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Abstract

Background: The plant ZIP (Zn-regulated, iron-regulated transporter-like protein) transporter family is one
of the most essential gene families regulating the uptake, transport and accumulation of microelements,
which play important roles in plant growth, development and biofortification. Although the ZIP family has
been systematically studied in many plant species, the significance of this family in wheat is not well
understood at present.

Results: Through a genome-wide search based on the latest wheat reference sequence (IWGSC_V1.1), 58
TaZIP genes were identified. Most of these genes were represented by two to three homoalleles, which
were named TaZIP_-A, TaZIP_-B, TaZIP_-D, Protein structure analysis revealed that most TaZIP proteins
contain more than six transmembrane (TM) domains and that the distance between TM-3 and TM-4 is
variable. Furthermore, the TaZIP proteins clustered into four groups in a phylogenetic tree, and the
proteins belonging to the same group shared similar exon-intron structures and conserved motifs.
Expression pattern analysis revealed that most TaZIP genes were significantly highly expressed in root,
and that nine TaZIP genes were up-regulated at the grain filling stage. When exposed to ZnS04 and FeCl
3 solutions, TaZIP genes showed different expression patterns, and 16 TaZIP genes were identified as
candidate high-affinity Zn transporter genes and 23 as low-affinity Zn transporter genes. Finally, using
yeast complementation analysis three TaZIP genes were demonstrated to have the capacity to transport
Zn and Fe.

Conclusion: This study systematically analyzed the genomic organization, gene structures and
expression profiles of TaZIPs. The findings not only provide candidates for further functional analysis,
but also contribute to a better understanding of the regulatory roles of ZIPs in wheat.

Background

Zinc (Zn) is a microelement essential for plant normal growth and development. It plays an important role
in diverse biochemical processes and is also an essential component of biological metabolic enzymes
involved in the regulation of enzyme activity [1,2]. Iron (Fe) is another essential microelement; it is an
auxiliary group of many enzymes in plants, such as cytochrome oxidase, peroxide and catalase, and
plays an important role in respiratory electron transport [3,4,5]. Both Zn and Fe are indispensable for plant
photosynthesis [6]. Although Zn and Fe are vital for plant growth and development, excessive levels of Zn
and Fe result in significant toxicity to biological systems [7]. Therefore, plants have evolved multiform
transport systems to equipoise the absorption, utilization and storage of these metal ions [8,9]. These
systems include the ZIP (Zn-regulated, iron-regulated transporter-like protein), CDF (Cation-Diffusion
Facilitator), and HMA (Heavy Metal ATPase) proteins [10].

Generally, ZIP transporters are composed of 326 to 425 amino acid residues, and most ZIP transporters
contain eight transmembrane (TM) domains with a variable number of amino acids between TM regions
[l and IV [11]. In this variable region, there are many histidine residues, which are associated with the
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binding and transport of metal ions [11]. In addition, metal ions and transporters can form octahedral,
tetrahedral and plane structures [12]. Recently, many ZIP genes have been identified; these genes encode
proteins with the ability to transport various divalent cations, including Fe?*, Zn?*, Mn?*, and Cd?*
[11,13]. Sofar, 16 ZIP genes have been found in rice and Arabidopsis, respectively [14,15,16].

In Arabidopsis, At/IRT 7 was the first functionally identified ZIP gene, and is mainly expressed in the root
and enriched nickel (Ni) under iron deficiency [17]. In yeast complementation assays, AtIRT1 was shown
to transport Fe and Zn, and under Fe-deficient conditions, irt7 mutant plants showed severe etiolation,
with an iron content in etiolated leaves only about 30% of that of wild type; this etiolation phenotype
could be alleviated when mutant plants were transformed with an iron transporter gene [18,19]. The
function of At/IRTZ2is highly similar to that of At/IRT7; AtIRT2 could restore the transport activity of an iron-
deficient yeast mutant [20]. The functions of AtZIP7 and AtZIP2 have also been reported. AtZIP1 is
mainly expressed in the root and leaf vein, while AtZ/IP2is highly expressed in the root column [21]. The
proteins encoded by these two genes are located in the vacuole membrane and plasma membrane,
respectively. AtZ/P1 participates in the reactivation of metal ions transported from vacuoles to the root
cytoplasm, while AtZIPZ2 participates in root absorption of Mn and Zn. Both proteins play an important
role in the transport of Mn and Zn from roots to leaves [21]. Extensive studies have also shown that some
ZIP genes are also involved in response to Zn-deficiency in Arabidopsis [22,23].

In rice, Os/RT1 and Os/RTZ2 are mainly responsible for Fe transport [24]. Under Fe-deficient conditions, the
expression of these genes increase significantly in roots. Overexpression of Os/RT1 increases the
resistance to Fe-deficient stress and the sensitivity to excessive Zn and Cd [25,26,27]. Rice overexpressing
OsIRT1 showed no significant difference from the wild type at the seedling stage, but at the reproductive
stage, overexpression plants had shorter and fewer tillers as well as decreased yield, while the contents of
Fe and Zn in grains increased [22], suggesting that overexpression of Os/RT7improved the accumulation
of Fe and Zn in rice grains, but at the same time resulted in yield reduction. The function of Os/RT2is
similar to that of Os/IRT7, but it has a lower transshipment capacity [26]. The family members 0sZ/P17,
0sZIP3, 0sZIP4, and OsZIP5 were also shown to transport of Zn in rice [12,28,29,30].

Since ZIP proteins were first demonstrated to be the key proteins involved in plant absorption and
transport of Zn and Fe, they have been extensively studied in model plants, such as rice and Arabidopsis.
However, little is known about this family in wheat. Wheat is a major staple crop worldwide, feeding
approximately 40% of the world’s population [31]. Although the average yield and total production of
wheat have been greatly increased with the help of improved breeding and cultivation programs, wheat
nutritional quality, particularly the contents of the microelements Zn and Fe, has not been enhanced to
meet humans’ needs. It is reported that about two billion people in South Asia and Sub-Saharan Africa
suffer from Zn and Fe deficiency, which has been termed “hidden hunger” [32]. Increasing the Zn and Fe
content in wheat grains through genetic engineering breeding is a convenient, cost-effective and
sustainable way to solve this problem. Identification and mining of the genes regulating the uptake,
transport and enrichment of Zn and Fe is crucial for breeding wheat with high Zn and Fe content. Thus,
we have systematically analyzed the genomic organization, gene structures and expression profiles of
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ZIP gene family members in wheat at the genome level, with the aim of discovering candidates for further
functional study and genetic improvement applications.

Results

Identification and classification of ZIP genes in wheat

The updated wheat reference genome sequence and protein information (IWGSC_V1.1) were download
from the Ensemble plant database (http://plants.ensembl.org/Triticum_aestivum/Info/Index). The ZIP
HMM file, which is specific to the ZIP protein family, was downloaded from the Pfam database. Based on
a whole genome search, a total of 58 ZIP genes were identified (Table 1) (Additional file 1, 2, 3, and 4), of
which 44 genes were orthologous to ZIP genes rice; these genes were named following the rice
nomenclature (Fig. 1). The remaining genes were named TaZIP17to TaZIP30 according to their locations
on the chromosome defer to the principles of 1A to 7D (Fig. 2). We found that the TaZIPs were unevenly
distributed on the chromosomes, with no ZIP genes on the fifth chromosome group (Fig. 1). The amino
acid lengths of the TaZIP proteins ranged from 185 to 577, and the proteins contained 3to 13 TM
domains. Most TaZIPs contained 7 to 9 TM domains and the distance between TM-3 and TM-4 was
variable. The TaZIP proteins were predicted to be localized on the plasma membrane.

The phylogenetic relationships between the 58 wheat ZIPs and 16 rice ZIP proteins were determined (Fig.
2, File 5). In a phylogenetic tree these ZIP proteins were clustered into four groups: ZIPI (37 wheat proteins
and 9 rice proteins), ZIPIl (3 wheat proteins and 1 rice proteins), ZIPIll (6 wheat proteins and 2 rice
proteins) and ZIPIV (12 wheat proteins and 4 rice proteins). The largest group, ZIPI, included TaZ/P17to
TaZIP30. Six wheat ZIPI proteins were closely related to Os/RT7 and OsIRTZ, suggesting that these six
TaZIPs may share similar functions in Fe transport. Three homoeologous copies (A, B and D) of TaZIP4
clustered together with OsZ/P3 and OsZIP4 on the same branch in the ZIP1 group. Group ZIPIl consisted
of 0sZIP6, TaZIP6-A, TaZIP6-B and TaZIP6-D. Eight and 16 proteins were assigned to groups ZIPIll and
ZIPIV, respectively.

TaZIP gene structures and conserved motifs

To obtain a preliminary understanding of the functions of TaZIPs, we further analyzed their gene
structures and identified conserved motifs (Fig. 3). The sizes of the wheat ZIP genes ranged from 836 bp
to 14,494 bp (Additional file 1). The numbers and lengths of introns were the main factors accounting for
the variation in gene size. The number of introns varied from 0 to 11, and the number of exons ranged
from 1 to 11. Although TaZIP27 was the largest gene, TaZIP16-AB,D and TaZIP13-AB,D, which are all
members of ZIPIV, had the most exons (up to 11). The shortest gene, TaZIP28, had only one exon. The
genes with closer phylogenetic relationships clearly shared more similar gene structures.

Using the MEME tool, we identified 11 conserved motifs in the wheat ZIP proteins (Fig. 3). Members of
the same groups also had similar conserved motif organizations. All TaZIP proteins except TaZIP5-A and
TaZIP27 had motif 3, which contains a histidine residue that is used to bind to metal ions for
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transmembrane transport. All TaZIP proteins in group ZIPI had motifs 1 to 7, except three truncated
proteins (TaZIP5-A, TaZIP27 and TaZIP28). All group Il members had the same motifs except TaZIP6-D,
which contained motif 7. Motif 8 was only found in group IV proteins. All proteins in this group contained
both motifs 3 and 8, but TaZIP11-A, B, D only had motif 3.(Additional file 4) Most TaZIP proteins also had
motif 11, but the location of this motif varied between proteins.

Expression patterns of TaZIP genes in four tissues and at different grain filling stages

Overexpression of some ZIP genes has been shown to increase Zn and Fe content, and thus improve the
quality of the grain and fruit. The wheat cultivar Zhongmai175 is an elite variety with a high Zn and Fe
content [33]. To analyze the expression patterns of TaZIP genes in the grains of this wheat cultivar, we
extracted RNA from wheat grains at different filling stages. We also analyzed the tissue-specific
expression profiles of all TaZIP genes, except for 19 genes, for which we unfortunately could not design a
suitable primer for fluorescence quantitative PCR (Additional file 6).

Publicly available RNA-seq datasets were also used to investigate the expression of TaZIP genes in
different tissues, including the root, stem, leaf and grain. A total of 39 genes were found to be expressed
in these tissues. Most of them were highly expressed in root but lowly expressed in grains; for example,
TalRT1-D was expressed most highly in the root but expressed at the lowest levels in grain (Fig. 4). Four
genes (TaZIP4-B, TaZIP4-A TaZIP6-D, TaZIP14-B) showed highest expression in the stem, and three
genes (TaZIP19, TaZIP6-A, TaZIP2-A) showed highest expression in the leaf. The expression levels of all
group lll and IV genes, except TaZIP16-A and TaZIP16-B, were relatively high in all four tissues (Fig. 4),
and they were particularly higher expressed in root. Differential expression between homoeologous genes
was also observed. For example, TalRT2-A and TalRT2-B were highly expressed in grain, but 7alRT1-D
was lowly expressed in this tissue.

To better understand the expression patterns of TaZIP genes at the grain filling stage, we compared the
gene expression levels at different DAF (days after flowering) relative to those at 7 DAF as a control
(Additional file 7). Analysis of expression patterns at 14 DAF, 21 DAF and 28 DAF revealed significant
differences in the expression levels of TaZIPs during grain filling (Fig. 4). A total of 31 TaZIP genes were
down-regulated at the grain filling stage, with the lowest expression levels observed at 28 DAF. Eight
TaZIP genes were highly expressed during the grain filling stages, but displayed diverse patterns of up-
regulation. Six group | genes were up-regulated, and TaZTP7-B was significantly more highly expressed
than the others. TalRT2-A and -D were found to be highly expressed at the grain filling stage as well. No
group ZIPIl genes displayed high expression at this stage. TaZIP14-B and TaZIP14-A were unique among
group lll genes in that their expression was up-regulated at the grain filling stage. The expression level of
TaZIP14-B was very high, while TaZIP14-A was moderately expressed. In group IV, both TaZ/P13-B and
TaZIP13-D were highly expressed but these genes had distinct expression patterns; TaZIP13-B expression
levels increased rapidly during the filling stage while TaZ/P13-D displayed moderate expression TaZ/P13-
B.

Expression profiles of TaZIP genes under Zn or Fe stress
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The change in TaZIP gene expression in response to treatment with solutions containing different
concentrations of ZnSO, and FeCl; was also analyzed. Almost half of the ZIP genes were up-regulated
under low concentrations of ZnS0O,, but the expression trend differed among the four groups and also

within the same group as well. As shown in Fig. 5, 12 group | genes were highly expressed under 0.05
pmol/L ZnSO,, but the expression levels were lower under the 0.5 and 50 pmol/L conditions. The

expression of these genes was suppressed by increasing of Zn stress. At the same time, 14 genes were
up-regulated under 0.50 pmol/L ZnS0O4. Moreover, the expression levels of nine ZIP genes (TaZIP21,
TaZIP5-D, TaZIP5-B, TaZIP8-B, TalRT 1-D, TalRT2-D, TalRT2-A, TaZIP10-B, TaZIP10-A) increased in
response 50 ymol/L ZnS0,. All genes in groups ZIPIl and ZIPIIl were up-regulated in response to low
concentrations of ZnSO,. The gene TaZIP14-D was up-regulated by 0.5 pmol/L ZnSO, solution, but it was
down-regulated by 50 pmol/L. TaZIP14-A were peculiar was suppressed under 50 pmol/L ZnS0y. In
group IV, two genes (TaZIP13-D TaZIP13-B) were very highly expressed under 0.5 pmol/L ZnSO0,.

Although the gene TaZ/P13-B was expressed only moderately under 0.05 pmol/L, it was up-regulated in
response to other concentrations of ZnSO0,.

The expression patterns of TaZIPs under different concentrations of FeCl; were also analyzed. As shown
in Fig. 5, low concentrations of FeCl; promoted the expression of 13 ZIP genes, and these genes were
further suppressed or moderately up-regulated under 0.5 and 50 pmol/L FeCl;. Another 16 genes were
highly expressed under 0.05 and 0.5 pmol/L FeCl; solutions. Six genes were expressed highly under FeCl,
concentrations of 0.05 and 0.5 pmol/L. The genes TaZIP9-A, TaZIP13-D and TaZIP7-A, -B, -D were up-
regulated under high concentrations of FeCl;. As the Fe transporter in wheat, Ta/RT7-D was reported to be
a key gene involved in the transport of iron ions, but its expression level under the FeCl; treatment was
lower than that under the ZnSO, treatment. The expression patterns of TalRT2-A and -B were similar to
that of TalRT1-D.

Functional analysis of three TaZIPs by complementation in yeast cells

To reveal the biological functions of the TaZIPs, three genes (TaZIP9-A, TalRT2-A, TaZIP13-D) were cloned
for yeast complementation analysis under ZnSO, and FeCl; treatment. Three rice genes, 0OsZIP3, OsZIP5
and Os/RT1, which have been demonstrated to be involved in the transport of Zn and Fe [15, 16, 34], were
also cloned to use as positive control.

Three Saccharomyces cerevisiae yeast strains were used in this experiment: the wild type strain 1455, the
zrt1zrt2 double mutant (ZHY3) and the fet3fet4 double mutant (DEY1453), to verify that the three wheat
genes were capable of restoring the ability of the mutant yeast to transport Zn and Fe. The full-length
cDNAs of the three TaZIP genes were cloned and expressed in the two double mutants. The ZHY3 yeast
cells transformed with the TaZIP genes grew on the SD media plus 0.4 mM EDTA, and the transformed
1453 cells grew on SD with 50 mM MES. As shown in the Fig. 6a, ZHY3 cells transformed with the TaZIP
and OsZIP genes grew on the SD media containing three different concentrations ZnS0O,, indicating that

the TaZIP proteins reversed the growth defect in the ZHY3 yeast mutant as efficiently as the functionally
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characterized OsZIP proteins. This reversal was especially evident for TaZIP13-D. Similarly, the
transformed 1453 cells grew on SD media containing different concentrations FeCl; and 50 mM MES. As
expected, the growth defect was reversed with the expression of TaZIP and OsZIP genes (Fig. 6b). Cells
transformed with TaZIP13-D showed the strongest growth under Fe-limited conditions. Expression of
TalRT2-D could also allow growth of transformed 1453 cells on SD media containing FeCl;. The fact that
TaZIP9-A, TaZIP13-D, and TalRT2-D could complement the growth phenotypes of the zinc transporter
mutant zrt7zrt2 and iron transporter mutant fet3fet4 effectively suggests that they have the ability to
transport Zn and Fe.

Discussion

Zn and FE are microelements that are essential for normal plant growth. When plants cannot absorb
enough Zn and Fe, they will show phenotypes such as etiolation, withering, and even death [20]. Low
available Zn and Fe content in soil is the main reason for plant Zn deficiency [35]. About 30% of the
world’s agricultural area is low in Zn, which affects grain yield and the Zn concentration in grains [36].
Plants achieve sustained Zn uptake from the environment using a dual-transporter system, which
includes high-affinity and low-affinity Zn transporters called ZIPs [37]. This protein family has been
reported in many species, including Arabidopsis, rice, barley, and maize [14,38,39,40,41]. To the best of
our knowledge, this important family has not been well studied in wheat.

In this study, we identified 58 ZIP genes in wheat by performing a genome-wide search. The genes were
distributed on all chromosomes except the 5 chromosome group, which demonstrates that the
localization of the ZIP family is uneven in wheat. This uneven distribution might be due to specific
retention and dispersion of TaZIPs during polyploidization. The lengths of the wheat ZIP genes were
different and there were a variable number of amino acids between TD-lll and TD-IV [11]. All TaZIP
proteins were predicted to be localized in the plasma membrane, which is consistent with ZmZIPs, At/RT3
and AtZIP4 and HvZIP7[14,16,39,42]. There are also ZIP proteins located on the vacuolar membrane,
such as AtZIP1 and 0sZIP6 [12,26]. The plasma membrane is an important site for the transport of metal
ions including Zn?* and Fe?*, which are quickly assimilated from fluctuating environments [43]. Thus, the
predicted plasma membrane localization of all TaZIP proteins suggests that wheat could rapidly absorb e
Zn and Fe from the environment.

Most of the TaZIP genes were mainly expressed in roots, and others were mainly expressed in the leaf
or stem. This result suggests that most TaZIP genes likely absorb and transport Zn and Fe in the root.
The root takes up these elements, which are then translocated to the shoots. Several studies have
revealed that the Zn and Fe taken up by the root are primarily delivered to different tissues through a
phloem-tropic mode [44]. When the mineral elements arrive at the leaf and stem, the ZIP proteins that are
mainly expressed in these tissues transport them into cells, where it is required to maintain normal plant
growth and development.
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The content of Zn and Fe in the grain is one of the most important indexes used to evaluate the quality of
wheat [45]. Zn and Fe accumulation in grain generally occurs during the grain filling stage [46]. Several
studies have demonstrated the relationship between the overexpression of ZIP genes and the resistance
to mineral deficiency [28,47]. The relationship between the content of Zn and Fe in cereals and the
overexpression of ZIP genes has also been reported [16,22]. In this study, the expression of ZIP genes
during the grain filling stage was investigated. Nine genes were up-regulated at this stage, implying that
these genes may take part in the accumulation of Zn and Fe in grain. It was found that overexpression of
OsIRT1 in rice enhanced the content of Zn and Fe in seed, but in this study we found that the orthologous
gene TalRT1 was down-regulated in wheat grains. We suspect that because TalRT7 and TalRT2 produce
similar proteins that transport Zn and Fe, TalRT2-A and TaRT2-D suppress the expression of the TalRT1
genes.

The expression patterns of ZIP genes under Zn and Fe deficiency have been examined in several studies,
and most ZIP genes have been shown to be up-regulated under these conditions [14,16,48]. For example,
AtZIP1-5, AtZIP9-12 and AtIRT3 have been shown to be up-regulated under Zn-deficiency conditions, and
OsIRT1 and OsIRTZ2 are up-regulated under Fe-deficiency conditions. The ZIP transporter is a dual-
transporter system, which consists of both high-affinity and low-affinity Zn transporters [36,49]. The high
affinity system is saturated at about 0.1 pmol/L, and the uptake of Zn by the low-affinity system
increases linearly between the concentrations of 0.5 to 50 umol/L [28,47]. A previous study found that the
Zn uptake system in wheat is also a dual-uptake system [49]. As far as we know, no study has reported
the expression patterns of ZIP genes under different concentrations of Zn?* and Fe®* . Our study revealed
that about half of TaZIP genes were most highly expressed in the 0.05 pmol/L ZnS0O, solution and the
rest of the genes were mostly highly expressed under 0.5 pmol/L ZnSO, TaZIP genes also displayed
similar expression patterns in FeCl; solutions. We regard the 16 TaZIP genes that were most highly
expressed in the 0.05 pmol/L ZnSO, solution as encoding high-affinity Zn transporters, and the remaining
TaZIP genes as encoding low-affinity Zn transporters. Actually, some of high-affinity Zn transporters in
wheat were also up-regulated in another two concentration solutions .

In yeast, the high-affinity transporter gene (Zrt7) is responsible for the uptake of Zn in Zn-limiting media.
When Zn is abundant in external media, Zrt7 is repressed and the low-affinity transporter (Zrt2) mediates
Zn uptake [37]. ZHY3 is yeast zrt7zrt2 double mutant that cannot grow normally in SD media containing
ZnS0,. fet3fet4 DEY1453 is another mutant that cannot grow normally in the SD media containing FeCls.
Inserting a functional gene into these mutants will reverse the growth defect. Yeast complementation
assays have been used in many studies to demonstrate that ZIP proteins are able to reverse the growth
defects in zrt71zrt2 and fet3fet4 double mutants [14,16]. In this study, we assayed the ability of three
genes, TaZIP9-A, TalRT2-A and TaZIP13-D, to rescue the growth defects in the zrt7zrt2 and fet3fet4
double mutants. These genes were chosen because they belong to different groups and were highly
expressed during the grain filling stage and under different ZnSO, and FeCl; treatments. All three genes
rescued the growth defects of the yeast mutants, revealing that the proteins encoded by these genes
transport Zn and Fe effectively.
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Conclusions

This is the first study to report the genomic organization, gene structures, phylogenetic relationships and
expression profiles of ZIP gene family members in wheat. A total of 58 TaZIP genes were identified. Gene
structure and protein motif analysis indicated that TaZIP genes with closer phylogenetic relationships
share similar exon-intron structures and conserved motifs. The expression patterns of TaZIP genes
differed in different tissues and at different stages of grain filling. TaZIP genes also had different
expression patterns in response to Zn and Fe treatment, and Zn- or Fe- responsive TaZIPs were identified.
Three TaZIP genes were also shown to have the ability to reverse the growth defects of yeast Zn and Fe
transport mutants. This study not only provides candidates for further functional analysis, but also
contributes to a better understanding of the regulatory roles of ZIPs in wheat.

Methods

Plant materials

The wheat line ZhongMai175 was used in this study which is an elite variety that contains high Zn levels
in grain [33]. A total of four rows were planted with this wheat line at the experimental station of
Northwest A&F University, Yangling, China (34°20'N, 108°24'E). At the flowering stage, we chose one plant
in each row as materials. Grains from each plant were collected at 7 DAF and frozen in liquid nitrogen.
Samples were then collected every week until the grain matured. A total of four samples were collected in
this study: 7DAF, T4DAF, 21DAF and 28DAF.

In the laboratory, the ZhongMai175 was cultured in a glass garden with filter paper, which was placed in a
climate chamber (RXZ-500D-LED, Ning Bo) with a light/dark cycle of 16/8 h and 24 °C for ten days. The
whole wheat were Collected and treated with different concentrations (0.05, 0.5, 5, and 50 pmol/L) of
ZnS0, and FeSO, solution for 1 h.

Identification and bioinformatic analysis of TaZIP genes

The wheat ZIP gene and protein sequences were downloaded from Ensemble Plants
(http://plants.ensembl.org/index.html) (PF02535) was downloaded from the Pfam v31.0 database
(http://pfam.xfam.org/). This profile was used to search against plant protein sequences using a
threshold of E < 1e-5 [50]. Blast and manual corrections were then performed to remove alternative events
and redundant sequences. Then these proteins sequences were compared to those in the corresponding
protein database from WPD (http://www.wheatprotein.cn/index.html). The rice OsZIP genes were
downloaded from the NCBI database (https://www.ncbi.nim.nih.gov/) as described by Chen and Tiong
[15,16]. The neighbor-joining phylogenetic tree was constructed with MEGA 7 and EvolView (http://
www.evolgenius.info/evolview/) based on the protein sequences of wheat and rice ZIPs with 1000
bootstrap replicates.

Gene structure and conserved motif analyses
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Gene structure analysis was conducted using GSDS (http://gsds.cbi.pku.edu.cn/). Conserved protein
motifs were predicted using the MEME Suite web server (http://meme-suite.org/), with the maximum
number specified as 11 and the optimum width of motif sets specified as 5 to 200 amino acids.

RNA isolation and real-time PCR

Total RNA was isolated from grains and leaves with the RNAprep Pure Plant Kit (TIANGEN, China) and
from seedlings with TRIZOL (Takara, China). cDNA synthesis was performed in a 20-ul reaction mixture
containing 1 pg of total RNA and mixture from the TIANscript RT Kit (TIANGEN, China). The real-time PCR
mixture contained 1 uL cDNA, 1 L of forward and reverse primers Additional file 6), and 17 uL SYBR
Green (TIANGEN). The reaction was performed in an ABI7300 Real Time Thermal Cycler and repeated

three times. The 2"22Ct method was used for fluorescence quantitative data analysis.
Cloning of three TaZIP genes and OsZIP genes

The coding and open reading frame sequences were obtained from the Wheat Sequence Database
(https://wheat-urgi.versailles.inra.fr/Tools). The primers for cloning the three TaZIP genes (Additional file
7) were designed using Oligo 7 (Molecular.Biology.Insights, USA). In this step, RNA extracted from
ZhongMai175 seedings was used for cDNA synthesis. The PCR reaction mixture volume was 50 pL and
contained 5 yL cDNA template, 2.5 pL of forward and reverse primers (Additional file 7), 25 pL of 2x
Master Mix (NEB, USA) and 15 pL of nuclease free water. The reaction was performed on a DNA
amplification machine (Thermo Fisher Scientific, USA). The cycling conditions were as follows: initial
denaturation at 98 °C for 30 s, followed by 35 cycles of denaturation at 98 °C for 10 s, annealing at 60
°C for 20 s, extension at 72 °C for 30 s, and final extension at 72 °C for 2 min. After amplification, 7 yL of
Purple 2-Log Ladder (NEB) was added to the PCR products, which were separated on a 1.5% agarose gel
for 30 min at 120 V. After separation, PCR products were purified with the Universal DNA Purification Kit
(TIANGEN), ligated into the cloning vector pLB (TIANGEN) and sequenced.

Yeast complementation assay

Specific primers were designed for PCR amplification and expression vector construction. The PCR
procedure was the same as described above except that annealing was performed at 70 °C for 20 s. PCR
products were inserted into the BamH?1 site of the yeast expression vector pDR195 (PLASMID, China).
The constructs were sequenced and subsequently transformed into yeast competent cells prepared
according to Gietz and Schiestl [52]. The following three yeast strains were used in this experiment:

DY 1455 (MATa ade6 can1 his3 leu2 trp1 ura3), fet3fet4 DEY1453 (MATa/MATa ade2/+ canl/can1
his3/his3 leu2/leu2 trp1/trp1 ura3/ura3 fet3-2::HIS3/fet3-2::HIS3 fet4-1::LEU2/fet4-1::LEU2), and zrt1zrt2
ZHY3 (MATa ade6 can his3 leu2 trp1 ura3 zrt1::LEU2 zrt2::HIS3) (provided by Rumei Chen, Agricultural
Biotechnology Institute, Chinese Academy of Agricultural Sciences (CAAS)). pDR195-TaZIP constructs
were transformed into DEY1453 and ZHY3 using the lithium acetate conversion method described by
Gietz and Schiestl [52]. To ensure the correctness of the experiment, three rice genes, OsIRT1, 0sZIP5 and
OsZIP7, were transformed into yeast competent cells as positive controls: . The wild-type strain DY1455
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harboring pDR195 was used as another positive control. The empty vector pDR195 was used as a
negative control. Transformed cells were spread on selective SD-URA solid medium without
corresponding amino acids. For verifying the functions of the genes, we diluted the yeast liquid cultures
to ODgqq values of 1,0.1,0.01, and 0.001, and dropped 10 pL of the culture onto different media. The

yeast strain zrt7zrt2 ZHY3 was grown on SD/—ura medium (pH 4.4) supplemented with 0.4 mM EDTA
and 250 pM or 300 uM ZnS0,. The yeast strain fet3fet4 was grown on SD/—ura medium (pH 5.5-5.8)

containing 50 mM 2-(N-morpholino) ethanesulfonic acid supplemented with 0, 50 or 100 uM FeCls.

Abbreviations

ZIP: Zn-regulated, iron-regulated transporter-like protein
CDF: Cation-Diffusion Facilitator

HMA (Heavy Metal ATPase)

TM: Transmembrane

ORF: Opening reading frame

Declarations

Ethics approval and consent to participate

The plant materials used here were grown in the greenhouse of NWAFU for research use only. Wheat is
not listed in the Convention on International Trade in Endangered Species of Wild Fauna and Flora
Appendices |, Il and Il (valid from 4 April 2017, https://cites.org/eng/app/appendices.php). Collection of
plant materials complied with the institutional, national and international guidelines.

Consent for publication

Not applicable.

Availability of data and materials

The datasets supporting the conclusions of this article are included within the article and additional files.
Competing interests

The authors declare that they have no competing interests.

Funding

This research was supported by the Key Project of Research and Development Program of Shaanxi
M2018NY-051 and 2019NY-014l, the National Natural Science Foundation of China (Grant No.
Page 11/23



31871611). The funding body did not exert influence on the design of the study, and collection, analysis,
and interpretation of data or in writing of the manuscript

Authors' contributions

WJZ conceived and designed the project; SL contributed to RT-PCR, bioinformatics analysis gene cloned
real-time RT-PCR and yeast complementation and writing of the manuscript. ZHL analysed the RT-PCR
data and made the Gene expression heat map. HJL and LLG collected the plant materials and extracted
the RNA. XJN and SCC contributed to revisions of the manuscript. All authors have read and approved the
manuscript.

Acknowledgements

We thank Researcher Rumei Chen (Agricultural Biotechnology Institute, Chinese Academy of Agricultural
Sciences (CAAS)) for providing the yeast strains DEY1453, ZHY3 and DY 1455.

References

1.Welch RM, Graham RD. Breeding for micronutrients in staple food crops from a human nutrition
perspective. J Exp Bot. 2004;55(396):353-364.

2.Maret W. Zinc and sulfur: a critical biological partnership. Biochemistry. 2004; 43(12):3301-3309.

3.Pinson SRM, Tarpley L, Yan WG, Yeater K, Lahner B, Yakubova E, Huang XY, Zhang M, Guerinot MY, Salt
DE. Worldwide genetic diversity for mineral element concentrations in rice grain. Crop Sci.
2015;55(1):294-311.

4.Sadeghzadeh B. A review of zinc nutrition and plant breeding. J Soil Sci Plant Nutr. 2013;13(4):905-
927.

5.Fu LC, Wang RM, Meng J, Wan JL. Effect of foliar application of zinc and iron fertilizers on distribution
of zinc and iron, quality and yield of rice grain. Sci Agric Sin. 2010;43(24):5009-5018.

6.Palmgren MG, Clemens S, Williams LE, Kramer U, Borg S, Schjgrring JK, Sanders D. Zinc biofortification
of cereals: problems and solutions. Trends Plant Sci. 2008;13 (9):464-473.

7.Briat JF, Lebrun M: Plant responses to metal toxicity. C R Acad Sci lll. 1999;322(1):43-54.

8.Kambe T, Yamaguchi-lwai Y, Sasaki R, Nagao M: Overview of mammalian zinc transporters. Cell Mol
Life Sci. 2004;61(1):49-68.

9.Taylor KM, Morgan HE, Johnson A, Nicholson RI. Structure-function analysis of HKE4, a member of the
new LIV-1 subfamily of zinc transporters. Biochem J. 2004;377(Pt 1):131-139.

Page 12/23



10.Colangelo EP, Guerinot ML. Put the metal to the petal: metal uptake and transport throughout plants.
Curr Opin Plant Biol. 2006;9(3):322-330.

11.Guerinot ML. The ZIP family of metal transporters. Biochim Biophys Acta. 2000;1465(1-2):190-198.

12.Kavitha PG, Kuruvilla S, Mathew MK. Functional characterization of a transition metal ion transporter,
OsZIP6 from rice (Oryza sativa L.). Plant Physiol Bioch. 2015;97:165-174.

13.Pence NS, Larsen PB, Ebbs SD, Letham DL, Lasat MM, Garvin D F, Kochian LV. The molecular
physiology of heavy metal transport in the Zn/Cd hyperaccumulator Thlaspi caerulescens. Proceedings
of the National Academy of Sciences. 2000;97(9):4956-4960.

T14.Maser P Thomine S, Schroeder JI, Ward JM, Hirschi K, Sze H, Talke IN, Amtmann A, Maathuis FJ,
Sanders D, Harper JF, Tchieu J, Gribskov M, Persans MW, Salt DE, Kim SA, Guerinot ML. Phylogenetic
relationships within cation transporter families of Arabidopsis. Plant Physiol. 2001;126(4):1646-1667.

15.Chen WR, Feng Y, Chao YE. Genomic analysis and expression pattern of 0sZIP1, 0sZIP3, and 0sZIP4
in two rice (Oryza sativa L.) genotypes with different zinc efficiency. Russ J Plant Physl. 2008,55(3):400-
400.

16.Tiong JW, McDonald GK, Genc Y, Pedas P, Hayes JE, Toubia J, Langridge P, Huang CY. HvZIP7
mediates zinc accumulation in barley (Hordeum vulgare) at moderately high zinc supply. New Phytol.
2014;201(1):131-143.

17.Eide D, Broderius M, Fett J, Guerinot ML. A novel iron regulated metal transporter from plants identified
by functional expression in yeast. Proc Natl Acad Sci USA. 1996;93(11):5624-5628.

18.Vert G, Grotz N, Dedaldechamp F, Mary L, Guerinot, Jean F, Briat, Catherine, Curie. IRT1, an Arabidopsis
transporter essential for iron uptake from the soil and for plant growth. Plant Cell. 2002;14(16):1223-
1233.

19.Kramer U, Talke IN, Hanikenne M. Transition metal transport. FEBS Lett. 2007;581:2263-2272.

20.Vert G, Briat JF, Curie C. Arabidopsis IRT2 gene encodes a root periphery iron transporter. Plant J.
2001;26(2):81-189.

21.Milner MJ, Seamon J, Craft E, Kochian LV. Transport properties of members of the ZIP family in plants
and their role in Zn and Mn homeostasis. J Exp Bot. 2013;64(1):369-381.

22.Lee S, An G. Over-expression of OsIRT1 leads to increased iron and zinc accumulations in rice. Plant
Cell Environment. 2009;32(4):408-416

23.Grotz N, Guerinot ML. Molecular aspects of Cu, Fe and Zn homeostasis in plants. Biochim Biophys
Acta- Molecular Cell Research. 2006;1763(7):595-608.

Page 13/23



24 Ishimaru Y, Suzuki M, Tsukamoto T, Suzuki K, Nakazono M, Kobayashi T, Wada Y, Watanabe S,

Matsuhashi S, Takahashi M, Nakanishi H, Mori S, Nishizawa NK. Rice plants take up iron as an Fe3*-
phytosiderophore and as Fe2+. Plant J. 2006;45(3):335-346.

25.Ishimaru Y, Kim S, Tsukamoto T, Oki H, Kobayashi T, Watanabe S, Matsuhashi S, Takahashi M,
Nakanishi H, Mori S, Nishizawa NK. Mutational reconstructed ferric chelate reductase confers enhanced
tolerance in rice to iron deficiency in calcareous soil. Proc Natl Acad Sci USA. 2007;104(18):7373-7378.

26.Nakanishi H, Ogawa |, Ishimaru Y, Mori S, Nishizawa NK. Iron deficiency enhances cadmium uptake
and translocation mediated by the Fe2+ transporters OsIRT1 and OsIRT2 in rice. Soil Sci Plant Nutr.
2006;52(4):464—-469.

27.Meng L,Sun L, Tan L. Progress in ZIP transporter gene family in rice. Hereditas. 2018:33-43.

28.Lee S, Jeong HJ, Kim SA, Lee J, Guerinot ML, An G: OsZIP5 is a plasma membrane zinc transporter in
rice. Plant Mol Biol. 2010;73(4-5):507-517.

29.Pu Q, Li SZ, Li P. Research progress of ZIP transporters gene family. Biotechnol Bull. 2012; (10):15-19.

30.Sasaki A, Yamaji N, Mitani-Ueno N, Kashino M, Ma JF. A node-localized transporter OsZIP3 is
responsible for the preferential distribution of Zn to developing tissues in rice. Plant J. 2015;84(2):374-
384.

31.Mingzhi Z, Shuhong W, Zhengsong P, Zaijun Y. A Review of the Research and Application of Rht Dwarf
Genes in Wheat. Molecular Plant Breeding. 2018.

32.Morgounov A, Hugo Ferney Gomez-Becerra, Abugalieva A, Dzhunusova M, Dzhunusova, M,
Muminjanov H. Iron and zinc grain density in common wheat grown in Central Asia. Euphytica.
2007;155(1-2):193-203.

33.Zhong-Hu HE, Xin-Min C, De-Sen W, et al. Characterization of Wheat Cultivar Zhongmai 175 with High
Yielding Potential, High Water and Fertilizer Use Efficiency and Broad Adaptability. Scientia Agricultura
Sinica. 2015.

34.Ramesh SA, Shin R, Eide DJ, Schachtman DP. Differential metal selectivity and gene expression of two
zinc transporters from rice. Plant Physiol. 2003;133(1):126—-134.

35.Sadeghzadeh B, Rengel Z. Zinc in Soils and Crop Nutrition. The Molecular and Physiological Basis of
Nutrient Use Efficiency in Crops. 2011. doi:https://doi.org/10.1002/9780470960707.ch16.

36.Sillanpaa, Mikko. Micronutrients and the nutrient status of soils. 1982.

37.Eide DJ. Zinc transporters and the cellular trafficking of zinc. Biochimica Et Biophysica Acta Molecular
Cell Research. 2006;1763(7):711-722.

Page 14/23



38.Bughio N, Yamaguchi H, Nishizawa NK, Nakanishi H, Mori S: Cloning an iron-regulated metal
transporter from rice. J Exp Bot. 2002;53(374):1677-1682.

39.Li S, Zhou X, Huang Y, Zhu L, Zhang S, Zhao Y, Guo J, Chen J, Chen R. Identification and
characterization of the zinc-regulated transporters, iron-regulated transporter-like protein (ZIP) gene
family in maize. BMC Plant Biology. 2013;13; doi:10.1186/1471-2229-13-114.

40.Pedas P, Ytting CK, Fuglsang AT, Jahn TP, Schjoerring JK, Husted S. Manganese effificiency in barley:
identifification and characterization of the metal ion transporter HvIRT 1. Plant Physiology.
2008;148:455-466.

41.Preuss CP, Huang CY, Gilliham M, Tyerman SD.Channel-like characteristics of the low-affifinity barley
phosphate transporter PHT1;6 when expressed in Xenopus oocytes. Plant Physiology. 2010;152:1431-
1441.

42.Lin YF, Liang HM, Yang SY, Boch A, Clemens S, Chen CC, Wu JF, Huang JL, Yeh KC: Arabidopsis IRT3 is
a zinc-regulated and plasma membrane localized zinc/iron transporter. New Phytol. 2009;182(2):392-
404.

43.Schneider W. The transport and accumulation of metal ions in living organisms. Inorganica Chimica
Acta. 1983;79(1-6):76-76.

44 .Yamaji N, Ma JF. The node, a hub for mineral nutrient distribution in graminaceous plants. Trends
Plant Sci. 2014;19(9): 556-563.

45.Ziaeian AH, Malakouti MJ. Effects of Fe, Mn, Zn and Cu fertilization on the yield and grain quality of
wheat in the calcareous soils of Iran. Plant Nutrition. 20071. doi:10.1007/0-306-47624-X_409.

46.Tavarez M, Macri A, Sankaran RP. Cadmium and zinc partitioning and accumulation during grain
filling in two near isogenic lines of durum wheat. Plant Physiology & Biochemistry. 2015;97:461-469.

47.Lee S, Kim SA, Lee J, Guerinot ML, An G: Zinc deficiency-inducible OsZIP8 encodes a plasma
membrane-localized zinc transporter in rice. Mol Cells. 2010;29(6):551-558.

48.Mizuno T, Hirano K, Kato S, Obata H. Cloning of ZIP family metal transporter genes from the
manganese hyperaccumulator plant Chengiopanax sciadophylloides, and its metal transport and
resistance abilities in yeast. Soil Science and Plant Nutrition. 2008;54(1):86-94.

49.Reid RJ, Brookes JD, Tester MA, Smith FA. The mechanism of zinc uptake in plants — characterisation
of the low-affifinity system. Planta. 1996;198:39-45.

50.Finn RD, Coggill B, Eberhardt RY, Eddy SR. The Pfam protein families database: towards a more
sustainable future. Nucleic Acid Res. 2016;44(D1):D279-85.

Page 15/23



51.Krogh A, Larsson B, Heijne GV, Sonnhammer, E LL. Predicting transmembrane protein topology with a
hidden markov model: application to complete genomes. Journal of Molecular Biology. 2001;305(3):0-
580.

52.Gietz R, Schiestl R. Transforming yeast with DNA. Methods in Molecular and Cellular Biology.
1995;5(5):255-269.

Additional Files

Additional file 1: The detailed information of TaZIP genes. (docx 196kb)
Additional file 2: The detailed information of OsZIP proteins. (docx 15kb)
Additional file 3: The detailed information of Primer for fluorescent quantitation. (xIsx 30kb)

Additional file 4: The detailed information of Primer for gene cloning, vector construction. (xIsx 11kb)

Table

Due to technical limitations, table 1 is only available as a download in the supplemental files section.

Figures

Page 16/23



wavz

2
N

Figure 1

Phylogenetic tree of ZIP proteins constructed using the neighbor-joining method. The four different
groups are indicated by different colors. OsZIP proteins are indicated by pink circles. (PDF 34kb)
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Figure 2

Chromosome locations of wheat TaZIP genes. (PDF 219kb)
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Figure 4

Heat map of the expression profiles of wheat TaZIP genes in different tissues and at different grain filling
stages. RNA-seq data were obtained from roots, leaves, stems, and grains of the Chinese Spring cultivar.
The expression levels at different grain filling stages were obtained by real-time fluorescence
quantification PCR. (PDF 208kb)
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Heat map of the expression profiles of wheat TaZIP genes treated with solutions containing different
concentrations of Zn2+ or Fe3+. (PDF 23kb)
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Figure 6

Functional complementation of yeast Zn and Fe transport mutants by TaZIPs under different pH
conditions. The Zn transport mutant zrt1zrt2 (a) (PH 4.4) and the Fe transport mutant fet3fet4 (b) (PH
5.5-5.8) were transformed with the expression vector pDR195 carrying TalRT2-D, TaZIP9-A, or TaZIP13-D
or a functionally characterized ZIP gene, 0sZIP5, OsZIP8 or OsIRT 1. The wild-type strain DY1455
transformed with pDR195 was used as a positive control, and the yeast zrt1zrt2 or fet3fet4 mutant
transformed with the empty vector pDR195 was used as a negative control. (PDF a: 7624kb; PDF b:
7740kb
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