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Abstract: Metal tolerance proteins (MTPs) are divalent cation transporters, known to upkeep the
mineral nutrition of plants and heavy metal transport at cell, tissue, or whole plant levels. However,
information related to evolutionary relationships and biological functions of MTP genes in strawberry
(Fragaria vesca L.) remain elusive. Herein, we identified 12 MTP genes from the strawberry genome
and divided them into three main groups (i.e., Zn-MTP, Fe/Zn MTP, and Mn-MTP), which is similar
to MTP grouping in Arabidopsis and rice. The strawberry MTPs (FvMTPs) are predicted to be
localized in the vacuole, while open reading frame (ORF) length ranged from 1113 to 2589 bp with
370 to 862 amino acids, and possess 4 to 6 transmembrane domains (TMDs), except for FvMTP12 that
possessed 16 TMDs. All the FvMTP genes had putative cation efflux and cation diffusion facilitator
domains along with a zinc dimerization (ZT-dimer) domain in Mn-MTPs. The collinear analysis
suggested their conservation between strawberry and Arabidopsis MTPs. Promoter analysis also
demonstrated that some of them might possibly be regulated by hormones and abiotic stress factors.
Moreover, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis proposed that FvMTP genes are involved in cation transport and homeostasis. The
expression analysis showed that FvMTP1, FvMTP1.1, and FvMTP4 were significantly induced in leaf
samples, while FvMTP1.1 and FvMTP4 were significantly regulated in roots of cadmium (Cd)-treated
strawberry plants during progressive stress duration. The findings of Cd accumulation depicted that
Cd contents were significantly higher in root tissues than that of leaf tissues of strawberry. These

Horticulturae 2022, 8, 477. https://doi.org/10.3390/horticulturae8060477 https://www.mdpi.com/journal/horticulturae

https://doi.org/10.3390/horticulturae8060477
https://doi.org/10.3390/horticulturae8060477
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com
https://orcid.org/0000-0002-4385-9128
https://orcid.org/0000-0002-9009-5159
https://orcid.org/0000-0001-5226-1307
https://orcid.org/0000-0001-8186-9055
https://orcid.org/0000-0001-5006-5687
https://orcid.org/0000-0002-4013-3516
https://orcid.org/0000-0002-5102-2379
https://orcid.org/0000-0002-2860-467X
https://orcid.org/0000-0002-5372-0269
https://orcid.org/0000-0001-9424-5217
https://doi.org/10.3390/horticulturae8060477
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com/article/10.3390/horticulturae8060477?type=check_update&version=1


Horticulturae 2022, 8, 477 2 of 13

results are indicative of their response during the specific duration in Cd detoxification, while further
functional studies can accurately verify their specific role.

Keywords: strawberry; cation diffusion facilitator; metal tolerance proteins; cadmium stress

1. Introduction

Various metal cations, such as copper (Cu2+), zinc (Zn2+), iron (Fe2+), manganese
(Mn2+), nickel (Ni2+), and cobalt (Co2+) are essential trace elements for vital cellular and
physiological plant functions, including photosynthesis, chloroplast and mitochondrial
electron transport, protein processing, DNA replication, and other metabolic processes [1,2].
In addition, these metals also serve as structural cofactors for various enzymes and tran-
scription factors [1]. The excessive accumulation of these metals can results in oxidative
damage and cellular toxicity, which leads to impaired photosynthesis, chlorosis, and inhib-
ited water and nutrient uptake [2,3]. Other non-essential heavy metals, such as mercury
(Hg), cadmium (Cd2+), and lead (Pb2+), negatively influence plant growth and develop-
ment and, when transported and accumulated in edible plant parts, can raise severe health
risks for human nutrition [4,5]. However, plants can adapt the complex strategy of metal
uptake and movement, extrusion, chelation, detoxification, and compartmentalization to
ensure proper metal homeostasis within the cell [6]. To avoid metal toxicity, plants utilize
specific transporters from multigenic protein families that play regulatory role in uptake
and compartmentalization of heavy metals in different cellular organelles [7,8].

The cation diffusion facilitator (CDF) gene family have been ubiquitously character-
ized in yeast, bacteria, plants, and mammals, and are known to transport metals from the
cytosol to either subcellular compartments or extracellular spaces [9,10]. CDFs are vital and
play an important role in response to abiotic stress; however, it is debatable whether they
are essential as some genetic experiments have shown that the lack of a particular CDF
gene does not necessarily cause lethality [11]. The CDF is further subdivided into three
subgroups (e.g., Zn-CDF, Fe/Zn-CDF, and Mn-CDF) based on phylogenetic relationship
and specific substrate transport capacity [12]. Sequence analysis has revealed that main-
stream CDF proteins act as homodimers and normally possess six transmembrane domains
(TMDs) with the characteristic of one cytosolic histidine-rich domain. In plants, the CDF
gene family is generally denominated as metal tolerance proteins (MTPs), which are further
classified into seven major phylogenetic groups based on their specific metal sequestra-
tion [13]. For example, group I (MTP1-MTP4), V (MTP5), and XII (MTP12) are categorized
as Zn-CDF, group VI (MTP6), VII (MTP7) are Fe/Zn-CDF, and group VIII (MTP8) and IX
(MTP9-MTP11) include Mn-CDF [9,14]. Among these, Arabidopsis AtMTP1 is ubiquitously
found in all types of tissues and can compartmentalize Zn into the vacuole [14]. Similarly,
AtMTP3 and AtMTP8 are involved in metal tolerance against Fe deficiency and can trans-
port Zn and Mn, whereas AtMTP11 can counter Mn severity by sequestrating it out of
cytoplasm [15–17]. AtMTP12 with 14 TMDs forms a functional complex with AtMTP5
and transport Zn into the Golgi bodies [18]. In addition, Arabidopsis orthologs from rice
(OsMTP1) and cucumber (CsMTP1 and CsMTP3) have been shown to transport Cd and
Co into the vacuole of the plant cell [10,19,20]. The brief description of the MTP gene
family in modulating heavy metal cations is available on Arabidopsis, but no information
on strawberry (Fragaria vesca L.) FvMTPs is available yet.

Strawberries (Fragaria x ananassa Duch.) are a very popular fruit among consumers,
either as fresh produce for consumption or for processing, e.g., into juices. This raw material
is well aligned with the growing demand for functional foods in the market as consumers
increasingly choose products of exceptional quality with added value [21–24]

The genus Fragaria is characterized by woodland [25] and cultivated [19] species, which
are further subclassified by their discrete ploidy number from diploid to decaploid. F. vesca
is diploid (2n = 14) and deliberated as an important model plant for gene transformation
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because of its smaller genome size, short life cycle, and small stature [25–28]. Recently,
wastewater and sludge applications are the main reason for heavy metals accumulation in
fleshy fruits [29]. Previous reports suggested that strawberry accumulate relatively more
Cd in edible parts [30,31]. Cadmium enters from the roots by cation binding sites, move
towards xylem and transported into source tissues in the form of complexes by various
substrate-specific cation transporters [32]. However, metals are co-transported to the roots
by the plasma membrane transporters (CDFs) and play vital role in metal ions uptake
and homeostasis [33]. Consequently, there is a compelling need for the identification of
genes that can sequestrate and transport Cd to extracellular spaces or into the cellular
organelles. The comprehensive genome-wide analysis of the MTP gene family have been
extensively carried out in tobacco [11], sweet orange [34], and grapes [13], but precise role
of MTP in Cd homeostasis is lacking in strawberry. Therefore, we carried out genome-
wide identification of MTP family in strawberry and performed phylogenetic relationship
with Arabidopsis (AtMTP) and rice (OsMTP) genes. We further analyzed the sequence and
structural characteristics, chromosomal locations, intron and promoter’s structure, and
functional annotations of MTP proteins. Finally, we analyzed the gene expression of FvMTP
genes for their putative role in mediating Cd stress. This study will help in the selection
of candidate genes involved in Cd homeostasis in fleshy fruits for functional studies in
the future.

2. Materials and Methods
2.1. Identification of MTP Gene from Strawberry

To identify the MTP genes, BLASTP search in Genome Database for Rosaceae (GDR)
(https://www.rosaceae.org/species/fragaria/all; accessed on 11 September 2021) was
carried out using the 12 Arabidopsis (e.g., AT2G46800, AT3G58810, AT2G29410, AT2G47830,
AT2G04620, AT2G39450, AT1G79520, AT1G16310, AT1G51610, AT3G58060, AT3G12100, and
AT3G61940) and 10 rice (e.g., Os05g38670.1, Os04g23180.1, Os02g58580.1, Os03g12530.1,
Os01g62070.1, Os05g03780.1, Os02g53490.1, Os08g32650.1, Os01g03914.1, and Os03g22550.1)
MTP proteins as queries [14]. The identified FvMTP proteins were filtered using an
E-value ≤ e−10 and validated for cation_efflux domain (PF01545) acquired from Pfam
database (http://pfam.xfam.org; accessed on 11 September 2021) using SMART search
(http://smart.embl-heidelberg.de/; accessed on 11 September 2021) [10].

2.2. Physicochemical Properties, Sequence Alignment, and Phylogenetic Analysis

The physicochemical properties, such as molecular weight (kDa) and isoelectric point
(pI) of FvMTP genes, were calculated using the online ProtParam (http://web.expas
y.org/protp param; accessed on 13 September 2021) [22]. The open reading frame (ORF)
values were predicted from NCBI ORF finder (https://www.ncbi.nlm.nih.gov/orffinder;
accessed on 13 September 2021). FvMTP protein localization in different cellular organelles
was predicted by Cell-Plock (2.0: http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/;
accessed on 11 September 2021) as described by previously reported studies [13]. The
multiple sequence alignment of all putative FvMTP peptides was carried out by MUSCLE
using MEGA (7.0) with default options [25]. The phylogenetic tree was constructed us-
ing the consequential alignment in MEGA (7.0) following the maximum likelihood (ML)
method, 1000 bootstrap replications were set for the reliability of the resultant tree [35].

2.3. Conserved Motifs, Gene Structure, and Promoter Analysis

The conserved motif scanning of FvMTP proteins was performed using MEME Suit
and parameter setting was employed as 50 ≤ widths ≤ 100 with a maximum number of
3 motifs [22]. The gene structure was visualized using the GFF3 file acquired from the straw-
berry genome by the TBtools program [35]. Moreover, FvMTP peptides were used to iden-
tify the cis-elements of each protein from the PlantCARE database (http://bioinformatics.
psb.ugent.be/webtools/plantcare/html/; accessed on 17 September 2021) [25].

https://www.rosaceae.org/species/fragaria/all
http://pfam.xfam.org
http://smart.embl-heidelberg.de/
http://web.expas
https://www.ncbi.nlm.nih.gov/orffinder
http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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2.4. Chromosomal Positioning and Collinearity Analysis

The specific chromosomal positions of each FvMTP gene across seven (Fv01–Fv07) was
performed using genome annotations and illustrated using the TBtools program. For the
syntenic relationship between strawberry and Arabidopsis MTPs, and within strawberry
MTPs, Multiple Collinearity Scan (MCScan) toolkit analysis was carried out and visualized
using a circular diagram [10].

2.5. Gene Ontology (GO) and Kyoto-Encyclopedia of Genes and Genomes (KEGG) Analysis

For GO enrichment analysis, Arabidopsis MTP orthologs were implicated as search
query in an online panther server (http://pantherdb.org/; accessed on 21 September 2021).
The KEGG enrichment of FvMTP genes was performed using an online KEGG web server
(https://www.genome.jp/kegg/pathway.html; accessed on 21 September 2021).

2.6. Plant Material and Cd Stress

One-year-old strawberry plants were obtained from Jiangsu Academy of Agricultural
Sciences (JAAS) and kept in the medium of soil:peat:sand at 3:1:1 volume [36] in a controlled
environment (25 ± 5 ◦C) provided with 16 h light/8 h dark, and 65% relative humidity
(RH) at Nanjing Agricultural University, Nanjing-China. After 4 weeks, 60 strawberry
plants were sorted for uniformity in size and health. The 60 strawberry plants were divided
into 5 treatments (each with 10 replicates) and were treated with 0.1 mM CdCl2 [37] with
an interval of 12 h (h), 24 h, 48 h, 60 h, and 72 h, respectively. The remaining 10 strawberry
plants irrigated with simple nutrient solution were deliberated as control (CK) plants. The
root and young leaf samples were collected from CK and Cd-treated strawberry plants
after 12 h, 24 h, 48 h, 60 h, and 72 h, respectively. The collected samples were immediately
put in liquid nitrogen and stored at −80 ◦C.

2.7. RNA Extraction and qRT-PCR Analysis

Total RNA was isolated from the root and leaf tissues using the Trizol reagent (Invitro-
gen) method by following the manufacturer guidelines. RNA was then reverse-transcribed
to prepare the cDNA using the prime script (Takara, Japan) by following the manufacturer’s
instructions. The primers of 12 FvMTP genes were designed using NCBI Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/; accessed on 10 December 2021) and
list is provided in Table S1. Furthermore, qRT-PCR (ABI-7500, Applied Biosystem, Foster
City, CA, USA) was used to quantify the gene expression and the reaction for each gene
was performed at three technical replicates as described previously [25]. The expression
level was measured by 2−∆∆CT value and Fragaria MSI1 (MULTICOPYSUPPRESSOR OF
IRA1) was used as an internal control [30,38].

2.8. H2O2 Accumulation, and Cd Quantification

The accumulation pattern of H2O2 was examined by following the staining method
as described by [38]. The quantification of Cd contents from leaf and roots following Cd
stress were performed by the method explained by [30].

2.9. Statistical Analysis

Three independent biological replicates were used for the qRT-PCR analysis and data
was subjected to analysis of variance (ANOVA) using the SPSS Ver. 20 (Chicago, IL, USA).
The means of gene expression values at different time points (i.e., 12 h, 24 h, 48 h, 60 h, and
72 h) were compared using Duncan’s Multiple Range (DMR) test for which the value of
p < 0.05 was deliberated as statistically significant.

3. Results
3.1. Identification and Sequence Properties of FvMTP Genes

In this study, 12 genes encoding FvMTPs were identified in total from the strawberry
genome (https://www.rosaceae.org/; accessed on 11 September 2021) using the MTP

http://pantherdb.org/
https://www.genome.jp/kegg/pathway.html
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.rosaceae.org/
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proteins pairs of Arabidopsis thaliana and Oryza sativa as queries. The FvMTP proteins
are denominated as FvMTP1 to FvMTP12 based on sequence similarity with A. thaliana
(Table S2). The open reading frame (ORF) length ranged from 1113 bp (FvMTP5) to
2589 bp (FvMTP12) along with 370 to 862 to amino acid length, respectively. Moreover,
the isoelectric point (pI) and molecular weight (MW) ranged from 5.03 (FvMTP11) to
8.77 (FvMTP5) and 41.061 kDa (FvMTP5) to 96.20 kDa (FvMTP12). All the FvMTP proteins
are predicted to possess 4 to 6 transmembrane domains (TMDs), except for FvMTP12 that
showed 16 TMDs. Finally, the subcellular prediction analysis revealed that most of the
FvMTP proteins are localized to vacuole, while only two FvMTP proteins (i.e., FvMTP9
and FvMTP10) were also localized in cell membrane (Table S2).

3.2. Phylogenetic Characterization, Motif Composition, and Gene Structure Analysis of FvMTPs

To determine the evolutionary relationship between strawberry, Arabidopsis, and
rice MTPs, a phylogenetic tree was constructed using the protein sequences of FvMTPs,
AtMTPs, and OsMTPs. The FvMTPs were further categorized into three major groups
based on the specific-substrate group and sequence similarity with AtMTPs and OsMTPs.
In our study, almost all FvMTPs were found, except FvMTP2 and FvMTP3. In addition,
few of the FvMTPs showed higher sequence similarity with AtMTP1 and AtMTP6 and are
named as FvMTP1 and FvMTP1.1, and FvMTP6 and FvMTP6.1, respectively (Figure 1).
Previously, Montanini et al. [12] classified MTPs into three groups, such as Fe/Zn-MTPs,
Mn-MTPs, and Zn-MTPs. In our results, the FvMTP1, FvMTP4, FvMTP5, FvMTP12 genes
clustered in Zn-MTP group; FvMTP6 and FvMTP7 in Fe/Zn-MTP, and FvMTP8-FvMTP11
in Mn-MTP, which is similar with the grouping reported in grapevine [13] and tobacco [14].
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Figure 1. Phylogenetic relationships of three MTP groups, i.e., Zn-MTP, Fe/Zn-MTP, and Mn-MTP
using three different species, strawberry, Arabidopsis and rice. The phylogenetic tree was constructed
by MEGA 7 using the maximum likelihood method (1000 bootstrap).

The structural analysis of MTP further validated our analysis by showing conserved
domain within the strawberry genome. Motif analysis demonstrated that motif 2 was
commonly present in all FvMTP genes, while motifs 1 and 3 specifically occurred in
FvMTP8-11 (Figure 2A). Gene structure analysis was performed based on CDS and UTRs
using the TBtools program. Results showed slight divergence within FvMTPs, and mostly
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consisted conservation with motif analysis. For example, FvMTP6-6.1, FvMTP8, and
FvMTP10-11 showed almost identical structure (Figure 2B). Thus, these analysis suggesting
that these genes might share a common ancestor during the process of evolutionary history.
Moreover, the gene structure analysis showed presence of cation_efflux and cation diffusion
facilitator (CDF) domains in all FvMTP genes, suggesting that these genes retain the
elementary feature of MTP family (Figure 2B). Moreover, few FvMTP proteins (i.e., FvMTP4,
FvMTP6.1, FvMTP8, FvMTP10, FvMTP11, and FvMTP12) also showed ZT_dimer domain,
which may be involved in the formation of homodimers during Zn transport. Similarly,
CzcD and FieF domains were also found in some FvMTP proteins, signifying their role as
Zn, Co, Cd, and Fe-Zn transporter proteins, respectively.
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3.3. Chromosomal Orientation, Promoters and Functional Enrichment Analysis of FvMTPs

Figure 3 shows the chromosomal distribution of 12 FvMTPs on three of the seven
different chromosomal locations (Fvb1-Fvb7) and on contig_6. Moreover, four FvMTPs
(FvMTP4, FvMTP8, FvMTP9, and FvMTP10) are allocated to Fvb3, followed by three
FvMTPs (FvMTP5, FvMTP7, and FvMTP12) on Fvb6. Two chromosomal positions, namely
Fvb7 and contig_6 contain two FvMTPs each, whereas Fvb5 contains only one FvMTP1
(Figure 3). However, no FvMTP gene was allocated to Fvb1, Fvb2, and Fvb4, respectively.
The collinear relationship was also determined between FvMTPs and AtMTPs (green
colored), and within FvMTPs (red colored) using the circos (Figure 3). The results showed
less conservation between MTP members with model plant Arabidopsis might be due to
less abundance of their genes in both genomes.
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We also analyzed the promoter regions of the MTP gene family using PlantCARE
database. Results revealed that MTP genes show response to low-temperature, light,
drought-inducibility, wound, and hormones (i.e., ABA, MeJA, GA, and auxin) (Figure 4).
Taken together, the presence of stress- and hormonal-responsive promoter regions depict
the complex but very vibrant regulatory role of FvMTP genes. Moreover, gene ontology
(GO) functionally annotated strawberry FvMTP genes in biological process, molecular
function, and cellular component. Most vital biological process, i.e., ‘cellular zinc ion
homeostasis’, ‘zinc ion transport’, ‘cellular cadmium ion homeostasis’, ‘cadmium ion trans-
membrane transport’, ‘cellular iron ion homeostasis’, ‘iron ion transport’, and ‘zinc ion
import across plasma membrane’ were mostly enriched. Likewise, ‘vacuole’, ‘plasma mem-
brane’, and ‘Golgi apparatus’ were found in cellular component. Other GO terms, such as
‘zinc ion transmembrane transporter activity’, ‘cation transmembrane transporter activity’,
‘efflux transmembrane transporter activity’, and ‘ferrous iron transmembrane transporter
activity’ are the most common terms of molecular function (Table S3). Furthermore, KEGG
enrichment analysis of FvMTPs demonstrated their involvement as “Transporters” and
“Protein families: signaling and cellular processes”, which verifies their main role as cation
transporters (Table S4).

3.4. Cd Treatment and qRT-PCR Analysis

To understand the physiological role and vitality of all FvMTP genes under Cd toxicity,
gene expression is quantified in strawberry leaf and root tissues by qRT-PCR analysis.
Findings of the current investigations suggested significantly distinct response of MTP
gene expression in both strawberry leaf and root tissues during different time points of
Cd stress. In leaf tissues, several genes (such as FvMTP1, FvMTP4, FvMTP6, FvMTP8,
and FvMTP11) showed a gradual increase in their expression level with respect to Cd
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stress period. Among these, FvMTP1, FvMTP1.1, and FvMTP6 genes exhibited higher
expression values in Cd-treated strawberry leaves. However, remaining genes showed
inconsistent expression behavior in leaf tissues during the Cd stress period (Figure 5A).
Similarly, the expression level of genes, such as FvMTP1.1, FvMTP4, FvMTP8, and FvMTP9
was significantly induced in root tissues of Cd-treated strawberry plants when compared
with CK (Figure 5B). Taken together, FvMTP1 and FvMTP6 showed significantly higher
expression in leaf tissues, whereas FvMTP1.1 and FvMTP4 showed significantly higher
expression in root tissues under Cd toxicity.
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Figure 5. Expression profiles of the MTP genes in (A) leaf and (B) root tissues of strawberry at
different time points during progressive Cd stress treatment. Values represent the mean (n = 6) ± SE
(standard error) and a significance level of p < 0.05 was used for different letters above bars.

3.5. H2O2 Accumulation, and Cd Quantification

The accumulation pattern of H2O2 was examined using DAB staining (Figure 6A).
Results indicated brown precipitates on Cd-treated strawberry leaves that showed higher
accumulation with respect to treatment duration (Figure 6A). These brown precipitates were
counted using the ImageJ program to represent the DAB staining quantity (Figure 6B). The
quantification of Cd contents was also carried out from leaf and root tissues after different
points of Cd application. Results suggested significant variability in Cd accumulation and
showed higher contents in root tissues ranging from 0.6 ± 0.11 (CK) to 4.2 ± 0.2 (72 h) than
that of leaf tissues ranging from 0.3 ± 0.09 (CK) to 0.81 ± 0.12 (72 h) of strawberry plants,
respectively (Figure 6C).
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Figure 6. DAB staining (A) and quantification (B) of Cd-treated strawberry leaves. Brown precipitates
(6A) shows accumulation as the stress period was prolonged from CK till 72 h. DAB staining
quantification (6B) indicates the average sum of brown precipitates. Cd accumulation (C) in both
tissues (leaf and root) of Cd-treated strawberry plants at different time points. Values represent the
mean (n = 6) ± SE (standard error) and a significance level of p < 0.05 was used for different letters
above bars.
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4. Discussion

Metal tolerance proteins (MTPs) are divalent cation transporters, known to participate
in transportation of various metals and may induce tolerance in plants against the stress
caused by various heavy metals [13]. In this study, we identified 12 MTP proteins in the
strawberry genome based on CDF and cation efflux domains in their corresponding protein
sequences. The number of identified FvMTP proteins is similar to that in Arabidopsis [12],
but higher than the rice [10] MTPs. The 12 FvMTP proteins are categorized into three
major groups, i.e., Mn-MTP [5], Zn-MTP [4], and Fe/Zn-CDF [2], and denominated as
FvMTP1-FvMTP12 based on their phylogenic position and sequence similarities with
Arabidopsis (AtMTP) and rice (OsMTP) orthologs as previously reported [9]. However, no
AtMTP2 and AtMTP3 orthologs were found in F. vesca genome. Moreover, two orthologs
of each AtMTP1 (FvMTP1 and FvMTP1.1) and AtMTP6 (FvMTP6 and FvMTP6.1) were
also identified in strawberry, while similar results have already been identified in tobacco
(NtMTP1.1 and NtMTP1.2, and NtMTP6.1 and NtMTP6.2) and sweet orange (CsMTP8 and
CsMTP8.1) [11,34]. This gene loss or expansion is probably due to the polyploidization
events during the evolution of MTP genes and may possess diverse biological functions.

Other features of FvMTP proteins, such as MW, pI, ORF length, CDS length, intron
numbers, chromosomal location, gene position, duplication type, TMDs, and subcellu-
lar positions, were analyzed using various bioinformatics resources (please see meth-
ods). The FvMTP proteins showed 4-6 TMDs, which is in-line with the same findings in
other plants [35,38,39], whereas FvMTP12 showed 16 TMDs that is higher than grapevine
VvMTP12 [13] and citrus CitMTP12 [34]. Gene duplication events commonly occur during
the evolutionary process, thereby provide vital information about functional divergence,
gene family expansion, and novel gene functions [40]. In our study, FvMTP genes did not
show tandem or segmental duplication, which is similar with the grapevine MTPs [13].
Consistent with the previous findings [11,41], the FvMTP proteins are predicted to be
localized to vacuole, signifying their potential role as vacuole-localized cation transporters.
Sequence analysis of FvMTP proteins showed hallmark characteristics of the MTP family
(i.e., cation efflux and CDF) as described [12]. The promoter analysis of the FvMTP gene
family showed various light- and hormonal-responsive and tissue-specific elements that
may play vital functions in strawberry growth and development, while our findings are
consistent with the already identified light- and stress-responsive promoter regions of
grapevine and wheat MTPs [14,33]. The functional enrichment (GO and KEGG) analysis
reported that all the orthologous genes found in strawberry maintained similar function
relative to AtMTP genes even after the divergence and shown to be involved in metal ion
transport and homeostasis.

In addition, comprehensive functional prediction of FvMTP genes was performed
by analyzing the gene expression patterns in strawberry leaf and root tissues under Cd
stress. Zn-MTPs, including AtMTP1 [2], AtMTP3 [16], and AtMTP4 [40] are potential
vascular Cd transporters and significantly involved in Cd sequestration. In the current
investigation, FvMTP1, FvMTP1.1, and FvMTP4 genes were significantly induced in the
leaf, and FvMTP1.1 and FvMTP4 were significantly expressed in root tissues under Cd
stress, which is consistent with findings of previous reports demonstrating the role of these
genes in Cd detoxification [11,13]. Under oxidative stress, ROS accumulation takes place
by inducing the production of oxidizing components, such as H2O2 [22]. The accumulation
pattern of H2O2 was examined by DAB staining in Cd exposed strawberry leaves, which
showed accumulation with respect to progressive stress duration. Similar results were also
found in grapevine when exposed to salt stress [25]. The quantification of Cd contents
in strawberry tissues revealed significantly higher accumulation of Cd in root tissues
than leaf tissues because roots are the primary absorbent of heavy metals and translocate
them to sink (leaf) tissues. Generally, our results are in line with the accumulation of Cd
in root and leaf tissues of strawberry in other studies [25,41]. Collectively, these results
provide the valuable information for functional genomics studies on the role of MTPs in
Cd homeostasis.
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5. Conclusions

Herein, we identified 12 MTP genes in the strawberry genome that showed hall-
mark characteristics of MTP family members by containing the modified signature of
cation_efflux domains. The phylogenetic analysis subdivided 12 FvMTP genes into three
main groups according to their Arabidopsis and rice MTP orthologs. The FvMTP proteins
appeared to undergo gene gain/loss through segmental duplication after polyploidization.
The analysis of gene expression patterns speculated that FvMTP1, FvMTP1.1, FvMTP4,
FvMTP6, and FvMTP11 may play a potential role in Cd detoxification. Finally, the Cd level
was enhanced in root tissues compared to that of leaf tissues under Cd toxicity during
different time points of treatment. Thereby, this study opens the gateway for the functional
characterization of FvMTP genes in Cd homeostasis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae8060477/s1, Table S1. List of the primers used for the
qRT-PCR analysis. Table S2. Physicochemical properties, including protein length, chromosomal
position, isoelectric point (pI), molecular weight (MW), and subcellular prediction of MTP genes;
Table S3. Gene ontology (GO) based enrichment analysis of MTP in the strawberry genome; Table S4.
Kyoto encyclopedia of gene and genome (KEGG) analysis of MTPs in the strawberry genome. These
four tables are available in a supplementary file.
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