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A genome-wide identification and expression analysis of multidrug and toxic compound
extrusion (MATE) gene family in potato was carried out to explore the response of
MATE proteins to heavy meta stress. In this study, we identified 64 MATE genes from
potato genome, which are located on 12 chromosomes, and are divided into I–IV
subfamilies based on phylogenetic analysis. According to their order of appearance on
the chromosomes, they were named from StMATE1–64. Subcellular location prediction
showed that 98% of them are located on the plasma membrane as transporters.
Synteny analysis showed that five pairs of collinearity gene pairs belonged to members
of subfamily I and subfamily II had two pairs indicating that the duplication is of
great significance to the evolution of genes in subfamilies I and II. Gene exon–
intron structures and motif composition are more similar in the same subfamily. Every
StMATE gene contained at least one cis-acting element associated with regulation
of hormone transport. The relative expression levels of eight StMATE genes were
significantly upregulated under Cu2+ stress compared with the non-stress condition
(0 h). After Cd2+ stress for 24 h, the expression levels of StMATE33 in leaf tissue
were significantly increased, indicating its crucial role in the process of Cd2+ stress.
Additionally, StMATE18/60/40/33/5 were significantly induced by Cu2+ stress, while
StMATE59 (II) was significantly induced by Ni2+ stress. Our study initially explores
the biological functions of StMATE genes in the regulation of heavy metal stress,
further providing a theoretical basis for studying the subsequent molecular mechanisms
in detail.

Keywords: potato, heavy metals, MATE genes, phylogenetic relationship, expression analysis

INTRODUCTION

Various types of abiotic stresses, especially heavy metal pollution, which is also the
main environmental problem, restrict plant growth (Mustafa and Komatsu, 2016).
Unfortunately, plants absorb heavy metals along with essential elements from the
soil; this caused them to evolve different strategies to deal with the detrimental
accumulation of heavy metals. For example, heavy metal ATPase (HMA), multidrug
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and toxic compound extrusion (MATE), yellow stripe-like (YSL),
and metal tolerance proteins (MTP) families are constitutively
overexpressed transmembrane transport proteins that drive the
uptake of heavy metals, transport them to the leaves to finally
be sequestered in the vacuoles or cell walls (Rascio and Navari-
Izzo, 2011). MATE transporters are ubiquitously distributed
in plants (Omote et al., 2006) and are involved in a diverse
array of functions encompassing secondary metabolite transport,
xenobiotic detoxification, disease resistance, and aluminum
tolerance (Upadhyay et al., 2019). In 1998, the first MATE
protein, Norm, was cloned from the chromosomal DNA of Vibrio
parahaemolyticus (Morita et al., 1998). Consequent experiments
suggested that Norm gene belongs to the efflux protein gene
and has a multidrug efflux function. Notably, most characterized
MATE transporters seem to only export compounds with positive
charges (Lu, 2016).

The members of the MATE family are reported to be
directly or indirectly involved in the transit processes of
disease resistance, aluminum detoxification, toxic metal efflux,
secondary metabolites, and plant hormones. As a result, specific
functions of some MATE genes in Arabidopsis have already been
characterized. For instance, AtDTX1 not only participates in the
efflux of alkaloids, antibiotics, and other toxic compounds but
also detoxifies Cd2+, a heavy metal (Li et al., 2002). AtALF5
(AtDTX19) is reported to have similar functions as AtDTX1
(Diener and Fink, 2001). It is very well known that ADS1
can regulate plant disease resistance by encoding the MATE
transporter (Sun et al., 2011). Interestingly, MATE protein also
regulates the overall development of plants by controlling the
phytohormone transfer. For example, AtDTX50 can efflux ABA
(Zhang et al., 2014), and both AtFRD3 (AtDTX43) (Durrett
et al., 2007) and OsERDL1 (Yokosho et al., 2009) show citric
acid activity and can transport metallic iron. Moreover, salicylic
acid depends on EDS5 to transmit the signals for disease
resistance (Nawrath et al., 2002). TT12 (AtDTX41), the first
MATE protein known to transport flavonoids, can also mediate
the transport of anthocyanin cyanidin-3-O-glucoside in the
presence of Mg-ATP (Marinova et al., 2007). On the other
hand, AtDTX18 can enhance plant defense against pathogens
by transporting hydroxycinnamic acid amide (Dobritzsch et al.,
2016). The function of MATE proteins in other plants has also
been characterized, and it is known that SbMATE (Sivaguru
et al., 2013), ZmMATE1 and ZmMATE2 (Maron et al., 2010),
and OsFRDL4 (Yokosho et al., 2011) all participate in the
detoxification process of aluminum. Additionally, OsMATE2
regulates the accumulation of arsenic in rice and tobacco
(Das et al., 2018). Both NtMATE1 and NtMATE2 transport
alkaloids to the vacuole, thus reducing their toxicity (Shoji
et al., 2009). Alfalfa MtMATE67 can enhance symbiotic nitrogen
fixation by mediating citrate transport into the symbiotic plastid
(Kryvoruchko et al., 2018). In addition, a study has shown that
the overexpression of cotton MATE gene can regulate the amount
of reactive oxygen species (ROS), thus minimizing the effects of
various oxidative stresses (Lu et al., 2019).

Multidrug and toxic compound extrusion protein has been
widely studied in several plants, such as rice (Oryza sativa)
(Tiwari et al., 2014), Arabidopsis (Arabidopsis thaliana) (Wang

et al., 2016), soybean (Liu et al., 2016), flax (Lu, 2016), upland
cotton (Xu et al., 2019), tomato (Santos et al., 2017), maize (Zhu
et al., 2016), alfalfa (Min et al., 2019), Vitis vinifera (Gomez et al.,
2009), blueberry (Chen et al., 2015), etc. The functions of some
of the MATE genes have been characterized, and all of these
indicate that the MATE gene family plays an important role in
plant growth, development, and stress resistance. The potato, an
edible tuber, is the fourth most important food crop in the world.
Many gene families have been identified and analyzed in potato,
such as MYB gene family (Sun et al., 2019), StGRAS (Wang et al.,
2019), heat shock proteins20 (Hsp20) (Zhao et al., 2018), HMA
(He et al., 2020), ATP-binding cassette (ABC) (He et al., 2021),
and so on. Recently, Li et al. (2019) and Chen Q. et al. (2020)
conducted a preliminary identification of the MATE gene family
in potatoes. However, the research on the response of MATE
protein to heavy metals in potato is rare.

Soil contamination by heavy metals is a growing problem
to human and animal health. To unearth the MATE gene in
potato that responds to heavy metal stress, we set out to identify
and analyze the MATE gene family in a potato type, Cloud S.
tuberosum 505. Our study focused on MATE gene structure,
chromosomal localization, phylogenetic relationship, analysis
of cis-acting element, and expression level analysis following
exposure to heavy metal stress.

MATERIALS AND METHODS

Plant Materials and Treatments
Cloud S. tuberosum 505 was selected as the test species, and
potted planting was carried out in the Institute of New Rural
Development of Guizhou University. At 21 days of seedling
growth, potato plants with the same growth were selected
and exposed to five heavy metals, namely, Cd2+(CdCl2),
Cu2+(C4H6CuO4·H2O), Pb2+[Pb(CH3COO)2·3H2O],
Ni2+[Ni(NO3)2·6H2O], and Zn2+(ZnCl2) at a concentration
of 100 mg/kg as in a previous study (Tian et al., 2021). All of
them are analytical reagents. Prepare five heavy metal solutions
(Cd2+, Cu2+, Pb2+, Ni2+, and Zn2+) with a concentration
of 100 mg/kg, and then soaking the soil with liquid solutions
of metals. The roots, stems, and leaves of the seedlings were
collected when treatment for 6, 12, and 24 h, place them into the
foam box containing liquid nitrogen straightaway, finally laying
in−80◦C ultralow-temperature refrigerator.

Identification and Analysis of MATE Gene
Family
Downloading the genome annotation and protein files of
O. sativa, S. tuberosum, and A. thaliana1 and the matrix file of
hidden Markov model (HMM) of MATE gene family2. Then,
we retrieve MATE gene family information from potato protein
sequence database by the HMM search program of HMMER
(v3.1) in a Linux system. Here, 1.2e-28 is set as “E-value”
to obtain a reliable MATE domain, and multiple sequence

1http://plants.ensembl.org/index.html
2http://pfam.xfam.org/family/PF01554
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alignment was carried out by ClustalW (v2.1). On the basis of the
multiple sequence alignment, the specific MATE domain HMM
of potato was constructed using the HMM build program of
HMMER. HMM search was then again performed to retrieve
the sequences with E-value (<0.001) in the protein file to
obtain candidate MATE gene sequences. SMART3, CDD4, and
PFAM5 were used to test the candidate protein sequences of
potato MATE genes, and verification of the MATE domain was
performed. Here, 64 MATE genes in total were identified in
potato. The molecular weight, theoretical pI, number of amino
acids, instability index (II), and grand average of hydropathicity
(GRAVY) were all estimated with ExPASy6. The subcellular
location prediction of StMATE proteins was determined with
Plant-mPLoc7.

Chromosome Distribution and Synteny
Analysis
We obtained the position information of the MATE genes of
potato on the chromosome by Linux system and then mapped
the MATE genes on their chromosomal location by using
MapChart8. The genes were named StMATE1–64 according to the
sequence of their appearance on the chromosome. In addition,
we used MCScanX (Wang et al., 2012) to construct the gene
synteny landscape.

Phylogenetic Analysis
The MATE proteins identified in S. tuberosum (64), A. thaliana
(56) (Wang et al., 2016), and O. sativa (45) (Li et al., 2002)
were all aligned using the MEGA X (v10.0.2) with their default
parameters. The tree of phylogenetic relationship was inferred
by the NJ (neighbor-joining) method of MEGA X (v10.0.2),
while the value of bootstraps was set to 1,000 to evaluate the

3https://www.omicsclass.com/article/681
4https://www.ncbi.nlm.nih.gov/cdd/
5http://pfam.xfam.org/
6https://web.expasy.org/protparam/
7http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/
8http://mg2c.iask.in/mg2c_v2.0/

reliability of internal branches. Additionally, Evolview9 was used
to visualize the phylogenetic tree.

Transmembrane Helices, Gene Structure,
and Motif Analysis
Using MEME (v4.12.0) to extract MATE domains and search
for 20 conservative motifs. We used TBtools (v1.0692), as
previously mentioned (Chen C. et al., 2020) was for gene
structure analysis and motif visualization. Protter10 is used to
predict protein topology.

Promoter Analysis
Promoter sequence analysis was performed in Plantcare11. Briefly,
the 2,000-bp sequence upstream of the ATG start codon of
the MATE gene family was taken as promoter sequence. Cis-
acting elements that are not related to heavy metal stress
were removed, and TBtools was used to draw and visualize
the elements.

Quantitative Real-Time PCR Analysis
To analyze the expression patterns of MATE genes of potato
under different heavy metal stresses, we selected eight StMATE
genes for Cd2+, Cu2+, Pb2+, Ni2+, and Zn2+ stress treatment.
The selection of eight genes is based on collinearity analysis
of MATE genes in rice, potato, and Arabidopsis (Table 1),
preliminarily determined StMATE33-PGSC0003DMT400078371
(collinearity with Arabidopsis and rice MATE genes). Then,
according to the cis-acting elements (cis-acting regulatory
element involved in the MeJA-responsiveness and cis-acting
element involved in defense and stress responsiveness) contained
in StMATE33, combined with cis-acting elements (Figure 6)
and phylogenetic tree (Figure 4) analysis, the eight selected
genes were finally determined for further research. We analyzed
the relative expression levels of StMATE genes in different
tissues (root, stem, and leaf) by quantitative real-time PCR

9https://www.omicsclass.com/article/671
10http://wlab.ethz.ch/protter/start/
11http://bioinformatics.psb.ugent.be/webtools/plantcare/html/

TABLE 1 | Twenty-five collinear gene pairs of multidrug and toxic compound extrusion (MATE) genes in Arabidopsis, potato, and rice.

Gene pairs Gene ID of potato Gene ID Gene pairs Gene ID of potato Gene ID

1 PGSC0003DMT400005437 AT5G65380 14 PGSC0003DMT400026353 AT4G25640

2 PGSC0003DMT400022543 AT3G21690 15 PGSC0003DMT400072250 AT3G03620

3 PGSC0003DMT400078371 AT1G71140 16 PGSC0003DMT400014431 AT1G73700

4 PGSC0003DMT400010077 AT4G22790 17 PGSC0003DMT400017707 AT1G51340

5 PGSC0003DMT400078714 AT1G66780 18 PGSC0003DMT400042439 AT1G61890

6 PGSC0003DMT400058542 AT4G23030 19 PGSC0003DMT400005437 Os08t0480000

7 PGSC0003DMT400043015 AT1G66780 20 PGSC0003DMT400078371 Os01t0684900

8 PGSC0003DMT400041642 AT5G10420 21 PGSC0003DMT400078714 Os01t0684900

9 PGSC0003DMT400029423 AT5G49130 22 PGSC0003DMT400037015 Os10t0523201

10 PGSC0003DMT400047906 AT1G12950 23 PGSC0003DMT400041642 Os08t0480000

11 PGSC0003DMT400015300 AT1G71140 24 PGSC0003DMT400026353 Os02t0821600

12 PGSC0003DMT400032971 AT1G11670 25 PGSC0003DMT400005431 Os03t0188100

13 PGSC0003DMT400065544 AT3G21690
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TABLE 2 | Primer design of eight genes.

Primer name Reverse primer (5′–3′) Forward primer (5′–3′)

Actin AGCCACCACTGAGCACAATGTTAC AGAGGTTCCGTTGCCCAGAGG

StMATE40 GCAGTACGCGCTACAAGACGAG TGTTGCCTCAAGGACTAGGTGGAG

StMATE33 GCGATGGGAATGCAAGCAATGAC ACTCTTTGCGGTCAGGCTTTCG

StMATE59 AGTGACCAACATCGTCCCATTTCC GGCTGGAATGATCTTCGGTGGAAC

StMATE45 GCCAAACGTCCCCTTAGGAAGAAG GAGTGCAGCATGTGTACGAGTAGC

StMATE5 CTTCTGCTGACATCGGTGGAATCC CTGCGTACATTTGCCGGTTTATGG

StMATE61 TGGCTTTCGTTGTCTCGTGGTTC GCTGCTGTGGGAATTTCGATTGC

StMATE18 CCAAACCCCACTCATAGCAACTCC ACTCTGCCTCTGACTTGTTGTGC

StMATE60 TCCAATCCCATCCGTCCATCTCC AGTTGCTATGGCTTCAGTGCTGAC

FIGURE 1 | Chromosomal distribution of StMATE genes. The scale bar on the left represents the length (Mb) of the potato chromosomes and multidrug and toxic
compound extrusion (MATE) genes are marked on both the sides of the respective chromosome.

(qRT-PCR). The eight selected StMATE genes are, respectively,
StMATE33/40 (I), StMATE45/59 (II), StMATE5/61 (III), and
StMATE18/60 (IV). Primer Premier 6 was used to design
the qRT-PCR primers for the eight MATE genes (Table 2).
Primers were synthesized by Sangon Biotech (Shanghai, China)
Co., Ltd. A TRIzol kit was used to extract total RNA and
convert it to cDNA according to the manufacturer’s instruction
(StarScript II First-Strand cDNA Synthesis Mix) after the
removal of gDNA. The synthesized cDNA was stored in the
refrigerator (−80◦C) until further use. Here, 2 × RealStar Green
Fast Mixture was used to perform qRT-PCR in accordance
with the manufacturer’s instructions, and actin was used as
the reference gene. The total volume of qRT-PCR reaction
(20 µl), included 10 µl of 2 × RealStar Green Fast Mixture,
2 µl of cDNA template, 7 µl of ddH2O, and 1 µl of
primers (0.5 µl each for forward and reverse primer) to a
final concentration of 10 µM. The PCR reaction was carried
out on a BIO-RAD CFX96 (Bio-Rad, United States) real-
time fluorescent quantitative PCR instrument by a two-step
method with the reaction parameters set as follows: 95◦C for
3 min, 40 cycles of 95◦C for 15 s, 60◦C for 20 s. Three
technical and three biological replicates were analyzed for
each sample, and the analysis for qRT-PCR was calculated by
the Ct comparison (2−11Ct) method (Livak and Schmittgen,
2001). Cytoscape (v3.6.1) (Shannon et al., 2003) is used
to establish and analyze the co-expression network of the
eight StMATE genes.

RESULTS

Identification and Related Information of
MATE Gene Family in Potato
A total of 64 MATE genes were identified by homology search and
MATE domain analysis from potato genome, which were named
StMATE1–64 based on their location on the chromosome. MATE
proteins of potato encoded by 64 StMATE genes were sequence
analyzed, and the proteins were found to be 186–551 aa long, with
the maximum molecular weight as 60.28 KD, and their isoelectric
points ranged from 5.29 to 9.44 (Supplementary Table 1). The
results of subcellular localization prediction showed that MATE
proteins of potato are well distributed in plasma membrane,
chloroplast, vacuole, and mitochondria. Interestingly, 98% of
them are located on the plasma membrane, and 9.4% are
distributed in both chloroplast and plasma membrane. However,
StMATE38 is specifically distributed across plasma membrane,
vacuoles, and mitochondria.

Chromosome Distribution, Collinearity,
and Synteny Analysis of MATE Genes in
Potato
The 64 StMATE genes were distributed along the lengths
of 12 chromosomes (Figure 1). We found 10 StMATE
genes on chromosome 3 but only one (StMATE50) on
chromosome 9. The result of synteny analysis of 64
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FIGURE 2 | Syntenic relationships of StMATE genes. Potato chromosomes are shown in different colors. The putative orthologous multidrug and toxic compound
extrusion (MATE) genes of potato are represented in red. The gene names are indicated inside of the diagram, while the chromosome numbers are shown outside
the diagram.

StMATE genes demonstrated seven pairs of duplicated
genes (Figure 2), namely, StMATE44/63, StMATE19/36,
StMATE25/32, StMATE13/15, StMATE13/25, StMATE13/32,
and StMATE13/9. Additionally, collinearity analysis showed
that there are 18 pairs of collinearity genes of MATE gene
family between potato and Arabidopsis but only seven pairs in
potato and rice (Figure 3), gene IDs of 25 pairs of genes are
shown in Table 1. It indicated that the collinearity between
potato and Arabidopsis is more significant than that between
potato and rice.

Phylogenic Analysis and Classification
A phylogenetic tree was constructed by MEGA-X (v10.0.2)
for the 64 StMATE proteins, 45 OsMATE proteins, and 56
AtDTX proteins that showed up after performing multiple
sequence alignments, their protein sequence data are shown as
Supplementary Table 3. According to the topology of the N-J
phylogenetic tree as shown previously (Wang et al., 2016), the
MATE genes of potato, rice, and Arabidopsis could be divided
into four major subfamilies, namely, I, II, III, and IV, containing
23, 27, 4, and 10 StMATE genes, respectively (Figure 4).
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FIGURE 3 | Collinearity analysis of multidrug and toxic compound extrusion (MATE) genes in rice, potato, and Arabidopsis. Chromosomes of Arabidopsis, potato,
and rice are represented by yellow, blue, and orange bars, respectively; the chromosome label is next to the corresponding chromosome. The red curve indicates
MATE genes with collinearity.

Transmembrane Helices, Exon–Intron
Structure, and Motif Analysis of MATE
Genes in Potato
The position information for the exons, intron, and untranslated
region (UTR) on potato chromosomes was obtained through
TBtools (v1.0692), which also helps construct the exon–intron
structures and motif analysis diagram. The results of the gene
structure analysis showed that genes in the same subfamily often
had similar structures, but their intron lengths varied. Most
members in subfamily I (21/23: 91.30%) had 5–7 exons, and
the number of introns was similar to that of exon (Figure 5B),
whereas 70.37% (19/27) MATE genes in subfamily II had
6–8 exons. The genes of subfamily III contained the greatest
number of exons (10–13) among all. However, all the genes in
subfamily IV either lacked introns or had less than three introns,
StMATE18/35/37/48/49 had no introns at all, StMATE60 had
three introns, and all other members had only one. Moreover, the
numbers of motifs in StMATE genes in the same subfamily were
highly similar (Figure 5A), with motifs in subfamily II being 8–
15 in number. The minimum number of motifs for both I and
IV was five, whereas the maximum number in I was 14 and in
IV was 12. Subfamily III, however, contained only 2–5 motifs.
The relevant information of 20 motifs is listed in Supplementary
Table 2. Notably, we also analyzed the distribution of conserved
motifs on the transmembrane helices (Figure 5D). StMATE33,

StMATE59, StMATE5, and StMATE18 contain all motifs of their
respective subfamily.

Promoter Cis-Acting Analysis
Cis-acting elements are the sites for specific binding of
transcription factors and thus play an important role in
regulating genes responsible for the growth, differentiation, and
development of organisms, including plants. We extracted a
2,000-bp sequence in the upstream region of every StMATE
gene and used PlantCARE (see text footnote 11) to identify
all the cis-acting elements in these StMATE genes. We
obtained 13 cis-acting elements according to their functional
annotations and found that 61.54% (8/13) of them were
related to hormone response (Figure 6). Interestingly, only
StMATE11, StMATE63 (II), and StMATE60 (IV) contained a
cis-acting, MYB binding site involved in flavonoid biosynthesis
gene regulation.

Expression Level Analysis of MATE
Genes in Potato in Heavy Metal Stress
To further explore whether the expression levels of StMATE
genes are affected by heavy metal stress, we selected a total
of eight StMATE genes (two genes from each subfamily) after
analyzing the phylogenetic tree and promoters and determined
their relative expression levels by qRT-PCR in roots, stems, and
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FIGURE 4 | Phylogenetic tree of Arabidopsis, rice, and potato multidrug and toxic compound extrusion (MATE) proteins. The picture represents the phylogenetic
tree as constructed by the N-J (neighbor-joining) method where the number on the branch represented the bootstrap values. Subfamilies are marked in different
colors, with each subfamily marked outside the circle as I, II, III, and IV. The red star, blue triangle, and green circle represented potato, rice, and Arabidopsis MATE
proteins, respectively.

leaves after Cu2+, Cd2+, Zn2+, Ni2+, and Pb2+ treatment for
0, 6, 12, and 24 h. The expression level at 0 h of treatment was
taken as 1 (Figure 7). The results of qRT-PCR analysis showed
that, compared with control (0 h), in the same tissue, the time
for StMATE genes to reach a higher expression level was similar,
i.e., the time for most genes to reach the highest expression level
in root, stem, and leaf tissues was 12, 6, and 24 h, respectively,
under these five heavy metal stress conditions. In leaf tissues,
however, in the case of Ni2+ stress, the time for the eight StMATE
genes to reach the highest expression level was 6 h and for Zn2+

stress, it was 12 h. In leaf tissue, the expression levels of StMATE33

and StMATE40 (I) under Cd2+ stress were upregulated to 272.1
and 41.6 times, respectively, than that in the control, after a 24-
h treatment (P > 0.01). The levels for them in stem tissues were
increased to 36.8 and 1.2 times that of the control (6 h treatment),
and the expression levels in the root tissues were 1.2 and 1.7 times
that of the control for a 12-h treatment (not significant). Under
Cu2+, Pb2+, and Ni2+ stress, the relative expression levels of
StMATE33 and StMATE40 in each tissue were similar to that of
Cd2+ treatment. For Zn2+ stress of 12 h, the expression levels
of StMATE33 and StMATE40 in leaf tissues were 50.4 and 159.2
times, respectively, that of the control; in stem tissue, a Zn2+
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FIGURE 5 | Analysis of motifs, transmembrane helices (TMs), and exon–intron structure of StMATE genes. The numbers 1–64 represent StMATE1–StMATE64.
(A) Phylogenetic tree, the various subfamilies were numbered I, II, III, and IV. (B) Gene structures of StMATE genes, orange boxes, blue boxes, and lines represented
exon, untranslated region (UTR), and introns, respectively. The lengths of the boxes and lines were scaled according to the gene length. (C) All motifs were identified
by MEME (v4.12.0) according to the complete amino acid sequences. (D) Lineup of conserved motifs on the TMs. The transmembrane structure is marked with blue
numbers, the conserved motif is indicated in different colors, and its related information is on the right.
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FIGURE 6 | Analysis of cis-acting elements of StMATE genes. Cis-acting elements that existed in the 2,000-bp upstream region of StMATE genes were analyzed.
Numbers 1–64 represent genes StMATE1–StMATE64, respectively; I, II, III, and IV represent the four subfamilies. Boxes with different colors at the bottom represent
the cis-acting elements.

treatment for 24 h increased the expression level of StMATE40
gene highly significantly to 360.3. Under Ni2+ stress conditions,
the expression levels of StMATE45 and StMATE59 (II) were quite
different, where StMATE45 showed lower expression levels in
roots, stems, and leaves. On the contrary, the highest relative
expression levels of StMATE59 in roots, stems, and leaves were
15.2, 17, and 114, respectively, which were extremely significantly
upregulated. The results indicated that the expression levels of
genes in the same subfamily could be significantly different even
under the same stress conditions. In addition, the expression
levels of StMATE45 and StMATE59 under different stresses
in various tissues were similar to Ni2+ stress. StMATE5 and
StMATE61 (III) showed a maximum response to Cu2+ stress
compared with the other heavy metal stresses. Under Cu2+ stress
treatment for 24 h, the relative expression levels of StMATE5
and StMATE61 in leaf tissue were up by 81.2 and 15.4 times,
respectively, than that of the control. In the stem tissue, they
were up only by 0.7 and 1.3 times that of the control with a 6-
h treatment; in root tissue, however, after 12 h of Cu2+ stress
treatment, the expression levels StMATE5 and StMATE61 were
1.4 and 6 times that of the control. Moreover, the expression levels
of StMATE5 and StMATE61, under the other four heavy metal
stress treatments, had a similar trend to Cu2+ stress. Finally, for
StMATE18 and StMATE60 (IV) under a Zn2+ stress of 12 h, the
gene expression levels in leaf tissue were 266.8 and 30.33 times
higher, respectively. In the stem tissue, however, in a Zn2+ stress
for 6 h, the gene expression levels increased 12.49 and 27.78

times, whereas in root tissues, under a Zn2+ stress of 12 h, the
gene expression levels were found to be lower than the control.
In the stem and leaf tissues, StMATE18 and StMATE60 had the
highest expression levels after stress treatment for 6 h, while it
was 24 h for the root tissue. For the other three heavy metal
stress treatments, the time for StMATE18 and StMATE60 to reach
higher expression levels in root, stem, and leaf tissues was 12, 6,
and 24 h, respectively.

All results of our study indicated that certain genes have
a higher expression level in specific tissues and under specific
stress conditions. For example, the expression levels of most
of the eight StMATE genes in each tissue followed a trend
of leaf > stem > root. However, under Pb2+ stress, the
expression levels of StMATE33 and StMATE40 (I) showed a
trend of root > leaf > stem. Additionally, the overall expression
levels of StMATE33 and StMATE40 under Zn2+ treatment were
stem > leaf > root. The results show that the response degree
of the same gene to different treatments is different, and the
expression levels are related to the organ type and the time of
stress treatment.

DISCUSSION

Multidrug and toxic compound extrusion transporters are
widely present in plant cells, mainly membranes, and play an
important role in the efflux of plant secondary metabolites
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FIGURE 7 | The relative expression levels of eight StMATE genes in response to the five heavy metals. The ordinate is the gene expression level; abscissa is the
gene number. The height of the bar graphs represents the relative expression levels of the genes where the value of the expression is equal to the means (±SD) of
three biological replicates. The gene names are shown on the x axis (*P < 0.05; **P < 0.01).

and toxic compounds (Lu et al., 2018). In our present
study, a total of 64 members of the potato MATE family
were identified (Supplementary Table 1), and the results of

their subcellular localization prediction showed that 98.44% of
them too were in the plasma membrane. It reinforces that
fact that MATE proteins are indeed membrane transporters,
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FIGURE 8 | Analysis of co-expression network of StMATE genes. The thicker
the line between metals and genes indicates the higher expression of the
gene under the metal stress condition.

acting as gatekeepers for cells by regulating the inflow of
useful substances and the exudation of the harmful ones
(Upadhyay et al., 2019). Furthermore, they are distributed on 12
chromosomes in Cloud S. tuberosum (Figure 1) and comprise
four major subfamilies (I–IV) based on their evolutionary
relationships (Figure 4). These observations are consistent with
the previous classification of MATE genes in rice and Arabidopsis
(Wang et al., 2016).

Syntenic analysis showed that there are seven pairs of
collinearity genes, and they predominantly amplify through gene
duplication (Figure 2). Among them, five pairs of collinearity
genes belong to subfamily I and two pairs belong to subfamily
II. Our results also indicate that the fragment duplication
also contributes to the evolution of genes in subfamilies I
and II. The result showed that some StMATE genes can
cause the amplification on different chromosomes through gene
duplication. As protein functions are affected by their structures
(Qin et al., 2019), we analyzed the gene structure and motifs for
these genes and found that StMATE genes in the same subfamily
had similar exon–intron structure and shared conserved motifs
(Figure 5) as well. The loss and gain of introns might reflect the
evolutionary trend of gene families (Rogozin et al., 2003), which
can indicate that genes in the same evolutionary branch not only
have similar gene structures but also have similar functions, such
as most genes in subfamily IV completely lacked or had only one
intron, indicating that their amplification might be happening
differently from genes in other subfamilies.

Additionally, the result of motif analysis among the four (I–
IV) subfamilies showed that all StMATE genes contain motif6,
and the composition and number of conserved motifs in
subfamilies I, II, and IV are quite similar (between 5 and 15). It
is worth noting that each subfamily contains unique conservative
motifs. For example, motif17 and motif19 exist in subfamily II

and subfamily IV, respectively, while motif16 and motif20 are
unique to subfamily III. Motif17 lines up with TM9 of StMATE59.
Some amino acid residues of motif19 are arranged on TM4
of StMATE18, but motif20 is arranged on the outside of the
membrane of StMATE5, and motif16 penetrates TM2–TM5 of
StMATE5 (Figure 5D). The presence of conserved amino acid
motifs helps in compartmentalization of proteins into subfamilies
and may have significance to the function of the proteins within
the family (Seo and Kim, 2018). Similar results were found for
DTX/MATE protein in flax (Ali et al., 2020). As phytohormones
are very crucial for MATE proteins to extrude heavy metal and
transmit certain disease resistance signals (Serrano et al., 2013;
Garcia-Oliveira et al., 2018; Tegli et al., 2020). We selected 13
cis-acting elements, based on their functional annotations, and
found that 61.54% (8/13) of them were also related to hormone
response (Figure 6). Interestingly, StMATE11 and StMATE63
(from subfamily II) contain cis elements for the MYB binding site,
near genes involved in the flavonoid biosynthesis regulation. The
results widely suggest that the two genes may be related to the
transport of flavonoids.

As phylogenetic analysis of the genes can help to conjecture
their function in a specific species (Pandey et al., 2016), we
performed the same analysis (Figure 4) on the 64 StMATE genes
and discovered that they comprise four major subfamilies (I–
IV). Some members of the subfamily I clustered together with
AtDTX1 and may be involved in the synthesis of alkaloids,
auxins, and the transportation of toxic compounds such as
cadmium (Li et al., 2002). Other members of the lot gathered
together with ALF5 (AtDTX19) and AtDTX18. The former
transports tetramethylammonium (Diener and Fink, 2001), and
the latter can enhance a plant’s resistance toward a disease
(Dobritzsch et al., 2016). Members of subfamily II seem to have
similar functions as TT12, i.e., to participate in the transport of
flavonoids (Marinova et al., 2007), whereas genes in subfamily
III gathered with genes such as FRD3 (AtDTX43) and EDS5
(AtDTX47), which are involved in transport of iron (Durrett
et al., 2007; Pineau et al., 2012) and salicylic acid (Nawrath
et al., 2002), respectively. Interestingly, the kinship of genes in
subfamily III is relatively a closer one (bootstrap values >80).
So, it can be speculated that proteins in this subfamily may
function like FRD3 and EDS5. Ultimately, members of subfamily
IV appeared in the same branch as AtDTX50 and thus may be
involved in the efflux of ABA (Zhang et al., 2014).

The results of qRT-PCR analysis indicate that the eight
selected StMATE genes were expressed in root, stem, and leaf
tissues under five heavy metal stress conditions. Quite notably,
in the same tissue, genes of the same subfamily have similar
expression levels if undergoing the same stress conditions.
It is consistent with the results of gene structure and motif
analysis (Figure 5), which also indicates a similar structure and
function for genes in the same subfamily. In addition, under
all stress conditions, the overall expression level of genes in
each tissue follows a trend of leaf > stem > root. However, in
different plant tissues, genes from different subfamilies respond
to stresses with variant degrees. For example, the expression
levels of StMATE33 under Cd2+ stress for 24 h were increased
to the highest amount 272.1 compared to unstressed controls
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(0 h); under Cu2+ and Zn2+ stress conditions, StMATE40 is
extremely significantly upregulated. Moreover, StMATE33 and
StMATE40 are in the same subfamily as AtDTX1 is in the
phylogenetic tree (subfamily I). In Arabidopsis, AtDTX1 can
participate in the transportation of toxic compounds such as
alkaloids, phytohormones, and cadmium (Kuroda and Tsuchiya,
2009). Therefore, we speculate that StMATE33 may be playing
a crucial role in the responses toward Cd2+ stress in Cloud S.
tuberosum. Quite consistently, the expression level of StMATE40
was also significantly induced by Cu2+ and Zn2+. This result
could be attributed to the fact that the three metals have similar
structures, while zinc (atomic number 30) and copper (atomic
number 29) are in adjacent periods as well in the periodic
table (Supanchaiyamat and Hunt, 2019). Compared with the
control, Ni2+ stress significantly increased the expression levels
of StMATE59 (subfamily II), while StMATE18 and StMATE60
(subfamily IV) were significantly upregulated under Cu2+

stress. Most importantly, we can get more useful information
from Figure 8. Under Cu2+ stress, the expression levels of
StMATE18/60/40/33/5 were all significantly upregulated, and the
expression levels of StMATE18/40 were significantly upregulated
under Zn2+ stress. Differently, only the expression of StMATE33
was extremely significantly upregulated under Cd2+ stress.
The results indicate that there may be a synergistic effect
between StMATE18/60/40/33/5 under Cu2+ stress conditions,
and StMATE33 is very important for cadmium detoxification.
Copper and zinc are important components of superoxide
dismutase (SOD) and ceruloplasmin, which are important in
many metabolic processes and enzyme systems (Airede, 1993).
Based on this, we speculate that StMATE18/60/40/33/5 are very
important for the growth of plants.

Chen et al. (2015) found that VcMATE1 and VcMATE4 are
in the same evolutionary branch as AtDTX1 and speculated that
they play an important role in the transportation of alkaloids
and the efflux of xenobiotics or toxic cations. LuDTX71 and
LuDTX73 genes can enhance plant tolerance to Cd, cold, and
salt stress (Ali et al., 2020). These results, combined with our
research results, strongly support that the StMATE genes may be
involved in the detoxification of cadmium ions. In particular, the
expression level of CaMATE01/28 is upregulated under hormone
stress conditions, and phylogenic analysis indicated that they are
in the same evolutionary branch as AtDTX1 (Chen Q. et al.,
2020). It indicates that hormone cis-acting elements are essential
for the MATE gene family to respond to adversity stress. And
MATE transporters can improve the ability to adapt to adversity
by promoting the efflux of phytohormone (Zhang et al., 2014;
Yokosho et al., 2016; Wang et al., 2017).

On the whole, we have identified 64 StMATE genes from the
potato genome, divided them into four major subfamilies, and
analyzed the expression levels of eight StMATE genes in heavy
metal conditions. Analysis of qRT-PCR revealed the significant
changes in expression levels of eight StMATE genes under five
heavy metal stresses. In particular, Cu2+ stress quite significantly
upregulated the expression levels of most genes. However, the
levels of StMATE33 (I) were quite abundantly induced by Cd2+,
and StMATE18/60/40/33/5 were significantly upregulated under
Cu2+ stress, while StMATE59 (II) was significantly induced by
Ni2+ stress. Our detailed findings lay down the initial paths to
help researchers in building future projects that would uncover
the molecular mechanisms of StMATE genes, in response to
heavy metals stress, in the commercially important food crop
Cloud S. tuberosum.
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