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1 | INTRODUCTION

Heavy metals (HMs) are generally defined as transition and
post-transition elements with high density (Hawkes, 1997).
This broad category includes more than 20 elements, some of
which are highly toxic, such as mercury (Hg), arsenic (As),
lead (Pb), cadmium (Cd), cobalt (Co), copper (Cu), man-
ganese (Mn), molybdenum (Mo), nickel (Ni), and zinc (Zn).
At elevated concentration, these elements interfere with key
cellular functions by inactivating metabolic enzymes, disrupt-
ing membrane integrity, and inducing excessive production of
reactive oxygen species (Rascio & Navari-Izzo, 2011). How-
ever, when present at optimal levels, several HMs function
as micronutrients contributing to proper plant growth and
development (Alloway, 2013). The intensive and prolonged
use of chemical fertilizers in crop cultivation has led to a
significant accumulation of HMs in the soil (Atafar et al.,
2010), resulting in environmental contamination (Mortvedt,
1996), negative impacts on human health (Mortvedt, 1996),
and alteration in the structure and function of soil micro-
bial communities (Navarrete et al., 2017). Understanding the
molecular mechanisms that regulate the uptake, translocation,
and sequestration of HMs in plants is critical for defining
the thresholds at which these elements transition from being
beneficial to toxic.

Among the proteins involved in HM homeostasis, members
of the P-type ATPase superfamily play a central role. These
transporters utilize ATP hydrolysis to mediate the active trans-
port of cations across biological membranes against their
electrochemical gradients (Hanikenne & Baurain, 2014). The
“P-type” designations refer to the transient formation of a
phosphorylated intermediate during the transport cycle (Ped-
ersen & Carafoli, 1987). P-type ATPases are conserved across
all domains of life and participate in a wide range of cellu-
lar processes (Farley, 2012). Based on substrate specificity,
they are classified into five major subfamilies (P1-P5) (Palm-
gren & Axelsen, 1998). For instance, the H+ATPase in

Plain Language Summary

Plants need certain metal ions, like zinc and copper, to grow properly. Special proteins
called heavy metal ATPases (HMAs) help move these metals around the plant and
store them safely. In this study, we looked at HMA genes in common bean plants
(Phaseolus vulgaris). We grouped the genes into six families and found that some
are active in many plant parts, while others work mainly in roots or leaves. When the
plants were exposed to zinc, some genes, like PvHMA I (where PVHMA is Phaseolus
vulgaris L. HMA) and PvHMA?2, changed their activity, especially in shoots. These
changes did not happen under copper stress. Our results show that HMA genes help
plants manage metal nutrients and respond to stress. This research could help improve

plant health and nutrition.

plants and fungi belongs to the P3A-type, whereas Na*/K™*
and Ca’*ATPases in animals fall under the P2C/D- and
P2A/B-types, respectively (Kiihlbrandt, 2004). The P1B-type
ATPases, also known as heavy metal ATPase (HMA), form
a distinct subgroup specialized in the transport of transi-
tion metals. These proteins are characterized by the presence
of eight transmembrane (TM) domains, including a highly
conserved CPx motif (cysteine-proline-cysteine, cysteine-
proline-histidine, or cysteine-proline-serine) within the sixth
TM domain, which is responsible for metal ion binding
(Hanikenne & Baurain, 2014). Additionally, HMAs pos-
sess five conserved signature motifs—DKTGT, GDGxNDxP,
PxxK, HP, and S/TGE—that are critical for ATP hydrolysis
and metal transport (Argiiello et al., 2007). Understand-
ing the function and regulation of HMA transporters is
essential for advancing strategies in phytoremediation, crop
biofortification, and tolerance to metal stress.

Plant HM transporters play a crucial role in the toler-
ance of HMs and in maintaining the balance of metal ions
inside the plant (Williams et al., 2000). The HMA family
of transporters can be categorized into two subgroups: one
that binds to monovalent ions such as Cu® and Ag*, and
another that is linked with divalent ions including Zn>*, Cd*,
Pb%*, and Co>* (Axelsen & Palmgren, 2001). The Arabidop-
sis thaliana genome contains eight members (Baxter et al.,
2003). Among them, AtHMA?2 (where AtHMA is Arabidopsis
thaliana HMA)and AtHMA4 are expressed in vascular tissues
and produce proteins involved in metal translocation through
the xylem (Hussain et al., 2004; Sinclair et al., 2007). In the
related species Arabidopsis halleri, constitutive expression of
HMAA4 is directly associated with the species’ ability to tol-
erate and hyperaccumulate Zn and Cd (Nouet et al., 2015).
Enhanced metal tolerance in A. thaliana can be achieved
by overexpressing AtHMA3, a tonoplast-localized transporter
that facilitates vacuolar sequestration of toxic metals (Morel
etal., 2009). Transgenic lines overexpressing AtHMA3 exhibit
enhanced tolerance to Cd, Zn, Pb, and Co, while mutants
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lacking this transporter show increased sensitivity, particu-
larly to Cd and Zn stress (Morel et al., 2009). Similar findings
have been reported in other species; for example, transgenic
tobacco expressing SaHMA3h from Sedum alfredii displayed
improved cadmium tolerance and accumulation (Z. Zhang
et al., 2016). In Brassica rapa, variations in leaf cadmium
content were linked to differential expression of BjHMA3
(L. Zhang et al., 2019). Additionally, ectopic expression of
OsHMA3 (where OsHMA is Oryza sativa HMA) in rice
resulted in greater Cd tolerance and reduced Cd levels in
aerial tissues and grains, while increasing Cd accumulation in
the roots (Ueno et al., 2010). The AtHMAI, localized in the
chloroplast envelope, is known for its role in copper translo-
cation (Seigneurin-Berny et al., 2006). This transporter is
essential for delivering Cu to superoxide dismutase (SOD),
a key enzyme that mitigates oxidative stress generated during
photosynthesis (Seigneurin-Berny et al., 2006). Under Zn (II)
excess, AtHMA1 also contributes to detoxification by remov-
ing Zn from plastids (Kim et al., 2009). In addition to Cu,
AtHMAT1 has been shown to interact with calcium, function-
ing in association with calcium ATPase (Moreno et al., 2008).
AtHMAS-8 are predicted to mediate the transporter of Cu
and silver (Ag). AtHMAG (AtPAA1) and AtHMAS (AtPAA2)
are both involved in chloroplast Cu homeostasis. AtHMAG is
located in the plastid envelope, while AtHMAS is situated in
the thylakoid membranes (Abdel-Ghany et al., 2005; Shikanai
et al., 2003). AtHMAS is primarily involved in Cu detoxifica-
tion in roots (Andrés-Colas et al., 2006). Lastly, AtHMA7,
also known as RANI, delivers Cu to post-Golgi compart-
ments and is essential for maturation of ethylene receptors
(Hirayama et al., 1999). The Oryza sativa (rice) genome
encodes nine HMA genes, with OsHMA 1-3 belonging to the
Zn/Co/Cd/Pb group and OsHMA4-9 belonging to the Cu/Ag
group (Baxter et al., 2003). Among these, OsHMA2 plays a
key role in the translocation of Zn/Cd from root cells to vas-
cular tissues, thereby promoting their movement from roots to
shoots (Satoh-Nagasawa et al., 2012; Takahashi et al., 2012).
OsHMA3 transports and stores Cd ions in vacuoles within
root cells, while OsHMA9 facilitates the export of Cu and Zn
ions from the cells to the apoplastic region (Lee et al., 2007).

Phaseolus vulgaris L., commonly known as the common
bean, represents the most significant grain legume for direct
human consumption globally (Food and Agriculture Organi-
zation [FAO], www.fao.org/faostat). Cultivated extensively,
it constitutes a staple food for millions of individuals, par-
ticularly in Latin America and Africa, where it serves as a
primary source of dietary sustenance (FAO, www.fao.org/
faostat). The crop’s importance is multifaceted, encompass-
ing both nutritional and agronomic dimensions. Nutritionally,
common beans provide a cost-effective source of high-quality
protein, complex carbohydrates, dietary fiber, and essential
micronutrients, notably iron (Fe) and zinc (Murube et al.,
2021), and thus play a critical role in public health strate-
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gies addressing malnutrition. Its widespread consumption and
nutrient density render it a suitable candidate for biofortifi-
cation programs (Sperotto & Ricachenevsky, 2017) aimed at
mitigating hidden hunger, particularly micronutrient deficien-
cies such as iron deficiency anemia, which affects billions
worldwide. From an agricultural perspective, common beans
contribute to sustainable farming systems through symbiotic
associations with nitrogen-fixing Rhizobia, enhancing soil
fertility and reducing reliance on synthetic fertilizers (Abd-
Alla et al., 2023). Understanding the molecular components
involved in HM homeostasis in P. vulgaris is fundamental to
improving our knowledge of how micronutrients are taken up
from the soil and allocated to edible plant tissues. This insight
has the potential to inform strategies aimed at enhancing nutri-
tional content and developing biofortified cultivars. Although
members of the HMA gene family have been identified and
characterized in several plant species, including Glycine max
(soybean) (Fang et al., 2016), Populus trichocarpa (D. Li
et al., 2015), Brassica napus (N. Li et al., 2018), maize,
Triticum aestivum (Batool et al., 2023), Medicago truncat-
ula (Ma et al., 2021), and sorghum (Zhiguo et al., 2018),
a systematic and comprehensive analysis of these genes in
common beans is still lacking. In this study, we performed
a genome-wide analysis of 11 putative HMA homologs in P.
vulgaris L. (PvHMA). We examined their gene structure, phy-
logenetic relationships, conserved motifs, and cis-regulatory
elements. Furthermore, we analyzed publicly available gene
expression datasets to evaluate the transcriptional profiles
of PvHMA genes during different developmental stages and
under metal stress conditions. Structural modeling was also
employed to explore the three-dimensional (3D) conforma-
tion of selected PvHMA proteins. Together, these findings
provide a foundational framework for future functional stud-
ies on HMA transporters in common beans, with implications
for improving nutrient use efficiency, stress resilience, and
biofortification strategies.

2 | MATERIALS AND METHODS

2.1 | Plant material and growth conditions

Seeds of P. vulgaris cultivar Carioca IAC-Alvorada were
germinated in a climate-controlled growth chamber at 25°C—
28°C with a 12-h light/12-h dark photoperiod. Plants were
grown in saturated vermiculate for 14 days. Following this
period, the substrate was carefully removed, and the roots
were washed thoroughly. To assess the effects of HM stress,
roots were immersed in aqueous solutions containing divalent
metal salts at the following concentrations: 50 uM cobalt chlo-
ride (CoCl,), 100 uM copper sulfate (CuSO,), 150 uM nickel
chloride (NiCl,), or 200 pM zinc sulfate (ZnSO,). Control
plants were treated with demineralized water under the same
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conditions. Treatments were applied for two exposure peri-
ods, 2 and 18 h, to simulate both short- and long-term stress
conditions. Following exposure, roots and shoots tissues from
at least two plants per treatment were harvested separately
and immediately flash-frozen in liquid nitrogen. All samples
were stored at —80°C until further processing. Three indepen-
dent biological replicates were performed for each treatment
condition.

2.2 | Identification and phylogenetic tree
construction of HMAs

The AtHMAs protein sequences were retrieved from the
A. thaliana genome (TAIR10) (Supporting Information S1)
via the Phytozome database (http://www.phytozome.net/) and
subsequently used as queries in BLASTP (Protein-Protein
Basic Local Alignment Search Tool) searches against the P.
vulgaris genome (G19833) proteome, also accessed through
the Phytozome platform. PvHMA homologs were identified
based on a minimum similarity threshold of 50%. For each
identified gene, the corresponding genomic DNA, coding
DNA sequence (CDS), and protein sequences were retrieved.
Additional parameters such as protein length, molecular
weight (mw), and isoelectric point (pI) were calculated using
the Compute pI/Mw (Bjellqvist et al., 1993). Subcellular
localization predictions were performed using the TargetP1.1
Server (Emanuelsson et al., 2007) with default parameters.
Gene structure was performed using the online tool GSDS
2.0 (http://gsds.cbi.pku.edu.cn) (Hu et al., 2015). Conserved
motifs among PvHMA proteins were identified using the
MEME Suite (Bailey et al., 2009), under default settings. To
investigate evolutionary relationships, full-length HMA pro-
tein sequences from P. vulgaris, A. thaliana, O. sativa (Baxter
et al., 2003), and G. max (Fang et al., 2016) were aligned
using the CLUSTALW algorithm (Thompson et al., 2002).
Phylogenetic trees were constructed with MEGA7 software
(Kumar et al., 2016) using the maximum likelihood method
with 10,000 bootstrap replications. Hierarchical clustering of
PvHMA protein sequences was performed using the GenePat-
tern 2.0 platform (Reich et al., 2006). Pearson correlation
coefficients (absolute value) were used as the similarity met-
ric, and the pairwise average-linkage method was applied
for clustering. Protein domain comparisons were performed
using the SMART database version 7.0 (Letunic et al., 2021),
and sequence relationships were constructed with MAFFT
(Katoh & Standley, 2013).

2.3 | Promoter region analysis and gene
expression profiling

The whole-genome sequence of P. vulgaris was obtained from
the Phytozome database (https://phytozome.jgi.doe.gov).

Putative promoter regions, defined as 1 kb upstream of the
translation start site (ATG), were extracted for each PPHMA
gene using the GENEIOUS software (www.geneious.com).
Cis-regulatory elements within these promoter sequences
were identified by PlantCARE (Lescot et al., 2002). Organ-
specific expression data for the PvHMA genes were retrieved
from the Phytozome platform, accessed through user login
credentials registered in the JG1 genome portal. The P.
vulgaris transcriptome dataset (P. vulgaris_442_ver2.1) was
downloaded for transcript-level analysis. All graphical ele-
ments and figures were created and refined using Adobe
Ilustrator (Adobe Systems Inc.).

2.4 | RNA isolation and quantitative
real-time PCR (RT-qPCR)

Total RNA was extracted from root and shoot tissues using the
TRIzol reagent (ThermoFisher Scientific, cat. No. 15596026),
following the manufacturer’s instructions. To remove resid-
ual genomic DNA contamination, RNA samples were treated
with DNase I Amplification Grade (ThermoFisher Scien-
tific, cat. No. 1806015). First-strand cDNA synthesis was
performed using the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, Code 4368814), according
to the manufacturer’s instructions. The qRT-PCR was car-
ried out using the SyBR Green PCR Master Mix (Applied
Biosystems, Code 439155) on a real-time PCR detection sys-
tem. Relative gene expression levels were calculated using
the standard curve method. Primer sequences used in the
study are listed in Supporting Information S2. As detailed
in the figure legends, gene expression quantification was
based on three independent biological replicates, except for
Shoot 2 h and Root 18 h samples treated with Zn and Co
for PvHMAG, where only two biological replicates were used
due to limited plant material. Each biological replicate con-
sisted of pooled tissues from at least two individual plants
and was analyzed with three technical replicates. To deter-
mine statistical significance among treatments, p-values were
calculated using the Student’s r-test (two-sample assuming
equal variances) in Microsoft Excel. Differences were con-
sidered significant at p < 0.05 and marginally significant at
p <0.1.

2.5 | Protein three-dimensional structure
prediction of PvHMA

Prior to 3D structure modeling, signal peptides were pre-
dicted in SignalP v6.0 (Teufel et al., 2022) and, if identified,
removed from the original sequence. However, no PvHMA
showed signal peptide via SignalP. Three-dimensional struc-
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ture modeling was done via ColabFold (Mirdita et al., 2022),
which easily enables structure prediction using AlphaFold2
software (Jumper et al., 2021). Predicted structures were
relaxed using Amber force fields and complex prediction
(Eastman et al., 2017), where five models were generated,
and the highest ranked conformation was selected based on
its Predicted Local Distance Difference Test (pLDDT) con-
fidence score. We used PyMOL (pymol.org) to visualize
the structures and to know the root-mean-square deviation
(RMSD) value of alpha carbon (Ca) atomic positions with
the alignment plugin. The TM topology was predicted using
DeepTMHMM (Hallgren et al., 2022) and later identified in
the modeled proteins.

3 | RESULTS

3.1 | Identification and classification of
HMA genes in the P. vulgaris genome

To identify members of the HMA gene family in P. vul-
garis, BLASTP searches were performed against the common
bean genome using the A. thaliana HMA protein sequence as
queries via the Phytozome database. A total of 11 putative
PvHMA genes were identified. Conserved motif organiza-
tion and phylogenetic relationships among the predicted
proteins were visualized simultaneously (Figure 1A). Key
conserved motifs characteristic of the HMA family, includ-
ing DKTGT, GDGxNDxP, PxxK, S/TGE, HP, and CPx/SPC,
were identified across the sequences (Figure 1B), consis-
tent with previously reported HMA features (Argiiello et al.,
2007). PvHMA sequences contain structural features simi-
lar to those found in their homologs in A. thaliana, which
include the ATPase and hydrolase protein families. A detailed
analysis revealed the presence of several conserved domains:
the HMA domain (PF00403), the E1-E2 ATPase domain
(PF00122), and the hydrolase domain (PF00702) (Supporting
Information S3).

Phylogenetic clustering revealed subgroups with dis-
tinct motif profiles. Specifically, PvHMA?2/3, PvHMAG6/S,
PvHMAA4/7, and PvHMAS5/9/10 each shared a set of
conserved motifs within their respective clades, whereas
PvHMAT1 and PvHMA11 exhibited divergent motif composi-
tions (Figure 1 A). To investigate the gene structure of PvHMA
family members, intron/exon organization was analyzed by
aligning genomic sequences with their corresponding coding
sequences (CDS) (Figure 2). This analysis revealed signifi-
cant variation in intron size and distribution across different
phylogenetic branches. Additional structural features were
examined, including gene, transcript, and CDS lengths (Sup-
porting Information S4). The PvHMAL1 and -6 had longer
genomic sequences (16,431 and 24,584 bp, respectively), sug-
gesting the presence of large intronic regions (Supporting
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Information S4). In contrast, transcript lengths across the fam-
ily were relatively uniform, ranging from 2865 to 3941 bp
(Supporting Information S4), supporting the hypothesis of
extensive intronic expansion in these two genes. Predicted
protein lengths varied from 826 to 1187 aa, with correspond-
ing molecular weights ranging from 90 to 130.9 kDa, and the
pl between 5.26 and 8.69 (Supporting Information S4). Sub-
cellular localization was predicted using TargetP 1.1 to infer
the potential biological role of each transporter. PvHMAL,
-6, and -8 were predicted to localize to the chloroplast,
while PvHMAS and -10 were associated with the mito-
chondrial membrane (Supporting Information S4). PVHMA?2
was predicted to be directed toward the secretory pathway,
whereas PvHMAZ3, -4, -7, -9, and -11 lacked identifiable tar-
geting signals (Supporting Information S4). Taken together,
the variation in gene structure, conserved motifs, predicted
physicochemical properties, and subcellular localization pat-
terns suggests that PVHMA transporters play diverse roles
in metal homeostasis and possibly participate in distinct
molecular and physiological processes within the common
beans.

3.2 | Structural modeling reveals potential
biological functions of PvHMA proteins

To gain further insight into the structural and functional
differentiation of PvHMA proteins, we selected PvHMAL1
and PvHMAS for comparative 3D modeling, as they
were predicted to localize to different subcellular compart-
ments (chloroplast and mitochondrion, respectively). Despite
PvHMAS having a longer amino acid sequence, both proteins
shared similar topologies as predicted by DeepTMHMM, fea-
turing eight TM domains and substantial orientation within
the interior of their respective organelles (Figure 3A; Sup-
porting Information S5). Protein structure prediction using
AlphaFold2 (via the ColabFold platform) generated high-
confidence 3D models for both proteins, revealing the orga-
nization of TM helices, conserved domains, and relative
orientations of intra- and extra-organellar regions (Figure 3B;
Supporting Information S6). Both P"HMA1 and PvHMAS
contained the conserved CPx motif within TM6, a signature
of HMA transporters. However, in PvHMAI, the canonical
cysteine residue was replaced by serine—an alteration also
observed in its A. thaliana homolog, AtHMA1 (Figure 3C).
Structural superposition of PvHMA1 and AtHMA1 revealed
a high degree of similarity, with an RMSD of 0.69 A
(Figure 3D; see also Figure 1 A). In contrast, structural align-
ment between PPHMA1 and PvHMAS resulted in a higher
RMSD value of 1.91 A (Figure 3E), indicating substantial
divergence despite shared membrane topology. This struc-
tural differentiation may reflect distinct metal specificity or
transport mechanisms.
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FIGURE 1 Structural characteristics of the heavy metal ATPase (HMA) family in Phaseolus vulgaris. (A) The left panel shows a phylogenetic
tree constructed from aligned protein sequences using the maximum likelihood method. Bootstrap support values (10,000 replicates) are indicated at
internal nodes. The right panel displays conserved motifs identified by the MEME tool, with each colored rectangle representing a distinct motif.
Protein sequences are organized according to their phylogenetic groups. (B) Dashed lines highlight motifs that contain conserved sequences
characteristic of the HMA family.
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FIGURE 2 Schematic structure of PvHMA genes in Phaseolus vulgaris. Schematic representation of the exon—intron organization. Black lines
indicate introns, blue arrows denote exons, and red arrows represent the 5" and 3’ untranslated regions (UTRs). The phylogenetic tree was
constructed using the maximum likelihood method, with bootstrap support values (10,000 replicates) shown at internal nodes.
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3.3 | Comparative phylogenetic analysis of
HMA genes in common bean, rice, soybean, and
A. thaliana

To investigate the evolutionary relationships among HMA
transporters across plant species, a phylogenetic tree was
constructed using the full-length protein sequences of 11
P. vulgaris HMAs (PvHMAI1-11), 20 soybean HMAs
(GmHMA1-20), eight A. thaliana HMAs (AtHMA1-8), and
nine rice HMAs (OsHMA1-9). The resulting phylogenetic
tree revealed the formation of six major subfamilies, consis-
tent with previous classifications (Fang et al., 2016; Williams
& Mills, 2005) (Figure 4). Subfamilies I and II are associ-
ated with the transport of Zn, Cd, Pb, and Co. These groups
included PvHMAL1, -2, and -3, as well as AtHMA1-4 from

A. thaliana, OsHMA1-3 from O. sativa, and five soybean
homologs (GmHMAS, -13, -14, -18, and -19). The sub-
family I contained PvHMA1, AtHMAI, and two soybean
sequences (GmHMAS and 19), suggesting a conserved func-
tional group. The subfamily II positioned PvHMA?2 close
to AtHMA2, -3, and -4, while PvHMA3 clustered with
GmHMA12 (Figure 4). The subfamilies III through VI are
primarily associated with Cu transport and potentially Ag, as
previously reported (Williams & Mills, 2005). This broader
group included PvHMAA4, -5, -6, -7, -8, -9, -10, and -11,
as well as AtHMAS-8, OsHMA4-9, and 15 soybean HMA
genes (Figure 4). Within subfamily III, PvHMAS, -10, and
-11 grouped closely with AtHMAS, while PvHMA9 clus-
tered with OsHMA4 and GmHMA3 and -17. Subfamily IV
included PvHMA4 and PvHMA?7 alongside AtHMA7 and
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Phylogenetic relationships among heavy metal ATPase (HMA) protein sequences. An unrooted phylogenetic tree was constructed
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OsHMAG6 and -9. Subfamilies V and VI were more distinct,
with PvHMAG6 closely related to AtHMA6, and PvHMAS
aligning with AtHMAS8 and OsHMAS (Figure 4). These
phylogenetic relationships suggest functional conservation
and diversification of HMA genes across dicot and mono-
cot lineages, with PvHMA members represented in all six
subfamilies, indicating a broad evolutionary distribution and
potential functional specialization.

3.4 | Tissue-specific expression patterns and
cis-regulatory element analysis of PvHMA
genes

To gain further insights into the potential molecular roles
of PvHMA genes, we examined their in silico expression

profiles across various tissues using transcriptome data avail-
able. Among all genes analyzed, PvHMA9 and PvHMAI0O
exhibited the lowest transcriptional activity across tissues
(Figure 5). In contrast, PvHMA3 and PvHMA4 showed pref-
erential expression in mature pods and roots, while PvHMAS
displayed a predominantly leaf-specific expression pattern.
PvHMA?2 and PvHMA5 were more highly expressed in
stems, fruits, and roots. Broad expression across all tissues
was observed for PvHMAI, PvHMAG6, PvHMA7, PvHMAS,
and PvHMAII, with particularly high transcript levels for
PvHMAI, PvHMA7, and PvHMAS, and moderate expression
for PvHMAG6 and PvHMA 11 (Figure 5).

To support the expression data, we performed a pro-
moter analysis of the 1000 bp upstream regions of the
PvHMA genes, identifying putative cis-regulatory elements
using the PlantCARE database. For interpretative clarity,
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Organ-specific expression patterns of PvHMA gene during development. RNA-seq data from the Phytozome database
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pod, young leaves, mature leaves, stem, root, and nodules. Expression levels are visualized as a heatmap, with color intensity representing log,

fragments per kilobase million (FPKM) values—ranging from green (low expression) to red (high expression). HMA, heavy metal ATPase.

the elements were categorized into five functional groups:
(i) DNA/protein-binding, (ii) biotic/abiotic stress-responsive,
(iii) light-responsive, (iv) hormone/metabolism-related, and
(v) others. Consistent with their low expression, PvHMA9
and PvHMA 10 contained the fewest regulatory elements (five
and six, respectively) (Supporting Information S7). Notably,
PvHMAZ3, which is root-specific, lacked light-responsive ele-
ments, while PvHMAS, which is highly expressed in leaves,
contained the highest number of light-associated elements,
suggesting light-dependent transcriptional regulation. Pro-
moters of PvHMA7, PvHMAS, and PvHMAII contained

elements from all five functional categories, supporting their
broad expression and potential involvement in diverse phys-
iological processes. Due to the location of PvHMAG6 at the
5" end of scaffold_403, promoter sequence data could not be
retrieved, preventing regulatory analysis for this gene.

In summary, PvHMAI, PvHMA2, PvHMAS, PvHMAG,
PvHMA7, and PvHMAI1I exhibit broad expression across
multiple tissues, indicating roles in general HM homeosta-
sis. In contrast, PvHMA3, PvHMA4, PvHMAS, and PvHMA10
show more restricted, tissue-specific expression patterns,
pointing to specialized functions in metal transport and reg-
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FIGURE 6 Expression of PvHMA genes in response to heavy metal exposure. Transcript levels of PvHMA genes were measured by
quantitative real-time PCR (RT-qPCR) in roots and aerial parts of plants treated with Co (50 uM), Cu (100 uM), Ni (150 uM), or Zn (200 uM) for 2 h
(blue bars) and 18 h (orange bars). Expression values were normalized to a constitutive reference gene, and results represent the mean of two to three

biological replicates (see Section 2), each with three technical repetitions. At least two plants were used per biological replicate. Error bars indicate

standard error of the mean. Statistical significance was determined using a r-test: *p < 0.1; **p < 0.05. HMA, heavy metal ATPase.

ulation. These expression trends closely align with the type
and abundance of cis-regulatory elements identified in their
promoters.

3.5 | Expression profiles of PvHMA genes in
response to heavy metal stresses

To assess both early-transient and delayed gene inductions,
the transcriptional response of PVHMA genes to HM exposure
was measured at 2 and 18 h after treatment. The RT-qPCR
was performed on root and shoot tissues following treatments
with Zn?*, Cu*, Co?*, and Ni**. Of the 11 PvHMA genes
analyzed, nine were expressed under at least one metal treat-
ment, while PvHMA9 and PvHMA10 showed no detectable
expression across all conditions (Figure 6). Significant tran-
scriptional induction of PvHMA I and PvHMAS5 was observed
in shoots after 2 h of Zn?>* exposure, with expression levels
markedly higher than untreated controls; however, this induc-
tion diminished by 18 h. Conversely, PvHMA 11 exhibited a

progressive and sustained increase in expression throughout
zinc treatment, indicating a delayed yet persistent response
(Figure 6). Under Co’* treatment, PvHMA?2 was specifically
upregulated in roots, suggesting involvement in cobalt trans-
port or detoxification mechanisms. Cu>* exposure elicited
elevated expression of PvHMAG6, predominantly in shoots.
Notably, none of the PvHMA genes responded transcrip-
tionally to Ni>* under the tested conditions. These results
demonstrate that PvHMA genes are differentially expressed
depending on the specific HM and tissue type, indicating that
individual transporters have specialized roles, contributing to
metal-specific homeostasis and detoxification mechanisms in
P. vulgaris.

4 | DISCUSSION

The common bean plays a pivotal role in global food secu-
rity, serving as a major dietary protein and micronutrient
source, especially in low- and middle-income countries. Effi-
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cient metal homeostasis is essential for its productivity and
nutritional value. HMAs are integral membrane transporters
involved in the uptake, transport, sequestration, and detoxifi-
cation of essential and nonessential metals in plants. While
these proteins have been characterized in several model and
crop species (Fang et al., 2016; Zhiguo et al., 2018), their
diversity and function in P. vulgaris remained largely unex-
plored. Broad phylogenetic comparisons revealed that P.
vulgaris HMA genes group into six distinct clades, consistent
with the established HMA subfamily classification in other
angiosperms (Baxter et al., 2003; Tehseen et al., 2010). The
high conservation of domain structure and motif composi-
tion across these groups supports the notion that the ancestral
angiosperm genome contained at least six core HMA genes
(Axelsen & Palmgren, 2001; Hanikenne & Baurain, 2014).

The HMALI transporter has been shown to respond to Zn
stress in both A. thaliana and rice (Kim et al., 2009). Local-
ized at the chloroplast envelope, it protects the organelle
from Zn overaccumulation by translocating the metal to the
cytoplasm (Kim et al., 2009). HMA1 plays a crucial role
in the protective function of Cu/Zn SOD enzyme in above-
ground tissues by providing essential metal cofactors for
Cu/Zn SOD activity (Boutigny et al., 2014; Kim et al., 2009).
Consistent with previous findings, the common bean homolog
of HMA1 contained a chloroplast-targeting peptide signal
(Supporting Information S4). Its function in Zn homeosta-
sis in chlorophyllous tissues is supported by its differential
expression upon Zn stress in shoots and reproductive organs
(Figures 5 and 6) and by the presence of light-responsive
cis-elements in its promoter region (Supporting Information
S7). While HMAT1 has been shown to transport Cu in A.
thaliana actively (Seigneurin-Berny et al., 2006), our anal-
ysis did not reveal an expression response to excessive Cu
stress in PvHMA1 (Figure 6). Despite this, PPHMAI1 shares
similarities with AtHMA1 regarding subcellular localization
(Supporting Information S4), protein structure (Figure 3D),
and Zn transport (Figure 6). However, their roles in Cu
homeostasis may differ. We observed a basal expression
of PvHMAI in roots that were not differentially expressed
by metal exposure (Figure 6). Similar findings have been
reported in other plants (D. Li et al., 2015; Seigneurin-Berny
et al., 2006), suggesting a parallel function of HMAI1 in
non-green plastids.

In A. thaliana, the HMA2 and HMA4 exhibit redundant
functions, sharing similar expression patterns upon Cd and Zn
overexposure and predominantly localizing in cells surround-
ing root vascular vessels (Eren & Argiiello, 2004; Hussain
et al., 2004). Both transporters facilitate the translocation of
Zn from root pericycle cells into the vascular system for deliv-
ery to above-ground organs (Hanikenne & Bouché, 2023).
Our phylogenetic analysis revealed that a single gene rep-
resents the closest homologs of AtHMA2 and AtHMA4 in
the common bean, PvHMA?2 (Figure 4). Like AtHMA2/4,
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PvHMAZ2 is associated with the secretory pathway (Support-
ing Information S4), translocating metals from the cytoplasm
to the extracellular environment. PvHMA?2 exhibited strong
expression in vascular tissues and roots (Figure 5) with an
overall tendency to be upregulated upon metal treatments
(Figure 6). In A. thaliana, high levels of AtHMA2 mRNA
were detected in plants treated with various metals, includ-
ing Ag, Co, Cu, Cd, Mn, and Ni. However, only Zn and
Cd were shown to increase the metal-dependent phospho-
rylation and ATPase activity of HMA2 (Eren & Argiiello,
2004). Interestingly, in common beans, PvHMA?2 expression
was detected by 40 nm ZnO nanoparticle treatment (da Cruz
et al., 2019). These findings suggest that PPHMA?2 plays a
role in Zn homeostasis similar to AtHMA2/4, although further
studies are needed to clarify how different metal species influ-
ence its ATPase activity and transport function. Altogether,
our phylogenetic and transcriptional data support the hypoth-
esis that PVHMAZ2 shares conserved biological functions with
its Arabidopsis homologs.

Cu is an essential micronutrient for numerous physiological
processes in plants, with roots serving as the primary site for
its uptake. Inadequate Cu availability disrupts normal root and
leaf development, reduces chlorophyll synthesis, and impairs
photosynthetic performance (Hong et al., 2015). Our results
indicate that PvHMAG plays a role in Cu homeostasis in P.
vulgaris. This gene displayed strong expression in root tissues
and moderate expression in photosynthetic organs (Figure 5),
and its transcription was significantly induced following Cu
exposure (Figure 6). These patterns suggest a functional role
in both Cu uptake from the soil and internal redistribution. In
support of this, PVHMAG6 similar to its closest homologs in A.
thaliana (AtHMARS) (Figure 4) and M. truncatula (MtHMA4)
(Ma et al., 2021) are chloroplast-localized transporters (Sup-
porting Information S4). In addition, AtHMAS and MtHMA4
are reported to respond to Cu stress (Ma et al., 2021; Sautron
etal.,2016). AtHMAS, in particular, has been shown to supply
Cu to chloroplastic enzymes such as Cu/Zn SOD and plasto-
cyanin, which are crucial for oxidative stress defense and the
electron transport chain during photosynthesis (Abdel-Ghany
etal., 2005). Taken together, these findings support a dual role
for PPHMAG in facilitating Cu acquisition at the root level
and in supplying Cu to chloroplasts to sustain photosynthetic
function.

Our investigation indicates that PvHMAS and PvAHMAII
are involved in Zn homeostasis in common beans. Both
genes responded to HM exposure, with PvHMAS5 showing
rapid increase in transcript expression within 2 hours, while
PvHMAI1 displayed a delayed response, becoming evident
after 18 h (Figure 6). Based on their high sequence simi-
larity to GmHMAT1/9 in soybean and predicted localization
signals, PPHMAS and PvHMAI11 are likely targeted to the
mitochondrial membrane (Fang et al., 2016; Supporting Infor-
mation S4). These homologous transporters in soybean are
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known to respond to Cd, prompting investigation into whether
PvHMAS and PvHMA11 share this sensitivity. Interestingly,
under our experimental conditions, neither gene responded
to Cd, suggesting that these transporters may have diverged
functionally in P. vulgaris. Unlike their closest homolog in
A. thaliana, AtHMAS—a plasma membrane Cu transporter
that is not responsive to Cd, Zn, or Fe (Andrés-Colas et al.,
2006)—PvHMAS and PvHMAII appear to be specifically
responsive to Zn. These findings suggest that PPHMAS and
PvHMAL11 have evolved distinct roles in Zn regulation in
common beans, differing from their counterparts in both
soybean and A. thaliana.

S | CONCLUSION

Our findings offered a comprehensive perspective on the
HMA gene family in common beans. The 11 transporters
observed in this study were categorized into six distinct
clusters, each exhibiting a consistent gene structure and dis-
tribution of motifs. The expression studies provide initial
insights into the role of HMA in the absorption, storage, and
transit of metals in the roots, stems, and leaves of the com-
mon bean. Our findings will help to understand the biological
function of the individuals involved in metal balance during
the growth of P. vulgaris.
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