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Abstract
Metal tolerance proteins (MTPs) play an important role in the transport of metals at the cellular, tissue and whole plant levels. 
In the present study, 11 MTP genes were identified and these clustered in three major sub-families Fe/Zn-MTP, Zn-MTP, and 
Mn-MTP, and seven groups, which are similar to the grouping of MTP genes in both Arabidopsis and rice. Vitis vinifera metal 
tolerance proteins (VvMTP) ranged from 366 to 1092 amino acids, were predicted to be located in the cell vacuole, and had 
four to six putative TMDs, except for VvtMTP12 and VvMTP1. The VvMTPs had putative cation diffusion facilitator (CDF) 
domains and the putative Mn-MTPs also had zinc transporter dimerization domains (ZD-domains). V. vinifera Mn-MTPs had 
gene structures and motif distributions similar to those of the Fe/Zn-MTP and Zn-MTP sub-families. The upstream regions 
of VvMTP genes had variable frequencies of cis-regulatory elements that could indicate regulation at different developmental 
stages and/or differential regulation in response to stress. Comparison of the VvMTP coding sequences with known miRNAs 
found in various plant species indicated the presence of 13 putative miRNAs, with 7 of these associated with VvMTPs. Tem-
poral and spatial expression profiling indicates a potential role for VvMTP genes during growth and development in grape 
plants, as well as the involvement of these genes in plant responses to environmental stress, especially osmotic stress. The 
data generated from this study provides a basis for further investigation of the roles of MTP genes in grapes.
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Introduction

Certain metal cations, e.g.,  Mn+2,  Zn+2,  Fe+2,  Cu+2,  Co+2, 
and  Ni+2, are essential for many cellular and physiologi-
cal functions in plants, including photosynthesis, DNA 

replication, protein processing, electron transport in the 
chloroplasts and mitochondria, and numerous other meta-
bolic processes. They are important cofactors for many reg-
ulatory proteins and enzymes (Ricachenevsky et al. 2013; 
Yuan et al. 2012) and a deficiency in essential metal ions 
can have negative impacts on plant growth and development 
(Marschner 2011). The accumulation of excessive amounts 
of metal ions within plant cells can result in toxicity and 
growth inhibition (Cambrollé et al. 2015; Thomine and Vert 
2013). In contrast, non-essential metals, such as  Cd+2,  Cr+2, 
 Pb+2,  Al+2, and Hg, have no known functions in plants and 
are toxic at very low levels, having negative impacts on plant 
growth and development (Gill et al. 2013; Hayat et al. 2012; 
Wang et al. 2013). In addition to their negative effects in 
plants, some non-essential metals can also threaten human 
health when they accumulate in crop plants used for food.

The presence of heavy metals in soils such as ground-
water supplies is recognized as a significant global envi-
ronmental issue. Non-essential toxic metals, e.g.,  Pb+2, can 
have a high residence time in soils (e.g., 150–5000 years). 
When taken up by crop plants grown on contaminated soils, 
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they can pose a threat to human health for many years (Yang 
et al. 2005). Consumption of foods from plants grown on 
soils contaminated with toxic metal ions has been linked to 
diseases in humans, including several types of cancer (Singh 
et al. 2016).

Plants have complex mechanisms to regulate cellular con-
centrations of metal ions, including controlling the uptake 
and movement of metal ions at both cell and tissue levels, 
and the chelation and sequestration/detoxification of metal 
ions within cells (Clemens et al. 2002; Hall 2002). The vacu-
ole is the main site of detoxification/sequestration and stor-
age of excess metal ions in plant cells (Singh et al. 2011), 
and the tonoplast contains many metal ion (Me) transporter 
proteins from different transporter families. Cation diffusion 
facilitators (CDFs) have been identified in both prokaryotes 
and eukaryotes (Singh et al. 2016), and are mainly  Me2+/H+ 
counter ion transport proteins involved in the transport of 
 Cd2+,  Fe2+,  Zn2+,  Mn2+,  Co2+, or  Ni2+ from the cytosol into 
organelles or out of cells (Gustin et al. 2011; Migocka et al. 
2015; Montanini et al. 2007; Ricachenevsky et al. 2013). 
The CDF family of metal ion transport proteins contains 
three main sub-families: (1) Mn-CDFs, (2) Fe/Zn-CDFs and 
(3) zinc CDFs transporting Zn and other metal ions, but not 
Fe or Mn (Montanini et al. 2007). Most CDF proteins have 
four to six transmembrane domains (TMDs) and cytoplas-
mic C-terminal domains (CTDs) (Kolaj-Robin et al. 2015; 
Lu et al. 2009; Lu and Fu 2007). They normally have six 
predicted multiple transmembrane domains interconnected 
by extra- and intracellular interconnecting loops, with one 
cytosolic loop usually containing a histidine-rich domain 
(Haney et al. 2005; Montanini et al. 2007).

The CDFs found in plant cells are generally named 
metal tolerance proteins (MTPs) (Fu et al. 2017), with the 
MTPs being divided into seven phylogenetic groups. The 
Zn-CDFs are placed in groups 1 (MTP1–MTP4), 5 (MTP5) 
and 12 (MTP12), the Fe/Zn-CDFs in groups 6 (MTP6) and 
7 (MTP7), and groups 8 (MTP8) and 9 (MTP9–MTP11) 
contain the Mn-CDFs (Gustin et al. 2011).

The group 1 CDFs have the ability to transport not only 
Zn but also other metallic ions, namely: Co (AtMTP3 
and HvMTP1 from Hordeum vulgare), Cd (CsMTP1 and 
CsMTP4 from Cucumis sativus, OsMTP1 from Oryza 
sativa, CitMTP1 from Citrus sinensis), Cu (CitMTP1), Ni 
(OsMTP1) and Fe (OsMTP1), into the vacuole (Arrivault 
et al. 2006; Blaudez et al. 2003; Fu et al. 2017; Kobae et al. 
2004; Menguer et al. 2013; Migocka et al. 2015; Shahzad 
et al. 2010; Yuan et al. 2012). The MTP8 proteins from Sty-
losanthes hamata (ShMTP8), Oryza sativa (OsMTP8.1), 
Cucumis sativus (CsMTP8), Hordeum vulgare (HvMTP8.1 
and HvMTP8.2), Citrus sinensis (CitMTP8 and CitMTP8.1), 
Triticum aestivum (TaMTP8) and Arabidopsis thaliana 
(AtMTP8) transport Mn into the vacuole or Golgi apparatus 
(Chen et al. 2013; Delhaize et al. 2003; Eroglu et al. 2016; 

Fu et al. 2017; Migocka et al. 2015; Vatansever et al. 2017). 
While MTPs in Arabidopsis thaliana have received much 
attention, MTPs in other plant species are less well under-
stood (Ueno et al. 2015). AtMTP11 is involved in Mn toler-
ance and is localized in endosome vesicles (Delhaize et al. 
2003; Peiter et al. 2007). AtMTP12 has 14 TMDs, forms a 
heterodimer with AtMTP5, and is involved in the transport 
of Zn into Golgi bodies (Fujiwara et al. 2015). MTPs in 
plants are named according to their similarities to members 
of the A. thaliana MTP families (Gustin et al. 2011).

Grape (Vitis vinifera L.) is an important fruit crop and 
sequencing of its entire genome is completed, facilitating 
classification and comparative genomics (Jaillon et al. 2007). 
The present whole genome association study was carried 
out to identify the MTP gene family in grape and interpret 
their sequences. To help understand the possible functions 
of grape MTPs, the expression of MTP genes was investi-
gated with respect to developmental stage and exposure to 
environmental stress, using a microarray data approach. This 
study aims to provide information important for understand-
ing the relevance of MTPs for the growth and development 
of this important crop plant.

Materials and methods

Identification of MTP gene family in grape

To determine grape MTP gene family members, the protein 
sequences of A. thaliana (AT2G46800.1, AT3G58810.1, 
AT2G29410.1, AT2G47830.1, AT2G04620.1, AT2G3 
9450.1, AT1G79520.2, AT1G16310.1, AT1G51610.1, 
AT3G58060.1, AT3G12100.1, AT3G61940.1) (Fu et al. 
2017) and Oryza sativa (Os05g38670, Os04g23180, 
Os02g58580, Os03g12530, Os01g62070, Os05g03780, 
Os02g53490, Os08g32650, Os01g03914 and Os03g22550) 
(Vatansever et al. 2017) were obtained and these sequences 
are compared to the grape genome, using the tBLASTn 
method (Goodstein et al. 2011) to search the phytozome 
(https ://phyto zome.jgi.doe.gov/) database. The hidden 
Markov model (HMM) profile of the cation efflux domain 
(PF01545) was acquired from the Pfam database (http://
pfam.xfam.org) and was used to validate the presence of 
cation efflux domains in putative MTPs using the hmmscan 
tool (https ://www.ebi.ac.uk/Tools /hmmer /searc h/hmmsc an).

Phylogenetic analysis and nomenclature

Multiple sequences were aligned using ClustalX 2.0.8 
(Thompson et al. 1994) and studies of phylogenetic relation-
ships were carried out using the MEGA 5.2 with neighbor-
joining (NJ) method and 1000 bootstrap replicates (Felsen-
stein 1985). The recognized MTP genes from grape were 

https://phytozome.jgi.doe.gov/
http://pfam.xfam.org
http://pfam.xfam.org
https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan
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named VvtMTP genes based on their phylogenetic distribu-
tion and sequence similarities with MTPs in Arabidopsis 
and rice, and the similarities of sequences to AtMTPs were 
confirmed using MatGAT software.

Sequence analysis of MTP proteins

The molecular weights (kDa) and isoelectric points (pI) of 
MTP proteins were determined using ProtParam (http://
web.expas y.org/protp aram) (Gasteiger et al. 2005) and the 
prediction of protein transmembrane helices is determined 
using protter [http://wlab.ethz.ch/prott er/start ; (Omasits 
et al. 2013]. The subcellular localization of proteins was 
predicted using the Plant-mPLoc server [http://csbio .sjtu.
edu.cn/bioin f/plant multi /; (Hall 2002)].

Conserved motifs were predicted using the MEME 
(http://meme-suite .org/tools /meme) tool with the following 
parameters; 60 ≥ widths ≥ 5 and the maximum number of 
motifs 6 (Bailey et al. 2009), and the functionalities of these 
motifs were determined using the hmmscan tool (https ://
www.ebi.ac.uk/Tools /hmmer /searc h/hmmsc an). Identified 
MTP sequences were aligned using ClustalW, and identity 
remnants were found. Predicted 3D protein structure models 
for VvMTPs were constructed using Phyre2, by homology 
modeling under the intensive model (http://sbg.bio.ic.ac.uk/
phyre 2/) (Kelley et al. 2015), using profile–profile matching 
and predicted secondary structure. The quality and reliability 
of the models were evaluated by Ramachandran plot analysis 
using the VADAR server (http://vadar .wisha rtlab .com/).

Chromosomal location and duplication

The grape genome database was used to identify the chro-
mosomal positions of the VvMTP genes and MapChart (https 
://www.wur.nl/en/show/MapCh art-2.32.htm) was used to 
generate the location images. Identification of segmental 
duplication was performed by searching for genome dupli-
cations using PGDD (http://chibb a.agtec .uga.edu/dupli catio 
n/ database of plants). The presence of genes on the same 
chromosome, with the highest spacing of 20 genes, were 
considered as tandem duplication with coverage of > 75% 
and similarity > 75% in aligned sequences (Liu et al. 2014; 
Ozyigit et al. 2016).

Gene structure, promoter analysis and predicting 
microRNA target sites

The gene structure display server (GSDS, http://gsds.cbi.
pku.edu.cn/) was used to analyze the exon–intron distri-
butions and splicing phases of VvMTP genes. Splicing is 
divided into three phases, based upon the location of splic-
ing. Phase 1 is where splicing occurs in the first nucleo-
tide after the codon. The second phase occurs in the second 

nucleotide after the codon and zero phases are also generated 
in the third nucleotide after the codon (Sharp 1981). The 
promoter sequence for each VvMTP gene was defined as 
1500 bp upstream from the start codon. Promoter analysis, 
using PlantCARE database (http://www.bioin forma tics.psb.
ugent .be/webto ols/plant care/html/), identified all the cis-
regulatory elements (CREs). The CDS sequences of genes 
were examined for VvMTP-targeted miRNAs present in the 
psRNATarget database (http://plant grn.noble .org/psRNA 
Targe t/) schema V2, using the following parameters: max 
expectation 3 and target accessibility (UPE) 25.

Gene expression analysis using microarray data

To investigate the developmental expression profile of the 
VvMTP genes, the Ensembl plant database (https ://plant 
s.ensem bl.org/index .html) was used to find corresponding 
gene IDs for given VvMTPs. Using the Grape eFP Browser 
(http://bar.utoro nto.ca/efp_grape /cgi-bin/efpWe b.cgi), data 
from 54 plant specimens, of green and woody tissues and 
organs at various developmental stages, were extracted 
based on the array expression atlases for VvMTPs.

The MTP gene family in Arabidopsis, which had homol-
ogy to VvMTPs, was used for expression profiling of MTPs 
in response to abiotic stresses, using the Affymetrix Arabi-
dopsis ATH1 Genome Array microarray data in the NCBI 
Gene Expression Omnibus (GEO) database. The accession 
numbers identified in the GEO database included salin-
ity (GSE5623), drought (GSE5624), osmotic (GSE5622), 
cold (GSE5621), genotoxic (GSE5625), UV (GSE5626), 
wounding (GSE5627), heat (GSE5628) stress and control 
(GSE5620) genes. The RMA (Robust Multi-array Average) 
algorithm was used to normalize the consequent unpro-
cessed data (CEL files) using the RMAexpress 1.0.5 soft-
ware and log2 transformation. The Probe Match tool in the 
NetAffx Analysis Center was used to identify probe sets 
corresponding to AtMTP genes and changes in the tran-
scriptional rates of various MTP genes in plants under stress 
were measured.

Hierarchical clustering of developmental and stress-asso-
ciated gene expression data was performed using Pearson 
correlation and a complete linkage algorithm, and heat maps 
were generated using Mev4.0 software (Saeed et al. 2006).

Results

Identification of MTP gene families in grape 
and phylogenetic tree construction and analysis

To identify the MTP genes present in the grape genome, 
a homology search for 12 MTP proteins found in A. thal-
iana (Fu et  al. 2017) and 10 MTPs found in O. sativa 

http://web.expasy.org/protparam
http://web.expasy.org/protparam
http://wlab.ethz.ch/protter/start
http://csbio.sjtu.edu.cn/bioinf/plantmulti/
http://csbio.sjtu.edu.cn/bioinf/plantmulti/
http://meme-suite.org/tools/meme
https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan
https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan
http://sbg.bio.ic.ac.uk/phyre2/
http://sbg.bio.ic.ac.uk/phyre2/
http://vadar.wishartlab.com/
https://www.wur.nl/en/show/MapChart-2.32.htm
https://www.wur.nl/en/show/MapChart-2.32.htm
http://chibba.agtec.uga.edu/duplication/
http://chibba.agtec.uga.edu/duplication/
http://gsds.cbi.pku.edu.cn/
http://gsds.cbi.pku.edu.cn/
http://www.bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://www.bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://plantgrn.noble.org/psRNATarget/
http://plantgrn.noble.org/psRNATarget/
https://plants.ensembl.org/index.html
https://plants.ensembl.org/index.html
http://bar.utoronto.ca/efp_grape/cgi-bin/efpWeb.cgi
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(Vatansever et al. 2017) was performed using tBLASTn. 
Subsequent HMM verification resulted in 14 MTP sequences 
that contained the cation efflux domain in the grape 

genome. Three protein sequences (GSVIVG01029613001, 
GSVIVG01029603001, and GSVIVG01029622001) were 
removed due to short protein lengths and a low E values, 
because defective sequences and domains make phyloge-
netic studies difficult (Jiang et al. 2010), leaving 11 MTP 
proteins identified in the grape genome. To examine the 
evolutionary relationships of this protein family, a phy-
logenetic tree of grape, Arabidopsis, and rice MTPs was 
constructed (Fig. 1). According to sequence similarities 
(MatGAT software) with the Arabidopsis and rice MTP 
families, the MTPs of grape were, respectively, named 
VvMTP1 to VvMTP12. The GSVIVG01026116001 and 
GSVIVG01036746001 sequences had higher similarities 
to AtMTP9 than AtMTP10 and were named VvMTP9 and 
VvMTP9.1, and two orthologs of VvMTP8 were found that 
corresponded to AtMTP8. According to the classification 
described by Montanini et al. (2007), the VvMTPs were 
divided into three sub-families Mn-MTP, Fe/Zn-MTP, and 
Zn-MTP that were similar to the AtMTPs and OsMTPs. 
VvMTP1, VvMTP4, VvMTP5, and VvMTP12 all belonged 
to Zn-MTP family; VvMTP6 and VvMTP7 to Fe/Zn-MTP 
and VvMTP8, VvMTP8.1, VvMTP9, VvMTP9.1 and 
VvMTP11 to Mn-MTP.

Sequence analysis of grape MTP proteins

The putative VvMTP genes were predicted to encode pro-
teins ranging from 366 to 1092 amino acids. The molecular 
weights and pIs of these grape proteins ranged from 37.09 to 
123.68 kDa and 4.90–8.59, respectively (Table 1). All pro-
teins were predicted to accumulate in the vacuole and to have 
four to six TMDs with cytosolic N and C termini, except 
for VvtMTP12 and VvMTP1 that had 12 and 7 predicted 
TMDs, respectively. The six conserved motifs predicted in 

Fig. 1  A phylogenetic tree based on protein sequences of MTP family 
members of grape, rice, and Arabidopsis, and constructed using the 
neighbor-joining (NJ) method and MEGA 5.2 software. The identi-
fied proteins were classified into three sub-families (Fe/Zn-MTPs, 
Mn-MTPs, and Zn-MTPs) and seven groups based upon previous 
reports and their phylogenetic relationships. The Zn-MTP sub-family 
(red line) contains 1: MTP1 to MTP4 (blue), 5: MTP5 (yellow), and 
12: MTP12 (green) groups; the Mn-CDF sub-family (blue line) con-
tains 8: MTP8 (gray), and 9: MTP9 to MTP11 (violet) groups; the 
Zn/Fe-CDF sub-family (yellow line) contains 6: MTP6 (pink), and 7: 
MTP7 (light blue) groups. Bootstrap values are indicated (1000 rep-
licates)

Table 1  MTP proteins information for grape

Gene (gene name based on phylogenetic distribution with sequence similarity to Arabidopsis and rice MTPs; MW (predicted molecular weight); 
pI (predicted isoelectric point); predicted TMDs (no. of the transmembrane domains); in (cytoplasmic) or out (extracellular) predicted from N to 
C terminus

Gene Accession number Peptide length PI MW(kDa) No. of TMDs N to C Subcellular localization

VvMTP6 GSVIVG01010968001 520 6.90 56.91 4/out to out Vacuole
VvMTP11 GSVIVG01016640001 399 4.90 45.12 6/into in Vacuole
VvMTP1 GSVIVG01019690001 388 6.45 37.09 7/out to in Vacuole
VvMTP4 GSVIVG01024865001 366 6.18 40.90 6/into in Vacuole
VvMTP8.1 GSVIVG01025383001 416 5.44 47.07 4/into in Vacuole
VvMTP9 GSVIVG01026116001 423 8.24 48.56 5/into out Vacuole
VvMTP7 GSVIVG01029626001 459 8.59 50.59 4/into in Vacuole
VvMTP12 GSVIVG01032551001 1092 7.31 123.68 12/out to out Vacuole
VvMTP8 GSVIVG01033471001 403 5.93 45.62 5/into out Vacuole
VvMTP5 GSVIVG01033491001 388 6.50 43.45 6/into in Vacuole
VvMTP9.1 GSVIVG01036746001 400 6.12 45.73 6/into in Cell membrane

Vacuole
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VvMTP proteins, using the MEME tool, (Fig. 2) varied in 
size, with 1–3 and 6 being 50 amino acids, whereas motifs 
4 and 5 were 40 and 29 residues, respectively. The predicted 
motif sequences are: motif 1 TLDSLLDLLSGFILWFTAL-
SMKTPNQYQYPIGKKRMQPVGIIVFASVMAT, motif 
2 LWVYCRRFKNEIVRAYAKDHFFDVITNIIGLVAAV-
LADHFYWWIDPVGAI, motif 3 DTVRAYTFGSHY-
FVEVDIVLPEDMPLKEAHNIGESLQIKJEQLPEVERAF, 
motif 4 ALYTISTWSKTVLENVWSLVGRSAPPEFLQKL-
TYLIWNHH, motif 5 RASNIANMVLFAAKVYAS-
VESGSLAIIAS, and motif 6 GJKSNSLAIISDAAHLLSD-
VAAFAISLFAIWVSRWPADSQYSYGFGRVEV. Motifs 1, 
2 and 6 were associated with the cation efflux domain (cat-
ion_efflux; PF01545) and motif 3 with the zinc transporter 
dimerization domain (ZT_dimer; PF16916), while motifs 4 
and 5 were not assigned by the hmmscan tool. Highly simi-
lar motifs are expected to have similar functions. VvMTPs 
belong to the Mn-MTP group contained five of the six motif 
sequences, namely two cation_efflux (1 and 2) motifs, and 
a ZT_dimer motif. VvMTP6 contained two cation_efflux 
motifs (2 and 6) and a ZT_dimer motif. VvMTP5 contained 
two cation_efflux motifs (2 and 6) and VvMTP12 contained 
two cation_efflux motifs (1 and 6). VvMTP1, VvMTP4, and 
VvMTP7 had only one cation_efflux motif (6) that no one 
of Mn-MTP group members has this motif. The VvMTP 
sequences were aligned using ClustalW and the localization 
of the six motifs is showed with different color rectangles in 
Fig. 3. The motifs 1 and 5 had a slight overlap and the motif 
6 completely spans the area containing motifs 1 and 5. It is 
noteworthy that the Gly (G) in motifs 1 and 6 was preserved 
in all VvMTP sequences.

Homology modeling of putative VvMTP proteins

Ten VvMTPs were modeled using Phyre2 (Fig. 4). Due to 
the presence of numerous undefined residues in the amino 
acid sequence, VvMTP12 was not modeled for the reasons 
detailed above. Models were predicted using the maxi-
mum coverage heuristics (MCH) of alignment between 
templates and query, percent positive substitutions and a 
confidence level for the queried sequences. All of VvMTP 
(except VvMTP12) were modeled at > 90% confidence 
level. Two known examples, c2qfiB (from the structure 
of the zinc transporter yiip) and c3j1zP (from the cation 
efflux protein transmembrane domain-like family), were 
used for the modeling of VvMTP4, VvMTP5, VvMTP7, 
VvMTP8, and VvMTP9. For the other VvMTPs, in addi-
tion to the above-known examples, other known examples 
were also used: d2qfia2 (from the inward-facing conforma-
tion of the zinc transporter yiip by 2 cryo-electron micros-
copy) to model VvMTP1; d1ng0a (from the cation efflux 
protein cytoplasmic domain like), c5ensA (from the rho-
damine bound structure of bacterial efflux pump), d1c8na 
(from the Tombusviridae-like VP family), and c1ng0A 
(from the three-dimensional structure of cocksfoot mot-
tle virus at 2.7a2 resolution) to model VvMTP6; c2enkA 
(from the structure of a putative DNA-binding domain 
of the 2 human solute carrier family 30 zinc transporter 
protein) to model VvMTP8.1; c5gasN (from the Ther-
mus thermophilus v/a-ATPase, conformation 2) to model 
VvMTP9.1; and d1d4ua1 (from DNA repair factor XPA 
DNA- and RPA-binding domain, C-terminal subdomain) 
to model VvMTP11. The analysis of modeled structure of 

Fig. 2  Block diagram outlining the six most highly conserved motif 
sequences in the 11 putative VvMTP proteins. The motifs 1, 2 and 
6 were associated with the cation efflux domain (Cation_efflux; 

PF01545) and motif 3 is related to the zinc transporter dimerization 
domain (ZT_dimer; PF16916), while motifs 4 and 5 did not associate 
with any motifs
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VvMTP proteins using Ramachandran plot showed that 
61–85% of residues were in the allowed region, 10–24% of 
residues were in the generous region, and 2–7% of residues 
were in the outside region indicating the reliability of the 
VvMTP structural models (Table 2). 

Sequence analysis of putative MTP genes

Mapping of the VvMTP genes onto grape chromosomes 
utilized MapInspect software (Fig. 5), with the sizes of 
the grape chromosomes being obtained from Wang et al. 
(2014). Analysis showed that the putative VvMTP genes 

Fig. 3  Multiple alignments 
of putative VvMTP protein 
sequences and localization of 
the six motifs are shown with 
rectangles in various colors; 
motif 1 with violet, motif 2 
with yellow, motif 3 with green, 
motif 4 with gray, motif 5 with 
red and motif 6 with blue. The 
relevant percentage identity is 
shaded in gray
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are distributed on 9 of the 19 grape chromosomes. The 
locations of VvMTP1, VvMTP6, VvMTP7, VvMTP11, 
VvMTP12, VvMTP9 and VvMTP9.1 were mapped to 
chromosomes 2, 7, 9, 13, 14, 18 and 19, respectively. 

VvMTP4 and VvMTP8.1 were mapped to chromosome 6, 
and VvMTP5 and VvMTP8 to chromosome 8.

There was no tandem or segmental duplication between 
any VvMTP genes. Investigation of the exon–intron struc-
ture of the VvMTP gene family showed that these genes 
contained 4–13 exons. The VvMTPs in the same group and 
then in the same sub-family showed a similar gene structure, 
particularly the Mn-MTP sub-family (Fig. 6). Exon–intron 
structure in Mn-MTP group had six or seven exons, with 
the highest number of exons and introns found in the Zn/
Fe-MTP.

Intron splicing in the VvMTPs of grape would, in general, 
involve all three phases, except for Mn-MTP sub-family that 
had zero and first splicing phases only. At the DNA level, the 
VvMTP genes, VvMTP6, VvMTP5, and VvMTP7, were the 
largest being approximately 13, 10 and 9 kb, respectively, 
and having the greatest number of introns.

To understand the mechanism of VvMTP gene transcrip-
tion, a search for cis-regulatory elements (CREs) in the 
1.5 kb upstream of these genes was conducted using the 
PlantCare database. The result of promoter analyses, which 
excluded the unknown motifs, identified 54 different CREs 
in the upstream regions of VvMTP genes that had the poten-
tial to regulate gene expression in response a total of five 
groups of factors, both internal and external, i.e., general 
regulatory elements, light regulated, developmentally regu-
lated, phytohormone responsive, and environmental stress 
responsive (Table 3). The frequency of these elements in 
the regulatory region of each corresponding gene, as well as 
their overall frequency in family members, is very diverse. 
Elements such as CAAT- and TATA-boxes (the numbers 
are not shown) were frequently found in all of the VvMTP 

Fig. 4  predicted, using the Phyre2 server intensive model, 3D models of grape MTP proteins. The structure of VvMTP12 could not reliably pre-
dict because of nonspecific sequential residues. Models were colored using rainbow from the N → C terminus

Table 2  VvMTPs were modeled using Phyre2

Models were predicted using the maximum coverage heuristics 
(MCH) of alignment between templates and query, c2qfiB (from the 
structure of the zinc transporter yiip) and c3j1zP (from the cation 
efflux protein transmembrane domain-like family), d2qfia2 (from the 
inward-facing conformation of the zinc transporter yiip by 2 cryo-
electron microscopy), d1ng0a (from the cation efflux protein cyto-
plasmic domain-like), c5ensA (from the rhodamine bound structure 
of bacterial efflux pump), d1c8na (from the Tombusviridae-like VP 
family), c1ng0A (from the three-dimensional structure of cocksfoot 
mottle virus at 2.7a2 resolution), c2enkA (from the structure of a 
putative DNA-binding domain of the 2 human solute carrier family 
30 zinc transporter protein), c5gasN (from the Thermus thermophilus 
v/a-ATPase, conformation 2), d1d4ua1 (from DNA repair factor XPA 
DNA- and RPA-binding domain, C-terminal subdomain)

VvMTPs (query) Template proteins using for modeled

VvMTP4 c2qfiB, c3j1zP
VvMTP5 c2qfiB, c3j1zP
VvMTP7 c2qfiB, c3j1zP
VvMTP8 c2qfiB, c3j1zP
VvMTP9 c2qfiB, c3j1zP
VvMTP1 c2qfiB, c3j1zP, d2qfia2
VvMTP6 c2qfiB, c3j1zP, d1ng0a, c5ensA, 

d1c8na, c1ng0A
VvMTP8.1 c2qfiB, c3j1zP, c2enkA,
VvMTP9.1 c2qfiB, c3j1zP, c5gasN
VvMTP11 c2qfiB, c3j1zP, d1d4ua1
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genes. Most CREs in the VvMTP genes were related to light-
responsive elements and are displayed in yellow in Table 3. 
Phytohormone-responsive CREs were also identified in the 
upstream region of VvMTP that could be involved in MeJA, 
abscisic acid, salicylic acid, gibberellin, ethylene, and auxin-
mediated responses. A TCA element, which participates in 
salicylic acid responses, was shared in most VvMTP promot-
ers, expect for VvMTP9 and VvMTP11, with this element 
more abundant than other phytohormone-responsive CREs. 
CREs involved in the regulation of developmental process, 

i.e., the violet and Skn-1_motif, which is necessary for the 
expression of genes involved in endosperm development was 
frequently found in all VvMTP genes expect for VvMTP6. 
Stress-related CREs, i.e., the pink and circadian CREs 
(involved in diurnal rhythm regulation), HSE (involved in 
high-temperature stress responses) and ARE (a regulatory 
element required for the initiation of anaerobic metabolism), 
were found in most VvMTP, expect for VvMTP9, VvMTP12, 
and VvMTP9, respectively. 5UTR (conferring high tran-
scription levels), AT-rich elements (AT-rich DNA-binding 

Fig. 5  Distribution of grape MTP genes in 9 out of the 19 chromosomes

Fig. 6  Diagram of VvMTP gene structures according to the phyloge-
netic relationship. Coding DNA sequences of VvMTP are shown with 
yellow boxes. Thick blue lines at either terminal of the genes show 

UTRs (untranslated regions). Thin lines show introns. The numbers 
are for the splicing phase
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Table 3  Frequency and function 
of cis-regulatory elements 
(CREs) in the promoter regions 
of VvMTP genes

Vv
M

TP
12

 

Vv
M

TP
11

 

Vv
M

TP
9.

1 

Vv
M

TP
9 

Vv
M

TP
8.

1 

Vv
M

TP
8 

Vv
M

TP
7 

Vv
M

TP
6 

Vv
M

TP
5 

Vv
M

TP
4 

Vv
M

TP
1 

Putative function Motifs 

            TATA-box 

15 21 27 18 23 22 19 29 24 28 31 
cis-Acting element in 

promoter and enhancer 
regions 

CAAT-box 

3 0 3 0 5 1 0 1 0 0 1 Conferring high 
transcription levels 5UTR 

0 0 0 0 0 1 0 0 0 0 0 AT-rich DNA-binding 
protein (ATBP-1) 

AT-rich 
element 

0 1 0 0 1 0 0 0 0 0 0 Associated with the 
TGAGTCA motif 

ATGCAAAT 
motif 

1 0 0 0 0 0 0 0 0 0 0 Protein-binding site Box III 
1 0 0 0 0 1 0 0 0 0 0 MYBHv1-binding site CCAAT-box 

0 0 1 0 2 1 1 0 2 0 0 
A conserved DNA 

module involved in light 
responsiveness 

ATCT-motif 

0 0 1 0 0 3 0 0 1 0 0 A module for light 
response AE-box 

2 0 0 1 4 0 0 0 0 1 1 Light-responsive module AT1-motif 
2 3 0 4 4 4 1 0 2 1 6 Light-responsive module Box 4 

0 0 0 4 0 0 1 0 0 1 2 Involved with responses 
to light  ACE 

0 1 0 0 2 5 1 0 2 1 2 Involved with responses 
to light  G-Box 

0 1 0 0 9 4 1 0 2 0 2 Involved with responses 
to light G-box 

0 0 0 0 0 1 1 0 0 1 1 Involved with responses 
to light MRE 

0 1 2 0 1 0 0 0 0 0 1 Light-responsive element CATT-motif 
3 1 0 2 0 3 0 1 0 2 2 Light-responsive element Box I 
0 0 0 0 0 0 1 0 0 0 0 Light-responsive element AAAC-motif 
1 0 0 3 0 2 0 0 1 0 1 Light-responsive element GAG-motif 
0 2 1 0 0 0 1 1 1 0 2 Light-responsive element GT1-motif 

0 0 0 2 0 1 0 0 0 0 0 Light-responsive element 3-AF1-
binding site 

0 0 0 0 0 1 0 0 0 0 0 Light-responsive element AAAC-motif 
1 0 0 0 1 1 0 0 0 0 0 Light-responsive element MNF1 
1 0 2 0 0 1 1 3 1 1 1 Light-responsive element Sp1 
00011000010Light-responsive elementchs-CMA2a
11210110113Light-responsive elementI-box
11200111101Light-responsive elementTCT-motif
00000000010Light-responsive elementGap-box
10200010100Light-responsive elementGA-motif
00300000100Light-responsive elementGATA-motif
01000000100Light-responsive elementL-box

10101300011Involved in responses to 
MeJA

TGACG-
motif

10100300011Involved in responses to 
MeJA

CGTCA-
motif

10000000000Involved in responses to 
MeJAmotif IIb

00003310121Involved in responses to 
abscisic acid ABRE

10401121212Involved in responses to 
salicylic acid TCA-element

02010010000Gibberellin-responsive 
elementP-box

20000100010Gibberellin-responsive 
elementGARE-motif

00000200010Ethylene-responsive 
elementERE
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protein ATBP-1), the ATG CAA AT motif (associated with 
the TGA GTC A motif), Box III (protein-binding site) and 
CCAAT-box (MYBHv1-binding site) were other CREs also 
found in VvMTPs.

The results of VvMTP coding sequence analysis compari-
son to miRNAs of various plant species identified 13 miR-
NAs from seven VvMTPs (Table 4) and seven of VvMTPs 
were potential targets for cleavage inhibition. VvMTP1 and 

VvMTP12 were targets for three miRNAs (bdi-miR5180a, 
bdi-miR5180b and ptc-miR473b) and (aly-miR158b-5p, ath-
miR398b-5p, ath-miR398c-5p), respectively. Two VvMTPs 
were targeted by two individual miRNAs; aly-miR156 h-3p 
and smo-miR1099 for VvMTP8, and ptc-miR6456 and 
osa-miR1882e-3p for VvMTP9.1. VvMTP11, VvMTP7 and 
VvMTP8.1 were targeted by one miRNAs, ppt-miR1221-5p, 
osa-miR2875 and ppt-miR1076-5p, respectively.

Table 3  (continued)
00010100100Auxin-responsive 

elementTGA-element

00000001000Involved in responses to 
auxin AuxRR-core

31502411121Involved in circadian 
controlCircadian

00010000010Wound-responsive 
elementWUN-motif

00001001000Involved in anoxic-
specific inducibilityGC-motif

00111001000Involved in drought
inducibilityMBS

00000000001Elicitor-responsive 
elementELI-box3

00000010000
Maximal elicitor-

mediated activation (2
copies)

AT-rich 
sequence

04131322222Involved in responses to 
heat stress HSE

00200000002Involved in zein 
metabolism regulationO2-site

11204121211
Regulatory element 

essential for the 
anaerobic induction

ARE

02212221102Involved in defense and 
responses to stress 

TC-rich 
repeats

01203100000Involved in responses to 
low temperaturesLTR

10000000000Elicitor-responsive 
elementEIRE

00010000000
Involved in the 

regulation of flavonoid 
biosynthetic genes 

MBSII

00001001101Fungal elicitor-
responsive elementBox-W1

00101010011Involved in shoot-
specific gene expressionas-2-box

01100001100Involved in endosperm 
developmentGCN4_motif

00000000200Involved in cell cycle 
regulationMSA-like

13324230213
Required for endosperm-

associated gene 
expression

Skn-1_motif

00000110010
Related to meristem-

associated gene 
expression

CAT-box

00001000000
Involved in 

differentiation of the 
palisade mesophyll cells

HD-Zip 1

00001000000
Involved in the 

development of leaf 
morphology 

HD-Zip 2

00010000000Related to meristem-
specific gene activation

CCGTCC-
box

CREs of VvMTPs are divided into five groups depending on their putative major cellular func-
tions, i.e., general regulatory elements (Gray), light responsive (yellow), regulation of plant 
development (violet), phytohormone responsive (orange), environmental stress responsive 
(pink)
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Expression profiles of VvMTP genes

Expression patterns of VvMTP genes in a total of 54 grape 
tissues/organs including bud, carpel, petal, stamen, rachis, 
pericarp, flesh, skin, pollen, flower, leaf, root, seed, seed-
ling, stem, and tendril were examined under different growth 

phases. A detailed analysis of VvMTP expression profiles 
(Fig. 7) showed that VvMTP11 had the highest expres-
sion levels in all tissues/organs, suggesting a key role(s) 
throughout plant development. The expression level of 
VvMTP12 appeared to be mostly involved in leaf senes-
cence, and expression was generally low in other tissues/

Table 4  Prediction of miRNAs 
for VvMTP transcripts

miRNA Acc. Target gene Alignment Inhibition

bdi-miR5180a VvMTP1 miRNA 21UCA AGU UUU GAC UCU GUG AAU 1
Target473 UCU UCA GGA UUG AGA UAC UUG 93

Cleavage

bdi-miR5180b VvMTP1 miRNA 21 UCA AGU UUU GAC UCU GUG AAU 1
Target 473 UCU UCA GGA UUG AGA UAC UUG 493

Cleavage

ptc-miR473b VvMTP1 miRNA 20 ACC UUC GGG ACU CCC UCU CG 1
Target 947 UGG AGG UUC UGA UGG AGA GC 966

Cleavage

ppt-miR1221-5p VvMTP11 miRNA 21 AAA CUG GGA CGU GUG GUA GGU 1
Target 852 UCU GGC CUU GUA CAC CAU CCG 872

Cleavage

aly-miR158b-5p VvMTP12 miRNA 20 AAA GGU UUU AAC AUC UGU UU 1
Target 35 CUU CUA UGA UUG UGG AUA AA 54

Cleavage

ath-miR398b-5p VvMTP12 miRNA 21 CAC ACA AGA GUA UAG UUG GGA 1
Target 1425 UGG GGU UGU UAU AUC AAC CCU 1445

Cleavage

ath-miR398c-5p VvMTP12 miRNA 21 CAC ACA AGA GUA UAG UUG GGA 1
Target 1425 UGG GGU UGU UAU AUC AAC CCU 1445

Cleavage

aly-miR156 h-3p VvMTP8 miRNA 21 CCA CCG UCU UCC UUU CUC UCG 1
Target 186 CUU GGU UGA AGG AGA GAG AGA 206

Cleavage

smo-miR1099 VvMTP8 miRNA 21 CUG UUU UUG UGG UAA CGA UAU 1
Target 9 UGU AAA AAC ACC AUU GUU GUC 29

Cleavage

osa-miR2875 VvMTP7 miRNA 24 AUA UUU GAC AUA UAC UGA CAU UUA  1
Target 1058 UUG AUG CUC UAU AUG AUU GUA AAA  081

Cleavage

ppt-miR1076-5p VvMTP8.1 miRNA 21 GUU AAU AGC GUG GAA CAC UAU 1
Target 982 AAA UUG ACG UAU CUU GUG AUA 1002

Cleavage

osa-miR1882e-3p VvMTP9.1 miRNA 24 GAU CUA AUG CAG GUU CUA GUA AAG  1
Target 742 AGG GCA UAU GCU CAA GAU CAU UUC  765

Cleavage

ptc-miR6456 VvMTP9.1 miRNA 21 CCU AGA UUA CCU UCC UGA GUU 1
Target 225 GAA GCU ACU GGA AGG GUU CAA 245

Cleavage

Fig. 7  MTP genes in grape and their expression in 54 specimens of 
green and woody tissues, and organs at various growth phases. The 
genes that have the same profiles for all arrays are grouped on the left 
using a hierarchical clustering method. The intensity of expression is 

defined in the colored bar at top of the chart. The scale bar represents 
log10 values from 0 to 3. The color bar outlines proportional expres-
sion values, the lowest (green), medium (black) and the highest (red)
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organs, potentially indicating a specific role in leaf senes-
cence. VvMTP4 had uniformly moderate expression level 
in all of the plant tissues/organs except for pollen, which 
highlighted it has a significant role in male reproductive 
organ development. VvMTP6 and VvMTP7, from the Zn/Fe-
CDF group, showed generally both high and uniform tran-
script levels at all stages of plant developmental, except in 
senescent leaves where transcript levels were low. Similarly, 
transcription of VvMTP5 was lowest in senescent leaves, 
which is the opposite trend to that observed for VvMTP12. 
VvMTP7 also showed low expression levels in pollen, which 
was the opposite of VvMTP4 that had high expression in pol-
len. With the exception of roots, very low levels of expres-
sion of VvMTP9.1 were observed in other tissue types at all 
stages of development. VvMTP1 had a moderate expression 
level in most tissues/organs, but expression was generally 
higher in mature organs, e.g., the pericarp at post-harvest 
withering III, the rachis at ripening and the stem at maturity 
(Woody). VvMTP8, VvMTP8.1 and VvMTP9 expressions 
were quite variable in terms of tissue/organs and develop-
mental stages. The fundamental knowledge in regard to the 
role of VvMTP genes during the developmental stages of 
grape was obtained through these data.

Despite the availability of grape microarray data for abi-
otic stress responses such as salinity and drought, a search 
for the proprietary ID probe for the VvMTP genes was not 
successful on the Affymetrix site. Therefore, the expres-
sion of VvMTP homologous genes in Arabidopsis was used 
to explore putative VvMTP function. This approach has 
been used for expression analysis of the NAC gene family 
in pigeon pea plants in response to (Satheesh et al. 2014) 
and for expression of DERB gene family in apple (Zhao 
et al. 2012). The expression of Arabidopsis MTP genes was 
determined under various abiotic stresses in both root and 
shoot tissues. Identification of differences in expression 
using Arabidopsis as a model relied on two key factors and 
included the type and duration of stress exposure (Fig. 8a, b). 
The highest level of expression was for MTP9, in response 
to osmotic stress, in both shoots and roots, at 3, 12 and 24 h 
post-stress. Upregulation in shoot tissues was higher com-
pared to roots. Upregulation of MTP9 was high in response 
salinity and UV stress in shoots at 3–24 h and 0.5–6 h, 
respectively. MTP9 was highly expressed in response to 
salinity at 6 h and 24 h in roots. AtMTP9 has two orthologs 
in grape, VvMTP9, and VvMTP9.1, and as expected these 
two genes were upregulated in response to osmotic shock, 
salinity, and UV. Upregulation of MTP3, MTP7, and MTP11 
in shoots and MTP1 in roots was observed under drought 
stress at all time points. Other MTPs varied with respect to 
expression, up- and downregulation being very much stress 
dependent, and this illustrates the many different roles genes 
in MTP family could play in plants the face of various abi-
otic stressors.

Discussion

In this investigation, we detected 11 MTP genes in grape that 
have the cation efflux domain in their corresponding protein 
sequences. According to their phylogenetic relationships, 
the VvMTP proteins were divided into three sub-families 
following the classification system previously reported 
(Montanini et al. 2007). Phylogenetic relationships can be 
used to deduce the configuration and practical roles of genes 
among species (Takahashi et al. 2012; Vatansever et al. 
2017). While orthologous genes found in different species, 
in each phylogenetic cluster, can be same, paralogous genes 
may have new biological functions relative to their ancestor 
genes (Guo et al. 2008). In the present study, we concluded 
that VvMTPs might be functionally similar to their associ-
ated homologs in Arabidopsis and rice. VvMTPs were more 
similar to AtMTP orthologous genes than OsMTPs, but no 
AtMTP2, AtMTP3, and AtMTP10 were detected in the grape 
genome. However, orthologs of VvMTP8 and VvMTP9 cor-
responding to AtMTP8 and AtMTP9 were identified and 
named VvMTP8, VvMTP8.1, and VvMTP9, VvMTP9.1, 
respectively. The orthologs of VvMTP8 have been reported 
in citrus, rice, maize, cucumber and barley (Fu et al. 2017; 
Gustin et al. 2011; Migocka et al. 2015; Pedas et al. 2014; 
Ricachenevsky et al. 2013). Most of the VvMTP proteins 
contained four to six putative transmembrane domains 
(TMDs), which is in accordance with previous reports on 
MTPs families in plant species (Kolaj-Robin et al. 2015; Lu 
et al. 2009; Lu and Fu 2007), with the exception of VvMT12 
that is similar to CitMTP12 and contains 12 TMDs (Fu 
et al. 2017). All of the VvMTPs were predicted to localize 
to the vacuolar, as do the MTPs of wheat (Vatansever et al. 
2017). AtMTP1 is involved in the transport of excess Zn into 
vacuoles and controls cellular Zn homeostasis (Kobae et al. 
2004), while AtMTP3 also has a role of the vacuolar detoxi-
fication of Zn and/or Co (Arrivault et al. 2006). Migocka 
et al. (2015) suggested that many Zn transporters can in fact 
function as proteinaceous metal transporters that facilitate 
vacuolar detoxification of metals.

MTP8 and MTP9 are involved in detoxification of Mn 
by aiding in the intracellular scavenging of surplus Mn and 
facilitating storage in the vacuole (Migocka et al. 2015). 
Members of the Mn-MTP sub-family contain the same 
five conserved motif sequences, with one of these motifs 
similar to motifs found in Zn carrier proteins. This motif is 
involved in the formation of a dimerization zone, which is 
important as these proteins form homo-dimers during Zn 
transport (Kolaj-Robin et al. 2015; Lu et al. 2009). The Zn 
transporter dimerization domain has also been identified 
in some MTPs found in wheat (Vatansever et al. 2017).

Alignment of sequences showed that glycine was con-
served in motifs 1 and 6, and this could indicate a specific 



3 Biotech (2019) 9:199 

1 3

Page 13 of 17 199

function for this amino acid in the cation efflux domain. 
Motif 5 overlapped with both motifs 1 and 6. Although 
no specific function was defined for motif 5, it could have 
a similar function to the cation efflux domains. For the 
homology modeling of the VvMTP proteins, the structures 
of the zinc transporters (2QFI and 3J1Z) were utilized 
templates, as these were also used for homology modeling 
of MTPs in wheat (Vatansever et al. 2017). The quality of 
the structural models generated in this study was validated 
indicating that this information could also be used for a 
proteomic survey of grape MTPs.

Members of the VvMTP gene family are scattered over 
nine chromosomes, with two pairs of genes located on 
each of two chromosomes, but no duplication was detected 
between these genes, which may be related to the asexual 
reproduction of grape (Jiang et al. 2015).

Insights into the exon–intron structure can supply addi-
tional information to back phylogenetic groupings (Shiu and 
Bleecker 2003) because exon–intron structure divergence 
can play a pivotal role in the evolutionary development of 
gene families (Zhang et al. 2012). Results of the present 
study showed a significant correlation between phylogeny 
and exon/intron structure among VvMTPs. A degree of simi-
larity can also be observed inside groups and sub-families, 
and the VvMTPs, showing both similar gene structures and 
intron phases within the same group and the same sub-fam-
ily; this was very obvious for the Mn-MTP sub-family.

Each VvMTP gene promoter had a unique combination 
of CREs that may control gene expression in terms of time, 
location, and response to external stimuli. A comprehen-
sive study of these regulatory elements and gene expres-
sion control would be useful for determining the role of a 

Fig. 8  Expression patterns of 
putative MTP homologous 
genes in the shoots (a) and (b) 
roots of Arabidopsis plants 
under salinity, drought, osmotic, 
high and low temperatures, 
genotoxic, and UV and physical 
treatments, after hours of stress 
(0.5, 1, 3, 6, 12 and 24 h). Fold 
differences are shown as log2 
value. Genes that have the same 
profiles throughout arrays are 
grouped on the top using a 
hierarchical clustering method. 
The color bar right indicates the 
levels of relative expression, the 
lowest (green), medium (black) 
and the highest (red)
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gene. The CAAT- and TATA-boxes were two usual CREs 
found in the upstream zones of VvMTP genes at a high 
frequency. The CAAT-box creates a binding site for RNA 
TFs and also is a regulatory motif that controls the expres-
sion of associated genes (Laloum et al. 2013), and the 
TATA-box is an element involved in transcription (Bae 
et al. 2015). Most CREs in VvMTP genes were related to 
light-responsive elements and a high frequency of these 
elements was also found in the CREs of MTP gene fam-
ily members of wheat (Vatansever et al. 2017). This find-
ing means that the expression of MTP genes could often 
be regulated to some extent by light. Light-dependent 
reactions in plants are complex and light can influence 
many developmental and physiological processes, such 
as seedling photomorphogenesis, phototropism, diurnal 
rhythms, and flower initiation (López-Ochoa et al. 2007). 
The above findings suggest that combinations of different 
CREs, instead of a single element, are important regulators 
of potentially light-regulated promoters (Chattopadhyay 
et al. 1998; Puente et al. 1996).

In the present study, VvMTP transcripts that are potential 
targets of miRNAs were investigated with respect to pos-
sible the post-transcriptional control mechanisms, miRNAs 
identified corresponding to seven VvMTPs. The miRNAs 
perform a regulatory role through not only by targeting spe-
cific mRNAs for degradation but also by suppressing the 
expression of the target gene (Bartel 2004; Carrington and 
Ambros 2003). Many metabolic pathways and processes 
associated with plant growth and development, signal trans-
duction, and responses to biotic and abiotic stresses, includ-
ing heavy metal stress, can be regulated by miRNAs (Gielen 
et al. 2012; Lv et al. 2012). Bioinformatic methods repre-
sent a useful and cost-effective way to investigate potential 
miRNA interactions associated with specific gene families 
(Jones-Rhoades et al. 2006). In previous studies, the involve-
ment of miR158 in Cd stress in Brassica napus was dem-
onstrated (Zhou et al. 2012) and miR398 has been shown to 
play a role in the responses of plants including A. thaliana, 
M. truncatula, O. sativa, N. tabacum and P. vulgaris to Cu, 
Fe, Mn, Al and  Al2O3 nanoparticle exposure (Burklew et al. 
2012; Lima et al. 2011; Sunkar et al. 2006; Valdés-López 
et al. 2010; Zhou et al. 2008a, b). In addition, miR156 has 
been shown to influence plant development and metal (Cd, 
Al, Mn, and As) detoxification processes, in B. napus, O. 
sativa, Glycine soja, P. vulgaris, and Brassica juncea (Ding 
et al. 2011; Huang et al. 2010; Lima et al. 2011; Srivastava 
et al. 2012; Valdés-López et al. 2010; Xie et al. 2007; Yu 
et al. 2012; Zeng et al. 2012; Zhou et al. 2012). The miR473 
was also found to be important for drought responsiveness 
in Populus plants (Shuai et al. 2013) and miR1221-3p was 
shown to upregulate the WCOR413 cold acclimation gene in 
Physcomitrella patens plants exposed to drought stress (Wan 
et al. 2011). The above findings support a possible role for 

the miRNAs identified in the grape genome in the present 
study to play roles of metal tolerance in grape plants.

The main role of MTP genes is resistance to metals, and 
the expression analysis showed that these genes have dif-
ferent expressions at different stages of growth and devel-
opment. Expression profiles of BrrMTP genes in roots and 
leaves tissues of Turnip demonstrated different expression 
patterns that are similar to this experiment (Li et al. 2018).

By analyzing promoters for members of VvMTP gene 
family, we identified several tissue-related and light-
responsive elements that may play roles in developmental 
processes in grape plants. Previous studies of rice OsMTP11, 
a Mn-specific transporter, showed that this gene was widely 
expressed in various tissues throughout rice during plant 
development (Zhang and Liu 2017), and the OsMTP1 gene 
was expressed at particularly high levels in mature leaves 
and stems (Yuan et al. 2012). These findings and similar 
predicted expression patterns detailed in the present study 
suggest that VvMTP11 may be involved in several aspects 
of the development of grape plants, and that VvMTP1 may 
also be important in mature grape tissues.

Information of Arabidopsis MTP genes was used to study 
the VvMTPs. The expression patterns of the MTP gene fam-
ily under different stresses may reflect differences in the type 
and number (composition) of CRE regulatory elements in 
the promoter region of the genes, which leads to different 
genes responding at different times and different stressors 
(Vatansever et al. 2017).

In this study, different MTPs showed a different response 
to various stress conditions and the highest level expression 
was observed for MTP9 in response to osmotic stress. The 
potential role of BrrMTP family of turnips was analyzed in 
the presence of different metal ions and the specific gene dif-
ferentially expressed under different metal treatments. Some 
genes upregulated or downregulated with each metal ion 
and gene in the same cluster did not show similar expres-
sion changes to the same metal treatments (Li et al. 2018). 
Overexpression of cucumber MTP9 in A. thaliana caused a 
significant tolerance to cadmium and surplus manganese, 
and transfer of the CsMTP9 gene to yeast resulted in detoxi-
fication of high concentrations of  Cd2+ and  Mn2+ (Migocka 
et al. 2015). In the present study, the most relevant gene 
expression for MTP9 was reported in osmotic stress. Accord-
ing to the results of this study, it is suggested that the product 
of the MTP9 gene may increase the accumulation of Mn and 
Cd in plant shoots and is useful for phytoremediation of soils 
contaminated with Mn or Cd metals (Migocka et al. 2015).

In general, MTP3, MTP7, MTP11, MTP1, and MTP9 are 
all upregulated in plants exposed to stresses, e.g., high salin-
ity, osmotic stress, and drought. Salinity and drought are two 
of the most important abiotic stresses that limit the produc-
tion of food crops worldwide, and plant responses to salinity 
and drought are often similar (Ahmad 2016). In addition, 
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metal toxicity can also induce similar responses in plants 
to salinity, as salinity causes both hyper-osmotic and ionic 
stresses in plants and reduces agricultural production (Chin-
nusamy et al. 2005; Li et al. 2010). Increasing the expression 
levels of MTP-related genes in plants exposed to salinity or 
drought might reduce to some extent the damaging effects 
of these stressors.

Conclusions

In this survey, 11 MTP genes were found in the grape 
genome and the putative protein properties, evolutionary 
relationships, gene structure, chromosome location, gene 
expression patterns and promoter functions were investi-
gated using the tools of bioinformatics. The phylogenetic 
study showed VvMTP genes are clustered into three sub-
families and seven groups, similarly to the MTP genes found 
in Arabidopsis and rice. Within each sub-family, gene struc-
tures and motifs distributions were also similar, particularly 
in the Mn-CDFs. The orthogonal expression pattern of 
VvMTP genes in Arabidopsis indicates that the main role of 
the MTP genes is in responses to environmental stress, espe-
cially osmotic stress, which apparently requires the expres-
sion of MTP genes that are generally thought to be involved 
in reducing the impacts on plants of toxic metal exposure. 
The expression of VvMTP genes in different tissues/organs 
and different stages of plant growth and development also 
demonstrated wide-ranging roles for VvMTPs in grape 
plants. This study provides important fundamental informa-
tion on the putative functions of grape MTP genes, and will 
help efforts towards their functional characterization.
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