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ABSTRACT 

Heavy metal contamination in soil poses a significant environmental challenge globally, 

affecting agricultural productivity and human health. Phytoremediation, using plants to extract and 

detoxify heavy metals, presents a promising solution. This study investigates the novel potential 

of Echium plantagineum, a metal-tolerant species, in phytostabilization and phytoremediation and 

explores the role of metallothioneins in heavy metal reduction. A comprehensive literature review 

identified known metallothioneins involved in heavy metal reduction across various plant species. 

Moreover, genome annotation and gene prediction of Echium plantagineum were performed, 

predicting a total of 39,520 proteins. This comprehensive protein list facilitates the identification 

of metallothioneins or other metal-related proteins with potential functional roles in heavy metal 

tolerance, suggesting new targets to improve the effectiveness of phytoremediation. The sequences 

of these proteins were utilized to construct a protein BLAST database, against which known 

metallothioneins protein sequences from other plant species were subjected to BLAST searches, 

resulting in 41 top hits. Subsequent 3D modeling, structural analysis, protein-metal virtual 

screening, and functional annotation of the proteins revealed novel high affinities of Ctr copper 

transporter, zinc/iron permease, and nicotianamine synthase proteins with nickel, zinc, and zinc 

ion, suggesting their unexplored roles in the uptake of aforementioned ligands. Notably, this study 

identifies novel metallothioneins proteins in Echium plantagineum, highlighting their role in metal 

tolerance and phytoremediation.  
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INTRODUCTION 

Heavy metals are naturally occurring elements found in the crust of the earth, and some of 

them are essential for biological processes. However, human activities introduce these metals into 

aquatic environments (Al-Khashman 2004). The primary sources of heavy metals are industrial 

activities like mining, foundries, and smelters, as well as diffuse sources such as pipes, products, 

and the combustion of by-products. These metals can also come from traffic and other human 

activities (Guvenç et al. 2003). Heavy metals such as copper (Cu), iron (Fe), manganese (Mn), 

zinc (Zn), cadmium (Cd), arsenic (As), nickel (Ni), cobalt (Co), lead (Pb), aluminum (Al), and 

mercury (Hg) contamination threatens soil ecosystems, agricultural productivity, and global 

human health (Rashid et al. 2023). 

For instance, Cu and Zn are commonly used in industrial and agricultural applications, 

while Cd is often found in industrial waste and fertilizers. Metal contamination can result from 

mining activities and arsenic pesticides, while Pb comes from paints and vehicle emissions                 

(Zaccone et al. 2010). Fe and Mn originate from industrial activities and natural watering 

processes, whereas Ni and Co may stem from industrial emissions and mining activities (Santana 

et al. 2020). Coal combustion and mining are primary sources of Hg pollution, whereas Al causes 

environmental pollution through soil and water  (Shinzato & Hypolito 2016, Streets et al. 2018). 

The vague information on potential functions, structures, and properties of plant 

metallothioneins has resulted in sequence diversity (Freisinger 2009). Metallothioneins belong to 

the small, cystine-rich family and perform critical functions in regulating metal ions in plants. 

Similarly, these proteins act as metal chelators to maintain metal homeostasis through metal ion 

binding  (Chatterjee et al. 2020, Joshi et al. 2016, Sharma et al. 2016).  

 Metallothioneins play a homeostatic role by preventing the accumulation of heavy metals 

through detoxification (Yaashikaa et al. 2022). Additionally, environmental factors such as 

oxidative stress and metal exposure to plant tissues are responsible for the higher expression of 

plant metallothionein genes, indicating their crucial role in metal tolerance (Ahn et al. 2012).  

Due to their crucial role in heavy metal detoxification from soil, there is a dire need for the 

identification, characterization, and functional annotation of novel metallothioneins in plant 

species. Purple viper's bugloss, or Echium plantagineum, is a plant species with a high tolerance 

to contaminants in polluted soils. (Latini et al. 2022). Echium plantagineum tissues aid in soil 

decontamination by absorbing heavy metals and may have phytoremediation potential due to 
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increased uptake of contaminants and soil microbes (Midhat et al. 2019, Skoneczny et al. 2019, 

Zine et al. 2020). In previous studies, the presence and role of metallothioneins as 

hyperaccumulators in Echium plantagineum have not been reported in the literature despite its 

promising potential for phytostabilization. These metallothioneins could play a crucial role in the 

uptake of heavy metals from the soil. 

This study addresses this gap by identifying, characterizing, and functionally annotating 

novel metallothioneins in Echium plantagineum. Due to unreported hyperaccumulator genes, this 

study employs sequence homology to comprehend the tolerance mechanisms of this plant towards 

different heavy metal ions, including Cu, Fe, Mn, Zn, Cd, As, Ni, Co, Pb, Mo, Ca, Fe+2, Fe+3, 

Mn+2, Zn+2, Al, Hg, and Cr. This study also emphasizes the functional roles and interactions of 

these metallothioneins, demonstrating the potential of Echium plantagineum in tolerating heavy 

metals. These novel metallothionein genes may act as transgenic agents to facilitate 

phytoremediation in other plants capable of hyperaccumulating contaminants. 

 

MATERIALS AND METHODS 

Literature Review 

 An extensive literature review was conducted using Google Scholar and PubMed databases 

to identify the metallothionein genes across various hyperaccumulator plant species involved in 

heavy metal reduction in soil. The literature review was performed using both subject terms and 

free words such as phytoremediation, metal absorption, metal transport, sequestration, soil 

detoxification, heavy metals, genes, proteins, hyperaccumulators, plants, and metallothioneins. 

Sequences and Genomic Annotation Data Retrieval 

A genome annotation data file and protein sequences of the literature-identified genes were 

retrieved from the National Center for Biotechnology Information (NCBI) (Anon n.d.-a) and the 

UniProt database (Anon n.d.-c). Moreover, the Arabidopsis thaliana species was chosen to predict 

the genes from the genome FASTA file through the AUGUSTUS tool (Stanke 2003), resulting in 

a General Gesture Format (GFF3) file with predicted genes and their genomic coordinates. NCBI 

is a repository of biological information and data (Sayers et al. 2021, Pruitt & Sherry 2021), while 
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UniProt is a vast database of annotation data and protein sequences. Similarly, the AUGUSTUS 

tool is a popular gene prediction software (Keller et al. 2011). 

The BLAST Sequence Analysis of Echium plantagineum  

The BLAST sequence analysis was conducted to identify the homologous genes based on 

protein sequence similarities. The BLAST+ package was utilized to create a protein database for 

predicted Echium plantagineum proteins. Literature-identified proteins from other plant species 

with metal uptake features were used as a query for BLAST database searching. Subsequently, the 

"blastp" command was employed with parameters such as a maximum of 1 alignment and an e-

value threshold of 1e-30. The E-value is a measure of sequence alignment quality, indicating the 

number of alignments with a score of S that can be found by chance in a database. The default 

value is 10, but increasing it increases the number of chance matches and makes the search more 

stringent. Protein-based homology search typically uses a threshold of E ≤ 1e-5, with lower values 

indicating clearer homology, such as 1e-25 (Choudhuri 2014). A low E-value threshold (1e-30) 

was set to ensure only highly significant matches are reported, making it useful for applications 

like homologous protein identification or functional annotation. Similarly, limiting the number of 

alignments to 1 helps focus on the single best match for each query sequence, identifying the top 

hit for each protein. The results were organized into a tabular format, with hit identifiers stored 

separately in a text file. Moreover, the "blastdbcmd" command tool of the NCBI BLAST+ was 

employed to retrieve top hits from the protein database (Anon 2021). This analysis identified 

homologous sequences of metal uptake-related proteins from Echium plantagineum species. 

Structural Prediction of Homologs and Functional Annotation  

The next step involved predicting the 3D structures of the identified protein sequences. 

This was accomplished by utilizing Omegafold, a well-known 3D modeling tool for its accuracy 

in ab initio protein structure prediction (Wu et al. 2022). OmegaFold can handle protein sequences 

as long as 4096 residues when running on an NVIDIA A100 Graphics card with 80 GB of memory 

(Anon n.d.-b). However, due to limitations in computational resources, sequences larger in length 

(>1500 amino acids) were predicted through SWISS-MODEL (Waterhouse et al. 2018), a widely 

used homology modeling tool that leverages experimentally resolved homologous protein 

structures as templates. To functionally annotate the novel proteins, BLAST web-based search 
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against other plant organisms was performed, whereas if no homologous sequences were found, 

InterPro database searching was performed to identify protein family or domain based on sequence 

search. InterPro is an extensive repository of protein families, superfamilies, and domains (Paysan-

Lafosse et al. 2023).  

Ligand Retrieval and Virtual Screening 

Structures of ligands (Cu, Fe, Mn, Zn, Cd, As, Ni, Co, Pb, Mo, Ca, Fe+2, Fe+3, Mn+2, Zn+2, 

Al, Hg, and Cr) were retrieved from the PubChem database (PubChem n.d.), a chemical repository 

(Burley et al. 2023). The canonical SMILES for each ligand were retrieved and converted into 

pdb.file format through the rdkit library in Python. RDkit library is extensively utilized for 

molecular representation, substructure searching, and property prediction (Kunnakkattu et al. 2023). 

The virtual screening of the shortlisted proteins against heavy metals was performed using the 

GNINA tool, which utilizes an ensemble of convolutional neural networks (CNNs) as a scoring 

function (McNutt et al. 2021). Grid box coordinates were specified to guide the GINNA tool during 

molecular docking, facilitating the interaction analysis between proteins and heavy metal 

compounds. Moreover, the top complexes for each ligand were characterized by the best binding 

affinity scores. Additionally, PyMOL (The PyMOL Molecular Graphics System, Version 2.0 

Schrödinger, LLC) facilitated the visualization of the docked complexes (Yuan et al. 2017). The top 

3 proteins were shortlisted for each ligand.  

RESULTS AND DISCUSSION 

Literature Review 

An extensive literature review was performed to identify the genes involved in the metal 

uptake in different species. A total of 129 genes were identified that are involved in the metal 

uptake in 19 different species and two genera (Arabidopsis and Pyrus). Furthermore, the literature 

review revealed different species involved in the uptake of different metals, such as  Cu, Fe, Mn, 

Zn, Cd, As, Ni, Co, Pb, Mo, Ca, Fe+2, Fe+3, Mn+2, Zn+2, AI, Hg, and Cr. The metallothionein genes 

and their metal uptake in their respective species are mentioned in Table 1. 

Table 1: The metallothionein genes and their metal uptake in their respective species.  
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Genes Organism/Genus Metals 

PgIREG1 Psychotria gabriellae  Ni 

AtNRAMP1, MATE, FRD3 Arabidopsis Mn, Fe, AI 

AhZIP6, HMA4, NAS2 Arabidopsis halleri Cd, Zn 

COPT1, COPT5, AtMTP8, 
AtZIP1, AtMTP1, AtABCC3, 

AtVIT1, AtZIP1, AtCAX3, 
TpNRAMP5, IRT1, NRAMP1, 

PvACR3, AtZIP2, COPT1, 
CMT1, AtPIC1, HMA1, 

PAA1, YSL4, YSL6, PAA2, 
HMA8, PAM71, FRO3, 

MOT1, AtATM3, AtNRAMP6, 
RAN1, AtIRT2, AtECA3, 
MTP11, PAM71, ZTP29, 
AtIRT1, HMA2, HMA3, 

HMA4, AtHMA2, AtHMA4, 
AtABCC1, AtABBC2, 

AtPCR2, AtYSL1, AtYSL3, 
HMA4, NAS2 

 
 
 
 
 
 
 
 

Arabidopsis thaliana 

 
 
 
 
 
 
 
 

Mn, Zn, Cd, Fe, Co, As, Cu, 
Mo, Pb, Ca, Hg 

BcIRT1, BcABCC1, 
BcABCC2 

Brassica chinensis Cd 

NRAMP, BnMTP3 Brassica napus Zn, Mn, Cd, Pb 

CsMTP8.2 Camellia sinensis  Fe, Mn, Zn 

bHLH, C2H2, ERF, bZIP, 
GRAS, MYB 

Cunninghamia lanceolata Al 

ALS1, ART1, STOP, STAR1, 
STAR2, ALS3, FtFRDL1, 

FtFRDL2, MTPC2, PCSL, 
PCS 

 
Fagopyrum tataricum 

 
Al 

 PbMTP8.1 Pyrus Mn 

GmHMA8, GmHMA3, 
GmZIP1 

Glycine max Cd, Cu 

HvHMA1, HvIRT1, HvZIP3, 
HvZIP5, HvZIP5 

Hordeum vulgare  Zn, Cu, Fe+2, Fe+3, Mn+2, 
Zn+2 
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SOD, GST, IRT, CDFs, 
WRKY, ERFs, POD 

Medicago sativa Pb 

MtVTL4, MtVTL8, TaVTL2, 
TaVTL3 

Medicago truncatula Fe, Co 

NtMTP2, MTP1, AhNRAMP1, 
NtPIC1 

Nicotiana tabacum Co, Ni, Mn, Zn, Fe 

IREG2 Noccaea japonica Ni 

OsHMA3, OsMTP1, 
OsABCC1, OsLCT1, 

OsHMA2, OsZIP3, OsZIP1, 
OsHMA5, OsNRAMP1, 

ARG1, MIT, OsIRT1, OsZIP4, 
OsNRAMP5, MAPK, YSL 

 
 

Oryza sativa 

 
Cd, Zn, As, Cu, Co, Ni, Fe, 
Mn, Cr, Fe+2, Fe+3, Mn+2, 

Zn+2 

SaHMA3 Sedum alfredii Hance Cd 

SpHMA3 Sedum plumbizincicola Cd 

TaCT1 Triticum aestivum Cu 

ZmFDR4, ZmmCHAA1, 
ZmZLP1, YSL, ZmNAS4, 

ZmNAS2, ZmNAS9 

 
Zea mays 

 
Fe, Mn, Zn, Pb 

Genomic Annotation Data for Echium plantagineum, Sequence Retrieval, and Sequence 

Alignment Through BLAST 

The GFF3 files of Echium plantagineum were not available on the NCBI, Ensembl Plants, 

and Phytozome databases as the genomic annotation of this plant has not been done previously; 

therefore, genome sequences file of Echium plantagineum in FASTA format was retrieved from 

the NCBI and used in the AUGUSTUS tool for gene prediction of Echium plantagineum. 

AUGUSTUS predicted a total of 39,520 protein sequences given the Echium plantagineum 

genome FASTA file, while Arabidopsis was used as a model organism for the prediction.  

Furthermore, the protein sequences of the identified genes from the literature review were 

retrieved using the UniProt database. A total of 70 sequences were retrieved out of 129 genes in 

different species from the UniProt database due to the unavailability of specific protein sequences. 

The literature-retrieved protein sequences were searched against the BLAST database for Echium 
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plantagineum. The database search through BLAST resulted in 41 hits. The identifiers and gene 

names of aligned sequences are mentioned in Table 2. 

Table 2: The genes of different species aligned with the gene sequences of the Echium database. 

Species Genes Identifiers (Echium 
plantagineum) 

Arabidopsis thaliana YSL6 g10948 

Arabidopsis thaliana YSL1 g11126 

Oryza sativa IRT1 g11754 

Arabidopsis thaliana CAX3 g12062 

Arabidopsis thaliana ABCB25 g13956 

Arabidopsis thaliana HMA1 g14577 

Brassica napus RING-type E3 ubiquitin 
transferase 

g14584 

Cunninghamia lanceolata MYB1 g14711 

Oryza sativa HMA5 g15210 

Arabidopsis thaliana COPT1 g18528 

Arabidopsis thaliana ABCC1 g18885 

Arabidopsis thaliana MTP11 g19065 

Oryza sativa ZIP1 g20449 

Arabidopsis thaliana CMT1 g21210 

Arabidopsis thaliana ZTP29 g21375 

Oryza sativa OsNramp5 g21607 

Arabidopsis thaliana DTX43 g22946 

Arabidopsis thaliana ABCC3 g24041 

Oryza sativa ZIP3 g24118 

Arabidopsis thaliana MTPC3 g25342 

Arabidopsis thaliana TIC21 g27043 
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Oryza sativa MTP1 g28609 

Arabidopsis thaliana NRAMP1 g31075 

Arabidopsis thaliana HMA2 g33157 

Arabidopsis thaliana MTP1 g33971 

Arabidopsis thaliana DTX42 g34339 

Oryza sativa ARG1 g346 

Arabidopsis thaliana NAS2 g35440 

Triticum aestivum CT1-5B g3625 

Arabidopsis thaliana PAA2 g36529 

Arabidopsis thaliana ECA3 g38544 

Arabidopsis thaliana PAM71 g38741 

Arabidopsis thaliana COPT5 g4534 

Arabidopsis thaliana MOT1 g4715 

Medicago sativa WRKY33 g4892 

Oryza sativa ZIP4 g4949 

Arabidopsis thaliana PCR2 g539 

Arabidopsis thaliana VIT1 g560 

Arabidopsis thaliana FRO3 g5731 

Arabidopsis thaliana PAA1 g7401 

Arabidopsis thaliana RAN1 g78 

3D Structure Prediction of Homologous Sequences 

OmegaFold and SWISS-MODEL were used for the 3D protein structure prediction of the 

41 aligned sequences, while 24 structures were predicted using OmegaFold and 17 with SWISS-

MODEL. The proteins such as g19065, g24041, g33157, g4949, and g27043, which were predicted 

using SWISS-MODEL, did not show full coverage with the templates, and their partial structures 
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were retrieved after modeling. The protein structures predicted through SWISS-MODEL and 

OmegaFold are mentioned in Table 3. 

Table 3: The protein sequences predicted using SWISS-MODEL, showing sequence coverage and 

sequence identity. 

Proteins Sequence Length Coverage Sequence Identity 

g10948 646 4-646 82.06% 

g11126 664 3-664 75.64% 

g15210 989 1-989 75.94% 

g19065 1239 839-1238 86.62% 

g24041 1907 13-1329 70.99% 

g33157 1078 7-691 70.45% 

g36529 928 17-927 72.94% 

g38544 959 1-959 84.15% 

g4949 1146 130-666 11.38% 

g7401 958 1-957 71.31% 

g18885 1640 1-1639 73.70% 

g13956 827 3-827 75.20% 

g14584 839 1-839 70.11% 

g21210 878 91-868 53.77% 

g14577 762 1-760 72.16% 

g27043 743 4-555 78.68% 
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g5731 647 1-647 70.70% 

Functional Annotation of the Homologous Sequences 

 The 41 predicted gene structures of Echium plantagineum underwent analysis using web-

based servers such as BLAST and InterPro to identify their respective gene or protein 

domain/family names. Among these, 21 gene names were successfully identified through BLAST 

searches, whereas sequences that did not yield matches via BLAST, an InterPro sequence search 

was conducted, leading to the identification of 20 protein family/domain names for these 

sequences. The gene and protein family/domain names are mentioned in Table 4. 

Table 4: The gene and protein family/domain names of the predicted structures. 

BLAST Search 

Predicted Genes Identifiers Identified Gene Names 

g10948 HvYS1 

g11126 HvYS1 

g13956 ABCB25 

g14577 PAA1 

g14584 UBC core domain-containing protein 

g14711 WER 

g15210 AHA2 

g18885 ABCB25 

g21210 MET2A 

g21607 101781512 

g24041 ABCB19 

g31075 101781512 

g33157 HMA4 

g346 ARGAH1 
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g3625 STP10 

g36529 PAA2 

g38544 AHA2 

g38741 DIR6 

g4892 WRKY4 

g7401 PAA1 

g78 RABF2B 

InterPro Sequence Search 

Predicted Genes Identifiers Identified Protein Family/Domains 

g33971 Cation efflux protein 

g35440 Nicotianamine synthase 

g12062 Calcium/proton exchanger 

g27043 Na(+)/H(+) antiporter NhaD-like 

g539 PLAC8 motif-containing protein 

g18528 Ctr copper transporter 

g4949 Meiosis specific protein Spo22/ZIP4/TEX11 

g560 Ccc1 family 

g21375 Zinc/iron permease 

g28609 Cation efflux protein 

g34339 Multi-antimicrobial extrusion protein 

g4715 Molybdate transporter 1/2 

g4534 Ctr copper transporter 

g25342 Cation efflux protein 

g20449 Zinc/iron permease 

g19065 Cation efflux protein 
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g24118 Zinc/iron permease 

g5731 Cytochrome b245, heavy chain 

g11754 Zinc/iron permease 

g22946 Multi-antimicrobial extrusion protein 

Retrieval of the Ligands and Virtual Screening 

 The ligands (metals) identified through the literature review were retrieved using the 

PubChem database. A total of 18 ligands, including Cu, Fe, Mn, Zn, Cd, As, Ni, Co, Pb, Mo, Ca, 

Fe+2, Fe+3, Mn+2, Zn+2, Al, Hg, and Cr, were retrieved in SMILES format and converted to pdb 

format. The ligands, their PubChem IDs, and SMILES are mentioned in Table 5. 

The virtual screening of the 41 predicted protein structures with 18 ligands was performed 

using the molecular docking tool Gnina. It resulted in 738 dockings with various binding affinities 

ranging from -1.05 kcal/mol to -1.91 kcal/mol. The top 5 best binding affinities were shown by 

the same protein, HvYS1, with Fe, Hg, Mo, As, and Mn, all showing the binding affinities of -1.91 

kcal/mol. Notably, the Ctr copper transporter (g4534), Zinc/iron permease (g21375), and 

Nicotianamine synthase (g35440) proteins were shortlisted based on their specific interactions 

with the ligands Ni, Zn, and Zn+2, with affinity scores of -1.7, -1.68, and -1.67, respectively. 

However, the remaining proteins did not exhibit any interaction with any of the nine poses of 

ligands. The interacting proteins, their corresponding ligands, and the affinity scores are listed in 

Table 6. Additionally, the zoomed view of the interacting proteins screened against the Ni, Zn, and 

Zn+2 ligands is illustrated in Fig. 1.  

Protein-ligand interaction analysis was performed to gain insights into the interacting 

residues that contribute to the binding of shortlisted interacting proteins with Ni, Zn, and Zn+2. The 

nicotianamine synthase protein exhibited binding interactions with Ni, Zn, and Zn+2 at the same 

residues: 181A (ALA), 179A (HIS), and 153A (ASP). Similarly, the zinc/iron permease exhibited 

binding at residues 52A (ALA), 53A (HIS), 47A (SER), and 50A (ASP) with all three ligands. 

Lastly, the Ctr copper transporter protein interacted with Ni at residues 20A (THR), 11A (VAL), 

and 9A (ARG). Moreover, the Ctr copper transporter protein also displayed interactions with Zn 

and Zn+2 at residues 100A (ALA), 101A (VAL), 105A (ASN), 104A (TYR), and 103A (SER). 

The protein-ligand interactions are illustrated in Fig. 2. 
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Table 5: The ligands, PubChem IDs and SMILES. 

Ligands PubChem IDs SMILES 

Cu 23978 [Cu] 

Fe 23925 [Fe] 

Mn 23930 [Mn] 

Zn 23994 [Zn] 

Cd 23973 [Cd] 

As 5359596 [As] 

Ni 935 [Ni] 

Co 104730 [Co] 

Pb 5352425 [Pb] 

Mo 23932 [Mo] 

Ca 5460341 [Ca] 

Fe+2 27284 [Fe+2] 

Fe+3 29936 [Fe+3] 

Mn+2 27854 [Mn+2] 

Zn+2 32051 [Zn+2] 

AI 5359268 [Al] 

Hg 23931 [Hg] 

Cr 23976 [Cr] 
 

Table 6: Binding affinities of interacting proteins against Ni, Zn, and Zn+2. 

Ligand Protein Affinity 

Ni 

Ctr copper transporter (g4534) -1.7 

Zinc/iron permease (g21375) -1.68 

Nicotianamine synthase (g35440) -1.67 

Zn 

Ctr copper transporter -1.7 

Zinc/iron permease -1.68 

Nicotianamine synthase -1.67 

Zn+2 Ctr copper transporter -1.7 
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Zinc/iron permease -1.68 

Nicotianamine synthase -1.67 

 
Fig. 1: The zoomed view illustration of interacting protein structures screened against Ni, Zn, and 

Zn+2. 
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Fig. 2: 2D illustration of interactions of shortlisted interacting proteins with Ni, Zn, and Zn+2. 

Protein Domain Analysis and Functional Annotation 

The shortlisted proteins were then functionally annotated through InterPro. It was observed 

that the g4534 protein has a Ctr copper transporter domain from 1-131 residues, whereas the 

g21375 protein has a Zinc/iron permease domain spanning 11-253. Contrary to this, it was 

observed that in the g35440 protein, almost the entirety of the protein length is covered by the 

Nicotianamine synthase domain. The domains are illustrated in Fig. 3. Furthermore, the functional 

annotation through Gene Ontology revealed key functional aspects of these proteins, such as the 

metal ion transmembrane transporter activity of g21375 protein, indicating a metal ion transport 
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functionality of the protein, Fig. 3. This means that the protein is capable of transporting metal 

ions across cell membranes. In plants, metal ion transporters play crucial roles in regulating the 

uptake, distribution, and storage of essential metal ions such as iron, zinc, manganese, and copper. 

These transporters are essential for maintaining metal ion homeostasis and ensuring that plants 

supply these nutrients adequately without experiencing toxicity from excess metal ions. 

Moreover, the g35440 protein has nicotianamine synthase activity. Nictioanamine is 

involved in plant metal detoxification processes, particularly in the chelation (binding) of heavy 

metals such as nickel, cadmium, and zinc. Plants can take up heavy metals from the soil, either 

through their roots or other mechanisms, and high concentrations of these metals can be toxic to 

the plant. Nictioanamine synthase activity allows the plant to produce nictioanamine, which can 

bind to heavy metals and form stable complexes, reducing their toxicity and facilitating their 

sequestration or removal from the plant's tissues. Contrary to this, the g4534 protein has a Ctr 

copper transmembrane transporter activity. This protein is capable of transporting copper ions 

across cell membranes. In plants, copper is an essential micronutrient, but excessive copper can be 

toxic. Copper transporters, like the one encoded by the g4534 gene, play a crucial role in 

maintaining copper homeostasis by regulating the uptake, distribution, and storage of copper ions 

within the plant. 
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Fig. 3: Illustration of the identified domains with potential phytoremediation role and GO 

functions. (A) g21375 protein with its metal ion transporter domain (B) GO biological process and 

molecular functions of g21375 protein (C) g35440 protein with its nicotianamine synthase domain 

(D) GO biological process and molecular functions of g35440 protein (E) g4534 protein with its 

Ctr copper ion domain (F) GO biological process and molecular functions of g4534 protein. 
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Discussion 

Soil heavy metal contamination has emerged as a global environmental challenge, drawing 

significant public attention due to worries about the safety of agricultural products. Heavy metals 

encompass metallic elements and metalloids known for their potential biological harm, including 

cadmium, mercury, arsenic, lead, and chromium (Mitra et al. 2022). Understanding the metabolic 

responses and adaptations of plants to toxic metal exposure is critical for advancing 

phytoremediation efforts in contaminated areas (Alsafran et al. 2022). 

Phytoremediation has emerged as a promising alternative to traditional methods due to its 

cost-effectiveness, environmental friendliness, and aesthetic appeal. Thus far, approximately 500 

plant species have been identified as hyperaccumulators of one or more metals, harnessing their 

natural extraction abilities (Li et al. 2019). However, further exploration is necessary, integrating 

biotechnological strategies with comprehensive multidisciplinary research to enhance plant 

tolerance and reduce the accumulation of toxic metals in soil. 

Therefore, a comprehensive literature review was conducted to identify metallothioneins 

across diverse plant species (Psychotria gabriellae, Arabidopsis halleri, Brassica chinensis, 

Camellia sinensis, Cunninghamia lanceolata, Fagopyrum tataricum, Pyrus, Hordeum vulgare, 

Medicago truncatula, Nicotiana tabacum, Noccaea japonica, Sedum alfredii, and Sedum 

plumbizincicola) involved in the reduction of heavy metals, such as Ni, Mn/Mn+2, Fe/Fe+2/Fe+3, 

Al, Cd, Zn/Zn+2, Co, As, Cu, Mo, Pb, Ca, Hg, Cr in soil (Angulo-Bejarano et al. 2021, Jan & 

Parray 2016, Jogawat et al. 2021).  

Notably, Echium plantagineum, a metal-tolerant species exhibiting a notably high 

Bioconcentration Factor (BCF) and low Translocation Factor (TF), holds the potential for 

phytostabilization purposes (El Berkaoui et al. 2021). Despite the promising potential of Echium 

plantagineum for phytostabilization, no previous study has investigated the presence or role of 

metallothioneins in this species, which could potentially be involved in the uptake of heavy metals 

from the soil.  

However, the Echium plantagineum does not have enough proteome and genome resources 

available on public databases, a major limitation in identifying metallothioneins or metal uptake-

related proteins from this plant. Consequently, this study highlights the novelty and significance 

of investigating the metallothioneins of Echium plantagineum by predicting the genes and proteins 

from the entire genome, resulting in 39,520 predicted protein sequences. However, Arabidopsis 
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thaliana was used as the reference genome due to its fully sequenced genome and its regulatory 

mechanisms in genomics, transcriptomics, and proteomics comparable to other plant species (Di 

Silvestre et al. 2018). These predicted protein sequences were systematically compiled to construct 

a protein database. This database was subsequently employed for BLAST search against the 70 

protein sequences of 129 genes identified from the literature review across different plant species, 

resulting in 41 top hits.  

Moreover, the 41 protein structures of these top hits were subsequently predicted and 

subjected to screening against 15 ligands, identifying only Ctr copper transporter, zinc/iron 

permease, and nicotianamine synthase proteins exhibiting high affinity and interactions with Ni, 

Zn, and Zn+2 ligands. The copper homeostasis in plants and regulating processes (absorption, 

transportation, and growth) are maintained primarily by the copper transporter family (COPT/Ctr) 

(Nayeri et al. 2023, Wang et al. 2021). However, the functional characterization of these COPT 

genes encoding copper transporter proteins has been limited to Arabidopsis and Oryza sativa 

(Wang et al. 2018). Hence, this study reveals that the COPT/Ctr copper transporter protein has a 

novel high affinity with Ni, Zn, and Zn+2 ligands, suggesting potential roles beyond its traditional 

copper transport function.  

Similarly, the zinc/iron permease, ZIP family, is crucial for metal ion transport and 

primarily facilitates the influx of transition metal ions such as zinc and iron. In addition to Zn+2, 

ZIP transporters are known to facilitate the transportation of various other transition metal cations, 

including Mn+2, Fe+2, Cd+2, and Ni+2 (Ajeesh Krishna et al. 2020, Zhao & Zhou 2020). Thlaspi 

caerulescens and Arabidopsis halleri, known as Zn hyperaccumulators, exhibit increased Zn 

uptake compared to non-hyperaccumulator species, correlating with elevated expression of certain 

ZIP family members in hyperaccumulators (Yan et al. 2020). The unreported literature on the role 

of zinc/iron permease in metal uptake, particularly for Echium plantagineum, underscores the 

novelty of our study, revealing its involvement in Ni, Zn, and Zn+2 uptake within this species. 

Furthermore, nicotianamine (NA) serves as a primary metal chelator in plants and is 

synthesized catalytically by nicotianamine synthase. Nicotianamine synthase genes have been 

identified in various plant species, including Oryza sativa, Zea mays, Hordeum vulgare, Triticum 

aestivum, Arabidopsis thaliana, Arabidopsis halleri, Solanum lycopersicum, Noccaea 

caerulescens, and Malus xiaojinensis. Studies have demonstrated that overexpression of 

nicotianamine synthase in transgenic plants increases NA concentration, consequently elevating 
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metal concentration. Specifically, the nicotianamine synthase gene from N. caerulescens enhances 

nickel accumulation in transgenic Arabidopsis thaliana, indicating its potential for improving 

divalent metal ion content and uptake, particularly in contaminated soil (Chen et al. 2019). Thus, 

the nicotianamine synthase can reduce the heavy metal toxicity from the contaminated soils 

(Nozoye 2018). Additionally, this study reveals that the nicotianamine synthase protein has a novel 

high affinity with ligands Ni, Zn, and Zn+2, highlighting potential roles in phytoremediation. 

Conclusively, this study identified the role of Echium plantagineum in heavy metal stress 

in contaminated soils. Metallothioneins essential for heavy metal reduction were identified through 

a comprehensive literature review and BLAST search. Key proteins such as Ctr copper transporter, 

zinc/iron permease, and nicotianamine synthase were found to have novel high affinities with Ni, 

Zn, and Zn+2 metal ions, indicating their role in metal uptake and transport. This study underscores 

the functional annotation of metallothioneins of Echium plantagineum for reduction in heavy 

metals in soil, paving the way for future research and environmental applications. 

CONCLUSIONS 

In conclusion, the intricate interplay between Echium plantagineum and the heavy metal 

stress in contaminated soils was identified in this study. Metallothioneins essential for heavy metal 

reduction in various plant species were identified through a literature review, and BLAST was 

searched against plant gene sequences, identifying 41 top hits. Notably, screening these hits against 

ligands revealed novel high affinities of key proteins such as Ctr copper transporter, zinc/iron 

permease, and nicotianamine synthase with Ni, Zn, and Zn+2, implying their role in metal uptake 

and transport. Hence, this study identified for the first time the functional annotation of the 

metallothioneins in the Echium plantagineum involved in reducing heavy metals from the soil, 

paving the way for future research and environmental applications.    
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