, M. (2023). Phytoremediation capacity of water hyacinth (Eichhornia 

crassipes) as a nature-based solution for contaminants and physicochemical characterization of lake 

water. Water, 15(14), Article 2540. https://doi.org/10.3390/w15142540 

Clemens, S. (2006). Toxic metal accumulation, responses to exposure and mechanisms of tolerance in plants. 

Biochimie, 88(11), 1707–1719. https://doi.org/10.1016/j.biochi.2006.07.003 

Cleophas, F. N., Zahari, N. Z., Murugayah, P., Rahim, S. A., & Mohd Yatim, A. N. (2023). Phytoremediation: A 

novel approach of bast fiber plants (hemp, kenaf, jute and flax) for heavy metals decontamination in 

soil—Review. Toxics, 11(1), Article 5. https://doi.org/10.3390/toxics11010005  

Cunningham, S. D., & Berti, W. R. (2000). Phytoextraction and phytostabilization: Technical, economic, and 

regulatory considerations of the soil-lead issue. In N. Terry & G. S. Bañuelos (Eds.), Phytoremediation of 

contaminated soil and water (pp. 359–376). CRC Press. https://doi.org/10.1201/9780367803148-19 

Cunningham, S. D., & Ow, D. W. (1996). Promises and prospects of phytoremediation. Plant Physiology, 

110(3), 715–719. https://doi.org/10.1104/pp.110.3.715 

Cunningham, S. D., Berti, W. R., & Huang, J. W. (1995). Phytoremediation of contaminated soils. Trends in 

Biotechnology, 13(9), 393–397. https://doi.org/10.1016/S0167-7799(00)88987-8 

Cunningham, S. D., Berti, W. R., & Huang, J. W. (1995). Phytoremediation of contaminated soils. Trends in 

Biotechnology, 13(9), 393–397. https://doi.org/10.1016/S0167-7799(00)88987-8 

https://doi.org/10.1007/s42535-022-00405-3
https://doi.org/10.1046/j.1469-8137.2000.00634.x
https://doi.org/10.1016/j.chemosphere.2022.134788
https://doi.org/10.1007/978-3-031-77884-1_1
https://doi.org/10.1016/S1360-1385(98)01283-7
https://www.documentation.ird.fr/hor/fdi:08595
https://doi.org/10.3390/f13070989
https://doi.org/10.1016/S0958-1669(97)80004-3
https://doi.org/10.1023/B:BIOM.0000045737.85738.cf
https://doi.org/10.1007/s00344-010-9151-2
https://doi.org/10.3390/agronomy15112595
https://doi.org/10.1016/S1002-0160(11)60159-8
https://doi.org/10.3390/agronomy14020372
https://doi.org/10.3390/w15142540
https://doi.org/10.1016/j.biochi.2006.07.003
https://doi.org/10.3390/toxics11010005
https://doi.org/10.1201/9780367803148-19
https://doi.org/10.1104/pp.110.3.715
https://doi.org/10.1016/S0167-7799(00)88987-8
https://doi.org/10.1016/S0167-7799(00)88987-8


 
 

 

 
Kavitha et al.; Int. J. Plant Soil Sci., vol. 38, no. 7, pp. 335-353, 2026; Article no.IJPSS.160782 

 

 

 
347 

 

Cunningham, S. D., Shann, J. R., Crowley, D. E., & Anderson, T. A. (1997). Phytoremediation of contaminated 

water and soil. In E. L. Kruger, T. A. Anderson, & J. R. Coats (Eds.), Phytoremediation of soil and water 

contaminants (ACS Symposium Series, Vol. 664, pp. 2–19). American Chemical Society. 

https://doi.org/10.1021/bk-1997-0664.ch001 

Cunningham, S. D., Shann, J. R., Crowley, D. E., & Anderson, T. A. (1997). Phytoremediation of contaminated 

water and soil. In E. L. Kruger, T. A. Anderson, & J. R. Coats (Eds.), Phytoremediation of soil and water 

contaminants (ACS Symposium Series, Vol. 664, pp. 2–19). American Chemical Society. 

https://doi.org/10.1021/bk-1997-0664.ch001 

Danh, L. T., Truong, P., Mammucari, R., Tran, T., & Foster, N. (2009). Vetiver grass, Vetiveria zizanioides: A 

choice plant for phytoremediation of heavy metals and organic wastes. International Journal of 

Phytoremediation, 11(8), 664–691. https://doi.org/10.1080/15226510902787302 

Dehghani, S., Zupfer, K. R., Vasiluk, L., Dutton, M. D., Bellantino-Perco, M., & Hale, B. A. (2021). Modeling 

phytoremediation of aged soil Ni from anthropogenic deposition using Alyssum murale. Chemosphere, 

267, Article 128861. https://doi.org/10.1016/j.chemosphere.2020.128861 

Deng, Q., Sun, Z., Zhang, L., Zhang, Y., Zhou, L., Yang, J., Sun, G., & Lu, C. (2024). Transport characteristics 

of heavy metals in the soil-atmosphere-wheat system in farming areas and development of multiple linear 

regression predictive model. Scientific Reports, 14(1), Article 17322. https://doi.org/10.1038/s41598-024-

68440-5 

Dotaniya, M. L., Rajendiran, S., Dotaniya, C. K., Solanki, P., Meena, V. D., Saha, J. K., & Patra, A. K. (2018). 

Microbial assisted phytoremediation for heavy metal contaminated soils. In V. Kumar, M. Kumar, & R. 

Prasad (Eds.), Phytobiont and ecosystem restitution (pp. 295–317). Springer. https://doi.org/10.1007/978-

981-13-1187-1_16 

Dushenkov, V., Kumar, P. B. A. N., Motto, H., & Raskin, I. (1995). Rhizofiltration: The use of plants to remove 

heavy metals from aqueous streams. Environmental Science & Technology, 29(5), 1239–1245. 

https://doi.org/10.1021/es00005a015 

Ebbs, S. D., & Kochian, L. V. (1997). Toxicity of zinc and copper to Brassica species: Implications for 

phytoremediation. Journal of Environmental Quality, 26(3), 776–781. 

https://doi.org/10.2134/jeq1997.00472425002600030026x 

Elik, Ü., & Gül, Z. (2025). Accumulation potential of lead and cadmium metals in maize (Zea mays L.) and 

effects on physiological-morphological characteristics. Life, 15(2), Article 310. 

https://doi.org/10.3390/life15020310 

Elumalai, P., Gao, X., Parthipan, P., Luo, J., & Cui, J. (2025). Agrochemical pollution: A serious threat to 

environmental health. Current Opinion in Environmental Science & Health, 43, Article 100597. 

https://doi.org/10.1016/j.coesh.2025.100597 

Favas, P. J. C., Pratas, J., Varun, M., D’Souza, R., & Paul, M. S. (2014). Phytoremediation of soils contaminated 

with metals and metalloids at mining areas: Potential of native flora. In M. C. Hernandez-Soriano (Ed.), 

Environmental risk assessment of soil contamination (pp. 485–516). IntechOpen. 

https://doi.org/10.5772/57469 

Fitri, W. E., Putra, A., & Febria, F. A. (2024). Removal of heavy metals using Chlorella vulgaris: A review. 

Jurnal Katalisator, 9(1), 148–162. https://doi.org/10.62769/katalisator.v9i1.2904 

Flores-Iga, G., Lopez-Ortiz, C., Gracia-Rodriguez, C., Almeida, A., Nimmakayala, P., Reddy, U. K., & 

Balagurusamy, N. (2023). A genome-wide identification and comparative analysis of the heavy-metal-

associated gene family in Cucurbitaceae species and their role in Cucurbita pepo under arsenic stress. 

Genes, 14(10), Article 1877. https://doi.org/10.3390/genes14101877 

Gadd, G. M. (1994). Interactions of fungi with toxic metals. In K. A. Powell, A. Renwick, & J. F. Peberdy 

(Eds.), The genus Aspergillus: From taxonomy and genetics to industrial application (pp. 361–374). 

Springer. https://doi.org/10.1007/978-1-4899-0981-7_28 

Gadd, G. M. (2004). Microbial influence on metal mobility and application for bioremediation. Geoderma, 

122(2–4), 109–119. https://doi.org/10.1016/j.geoderma.2004.01.002 

Geng, Y., Guan, Y., Qiong, L., Lu, S., An, M., Crabbe, M. J. C., Qi, J., Zhao, F., Qiao, Q., & Zhang, T. (2021). 

Genomic analysis of field pennycress (Thlaspi arvense) provides insights into mechanisms of adaptation 

to high elevation. BMC Biology, 19(1), Article 143. https://doi.org/10.1186/s12915-021-01079-0 

Han, Y.-H., Li, Y.-X., Chen, X., Zhang, H., Zhang, Y., Li, W., Liu, C.-J., Chen, Y., & Ma, L. Q. (2024). Arsenic-

enhanced plant growth in As-hyperaccumulator Pteris vittata: Metabolomic investigations and molecular 

mechanisms. Science of the Total Environment, 926, Article 171922. 

https://doi.org/10.1016/j.scitotenv.2024.171922 

https://doi.org/10.1021/bk-1997-0664.ch001
https://doi.org/10.1021/bk-1997-0664.ch001
https://doi.org/10.1080/15226510902787302
https://doi.org/10.1016/j.chemosphere.2020.128861
https://doi.org/10.1038/s41598-024-68440-5
https://doi.org/10.1038/s41598-024-68440-5
https://doi.org/10.1007/978-981-13-1187-1_16
https://doi.org/10.1007/978-981-13-1187-1_16
https://doi.org/10.1021/es00005a015
https://doi.org/10.2134/jeq1997.00472425002600030026x
https://doi.org/10.3390/life15020310
https://doi.org/10.1016/j.coesh.2025.100597
https://doi.org/10.5772/57469
https://doi.org/10.62769/katalisator.v9i1.2904
https://doi.org/10.3390/genes14101877
https://doi.org/10.1007/978-1-4899-0981-7_28
https://doi.org/10.1016/j.geoderma.2004.01.002
https://doi.org/10.1186/s12915-021-01079-0
https://doi.org/10.1016/j.scitotenv.2024.171922


 
 

 

 
Kavitha et al.; Int. J. Plant Soil Sci., vol. 38, no. 7, pp. 335-353, 2026; Article no.IJPSS.160782 

 

 

 
348 

 

He, Y., Ding, Z., & Eissa, M. A. (2026). Hyperaccumulator plants as industrial crops for sustainable metal 

recovery and biomass utilization on marginal lands: A comprehensive review. Industrial Crops and 

Products, 239, Article 122448. https://doi.org/10.1016/j.indcrop.2025.122448 

Hou, D., Jia, X., Wang, L., McGrath, S. P., Zhu, Y.-G., Hu, Q., Zhao, F.-J., Bank, M. S., O’Connor, D., & 

Nriagu, J. (2025). Global soil pollution by toxic metals threatens agriculture and human health. Science, 

388(6744), 316–321. https://doi.org/10.1126/science.adr5214 

Irshad, S., Xie, Z., Kamran, M., Nawaz, A., Faheem, Mehmood, S., Gulzar, H., Saleem, M. H., Rizwan, M., 

Malik, Z., Parveen, A., & Ali, S. (2021). Biochar composite with microbes enhanced arsenic biosorption 

and phytoextraction by Typha latifolia in hybrid vertical subsurface flow constructed wetland. 

Environmental Pollution, 291, Article 118269. https://doi.org/10.1016/j.envpol.2021.118269 

Islam, M. M., Saxena, N., & Sharma, D. (2024). Phytoremediation as a green and sustainable prospective 

method for heavy metal contamination: A review. RSC Sustainability, 2(5), 1269–1288. 

https://doi.org/10.1039/D3SU00440F 

Jan, S., Rashid, B., Azooz, M. M., Hossain, M. A., & Ahmad, P. (2016). Genetic strategies for advancing 

phytoremediation potential in plants: A recent update. In P. Ahmad (Ed.), Plant metal interaction: 

Emerging remediation techniques (pp. 431–454). Elsevier. https://doi.org/10.1016/B978-0-12-803158-

2.00017-5 

Jhariya, U., Chien, M.-F., Umetsu, M., & Kamitakahara, M. (2025). New insights into immobilized bacterial 

systems for removal of heavy metals from wastewater. International Journal of Environmental Science 

and Technology, 22(9), 8319–8334. https://doi.org/10.1007/s13762-025-06369-6 

Jiang, C., Wang, Y., Chen, Y., Wang, S., Mu, C., & Shi, X. (2024). The phytoremediation potential of 14 Salix 

clones grown in Pb/Zn and Cu mine tailings. Forests, 15(2), Article 257. 

https://doi.org/10.3390/f15020257 

Johnston, T., Datta, R., & Sarkar, D. (2005). Phytoextraction and phytostabilization: Technical, economic and 

regulatory considerations of the soil-lead issue. Water Encyclopedia, 5, 365–369. 

Kapoor, A., & Viraraghavan, T. (1995). Fungal biosorption—An alternative treatment option for heavy metal 

bearing wastewaters: A review. Bioresource Technology, 53(3), 195–206. https://doi.org/10.1016/0960-

8524(95)00072-M 

Kaur, R., Sharma, R., Thakur, S., Chandel, S., & Chauhan, S. K. (2024). Exploring the combined effect of heavy 

metals on accumulation efficiency of Salix alba raised on lead and cadmium contaminated soils. 

International Journal of Phytoremediation, 26(9), 1486–1499. 

https://doi.org/10.1080/15226514.2024.2328362 

Khosa, Q., Zaman, Q. U., An, T., Ashraf, K., Abbasi, A., Nazir, S., Naz, R., & Chen, Y. (2023). Silicon-mediated 

improvement of biomass yield and physio-biochemical attributes in heat-stressed spinach (Spinacia 

oleracea). Crop & Pasture Science, 74(3), 230–243. https://doi.org/10.1071/CP22192 

Konakci, N., Kislioglu, M. S., & Sasmaz, A. (2023). Ni, Cr and Co phytoremediations by Alyssum murale 

grown in the serpentine soils around Guleman Cr deposits, Elazig, Turkey. Bulletin of Environmental 

Contamination and Toxicology, 110(6), Article 97. https://doi.org/10.1007/s00128-023-03736-2 

Kumar, P. B. A. N., Dushenkov, V., Motto, H., & Raskin, I. (1995). Phytoextraction: The use of plants to remove 

heavy metals from soils. Environmental Science & Technology, 29(5), 1232–1238. 

https://doi.org/10.1021/es00005a014 

Kumar, U., Singh, R. S., Mandal, J., Nayak, A. K., & Jha, A. K. (2022). Removal of As(III) and Cr(VI) from 

aqueous solutions by Bixa orellana leaf biosorbent and As(III) removal using bacterial isolates from 

heavy metal contaminated site. Journal of the Indian Chemical Society, 99(5), Article 100334. 

https://doi.org/10.1016/j.jics.2021.100334 

Kumar, V., Singh, J., & Kumar, P. (2019). Heavy metals accumulation in crop plants: Sources, response 

mechanisms, stress tolerance and their effects. In V. Kumar, R. Kumar, J. Singh, & P. Kumar (Eds.), 

Contaminants in agriculture and environment: Health risks and remediation (Vol. 1, pp. 38–57). Agro 

Environ Media. https://doi.org/10.26832/AESA-2019-CAE-0161-04 

Kumpiene, J., Lagerkvist, A., & Maurice, C. (2008). Stabilization of As, Cr, Cu, Pb and Zn in soil using 

amendments—A review. Waste Management, 28(1), 215–225. 

https://doi.org/10.1016/j.wasman.2006.12.012 

Lee, J. H. (2013). An overview of phytoremediation as a potentially promising technology for environmental 

pollution control. Biotechnology and Bioprocess Engineering, 18(3), 431–439. 

https://doi.org/10.1007/s12257-013-0193-8 

https://doi.org/10.1016/j.indcrop.2025.122448
https://doi.org/10.1126/science.adr5214
https://doi.org/10.1016/j.envpol.2021.118269
https://doi.org/10.1039/D3SU00440F
https://doi.org/10.1016/B978-0-12-803158-2.00017-5
https://doi.org/10.1016/B978-0-12-803158-2.00017-5
https://doi.org/10.1007/s13762-025-06369-6
https://doi.org/10.3390/f15020257
https://doi.org/10.1016/0960-8524(95)00072-M
https://doi.org/10.1016/0960-8524(95)00072-M
https://doi.org/10.1080/15226514.2024.2328362
https://doi.org/10.1071/CP22192
https://doi.org/10.1007/s00128-023-03736-2
https://doi.org/10.1021/es00005a014
https://doi.org/10.1016/j.jics.2021.100334
https://doi.org/10.26832/AESA-2019-CAE-0161-04
https://doi.org/10.1016/j.wasman.2006.12.012
https://doi.org/10.1007/s12257-013-0193-8


 
 

 

 
Kavitha et al.; Int. J. Plant Soil Sci., vol. 38, no. 7, pp. 335-353, 2026; Article no.IJPSS.160782 

 

 

 
349 

 

Li, X., Wang, M., Jin, M., & Wu, W. (2026). Advances in bio-based composites for soil heavy metal 

remediation: A comprehensive review. International Journal of Phytoremediation, 28(4), 579–604. 

https://doi.org/10.1080/15226514.2025.2577827 

Li, X., Wang, M., Jin, M., & Wu, W. (2026). Advances in bio-based composites for soil heavy metal 

remediation: A comprehensive review. International Journal of Phytoremediation, 28(4), 579–604. 

https://doi.org/10.1080/15226514.2025.2577827 

Li, Y., Yang, J., Wu, J., Wang, G., Peng, J., Zhang, Z., & Guo, H. (2025). Environmental health risks of heavy 

metal transfer from soil to cicadas via poplar trees: Implications for safe cicada farming. International 

Journal of Phytoremediation, 1–13. https://doi.org/10.1080/15226514.2025.2597391 

Limmer, M. A., & Burken, J. G. (2016). Phytovolatilization of organic contaminants. Environmental Science & 

Technology, 50(13), 6632–6643. https://doi.org/10.1021/acs.est.5b04113 

Liu, J.-N., Zhou, Q.-X., Wang, X.-F., Zhang, Q.-R., & Sun, T. (2006). Potential analysis of ornamental plant 

resources applied to contaminated soil remediation. In Floriculture, ornamental and plant biotechnology: 

Advances and topical issues (Vol. 3, pp. 245–252). Global Science Books. 

https://www.academia.edu/111396942/Potential_Analysis_of_Ornamental_Plant_Resources_Applied_to_

Contaminated_Soil_Remediation 

Liu, T., Lan, L., Li, Y., Chen, D., Ao, M., Tang, S., Qu, H., Jin, C., Zhang, M., Bol, R., Morel, J. L., Xu, Z., 

Chao, Y., Tang, Y., Ding, K., Qiu, R., & Wang, S. (2025). Radial oxygen loss of Typha latifolia 

outperforms microbial effects in heavy metal(loid) stabilization. Environmental Research, 285, Article 

122561. https://doi.org/10.1016/j.envres.2025.122561 

Lone, M. I., He, Z. L., Stoffella, P. J., & Yang, X. E. (2008). Phytoremediation of heavy metal polluted soils and 

water: Progresses and perspectives. Journal of Zhejiang University Science B, 9(3), 210–220. 

https://doi.org/10.1631/jzus.B0710633 

Lopes, J. D. F. (2018). Tomato plants exposed to hexavalent chromium: Oxidative stress, antioxidant responses 

and the role of metallothioneins [Master’s thesis, Universidade do Porto]. Repositório Aberto da 

Universidade do Porto. https://hdl.handle.net/10216/118626 

Ma, L. Q., Komar, K. M., Tu, C., Zhang, W., Cai, Y., & Kennelley, E. D. (2001). A fern that hyperaccumulates 

arsenic. Nature, 409(6820), 579. https://doi.org/10.1038/35054664 

Machado, A. A., Valiaparampil, J. G., & M, L. (2024). Unlocking the potential of algae for heavy metal 

remediation. Water, Air, & Soil Pollution, 235(10), Article 629. https://doi.org/10.1007/s11270-024-

07436-3 

Markou, G., Wang, L., Ye, J., & Unc, A. (2018). Using agro-industrial wastes for the cultivation of microalgae 

and duckweeds: Contamination risks and biomass safety concerns. Biotechnology Advances, 36(4), 1238–

1254. https://doi.org/10.1016/j.biotechadv.2018.04.003 

Mazumdar, K., & Das, S. (2021). Multi-metal effluent removal by Centella asiatica (L.) Urban: Prospects in 

phytoremediation. Environmental Technology & Innovation, 22, Article 101511. 

https://doi.org/10.1016/j.eti.2021.101511 

McGrath, S. P., & Zhao, F. J. (2003). Phytoextraction of metals and metalloids from contaminated soils. Current 

Opinion in Biotechnology, 14(3), 277–282. https://doi.org/10.1016/S0958-1669(03)00060-0 

Meeinkuirt, W., Phusantisampan, T., Kubola, J., Chumroenphat, T., & Pichtel, J. (2024). Phytomanagement of 

cadmium using Tagetes erecta in greenhouse and field conditions. Journal of Hazardous Materials 

Advances, 16, Article 100481. https://doi.org/10.1016/j.hazadv.2024.100481 

Meharg, A. A., & Zhao, F.-J. (2012). Risk from arsenic in rice grain. In Arsenic & rice (pp. 31–50). Springer. 

https://doi.org/10.1007/978-94-007-2947-6_3  

Mehta, S. K., & Gaur, J. P. (2005). Use of algae for removing heavy metal ions from wastewater: Progress and 

prospects. Critical Reviews in Biotechnology, 25(3), 113–152. 

https://doi.org/10.1080/07388550500248571 

Mishra, S., Mulla, S. I., Saha, S., Kharat, A. S., More, N., & Bharagava, R. N. (2021). Involvement of 

synergistic interactions between plant and rhizospheric microbes for the removal of toxic/hazardous 

contaminants. In A. Sharma (Ed.), Microbes and signaling biomolecules against plant stress: Strategies 

of plant-microbe relationships for better survival (pp. 223–238). Springer. https://doi.org/10.1007/978-

981-15-7094-0_12 

Moghimi Dehkordi, M., Pournuroz Nodeh, Z., Soleimani Dehkordi, K., Salmanvandi, H., Rasouli Khorjestan, 

R., & Ghaffarzadeh, M. (2024). Soil, air, and water pollution from mining and industrial activities: 

Sources of pollution, environmental impacts, and prevention and control methods. Results in 

Engineering, 23, Article 102729. https://doi.org/10.1016/j.rineng.2024.102729 

https://doi.org/10.1080/15226514.2025.2577827
https://doi.org/10.1080/15226514.2025.2577827
https://doi.org/10.1080/15226514.2025.2597391
https://doi.org/10.1021/acs.est.5b04113
https://www.academia.edu/111396942/Potential_Analysis_of_Ornamental_Plant_Resources_Applied_to_Contaminated_Soil_Remediation
https://www.academia.edu/111396942/Potential_Analysis_of_Ornamental_Plant_Resources_Applied_to_Contaminated_Soil_Remediation
https://doi.org/10.1016/j.envres.2025.122561
https://doi.org/10.1631/jzus.B0710633
https://hdl.handle.net/10216/118626
https://doi.org/10.1038/35054664
https://doi.org/10.1007/s11270-024-07436-3
https://doi.org/10.1007/s11270-024-07436-3
https://doi.org/10.1016/j.biotechadv.2018.04.003
https://doi.org/10.1016/j.eti.2021.101511
https://doi.org/10.1016/S0958-1669(03)00060-0
https://doi.org/10.1016/j.hazadv.2024.100481
https://doi.org/10.1007/978-94-007-2947-6_3
https://doi.org/10.1080/07388550500248571
https://doi.org/10.1007/978-981-15-7094-0_12
https://doi.org/10.1007/978-981-15-7094-0_12
https://doi.org/10.1016/j.rineng.2024.102729


 
 

 

 
Kavitha et al.; Int. J. Plant Soil Sci., vol. 38, no. 7, pp. 335-353, 2026; Article no.IJPSS.160782 

 

 

 
350 

 

Mohamed, H. I., Ullah, I., Toor, M. D., Tanveer, N. A., Ud Din, M. M., Basit, A., Sultan, Y., Muhammad, M., & 

Rehman, M. U. (2025). Heavy metals toxicity in plants: Understanding mechanisms and developing 

coping strategies for remediation: A review. BioResources and Bioprocessing, 12(1), Article 95. 

https://doi.org/10.1186/s40643-025-00930-4 

Mohapatra, P., & Mohanty, S. (2024). Phytoremediation: A biotechnological strategy to control soil pollution by 

heavy metals. In Sustainable management of environmental pollutants through phytoremediation (pp. 

177–197). CRC Press. https://doi.org/10.1201/9781003442295-9 

Monroy-Licht, A., Carranza-Lopez, L., De la Parra-Guerra, A. C., & Acevedo-Barrios, R. (2024). Unlocking the 

potential of Eichhornia crassipes for wastewater treatment: Phytoremediation of aquatic pollutants, a 

strategy for advancing Sustainable Development Goal-06 clean water. Environmental Science and 

Pollution Research, 31(31), 43561–43582. https://doi.org/10.1007/s11356-024-33698-9 

Muthusaravanan, S., Sivarajasekar, N., Vivek, J. S., Paramasivan, T., Naushad, M., Prakashmaran, J., Gayathri, 

V., & Al-Duaij, O. K. (2018). Phytoremediation of heavy metals: Mechanisms, methods and 

enhancements. Environmental Chemistry Letters, 16(4), 1339–1359. https://doi.org/10.1007/s10311-018-

0762-3 

Nedjimi, B. (2021). Phytoremediation: A sustainable environmental technology for heavy metals 

decontamination. SN Applied Sciences, 3(3), Article 286. https://doi.org/10.1007/s42452-021-04301-4 

Negrini, A., Ferreira da Silva, R., Da Ros, C. O., Welter, P. D., da Silva, A. P., Boeno, D., & Andreazza, R. 

(2024). Copper bioconcentration and bioaccumulation in different eucalyptus species and their impact on 

plant physiology. Journal of Plant Nutrition, 47(3), 413–422. 

https://doi.org/10.1080/01904167.2023.2278653 

Newman, L. A., & Reynolds, C. M. (2004). Phytodegradation of organic compounds. Current Opinion in 

Biotechnology, 15(3), 225–230. https://doi.org/10.1016/j.copbio.2004.04.006 

Nies, D. H. (1999). Microbial heavy-metal resistance. Applied Microbiology and Biotechnology, 51(6), 730–

750. https://doi.org/10.1007/s002530051457 

Nnaji, N. D., Onyeaka, H., Miri, T., & Ugwa, C. (2023). Bioaccumulation for heavy metal removal: A review. 

SN Applied Sciences, 5(5), Article 125. https://doi.org/10.1007/s42452-023-05351-6 

Patil, A., Chakraborty, S., Yadav, Y., Sharma, B., Singh, S., & Arya, M. (2025). Bioremediation strategies and 

mechanisms of bacteria for resistance against heavy metals: A review. Bioremediation Journal, 29(4), 

448–480. https://doi.org/10.1080/10889868.2024.2375204 

Peralta-Videa, J. R. (2002). Feasibility of using living alfalfa plants in the phytoextraction of cadmium(II), 

chromium(VI), copper(II), nickel(II), and zinc(II): Agar and soil studies [Doctoral dissertation, The 

University of Texas at El Paso]. UTEP ScholarWorks. 

https://scholarworks.utep.edu/dissertations/AAI3049704/ 

Pilon-Smits, E. (2005). Phytoremediation. Annual Review of Plant Biology, 56(1), 15–39. 

https://doi.org/10.1146/annurev.arplant.56.032604.144214 

Pulford, I. D., & Watson, C. (2003). Phytoremediation of heavy metal-contaminated land by trees—A review. 

Environment International, 29(4), 529–540. https://doi.org/10.1016/S0160-4120(02)00152-6 

Rai, L. C., & Dubey, S. K. (1989). Impact of chromium and tin on a nitrogen-fixing cyanobacterium Anabaena 

doliolum: Interaction with bivalent cations. Ecotoxicology and Environmental Safety, 17(1), 94–104. 

https://doi.org/10.1016/0147-6513(89)90013-4 

Rai, U. N., Tripathi, R. D., Gupta, M., & Chandra, P. (1995). Induction of phytochelatins under cadmium stress 

in water lettuce (Pistia stratiotes L.). Journal of Environmental Science and Health, Part A, 30(9), 2007–

2026. https://doi.org/10.1080/10934529509376318 

Rajkumar, M., Sandhya, S., Prasad, M. N. V., & Freitas, H. (2012). Perspectives of plant-associated microbes in 

heavy metal phytoremediation. Biotechnology Advances, 30(6), 1562–1574. 

https://doi.org/10.1016/j.biotechadv.2012.04.011 

Rasheed, A., He, P., Long, Z., Gillani, S. F. A., Wang, Z., Morsy, K., Hashem, M., & Jie, Y. (2024). Cadmium 

(Cd) tolerance and phytoremediation potential in fiber crops: Research updates and future breeding 

efforts. Agronomy, 14(11), Article 2713. https://doi.org/10.3390/agronomy14112713 

Raskin, I., Smith, R. D., & Salt, D. E. (1997). Phytoremediation of metals: Using plants to remove pollutants 

from the environment. Current Opinion in Biotechnology, 8(2), 221–226. https://doi.org/10.1016/S0958-

1669(97)80106-1 

Rasool, F. U., Ahmad, L., Hassan, A., Iqbal, S., & Sofi, M. A. (2023). Phytoremedation: An effective way to 

treat heavy metal contamination—A review. Current Journal of Applied Science and Technology, 42(47), 

92–99. https://doi.org/10.9734/cjast/2023/v42i474320 

https://doi.org/10.1186/s40643-025-00930-4
https://doi.org/10.1201/9781003442295-9
https://doi.org/10.1007/s11356-024-33698-9
https://doi.org/10.1007/s10311-018-0762-3
https://doi.org/10.1007/s10311-018-0762-3
https://doi.org/10.1007/s42452-021-04301-4
https://doi.org/10.1080/01904167.2023.2278653
https://doi.org/10.1016/j.copbio.2004.04.006
https://doi.org/10.1007/s002530051457
https://doi.org/10.1007/s42452-023-05351-6
https://doi.org/10.1080/10889868.2024.2375204
https://scholarworks.utep.edu/dissertations/AAI3049704/
https://doi.org/10.1146/annurev.arplant.56.032604.144214
https://doi.org/10.1016/S0160-4120(02)00152-6
https://doi.org/10.1016/0147-6513(89)90013-4
https://doi.org/10.1080/10934529509376318
https://doi.org/10.1016/j.biotechadv.2012.04.011
https://doi.org/10.3390/agronomy14112713
https://doi.org/10.1016/S0958-1669(97)80106-1
https://doi.org/10.1016/S0958-1669(97)80106-1
https://doi.org/10.9734/cjast/2023/v42i474320


 
 

 

 
Kavitha et al.; Int. J. Plant Soil Sci., vol. 38, no. 7, pp. 335-353, 2026; Article no.IJPSS.160782 

 

 

 
351 

 

Reeves, R. D. (2024). The discovery and global distribution of hyperaccumulator plants: A personal account. 

Ecological Research, 39(4), 416–436. https://doi.org/10.1111/1440-1703.12444 

Reeves, R. D., Brooks, R. R., & Dudley, T. R. (1983). Uptake of nickel by species of Alyssum, Bornmuellera, 

and other genera of Old World tribus Alysseae. Taxon, 32(2), 184–192. https://doi.org/10.2307/1221970 

Rezania, S., Ponraj, M., Talaiekhozani, A., Mohamad, S. E., Din, M. F. M., Taib, S. M., Sabbagh, F., & Sairan, 

F. M. (2015). Perspectives of phytoremediation using water hyacinth for removal of heavy metals, 

organic and inorganic pollutants in wastewater. Journal of Environmental Management, 163, 125–133. 

https://doi.org/10.1016/j.jenvman.2015.08.018 

Rizvi, Z. F., Jamal, M., Parveen, H., Sarfraz, W., Nasreen, S., Khalid, N., & Muzammil, K. (2024). 

Phytoremediation potential of Pistia stratiotes, Eichhornia crassipes, and Typha latifolia for chromium 

with stimulation of secondary metabolites. Heliyon, 10(7), Article e29078. 

https://doi.org/10.1016/j.heliyon.2024.e29078 

Rizwan, M., Ali, S., ur Rehman, M. Z., Rinklebe, J., Tsang, D. C. W., Bashir, A., Maqbool, A., Tack, F. M. G., & 

Ok, Y. S. (2018). Cadmium phytoremediation potential of Brassica crop species: A review. Science of the 

Total Environment, 631–632, 1175–1191. https://doi.org/10.1016/j.scitotenv.2018.03.104 

Robinson, B. H., Mills, T. M., Petit, D., Fung, L. E., Green, S. R., & Clothier, B. E. (2000). Natural and induced 

cadmium-accumulation in poplar and willow: Implications for phytoremediation. Plant and Soil, 227(1–

2), 301–306. https://doi.org/10.1023/A:1026515007319 

Romero-Estévez, D., Yánez-Jácome, G. S., Simbaña-Farinango, K., Vélez-Terreros, P. Y., & Navarrete, H. 

(2020). Determination of cadmium and lead in tomato (Solanum lycopersicum) and lettuce (Lactuca 

sativa) consumed in Quito, Ecuador. Toxicology Reports, 7, 893–899. 

https://doi.org/10.1016/j.toxrep.2020.07.008 

Saa-Aondo, M., Asose, A., Kalu, K. M., Yelwa, J. M., Abdullahi, S., Chinedu, E. K., & Ndahi, J. A. (2024). 

Efficiencies of heavy metal hyper-accumulation plants as potential land remediators for heavy metal 

polluted soils. Asian Journal of Current Research, 9(1), 60–70. 

https://doi.org/10.56557/ajocr/2024/v9i18525 

Sabreena, Hassan, S., Bhat, S. A., Kumar, V., Ganai, B. A., & Ameen, F. (2022). Phytoremediation of heavy 

metals: An indispensable contrivance in green remediation technology. Plants, 11(9), Article 1255. 

https://doi.org/10.3390/plants11091255 

Saha, L., Tiwari, J., Bauddh, K., & Ma, Y. (2021). Recent developments in microbe–plant-based bioremediation 

for tackling heavy metal-polluted soils. Frontiers in Microbiology, 12, Article 731723. 

https://doi.org/10.3389/fmicb.2021.731723 

Saier, M. H., Jr., & Trevors, J. T. (2010). Phytoremediation. Water, Air, & Soil Pollution, 205(Suppl. 1), 61–63. 

https://doi.org/10.1007/s11270-008-9673-4 

Saleem, M. H., Fahad, S., Khan, S. U., Din, M., Ullah, A., El-Sabagh, A., Hossain, A., Llanes, A., & Liu, L. 

(2020). Copper-induced oxidative stress, initiation of antioxidants and phytoremediation potential of flax 

(Linum usitatissimum L.) seedlings grown under the mixing of two different soils of China. 

Environmental Science and Pollution Research, 27(5), 5211–5221. https://doi.org/10.1007/s11356-019-

07264-7 

Salehi, A., & Shariat, A. (2024). Comparative performance of Populus spp. and Salix spp. for growth, nutrition, 

and heavy metal uptake in a wastewater hydroponic system. International Journal of Phytoremediation, 

26(9), 1369–1378. https://doi.org/10.1080/15226514.2024.2321597 

Salt, D. E., Pickering, I. J., Prince, R. C., Gleba, D., Dushenkov, S., Smith, R. D., & Raskin, I. (1997). Metal 

accumulation by aquacultured seedlings of Indian mustard. Environmental Science & Technology, 31(6), 

1636–1644. https://doi.org/10.1021/es960802n 

Salt, D. E., Smith, R. D., & Raskin, I. (1998). Phytoremediation. Annual Review of Plant Physiology and Plant 

Molecular Biology, 49(1), 643–668. https://doi.org/10.1146/annurev.arplant.49.1.643 

Satapathy, S. S., Nayak, J., Choudhury, N., Dash, S., Anis, A., Sahu, S., Swapna, D., Sethi, B., Nayak, B., & 

Naik, B. (2025). Mitigating aquatic toxicity through the use of aquatic plants. Journal of Advances in 

Biology & Biotechnology, 28(5), 637–652. https://doi.org/10.9734/jabb/2025/v28i52326 

Sethy, S. K., & Ghosh, S. (2013). Effect of heavy metals on germination of seeds. Journal of Natural Science, 

Biology, and Medicine, 4(2), 272–275. https://doi.org/10.4103/0976-9668.116964 

Sharma, J. K., Kumar, N., Singh, N. P., & Santal, A. R. (2023). Phytoremediation technologies and their 

mechanism for removal of heavy metal from contaminated soil: An approach for a sustainable 

environment. Frontiers in Plant Science, 14, Article 1076876. https://doi.org/10.3389/fpls.2023.1076876 

Sharma, P., Mahongnao, S., Gupta, A., & Nanda, S. (2024). Health risk assessment for potentially toxic 

elements accumulation in Amaranthaceae family cultivars and their correlation with antioxidants and 

https://doi.org/10.1111/1440-1703.12444
https://doi.org/10.2307/1221970
https://doi.org/10.1016/j.jenvman.2015.08.018
https://doi.org/10.1016/j.heliyon.2024.e29078
https://doi.org/10.1016/j.scitotenv.2018.03.104
https://doi.org/10.1023/A:1026515007319
https://doi.org/10.1016/j.toxrep.2020.07.008
https://doi.org/10.56557/ajocr/2024/v9i18525
https://doi.org/10.3390/plants11091255
https://doi.org/10.3389/fmicb.2021.731723
https://doi.org/10.1007/s11270-008-9673-4
https://doi.org/10.1007/s11356-019-07264-7
https://doi.org/10.1007/s11356-019-07264-7
https://doi.org/10.1080/15226514.2024.2321597
https://doi.org/10.1021/es960802n
https://doi.org/10.1146/annurev.arplant.49.1.643
https://doi.org/10.9734/jabb/2025/v28i52326
https://doi.org/10.4103/0976-9668.116964
https://doi.org/10.3389/fpls.2023.1076876


 
 

 

 
Kavitha et al.; Int. J. Plant Soil Sci., vol. 38, no. 7, pp. 335-353, 2026; Article no.IJPSS.160782 

 

 

 
352 

 

antinutrients. Archives of Environmental Contamination and Toxicology, 87(2), 187–207. 

https://doi.org/10.1007/s00244-024-01084-8 

Sharma, S., Kumar, T., Das, D. K., Mittal, A., Verma, N., & Vinod. (2025). Phytoremediation of heavy metals in 

soil: Concepts, advancements, and future directions. Journal of Soil Science and Plant Nutrition, 25(1), 

1253–1280. https://doi.org/10.1007/s42729-024-02199-6 

Suelee, A. L., Hasan, S. N. M. S., Kusin, F. M., Yusuff, F. M., & Ibrahim, Z. Z. (2017). Phytoremediation 

potential of vetiver grass (Vetiveria zizanioides) for treatment of metal-contaminated water. Water, Air, & 

Soil Pollution, 228(4), Article 158. https://doi.org/10.1007/s11270-017-3349-x 

Suman, J., Uhlik, O., Viktorova, J., & Macek, T. (2018). Phytoextraction of heavy metals: A promising tool for 

clean-up of polluted environment? Frontiers in Plant Science, 9, Article 1476. 

https://doi.org/10.3389/fpls.2018.01476 

Syed, A., Elgorban, A. M., Bahkali, A. H., Eswaramoorthy, R., Iqbal, R. K., & Danish, S. (2023). Metal-tolerant 

and siderophore producing Pseudomonas fluorescence and Trichoderma spp. improved the growth, 

biochemical features and yield attributes of chickpea by lowering Cd uptake. Scientific Reports, 13(1), 

Article 4471. https://doi.org/10.1038/s41598-023-31330-3 

Tasleem, M., El-Sayed, A. A. A., Hussein, W. M., & Alrehaily, A. (2023). Pseudomonas putida metallothionein: 

Structural analysis and implications of sustainable heavy metal detoxification in Madinah. Toxics, 11(10), 

Article 864. https://doi.org/10.3390/toxics11100864 

Tőzsér, D., Horváth, R., Simon, E., & Magura, T. (2023). Heavy metal uptake by plant parts of Populus species: 

A meta-analysis. Environmental Science and Pollution Research, 30(26), 69416–69430. 

https://doi.org/10.1007/s11356-023-27244-2 

Vamerali, T., Bandiera, M., & Mosca, G. (2010). Field crops for phytoremediation of metal-contaminated land: 

A review. Environmental Chemistry Letters, 8(1), 1–17. https://doi.org/10.1007/s10311-009-0268-0 

Verma, S., Bhatt, P., Verma, A., Mudila, H., Prasher, P., & Rene, E. R. (2023). Microbial technologies for heavy 

metal remediation: Effect of process conditions and current practices. Clean Technologies and 

Environmental Policy, 25(5), 1485–1507. https://doi.org/10.1007/s10098-021-02029-8 

Volesky, B. (2001). Detoxification of metal-bearing effluents: Biosorption for the next century. 

Hydrometallurgy, 59(2–3), 203–216. https://doi.org/10.1016/S0304-386X(00)00160-2 

Wang, J., & Chen, C. (2009). Biosorbents for heavy metals removal and their future. Biotechnology Advances, 

27(2), 195–226. https://doi.org/10.1016/j.biotechadv.2008.11.002 

Wang, Q., Du, W., Jin, X., Wang, J., Lu, Y., Huang, D., Nong, J., Huang, H., Xie, T., & Han, B. (2024). The 

effects of water management, foliar fertilizers, and lime application on the accumulation of Cd and As in 

rice grains based on a field trial. Processes, 12(10), Article 2241. https://doi.org/10.3390/pr12102241 

Wang, X., Hao, B., Ma, J., & Wang, J. (2025). Effect of gamma irradiation on the uptake, translocation, and 

phytotoxicity of lead and cadmium in a soil–barley (Hordeum vulgare L.) system. Frontiers in Plant 

Science, 16, Article 1729964. https://doi.org/10.3389/fpls.2025.1729964 

White, J. C., Mattina, M. I., Lee, W. Y., Eitzer, B. D., & Iannucci-Berger, W. (2003). Role of organic acids in 

enhancing the desorption and uptake of weathered p,p′-DDE by Cucurbita pepo. Environmental 

Pollution, 124(1), 71–80. https://doi.org/10.1016/S0269-7491(02)00409-8 

Wolverton, B. C., & McDonald, R. C. (1979). Water hyacinth (Eichhornia crassipes) productivity and 

harvesting studies. Economic Botany, 33(1), 1–10. https://doi.org/10.1007/BF02858205 

Wu, W., Ma, Q., Zhao, Y., Zhang, Q., Tang, Y., Luo, S., Peng, L., Yang, Y., Zeng, Q., & Deng, X. (2024). 

Variation in Cd and As accumulation and health risk in rice-ratoon cropping system: Evidence from two-

year field trials involving multiple cultivars in southern China. Journal of Cereal Science, 120, Article 

104046. https://doi.org/10.1016/j.jcs.2024.104046 

Xu, W., Jin, Y., & Zeng, G. (2024). Introduction of heavy metals contamination in the water and soil: A review 

on source, toxicity and remediation methods. Green Chemistry Letters and Reviews, 17(1), Article 

2404235. https://doi.org/10.1080/17518253.2024.2404235 

Yan, A., Wang, Y., Tan, S. N., Mohd Yusof, M. L., Ghosh, S., & Chen, Z. (2020). Phytoremediation: A 

promising approach for revegetation of heavy metal-polluted land. Frontiers in Plant Science, 11, Article 

359. https://doi.org/10.3389/fpls.2020.00359 

Yang, X. E., Long, X. X., Ye, H. B., He, Z. L., Calvert, D. V., & Stoffella, P. J. (2004). Cadmium tolerance and 

hyperaccumulation in a new Zn-hyperaccumulating plant species (Sedum alfredii Hance). Plant and Soil, 

259(1–2), 181–189. https://doi.org/10.1023/B:PLSO.0000020956.24027.f2 

Yousuf, G. K. (2026). Mitigating drought and heavy metals stress in Triticum aestivum L. using multi-trait 

tolerant plant growth-promoting endophytic Trichoderma sp. Ghadah-K4. Journal of Crop Science and 

Biotechnology, 29(1), 161–185. https://doi.org/10.1007/s12892-025-00323-1 

https://doi.org/10.1007/s00244-024-01084-8
https://doi.org/10.1007/s42729-024-02199-6
https://doi.org/10.1007/s11270-017-3349-x
https://doi.org/10.3389/fpls.2018.01476
https://doi.org/10.1038/s41598-023-31330-3
https://doi.org/10.3390/toxics11100864
https://doi.org/10.1007/s11356-023-27244-2
https://doi.org/10.1007/s10311-009-0268-0
https://doi.org/10.1007/s10098-021-02029-8
https://doi.org/10.1016/S0304-386X(00)00160-2
https://doi.org/10.1016/j.biotechadv.2008.11.002
https://doi.org/10.3390/pr12102241
https://doi.org/10.3389/fpls.2025.1729964
https://doi.org/10.1016/S0269-7491(02)00409-8
https://doi.org/10.1007/BF02858205
https://doi.org/10.1016/j.jcs.2024.104046
https://doi.org/10.1080/17518253.2024.2404235
https://doi.org/10.3389/fpls.2020.00359
https://doi.org/10.1023/B:PLSO.0000020956.24027.f2
https://doi.org/10.1007/s12892-025-00323-1


 
 

 

 
Kavitha et al.; Int. J. Plant Soil Sci., vol. 38, no. 7, pp. 335-353, 2026; Article no.IJPSS.160782 

 

 

 
353 

 

Zayed, A., Gowthaman, S., & Terry, N. (1998). Phytoaccumulation of trace elements by wetland plants: I. 

Duckweed. Journal of Environmental Quality, 27(3), 715–721. 

https://doi.org/10.2134/jeq1998.00472425002700030032x 

Zeid, I., Ghaly, E. K., & Shedeed, Z. A. (2024). Azolla pinnata as a phytoremediator: Improves germination, 

growth and yield of maize irrigated with Ni-polluted water. Scientific Reports, 14(1), Article 22284. 

https://doi.org/10.1038/s41598-024-72651-1 

Zhang, J., Noor, Z. Z., Baharuddin, N. H., Setu, S. A., Hamzah, M. A. A. M., & Zakaria, Z. A. (2024). Uptake of 

lead, cadmium and copper by heavy metal-resistant Pseudomonas aeruginosa strain DR7 isolated from 

soil. World Journal of Microbiology and Biotechnology, 40(12), Article 387. 

https://doi.org/10.1007/s11274-024-04194-6 

Zhao, F., Han, Y., Shi, H., Wang, G., Zhou, M., & Chen, Y. (2023). Arsenic in the hyperaccumulator Pteris 

vittata: A review of benefits, toxicity, and metabolism. Science of the Total Environment, 896, Article 

165232. https://doi.org/10.1016/j.scitotenv.2023.165232 

Zhao, X., Joo, J. C., Du, D., Li, G., & Kim, J. Y. (2023). Modelling heavy-metal phytoextraction capacities of 

Helianthus annuus L. and Brassica napus L. Chemosphere, 337, Article 139341. 

https://doi.org/10.1016/j.chemosphere.2023.139341 

Zhong, J., Liu, Y., Chen, X., Ye, Z., Li, Y., & Li, W. (2024). The impact of acid rain on cadmium 

phytoremediation in sunflower (Helianthus annuus L.). Environmental Pollution, 340, Article 122778. 

https://doi.org/10.1016/j.envpol.2023.122778 

 
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and 

contributor(s) and not of the publisher and/or the editor(s). This publisher and/or the editor(s) disclaim responsibility for any injury to people or 

property resulting from any ideas, methods, instructions or products referred to in the content. 

__________________________________________________________________________________________ 
© Copyright (2026): Author(s). The licensee is the journal publisher. This is an Open Access article distributed under the terms of the 

Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original work is properly cited. 

 

 

 

Peer-review history: 

The peer review history for this paper can be accessed here: 

https://pr.sdiarticle5.com/review-history/160782  

https://doi.org/10.2134/jeq1998.00472425002700030032x
https://doi.org/10.1038/s41598-024-72651-1
https://doi.org/10.1007/s11274-024-04194-6
https://doi.org/10.1016/j.scitotenv.2023.165232
https://doi.org/10.1016/j.chemosphere.2023.139341
https://doi.org/10.1016/j.envpol.2023.122778
https://pr.sdiarticle5.com/review-history/160782

