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1. Introduction
  

	 Soil, water, and air degradation due to heavy metals 
introduces environmental pollution; it remains a problem 
of high priority in many parts of the world, creating 
serious hazards to human health (Rasheed et al. 2024), 
agricultural productivity, and ecological balance. Among 
these pollutants, heavy metals such as cadmium (Cd), 
chromium (Cr), lead (Pb), arsenic (As), copper (Cu), and 
zinc (Zn) occur naturally in soils through geological and 
biological processes(Mitra et al. 2022). 

	 However, human activities such as industrial 
emissions, agricultural runoff, and waste disposal have 
significantly increased the concentration of these metals, 
leading to widespread contamination (Sofo et al. 2012). 
The wastewater released from the textile industries 
contains Zn, Cd, Pb, and Cu-heavy metals, which are 
usually present in the colorants used by the industry. This 
results in contamination of the environment with great 
risks to human health, such as carcinogenicity (Hussain 
et al. 2020), neurological damage, or even organ failure 
when these pollutants enter the water system. Further, 
they also pollute water by decreasing dissolved oxygen, 
hence water’s ability to support photosynthesis in water 
plants (Singh et al. 2024).

Zinc contamination presents considerable threats to human health, agricultural 
practices, and ecological systems. Arabidopsis thaliana has demonstrated potential 
for use in phytoremediation, which is an environmentally friendly strategy aimed 
at addressing this type of pollution. This study identified genes associated with 
phytoremediation in A. thaliana. This identification was achieved through comparative 
bioinformatics analysis involving 27 plant species. A critical literature review was 
conducted. This review aimed to collect genes involved in metal uptake and transport 
across various hyperaccumulator plant species. A database in BLAST format was 
generated to enable the study of main homologous protein families, including ATP-
binding Cassette transporters, acyl-CoA-binding proteins, metallothioneins, and 
phytochelatin synthases. In silico screening for zinc-binding was performed by 
means of a web application based on the deep-learning framework called GNINA. 
The results highlighted the fact that within the phytochelatin synthases-especially 
PCS1 and PCS2, the protein PCS2 has the highest affinity to zinc. Heavy metal 
ATPases involved in the vital process of metal transport and homeostasis include 
HMA1. Zinc transporters responsible for zinc uptake and sequestration include cation 
exchanger 1CAX1 and IRT2. The information thus provided explains in detail the 
complex molecular machinery regulating metal detoxification in A. thaliana and 
provides insights for developing transgenic plants with enhanced phytoremediation 
capabilities. Future research should target these genes to create plants with improved 
metal tolerance and accumulation, advancing phytoremediation technologies.
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	 Although Zn is an essential micronutrient required 
for a wide range of biological processes, its heavy use, 
contaminating the soil from industrial processes and 
discharge of wastewater, is toxic (Monserrath et al. 2024). 
Besides, high Zn is not fertile for the soil and the growth 
of plants and poses a lethal health hazard in humans 
ranging from nausea, stomach ache, diarrhea, and fever 
(García-García et al. 2020; Hussain et al. 2022; Agni, 
n.d.). As such, the natural and anthropogenic releases of 
Zn are capable of impacting the global availability and 
uptake of other essential nutrients as it elicits multiple 
toxic effects across ecosystems.
	 Because of this challenge, phytoremediation-the 
use of plants to remove or render pollutants from 
soil innocuous-has emerged as a promising and 
environmentally benign technology. Although many 
types of bacterial and enzymatic processes have been 
utilized for the degradation of textile dyes, these 
processes are usually highly costly and complex in their 
application. In this context, plants have emerged as a 
sustainable, eco-friendly, and low-cost solution with the 
natural potential for pollutant uptake and subsequent 
detoxification of these heavy metals from soil and water 
(the phytoremediation) (Faizan et al. 2024; Hayashi 
et al. 2020). Plant mechanisms that allow the uptake, 
transport, and detoxification of Zn in these contaminated 
environments include a variety of metalloproteins and 
enzymes (zinc transporters and detoxifying proteins). 
In Arabidopsis thaliana, ZIP (Zinc/Iron-regulated 
transporter-like Protein) and HMA (Heavy Metal 
ATPase) are the types of enzymes that have been reported 
to supply Zn uptake and detoxification.
	 For this purpose, A. thaliana presents as a model 
organism widely used in plant biology for its genetic 
properties, e.g., self-fertilization, short life span, and 
heavy metal toxicity tolerance(Agni, n.d.; Chaffai & 
Koyama 2011). In addition, A. thaliana offers insights 
into phytoremediation processes, including metal 
uptake, transport, and detoxification, for example, of 
Zn (Wei et al. 2021; Amin et al. 2023). Although general 
phytoremediation mechanisms have been studied, a 
detailed understanding of the specific genes involved 
in Zn detoxification in A. thaliana remains limited. Many 
of these transporter proteins in A. thaliana are highly 
conserved during evolution and are crucial in metal 
soil uptake, accumulation, and translocation towards 
aerial tissues to allow detoxification and sequestration 
from the environment (Andolfo et al. 2015; Verma et 
al. 2017; Wang et al. 2021). Knowing these proteins 
also makes it possible to genetically modify many plant 

species to produce plants with higher phytoremediation 
capabilities.
	 Although previous research has underscored the 
significance of the identified phytoremediation trait 
on contamination by heavy metals, the molecular 
processes governing Zn detoxification and transport in 
A. thaliana remain elusive (Wang et al. 2021; Escudero 
et al. 2022). Additionally, understanding such genes is 
a critical missing link because the identification and 
characterization of such genes may contribute greatly 
to phytoremediation improvement. Such information 
could potentially be used to fill this knowledge gap 
and improve the biosynthesis of plants to obtain higher 
species for the absorption of heavy metals, including 
zinc, from affected soils. Such enhancements may be 
useful for backing environmentally friendly remediation 
procedures and boosting the qualities of the soil to favor 
crop production for sustainable food production (Kumar 
et al. 2023). To achieve this objective, this work will 
follow a functional genomics approach to screen the A. 
thaliana genome and identify core genes involved in Zn 
uptake, transport, and detoxification so as to provide a 
basis for future phytoremediation research to improve 
the efficiency of soil remediation processes.
  
2. Materials and Methods

2.1. Identifying Phytoremediation Genes Across 
Plant Species
	 An extensive literature review was conducted to 
identify genes involved in phytoremediation processes 
across various plant species (Arabidopsis halleri, 
Alyssum lesbiacum, Arabidopsis thaliana, Arundo donax, 
Azolla pinnata, Barley (Hordeum vulgare), Brassica 
napus, Cicer arietinum, Morus notabilis, Nicotiana 
tabacum, Populus tomentosa, Populus trichocarpa, 
Prosopis juliflora, Pteris vittata, Psychotria gabriellae, 
Sedum alfredii, Sesbania rostrata, Suaeda salsa, Sweet 
potato (Ipomoea batatas), Thlaspi caerulescens, 
Triticum aestivum (wheat), Vicia sativa and Zea mays), 
specifically focusing on metal uptake and transport. 
The review only used two databases, namely Google 
Scholar and PubMed. Using a mix of subject terms with 
free-text keywords was the formulated search strategy; 
keywords used in the study include; “phytoremediation”, 
“metal absorption”, “transport”, “sequestration”, 
“detoxification”, “heavy metals genes”, “phytoanalysis”.
The genes identified through this review are listed in 
Supplementary File 1. 
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2.2. Shortlisting of Phytoremediation-related 
Proteins in A. Thaliana
	 Genome annotation data for A. thaliana was obtained 
in GTF (Gene Transfer Format) from the National 
Center for Biotechnology Information (NCBI) (https://
www.ncbi.nlm.nih.gov/) (Sayers et al. 2022). Symbols 
of phytoremediation-related genes from various 
hyperaccumulator plants (given above), identified 
through a comprehensive literature search, were 
compared against the A. thaliana genome annotation 
file to identify common genes potentially involved in 
phytoremediation functions. Subsequently, protein 
sequences for these genes were retrieved from UniProt 
(https://www.uniprot.org/), and their respective domain 
sequences were obtained from InterPro (https://www.
ebi.ac.uk/interpro/) for both A. thaliana and other 
phytoremediation-capable plant species (Lussi et 
al. 2023). Moreover, the entire A. thaliana proteome 
was also retrieved from UniProt to identify putative 
phytoremediation-related proteins that are not fully 
annotated in the annotation GTF file.

2.3. BLAST Sequence Analysis and 
Homologous Gene Identification
	 To identify homologous proteins with potential 
phytoremediation functions, a custom BLAST (Basic 
Local Alignment Search Tool) database was constructed 
using the proteome of A. thaliana (Nishimura et 
al. 2024). From other species and A. thaliana, the 
sequences of the homologous phytoremediation genes 
to known and reported genes were used to probe the 
custom database; their corresponding domain sequences 
are also listed in Supplementary File 1. These proteins 
were then analyzed using BLAST to find homologous 
proteins that were used in earlier steps to identify 
proteins with potential phytoremediation functions. 
The command line tool "blastp" was employed with 
the following parameters: maximum 5 alignments, 
e-value 1e-30. The results were summarized in tabular 
format, and the hit IDs were also stored in text format 
in Supplementary File 1. To perform deeper analysis, 
using the ‘blastdbcmd’ command-line tool from 
the BLAST database generated earlier, sequences 
corresponding to the hit IDs were obtained.

2.4. Protein Structure Retrieval and Modeling
	 Protein structures for the shortlisted homologous 
proteins were retrieved from the Protein Data Bank 
(PDB) (https: management using the National 

Resource for Biomolecular Structure Determination 
appointed at www.rcsb.org, which offers access to 
a database of experimentally inferred biomolecular 
structures (Burley et al. 2023). These structures were 
manually optimized using the University of California, 
San Francisco Chimera software, which is used for 
molecular visualization and manipulation (Shadidizaji 
et al. 2024). For regions lacking models, MODELLER 
(https: Models were generated using the [salilab.org/
modeller/], and the best model obtained from the ones 
generated was chosen from the DOPE score (Webb & 
Sali 2017). For structures not available in the PDB, 
AlphaFold (https: The structure predictions were 
generated from [alphafold.ebi.ac.uk] and were used to 
derive the structures (Jumper et al. 2021). The structure 
of the ligand zinc (CID: Preliminary data on the chemical 
structure of compound Zi-Shen-Hong-Tang (CAS reg.
No. 23994) was obtained in the PubChem data base 
(http://pubchem.ncbi.nlm.nih.gov/). To achieve this, 
the standard SMILES code of Zn was translated to 
PDB format using the chemical informatics tool called 
the RDKit, which is implemented in Python.

2.5. Virtual Screening Against Zn
	 Virtual screening was conducted using GNINA, 
a molecular docking program that incorporates 
convolutional neural networks to score and optimize 
ligand interactions, to assess the binding potential of 
the selected protein structures with zinc (Zn) (https://
github.com/gnina/gnina)  (McNutt et al. 2021). The 
protein structures of potential phytoremediation-related 
proteins were first minimized using the OpenMM 
toolkit (https://openmm.org/), which optimizes protein 
structures for more accurate docking results. These 
minimized protein structures were then docked against 
the Zn ligand. A blind molecular docking strategy was 
utilized, encompassing the entire protein structure as 
the grid box. The docking region was specified in the 
GNINA tool using the "autobox_ligand" parameter, 
which was configured based on the protein's PDB file. 
The grid box coordinates facilitated the molecular 
docking process, allowing the GNINA tool to assess 
the interaction between the proteins and Zn. The top 
complexes were selected based on the highest binding 
affinity. PyMOL (The PyMOL Molecular Graphics 
System, Version 2.0, Schrödinger, LLC) was used for 
visualization of the docked complexes (Yuan et al. 
2017). 
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3. Results

3.1. Identification and Categorization of Key 
Genes for Metal Management in Plants

A thorough literature review was conducted to 
identify genes essential for metal uptake, transport, 
sequestration, and detoxification across diverse plant 
species. The review highlighted 97 genes involved 

in phytoremediation processes in 27 different plants. 
These genes fall into various families and play crucial 
roles in metal management. The identified gene 
families include ATP-binding cassette transporters, 
acyl-CoA-binding proteins, and metallothioneins, 
among others. The function of each gene and its 
associated plant species are detailed in Table 1.

Table 1. Gene families and respective plant species for identified genes
Family OrganismsGenes
ATP-binding cassette transporters
Acyl-CoA-binding proteins
Acyl-CoA reductases
Auxin-related
Calmodulin-like proteins
Cation exchangers
Chromatin-binding proteins
Cyclic nucleotide-gated ion channel
Iron-regulated transporters
Expansins
Fatty acid CoA ligase
Homeobox proteins
Heavy metal-associated domain-

containing proteins
Hydroxymethyltransferase
Heat shock transcription factor
Phytoene synthase
Laccases
Low-affinity cation transporter
Chlorophyll a-b binding protein
Mannan endo-1,4-beta-mannosidase
Mercuric transport protein
Metallothioneins

Zinc transporter proteins
Metal tolerance protein
Mannitol-specific enzyme IIA component
MYB transcription factor
Nicotianamine synthases
NAD(P)H-quinone oxidoreductase
Nitrate reductase [NADH]
Natural resistance-associated 

macrophage proteins
Purple acid phosphatase
Phytochelatin synthases
Pleiotropic drug resistance protein
Phosphate transporters
tRNA methyltransferases
Stress-associated protein
Ubiquitin carboxyl-terminal hydrolases
Vacuolar H(+)-pyrophosphatase
Xanthine dehydrogenase/oxidase
Yellow Stripe-like ATP transporter genes
Zinc transporters
Tryptophan-rich sensory protein

Populus trichocarpa, Oryza sativa
A. thaliana
A. thaliana, Pteris vittata
Oryza sativa
Oryza sativa
A. halleri
Nicotiana tabacum
A. thaliana
Psychotria gabriellae, Oryza sativa
Populus tomentosa
A. thaliana
Nicotiana tabacum, Oryza sativa
Sedum alfredii, A. halleri, Populus tomentosa

Prosopis julifora
Oryza sativa
A. thaliana
Oryza sativa
Oryza sativa
Sedum alfredii
A. thaliana
A. thaliana
Prosopis juliflora, Oryza sativa, Suaeda salsa, Iris 

lactea
A. halleri, A. thaliana, Oryza sativa
Oryza sativa
Sweet potato
Oryza sativa
A. halleri
Salvinia minima
Nicotiana tabacum
Oryza sativa, A. thaliana, Hordeum vulgare, 

Sedum alfredii
Oryza sativa
Arundo donax, Oryza sativa, Morus notabilis
A. thaliana
A. thaliana
Cicer arietinum, Oryza sativa
Lobularia maritima
Zea mays
Triticum aestivum
A. thaliana
Thlaspi Caerulescens
A. thaliana, Oryza sativa, A. halleri
Thlaspi caerulescens

ABCC1, ABCG36, ABCG43
ACBP1, ACBP4
ACR2, ACR3
AUX1
CAL1, CAL2
CAX1
CBP4
CNGCI
IREG1, IRT1, IRT2, IRTI
EXPA12
FC1
HB1, HB4
HMA1, HMA2, HMA3, HMA4, HMA5

HMT
HSFA4A
PSE1
LCD
LCT1
LHCB2
MAN3
MERC-SYP121
MT1, MT1E, MT2, MT2B, MT2C

ZIP3, ZIP6, ZIP1, ZIP5, ZIP7, ZIP9
MTP1
MUSI
MYB4
NAS2, NAS3, NAS4
NHAD
NR3C1
NRAMP1, NRAMP2, NRAMP3, NRAMP4, 

NRAMP5, NRAMP6
PCR1
PCS1, PCS15, PCS2, PCS3, PCS5, PCSI
PDR8
PHT1, PHT7
CARMT, RICMT
SAP
UBP15, UBP16, UBP19
VP1
XCD1
YSL3, YSL5, YSL7
ZIP1, ZIP5, ZIP7, ZIP9
ZTP1
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3.2. Sequence Retrieval, Alignment, and 
Identification of Phytoremediation-Related 
Proteins in A. thaliana

Phytoremediation-related genes from different 
hyperaccumulator plants were compared with the 
A. thaliana genome. This comparison identified 
325 similar phytoremediation genes in A. thaliana. 
Notably, the products of these genes exhibited 
multiple domains implicated in phytoremediation 
processes, such as A20-type, ABC transmembrane 
(type-1, type-1-1, type-1-2, type-2-1, type-2-2), 
ABC transporter (transporter-1, transporter-2), ACB, 
AN1-type, Cyclic nucleotide-binding, Expansin-like 
CBD, Expansin-like EG45, FAD-binding PCMH-
type, HMA, HMA1, HMA2, HMA3, HTH myb-type 
1, HTH myb-type 2, LRAT, MYND-type, Peptidase 
C83, Rhodanese, Sodium/calcium exchanger 
membrane region, t-SNARE coiled-coil homology, 
and USP. Additionally, these domain names were 
used to find proteins in the A. thaliana genome that 
are linked to gene products based on the domain 
names. This process led to the identification of 37 
more homologous genes. Protein sequences for these 
325 and 37 genes were collected from UniProt. 

Moreover, protein sequences for the 
phytoremediation-related genes from other plant 
species (mentioned above) were retrieved, including 
a total of 41 proteins and 71 additional sequences 
corresponding to their respective domains; however, 
it should be noted that only those sequences were 
retrieved which were available on UniProt for the 
given species. Finally, these sequences were compiled 
and queried against a custom-built A. thaliana BLAST 
database to identify potential phytoremediation-
related proteins that are not fully annotated in the 
genome annotation file. This search produced 75 hits, 
which were used to retrieve the protein sequences 
for further analysis. Furthermore, after removing 
redundantly obtained proteins from different sources 
(BLAST, GTF, domains, and literature review), the 
unique list of proteins was further utilized, as given 
in Supplementary File 1.

3.3. Virtual Screening and Domain Analysis 
of Phytoremediation Proteins

Protein structures for the shortlisted homologous 
proteins were obtained if they were available through 
experimentally determined methods (such as NMR 
or X-ray crystallography) or computational models 
(such as AlphaFold). Structures were accessible for 
only 93 proteins. 

Protein structures of phytoremediation-related 
genes were screened for their binding affinity to Zn. 
Among the top complexes, the proteins PCS2, PCS1, 
EXPA12, ZIP10, CCOAOMT1, DCL1, HMA1, 
CAX1, USPL1, and IRT2 demonstrated high binding 
affinities. Specifically, PCS2 exhibited the highest 
binding affinity with a score of -1.77, while the other 
proteins showed affinities ranging from -1.72 to -1.47. 
Selection of the top proteins was based on the least 
binding energy.

The functional characteristics of these proteins 
were further examined through domain analysis using 
the InterPro database. The analysis revealed that 
ZIP10 and IRT2 did not have any identified domains. 
In contrast, other top-scoring proteins displayed 
various functional domains. For example, PCS1 and 
PCS2 both contain phytochelatin synthase domains 
crucial for metal detoxification. EXPA12 has domains 
related to expansin activity and cellulose binding, 
while CCOAOMT1 features a SAM-dependent 
O-methyltransferase domain. DCL1 showed multiple 
domains, including ribonuclease III and PAZ 
domains, which are important for RNA processing 
and regulation. HMA1, CAX1, and USPL1 also 
possess specific domains relevant to metal transport 
and stress responses. Table 2 summarizes the binding 
affinities of these proteins for zinc, showing the 
range and specific scores for each protein. Table 
3 details the domains identified in the top-scoring 
proteins, providing insight into their functional roles 
and potential contributions to phytoremediation. Zn 
interactions with the top proteins are given in Figure 
1.

The PCS1 protein demonstrated binding with 
zinc at residues 398A (THR), 409A (THR), 397A 
(SER), and 399A (GLN) within the Phytochelatin 
Synthase C-terminal domain (231-465). The HOG1 

Table 2. Binding affinities of top phytoremediation genes against 
Zn

Zinc (Zn)
UniProt IDs AffinityGenes
Q9ZWB7
Q9LDJ3
Q8W245
O49499
Q9SP32
Q9M3H5
Q9S7Z3
Q39253
Q9XI99
O81850

-1.77
-1.72
-1.67
-1.56
-1.53
-1.51
-1.5
-1.48
-1.48
-1.47

PCS2
EXPA12
ZIP10
CCOAOMT1
DCL1
HMA1
PCS1
CAX1
USPL1
IRT2
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Table 3. Domain analysis of top-scoring proteins involved in phytoremediation
Genes

PCS1

PCS2

EXPA12

CCOAOMT1

DCL1

ZIP10

HMA1

USPL1
IRT2

CAX1

Domain name
Phytochelatin synthase, N-terminal catalytic domain
Phytochelatin synthase, C-terminal
Phytochelatin synthase, N-terminal catalytic domain
Phytochelatin synthase, C-terminal
Expansin/pollen allergen, DPBB domain
Expansin, cellulose-binding-like domain
RlpA-like protein, double-psi beta-barrel domain

SAM-dependent O-methyltransferase class I-type profile
Ribonuclease III domain

Helicase, C-terminal domain-like
PAZ domain
Dicer dimerisation domain
Helicase/UvrB, N-terminal
Helicase superfamily 1/2, ATP-binding domain
Double-stranded RNA-binding domain

No Domain

P-type ATPase, haloacid dehalogenase domain

BURP domain
No Domain

Sodium/calcium exchanger membrane region

UniProt ID Region

Q9S7Z3

Q9ZWB7

Q9LDJ3

O49499

Q9SP32

Q8W245

Q9M3H5

Q9XI99
O81850

Q39253

1-221
231-465
1-220

230-433
45-156
157-246
62-146

34-258
1357-1538
1559-1730
648-812

1180-1342
840-935
250-415
245-448

1733-1796
1831-1906

NULL

433-733

56-280
NULL

96-257
288-431

Figure 1. The zoomed view illustrates the protein structures of top phytoremediation genes screened against Zn
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protein interacted with zinc at residues 161A (HIS), 
210A (ARG), and 149A (TYR), occurring within 
the Phytochelatin Synthase N-terminal catalytic 
domain (230-433). Additionally, the EXPA12 protein 
showed interactions at residues 63A (ALA) and 104A 
(THR) within the Expansin/Pollen Allergen DPBB 
domain (506-653). The residue 104A (THR) was also 
involved in interactions within the RlpA-like protein, 
double-psi beta-barrel domain (62-146).

The CCOAOMT1 protein bound to zinc at residues 
157A (ASP), 178A (LYS), 181A (TYR), 201A 
(ASP), and 202A (ASN) within the SAM-dependent 
O-methyltransferase class I-type profile domain 
(34-258). The DCL1 protein exhibited interactions 
at residues 1275A (ILE), 1276A (LYS), and 1309A 
(LEU) within the PAZ domain (1180-1342). The 
USPL1 protein interacted with residues 260A (GLU), 

263A (SER), and 264A (ALA) within the BURP 
domain (56-280).

Similarly, the CAX1 protein showed interactions 
at residues 405A (THR), 407A (GLN), 408A (ASP), 
410A (SER), and 415A (LYS) within the Sodium/
Calcium Exchanger Membrane Region domain (288-
431). The HMA protein bound to zinc at residues 
729A (LYS) and 732A (GLN) within the P-type 
ATPase, haloacid dehalogenase domain (433-733), 
with additional interactions at residues 782A (ARG) 
and 785A (ASN) occurring outside this domain. 
Finally, the IRT2 and ZIP10 proteins interacted with 
zinc at residues 37A (CYS), 39A (ASN), 222A (SER), 
42A (CYS), and 236A (THR), respectively, but no 
domains for these proteins have been reported in the 
existing literature. The protein-ligand interactions in 
2D format are illustrated in Figure 2.

Figure 2. 2D illustration of interactions of top-scoring proteins with Zn
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4. Discussion

	 The study provides a comprehensive overview of the 
molecular mechanisms underlying phytoremediation 
processes utilized by A. thaliana. By analyzing 
phytoremediation-related genes across 27 plant species, 
we have identified key gene families and elucidated 
their roles in metal uptake, transport, sequestration, and 
detoxification. Gene families such as ABC transporters, 
acyl-CoA-binding proteins, metallothioneins, and 
others play a pivotal role in phytoremediation (Andolfo 
et al. 2015; Yan et al. 2020; Amin et al. 2023). Notably, 
PCSs and HMAs stand out for their essential roles in 
metal regulation.	
	 PCSs are vital for the synthesis of phytochelatins, 
sulfur-rich peptides that bind heavy metals, enabling 
their detoxification and sequestration within plant 
vacuoles. The high binding affinities observed for PCS2 
(-1.77) and PCS1 (-1.5) highlight the importance of 
these enzymes in managing mental stress. The findings 
indicate that PCS proteins effectively chelate zinc 
ions, which become toxic at elevated concentrations, 
thereby playing a pivotal role in metal detoxification. 
Supporting evidence from other studies confirms that 
phytochelatins are crucial not only for detoxifying 
toxic metals like cadmium but also for maintaining 
the homeostasis of essential metals such as zinc 
under normal physiological conditions. Studies have 
shown that PCs are involved in the homeostasis of 
Zn via modulation of cellular availability of zinc, and 
mutations in PC synthase disrupt metal tolerance, further 
indicating their critical role in both detoxification and 
essential metal regulation. This sort of dual function of 
PCs in managing metal toxicity and homeostasis has 
been observed in various organisms, including plants 
and yeast (Tennstedt et al. 2009; García-García et al. 
2020; Łuczkowski et al. 2024).
	 HMAs like HMA1 play a very important role in the 
transportation of metals and their homeostasis. They 
belong to P1B-type ATPases that actively transport metal 
ions across cellular membranes. The binding affinity of 
zinc to HMA1, as evidenced by the score of -1.51, indicates 
its role in the selective transport of zinc and other metals, 
balancing essential metal uptake with the detoxification 
of excess metals. This active transport mechanism is 
of great importance in detoxification to prevent toxic 
accumulation in tissues for the homeostasis of metals 
in plants. Further, other studies have unraveled the 
complementary role of different HMA genes responsible 
for the transport and detoxification of metals such as zinc, 

cadmium, and copper in plants. A. thaliana studies on. 
The roles of HMA2 and HMA3 in zinc and cadmium 
translocation and sequestration have been documented 
in thaliana and rice. In Areca catechu, genes such as 
AcHMA1 and AcHMA3 have been recognized as key 
players in the response to cadmium (Cd) and zinc (Zn) 
stress (Takahashi et al. 2012; Ullah et al. 2022; Khan et 
al. 2024).
	 Proteins such as CAX1 and IRT2 are integral to the 
transport and regulation of zinc, participating in various 
processes related to the uptake and movement of zinc 
ions. CAX1, functioning as a sodium/calcium exchanger, 
may contribute to the sequestration of zinc ions into 
vacuoles, while IRT2 is likely involved in zinc uptake 
from the soil. Additionally, studies have identified CAX1 
and CAX2 as critical components of transport systems 
for both calcium and heavy metal ions, with CAX2 
recognized as a high-capacity transporter for H+/heavy 
metal cations. Meanwhile, ZAT10 has been implicated 
in cadmium uptake and detoxification by inhibiting IRT1 
and positively regulating IRT2, though its role in zinc 
transport remains unreported (Montes‐Rocha et al. 2024). 
	 The interplay of gene families such as PCSs, HMAs, 
CAX1, and IRT2 highlights the complex molecular 
mechanisms regulating metal uptake, transport, and 
detoxification in A. thaliana. These proteins play essential 
roles in binding and storing metals like zinc and cadmium, 
potentially offering valuable insights for advancing plant-
based strategies to improve environmental remediation 
techniques. Also, studies on other plants like rice and 
Areca catechu support the idea that these transporters 
are important for dealing with heavy metal stress. 
Future research should look into how these genes work 
together to create transgenic plants that can clean up 
metal contamination better.
	 In conclusion, by combining all the above beneficial 
effects, this study presented the overall first systematic 
analysis of the underlying molecular mechanisms 
relevant to Zn phytoremediation in A. thaliana. The 
characterization of these key gene families that are 
plastic to metal chelation, transporters, and detoxifiers 
like PCS1 and PCS2 (the protein PCS2 presented the 
high-affinity to zinc) will provide the basis for improving 
the metal tolerance and root bioaccumulation ability of 
plants. An example of heavy metal ATPases that play 
an important role in the audit of metal transport and 
homeostasis is HMA1. Psyrdoes cite zinc transporters 
that are implicated in the uptake and sequestration of zinc, 
such as cation exchanger1 CAX1 and IRT2. Validation of 
the methodology in field conditions and optimization of 
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gene functions are further steps toward the best strategy 
for phytoremediation.
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