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Abstract
Multidrug and toxic compound extrusion (MATE) proteins are a group of secondary active transporters, which widely exist in
all living organisms and play important role in the detoxication of endogenous secondary metabolites and exogenous agents.
However, to date, no systematic and comprehensive study of this family is reported in maize. Here, a total of 49 MATE genes
(ZmMATE) were identiﬁed and divided into seven groups by phylogenetic analysis. Conserved intro–exon structures and motif
compositions were investigated in these genes. Results by gene locations indicated that these genes were unevenly distributed
among all 10 chromosomes. Tandem and segmental duplications appeared to contribute to the expansion and evolution of
this gene family. The Ka /Ks ratios suggested that the ZmMATE has undergone large-scale purifying selection on the maize
genome. Interspecies microsynteny analysis revealed that there were independent gene duplication events of 10 ZmMATE. In
addition, most maize MATE genes exhibited different expression proﬁles in diverse tissues and developmental stages. Sixteen
MATE genes were chosen for further quantitative real-time polymerase chain reaction analysis showed differential expression
patterns in response to aluminum treatment. These results provide a useful clue for future studies on the identiﬁcation of
MATE genes and functional analysis of MATE proteins in maize.
[Zhu H., Wu J., Jiang Y., Jin J., Zhou W., Wang Y., Han G., Zhao Y. and Cheng B. 2016 Genomewide analysis of MATE-type gene family in
maize reveals microsynteny and their expression patterns under aluminum treatment. J. Genet. 95, 691–704]

Introduction
Aluminum (Al) toxicity is a major agronomic problem on
acidic soil, which comprise 30–40% of arable soils in the
world (Vonuexkull and Mutert 1995). Increasing solubility of
Al3+ at low pH (pH < 5.5) in acidic soil inhibits the plant root
growth and function, which results in a serious loss of crop
yields (Kochian et al. 2004; Delhaize et al. 2007). In plants,
Al exclusion and internal tolerance are two main physiological mechanisms to tolerate Al toxicity (Kochian et al.
2004). Some membrane transporters, which either decrease
Al concentrations in cytosol or transport compounds, such as
organic acids, are the main contributors in exclusion mechanism. Recently, some genes from MATE gene family were
identiﬁed that encode the transport proteins involved in Al
activated citrate release to tolerate Al toxicity in several
species (Liu et al. 2009; Maron et al. 2013; Sivaguru et al.
2013).
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As a group of secondary active transporters, the MATE
gene family consists of multiple genes that widely exist in
bacteria, fungi, mammals and plants (Omote et al. 2006). The
MATE gene was ﬁrst reported in Vibrio parahaemolyticus
named norM in 1998, which could export several H+
coupled antibacterial agents across the membrane (Morita
et al. 1998). Since then increasing MATE members have
been researched in a wide range of living organisms. Compared with a fairly small numbers of MATE members in
the bacteria and animals, plants have a higher diversity
of MATE genes (Omote et al. 2006). Since 56 MATE
genes have been isolated in Arabidopsis thaliana and 52 in
Oryza sativa (Li et al. 2002; Hvorup et al. 2003; Tiwari
et al. 2014). MATE gene family has also been identiﬁed
in other plant species, such as Sorghum bicolor (Sivaguru
et al. 2013), Hordeum vulgare (Fujii et al. 2012), Triticum
aestivum (Ryan et al. 2009), Secale cereale (Yokosho et al.
2010) and Lotus japonicus (Takanashi et al. 2013). MATE
proteins are characterized by one or two highly conserved
MATE domains and about 12 putative transmembrane helical
segments (TMSs) (Tiwari et al. 2014). Plant MATE proteins
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that are regarded as H+ or Na+ coupled antiporters are
involved in the detoxication of endogenous secondary
metabolites and exogenous agents (Omote et al. 2006). For
example, Arabidopsis MATE protein, TT12 is responsible
for the vacuolar sequestration of ﬂavonoids in the seed
coat endothelium (Debeaujon et al. 2001). ALF5, encodes
a member of the MATE family of integral membrane proteins, which is required for protection of the roots from
inhibitory compounds (Diener et al. 2001). Further, increasing reports reveal that MATE-type transporters are involved
in Al detoxiﬁcation in plants. For instance, HvAACT1, a barley MATE gene localized on the plasma membrane of epidermal cells of the roots is responsible for the Al-induced
secretion of citrate (Furukawa et al. 2007).
Maize (Zea mays L.), is a major crop worldwide. As yet,
only ZmMATE1 and ZmMATE2 have been identiﬁed in maize
(Maron et al. 2010; Takanashi et al. 2014). With the completion of maize genome sequencing, an excellent opportunity is provided to conduct genomewide analysis of the
maize MATE gene family and infer its evolutionary history
(Schnable et al. 2009). In the present study, we identiﬁed
MATE gene family in maize and conducted a relatively
detailed research about the phylogenetics, gene structures,
chromosomal localization, gene duplications and expression
proﬁles. Our work is expected to pave the way for future
cloning and functional studies of MATE proteins in maize
and contribute to understand evolutionary history of MATE
gene family.

Materials and methods
Retrieval and identiﬁcation of putative MATE genes in maize

The Maize genome sequences were downloaded from http://
www.maizesequence.org/index.html. The conserved MATE
domain (PF01554) based on the hidden Markov model
(HMM) proﬁle was retrieved from Pfam v27.0 (http://
Pfam.sanger.ac.uk/) and sequences of published Arabidopsis
MATE proteins were exploited as queries to search against
the maize protein database with BLASTP program (Leng et al.
2014). Default parameters were used in the BLASTP analyses and the sequence of MATE genes in Arabidopsis were
downloaded from the TAIR database (http://arabidopsis.org)
(Li et al. 2002). Identical sequences and sequences lacking
MATE domain were manually removed.
Phylogenetic reconstruction

Multiple alignments of MATE protein sequences were carried out using the ClustalX 2.1 software with its default
settings (Peng et al. 2012). Phylogenetic trees of the MATE
proteins in maize were constructed using the MEGA5.1 software by the neighbour-joining (NJ) method (Tamura et al.
2011). For statistical reliability, we tested the support for
each node with 1000 bootstrap replicates.
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Gene structures and conserved motifs analysis

To explore the exon–intron structures of maize MATE genes,
we compared their coding sequence (CDS) with their fulllength genomic sequences and obtained the map of exon–
intron structures using the gene structure display server
(GSDS2.0:http://gsds.cbi.pku.edu.cn). The multiple expectation maximization for motif elicitation (MEME) tool (http://
meme-suite.org/tools/meme) was used for elucidating the
motifs of MATE proteins in maize (Bailey et al. 2009).
Chromosomal locations and gene duplication

To determine the physical locations of ZmMATEs, we
searched the information about chromosome locations of all
ZmMATEs using Phytozome database. The MapInspect software was used in drawing the location images of ZmMATEs
according to their starting positions on the maize chromosomes. Duplications of ZmMATEs were identiﬁed using
MCScanX software (Wang et al. 2012). Syntenic information from all examined genes was detected by searching
Table 1. Maize MATE gene-speciﬁc primers used for qRT-PCR
analysis.
Gene

Primer

ZmMATE1-F
ZmMATE1-R
ZmMATE5-F
ZmMATE5-R
ZmMATE6-F
ZmMATE6-R
ZmMATE7-F
ZmMATE7-R
ZmMATE9-F
ZmMATE9-R
ZmMATE15-F
ZmMATE15-R
ZmMATE16-F
ZmMATE16-R
ZmMATE19-F
ZmMATE19-R
ZmMATE20-F
ZmMATE20-R
ZmMATE23-F
ZmMATE23-R
ZmMATE30-F
ZmMATE30-R
ZmMATE32-F
ZmMATE32-R
ZmMATE35-F
ZmMATE35-R
ZmMATE40-F
ZmMATE40-R
ZmMATE47-F
ZmMATE47-R
ZmMATE49-F
ZmMATE49-R
Actin-F
Actin-R

TACAAGGAGTCTTTCGCGGATT
TCTCCAGCCACAGTTGCGTAT
TTGATCCGGAGACCAGCAAT
CTCCGTAGGGATACACGAGTTCA
CACTGTGATCGCCACTAGCAA
AGGCCCTCCTCCAGTTTCTC
GCGTCGATTTTGAGTCTGTCATT
ATCGGCCGGACGTAGAGTATG
TTGCACCAACCTCAACTTCCT
CGTCATCGCCATGCATTAGT
AACTGCAAAACGTCGGATCAC
TCCTCAATCCGGCCCATAT
ATCTACTCTTTTCCCCCTTTCCTATT
CACTCTGTCAGCCTCTGATTCCT
CAAGGCAACCAAAGAAGGTTCT
ATCCAATGCCAGCAGCTAGAG
GGCCCATGGAAAATCCAAAC
GGCACTCGTACTGGCACTGTT
CGTGGTGGGTGTTACGTCTTC
CCAGCCAGGCCGAATACA
AGCCAGCATCAATGGACCATA
GCCTGCAGCGAATTGAAAAG
ATGGCTTTTCCCCAGTGTCTTT
TACTCGGTGCATCTGCTGGAT
TCGCCAACCACGCATAAATT
CGAAACGCGCAGGCTATAG
GCCACCACAACAGCACACAG
CCTGCGCGTGAAGCGTCCGT
CTCGGTCAGGACATCGAGATC
TGGATGAGTGAGAAGGAGAAAAGG
CCCACAACAGGAACTACGTACGA
GGGAGTGAATGGCCTTTGC
GGGATTGCCGATCGTATGAG
GAGCCACCGATCCAGACACT
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the plant genome duplication database (PGDD, http://chibba.
agtec.uga.edu/duplication).
Calculation of Ka /Ks values

Synonymous (Ks ) and nonsynonymous substitution (Ka )
rates were calculated by DnaSP v5.0 (Librado and Rozas
2009). The ratio of nonsynonymous to synonymous nucleotide substitutions (Ka /Ks ) between paralogues was analysed
to detect the mode of selection. For each gene pair, the

duplication time (T) was calculated as T = Ks /2λ×10−6 million
years ago (Mya) (λ = 6.5×10−9 for grasses) (Lynch and
Conery 2003; Yang et al. 2008). Sliding window analysis of
the Ka /Ks ratios was also performed by DnaSP v5.0 with the
following parameters: window size, 150 bp; step size, 9 bp.
Microsynteny analysis of MATE gene family

The paralogous gene pairs within maize and the orthologous
gene pairs among maize, rice and sorghum were identiﬁed

Table 2. MATE genes identiﬁed in maize.
Name
ZmMATE1
ZmMATE2
ZmMATE3
ZmMATE4
ZmMATE5
ZmMATE6
ZmMATE7
ZmMATE8
ZmMATE9
ZmMATE10
ZmMATE11
ZmMATE12
ZmMATE13
ZmMATE14
ZmMATE15
ZmMATE16
ZmMATE17
ZmMATE18
ZmMATE19
ZmMATE20
ZmMATE21
ZmMATE22
ZmMATE23
ZmMATE24
ZmMATE25
ZmMATE26
ZmMATE27
ZmMATE28
ZmMATE29
ZmMATE30
ZmMATE31
ZmMATE32
ZmMATE33
ZmMATE34
ZmMATE35
ZmMATE36
ZmMATE37
ZmMATE38
ZmMATE39
ZmMATE40
ZmMATE41
ZmMATE42
ZmMATE43
ZmMATE44
ZmMATE45
ZmMATE46
ZmMATE47
ZmMATE48
ZmMATE49

Gene ID

Chr.

Size (aa)

MW (KDa)

pI

TMS

GRMZM5G870170_T02
GRMZM2G170128_T01
GRMZM2G115105_T01
GRMZM2G031177_T01
GRMZM2G163154_T01
GRMZM2G135877_T01
GRMZM2G049852_T01
GRMZM2G069098_T01
AC206030.4_FGT001
GRMZM2G119496_T01
GRMZM5G800723_T01
GRMZM5G842695_T01
GRMZM2G031938_T01
GRMZM2G021055_T01
GRMZM2G363229_T01
GRMZM2G080992_T01
GRMZM2G010765_T01
GRMZM2G079127_T01
GRMZM5G890665_T02
GRMZM2G123973_T01
GRMZM2G470075_T02
GRMZM2G169539_T01
GRMZM2G080450_T01
AC233945.1_FGT003
GRMZM2G000593_T04
GRMZM5G801875_T02
GRMZM2G043075_T02
GRMZM2G098744_T01
GRMZM2G481440_T02
GRMZM2G148937_T01
GRMZM2G170116_T01
GRMZM2G065154_T01
GRMZM2G174458_T01
GRMZM2G078129_T01
GRMZM2G135175_T01
GRMZM2G154845_T02
GRMZM2G132995_T02
GRMZM2G133006_T02
GRMZM2G120563_T09
GRMZM2G143400_T01
GRMZM2G161809_T01
GRMZM2G075828_T03
GRMZM2G158204_T01
GRMZM5G805874_T01
GRMZM2G027016_T01
GRMZM2G166459_T01
GRMZM2G423884_T01
GRMZM2G151903_T02
GRMZM2G006212_T01

6
5
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
3
3
3
4
4
4
4
5
5
5
5
5
5
6
6
6
7
7
7
7
8
8
8
9
9
10
10

563
513
496
486
553
571
561
522
530
406
167
537
500
495
532
568
479
520
560
602
462
497
531
487
125
565
512
692
506
505
480
527
503
478
568
485
474
542
500
573
483
626
313
296
554
476
557
533
573

60.7
54.4
52.8
52.6
57.9
58.6
58.6
56.8
55.6
43.1
17.6
57.4
53.5
52.8
55.1
59.8
51.9
56.4
58.4
63.6
49.9
52.8
56.0
52.3
13.8
60.5
56.0
73.1
54.2
52.5
51.4
56.5
53.7
50.2
59.7
52.0
50.4
57.6
53.4
61.0
50.8
68.0
34.8
32.6
59.1
50.9
58.5
57.0
60.3

7.39
6.50
6.75
6.38
8.82
7.36
6.49
8.37
8.41
9.39
4.38
6.50
6.61
9.65
9.83
7.36
8.86
8.82
9.39
8.56
8.89
5.46
9.59
8.07
6.89
8.64
8.21
7.91
6.94
8.59
9.76
9.39
9.10
8.13
7.12
6.89
8.58
8.64
6.23
8.27
7.89
10.0
9.84
9.76
9.82
7.79
7.22
7.49
7.90

12
12
12
12
10
7
12
12
11
10
4
12
12
12
14
12
12
12
12
12
11
12
11
12
3
11
12
12
12
12
11
11
12
12
12
12
12
12
11
14
12
12
4
7
12
12
12
12
12
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Figure 1. Phylogenetic relationship and exon–intron structures of ZmMATEs. (a) Unrooted phylogenetic tree was constructed by the NJ
method with 1000 bootstrap replicates in MEGA5.0 software. (b) Introns and exons are indicated by gray lines and green boxes, respectively.
Untranslated regions (UTRs) are represented by blue boxes. The size of each intron and exon is indicated. Each section of bar represents 1 kb.
Table 3. Width and consensus sequences of 25 motifs identiﬁed in ZmMATEs.
Motif

Width

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

57
53
42
21
21
21
29
21
21
15
15
15
21
11
109

16

80

17
18
19
20
21
22
23
24
25

29
56
35
8
14
11
11
50
21
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Consensus sequences
CLEWWYYEIMVLLCGLLPNPKIETDSMSICMNTNSWEYMIPHGFNAAISTRVSNELG
GELELAAASLANSFINITGYSVMSGMASAMETLCGQAYGAHQYHMLGIYKQRS
LNCPQPVLCGVARGCGWQKDVAYINLGCYYIVGIPVAILFGF
IPDLFAYAFNHPHQKFLQTQS
WAYMEPILVLCGQDPEIAAEA
LHVPLNWLLVYKLGMGIKGAA
QWRLAGPMILTYMIQYMMQMITQMFVGHL
IMLWITFRTDWNKEAEKAKER
VRDKWSYMFTNDEEVVRYVAR
CKDTWTGFSWEAFKD
KGIWMGMICGQLCQT
AGNPKRAKFAVRVVM
LTYDISWWVNVAMQFAYIVFS
FVKLSVPSCVM
IAHVVSQYMITIILLWRLNKRVDLLPPNIKHLKFGRYLKSGFLLLGRTIAVTCCMTLATSMAARQGPTPMAG
YQICLQVWLAISLLADGLAVAGQAILASAYAKKDYKK
VCITQPINALAFVFDGINYGVSDFEYAAYSTIFVGVVSIICLLWAPSHYGFIGIWIGLTIYMSLRMIAGFWRMG
TKQGPW
ASVWTNLNFLLFLVAYIYFKGMHKRHDGF
NIMGVKPDSPMHKPAKQYLTLRSLGAPAVIISLAIQGVFRGFKDTKTPLYATGAGD
ELAAVGVSISIFNQVSKIFNYPLVSVTTSFVAEED
KKWEENKK
TCHCPEPAQCHHRP
VVLLMATCVPI
IVAPSAYISAA
MTSCSGDATVACRDDARRHGDAPCVIVYPLLDKTGEVHIPVAGDEAPAVP
NAVSYSVNLSVLAIYVRLSPA
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using MCScanX software (Wang et al. 2012). The position
of each MATE was marked on the chromosomes using a Perl
script. The microsynteny was plotted using Circos software
(http://circos.ca/) (Krzywinski et al. 2009).
Microarray-based expression analysis

The data for evaluating MATE genes expression among
various organs and developmental stages of maize inbred
line B73 were obtained from publically available transcriptome data (Sekhon et al. 2011). Expression data were
gene-wise normalized and the heatmap was drawn using
R/Bioconductor (http://www.bioconductor.org/).
Plant material, growth conditions and stress treatments

Seedlings (inbred line B73) were planted into an aerated
nutrient solution at pH 4.0 as previously described (Gabelman
et al. 1987; Piñeros et al. 2002). Seedlings were grown for
24 h in a growth chamber at 26/24◦ C (light/dark, 16/8 h).
Al treatments were initiated following this 24-h period by
replacing the control nutrient solution with a same solution
that contained Al added as AlK(SO4 )2 12H2 O at a concentration of 222 μM. Seedlings without treatment were used as the
control. Roots of the stress-treated plants were collected at 0,

2, 6, 12 and 24 h after treatment. Three biological replicates
were performed for each sample.
RNA isolation and qRT-PCR analysis

RNA was extracted from treated roots according to the manufacturer’s instructions (Sango, Shanghai, China). The genespeciﬁc primers were designed using Primer Express 3.0
software (Applied Biosystems, Foster City, USA) and Actin 1
gene primer was used as the internal control (Peng et al.
2012). The detailed PCR primer sequences are shown in
table 1. qRT-PCR were performed in the ABI 7300 real-time
system (Applied Biosystems) using the SYBR green master mix (TakaRa, Dalian, China). Three biological replicates
were utilized for each assay. The relative RNA level for each
gene was calculated according to the 2−CT method (Livak
and Schmittgen 2001).

Results
Identiﬁcation and characterization of MATE genes

Based on the conserve domains, a total of 49 putative
ZmMATE genes were identiﬁed and named as ZmMATE1–
ZmMATE49, except for ZmMATE1 and ZmMATE2 that

Figure 2. Sliding window analysis of duplicated MATE genes in maize. Gray blocks represent positions of MATE domain.
Journal of Genetics, Vol. 95, No. 3, September 2016
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Figure 3. Genome distribution and gene duplication events of MATE genes from maize. (a) Distribution of 49 ZmMATE genes on maize
chromosomes. Chromosome numbers are indicated at the top of each chromosome. Chromosomal distances are given in Mb. Segmentally
duplicated gene pairs are connected by dashed lines in red, and tandemly duplicated gene pairs are marked by blue bars before the genes.
(b) Duplicated events of MATE genes in the maize genome. The duplicated gene pairs in maize are linked using red lines. The chromosome
numbers are indicated outside.
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which previously reported (Maron et al. 2010). The length
of MATE proteins varied from 125 to 692 amino acids (aa),
with an average of 502 aa. EXPASY analysis suggested that
the MATE protein had large variations in molecular weight
(MW) (ranging from 13.8 kDa to 73.1 kDa) and isoelectric point (PI) (ranging from 4.34 to 10.0). The Other information about the clone number, chromosomal location and
the number of transmembrane segments (TMS) supported
by Transport Classiﬁcation database (http://www.tcdb.org/
progs/TMS.php) are provided in table 2.
Phylogenetic relationship and gene structures analysis

To analyse the evolutionary relationships among the 49
maize MATE genes, we constructed an unrooted tree with the
NJ method (ﬁgure 1a). Results showed that 49 ZmMATEs
were classiﬁed into seven categories (group I to VII). The
number of members was different in each MATE subfamily (ﬁgure 1a). The subfamily I and II occupied the most
members (11), while the subfamily VII contained the least
members (2).
To better understand the structural component of
ZmMATEs, we analysed the exon–intron organizations were
obtained by comparing the cDNA sequences with their corresponding genomic sequences (ﬁgure 1b). Results showed
that the number of intron–exons in same subfamilies was
similar. However, genes located in the different groups are
generally distinct in gene structures. For instance, subfamily
II genes were intron-free, with the exception of ZmMATE30
which contain 1 intron, while those in subfamily III possess 11 to 13 introns. Additionally, some close gene pairs
were indeed distinct in intron–exon arrangements. For example, ZmMATE24 contained six introns, whereas its close
paralogues ZmMATE44 had four introns.

Identiﬁcation of conserved motifs

We employed MEME online software to identify conserved
motifs in MATE protein sequences which were then subjected to Pfam and SMART annotation, and ﬁnally 25 distinct motifs were found (table 3; ﬁgure 2). Motif 1–14 and 22
were found in most of the subfamilies, suggesting that these
conserved motifs may play important roles in subfamilyspeciﬁc functions. Generally speaking, most of the closelyrelated members within the same subfamily had common
motif compositions, indicating their functional similarities
(ﬁgure 2). In addition, we also found some distinctive motifs
were present in speciﬁc subfamilies, for example, motif 25
for subfamily I, motif 17, 21 and 24 for subfamily II.
Chromosomal location and gene duplication of ZmMATE genes

In silico mapping of 49 ZmMATEs on the genome showed
that these genes were unevenly distributed among all 10
chromosomes in maize (ﬁgure 3a). Chromosome 1 contained
the maximum number of ZmMATEs (13), while chromosome 9 and 10 had only two ZmMATEs. Further, substantial
clustering of ZmMATEs was evident on some chromosomal
regions, especially at the bottom of chromosomes 1, 2 and
the top of chromosome 1.
In general, gene duplication is deemed to be a main factor amplifying the genomic complexity. Several rounds of
whole-genome duplication (WGD) events have been discovered during maize evolutionary history (Wei et al. 2007).
Tandem and segmental duplications are two major causes
leading to expansions of gene families (Cannon et al. 2004).
Further analysis showed that a total of six tandem duplicated gene pairs and 12 segmental duplicated gene pairs
were identiﬁed in maize genome (tables 4 & 5; ﬁgure 3).

Table 4. The Ka /Ks ratios and estimated divergence time for the duplicated ZmMATE gene pairs.
Paralogous pair
ZmMATE2–ZmMATE31
ZmMATE11–ZmMATE12
ZmMATE11–ZmMATE13
ZmMATE12–ZmMATE13
ZmMATE33–ZmMATE34
ZmMATE37–ZmMATE38
ZmMATE2–ZmMATE11
ZmMATE7–ZmMATE16
ZmMATE9–ZmMATE20
ZmMATE9–ZmMATE40
ZmMATE12–ZmMATE31
ZmMATE35–ZmMATE49
ZmMATE16–ZmMATE35
ZmMATE16–ZmMATE49
ZmMATE18–ZmMATE48
ZmMATE20–ZmMATE40
ZmMATE21–ZmMATE42
ZmMATE24–ZmMATE44

Ka

Ks

Ka /Ks

Purifying selection

Date (Mya)

Duplicate type

0.294
0.160
0.063
0.171
0.195
0.180
0.174
0.325
0.167
0.177
0.289
0.133
0.126
0.035
0.096
0.031
0.262
0.283

0.611
0.390
0.170
0.777
0.446
0.709
0.378
0.858
0.496
0.504
0.650
0.471
0.490
0.127
0.303
0.135
0.480
1.071

0.480
0.411
0.372
0.220
0.436
0.253
0.461
0.379
0.336
0.351
0.446
0.283
0.257
0.273
0.318
0.228
0.546
0.265

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

47.03
29.99
13.06
59.77
34.34
54.53
29.05
65.97
38.19
38.75
49.96
36.25
37.72
9.76
23.29
10.42
36.89
82.41

Tandem
Tandem
Tandem
Tandem
Tandem
Tandem
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
Segmental
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Table 5. Information about paralogous genes within maize.
Numble

Sequence ID

Chr.

Starting position

Ending position

segdup00001
segdup00001

GRMZM2G170128_P01
GRMZM5G800723_P01

zm5
zm1

20601540
245275497

20605518
245280985

segdup00002
segdup00002

GRMZM2G170128_P01
GRMZM2G170116_P01

zm5
zm5

20601540
20596270

20605518
20598062

segdup00003
segdup00003

GRMZM2G049852_P01
GRMZM2G080992_P01

zm1
zm2

80766478
16638278

80768230
16640447

segdup00004
segdup00004

AC206030.4_FGP001
GRMZM2G123973_P01

zm1
zm2

197462896
194502253

197464488
194504378

segdup00005
segdup00005

AC206030.4_FGP001
GRMZM2G143400_P01

zm1
zm7

197462896
141512327

197464488
141514174

segdup00006
segdup00006

GRMZM5G800723_P01
GRMZM5G842695_P01

zm1
zm1

245275497
245310086

245280985
245313090

segdup00007
segdup00007

GRMZM5G800723_P01
GRMZM2G031938_P01

zm1
zm1

245275497
245482582

245280985
245492124

segdup00008
segdup00008

GRMZM5G842695_P01
GRMZM2G031938_P01

zm1
zm1

245310086
245482582

245313090
245492124

segdup00009
segdup00009

GRMZM5G842695_P01
GRMZM2G170116_P01

zm1
zm5

245310086
20596270

245313090
20598062

segdup00010
segdup00010

GRMZM2G080992_P01
GRMZM2G135175_P01

zm2
zm5

16638278
195625768

16640447
195627866

segdup00011
segdup00011

GRMZM2G080992_P01
GRMZM2G006212_P01

zm2
zm10

16638278
136615140

16640447
136617256

segdup00012
segdup00012

GRMZM2G079127_P01
GRMZM2G151903_P02

zm2
zm10

149512956
2432395

149515630
2436186

segdup00013
segdup00013

GRMZM2G123973_P01
GRMZM2G143400_P01

zm2
zm7

194502253
141512327

194504378
141514174

segdup00014
segdup00014

GRMZM2G470075_P02
GRMZM2G075828_P03

zm2
zm7

203251725
153218994

203254623
153223470

segdup00015
segdup00015

AC233945.1_FGP003
GRMZM5G805874_P01

zm3
zm8

207892179
66107628

207899224
66109524

segdup00016
segdup00016

GRMZM2G174458_P01
GRMZM2G078129_P01

zm5
zm5

130959604
131039771

130962119
131041987

segdup00017
segdup00017

GRMZM2G135175_P01
GRMZM2G006212_P01

zm5
zm10

195625768
136615140

195627866
136617256

segdup00018
segdup00018

GRMZM2G132995_P02
GRMZM2G133006_P02

zm6
zm6

139591107
139593708

139593447
139596321

Those gene pairs were distributed on all chromosomes except
chromosomes 4 and 9.
To explore the selection constrains on duplicated MATE
genes, the ratio of Ka /Ks were estimated. As shown in table 4,
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the Ka /Ks ratios of all the gene pairs were less than one,
clearly suggesting that these duplicated MATE genes pairs
are under strong purifying selection pressure in maize. The
sliding-window analysis showed that the conserved MATE
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Figure 4. MEME software characterized conserved motifs in maize MATE proteins. Different coloured boxes represent different motifs
which are named at the bottom.

domains were mainly subjected to strong purifying selection, and had lower Ka /Ks ratios than the regions outside
of them (ﬁgure 4). However, we found a few exceptions
that the comparison in some regions between ZmMATE2 and
ZmMATE31, ZmMATE16 and ZmMATE49, ZmMATE18 and
ZmMATE48, ZmMATE33 and ZmMATE34 shared a Ka /Ks
ratios >1, indicating positive selection in those regions.
Additionally, the divergence time between the duplicated
gene pairs were estimated to have occurred approximately
between 9.76 and 82.41 Mya (table 4).
Interspecies microsynteny analysis

Theoretically, we can reestablish the entire evolutionary history of each gene by comparing all gene sequences among
genomes from different taxa (Koonin 2005). Thus, we performed comparative analysis of MATE genes among maize,
rice and sorghum, identiﬁed the orthologous genes and created syntenic maps. According to this analysis, 42 orthologous gene pairs between maize and rice were found, whereas
49 orthologous gene pairs were found between maize and
sorghum (ﬁgure 5; table 1 in electronic supplementary material at http://www.ias.ac.in/jgenet/). Ten ZmMATE genes
were not found in any duplication blocks, indicating that
there were independent gene duplication events in the evolutionary history (ﬁgure 5). Further, eight collinear gene
pairs existed only between maize and sorghum, while two
collinear gene pairs were identiﬁed only between maize and

rice, which suggested that maize should be more closely
related to sorghum than rice.
Expression patterns analysis of ZmMATE genes

As for multigene family, the expression patterns of genes
can provide important clues to understand the gene function (Chen et al. 2014). To explore the temporal and spatial
speciﬁc expression patterns of the ZmMATE genes, we used
publicly available microarray data to analysis the expression of ZmMATEs in six tissues during different developmental stages (ﬁgure 6). Forty-eight of 49 ZmMATEs have
the corresponding probe sets in the dataset with the exception of ZmMATE28. The results indicated that the hierarchically clustered heatmap can be apparently divided into four
clusters (clusters A–D). Cluster A MATE genes had relatively
higher expression levels in diverse tissues than other clusters,
while clusters C MATE genes were most lowly expressed,
even no expression (ﬁgure 6). Interestingly, some genes also
showed tissue-speciﬁc expression, such as ZmMATE7 was
expressed only in V9-Eleventh Leaf and ZmMATE47 only
in V3-Stem and SAM, suggesting that those genes may play
an important role in the development and other physiological
processes in speciﬁc tissue.
Transcriptional responses of ZmMATE genes under Al treatment

Increasing evidence indicates that MATE genes in plants are
involved in response to various abiotic stresses, especially
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Figure 5. Microsynteny analysis of MATE genes from maize, rice and sorghum. The chromosomes of three species are indicated as different coloured boxes, respectively. Innermost black
lines show collinear relationships between MATE genes.

Al stress. In sorghum (S. bicolor), Al treatment remarkably
enhances SbMATE expression level, which connects with Al
induction of citrate exudation and Al tolerance (Magalhaes
et al. 2007). In maize, ZmMATE1 can also increase root
citrate release and Al tolerance in transgenic Arabidopsis
plants and is likely to be the largest maize Al tolerance
QTL located in chromosome 6 (Maron et al. 2010). To gain
insight into the possible roles of ZmMATEs under abiotic
stress, qRT-PCR was carried out in root of maize exposed to
Al stress. Based on the sequences and evolutionary relationships, we selected 16 ZmMATE genes which contain all the
members of subfamily III (including ZmMATE1) and structurally speciﬁc subfamily II. The results revealed that these
genes exhibit differential expression patterns under Al stress
condition (ﬁgure 7). Five responsive genes (ZmMATE1,
ZmMATE6, ZmMATE15, ZmMATE23 and ZmMATE32) were
markedly upregulated compared to controls (>2-fold), in
which ZmMATE15 and ZmMATE23 were highly expressed
at a comparatively early stage (6 h after treatment). In contrast, ZmMATE7 was greatly downregulated across all time
points (<0.5-fold). Moreover, our results showed that some
duplicated gene pairs exhibited distinct divergence in
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their expression levels under Al treatment. For example,
ZmMATE7 was signiﬁcantly downregulated at 2 h after
treatment, whereas ZmMATE16 showed slight increase in
transcripts at the same stage.

Discussion
MATE proteins are a group of secondary active transporters
widely exist in all living organisms. As an important food
crop, the publication of maize genome sequencing offers a
convenient platform to further analyse the plant evolutionary
history. In this study, we identiﬁed 49 MATE genes in maize
(B73) genome and divided them into seven subfamilies based
on phylogenetic analysis. The number of MATE genes was
similar to that in Arabidopsis (56) (Li et al. 2002), despite
maize having a much larger genome. At least four rounds
of (WGD) events have been discovered in the Arabidopsis
evolutionary history (Vision et al. 2000) which may help us
to understand this phenomenon.
Based on phylogenetic analysis, we found that the intron–
exon structures and motif compositions of ZmMATEs are
considerably conserved in each subfamily. However, the
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Figure 6. Hierarchically-clustered heatmap showed the expression of ZmMATEs in different tissues. GS, 24 H-germinating seed; PR, 6
DAS-GH-primary root; V3-SS, V3-stem and SAM; V5-TL, V5-tip of stage-2 leaf; V9-IL, V9-immature leaves; V9-13L, V9-thirteenth
leaf; V9-11L, V9-eleventh leaf; V9-8L, V9-eighth leaf; VT-13L, VT-thirteenth leaf; R2-13L, R2-thirteenth leaf; 10D-WS, 10 DAP-whole
seeds; 12D-WS, 12 DAP-whole seeds; 14D-WS, 14 DAP-whole seeds; 16D-WS, 16 DAP-whole seeds; 12D-EM, 12 DAP-endosperm;
14D-EM, 14 DAP-endosperm; 16D-EM, 16 DAP-endosperm; 16D-EO, 16 DAP-embryo. Highly and weakly expressed ZmMATEs in
different tissues are coloured red and blue, respectively. The colour scale is shown on the right side of the map.

number and size of intron–exons in different subfamilies was
distinct, suggesting that maize MATE genes are functionally
diversiﬁed. Indeed, previous studies have revealed that the
pseudoexonization of exonic sequences or exonization of
intronic sequences might result in the divergence of gene
structure (Fan et al. 2014). Interestingly, the subfamily II did
not have any intron phases except ZmMATE30. This indicated that the expansion of subfamily II might be relatively
independent from other subfamilies in maize. Above all, the
events of gain and loss of introns might play important roles
in the expansion of ZmMATE members.
Gene duplication is one of the major driving forces in
gene family evolution and expansion (Taylor and Raes 2004).
Some duplicated gene pairs may exhibit structural divergence, but retain similar functions (Pickett and MeeksWagner 1995). In this study, six tandem duplicated gene pairs
and 12 segmental duplicated gene pairs were identiﬁed, suggesting that tandem duplication and segmental duplication
events were the main contributor to the expansion of maize
MATE family. Interestingly, all of Ka /Ks ratio was less than 1
in these duplicated gene pairs, obviously indicating that the
ZmMATE genes have undergone large-scale purifying selection. Previous studies showed that the maize genome has
undergone several rounds of genome duplication, including a
WGD event about 5–12 Mya (Gaut 2002; Salse et al. 2008).
In maize MATE family, 66.7% of duplication events might

occur about less than 40 Mya, while the duplicated gene pair
ZmMATE24/ZmMATE44 might occur about 82 Mya. Moreover, the othologous genes pairs were isolated in maize, rice
and sorghum. We found 42 orthologous gene pairs between
maize and rice, and the more (49) between maize and
sorghum, which might be because of the closer relationship
between maize and sorghum (Swigoňová et al. 2004).
It is widely believed that gene expression proﬁle can provide important clues for gene functional analysis. To further
analyse the temporal and spatial speciﬁc expression patterns of ZmMATEs, we deﬁned their transcription levels
in six tissues during different developmental stages. Most
clustered genes display the similar expression pattern during various developmental stages, may have similar function, while the genes in different clusters show the diverse
expression pattern. Various lines of evidence indicated that
tissue-speciﬁc genes play a crucial role in the development
or other physiological processes in speciﬁc tissue (Ingram
et al. 2000; Gallie et al. 2009). Here, we also found tissuespeciﬁc genes exist in cluster C. Further, the results revealed
that most duplicated ZmMATE gene pairs showed diverse
expression pattern, suggesting that the function of duplicated genes is diversiﬁed and it is a major characteristic of
the long-term evolution. Many studies have reported that
MATE genes play important roles in the adjustment of gene
expression to adapt to environmental stresses, especially
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Figure 7. Expression proﬁles of 16 selected ZmMATEs in response to Al treatment measured by qRT-PCR. X axis is time course (0, 2, 6,
12 and 24 h) and y axis is the relative expression level. Error bars represent the standard errors of three technical replicates.

Al stress (Maron et al. 2010; Sivaguru et al. 2013). In
this research, 16 selected ZmMATE genes show differential expression patterns under Al treatments. Five responsive
genes (ZmMATE1, ZmMATE6, ZmMATE15, ZmMATE23 and
ZmMATE32) were observably upregulated compared to controls (>2-fold), differently, ZmMATE7 was extremely downregulated across all time points (<0.5-fold), implying that
these genes may have speciﬁc roles in response to Al stress.
We noted that some duplicated gene pairs showed a distinct
divergence of expression levels, implied that these duplicated
genes had diverse functions in response to Al stress in the
evolutionary history.
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