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Abstract Metal transport process in plants is a deter-

minant of quality and quantity of the harvest. Although it

is among the most important of staple crops, knowledge

about genes that encode for membrane-bound metal

transporters is scarce in wheat. Metal tolerance proteins

(MTPs) are involved in trace metal homeostasis at the

sub-cellular level, usually by providing metal efflux out

of the cytosol. Here, by using various bioinformatics

approaches, genes that encode forMTPs in the hexaploid

wheat genome (Triticum aestivum, abbreviated as Ta)

were identified and characterized. Based on the compar-

isonwith known riceMTPs, thewheat genome contained

20MTP sequences; named asTaMTP1–8A,B andD.All

TaMTPs contained a cation diffusion facilitator (CDF)

family domain and most members harbored a zinc

transporter dimerization domain. Based on motif, phy-

logeny and alignment analysis, A, B and D genomes of

TaMTP3–7 sequences demonstrated higher homology

compared to TaMTP1, 2 and 8. With reference to their

rice orthologs, TaMTP1s and TaMTP8s belonged to Zn-

CDFs, TaMTP2s to Fe/Zn-CDFs and TaMTP3–7s to

Mn-CDFs. Upstream regions of TaMTP genes included

diverse cis-regulatory motifs, indicating regulation by

developmental stage, tissue type and stresses. A scan of

the coding sequences of 20 TaMTPs against published

miRNAs predicted a total of 14 potential miRNAs,

mainly targeting the members of most diverged groups.

Expression analysis showed that several TaMTPs were

temporally and spatially regulated during the develop-

mental time-course. In grains,MTPs were preferentially

expressed in the aleurone layer, which is known as a

reservoir for high concentrations of iron and zinc. The

work identified and characterized metal tolerance pro-

teins in common wheat and revealed a potential involve-

ment of MTPs in providing a sink for trace element

storage in wheat grains.

Keywords CDF � Micronutrient � Aleurone �
Deficiency � Biofortification

Introduction

Metals are incorporated into proteins and activate

enzymes, which catalyze essential biological reac-

tions. Thus, a deficiency of metals results in serious
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negative impacts on plant biomass (Marschner 2012).

Contrastingly, metals can cause toxicity when their

concentration is in excess within the cytosol, (Tho-

mine and Vert 2013). Therefore, their cellular con-

centrations must be tightly regulated to achieve

optimum growth. In addition, as a parameter of food

quality, metal concentrations in edible parts of the

plants raise significant attention for human nutrition.

In particular, insufficient intake of Fe and Zn from

plant-based diets exacerbates deficiencies of those

elements in humans, which are considered among the

most widespread nutritional disorders in the world

(White and Broadley 2009). To combat this, increas-

ing the concentration of Fe and Zn in edible parts of

the staple crops, also known as biofortification, has

been considered to be one of the most sustainable

approaches to the problem (White and Broadley

2009). A major factor determining the partition of

nutrients in plant tissues is their relative sink strengths

for the respective metal; where sink strength refers to

the competitive ability of an organ to attract assimi-

lates (Marcelis 1996). So, to transfer more of ametal to

edible parts of the plant, sink strength can either be

increased in the edible organs or decreased in the non-

edible parts. For example, increasing Fe sink strength

in transgenic rice seeds, by overexpressing ferritin, a

protein that captures Fe in a nano-cage structure led to

an increase in total seed Fe concentration (Qu et al.

2005). In a different study, a decrease of sink strength

in the non-edible flag leaf of rice by disrupting proteins

which sequestrate Fe into vacuoles resulted in an

increase of total seed Fe concentration (Zhang et al.

2012). At the subcellular level, the sink strength of a

particular metal in the cell is generated by the

exclusion of this metal from the cytoplasm, which

often depends on membrane-bound metal transporter

proteins (Clemens et al. 2002).

The plant metal tolerance proteins (MTPs) are

divalent-cation/H? antiporters and generally effluxers

of metals out of the cytoplasm (Gustin et al. 2011).

MTPs usually act as homodimers and contain six

transmembrane domains (TMDs) with cytosolic N-

and C-terminals (Lu and Fu 2007; Lu et al. 2009;

Kolaj-Robin et al. 2015). MTPs mainly transport Mn,

Zn and Fe metals but they also have affinities for other

divalent cations such as Ni or Cd (Peiter et al. 2007;

Cubillas et al. 2013). MTPs are classified based on

their metal specificities, as either of the Mn-, Zn- or

Fe/Zn- CDF (cation diffusion facilitator family) type

(Montanini et al. 2007). MTPs were further phyloge-

netically grouped and each phylogenetically distinct

cluster was named according to the founding Ara-

bidopsis thaliana member of the cluster (Gustin et al.

2011). In A. thaliana several MTPs have been

characterized. AtMTP1 is ubiquitously expressed in

all tissues and transport Zn into the vacuoles (Kobae

et al. 2004). AtMTP3 and AtMTP8 are involved in

metal tolerance during the Fe-deficiency response, the

former transporting Zn and the latter Mn (Arrivault

et al. 2006; Eroglu 2015; Eroglu et al. 2016).

AtMTP11 confers Mn tolerance to the plants by

transporting Mn into endosomal vesicles which are

then secreted out of the cytoplasm (Delhaize et al.

2007; Peiter et al. 2007). AtMTP12 has recently been

characterized as a Zn transporter and contrary to other

MTPs which contain 6 TMDs, it possesses 14 TMDs

and acts as a heterodimer with AtMTP5 (Fujiwara

et al. 2015). Knowledge on MTPs is lower in species

other than Arabidopsis (Ueno et al. 2015). Most of the

characterized members of monocot MTPs belong to

rice.

Although it is one of the most important staple

crops in the world, knowledge on the metal trans-

porters of wheat is scarce. Such information would aid

in the development of wheat varieties that translocate

more Fe and Zn to their seeds or that are more tolerant

to metal stresses. This work aimed to identify and

characterize wheat MTPs using various bioinformatics

approaches.

Materials and methods

Mining of MTP genes in the wheat genome

Eight known rice MTP protein sequences,OsMTP1

(Q688R1.1), OsMTP2 (Q10LJ2.1), OsMTP3 (Q6Z7

K5.1), OsMTP4 (Q10PP8.1), OsMTP5 (Q5NA18.1),

OsMTP6 (Q0DHJ5.2), OsMTP7 (Q9LDU0.1) and

OsMTP8 (Q8H329.2) were retrieved from UniProtKB

database (uniprot.org/). These reference sequences

were queried against the T. aestivum (TGACv1)

genome in Ensembl Plants portal (plants.en-

sembl.org/Triticum_aestivum/) with a near match

search sensitivity using BLASTP and highest hit

entries ([e-90 value) for each genome component (A,

B and D) was retrieved for use in further analyses.

Subsequently, a Hidden Markov Model (HMM)
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search was applied to retrieved MTP sequences in

Pfam (pfam.xfam.org/) to verify the protein domains.

Sequence analysis of MTP genes/proteins

Physico-chemical features of MTP proteins were

calculated using ProtParam tool (web.expasy.org/

protparam/). Sub-cellular localizations were predicted

in Plant-mPLoc server (csbio.sjtu.edu.cn/bioinf/plant-

multi/). Membrane protein topologies of MTPs were

predicted using TOPCONS (topcons.net/). MTP pro-

teins were aligned by using Bioedit (Hall 2011).

Conserved motifs in MTP sequences were predicted

by MEME tool with such parameters; max number of

motifs to find, 5; and min/max motif width, 6–50

(inclusive) (meme-suite.org/tools/meme; Bailey et al.

2009). Gene duplication events in TaMTPs were

investigated using such criteria; (a) length of alignable

sequence covers[75% of longer gene, and (b) simi-

larity of aligned regions[75% (Gu et al. 2002; Ozyigit

et al. 2016). Phylogenetic tree of MTP proteins was

constructed by MEGA 6 using the Maximum likeli-

hood (ML) method with 1000 bootstraps (Tamura

et al. 2013). 1000 bp upstream flanks were retrieved

using genomic coordinates of TaMTP genes via

BioMart-EnsemblPlants (http://www.plants.ensembl.

org/biomart/martview/; Kinsella et al. 2011). Cis-

regulatory elements in upstream flanks were analyzed

in PlantCARE database (http://www.bioinformatics.

psb.ugent.be/webtools/plantcare/html/; Lescot et al.

2002). TaMTP coding sequences were scanned for

TaMTP-targeted miRNAs in psRNATarget database

(plantgrn.noble.org/psRNATarget/; Dai and Zhao

2011) with parameters: max expectation, 3 and target

accessibility (UPE), 25. TaMTP proteins were mod-

elled by using Phyre2 server at intensive mode

(sbg.bio.ic.ac.uk/phyre2/; Kelley et al. 2015) and

structure validation was done by using Ramachandran

plot (http://www.mordred.bioc.cam.ac.uk/*rapper/

rampage.php/; Lovell et al. 2003). Predicted models

were superposed using CLICK server, which calcu-

lates the root mean square deviation (RMSD) values

based on a-carbon superposition (mspc.bii.a-star.-

edu.sg/minhn/; Nguyen et al. 2011).

Expression profiles of TaMTP genes

Expression profiles of TaMTP genes were retrieved

from a specialized wheat database, WheatExp (http://

www.wheat.pw.usda.gov/wheatexp/; Pearce et al.

2015). Coding sequences of TaMTPs were searched

using nBLAST algorithm in this database, and highest

hit entries (e-value 0.0) complying with genome

component (A, B or D genome) of search sequences

were downloaded for expression analysis. Expression

values were calculated as FPKM (fragments per

kilobase of exon per million fragments mapped) from

RNA-seq datasets including a developmental time-

course in five tissues (spike, root, leaf, grain and stem;

Choulet et al. 2014), grain layer developmental time-

course (10, 20 and 30 days after anthesis; Pfeifer et al.

2014), and senescing leaf time-course (heading date,

12 and 22 days after anthesis; Pearce et al. 2014).

Results and discussions

Identification of wheat MTP homologs

Wheat is a substantial global cereal grain essential to the

human diet that is hexaploid with three genome

components A, B and D. The ancestral genomes are

thought to be derived fromT. urartu (A-genome) and an

unknown grass species associated with Aegilops spel-

toides (B-genome). Reportedly, the first hybridization

resulted in tetraploid (AABB) emmer wheat (T. dicoc-

coides) whose hybridization again with A. tauschii (D-

genome) raised the modern wheat T. aestivum

(AABBDD) (International Wheat Genome Sequencing

Consortium 2014). Currently, availability of an ordered

draft genome of wheat allowed the metal tolerance

protein (MTP) family genes to be mined by employing

various bioinformatics tools and approaches (Interna-

tional Wheat Genome Sequencing Consortium 2014).

Herein, using previously identified riceMTP (OsMTP1-

8) sequences as a reference,MTP orthologs in the wheat

genome were identified using blastp search with near

match sensitivity andhighest hit entries for eachgenome

component A, B and D were retrieved for further

analysis. The homology search and subsequent HMM

verification resulted in a total of 20MTP sequences, that

are hereafter annotated asTaMTP1-8A,B orD based on

the phylogenetic distribution with known rice MTPs

(refer to phylogenetic analysis section; Table 1).

Protein family searches revealed that identified

wheat MTPs belong to the cation efflux (cation

diffusion facilitator, CDF) family (Table 2) whose

members have been reported to transport Co2?, Cd2?,
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Ni2? in addition to Fe2?, Mn2? and Zn2? (Ricach-

enevsky et al. 2013). In all wheat MTPs except

TaMTP1 and TaMTP8, a zinc transporter dimerization

domain, ZT_dimer (PF16916) was identified. This

domain may indicate a dimerization region in com-

plete zinc transporters since full-length members have

been reported to form a homodimer during transport

activity (Lu and Fu 2007; Lu et al. 2009; Kolaj-Robin

et al. 2015). IdentifiedMTP genes were distributed on

A, B and D genomes of five wheat chromosomes

(chr1-4 and 6) and they encoded a protein of 333–698

amino acid residues with 37.0–76.0 kDa molecular

weight and 4.94–8.88 pI value, excluding TaMTP8B

since it contains some undefined residues. Although

the variation of the size of MTP proteins regarding to

the number of amino acid residues was found to be

quite large in wheat, this is not unusual for MTPs. For

example, in Arabidopsis, AtMTP12 is approximately

two times the size of AtMTP1; they have 798 and 398

amino acid residues, respectively. In accordance with

the literature (Lu and Fu 2007), these proteins were

mainly predicted to localize to the tonoplast having six

putative TMDs with cytosolic N- and C-terminus.

Metal specificity of TaMTP genes was assessed by

using ortholog rice genes as a reference for different

CDF groups according to Montanini et al. (2007).

Table 1 List of known rice MTP sequences and their corresponding homologs in wheat genome

Rice MTP (UniProtKB ID) Group with

reference to

Gustin et al.

(2011)b

Wheat

homologa
Genome

component

Wheat sequence (Ensembl)

OsMTP1 (Q688R1.1)** MTP1 TaMTP1A A TRIAE_CS42_1AS_TGACv1_021178_AA0081220

– B Absent

TaMTP1D D TRIAE_CS42_1DS_TGACv1_080479_AA0248740

OsMTP2 (Q10LJ2.1) MTP6 TaMTP2A A TRIAE_CS42_4AS_TGACv1_306995_AA1015980

TaMTP2B B TRIAE_CS42_4BS_TGACv1_328624_AA1091200

TaMTP2D D TRIAE_CS42_4DL_TGACv1_343272_AA1132570

OsMTP3 (Q6Z7K5.1) MTP8 TaMTP3A A TRIAE_CS42_6AL_TGACv1_471959_AA1516250

TaMTP3B B TRIAE_CS42_6BL_TGACv1_501730_AA1620290

TaMTP3D D TRIAE_CS42_6DL_TGACv1_528040_AA1710910

OsMTP4 (Q10PP8.1)** MTP8 TaMTP4A A TRIAE_CS42_4AS_TGACv1_306485_AA1008950

TaMTP4B B TRIAE_CS42_4BL_TGACv1_320346_AA1036230

TaMTP4D D TRIAE_CS42_4DL_TGACv1_342496_AA1115200

OsMTP5 (Q5NA18.1) MTP9 TaMTP5/6A* A TRIAE_CS42_3AL_TGACv1_197774_AA0667220

OsMTP6 (Q0DHJ5.2) TaMTP5/6B* B TRIAE_CS42_3B_TGACv1_223437_AA0782140

TaMTP5/6D* D TRIAE_CS42_3DL_TGACv1_249117_AA0838320

OsMTP7 (Q9LDU0.1)** MTP9 TaMTP7A A TRIAE_CS42_3AS_TGACv1_211035_AA0683570

TaMTP7B B TRIAE_CS42_3B_TGACv1_221584_AA0745100

TaMTP7D D TRIAE_CS42_3DS_TGACv1_272888_AA0926160

OsMTP8 (Q8H329.2) MTP12 TaMTP8A A TRIAE_CS42_2AS_TGACv1_114418_AA0367040

TaMTP8B B TRIAE_CS42_2BS_TGACv1_147664_AA0486150

TaMTP8D D TRIAE_CS42_2DS_TGACv1_177870_AA0586320

Wheat has a hexaploid chromosome structure with three genome components such as A, B and D
a Homologs were annotated based on phylogenetic distribution with eight known rice MTPs (refer to phylogenetic analysis section).

Prefix ‘‘Ta’’ stands for Triticum aestivum, and the number (1–8) and letter (A, B and D) suffixes respectively show the MTP and sub-

genome type
b Reference Arabidopsis groups were taken from Gustin et al. (2011)
* MTP5 and 6 homologs were indicated as TaMTP5/6 due to their similar phylogenetic distributions
** OsMTP1, 4 and 7 have been physiologically characterized in other studies. In those studies, OsMTP4 and 7 were named as

OsMTP8.1 and OsMTP9, respectively
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TaMTP1s and TaMTP8s belonged to Zn-CDFs;

TaMTP2s to Fe/Zn-CDFs; and TaMTP3–7s to Mn-

CDFs. Since most of the wheat MTPs belong to the

group which shows specificity to Mn and Zn, MTPs

may play major roles in the Mn and Zn homeostasis of

wheat. In summary, putting aside some species-

specific variations, primary sequence features of

herein identified wheat MTPs mainly seemed to

comply with previous reports.

Conserved motifs/residues in TaMTPs

The protein motifs are highly conserved amino acid

residues which are considered to possibly have

functional and/or structural roles in active proteins

(Yamasaki et al. 2013). In this sense, the five most

conserved motif sequences in identified TaMTP

proteins were searched using MEME tool (Fig. 1).

The set of 20 TaMTP sequences analyzed varied

between 324 and 851 residues with an average length

of 458 residues. Predicted motifs 1–4 were 50 amino

acids in length while motif 5 was 41 residues. Motif 1

comprised with residues ‘‘VKLALWFYCRTFGN-

NIVRAYAQDHYF DVITNVVGLVAAVLGDYFY

WWIDP’’, motif 2 with ‘‘LDLMSGFILWFTHFSMK

KPNKYK YPIGKKRMQPVGIIVFASVMACLGFQ

V’’, motif 3 with ‘‘DTVRAYTFGTHYFVEVDIVLP

EDMPLKEAHDIGESLQEKIEQLPEVERAF’’, motif

4 with ‘‘GAIILAVYTITNWSMTVWE NVVSLVGR

Table 2 The primary sequence features of identified wheat MTP homologs

Wheat

homolog

CDF

typeb
Protein

family/domainc
Chr

loc.d
Exons/

codinge
Protein

length

MW

(KDa)

pI Sub-cellular

localization

TMD

numberf

TaMTP1A Zn Cation_efflux 1AS 3/2 333 37.0 6.25 Vacuole 6/in ? in

TaMTP1D Zn Cation_efflux 1DS 3/2 350 38.4 5.97 Vacuole 5/out ? in

TaMTP2A Fe/Zn Cation_efflux, ZT_dimer 4AS 12/12 502 53.8 8.26 Vacuole 6/in ? in

TaMTP2B Fe/Zn Cation_efflux, ZT_dimer 4BS 15/13 632 67.3 7.47 Vacuole 6/in ? in

TaMTP2D Fe/Zn Cation_efflux, ZT_dimer 4DL 12/12 502 53.5 7.20 Vacuole 4/in ? in

TaMTP3A Mn Cation_efflux, ZT_dimer 6AL 7/7 410 45.8 5.16 Vacuole 6/in ? in

TaMTP3B Mn Cation_efflux, ZT_dimer 6BL 7/7 410 45.7 5.23 Vacuole 6/in ? in

TaMTP3D Mn Cation_efflux, ZT_dimer 6DL 6/6 324 36.0 4.94 Vacuole 6/in ? in

TaMTP4A Mn Cation_efflux, ZT_dimer 4AS 7/7 401 44.9 5.20 Vacuole 6/in ? in

TaMTP4B Mn Cation_efflux, ZT_dimer 4BL 7/7 400 44.7 5.20 Vacuole 6/in ? in

TaMTP4D Mn Cation_efflux, ZT_dimer 4DL 8/7 400 44.7 5.20 Vacuole 6/in ? in

TaMTP5/6A Mn Cation_efflux, ZT_dimer 3AL 7/6 404 44.9 5.27 Vacuole 6/in ? in

TaMTP5/6B Mn Cation_efflux, ZT_dimer 3B 6/6 404 45.0 5.33 Vacuole 6/in ? in

TaMTP5/6D Mn Cation_efflux, ZT_dimer 3DL 6/6 404 45.0 5.29 Vacuole 6/in ? in

TaMTP7A Mn Cation_efflux, ZT_dimer 3AS 5/5 380 43.1 6.20 P. membr./vacuole 6/in ? in

TaMTP7B Mn Cation_efflux, ZT_dimer 3B 5/5 391 44.2 5.92 P. membr./vacuole 6/in ? in

TaMTP7D Mn Cation_efflux, ZT_dimer 3DS 5/5 392 44.3 6.37 Vacuole 6/in ? in

TaMTP8A Zn Cation_efflux 2AS 3/2 698 76.0 8.88 Nucleus/vacuole 12/in ? in

TaMTP8Ba Zn Cation_efflux 2BS 2/1 851 – – Nucleus/vacuole 14/in ? in

Cation_efflux 2DS 6/2 575 62.8 7.27 Nucleus/vacuole 11/out ? in

a pI value and MW cannot be computed since sequence contains several consecutive undefined residues
b Metal specificity of wheat genes are attended by taking ortholog rice genes as reference CDF groups (Montanini et al. 2007)
c Cation_efflux (PF01545), ZT_dimer (PF16916)
d Chr location is designed with three alphanumeric characters e.g, first number shows the chromosomal location, second letter

indicates the genome component since wheat has a chromosome structure with three genome components (A, B and D), and third

letter represents the short (S) or long (L) arm of chromosome
e Exons show the number of available exons in specified transcripts while coding shows the number of coding exons
f TMD stands for transmembrane domain. In (cytoplasmic) or out (extracellular) from N to C-terminus
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SAPPEYLQKLTYLCWNHDKQIRH’’, and motif 5

with ‘‘KQSEFAMKISN YANMVLFAGKVYA-

TYRSGSMAIIASTLDSL’’. From these, motif 2 was

related to the cation efflux family (Cation_efflux;

PF01545) and motif 3 was associated with the zinc

transporter dimerization domain (ZT_dimer;

PF16916), while motif 1, 4 and 5 did not relate to

any motifs. All TaMTP proteins, except TaMTP1, 2

and 8 members, harbored all five of these conserved

motif sequences, implying that MTP variants having

the same motifs may possess more similarities in their

functional roles. This claim was also corroborated by

analysis of the metal specificity of TaMTP genes,

according to which TaMTP3-7 s were classified as the

Mn-CDF type (also refer to Table 2). In addition, the

presence of consecutive preserved motif residues in

most TaMTPs, related to either the cation efflux

family or zinc transporter dimerization domain, indi-

cate that MTP structures in wheat are well conserved.

Moreover, to have further insights about this

conservation, identified MTP sequences were multi-

ple-aligned by ClustalW, and identical and similar

residues respectively were shaded as black and grey

(Fig. 2). The approximate location of the zinc trans-

porter dimerization domain (ZT_dimer; PF16916) is

specified with a red rectangle on the alignment in

which TaMTP3-7 sequences were found to be signif-

icantly conserved. On the other hand, it was less

conserved in TaMTP2 members. Sites corresponding

to these residues were diverged in TaMTP1 and 8

sequences, since they do not contain zinc transporter

dimerization domain. In addition, approximate loca-

tions of five identified motifs were also specified with

different colored rectangles (motif 1 with orange,

motif 2 with blue, motif 3 with purple, motif 4 with

green and motif 5 with brown). Among these, motives

3 (completely) and 4 (partially) showed higher signif-

icance, since they are localized within the dimeriza-

tion domain. The alignment also revealed that A, B

and D genomes of TaMTP3-7 sequences are signifi-

cantly conserved between themselves, this could be

associated with their functional similarities in metal

homeostasis as mentioned earlier (refer to Table 2). In

contrast, TaMTP1 and 8 members demonstrated a

significant divergence from others, inferring their

involvement in different processes. Interestingly, Gly

(G) in motif 2, and Asp (D) and His (H) in motif 1 were

also found to be strictly preserved in all wheat MTP

sequences, which may indicate specific functions for

these amino acids.

Fig. 1 The block diagram representation of five most con-

served motif sequences in A, B and D genomes of 20 TaMTP

proteins. Motif 2 was related with cation efflux family

(Cation_efflux; PF01545), motif 3 was associated with zinc

transporter dimerization domain (ZT_dimer; PF16916), and

motif 1, 4 and 5 did not relate to any motifs
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TaMTP1A ---------------------------------------------------------------------------------------------------- 1  
TaMTP1D ---------------------------------------------------------------------------------------------------- 1  
TaMTP2A ---------------------------------------------------------------------------------MGLRFAHLAGGVARAAFSR 19 
TaMTP2B ACSSSTIHSSSSESDTQFGYRGSDMAMEREREKVATGGKLLAKVGGAAGRRQHAYSADATPKDPENQNDSHQSAPPPPLARMGLRFAHLAGGVARAAFSR 140
TaMTP2D ---------------------------------------------------------------------------------MGLRFAHLAGGVARAAISR 19 
TaMTP3A ------------------------------MEGDDRSAPLLANG---------AGRPSLRRRDSARSLRSSFLRRLPDKMRTELDPERGADVDVARVKDL 61 
TaMTP3B ------------------------------MEGDDRSAPLLANG---------AGRPSLRRRDSARSLRSSFLRRLPDKMRTELDPERGADVDVARVKDL 61 
TaMTP3D ---------------------------------------------------------------------------------------------------- 1  
TaMTP4A ------------------------------MEANGRGGDNDAAR---------APLLAGRRWNSVGSMRGEFVSRLPKKVLDAVDPERPSHVDFSRSKGL 61 
TaMTP4B ------------------------------MEANGRGGDNDAAR---------APLLAGRR-NSVGSMRGEFVSRLPKKVLDAVDPERPSHVDFSRSKGL 60 
TaMTP4D ------------------------------MEANGRGGDNDAAR---------APLLAGRR-NSVGSMRGEFVSRLPKKVLDAVDPERPSHVDFSRSKGL 60 
TaMTP5/6A ------------------------------MAASGAGAEGEELRLLAAVEAGDAGAPAGEKSWRLNF---DGLRPPEAQQERP---ARGLHHHCLGVIGQ 64 
TaMTP5/6B ------------------------------MAASGAGGEGEELRLLAAVEAGDAGAPAAEKSWRLNF---DGFRPPEAHQERP---ARGLHHHCLGVIGQ 64 
TaMTP5/6D ------------------------------MAAGGASGEGEELRLLAAAEAGDGGAPAGEKSWRLNF---DGLRPPEARQERP---ARGLHYHCLGVIGQ 64 
TaMTP7A ------------------------------MATA-------------------------AESWRLRMGSSDALRAPE---RRPPFFSRLIGSACPSLHGK 42 
TaMTP7B ------------------------------MSTAGGREEGEPE-------------PPAAASWRLRMGSSDTMRAPD---RRPPFFSRLFGAACPS-DGK 53 
TaMTP7D ------------------------------MATAVGREEGEP---------------AAAASWRLRMGSSDAMRVPERLHRRPPFFSRLLGAACPS-HGK 54 
TaMTP8A FASGLLSSVEHSVSARHVTRSRHARAAVFALAATFLSAPALAGLFFLGGTDTSDGVPIGQLWWLLLNAAVFGMALGRRQAYDSSSSSSRPSMNFAMTFVC 300
TaMTP8B FASGLLSSFEHSVSARHVTRSRHARAAVFALAATFLSAPALAGLFFLDGTDTSDGVPIGQLWWLLLNAAVFGMALGRRQAYDSSSSSSRPSMNFAMTFVC 300
TaMTP8D FASGLLSSVEHSVSARHVTRSRHARAAVFALAATFLSAPALAGLFFLGGTDTSDGVPIGQLWWLLLNAAVFGMALGRRQAYDSSSSSSRPSMNFAMTFVC 211

TaMTP1A ------------------------------------------------------------------------------------MPVTPRKIQR------ 10 
TaMTP1D --------------------------------------------------------------------------------MVGGIKANSLAILTDAAHLL 20 
TaMTP2A RGPHLSPACARRVLA---------PLASPGEPRGGN---WLVPARGHGGHSHHHGEESGEASEKIFRLGFAADVVLTVGKAITGYLSGSTAITADAAHSL 107
TaMTP2B RGPHLSAACAHRVLA---------PLASPGEPSGGN---WLIPARGHGGHSHHHGEESGEASEKIFRLGLAADVVLTVGKAITGYLSGSTAITADAAHSL 228
TaMTP2D RGPHLSPACARRVLA---------PLASPGEPSGGN---WLVPSRGHGGHSNHHGEESVEASEKIFRLGLAADVVLTVGKAITGYLSGSTAITADAAHSL 107
TaMTP3A SQGE--REYYRKQLA---------ALRTFEEVEALCMPGEFGSDDDGDPDADDADDEEQKQSEFAMKISNYANIVLLAFKVYATIRTGSMAIAASTLDSL 150
TaMTP3B SQGE--REYYRKQLA---------ALKTFEEVEALCMPGEFGSDDDGDPDASDADDEEQKQSEFAMKISNYANIVLLAFKVYATIRTGSMAIAASTLDSL 150
TaMTP3D ------------------------------------MPGEFGSDDDGDPDADDADDEEQKQSELAMKISNYANIVLLAFKVYATIRTGSMAIAASTLDSL 64 
TaMTP4A LEGE--KEYYEKQFA---------TLRSFEEVD---------SIEESNVISEEEELMEQRQSEFAMKISNYANVVLLALKIYATVKSGSIAIAASTLDSL 141
TaMTP4B LEGE--KEYYEKQFA---------TLRSFEEVD---------SIEESNVISEEEELMEQRQSEFAMKISNYANVVLLALKIYATVKSGSIAIAASTLDSL 140
TaMTP4D LEGE--KEYYEKQFA---------TLRSFEEVD---------SIEESNVISEEEELMEQRQSEFAMKISNYANVVLLALKIYATVKSGSIAIAASTLDSL 140
TaMTP5/6A APEDVVAEYYQQQVE---------MLEGFNEMDALT---DRGFLPGMSK---EEREQVARSETLAIRLSNIANMVLFAAKVYASVRSGSLAIIASTLDSL 149
TaMTP5/6B APEDVVAEYYQQQVE---------MLEGFNEMDALT---DRGFLPGMSK---EEREQVARSETLAIRLSNIANMVLFAAKVYASVWSGSLAIIASTLDSL 149
TaMTP5/6D APEDVVAEYYQQQVE---------MLEGFNEMDALT---DRGFLPGMSK---EEREQVARSETLAIRLSNIANMVLFAAKVYASVRSGSLAIIASTLDSL 149
TaMTP7A QRK--IAKYYEKQES---------LLKDFSEMESMN---ELGFLDQNSAPTEEELRQLAKGEKLAINLSNIINLVLFVGKVVASVETQSMAVIASTLDSL 128
TaMTP7B QRK--IAKYYEKQES---------LLKDFSEMESMN---ELGCLDQNSAPTEEELRQLAKGERLAINLSNVINLVLFVGKVVASFETRSMAVIASTLDSL 139
TaMTP7D QRK--IAKYYEKQES---------LLKDFSEMESMN---ELGCLDQNSAPTEEELRQLAKGEKLAINLSNIINLVLFVGKVVASVETRSMAVIASTLDSL 140
TaMTP8A TIVLELVYYPKLSLPGFLICGFVLWIASRELTSSGYVELGSTDESVYEAVMGPVRHILSERKSRKIAAFLLINTAYMFVEFASGFMSDSLGLLSDACHML 400
TaMTP8B TIVLELVYYPKLSLPGFLICGFILWIASRELTPSGYVELGSTDESVYEAVMGPVRHILSERKSRKIAAFLLINTAYMFVEFASGFMSDSLGLLSDACHML 400
TaMTP8D TIVLELVYYPKLSLPGFLVCGFILWIASRELTPSGYVELGSADESVYEAVMGPVRHILSERKSRKIAAFLLINTAYMFVEFASGFMSDSLGLLSDACHML 311

TaMTP1A ---RAFAISLFSLWAAGWEATPQQSYGFFRIEILGALVSIQLIWLLA----------GILVYEAIMRLINESGEVQGSL-----------MFAVSAFGLF 86 
TaMTP1D SDVAAFAISLFSLWAAGWEATPQQSYGFFRIEILGALVSIQLIWLLA----------GILVYEAIMRLINESGEVQGSL-----------MFAVSAFGLF 99 
TaMTP2A SDIVLSGVALLSYKAAKVPRDKDHPYGHGKFESLGALGISSMLLITAGGIAWHSFEVLQGVMFSAPDIIGSTLHMNHSHGSGGHNHAIDLEHAVLALSMT 207
TaMTP2B SDIVLSGVALLSYKAAKVPRDKDHPYGHGKFESLGALGISSMLLITAGGIAWHSFEVLQGVMSSAPDIIGNTSQMNHNHGSGGHNHAIDLEHPVLALSMT 328
TaMTP2D SDIVLSGVALLSYKAAKVPRDKDHPYGHGKFESLGALGISSMLLITAGGIAWHSFEVLQGVMSSAPDIIGSTSHMNHNHGSGGHNHAIDLEHPVLALSMT 207
TaMTP3A LDLMAGGILWFTHLSMKKVNIYKYPIGKLRVQPVGIIVFAAIMATLG----------FQVLVQAIEQLVENEPGDKLTS-----------EQLTWLYSIM 229
TaMTP3B LDLMAGGILWFTHLSMKKVNIYKYPIGKLRVQPVGIIVFAAIMATLG----------FQVLVQAIEQLVENEPGDKLTS-----------EQLIWLYSIM 229
TaMTP3D LDLMAGGILWFTHLSMKKVNIYKYPIGKLRVQPVGIIVFAAIMATLG----------FQVLVQAIEQLVENEPGDKLTS-----------EQLIWLYSIM 143
TaMTP4A LDLMAGGILWFTHLSMKSINVYKYPIGKLRVQPVGIIIFAAVMATLG----------FQVFLQAVEKLVVNVTPDKLSP-----------PQLMWLYSIM 220
TaMTP4B LDLMAGGILWFTHLSMKSINVYKYPIGKLRVQPVGIIIFAAVMATLG----------FQVFLQAVEKLVVNVTPDKLSP-----------PQLMWLYSIM 219
TaMTP4D LDLMAGGILWFTHLSMKSINVYKYPIGKLRVQPVGIIIFAAVMATLG----------FQVFLQAVEKLVVNVTPDKLSP-----------PQLMWLYSIM 219
TaMTP5/6A LDLLSGFILWFTAFSMQTPNPYRYPIGKKRMQPLGILVFASVMATLG----------LQIILESTRSLLSDGGEFSLTK-----------EQEKWVVDIM 228
TaMTP5/6B LDLLSGFILWFTAFSMQTPNPYRYPIGKKRMQPLGILVFASVMATLG----------LQIILESTRSLLSDGGEFSLTK-----------EQEKWVVDIM 228
TaMTP5/6D LDLLSGFILWFTAFSMQTPNPYRYPIGKKRMQPLGILVFASVMATLG----------LQIILESTRSLLSDGGEFSLTK-----------EQEKWVVDIM 228
TaMTP7A LDLLSGFILWFTAHAMKKPNKYSYPIGKRRMQPVGIVVFASVMGCLG----------FQVLIESGRELVTQ-EHTTFDT-----------WKEMWMVGSM 206
TaMTP7B LDLLSGFILWFTAHAMKKPNKYSYPIGKRRMQPVGIVVFASVMGCLG----------FQVLIESGRELVTQ-EHTTFDT-----------WKEMWMVGSM 217
TaMTP7D LDLLSGFILWFTAHAMKKPNKYSYPIGKRRMQPVGIVVFASVMGCLG----------FQVLIESGRELVTQ-EHTTFDT-----------WKEMWMVGSM 218
TaMTP8A FDCAALAIGLYASYIARLPANGLYNYGRGRFEVLSGYVNAVFLVLVG----------ALIVLESFERILE-PREISTSS-----------LLAVSVGGLF 478
TaMTP8B FDCAALAIGLYASYIARLPANGLYNYGRGRFEVLSGYVNAVFLVLVG----------ALIVLESFERILE-PREISTSS-----------LLAVSVGGLF 478
TaMTP8D FDCAALAIGLYASYIARLPANGLYNYGRGRFEVLSGYVNAVFLVLVG----------ALIVLESFERILE-PREISTSS-----------LLAVSVGGLF 389

---------------------MPVTPRKIQR------
-----------------MVGGIKANSLAILTDAAHLL
KIFRLGFAADVVLTVGKAITGYLSGSTAITADAAHSL
KIFRLGLAADVVLTVGKAITGYLSGSTAITADAAHSL
KIFRLGLAADVVLTVGKAITGYLSGSTAITADAAHSL
FAMKISNYANIVLLAFKVYATIRTGSMAIAASTLDSL
FAMKISNYANIVLLAFKVYATIRTGSMAIAASTLDSL
LAMKISNYANIVLLAFKVYATIRTGSMAIAASTLDSL
FAMKISNYANVVLLALKIYATVKSGSIAIAASTLDSL
FAMKISNYANVVLLALKIYATVKSGSIAIAASTLDSL
FAMKISNYANVVLLALKIYATVKSGSIAIAASTLDSL
LAIRLSNIANMVLFAAKVYASVRSGSLAIIASTLDSL
LAIRLSNIANMVLFAAKVYASVWSGSLAIIASTLDSL
LAIRLSNIANMVLFAAKVYASVRSGSLAIIASTLDSL
KLAINLSNIINLVLFVGKVVASVETQSMAVIASTLDSL
RLAINLSNVINLVLFVGKVVASFETRSMAVIASTLDSL
KLAINLSNIINLVLFVGKVVASVETRSMAVIASTLDSL
RKIAAFLLINTAYMFVEFASGFMSDSLGLLSDACHML
RKIAAFLLINTAYMFVEFASGFMSDSLGLLSDACHML
RKIAAFLLINTAYMFVEFASGFMSDSLGLLSDACHML

---RAFAISLFSLWAAGWEATPQQSYGFFRIEILGALVSIQLIWLLA----------GIL
SDVAAFAISLFSLWAAGWEATPQQSYGFFRIEILGALVSIQLIWLLA----------GIL
SDIVLSGVALLSYKAAKVPRDKDHPYGHGKFESLGALGISSMLLITAGGIAWHSFEVLQG
SDIVLSGVALLSYKAAKVPRDKDHPYGHGKFESLGALGISSMLLITAGGIAWHSFEVLQG
SDIVLSGVALLSYKAAKVPRDKDHPYGHGKFESLGALGISSMLLITAGGIAWHSFEVLQG
LDLMAGGILWFTHLSMKKVNIYKYPIGKLRVQPVGIIVFAAIMATLG----------FQV
LDLMAGGILWFTHLSMKKVNIYKYPIGKLRVQPVGIIVFAAIMATLG----------FQV
LDLMAGGILWFTHLSMKKVNIYKYPIGKLRVQPVGIIVFAAIMATLG----------FQV
LDLMAGGILWFTHLSMKSINVYKYPIGKLRVQPVGIIIFAAVMATLG----------FQV
LDLMAGGILWFTHLSMKSINVYKYPIGKLRVQPVGIIIFAAVMATLG----------FQV
LDLMAGGILWFTHLSMKSINVYKYPIGKLRVQPVGIIIFAAVMATLG----------FQV
LDLLSGFILWFTAFSMQTPNPYRYPIGKKRMQPLGILVFASVMATLG----------LQI
LDLLSGFILWFTAFSMQTPNPYRYPIGKKRMQPLGILVFASVMATLG----------LQI
LDLLSGFILWFTAFSMQTPNPYRYPIGKKRMQPLGILVFASVMATLG----------LQI
LDLLSGFILWFTAHAMKKPNKYSYPIGKRRMQPVGIVVFASVMGCLG----------FQV
LDLLSGFILWFTAHAMKKPNKYSYPIGKRRMQPVGIVVFASVMGCLG----------FQV
LDLLSGFILWFTAHAMKKPNKYSYPIGKRRMQPVGIVVFASVMGCLG----------FQV
FDCAALAIGLYASYIARLPANGLYNYGRGRFEVLSGYVNAVFLVLVG----------ALI
FDCAALAIGLYASYIARLPANGLYNYGRGRFEVLSGYVNAVFLVLVG----------ALI
FDCAALAIGLYASYIARLPANGLYNYGRGRFEVLSGYVNAVFLVLVG----------ALI

Motif 5

Motif 2

Fig. 2 Multiple sequence alignment of identified 20 wheat

TaMTP (A, B and D genomes) protein sequences. The relevant

identical and similar residues are shaded as black and grey

respectively. Red rectangle approximately covers the site of

zinc transporter dimerization domain (ZT_dimer; PF16916).

The approximate localization of identified motifs is specified

with different color rectangles such as motif 1 is with orange,

motif 2 with blue, motif 3 with purple, motif 4 with green and

motif 5 with brown

Biometals (2017) 30:217–235 223

123



Chromosomal locations of TaMTPs

It has been reported that the large size and polyploid

nature of the wheat genome have been major con-

straints in genome analyses. In addition, the hexaploid

wheat genome has been highly dynamic with signif-

icant reductions in the size of gene families upon

domestication and polyploidization, and with the

abundance of gene fragments (Brenchley et al.

2012). To reveal further insights into functional

TaMTP1A VNIIMAVLLGHDHGHGG-----HGHSHGH------------------------SHDHDHGNSEDDHS-----HHGDHEQGHVHHHEHSHGTSITVTTN-- 150
TaMTP1D VNIIMAVLLGHDHGHGG-----HGHSHGHGH--------------------GHSHDHDHGNSEDDHS-----HHGDHEQGHVHHHEHSHGTSITVTTN-- 167
TaMTP2A TLAISIKEGLYWITKRAGEKEGSGLMKANAW----------------------HHRVDAISSVVALVGVGGSIVGLPYLDPLAGLVVSGMILKAGVQTGY 285
TaMTP2B TLAISIKEGLYWITKRAGEKEGSGLMKANAW----------------------HHRADAISSVVALVGVGGSIVGLPYLDPLAGLVVLGMILKAGVQTGY 406
TaMTP2D TLAISIKEGLYWITKRAGEKEGSGLMKANAW----------------------HHRADAISSVVALVGVGGSIVGLPYLDPLAGLVVSGMILKAGVQTGY 285
TaMTP3A LSATAVKLALWFYCRSSGNS----IVRAYAK----------------------DHYFDVITNVVGLVAAVLGDRFLWWIDPAGAVLLAVYTIANWSGTVL 303
TaMTP3B LSATAVKLALWFYCRSSGNS----IVRAYAK----------------------DHYFDVITNVVGLVAAVLGDRFLWWIDPAGAVLLAVYTIANWSGTVL 303
TaMTP3D LSATAVKLALWFYCRSSGNS----IVRAYAK----------------------DHYFDVITNVVGLVAAVLGDRFLWWIDPAGAVLLAVYTIANWSGTVL 217
TaMTP4A IFATVVKLALWFYCRTSGNN----IVRAYAK----------------------DHYFDVVTNVVGLAAAVLGDMFYWWIDPVGAIVLAVYTITNWSGTVW 294
TaMTP4B IFATVVKLALWFYCRTSGNN----IVRAYAK----------------------DHYFDVVTNVVGLAAAVLGDMFYWWIDPVGAIVLAVYTITNWSGTVW 293
TaMTP4D IFATVVKLALWFYCRTSGNN----IVRAYAK----------------------DHYFDVVTNVVGLAAAVLGDMFYWWIDPVGAIVLAVYTITNWSGTVW 293
TaMTP5/6A LSVTLVKLALALYCRTFTNE----IVKAYAQ----------------------DHIFDVITNIIGLVAALLANYFEGWIDPVGAIILAIYTIRTWSMTVL 302
TaMTP5/6B LSVTLVKLALALYCRTFTNE----IVKAYAQ----------------------DHIFDVITNIIGLVAALLANYFEGWIDPVGAIILAIYTIRTWSMTVL 302
TaMTP5/6D FSVTLVKLALALYCRTFTNE----IVKAYAQ----------------------DHIFDVITNIIGLVAALLANYFEGWIDPVGAIILAIYTIRTWSMTVL 302
TaMTP7A SSVAVVKFFLMLYCRTFKNE----IVRAYAQ----------------------DHFFDVITNSVGLVSALLAVKYKWWMDPVGAILIALYTITTWARTVL 280
TaMTP7B SSVAVVKFFLMLYCRTFKNE----IVRAYAQ----------------------DHFFDVITNSVGLVSALLAVKFKWWMDPVGAILIALYTITTWARTVL 291
TaMTP7D SSVAVVKFFLMLYCRTFKNE----IVRAYAQ----------------------DHFFDVITNSVGLVSALLAVKFKWWMDPVGAILIALYTITTWARTVL 292
TaMTP8A VNIIGLVFFHEEHHHAHGGSCSHSHSHSHN-----------------HGHEDHHHHHDHVHQTADHEKTCSGHHGDTNKSHHQNHQHDSNNAENHHQHNH 561
TaMTP8B VNIIGLVFFHEEHHHAHGGSCSHSHSHSHSHSHSHNHVHEDHHHHHDHVHEDHHHHHDHVHQSADHEKTCSGHHGDTNKGHHQNHQHDSNNAENHHQHNH 578
TaMTP8D VNIIGLVFFHEEHHHAHGGSCSHSHSHSHSR---------------SHDHGHEDHHHDHVHQSADHEKTCSGHHGDTNKSHHHNHRHDSNNAENHHQHNH 474

TaMTP1A --HHSHSSTGQHQDVEQPLLKHDGDCESAQPGAKPAKKPRRNINVHSAYLHVIGDSIQSIGVMIGGALIWYKPEWKIIDLICT----------------- 231
TaMTP1D --HHSHSSTGQHQDVEQPLLKHDGDCESAQPGAKPAKKPRRNINVHSAYLHVIGDSIQSIGVMIGGALIWYKPEWKIIDLICT----------------- 248
TaMTP2A ESTLELVDAAVDPSLLEPIRETIVKVDG-VKGCHRLRGRKAGTSLYLDVHIEVYPFLSVSAAHDIGETVRHHIQKTHNQVAEVFIH-------------- 370
TaMTP2B ESTLELVDAAVDPSLLEPIKETIVKVDG-VKGCHRLRGRKAGTSLYLDVHIEVYPFLSVSAAHDIGETVRHHIQKTHNQVAEVFIH-------------- 491
TaMTP2D ESTLELVDAAVDPSLLEPIKETIVKADG-VKGCHRLRGRKAGTSLYLDVHIEVYPFLSVSAAHDIGETVRHHIQKTHSQVAEVFIH-------------- 370
TaMTP3A EQAVSLVGRSAPPEMLQMLTYLAMKHDARVQRVDTVRAYSFGALYFVEVDIELSEDMRLREAHAIGESLQERIEKLP-EVERAFVH-------------- 388
TaMTP3B EQAVSLVGRSAPPEMLQMLTYLAMKHDARVQRVDTVRAYSFGALYFVEVDIELSEDMRLREAHAIGESLQEKIEKLP-EVERAFVH-------------- 388
TaMTP3D EQAVSLVGRSAPPEMLQMLTYLAMKHDARVQRVDTVRAYSFGALYFVEVDIVLSEDMRLREAHAIGESLQERIEKLP-EVERAFVH-------------- 302
TaMTP4A ENAVSLVGESAPPEMLQKLTYLAIRHDPQIKRVDTVRAYTFGVLYFVEVDIELPEDLPLKEAHAIGESLQIKIEELP-EVERAFVH-------------- 379
TaMTP4B ENAVSLVGESAPPEMLQKLTYLAIRHDPQIKRVDTVRAYTFGVLYFVEVDIELPEDLPLKEAHAIGESLQIKIEELP-EVERAFVH-------------- 378
TaMTP4D ENAVSLVGESAPPEMLQKLTYLAIRHDPQIKRVDTVRAYTFGVLYFVEVDIELPEDLPLKEAHAIGESLQIKIEELP-EVERAFVH-------------- 378
TaMTP5/6A ENVHSLVGQSASPEYLQKLTYLCWNHHKAVRHIDTVRAYTFGSHYFVEVDIVLPAGMPLQEAHDIGEALQEKLERLP-EIERAFVH-------------- 387
TaMTP5/6B ENVHSLVGQSASPEYLQKLTYLCWNHHKAVRHIDTVRAYTFGSHYFVEVDIVLPAGMPLREAHDIGEALQEKLERLP-EIERAFVH-------------- 387
TaMTP5/6D ENVHSLVGQSASPEYLQKLTYLCWNHHKAVRHIDTVRAYTFGSHYFVEVDIVLPAGMPLQEAHDIGEALQEKLERLP-EIERAFVH-------------- 387
TaMTP7A ENVGTLIGRSAPAEYLTKLTYLIWNHHEEIRHIDTVRAYTFGTHYFVEVDVVLPGDMPLSQAHDIGEALQEKLEQLP-EVERAFVH-------------- 365
TaMTP7B ENVGTLIGRSAPAEYLTKLTYLIWNHHEEIRHIDTVRAYTFGTHYFVEVDVVLPGDMPLSQAHDIGEALQEKLEQLP-EVERAFVH-------------- 376
TaMTP7D ENVGTLIGRSAPAEYLTKLTYLIWNHHEEIRHIDTVRAYTFGTHYFVEVDVVLPGDMPLSQAHDIGEALQEKLEQLP-EVERAFVH-------------- 377
TaMTP8A GCSHKHGHNGHMEHHQQGVDQAHQDCSSISSEQGLLEIPLINVHSHGAESQSCNGEVESPEIGNHGKTASRR------HIDHNMEGPCC----------- 644
TaMTP8B GCSHKHGHNGHMEHHQQGVDQAHQDCSSSSSEQGLLEIPLINVHSHGAESQSCNGEVESPETGNHAKPASRR------HIDHNMEGIFLHVLADTMGSVG 672
TaMTP8D SCSHKHGHNGHMEHHRQGVDQAHQDCSSINGEQGLLEIPLINVHSHGAESQSCNGELELRETGNHAKPASRR------HIDHNMEE-------------- 554

TaMTP1A ----------------------------------------------------------------------------LIFSVIVLFTTIKMIRNILEVLME 255
TaMTP1D ----------------------------------------------------------------------------LIFSVIVLFTTIKMIRNILEVLME 272
TaMTP2A --------------------------------------------------------------------------IDPSYSMGANVDKKRILGNLERRNSD 396
TaMTP2B --------------------------------------------------------------------------IDPSYSMGANVDKKRILENLERRNSD 517
TaMTP2D --------------------------------------------------------------------------IDPSYSMGANVDKKRILENLERRNSD 396
TaMTP3A --------------------------------------------------------------------------ADFESTHKPEHTVRSRLPATEP---- 410
TaMTP3B --------------------------------------------------------------------------ADFESTHKPEHTVRSRLPATEP---- 410
TaMTP3D --------------------------------------------------------------------------ADFETTHKPEHTVRSRLPATEP---- 324
TaMTP4A --------------------------------------------------------------------------LDFECDHKPEHSILSKLPSSQP---- 401
TaMTP4B --------------------------------------------------------------------------LDFECDHKPEHSILSKLPSSQP---- 400
TaMTP4D --------------------------------------------------------------------------LDFECDHKPEHSILSKLPSSQP---- 400
TaMTP5/6A --------------------------------------------------------------------------LDYEFTHRPEHALSHDK--------- 404
TaMTP5/6B --------------------------------------------------------------------------LDYEFTHRPEHALSHEK--------- 404
TaMTP5/6D --------------------------------------------------------------------------LDYEFTHRPEHALSHEK--------- 404
TaMTP7A --------------------------------------------------------------------------VDFEFTHRPEHKADV----------- 380
TaMTP7B --------------------------------------------------------------------------VDFEFTHRPEHKADV----------- 391
TaMTP7D --------------------------------------------------------------------------VDFEFTHRPEHKADV----------- 392
TaMTP8A ----------------------------------------------------------------------LHPRIFWQGVNYRLAAKRLMKAYRMVCRTH 674
TaMTP8B VVISTLLIKYKGWLIADPICSVFISIMIVASVLPLLRNSAEILLQRVPRSHEKDFEAALDDVKKINGVIGVHXXXXXXXXXXXXXXXXXXXXXXXXXXXX 772
TaMTP8D ----------------------------------------------------------------------------FQGAMRRTSKQHWMMLRRLMV--- 575

MAVLLGHDHGHGG-----HGHSHGH------------------------SHDHDHGNSEDDHS-----HHGDHEQGHVHHH
MAVLLGHDHGHGG-----HGHSHGHGH--------------------GHSHDHDHGNSEDDHS-----HHGDHEQGHVHHH
SIKEGLYWITKRAGEKEGSGLMKANAW----------------------HHRVDAISSVVALVGVGGSIVGLPYLDPLAGL
SIKEGLYWITKRAGEKEGSGLMKANAW----------------------HHRADAISSVVALVGVGGSIVGLPYLDPLAGL
SIKEGLYWITKRAGEKEGSGLMKANAW----------------------HHRADAISSVVALVGVGGSIVGLPYLDPLAGL
AVKLALWFYCRSSGNS----IVRAYAK----------------------DHYFDVITNVVGLVAAVLGDRFLWWIDPAGAV
AVKLALWFYCRSSGNS----IVRAYAK----------------------DHYFDVITNVVGLVAAVLGDRFLWWIDPAGAV
AVKLALWFYCRSSGNS----IVRAYAK----------------------DHYFDVITNVVGLVAAVLGDRFLWWIDPAGAV
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LVKLALALYCRTFTNE----IVKAYAQ----------------------DHIFDVITNIIGLVAALLANYFEGWIDPVGAI
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VVKFFLMLYCRTFKNE----IVRAYAQ----------------------DHFFDVITNSVGLVSALLAVKFKWWMDPVGAI
VVKFFLMLYCRTFKNE----IVRAYAQ----------------------DHFFDVITNSVGLVSALLAVKFKWWMDPVGAI
GLVFFHEEHHHAHGGSCSHSHSHSHN-----------------HGHEDHHHHHDHVHQTADHEKTCSGHHGDTNKSHHQNH
GLVFFHEEHHHAHGGSCSHSHSHSHSHSHSHNHVHEDHHHHHDHVHEDHHHHHDHVHQSADHEKTCSGHHGDTNKGHHQNH
GLVFFHEEHHHAHGGSCSHSHSHSHSR---------------SHDHGHEDHHHDHVHQSADHEKTCSGHHGDTNKSHHHNH

GAKPAKKPRRNINVHSAYLHVIGDSIQSIGVMIGGALIWYKPEWKIIDLICT---
GAKPAKKPRRNINVHSAYLHVIGDSIQSIGVMIGGALIWYKPEWKIIDLICT---
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GCHRLRGRKAGTSLYLDVHIEVYPFLSVSAAHDIGETVRHHIQKTHSQVAEVFIH
RVDTVRAYSFGALYFVEVDIELSEDMRLREAHAIGESLQERIEKLP-EVERAFVH
RVDTVRAYSFGALYFVEVDIELSEDMRLREAHAIGESLQEKIEKLP-EVERAFVH
RVDTVRAYSFGALYFVEVDIVLSEDMRLREAHAIGESLQERIEKLP-EVERAFVH
RVDTVRAYTFGVLYFVEVDIELPEDLPLKEAHAIGESLQIKIEELP-EVERAFVH
RVDTVRAYTFGVLYFVEVDIELPEDLPLKEAHAIGESLQIKIEELP-EVERAFVH
RVDTVRAYTFGVLYFVEVDIELPEDLPLKEAHAIGESLQIKIEELP-EVERAFVH
HIDTVRAYTFGSHYFVEVDIVLPAGMPLQEAHDIGEALQEKLERLP-EIERAFVH
HIDTVRAYTFGSHYFVEVDIVLPAGMPLREAHDIGEALQEKLERLP-EIERAFVH
HIDTVRAYTFGSHYFVEVDIVLPAGMPLQEAHDIGEALQEKLERLP-EIERAFVH
HIDTVRAYTFGTHYFVEVDVVLPGDMPLSQAHDIGEALQEKLEQLP-EVERAFVH
HIDTVRAYTFGTHYFVEVDVVLPGDMPLSQAHDIGEALQEKLEQLP-EVERAFVH
HIDTVRAYTFGTHYFVEVDVVLPGDMPLSQAHDIGEALQEKLEQLP-EVERAFVH
EQGLLEIPLINVHSHGAESQSCNGEVESPEIGNHGKTASRR------HIDHNMEG
EQGLLEIPLINVHSHGAESQSCNGEVESPETGNHAKPASRR------HIDHNMEG
EQGLLEIPLINVHSHGAESQSCNGELELRETGNHAKPASRR------HIDHNMEE

EHSHGTSITVTTN--
EHSHGTSITVTTN--
VVSGMILKAGVQTGY
VVLGMILKAGVQTGY
VVSGMILKAGVQTGY
LLAVYTIANWSGTVL
LLAVYTIANWSGTVL
LLAVYTIANWSGTVL
VLAVYTITNWSGTVW
VLAVYTITNWSGTVW
VLAVYTITNWSGTVW
ILAIYTIRTWSMTVL
ILAIYTIRTWSMTVL
ILAIYTIRTWSMTVL
LIALYTITTWARTVL
LIALYTITTWARTVL
LIALYTITTWARTVL
QHDSNNAENHHQHNH
QHDSNNAENHHQHNH
RHDSNNAENHHQHNH

--HHSHSSTGQHQDVEQPLLKHDGDCESA
--HHSHSSTGQHQDVEQPLLKHDGDCESA
EST
EST
EST
EQA
EQA
EQA
ENA
ENA
ENA
ENV
ENV
ENV
ENV
ENV
ENV
GCSHKHGHNGHMEHHQQGVDQAHQDCSSI
GCSHKHGHNGHMEHHQQGVDQAHQDCSSS
SCSHKHGHNGHMEHHRQGVDQAHQDCSSI

LELVDAAVDPSLLEPIRETIVKVDG-
LELVDAAVDPSLLEPIKETIVKVDG-
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diversifications, possible gene duplication events in

wheat TaMTP members were analyzed. 20 TaMTP

genes were mapped on five wheat chromosomes

(chr1–4 and 6; refer to Table 2). The chromosomes

1A and 1D included the TaMTP1A and TaMTP1D

genes respectively; chromosomes 2A, 2B and 2D

respectively had TaMTP8A, TaMTP8B and TaMTP8D

genes; chromosomes 3A, 3B and 3D contained

TaMTP5–7A, TaMTP5–7B and TaMTP5–7D genes

respectively; chromosomes 4A, 4B and 4D respec-

tively included TaMTP2A and 4A, TaMTP2B and 4B,

and TaMTP2D and 4D genes; and chromosome 6 had

TaMTP3A, TaMTP3B and TaMTP3D genes respec-

tively. Accordingly, A, B and D genomes of chromo-

somes 3 and 4 possessed a maximum of 2 TaMTP

genes for each, while each genome component of

other chromosomes contained only a single TaMTP

gene. Genomic duplications are considered to be an

essential driving force in evolution of plants. Seg-

mental duplications refer to DNA sequences with an

identity rate usually more than[90%, ranging from 1

to 400 kb in length and occur on multiple sites within

the genome (Ramsey and Schemske 1998). Segmental

duplications occur on different chromosomes, con-

trasting to tandem duplications which occur on the

same chromosomes (Cannon et al. 2004). Herein, the

segmental-like duplications are found within each

MTP group in A, B and D genomes. This implies that

MTPs from each genome donor, T. urartu (A-

genome), A. speltoides (B-genome) and A. tauschii

(D-genome) either may have been ancestrally similar

to each other or originally divergent MTPs could have

been stabilized during long domestication process.

Phylogenetic distribution of wheat and rice MTPs

Another main objective of this work was to compar-

atively investigate the phylogenetic distribution of

identified wheat MTP sequences along with known

rice MTPs and to infer functional relationships at the

cross-species level. In this concept, phylogeny was

constructed with the ML method using a total of 28

sequences from eight rice MTPs and 20 wheat

homologs (Fig. 3). Based on the distribution of

sequences and clustering topology, the tree was

divided into seven major groups; group MTP1–4,

5/6, 7 and 8. Each rice MTP had three corresponding

homologs in the wheat genome since wheat has three

genome components; A, B and D. However, rice

MTP1 was only present in A and D genomes but could

not be identified in the B genome for the adopted

search parameters. In phylogeny, group MTP1

included two TaMTPs and OsMTP1. OsMTP1 has

been previously thoroughly characterized. OsMTP1

was recovered from a cDNA library screening in

which Cd responsive genes were sought in rice roots

(Yuan et al. 2012). Based on yeast complementation

assays and elemental analysis of OsMTP1 overex-

pressor and knock-out mutants, OsMTP1 was pro-

posed to transport a wide range of metals including Zn,

Fe, Co, Ni, Arsenic (As)(Yuan et al. 2012; Menguer

et al. 2013, Das et al. 2016). In group MTP4, three

TaMTPs clustered together with OsMTP4. OsMTP4,

also called OsMTP8.1, has been characterized to

transport Mn rather specifically to conferMn tolerance

to rice plants by sequestrating excess Mn in the aerial

parts (Chen et al. 2013). In group MTP7, three

TaMTPs and an OsMTP7 were together. Contrasting

to other characterized rice MTPs which localize to the

tonoplast, OsMTP7 localizes to the plasma membrane

and is involved in the radial transport of Mn in the

roots (Ueno et al. 2015). OsMTPs in other groups have

not yet been characterized. According to the phyloge-

netic analysis (Fig. 3), group MTP1 and 8 members

were clearly diverged from other MTPs, which is in

agreement with alignment and protein domain analy-

ses (refer to Figs. 1, 2). Moreover, a further phylogeny

was also constructed using wheat, rice and Arabidop-

sis MTPs altogether to figure out homologous

sequences between monocots and dicots (Suppl. File).

Arabidopsis MTPs and their putative transport ele-

ment specificities were obtained from Ricachenevsky

et al. (2013). In phylogeny, Mn-CDFs, Fe/Zn-CDFs

and Zn-CDFs showed a clear separation where

monocot OsMTP3–7 and dicot AtMTP8–11 were

identified as functional Mn-CDF orthologs, OsMTP2

and AtMTP6–7 as functional Fe/Zn-CDF orthologs,

and OsMTP1, 8 and AtMTP1–5, 12 as functional Zn-

CDF orthologs. Phylogenetic distributions can be

employed as a benchmark to infer structure and

functional roles across species (Sze et al. 2014;

Vatansever et al. 2016). Thus, wheat MTP sequences

can be functionally inferred in relation to their

respective homologs. Nevertheless, to infer more

precise roles to the identified TaMTP variants, further

molecular and physiological experimental character-

ization is required.
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Promoter site and miRNA-target analysis

of TaMTPs

This study also attempted to understand the regulation

of the identified TaMTP genes at the transcriptional

level. It was thus imperative to have insights about the

upstream regions of genes from the transcription start-

site (TSS; Ravel et al. 2015). 1000 bp upstream flanks

of TaMTP genes were retrieved using genomic

coordinates of genes via EnsemblPlants-BioMart and

supplied to the PlantCARE database for cis-regulatory

element analysis. Excluding unknown motifs, a total

of 64 different cis-elements have been identified in

upstream regions of 20 TaMTP genes and to better

characterize these large number of motifs a heatmap

was constructed based on the availability of elements

in each corresponding gene (Fig. 4). Cis-regulatory

elements CAAT-box, TATA-box (except for MTP5/

6A) and G-box were commonly shared by all TaMTP

genes. Notably, CAAT- and TATA boxes are two

common cis-regulatory elements in upstream regions

of eukaryotic genes. Particularly, CAAT-box, loca-

ted * 80 bp upstream site, forms a binding site for

RNA transcription factors and also is a key regulatory

motif in modulation of the expression frequency of

genes (Laloum et al. 2013). TATA-box is another core

element in upstream regions of eukaryotic genes. It

forms the binding site for general transcription factors

or histone proteins and its binding factor may also

involve in the transcription process (Bae et al. 2015).

Another cis-element, G-box, was found in the pro-

moter regions of all TaMTPs. G-box, mainly present in

promoters of light-responsive genes, is reported to be

involved in the light-responsive processes and its

binding factors are usually demonstrated to be mem-

bers of bHLH, bZIP and NAC families (Kircher et al.

1998; Toledo-Ortiz et al. 2003; Liu et al. 2016).

Additionally, the promoter regions of most TaMTP

genes also harbored cis-regulatory elements such as

Sp1 (light responsiveness), CGTCA- and TGACG-

motifs (methyl jasmonate responsiveness), ABRE

(abscisic acid responsiveness), GCN4- and Skn-1

motifs (endosperm expression) and MBS (drought

inducibility). Moreover, many other cis-regulatory

elements present in promoter regions of TaMTPs

genes were broadly categorized as common cis-acting

elements, light responsive elements, hormone respon-

sive elements, tissue-specific elements, and stress

responsive and other elements based on their putative T
a
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functions. Particularly, most cis-regulatory motifs in

TaMTP genes were mainly associated with light

responsive elements such as ACE, Box I, box II,

GATA-motif, GT1-motif, I-box, LS7, TCT-motif,

Box 4, CATT-motif, GA-motif, GAG-motif, L-box,

MNF1, TCCC-motif, 4 cl-CMA2b, AAAC-motif,

ATCT-motif, LAMP-element, rbcS-CMA7a, MRE,

chs-CMA1a, 3-AF1 binding site and AE-box. Signif-

icantly, many other phytohormone-related cis-ele-

ments were also identified in TaMTP promoters

including SARE and TCA-element (salicylic acid

responsiveness), ERE (ethylene responsiveness),

TGA-element and AuxRR (auxin responsiveness),

ABRE and motif IIb (abscisic acid responsiveness),

and P-box, TATC-box and GARE-motif (gibberellin

responsive element). Additionally, tissue-specific cis-

regulatory elements such as the CCGTCC-box, dOCT,

NON-box and CAT-box (meristem), motif I (root),

RY-element (seed), as-2-box (shoot), and HD-Zip 1

and 2 (leaf) were also found in the promotors of

TaMTP genes. Furthermore, upstream regions of

TaMTP genes also harbored the TC-rich repeats

(defense/stress responsiveness), ARE and GC-motif

(anaerobic induction), EIRE and Box-W1 (elicitor

responsiveness), LTR and HSE (temperature respon-

siveness), C-repeat/DRE (cold and dehydration

TRIAE CS42 3DL TGACv1 249117 AA0838320.1

TRIAE CS42 3AL TGACv1 197774 AA0667220.2

TRIAE CS42 3B TGACv1 223437 AA0782140.1

OsMTP5 Q5NA18.1

OsMTP6 Q0DHJ5.2
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TRIAE CS42 3AS TGACv1 211035 AA0683570.2

TRIAE CS42 3B TGACv1 221584 AA0745100.3

TRIAE CS42 3DS TGACv1 272888 AA0926160.3

TRIAE CS42 6AL TGACv1 471959 AA1516250.1

TRIAE CS42 6DL TGACv1 528040 AA1710910.2

TRIAE CS42 6BL TGACv1 501730 AA1620290.1

OsMTP3 Q6Z7K5.1

OsMTP4 Q10PP8.1

TRIAE CS42 4AS TGACv1 306485 AA1008950.1

TRIAE CS42 4DL TGACv1 342496 AA1115200.1

TRIAE CS42 4BL TGACv1 320346 AA1036230.1

OsMTP2 Q10LJ2.1

TRIAE CS42 4AS TGACv1 306995 AA1015980.1

TRIAE CS42 4BS TGACv1 328624 AA1091200.1

TRIAE CS42 4DL TGACv1 343272 AA1132570.1

TRIAE CS42 1DS TGACv1 080479 AA0248740.1

TRIAE CS42 1AS TGACv1 021178 AA0081220.5

OsMTP1 Q688R1.1

OsMTP8 Q8H329.2

TRIAE CS42 2DS TGACv1 177870 AA0586320.1

TRIAE CS42 2BS TGACv1 147664 AA0486150.1

TRIAE CS42 2AS TGACv1 114418 AA0367040.1
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Fig. 3 Phylogenetic distribution of identified wheat and known

rice MTP sequences. Phylogeny was constructed with ML

method using a total of 28 sequences from eight rice MTPs

(OsMTP1-8) and 20 wheat homologs (marked with red

diamonds). Phylogeny was divided into seven major groups

based on distribution of sequences such as groupMTP1-4, 5/6, 7

and 8. Each rice MTP has three corresponding homologs in

wheat genome since wheat has three genome components as A,

B and D. However, rice MTP1 was only present in A and D

genomes but could not be identified in B genome
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responsiveness), circadian (circadian control), and

O2-site (zein metabolism regulation) elements. Taken

together, the presence of very diverse cis-regulatory

elements associated with various metabolic processes

indicates the intricate but very dynamic regulation of

TaMTP genes.

Furthermore, potential miRNAs targeting TaMTP

transcripts were also investigated to give insights into

the post-transcriptional regulation of wheat genes.

miRNAs are short (*21–25 nucleotides) but highly

conserved non-coding RNA sequences and they

perform their functions either by degrading the target

mRNAs or by repressing their translations (Kumar

2014). miRNAs are accounted to regulate about

10–30% of genes in higher eukaryotes (Cui et al.

2006). They are reported to regulate various metabolic

processes including development and differentiation,

various biotic/abiotic stresses, signal transduction and

morphogenesis (Lv et al. 2012). Herein, a scan of the

20 TaMTP coding sequences against all published

miRNAs from different species resulted in a total of

14 potential miRNAs (Table 3). TaMTP1A and D

were targeted by ath-miR837-3p with translation

inhibition; TaMTP2B and D were targeted by mtr-

miR319b-5p with translation inhibition; TaMTP7B

was targeted by stu-miR8041a/b-5p with cleavage

inhibition; TaMTP8A was targeted by gma-miR5772

and mtr-miR5253 with cleavage, and by osa-

miR1858a/b with translation inhibition; TaMTP8B

was targeted by mtr-miR5253 with cleavage and by

osa-miR1858a/b with translation inhibition; and

TaMTP8D was targeted by gma-miR5772 with

cleavage inhibition. Notably, inferring from align-

ment and phylogenetic analyses (refer to Figs. 2, 3)

the herein predicted miRNAs mainly targeted the

members of most diverged groups, implying that their

susceptibility for degradation may be related to their

functions. In previous works, miR837-3p was

reported to be involved in phosphate signal transduc-

tion in tomato leaves (Gu et al. 2010). A miR837-3p

target was possibly involved in the oxidative pentose

phosphate pathway (Meng et al. 2012). miR837-3p

was increased in response to nitrogen and sulfur

deficiencies but decreased under carbon deficiency

(Liang et al. 2015). miR837-3p was significantly

downregulated under Cu stress in Paeonia ostii

seedlings (Jin et al. 2015). miR319a-5p with most

other miRNAs were highly expressed under shading

conditions in maize (Yuan et al. 2016). Expression of

miR319a-5p was implicated in rhizomes of Oryza

longistaminata (Zong et al. 2014) and in the flowering

of Oryza rufipogon (Chen et al. 2013a, b). gma-

miR319a-5p was reported as one of the most impor-

tant restorer gene families in plants (Chen and Liu

2014). miR5772 and miR5253 were differentially

expressed in tolerant and sensitive cultivars of pepper

leaves under high temperatures and high air humidity

(Xu et al. 2015). Osa-miR1858a/b was reported to be

regulated by southern rice black-streaked dwarf virus

(SRBSDV) infection in rice (Xu et al. 2014).

Temporal and spatial expression of TaMTPs

In order to build a basis to predict physiological

functions of MTPs in wheat, organ level expression of

MTPs in a time-course was analyzed by using publicly

available transcriptome data. During a developmental

time course, the expression of MTPs showed organ

specificity (Fig. 5; Suppl. File). Interestingly, MTP5/

6s were expressed mostly in leaves and not in roots,

whereas MTP7s expression showed the opposite

pattern. MTP4s were expressed in the root as well as

in the shoot, unlike its closest ortholog in rice, which

was solely expressed in the shoot (Chen et al. 2013). In

grains, all analyzed MTPs were first sharply down-

regulated at 14 DAA (grain_Z71 to grain_Z75) and

then upregulated at 30 DAA (grain_Z75 to

grain_Z85). The only exception to that was MTP7s,

which showed a gradual decrease in their transcript

levels. Notably n leaves, all three MTP5/6 showed a

clear upregulation as the leaf aged. In root,MTP1s and

MTP7s were expressed highly. In spikes the MTP3s,

MTP4s and MTP7s were upregulated developmen-

tally. In stems, MTP1s were downregulated, while

MTP3s were upregulated gradually during develop-

ment. As the second node of wheat formed (z32),

expression of MTP7s peaked. Overall, the temporal

and spatial regulation of MTPs may indicate that

MTPs are actively involved in maintaining wheat

nutrient homeostasis throughout its life cycle.

cFig. 4 Distributions of putative cis-regulatory elements in

1000 bp upstream regions of 20 TaMTP genes. Available motifs

in corresponding genes are specified with green boxes otherwise

with reds (right side). Motifs are also demonstrated with

different colors based on their putative functions (left side) such

as blue (cis-acting elements), orange (light responsive ele-

ments), green (hormone responsive elements), yellow (tissue-

specific elements) and grey (stress responsive and other

elements). Unknown function motifs are not shown herein
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Senescence is associated with an extensive

micronutrient remobilization from leaves to seeds.

In accordance with that, in wheat, the disruption of

Gpc-B1, a gene encoding a NAC transcription factor

involved in the regulation of leaf senescence,

resulted in seeds with low concentrations of Fe
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LAMP-element light responsiveness

rbcS-CMA7a light responsiveness

MRE light responsiveness

chs-CMA1a light responsiveness

3-AF1 binding site light responsiveness

AE-box light responsiveness

CGTCA-motif MeJA responsiveness

TGACG-motif MeJA responsiveness

SARE salicylic acid responsiveness

TCA-element salicylic acid responsiveness

ERE ethylene responsiveness

TGA-element auxin responsiveness

AuxRR-core auxin responsiveness

ABRE abscisic acid responsiveness

motif IIb abscisic acid responsiveness

P-box gibberellin responsive element

TATC-box gibberellin responsiveness

GARE-motif gibberellin responsive element
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and Zn (Uauy et al. 2006). This was accompanied

by higher concentrations of these elements in the

flag leaf, underlining the source-sink relationship

between the flag leaf and seed during senescence. In

order to investigate MTPs involvement in metal

homeostasis in senescencing wheat, MTP activity in

both flag leaf and seed was analyzed. Expression

analysis of MTPs in the flag leaf revealed that, with

an exception of a slight downregulation of TaMTP5/

6B, none of the MTPs transcriptionally responded to

senescence (Fig. 6; Suppl. File). This data indicated

that MTPs are not primarily involved in the

remobilization of micronutrients from senescencing

leaves.

CCGTCC-box meristem specific activation

dOCT meristem specific activation

NON-box meristem specific activation

CAT-box meristem expression

GCN4_motif endosperm expression

Skn-1_motif endosperm expression

motif I root specific element

RY-element seed specific regulation

as-2-box shoot specific/light responsiveness

HD-Zip 1 differentiation of palisade mesophyll cells

HD-Zip 2 control of leaf morphology development

TC-rich repeats defense and stress responsiveness

ARE anaerobic induction

GC-motif anoxic specific inducibility

EIRE elicitor responsive element

MBS drought inducibility

LTR low temperature responsiveness

Box-W1 fungal elicitor responsive element

HSE heat stress responsiveness

C-repeat/DRE cold and dehydration responsiveness

circadian circadian control

O2-site zein metabolism regulation

Fig. 4 continued

Fig. 5 Expression profiles of TaMTP genes during develop-

mental timecourse of grain, leaf, root, spike and stem.

Expression values are specified as FPKM (Fragments Per

Kilobase Of Exon Per Million Fragments Mapped). Develop-

mental timecourses are based on Zadoks cereal developmental

scale (refer to Suppl. File)
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In seeds of wheat, metal micronutrients are not

homogeniously distributed, but instead show organ

and tissue level specificity. Most of the Fe, Mn and Zn

are found in the aleurone layer of seeds and the

embryo; while the endosperm,the largest part of the

seed, is poor of these micronutrients (Mazzolini et al.

1985; Borg et al. 2009; Regvar et al. 2011). In order to

investigate the possible involvement of MTPs in

storage mineral accumulation, activity of MTPs in

wheat seeds was analyzed (Fig. 7; Suppl. File).

Surprisingly, in general MTP transcript levels were

found to be high and regulated throughout develop-

ment. TaMTPs that were expressed highly in the

endosperm included TaMTP1s, TaMTP2s, and

TaMTP7A. Expression of TaMTP5/6s in the seeds

was high but confined to the aleurone layer. Interest-

ingly, all MTPs were preferentially expressed in the

aleurone during grain filling (20DPA and 30DPA).

The aleurone layer of the grain stores minerals,

subcellularly in the globoids of the vacuoles (Regvar

et al. 2011). Sequestration of storage minerals into

vacuoles requires tonoplast localized transporter pro-

teins as shown in Arabidopsis for Fe (Kim et al. 2006)

and for Mn (Eroglu 2015). Thus, considering that they

are usually localized to tonoplasts (Fig. 2), TaMTPs

are likely to be involved in making upmineral reserves

in the vacuoles of cells in the aleurone layer of wheat

grains. In particular, since the closest orthologs of

TaMTP1s were characterized as a tonoplast-bound Zn

transporter in both Arabidopsis and rice, TaMTP1s

may be responsible for higher Zn contents in the

vacuoles of the aleurone tissue. In summary, temporal

and spatial expression of TaMTPs indicated that they

are not likely to play major roles in metal remobiliza-

tion in senescencing leaves, but instead are likely to be

involved in reserve metal accumulation by providing

an intercellular sink by effluxing metals out of the

cytosol.

Fig. 6 Expression profiles

of TaMTP genes in

senescing leaves

timecourse. Expression

values are specified as

FPKM. HD, heading date

and DAA, days after

anthesis

Fig. 7 Expression profiles of TaMTP genes in grain layer developmental timecourse. For localization of grain layers refer to

supplementary file. Expression values are specified as FPKM. DPA, days after anthesis
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Homology modelling of TaMTP proteins

Finally, all 20 wheat TaMTP members, except for

TaMTP8B which contained several consecutive

undefined residues in its protein sequence, were

modelled using Phyre2 server at intensive mode

(Fig. 8). Predicted models were based on following

templates to heuristically maximize the alignment

TaMTP1A TaMTP1D TaMTP2A TaMTP2B TaMTP2D

TaMTP3A TaMTP3B TaMTP3D TaMTP4A TaMTP4B

TaMTP4D TaMTP5/6A TaMTP5/6B TaMTP5/6D TaMTP7A

TaMTP7B TaMTP7D TaMTP8A TaMTP8D

Fig. 8 Predicted 3D models of wheat TaMTP proteins. Models

were generated by using Phyre2 server at intensive mode.

TaMTP8B structure could not be satisfactorily predicted since it

contained some consecutive undefined residues. Models were

visualized by rainbow color from N to C terminus and organized

in order as TaMTP1-8A, B and D
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coverage, percentage identity and confidence score for

the tested sequences. Two templates, 2QFI and 3J1Z

from structures of zinc transporter YiiPs were used in

the modelling of TaMTP1A/D, TaMTP3A/B/D,

TaMTP4A, TaMTP5/6A/B/D and TaMTP8A; tem-

plates 5ENS (from bacterial efflux pump), 2QFI and

3J1Z in TaMTP2A/D models; templates 2QFI, 3J1Z,

1GHH (from E. coli DinI protein) and 1IWG (from

bacterial multidrug efflux transporter AcrB) in

TaMTP2Bmodel; templates 2ENK (from human solute

carrier family 30/Zn transporter), 2QFI and 3J1Z in

TaMTP4B/D and TaMTP7Amodels; templates 2ENK,

5A39 (from Rad14), 1D4U (from human nucleotide

excision repair protein XPA), 2QFI and 3J1Z in

TaMTP7B model; templates 2QFI, 3J1Z and 4L6R

(from human glucagon G protein coupled receptor) in

TaMTP7D model; and templates 2QFI, 3J1Z, and

5GAS (from Thermus thermophilus V/A-ATPase)

employed in TaMTP8D model. The quality of models

was validated by Ramachandran plot analysis in which

[80% of residueswere in allowed region indicating the

fairly good structures of models. However, it was

apparent that to construct more reliable, native-like

models the more experimentally solved structures are

required from CDF family proteins in particular from

plant MTPs. The a-helices primarily constituted the

secondary structures of modelled wheat proteins with

48–67% whereas b-strands distributed with a

1-10%.Ttransmembrane (TM) helices possessed a

percentage of 19-38 in secondary structure of TaMTPs

with mainly six putative TMDs.Moreover, to figure out

the similarity or divergence of generated models,

structures were superimposed to calculate the percent-

ages of structure overlap. The structure overlap is

regarded as e.g, given X and Y proteins the percentage

of representative atoms in X protein that is within 3.5 Å

of the respective atoms in the superimposed Y protein.

The calculations were emphasized on the A, B and D

genomes of each TaMTP group within itself (refer to

phylogenetic section) to estimate how preserved each

genome component during long hybridization and

polyploidization processes were structurally, and

thereby also functionally. The superimposed

TaMTP1A-D models were indicated by 76.88% struc-

ture overlap, TaMTP2A-B by 69.12%, TaMTP2A-D by

69.12%, TaMTP2B-D by 44.62%, TaMTP3A-B by

69.51%, TaMTP3A-D by 73.46%, TaMTP3B-D by

80.56%, TaMTP4A-B by 73.75%, TaMTP4A-D by

66.25%, TaMTP4B-D by 68.25%, TaMTP5/6A-B by

73.51%, TaMTP5/6A-D by 72.03%, TaMTP5/6B-D by

77.23%, TaMTP7A-B by 46.58%, TaMTP7A-D by

48.68%, TaMTP7B-D by 60.10%, and TaMTP8A-D by

33.04%. A, B and D genomes of each TaMTP group

mainly demonstrated a 66-76% structural overlap.

However, some models such as TaMTP2B-D

(44.62%), TaMTP7A-B (46.58%), TaMTP7A-D

(48.68%) and TaMTP8A-D (33.04%) showed low

structure similarity but above the twilight zone

(\30%). Taken together, it has been implicated that

MTPs from each genome donor, T. urartu (A-genome),

A. speltoides (B-genome) and A. tauschii (D-genome)

eithermay have been ancestrally similar to each other or

originally divergent MTPs could have been stabilized

during long domestication process resulting in changes

on protein structures thereby on protein functions.

Conclusion

Wheat is a globally produced cereal grain and plays a

crucial role in global food security. However, potential

genetic biofortification tools for wheat including the

knowledge of MTPs are largely missing due to its

large hexaploid genome size. This study identified 20

MTPs in wheat and annotated as TaMTP1-8A, B or D

based on their phylogeny. Their preferential expres-

sion in the aleurone of the grains, indicated that

TaMTPs contribute to build up the rich metal reserves

found in this tissue. This study showed potential

importance of MTPs in the biofortification of grains

with essential micronutrients and will serve as a basis

for the physiological characterization of wheat MTPs.
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