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ABSTRACT

Appropriate supplies of metal microelements, such as Fe, Mn, Cu, Zn, Mo, are essential for plant normal growth and
development. Plants can also uptake toxic metals, such as Cd, Pb, Hg, when they are exposed to contaminated soils.
In response to external fluctuations of these metal element supplies, plants have developed an active and complex
network of membrane transport system for optimizing the nutrient uptake, translocation and compartmentalization to
maintain their cellular homeostasis. The application of powerful genetic and molecular techniques has contributed
a lot to the identification and characterization of gene families that are involved in membrane transport of metal
elements. In this review, we summarized recent advances in the functional analysis of transporters involved in the
essential metal microelements as well as the toxic metals, including ZIPs, MTPs, HMAs, NRAMPs and YSLs, in
both dicot Arabidopsis and monocot rice together with other plants especially the metal hyper-accumulating plants.
Well understanding of this complicated but effective membrane transport system provides us a foundation for the
development of novel strategies to increase the acquisition and distribution of beneficial elements for crop production
as well as the efflux and sequestration of toxic elements for human health.
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INTRODUCTION

In order to keep the normal growth and preferential development, plants need a range of microelements, such as
iron (Fe), zinc (Zn), copper (Cu), manganese (Mn), molybdenum (Mo), nickel (Ni) and chloride (Cl) in addition of
the macronutrients nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) and sulfur (S). Fe
and Cu are essential trace elements involving in a range of electron transport reactions in both photosynthesis and
photorespiration processes, while Zn and Mn activate a number of enzymes during the biological and metabolic
processes [1]. Therefore, when these nutrients are not available to the roots, plants develop specific deficiency
symptoms. However, these nutrients can also become extremely toxic to plants causing symptoms, such as leaf
chlorosis and necrosis, stunting and root growth inhibition because of the overproduction of reactive oxygen species
and oxidative injury when they present in excess levels [1-3]. Thus, the abilities of plants uptaking micronutrients by
the roots, transport and distribution among the tissues and organs, and regulation of the cytosolic concentrations to
keep ion homeostasis are particularly important to healthy plant growth and preferential development.

Plant genomes encode large families of nutrient transporters that vary in their substrate specificities, cellular localization
and expression patterns, to ensure that all tissues and organs receive an adequate level of the nutrients required for
vital cellular processes but prevent them from accumulating to toxic levels [4,5]. Until recently, a wide range of gene
families have been identified in plants that are likely to be involved in metal microelements transport. These include ZIP
(ZRT-, IRT-like proteins) family [6], CDF (cation diffusion facilitator) family [7], HMA (heavy metal ATPase) family
[8-10], NRAMP (natural resistance-associated macrophage protein) family [11] and YSL (yellow stripe-like) proteins
[12-14]. The mineral micro nutrition of crops is of fundamental importance to both yield production and human health.
However, there are still many physiological and molecular mechanisms remaining to be investigated, particularly in
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relation to the distribution and accumulation of either essential micronutrients or non-essential and toxic heavy metal
elements in edible parts of crops. This paper will summarize the general properties of metal micronutrient transporter
families, including substrate specificities, cellular and subcellular locations, biological functions in both Arabidopsis
and rice, as well as some of other crops and metal hyper-accumulating plants. It aims to provide an overview of
the potential transport systems that thought to be involved in the acquisition, distribution and homeostasis of metal
microelements in plants. Figure 1 summarized the organ/tissue expressions and responses to element sufficient or
deficient conditions of ZIP, MTP, HMA, NRAMP and YSL genes in Arabidopsis and rice, Figure 2 summarized the
subcellular expressions and transport substrates of ZIPs, MTPs, HMAs, NRAMPs and YSLs in Arabidopsis and rice.
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Figure 1: The diagram of organ/tissue expressions and responses to element sufficient or deficient conditions of ZIP, MTP, HMA,
NRAMP and YSL genes in Arabidopsis (a) and rice (b). 1 and |indicates the gene expression level is up- and down-regulated by element
sufficiency (+) or deficiency (-), respectively
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Figure 2: The diagram of subcellular expressions and transport substrates of ZIPs, MTPs, HMAs, NRAMPs and Y SLs in Arabidopsis (a)
and rice (b). — indicates the transport direction of elements

ZIP GENE FAMILY

General function of ZIP genes

ZIP (ZRT-, IRT-like proteins) family are named for their sequence similarity to the ZRT1 (Zn regulated transporter
1) from yeast and IRT1 (iron regulated transporter 1) from Arabidopsis. It is a divalent metal transporter family and
considered to be the primary group of transporters controlling plant Zn influx at the plasma membrane [6,15-18].
ZIP family is well conserved among bacteria, fungi, archaea, plants and mammals [17,19]. To date, many ZIP genes
have been isolated and characterized in plants, and they are involved in transport of varies metal ions in addition to
Zn, such as Fe, Mn, Cu, Ni, Co (cobalt) and Cd (cadmium) [20]. ZIP transporters have been implicated in uptake of
Zn from soil, transport of Zn to leaves and translocation of Zn to seeds [17,21-23]. ZIP proteins consist of 309-476
amino acid residues and are predicted to have a similar membrane topology with 7-8 TM (transmembrane) domains.
The N-terminal and C-terminal regions of ZIP proteins exposed to the outside surface of plasma membrane have been
demonstrated to transport divalent heavy metal ions into the cytoplasm [6,18].

There is a variable intracellular loop between TM III and TM IV containing a conserved potential metal binding
domain rich in histidine residues [6,24]. Mutations in the HRD (histidine rich domain) of human ZIP1 and ZIP4
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resulted in a reduction of cellular Zn uptake and the HRD of human ZIP4 is essential for Zn-stimulated ubiquitination
and degradation of the protein [25,26]. However, replacement of all histidine residues with glutamine in the HRD
of the yeast ZRT1 had no apparent effect on transporter function, but altered the subcellular localization and protein
turnover of ZRT1 [27]. Although, most ZIP transporters appear to be localized to the plasma membrane, several ZIP
proteins that have amino terminal signal peptides are predicted to localize to other membranes [17,28,29], which
suggests diverse functions of ZIP proteins existed in different biological processes.

ZIP genes in Arabidopsis

In Arabidopsis thaliana genome, fifteen ZIP genes have been identified [20]. At/RT1, the first identified plant ZIP
gene, was cloned from Arabidopsis by functional complementary assay of a Fe uptake deficient yeast mutant, fet3/
fet4 [15]. Although AtIRT1 is a divalent cation transporter that transports a wide range of trace elements, including Fe,
Zn, Mn, Ni and Cd, it is considered to be the major Fe transporter at the root surface in Arabidopsis under Fe deficient
conditions [30-32]. Rogers et al. also reported that the extracellular loop between TM II and TM III was extremely
important for the Fe selectivity of AtIRT1 [33]. A#/RT] is predominantly expressed in the external cell layers of the
root and up-regulated in Fe deficiency conditions but was rarely detected after plants were returned to Fe sufficient
conditions [15,31,34].

Knock out of 4t/RT1 gene in Arabidopsis results in typical Fe deficient symptoms that causing severe leaf chlorosis
and plant lethality with a drastic reduction of chloroplast thylakoid and lack of palisade parenchyma differentiation in
leaves, reduced number of vascular bundles in stems, and irregular patterns of enlarged endodermal and cortex cells in
roots. Furthermore, the mutation in A#/RT gene also reduces Fe and Zn accumulation through altering the expression
levels of certain Fe and Zn transporter genes, including the activation of 4#Z/P1 in shoots and At/RT?2 in roots, as well
as the reduction of A¢ZIP2 in roots [35]. Compare to the wild type, the mutant also showed a significant reduction in
root Mn and Ni concentrations when grown under Fe deficient conditions, which indicates that At#/RT may mediate Mn and
Ni translocation in Arabidopsis [32,36]. Additionally, transgenic plants over-expressing A#/RT accumulate more Zn and Cd
than wild type plants under Fe starvation, which indicates that At/RT can also transport Zn and Cd [34].

Similar to At/RT1, AtIRT? is also a divalent cation transporter and specifically induced in the external cell layers of the
root subapical zone under Fe deficient conditions. Unlike A#/RT1, AtIRT2 can transport only Fe and Zn in yeast but not
Mn, Ni and Cd. However, the insertional mutant of 4¢/RT2 gene did not show any Fe deficient symptom [31]. Although
it is reported that the expression level of 4#/RT2 was enhanced in the root of A#Z/RTI defective mutant, over-expression
of AtIRT2 in AtIRTI defective mutant failed to restore the wild type phenotype, which indicates that At/RT2 does not
play a significant role in Fe uptake from the soil. Together with the localization of At/RT?2 to intracellular vesicles, it
may function in Fe trafficking and compartmentalization into internal storage vesicles to avoid metal toxicity [35-38].
AtIRT3 is another member of ZIP family in Arabidopsis similar to AtIRT1. Different to Az/RT2, the mRNA level of
AtIRT3 is increased in response to Zn deficiency, and over-expression of A#/RT3 in AtRTI defective mutant could
rescue the plant growth phenotype under Fe deficiency. Moreover, transgenic Arabidopsis plants over-expressing
AtIRT3 accumulated more Zn in shoots and more Fe in roots [39-41]. These results indicate that AtIRT3 is involved
in both Zn and Fe translocation.

AtZIP1 is mainly expressed in the root stele and the leaf vasculature and up-regulated in the root under Zn deficient
conditions. Subcellular localization analysis showed that4zZIPI is a vacuolar transporter. In yeast, AtZIP] can
complement the Zn and Mn uptake mutant zr¢//zrt2, suggesting it may transport both Zn and Mn. However, the
functional studies with Arabidopsis AtZIPI knockout lines suggest it plays a role in Mn remobilizing from the vacuole
to cytoplasm in root stellar cells, and contributes to Mn radial movement to the xylem parenchyma [17,42]. Moreover,
AtZIP] can rescue yeast mutants deficient in Cu transport suggesting that it may also transport Cu [43]. Similar to
AtZIP1, AtZIP2 can complement the yeast Zn and Mn uptake mutant zr¢1/zrt2.

AtZIP2 is localized to the plasma membrane of the root stele cell and functional studies with Arabidopsis AtZIP2
knockout lines suggest that it may mediate the uptake of Mn/Zn into root stellar cells, and contribute to the movement
of Mn/Zn to the xylem parenchyma for subsequent xylem loading and transport to the shoot [42]. AtZIP3 is also
proposed to play a role in Zn transport from soil to the Arabidopsis root, as it can complement Zn uptake in the yeast
mutant, zrtl/zrt2 and its expression is up-regulated in the root in response to Zn deficiency [17]. AtZIP4 is expressed
either in roots and shoots, showing a delicate regulation by Zn to control the Zn homeostasis in plant [6,20]. In
addition, AtZIP4 is up-regulated in Cu-deficient roots and can rescue a Cu transport-deficient yeast mutant, which
suggests that it may also transport Cu [43].
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ZIP genes in rice

Inrice genome, seventeen Z/P genes have been identified [44]. Os/RT, highly homologous to At/RT1, is predominantly
expressed in rice roots and up-regulated by Fe deficiency [45,46]. Expression of Os/RT! in yeast can reverse the
growth defect of Dftr1/Dfet4/Dfrel mutant on Fe depleted medium, while in rice, over-expression of OsIRT! leads to
increased Fe and Zn accumulations in roots, shoots and mature seeds, suggesting it is a functional metal transporter
not only involved in Fe and Zn uptake from rhizosphere to root, but also involved in Fe and Zn distribution to
leaves and seeds [46]. OsZIP1, OsZIP3, OsZIP4, OsZIP5 and OsZIP8 are plasma membrane Zn transporters and their
expression levels can be induced by Zn deficiency in rice [47-51]. OsZIP1, OsZIP2 and OsZIP3 were identified from
rice genome by searching GenBank database with amino acid sequences of AtZIPI. OsZIPI is up-regulated under
either Zn deficient or Cu deficient conditions, while OsZIP2 and OsZIP3 are up-regulated only by Zn deficiency. Both
OsZIP1 and OsZIP3 can complement the growth defective phenotype of yeast mutant ZHY3 on low Zn medium,
suggesting they may be involved in Zn transport [47,48,52].

However, Sasaki et al. reported that neither OsZIP3 gene expression nor encoded protein was affected by either
deficiency or toxic levels of Zn [53]. OsZIP3 is highly expressed in the nodes of rice and localized at the xylem
intervening parenchyma cells and xylem transfer cells of the enlarged vascular bundle in both basal and upper nodes.
Knockdown of OsZIP3 results in significantly reduced Zn levels in the shoot basal region but increased Zn levels in
the transpiration flow. More Zn is distributed to the lower leaves, but less to the shoot elongating zone and nodes in
the knockdown lines compared with wild type, indicating the important role of OsZIP3 responsible for unloading Zn
from the xylem of enlarged vascular bundles and distribution of Zn to the developing tissues in rice [53]. OsZIP4,
OsZIP5, OsZIP6 and OsZIP7 are homologous with OsIRT1. Among them, OsZIP4 is up-regulated in roots and shoots
by Zn deficiency, while OsZIP5 and OsZIP7 are up-regulated only in shoots by Zn deficiency. OsZIP4 is expressed
in the phloem cells of stem, and vascular bundles of leaves and roots and can complement a Zn uptake deficient yeast
mutant, suggesting it may be responsible for the root to shoot translocation of Zn in rice [47,48].

However, over-expressing OsZIP4 results in increased Zn contents in roots, while Zn levels in seeds was significant
lower than in wild type plants [54]. OsZIP6 has been found to be transcriptionally activated in shoot and root in
response to Fe, Zn or Mn deficiency. However, when expressed in Oocytes, OsZIP6 has the pH dependent transport
activity of Fe, Co and Cd, but not Zn, Mn and Ni, and the enhanced transport is observed at acidic pH [55]. OsZIPS is
also strongly up-regulated in roots and shoots under Zn deficiency and can complement the growth defect of Zn uptake
yeast mutant. The OsZIP8 over-expressing plants are shorter than the wild type and show lower levels of Zn in shoots
and mature seeds, but an increase of Zn in roots, which demonstrates that OsZIPS§ is a transporter that functions in Zn
uptake and distribution [49,50].

ZIP genes in other plants

Studies of metal hyper-accumulating plant species, such as Noccaea caerulescens (previously known as Thlaspi
caerulescens), Arabidopsis halleri and Thlaspi japonicum, show that high expression of ZIP genes contributes to high
Zn accumulation [40,44,56]. NcZNT1, a ZIP family member isolated from Noccaea caerulescens, is the first metal
transporter identified in the metal hyper-accumulating plant species. It is suggested to be mediated in high affinity Zn
uptake and low affinity Cd uptake in yeast [57]. NcZNT1 is not only expressed in the root epidermis but also highly
expressed in the root and shoot vasculature. But different to the yeast, NcZNT1 was reported to be a plasma membrane
transporter that mediated the long distance transport of Zn but not Cd, Fe, Mn or Cu from the root to the shoot via the
xylem in Noccaea caerulescens [44].

The predominant expression of AhIRT3, AhZIP3, AhZIP6 and AhZIP12 in roots and shoots and AAZIP9 in roots is
suggested to be the main reason for the Zn/Cd uptake and hyper-accumulation in Arabidopsis halleri [58]. Among
them, AhIRT3 is a plasma membrane protein that can functionally complement the yeast Zn uptake defective single
mutant Spzrt! and double mutant zr¢1/zrt2, as well as the Fe uptake defective mutant fer3/fet4, which suggests that
AhIRTS3 confreres both Zn and Fe uptake activity [40]. Furthermore, over-expressing AhIRT3 in Arabidopsis thaliana
leads to increased accumulation of Zn in the shoot and Fe in the root of transgenic lines, suggesting AhIRT3 functions
as a Zn and Fe uptake transporter in Arabidopsis halleri [40]. In Thlaspi japonicum, TjZNTI and TjZNT2 share high
sequence similarity (78% identity) and have been identified as excess Ni resistance genes in this Ni hyper-accumulating
plant [59,60]. TjZNTI has Zn-, Mn- and Cd-transporting abilities while 7jZN72 only has Zn- and Mn-transporting
abilities [59]. Unlike many ZIP members that have one HRD, TjZNTI and TjZNT?2 have two long HRDs in the putative
cytoplasmic domain between TM III and TM 1V, and the sequences of the HRDs are apparently different between
TjZNTI and TjZNT2, which may be involved in differential ion selectivity [59]. Nishida et al. reported that the deletion
of HRD did not affect the localization of 7jZNT! but increased the specificity for Zn [61]. Furthermore, Nishida et al.
demonstrated that the first 25 amino acid region of the N-terminus was important for the Zn transport of 7jZNT2 [36].
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In Medicago truncatula, six MtZIP members showed different metal specificities have been identified. M¢ZIP],
MtZIP5 and MtZIP6 can restore yeast growth on Zn limited medium, MtZIP3, MtZIP5 and M¢ZIP6 can restore yeast
growth on Fe limited medium, M¢ZIP4 and MtZIP7 can restore yeast growth on Mn limited medium [28]. The diverse
expression patterns of MtZIPs also have been observed. M¢ZIP] transcripts are only detected in Zn deficient roots and
leaves, MtZIP3 and MtZIP4 expression levels are down-regulated in leaves under Fe and Mn deficient conditions and
appeared to be up-regulated in both roots and leaves under Zn deficient conditions, MtZIP5 is up-regulated in leaves
under Zn and Mn deficiency, while the expression levels of M¢ZIP6 and MtZIP7 are not affected by the metal supply,
at least in root and leaf tissues [28].

HvIRT1, the first identified ZIP protein in barley, is reported to be a plasma membrane localized Mn transporter [62].
According to the yeast uptake assay, in addition to Mn, it also can transport Zn, Fe and Cd. Both Fe and Mn deficiency
can induce an up-regulation of Hv/RTI and the higher expression of HvIRT! correlates with an increased Mn uptake
rate in barley [62]. Pedas et al. also isolated and identified another three HvZIPs, HvZIP3, HvZIP5 and HvZIPS, as
specific Zn transporters [63]. When expressing in Zn uptake defective yeast mutant, Dzrtl/Dzrt2, HvZIP3, HvZIPS
and HvZIPS§ can restore the yeast growth, while expressing in Fe and Mn uptake defective yeast mutant, they are
unable to restore the yeast growth [63]. Additionally, HVZIP7 is a low-affinity Zn transporter in barley. HvZIP7 is
strongly induced by Zn deficiency, primarily in vascular tissues of roots and leaves, and its protein is localized in the
plasma membrane [64]. Over-expression of HvZIP7 in barley plants increases Zn uptake when supplying moderately
high concentrations of Zn, and there is a specific enhancement of shoot Zn accumulation but no measurable increase
in Fe, Mn, Cu or Cd [64].

Nine ZIP members were identified in maize genome and they share a conserved transmembrane domain and a variable
region between TM 11 and TM IV. ZmZIPs have been shown to be localized to the plasma membrane and endoplasmic
reticulum and dramatically induced in response to Zn and Fe deficiency [65]. When over-expressing ZmIRT1 in
Arabidopsis plants, the Zn and Fe concentration increases in roots and seeds while the Fe content decreases in shoots.
When over-expressing ZmZIP3 in Arabidopsis plants, the Zn accumulation is enhanced in roots while that is repressed
in shoots. And all of the transgenic plants showed altered tolerance to various Zn and Fe conditions compared with
wild type plants [65]. The various expression patterns of ZmZIP genes have been also observed in different stages
of embryo and endosperm development. ZmZIP4 is up-regulated during the early development of embryo, and the
ZmZIP5 is dramatically induced in the middle stage development of embryo and endosperm, while the transcripts
of ZmIRTI and ZmZIP6 are increased in the late developmental stages of embryo, which indicate that they may be
essential for ion translocation and storage during differential stages of embryo and endosperm development [65].

MTP GENE FAMILY

General function of MTP genes

Members of CDF (cation diffusion facilitator, also known as cation efflux) family, first identified by Nies and Silver,
ubiquitously presents in numerous organisms, including bacteria, fungi, animals and plants [66,67]. They have been
shown to be important for maintenance of cation homeostasis and efflux the divalent cations, such as Zn, Fe, Mn, Co
and Cd, from the cytoplasm through efflux from the cell or through sequestration into internal compartments [68,69].
In plants, the CDF members are usually called MTPs (metal tolerance proteins). To date, MTP genes have been cloned
from a number of plant species and they are identified to be involved in compartmentalization or efflux of metal
ions to reduce the toxicity, thereby maintaining the cellular homeostasis during metal stress [70-78]. Based on the
comprehensive phylogenetic analysis of putative CDF proteins representative for all six kingdoms of life (Archaea,
Bacteria, Protista, Fungi, Plantae and Animalia) and the available data on sequences with experimentally confirmed
specificities, the CDF transporters can be classified into three major clusters: Zn-CDFs, Mn-CDFs and Fe/Zn-CDFs
according to their respective major metal substrate [69,74]. Among them, the Zn-CDF cluster is well characterized.

According to the recent phylogenetic analysis, the MTP proteins from diverse plant species can be divided into seven
groups: G1, G5, G6, G7, G8, G9 and G12, and each of them is designated based on the annotation of Arabidopsis
thaliana MTPs [69]. Following this classification, the Zn-CDF cluster comprises groups 1, 5 and 12, the Mn-CDF
cluster comprises groups 8 and 9, and the last two groups 6 and 7 form the Fe/Zn-CDF cluster [69]. Most of the CDF
proteins possess six putative TMs with cytoplasmic N- and C-terminus [79]. A histidine-rich region, either between
TM IV and TM V or at the N- and/or C-terminus, is thought to be involved in metal recognition and function as
a potential metal binding domain [79-81]. Thus such region is vital for transporter specificity and might act as a
chaperone to determine the identity of metal ions to be transported [76,77]. A signature sequence between TM 1
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and TM I, proposed by Paulsen and Saier and modified by Montanini et al. are present in all members and enables
predictions regarding uncharacterized CDF family members [74,79]. However, the cluster of Mn-CDFs in plants
shows a predicted 4-5 TM homology and lacks the histidine-rich domain [67,82]. Moreover, some human and yeast
CDFs are predicted to have 12-15 TMs [83-85].

MTP genes in Arabidopsis

In the genome of Arabidopsis thaliana, twelve genes encoding putative MTP transporters have been identified
[69,86,87]. Among them, AtMTPI to AtMTP4 form a phylogenic subgroup and have a long histidine-rich region
between TM IV and TM V which is predicted to act as a Zn-binding pocket and a sensor of Zn levels in the cytosol
[74,76,88]. AtMTPS8 to AtMTPI11 are predicted to form another subgroup in the phylogenetic tree [74]. ZAT (zinc
transporter of Arabidopsis) is the first MTP gene identified in plants [89]. Because of its involvement in heavy metal
tolerance of Arabidopsis, ZAT was later renamed as AtMTP1 (metal tolerance protein 1) [67,82]. AtMTP1 is a vacuolar
membrane protein. Its expression is detected in all organs and is not affected by the Zn concentration in the medium
[72].

But heterologous expression of AtMTP1 protein can complement the yeast Zn-sensitive mutant and mediates the
influx of Zn in Xenopus oocytes [72,90,91]. Furthermore, Blo8 et al. expressed AtMTP1 in Escherichia coli and
studied the purified protein in reconstituted proteoliposomes, which demonstrated that the AtMTP1protein could
transport Zn into proteoliposomes based on the Zn gradient across the membrane but not on a proton gradient [90].
The AtMTP1 knock-out mutant or RNAI lines display enhanced sensitivity to high Zn concentrations with reduced
Zn content in stems and leaves [72,91]. While the AtMTP1 ectopically over-expressing plants exhibit enhanced Zn
tolerance with increased Zn concentration in roots, which suggests an improved ability of sequestration of excess Zn
in the cytoplasm into vacuoles to maintain Zn homeostasis in transgenic plants [72,89]. Similar to AAMTP1, AtMTP3
is also localized to the vacuolar membrane and mediates vacuolar sequestration of Zn in Arabidopsis roots [67,92].
Unlike to AtMTP1, it is mainly expressed in roots, and is strongly induced in epidermal and cortex cells in the root hair
zone by high but non-toxic concentrations of Zn or Co, or Fe deficiency. Heterologous expression of AtMTP3 in yeast
double mutant zrclD/cot1D can restore Zn and Co tolerance. Knock-out AtMTP3 mutants or RNAI lines also show
Zn hyper-sensitivity with increased Zn content in above-ground organs, while the 4tMTP3 ectopic over-expression
increases Zn accumulation in Arabidopsis leaves and enhances Zn tolerance [92].

Sequence analysis shows that A#MTP11 belongs to Mn-CDF cluster [74]. It is a Mn transporter localized to the pre-
vacuolar compartment or the golgi network and involved in both Mn tolerance and homeostasis in Arabidopsis [73,75].
Expression of AtMTPI11 in a Mn-hypersensitive yeast mutant can restore Mn tolerance to wild type level with the
enhanced Mn transport activity in the microsomes of the mutant. In Arabidopsis, Atm#p Il mutant displays increased
sensitivity to Mn but not to Zn or Cu. When at a sufficient but non-toxic supply level of Mn, the mutants accumulate
higher levels of Mn in shoots and roots than the wild type plants, but not show any obvious deleterious effects on
plant growth. However, when Mn supply is high to toxic, the mutants accumulate Mn concentrations in shoots similar
to those in wild type plants, and showing Mn toxic symptoms [73]. AtMTP12, localized to the Golgi apparatus,
has unique structural characteristics which appear to have approximately twice the length of amino acid sequence
as the other AtMTPs. 1t is predicted to consist of 798 amino acids and form 14 TM segments [93]. Heterologous
expression of AtMTPI2 in a yeast mutant lacking Msc2p (encoding an endoplasmic reticulum Zn importer in yeast)
can complement the growth phenotype and cause MTP5t] gene co-expressed. Moreover, AtMTP12 and AtMTP5t1
were determined to interact in the Golgi of Arabidopsis using a bimolecular fluorescence complementation assay,
which suggests that AtMTP12 and AtMTP5t1 form a functional complex to transport Zn into the Golgi. However, the
expression of AtMTP]2 in suspension-cultured cells was not affected by Zn deficiency or excess [93].

MTP genes in rice

Ten MTP genes have been identified in rice genome [69]. OsMTP1, highly similar to AtMTP1, is a bivalent cation
transporter which is necessary for efficient translocation of Zn, Cd and other heavy metals to maintain ion homeostasis
in rice [94-96]. OsMTPI is localized in rice plasma membrane and highly expressed in mature leaves and stem
and significantly induced by exposure to Zn as well as Fe, Cu and Cd [94,95,97]. OsMTPI RNAI rice seedlings
showed heavy metal sensitivity and changed heavy metal accumulation in different organs of mature rice under
low-concentration heavy metal stress [95]. However, the subcellular localization of OsMTP! is altered when it is
heterologously expressed in yeast or Arabidopsis. OsMTP1 is found to be localized to the vacuole and increases
the tolerance of Zn, Fe, Ni, Co, Cd in yeast and transport ability of Zn in Arabidopsis [95,96]. While heterologous
expression of OsMTP1 in tobacco results in the reduction of Cd toxic effects, including growth inhibition, lipid
peroxidation and cell death. The transgenic tobacco plants also shows moderate tolerance and accumulation of As
upon exogenous As stress, which significantly broad substrate specificity of OsMTP1 [97].
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Furthermore, site-directed mutagenesis studies revealed two substitutions in OsMTP! can alter the transport function
of this protein. A substitution of Leu (82) to a Phe in OsMTP]I leads to a decreased Zn transport activity, but an
enhanced affinity for Fe and Co and a gain of function for Mn transport, whereas a substitution of His (90) with
an Asp completely abolishes Zn transport activity but improves Fe transport, which suggest that these amino acid
residues are important in determining substrate specificity of OsMTPI [96]. OsMTP8, a tonoplast localized Mn-
specific transporter, is important for Mn detoxification by the sequestration of Mn into vacuoles in rice shoot cells.
OsMTPS is mainly expressed in leaf blades and induced by Mn supply.

Heterologous expression of OsMTPS.1 in yeast enhances the Mn accumulation and tolerance. While disruption of
OsMTPS.1 in rice results in growth inhibition under the high Mn levels, decreased chlorophyll levels in leaves and
decreased accumulation of Mn in roots and shoots, but no significant difference in the accumulation of other metals,
including Zn, Fe, Cu, Ca, Mg and K [98]. OsMTP9 is also a Mn transporter which is reported to be polarly localized
to the plasma membrane of both exodermis and endodermis cells in rice roots. Knockout of OsMTP9 in rice results in
growth inhibition at both the vegetative and reproductive stages with significantly decreased Mn uptake in roots and
translocation to shoots [99]. Recently, Zhang and Liu reported that OsMTP11 can complement the hypersensitivity
of yeast mutant strains to Mn as well as Co and Ni. OsMTP11 is expressed constitutively and universally in different
tissues in rice plant and is substantially enhanced under Mn, Zn, Ni, and Cd treatments. High signals of OsMTP11
fused GFP have been observed in the vacuolar membrane of onion epidermal cells may indicate its function in cation
sequestration [100].

MTP genes in other plants

MTP genes have also been cloned from other plants, especially from some heavy metal hyper-accumulating plants
such as Arabidopsis halleri, Thlaspi caerulescens, Thlaspi goesingense and Stylosanthes hamata L. [71,82,101]. All
these MTPs have been found to respond to various metal ions including Zn and Cd. AAMTP1, an AtMTP1 homolog
identified from the Zn hyper-accumulator Arabidopsis halleri, localizes to the vacuolar membrane. The expression
of AhMTP1 is substantially higher than A¢tMTP1 in roots and leaves, and up-regulated under high Zn concentrations
in the roots, which is thought to be the main reason for Zn tolerance in Arabidopsis halleri [101]. TcMTP1 is also a
tonoplast protein and has been proposed to be a major contributor of Zn accumulation in the vacuole of leaf cells in
Thlaspi caerulescens and higher expression level of TeMTP1 has been observed in the highly Zn-tolerant accessions
[102,103]. TgMTP1, identified from the Ni hyper-accumulator Thlaspi goesingense, confers Zn resistance in yeast
zrclcotl mutants deficient in ZNT5.

Yeast cells expressing 7gMTP1 exhibit enhanced efflux of Zn at the plasma membrane and show more resistant to high
concentrations of Ni, Coand Cd[71,104]. Interestingly, T7eMTP1 localizes either to the plasma membrane of Arabidopsis
cells or to the plasma membrane and vacuolar membrane of yeast, which may suggest that TgMTP1 contribute to both
metal efflux across the plasma membrane and metal sequestration within vacuoles [71,104,105]. ShMTP1, isolated
from the Mn hyper-accumulator Stylosanthes hamata and renamed to SAMTPS following the nomenclature for Mn-
MTP proteins, shows a predicted 4-5 TMs topology and does not contain the histidine-rich domain [67,82]. ShkMTP1
protein localizes to the tonoplast of Arabidopsis cells but appears to localize to the endoplasmic reticulum of yeast.
Furthermore, ShMTP1 was found to confer Mn tolerance of yeast by internal sequestration into vacuole rather than by
efflux of Mn. Expression of SZMTP] in a range of yeast mutants suggests that it functions as a proton/Mn anti-porter
on the internal organelle membrane. Similarly, when expressed in Arabidopsis, ShMTP1 confers Mn tolerance through
internal sequestration and thus confers plant resistance to excess environmental Mn [82].

Additionally, in non-hyper accumulating plants, MTP transporters are probably assumed to contribute to the adjustment
of heavy metal homeostasis in the cytoplasm within narrow concentration ranges [4,106]. In Brassica juncea, the MTP
proteins are considered as essential contributors to increase tolerance to heavy metals. The yeast complementation
assay shows that three BiMTP proteins (BjCET2, BjCET3 and BjCET4) are involved in the efflux of Zn, Ni, Co and
Cd from plant cells and thus play a substantial role in plant resistance to heavy metal stress [107,108]. MtMTP1, a
Zn transporter in the legume model plant Medicago truncatula, has been detected in all vegetative organs with the
highest expression level in leaves. Similar to other MTPs, heterologous expression of MtMTP1 can complement the
Zn-susceptible zrclcotl yeast double mutant [109]. In barley, two HYMTP8 (HVMTP8.1 and HvMTP8.2) proteins
are considered to be involved in Mn loading to the Golgi apparatus and play an important role in Mn homeostasis by
delivering Mn to Mn-dependent enzymes and/or by facilitating Mn efflux via secretory vesicles [110].

Inroots, HvMTPS. I transcripts increased with external Mn supply ranging from deficiency to toxicity, while HvMTPS.2
transcripts decreased under the same conditions, while in leaves, the expression of both two HvMTPS genes declined in
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response to toxic Mn additions [110]. In cucumber, CsMTP8, a Mn transporter localized in the vacuolar membrane, is
considered to participate in the maintenance of Mn homeostasis in root cells. CsMTPS is expressed almost exclusively
in roots, and markedly up-regulated or reduced under elevated Mn or Mn deficiency, respectively [111]. Expression of
CsMTPS in yeast leads to increased Mn accumulation in yeast cells and fully restores the growth of mutant’s hyper-
sensitive to excessive Mn conditions. Similarly, the over-expression of CsMTPS in Arabidopsis thaliana enhances
plant tolerance to high Mn in medium as well as the accumulation of Mn in plant tissues [111]. In addition, CsMTP9
is reported to be a plasma membrane H*-coupled Mn and Cd anti-porter involved in the efflux of Mn and Cd from
cucumber root cells by the transport of both metals from endodermis into vascular cylinder. The relative abundance
of CsMTP9 transcript and protein in roots is significantly increased under Mn excess and Cd [112]. Since CsMTP9
transports Mn and Cd via a proton-anti-port mechanism, expression of CsMTP9 in yeast rescues the Mn- and Cd-
hypersensitive phenotypes through the enhanced efflux of Mn and Cd from yeast cells. Similarly, the over-expression
of CsMTP9 in Arabidopsis thaliana confers increased resistance of plants to Mn excess and Cd but not to other heavy
metals and leads to the enhanced translocation of Mn and Cd from roots to shoots [112].

HMA GENE FAMILY

General function of HMA genes

The HMAs (heavy metal ATPases), also known as the P1B-type ATPase, is a subfamily of P-type ATPases and has
also been described as heavy metal-transporting P-type ATPases and CPx-ATPases [8-10]. The typical HMA proteins
consist of approximately 6-8 TMs, both N-terminal and C-terminal regions comprise metal binding domains that
interact with and bind specific metal ions (such as Cd and Pb (plumbum)) [113,114]. In addition, a phosphorylation
domain, a soluble nucleotide binding domain and a soluble actuator domain are located in HMA proteins, and the
interactions of these three domains play an important regulatory role in the heavy metal transport [115]. The main
function of HMA proteins is involved in the transport of heavy metal cations across biological membranes via an ATP
dependent process. Unlike other P-type ATPase subfamilies, HMA proteins can transport multiple heavy metals, such
as Zn, Cu, Co, Cd and Pb in a wide range of eukaryotic organisms, and can be clustered into two major phylogenetic
subclasses: Cu/Ag (argentum) monovalent (Cu-ATPases) and Zn/Cd/Co/Pb divalent heavy metal cation transporters
(Zn-ATPases), based on their metal substrate specificity [113,116].

HMA genes in Arabidopsis

So far, all eight members of HMAs (AtHMA I to AtHMAS8) in Arabidopsis thaliana have been functionally characterized.
Based on the phylogenetic analysis, AtHMAS, AtHMA6, AtHMA7 and AtHMAS belong to the P1B1 subclass, which
are specific to transport monovalent heavy metal cations, such as Cu and Ag [114], whereas AtHMA2, AtHMA3 and
AtHMA4 fit in a P1B2 subgroup, which are specific to transport divalent heavy metal cations, such as Zn and Cd
[10,117,118]. In contrast to the above mentioned AtHMAs, AtHMA1 is clustered in P/B4 subgroup and occupies an
intermediate position between the monovalent and divalent heavy metal cation-transporting HMAs on the phylogenetic
tree, and likely to have the transport activity of both monovalent and divalent heavy metal cations, including Cu, Zn,
Cd, Coaswellas Ca[113,117,119]. AtHMAL is located on the chloroplast envelope and is involved both in delivering
Cu into the chloroplastic stroma and in exporting Zn from the chloroplast for Zn detoxification [120]. The Athmal
mutant is sensitive to high concentrations of Zn in Arabidopsis [119]. AtHMA1 has also been reported to be a Ca or a
heavy metal transporter in the intracellular organelle [119-121].

AtHMA?2 and AtHMA4, located on the plasma lemma of stellar cells in Arabidopsis thaliana, have been recognized
as the major transporters involved in the root to shoot translocation of Zn as well as Cd [10,118,122,123]. When
expressed in yeast membrane vesicles, the ATPase activity of AtHMA?2 can be activated by both Zn and Cd [124],
while only Cd tolerance increases by AtHMA4 expression [8,125,126]. In the transgenic plants over-expressing
AtHMA4, increased Cd tolerance and higher Cd and Zn concentrations in the shoot have been also observed [122,127].
While AtHMA4 knock out mutant is more sensitive to excess Zn or Cd, and has lower shoot Zn content but higher
root Zn content than wild type plants [122,125]. In Athma2 or Athma4 single mutants, no visible growth phenotype
has been observed when grown in soil [10]. Interestingly, when the Athma2 mutation is present in an Athma4 mutant
background, it amplifies the phenotypic change that shows dwarf, sterile and Zn deficient in the upper parts. And these
symptoms can be resolved by feeding Athma2/Athma4 double mutants with a high Zn concentration in the nutrient
solution [123,125].

Additionally, in Athma2/Athma4 double mutants and Athma4 single mutants, but not Athma?2 single mutants, the root
to shoot translocation of Cd was decreased to about 2% and 60%, respectively, of that in the wild type. And the Cd
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sensitivity increased approximately two fold in the Athma2/Athma4 double mutants [123]. These results indicates
that AtHMA? is partially functional redundant with AtHMA4. AtHMA2 and AtHMA4 have a unique feature of an
extended C-terminal region which may be have important roles in metal transport [126,128,129]. The C-terminal
regions of AtHMA?2 and AtHMA4 consist of 244 and 470 amino acid residues, respectively, which contain numerous
cysteine pairs and histidine residues and have been shown a fundamental function to bind to Zn and Cd ions [129,130].
Although AtHMA?2 shares partially redundant functionality with A#HMA4 for xylem loading of Zn and Cd, C-terminal
truncated AtHMA4 has been shown to efflux Cd in yeast and fails to rescue the phenotype of the Athma2/Athma4
double mutant of Arabidopsis thaliana, whereas the C-terminal truncated AtHMA2 complements the phenotype of the
Athma2/Athma4 double mutant [118,131].

AtHMA3 has been characterized through a heterologous expression in yeast mutants and found to be localized in
the tonoplast and function in the vacuolar sequestration of excess Zn and Co as well as Cd and Pb. And it plays a
critical role in the heavy metal homeostasis, detoxification and tolerance in plants [132,133]. Over-expression lines of
AtHMA3 accumulate higher levels of Cd as well as Zn in plants showing a 2.5- and 2-fold higher Cd concentration in
the root and shoot, respectively [132]. A further study of diverse population of 349 Arabidopsis thaliana accessions
demonstrated that AtfHMA 3 is the major locus responsible for the variation in leaf Cd accumulation [133]. However, the
remaining AtHMAS to AtHMAS proteins were shown to engage in Cu transport. AtHMAS interacts with Cu chaperones
and promotes Cu translocation from roots to shoots, which indicates it contributes to the compartmentalization and
detoxification of excessive Cu in roots [134,135]. AtHMAG is localized at the chloroplast periphery and has been
proposed to transport Cu over the chloroplast envelope, whercas AtHMAS is localized at the thylakoid membranes
and most likely transports Cu into the thylakoid lumen to provide Cu to Cu-dependent Cu/Zn-superoxide dismutase
and plastocyanin [136,137]. AtHMA7 is localized in the post-golgi compartment and responsible for transporting Cu
into the post-golgi lumen to supply Cu to the Cu-dependent ETR1 (ethylene receptor apoprotein) [138-140].

HMA genes in rice

There are nine members of HMA in rice and only four members (OsHMA2, 3, 5 and 9) have been functionally
characterized. OsHMA?2, localized at the plasma membrane of root pericycle cells, functions in root to shoot
translocation of Zn and Cd [141-145]. Yamaji et al. found that OsHMA?2 is also localized at the phloem region of the
nodes at both the vegetative and reproductive growth stages, which suggests OsHMA?2 is involved in the inter-vascular
transfer of Zn and Cd and responsible for preferential distribution of Zn to the developing tissues, including young
leaves and panicles [145]. Knockout of OsHMA?2 in rice not only results in Cd reduction in the shoots and grain,
but also causes the growth and yield reduction [143-145]. Similar to AtHMA4 in Arabidopsis, C-terminal truncated
OsHMA? is also shown to functionally efflux Cd from yeast cells, and the root to shoot translocation of Cd and Zn is
remarkably low in rice mutants with C-terminal truncated OsHMA?2 proteins [143].

OsHMA3 has been identified as a key gene controlling Cd translocation from the root to the shoot in rice [142,143,
146]. OsHMA 3 is located on the tonoplast of root cells and functions in sequestration of Cd into vacuoles, and therefore
limits root to shoot Cd translocation to approximately 20% in rice plants [141-145]. Over-expression of OsHMA3 only
reduces Cd accumulation in the grain, but not affects the concentration of Zn and Fe [141]. Further study showed that
over-expression of OsHMA3 enhances the vacuolar sequestration of Cd in the roots and the plant tolerance to toxic Cd.
When compared with the wild type rice and vector control line, the over-expressed line shows higher Cd concentration
in the roots but lower Cd concentration in the shoots, and displays an alleviated Cd-inhibited growth. However, the Zn
concentration in the roots of the OsHMA3-overexpressed line is also constantly higher than that of vector control, but
the Zn concentration in the shoots is similar between the over-expressed line and vector control [147].

This result suggests OsHMA3 is also involved in the Zn sequestration into vacuoles in rice roots. The loss of function
of OsHMA3 results in greater Cd translocation from root to shoots and Cd over-accumulation in rice shoots [142,146].
Ueno et al. also reported that the allelic variation in OsHMA3 can account for a major QTL for Cd accumulation in
rice shoots and mutation of OsHMA3 through single amino acid substitution can result in high Cd accumulation in
the grain [103,141,142,148]. Similar to AtHMA2 and AtHMA4, OsHMA3 also has a long 273 amino acids C-terminal
region, including nine cysteine pairs but no histidine residue [114,142]. Recently, Kumagai et al. concluded that the
C-terminal region, particularly the region containing the first 105 amino acids, has an important role in OsHMA3
activity [149].

The plasma membrane protein OsHMAS, localized at the root pericycle cells and xylem region of diffuse vascular
bundles in node I, vascular tissues of peduncle, rachis and husk, is involved in Cu loading to the xylem in roots and other
organs [150]. The expression of OsHMAS5 can be elevated by excess Cu but not by the deficient Cu at the vegetative
stage. Oshmal knockout mutant shows a lower Cu concentration of xylem sap and a decreased Cu concentration in
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the shoots but an increased Cu concentration in the roots at the vegetative stage, while at the reproductive stage, the
concentration of Cu in the brown rice was significantly lower in the mutants than in the wild type rice [150]. However,
the Oshma9 knockout lines accumulants more Zn, Cu, Cd and Pb in the vascular cells, which indicates that OsHMA9
is implicated in the efflux of these metals from vascular tissues [151].

HMA genes in other plants

Some members of HMA have also been identified in other plant species, including metal hyper-accumulators
Arabidopsis halleri and Noccaea caerulescens, barley, wheat, soybean and so on. In both Arabidopsis halleri and
Noccaea caerulescens, Zn and Cd hyper-accumulators, highly expressed HMA3 and HMA4 genes are thought to be
a part of Zn and Cd detoxification systems comprising enhanced vacuolar sequestration or root to shoot translocation
[56,87,103,152-156]. In Arabidopsis halleri, AhAHMA4 is co-localized with a major QTL controlling Zn and Cd
tolerance as well as the Zn and Cd accumulation [157-159]. RNAi mediated lines of 4hHMA4 shows a decreased
Zn and Cd accumulation in shoots as well as a decreased Zn and Cd tolerance [56]. In Noccaea caerulescens, four
copies of AtHMA4 orthologs have been recently identified, and their expression levels determine the capacity of
Cd tolerance and accumulation in different ecotypes [156]. Recently, Liu et al. have isolated a homolog of HMA3
(SpHMA3) from the Cd hyper accumulator Sedum plumbizincicola, a Crassulaceae species native to the Cd/Zn mining
areas in southeast China. SpHMA3 is a tonoplast-localized transporter specific to Cd and highly expressed in the
shoots. Overexpressing SpHMA3 in the non-hyper accumulating ecotype of S. alfredii greatly increases its tolerance
to and accumulation of Cd, but not Zn, while the SpHMA3-RNAI lines are hypersensitive to Cd but not to Zn, with
the inhibited growth of shoots and young leaves by Cd [160].

In barley, only HYHMA 1 has been characterized as an effluxer of not only Zn and Cd, but also Mn, Cu, Co and Ca,
from chloroplasts and involved in the Zn and Cu mobilization from the aleurone layer during seed germination [161].
In wheat, TaHMA?2 is localized to the plasma membrane and functions in root to shoot translocation of Zn and Cd.
TaHMA?2-transformed yeast shows Zn and Cd resistance, and the over-expression of TaHMA2 improves the root to
shoot translocation of Zn and Cd [162]. Recently, twenty HMA family members in the soybean genome have been
identified and divided into six clusters by a phylogenetic analysis. Six GmHMAs (GmHMAS, 19, 13, 16, 14, and 18)
have been classified as Zn-ATPases, while the other HMA members in soybean have been clustered as Cu-ATPases
[163]. Moreover, studies showed that GmHMA13 is involved in Cd response and GmHMAS is able to transport Cu
[164-166]. In cucumber, eight genes encoding putative HMAs have been identified [167].

According to the study reported by Migocka et al., CsHMA3 and CsHMA4 play an important role in Zn homeostasis
and the detoxification of Cd and Pb in cucumber cells. Immuno-staining analysis reveals the tonoplast localization
of CsHMA3 and plasma membrane localization of CsHMA4 in root cells, and the gene of CsHMA3 is predominantly
expressed in roots and up-regulated by excess Zn, Cd or Pb, whereas the CsHMA4 transcript is most abundant in
roots and flowers of cucumber plants and elevated under excess Zn or Pb. Expression of CsHMA3 in yeast enhances
yeast tolerance to Cd and Pb, whereas CsHMA4 confers increased resistance of yeast cells to Zn and Cd [168]. In
Camelina, CsHMA3 gene is expressed in all organs and is induced in roots and leaves especially after Pb treatment.
The transgenic lines over-expressing CsHMA3 display better root growth than wild type plant under Zn, Cd or Pb
stress and show enhanced Zn and Pb tolerance and translocation from roots to shoots [169].

NRAMP GENE FAMILY

General function of NRAMP genes

The first member of the NRAMP family is named natural resistance-associated macrophage protein 1 (NRAMPI),
because mutations in this macrophage-specific protein confer increased sensitivity to intracellular bacterial pathogens
[170]. NRAMPs are now recognized as proton-coupled metal ion transporters, which have nearly 12 highly hydrophobic
transmembrane domains and constitute a large evolutionarily conserved family existed widely in bacteria, yeast, algae,
plants and animals [7,171-177]. NRAMP transporters, also known as DCT1 (divalent cation transporter 1) or DMT1
(divalent metal transporter 1), have a broad range of metal cation substrates, including Zn, Fe, Mn, Cu, Al, Ni, Cd,
Co and Pb and have divergent functions in different species [174,178-180]. In plants, the NRAMP family transporters
have been identified in various species and many of them function as Fe or Mn transporters [59,180-189].

NRAMP genes in Arabidopsis

In Arabidopsis, six members of the NRAMP family have been identified and partially characterized. Most of them can
complement yeast mutants deficient for Fe, Mn or Cd uptake, revealing their conserved function as metal transporters
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among both the plant and animal kingdoms [182,183]. At/NRAMP] is localized to the plasma membrane of root cells
and has Fe and Mn transport activities in yeast [182,183,190-192]. The expression level of AtNRAMPI gene can be
induced by Fe deficiency in Arabidopsis roots but not in leaves and over-expression of AtNRAMPI in Arabidopsis
increases the resistance to toxic Fe [182]. In addition, AtZNRAMP]I is reported to be a high affinity Mn influx protein
in root plasma membrane and essential for uptake of Mn from the soil in low Mn conditions. The expression of
AtNRAMPI is restricted to the root and stimulated by Mn deficiency, and knockout of this gene results in a significant
growth reduction failing to take up Mn at low conditions [192]. At{NRAMP3 and AtNRAMP4 are close homologs and
function redundantly to release metals from the vacuolar to the developing tissues [191,193]. They are localized to
the vacuolar membrane and can complement Zn, Fe, Mn and Cd deficiency in yeast mutants. The A{/NRAMP3 and
AtNRAMP4 transcripts accumulate in response to Fe deficiency in both roots and aerial parts of Arabidopsis plants
[183,190,191,194]. Over-expression of A{NRAMP3 leads to Fe over-accumulation in Arabidopsis thaliana [183].
Atnramp3/Atnramp4 double mutants display a strong chlorotic phenotype when seeds are germinated in the absence
of Fe in the medium due to their inability to remobilize Fe out of vacuolar seed stores [191,195].

Meanwhile, both genes also play important roles in Mn homeostasis in photosynthetic tissues of adult plants as they
release Mn from mesophyll vacuoles to supply the Mn required in the chloroplasts [192,193]. Although leaf AtNRAMP3
and AtNRAMP4 protein levels are unaffected by Mn deficiency, the vacuolar Mn accumulation in mesophyll cells of
rosette leaves is dramatically increased associated with reduced growth and less functional photosystem II in the
adult nramp3/nramp4 double mutants when compared with the wild type [193]. AANRAMP3 and AtNRAMP4 are
also involved in Cd transport [183,187,195,196]. Over-expression of AANRAMP3 results in Cd hypersensitivity and
disruption of AtNRAMP3 gene leads to slightly enhanced Cd resistance of Arabidopsis root growth [183]. Atnramp3/
Atnramp4 double mutants show hypersensitivity to Cd stress [191,195]. In addition, AtNRAMP4 can transport Zn
[194]. AtNRAMPG is targeted to a vesicular-shaped endomembrane compartment, which is distinct from the vacuole
or mitochondria. However, AINRAMP6 only functions as an intracellular metal transporter to affect distribution/
availability of Cd but not Fe within the cell. When expressed in yeast, AtINRAMPG6 increases sensitivity to Cd without
affecting Cd content in the cell. Likewise, Arabidopsis transgenic plants over-expressing A#NRAMPG6 are hypersensitive
to Cd, although plant Cd content remained unchanged while a null allele of AtNRAMP6, named atnramp6-1, is more
tolerant to Cd toxicity [196].

NRAMP genes in rice

In rice, there are seven members of NRAMP family and only four of them have been well characterized. OsNRAMPI,
localized to the plasma membrane and highly up-regulated by Fe deficiency, can rescue the growth of a Fe defective
yeast mutant (fet3fet4) and enhance Cd and As accumulation [197]. The expression of OsNRAMP] in roots is increased
in the presence of Cd and its over-expression plants show a slight increase in Cd in the leaves. OsNRAMP1 expression
is higher in the roots of high-Cd-accumulating indica cultivars such as Anjana Dhan, Jarjan, Habataki and Cho-ko-
koku than in the roots of low-Cd-accumulating japonica cultivars such as Nipponbare, Sasanishiki and Tsukinohikari
[198-201]. Chakrabarty et al. also suggested that OsNRAMP1 expression is up-regulated during As exposure in rice
[202].

Over-expression of OsNRAMP1 in Arabidopsis improves plant tolerance to As with enhanced As accumulation in root
and shoot. Cellular localization reveals that OsNRAMP] resides on plasma membrane of endodermis and pericycle
cells, which suggests its function in As xylem loading for root to shoot mobilization [197]. OsNRAMP3, a vascular
bundle-localized Mn-influx transporter, is highly selective for Mn and involves in Mn distribution and contributes
to remobilization of Mn from old to young leaves [203,204]. The OsNRAMP3 knockout lines show serious necrosis
on young leaves and root tips under low Mn conditions, and high Mn supplies could rescue this phenotype [204].
OsNRAMP4 shares relatively low similarity with other NRAMP members. In contrast with other NRAMP members,
it has no transport activity for divalent cations, including Zn, Fe and Mn but it is identified as the first transporter for
the trivalent Al and shown to be highly selective for Al. Knockout of OsNRAMP4 results in a greater reduction in Al
tolerance compared with wild type rice [180,205]. Recently, Li et al. investigated natural variation in the rice NRAT!
(OsNRAMP4) gene and found that sequence variation in both coding and regulatory regions is closely associated with
changes in OsNRAT1 expression, Al transport properties, Al tolerance and the Al content of root cell wall and cell sap.

These results indicate that OsNRATI plays an important role in rice Al tolerance by reducing the level of toxic Al
in the root cell wall and transporting Al into the root cell, where it is ultimately sequestered in the vacuole [206].
OsNRAMPS, a plasma-membrane-localized transporter, is constitutively expressed in the roots through the whole
growth period and is polarly localized at the distal side of the exodermis and endodermis [201]. Several studies have
demonstrated that OSNRAMPS is a major transporter of Mn and Cd and is responsible for the transport of Mn and Cd
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from the external solution to root cells [189,200,201]. Knockout of NRAMPS5 causes a significant reduction in growth
and grain yield, especially when grown at low Mn concentrations, which could be partially rescued by supplying
high concentrations of Mn. Moreover, the knockout lines lost the ability to take up Mn and Cd, and show lower
concentration of Mn and Cd in both the roots and shoots than wild type rice [201]. Recently, Peris-Peris et al. have
reported that OsNRAMP6 has two isoforms and both of them are plasma membrane-localized proteins that function
as Fe and Mn transporters [207].

NRAMP genes in other plants

NRAMP genes have also been cloned and characterized from other plant species, such as Noccaea caerulescens, Thlaspi
Jjaponicum, tomato, soybean and peanut [59,181,184,185]. NcNRAMPI, one of the main transporters involved in Cd
hyper-accumulation in Noccaea caerulescens, is involved in the influx of Cd across the endodermal plasma membrane
and thus plays a key role in Cd influx into the stele and contributes Cd root to shoot transport [208]. NeNRAMP3,
identified as a tonoplast protein, is predominantly expressed in roots of Noccaea caerulescens and is able to transport
Cd, as well as Fe and Ni [188,209]. The expression of 7cNRAMP3 can be induced by Fe starvation and also by Ni and
Cd exposure. When expressed in yeast, 7cNRAMP3 is able to rescue the growth of a Fe uptake mutant and increase
Cd sensitivity and Cd content, while it enhances Ni resistance but reduces Ni accumulation in yeast cells, indicating
that TCNRAMP3 could accumulate Fe and Cd and exclude Ni in yeast. Furthermore, over-expression of 7eNRAMP3
in tobacco results in slight Cd sensitivity of root growth but not influence Ni resistance [188].

TcNRAMPA4, also a tonoplast protein, is able to transport Zn, Fe, Mn and Cd in yeast [187]. T/NRAMP4, identified
from Thlaspi japonicum, an Ni hyper-accumulating plant, specifically shows transport activity for Ni but not for Zn,
Mn or Cd in yeast and might therefore contribute to Ni hyper-accumulation in this plant [59]. In tomato, LeNRAMP1
localizes to the vascular parenchyma of the root hair zone as well as the root epidermis and the cortex behind the
root tip, and is thought to play a role in Fe distribution in the vascular parenchyma upon Fe deficiency as well as the
involvement of Mn transport [184]. GmDMT1, a soybean MRAMP homologue located on the peribacteroid membrane
of root nodules, is a symbiotic divalent metal transporter of Fe, Mn and possibly Zn and Cu [185]. AANRAMPI, a
peanut NRAMP gene expressed in roots and leaves, is up-regulated by Fe deficiency and is a functional Fe transporter
that might be responsible for Fe acquisition and distribution in peanut plants [210].

YSL GENE FAMILY

General function of YSL genes

YSL (yellow stripe-like) proteins, suggested to transport metal complexes, belong to the OPT (oligopeptide transporter)
family but have low similarity to other plant OPT members [12-14]. ZmYS1 is the first member of YSL gene in plant.
It is isolated from maize (Zea mays L.) yellow stripe I mutant, which exhibits a severe yellow leaf phenotype and
is deficient in Fe(IlI)-PS (phytosiderophores) uptake [12]. Afterwards, ZmYS1 is characterized as a high-affinity
proton-coupled symporter not only for Fe(III)-PS but also for various metal complexes including Fe(IIl)-, Zn(II)-,
Cu(I)- and Ni(IT)-MA (mugineic acids) complexes and Fe(II)-, Fe(IlI)- and Ni(II)-NA (nicotianamine) complexes by
heterologous expression in yeast and Xenopus oocytes [12,211,212]. To date, several members of the YSL family have
been functionally identified in both monocots and dicots, suggesting that YSL-mediated metal uptake and mobilization
may be a conserved transport mechanism across the plant kingdom [13].

YSL genes in Arabidopsis

To date, eight YSL members were identified in Arabidopsis by sequence similarity to ZmYS1. Arabidopsis YSL1, YSL2
and YSL3 are located in the plasma membrane and expressed in the vascular bundle parenchyma. They are proposed
to function in the remobilization of Zn, Fe, Mn and Cu in the form of metal-NA chelates from senescent leaves and
the loading of these metals into inflorescences and seeds [213-217]. AtYSL2 is expressed in many cell types in both
roots and shoots, and the fluorescence of ArYSL2: GFP fusion protein is observed on the lateral sides of the xylem
parenchyma plasma membrane, which suggests it may be involved in the lateral movement of metals in the vasculature
for maintaining Zn and Fe homeostasis. Interestingly, the expression of AtYSL2 is strongly down-regulated by Zn or
Fe deficiency, while it is up-regulated by the presence of Fe and Cu [213,215]. In yeast, DiDonato et al. reported that
the expression of AtYSL2 is able to restore the growth of fet3/fet4, a Fe uptake-defective yeast mutant, specifically
when Fe is provided as Fe(II)-NA but not as Fe(III)-NA. AtYSL2 is also able to mediate the transport of Cu-NA as well
as Zn-PS complex, and its expression depends on the Zn status [213]. However, another study reported that they have
obtained contradictory results that they did not observe any Fe(II)-NA dependent complementation in fet3/fet4 mutant
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or Fe(I)-NA inducible currents in Xenopuslaevis oocytes by AtYSL2 and furthermore demonstrated that DiDonato et
al.’s growth restoration was independent of Fe or NA supply [215].

AtYSL1 and AtYSL3 are responsible for the mobilization of micronutrients such as Zn, Fe, Mn and Cu in the form of
metal-NA chelates from senescent leaves and the loading of these metals into developing parts, such as inflorescences
and seeds [214,216,217]. AtYSLI and AtYSL3 mRNAs are mainly expressed in roots, leaves and flowers; the level
is highest in senescing rosette leaves and cauline leaves. In addition, both A¢tYSL/ and AtYSL3 mRNAs are down-
regulated by Fe deficiency but up-regulated by Fe excess [214,216]. The seeds of Atysl/ knockout mutant germinate
slowly and have less Fe and NA than wild type seeds, but this defect can be rescued by an exogenous Fe supply.
However, the leaves of A#ys/] have excess NA, while Fe levels are normal [214]. Unlike A#ysl] or Atysi3 single
mutant, the Atysl1/Atysi3 double mutants exhibited Fe deficiency symptoms, such as interveinal chlorosis, and greatly
reduced fertility due to defective anther and embryo development, which can be alleviated by application of Fe-
ethylene diamine-N,N’-bis (2-hydroxyphenylacetic acid) solution to the soil [216]. In addition, the concentrations of
several metals are specifically altered in this double mutant.

In leaves, the concentration of Fe is decreased, whereas concentrations of Zn, Mn and especially Cu are elevated. In
seeds, the concentrations of Zn, Fe and Cu are lower than wild type [216]. These results demonstrated that double
mutants failed to mobilize Zn and Cu from leaves. Chu et al. also have reported that AtYSL1 and A¢YSL3 are able to
transport Fe(I[)-NA. A¢YSL3 but not A¢tYSL1 also transports Fe(III)-DMA and Fe(III)-PS in yeast, although Arabidopsis
does not synthesize PS [217]. Interestingly, Chen et al. hypothesized that the AtYSL/1 and A¢YSL3 could be regulated by
SA and probably involved in the pathogen defense. The expression of 4¢YSL/ and A¢YSL3 are dramatically higher in
the siz/ mutant, which shows high levels of salicylic acid (SA) and SA glucoside, induced expression of pathogenesis-
related (PR) genes and increased resistance of the bacterial pathogen Pseudomonas syringae pv. tomato (Pst) DC3000
[218].

Jaquinod et al. identified AtYSL4 and AtYSL6 as members of the tonoplast proteins, whereas Conte et al. reported
that 4¢YSL4 and AtYSLG6 are localized to both vacuole membranes and internal membranes resembling endoplasmic
reticulum [219,220]. Meanwhile, Divol et al. concluded that 4¢YSL4 and A¢YSL6 proteins are located in plastids/
chloroplast envelope and demonstrated a fundamental role for AzYSL4 and A¢YSL6 in managing chloroplastic Fe
[221]. Knock out both A1YSL4 and AtYSL6 greatly reduces the plant’s ability to cope with excess Fe in the chloroplasts
and ubiquitous expression of AtYSL4 or AtYSL6 dramatically reduces plant tolerance to Fe deficiency and decreases
chloroplastic Fe content [221]. Interestingly, Hofstetter et al. reported that AtYSL7 and A¢tYSLS are major Syl4 uptake
transporters in Arabidopsis. AtYSL7 and AtYSLS8 can render yeast cells sensitive to growth inhibition by Sy/4 and
the greatest Sy/A sensitivity is conferred by AtYSL7 and A¢tYSLS8 expression levels. An Atysl7 mutant exhibits strongly
reduced SylA sensitivity in a root growth inhibition assay. In leaves of Atysl7 and Atysl8 mutants, Syl4 mediated
quenching of salicylic-acid-triggered PATHOGENESIS-RELATED GENE1 transcript accumulation is greatly reduced
compared with the wild type [222].

YSL genes in rice

To date, eighteen YSL genes have been identified in rice genome that exhibit 36-76% sequence similarity to the maize
YS1 gene. OsYSL?2 is suggested to be involved in the phloem transport of Fe and Mn, including the translocation of
Fe and Mn into the rice grains. It is a plasma membrane protein mainly expressed in the phloem cells of the vascular
bundles and developing seeds [223]. The transcripts of OsYSL2 cannot be detected in the roots of either Fe-sufficient
or Fe-deficient plants, but the dramatic expression is induced in the leaves, particularly in the phloem of leaf blade
and leaf sheaths, by Fe deficiency [223-225]. Electrophysiological measurements using Xenopuslaevis oocytes have
shown that OsYSL2 transports Fe(II)-NA and Mn(II)-NA but not Fe(III)-DMA [223]. An RNAI line of OsYSL2 shows
decreased Fe translocation to seeds, lower Fe concentrations in shoots and seeds, and greater accumulation of Fe in
the roots [226]. OsYSL15 is the dominant Fe(IlI)-DMA but not Fe(IIl)-NA, Fe(II)-NA or Mn(II)-NA transporter
responsible for Fe uptake from the rhizosphere and is also responsible for phloem transport and distribution of Fe in
rice [224,225].

The expression of OsYSL15 is strongly induced by Fe-deficiency and is dominant in the epidermis/exodermis and phloem
cells in roots under conditions of Fe deficiency but detected only in phloem under Fe sufficiency [212,224,225,227].
OsYSLI15 is also expressed in flowers, developing seeds, and in the embryonic scutellar epithelial cells during
seed germination. OsYSL15 functionally complements a yeast mutant defective in Fe uptake when supplied with
Fe(IIT)-DMA and transports Fe(Il1)-DMA in Xenopuslaevis oocytes. Osysl15 mutants exhibit Fe deficiency chlorotic
phenotypes and have reduced Fe concentrations in their roots, shoots and seeds, while over-expression of OsYSL15
increases the Fe concentration in leaves and seeds [224,225]. The mutant seedlings are severely arrested in their
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germination and early growth but are rescued by a high Fe supply, which revealed that OsYSL15 is also crucial in Fe
homeostasis during early stages of growth [224].

OsYSL16, 85% similarity to both OsYSL2 and OsYSL15, plays a role in the allocation of Fe via the vascular bundles
and facilitates Fe distribution within a plant [228,229]. OsYSL16 is highly expressed in the root epidermis, vascular
bundles of root, leaf and spikelet, and leaf mesophyll cells. It has been detected in the xylem of old leaves, the phloem
of new leaves and the vascular bundles of un-elongated nodes [228,229]. OsYSL16 functionally complements a yeast
mutant defective in Fe uptake when grown on medium containing Fe(III)-DMA, but not when grown on medium
containing Fe(I)-NA [228]. OsYSL16 knockdown seedlings are smaller than wild type when only FeCl, is supplied as
a Fe source. The OsYSL16 knockdown plants show more severe chlorosis than wild type, whereas the Fe concentration
in shoots was similar to that of the wild type under Fe deficient conditions. Furthermore, OsYSL /6 knockdown plants
accumulated more Fe in the vascular bundles of the leaves [228]. In the OsYSL16 activation lines, the Fe concentration
in shoots is higher than in the wild type and the rate of Fe utilization from the seeds is also higher than in the wild type
seeds during germination [229].

Additionally, OsYSL6 is constitutively expressed in all cells of both the shoots and roots and its expression level
increases with leaf age but is not affected by either deficiency or toxicity of various metals [230]. OsYSL6 is a Mn(II)-
NA but not Mn-MA transporter that is required for the detoxification of excess Mn in rice. Knockout of OsYSL6 results
in decreased growth of both roots and shoots only in the high Mn condition. There is no difference in the concentration
of total Mn and other essential metals between the wild type rice and the knockout line, but the knockout line shows
a higher Mn concentration in the leaf apoplastic solution and a lower Mn concentration in the symplastic solution
than wild type rice [230]. OsYSLI8, an Fe-PS transporter involved in the translocation of Fe in reproductive organs
and phloem in joints, transports Fe(Il1)-DMA, but not Fe(Il)-NA, Zn(I)-DMA or Zn(II)-NA. In vegetative organs,
OsYSL18 is specifically expressed in lamina joints, the inner cortex of crown roots and phloem parenchyma and
companion cells at the basal part of every leaf sheath. However, more OsYSLI8 transcripts have been observed in
flowers than in shoots or roots, and it is expressed independently of Fe conditions [231].

YSL genes in other plants

Three YSLs have been isolated from a metal hyper-accumulator, Thlaspi caerulescens, which is a model plant for
the study of Zn, Cd and Ni hyper-accumulation [57,152,232,233]. The three YSL genes are expressed at high rates
compared with their Arabidopsis thaliana homologs but with distinct patterns. The expression of 7cYSL3 is equivalent
in all the organs, while 7cYSL5 is highly expressed in the shoots and 7cYSL7 is more highly expressed in the flowers.
Interestingly, the high and constitutive expression of the 7TcYSL gene is not affected by the exposure to heavy metals
[234]. Through yeast complementation and uptake assays, 7cYSL3 has been identified as a Fe/Ni-NA influx transporter,
which is suggested to be involved in the entry of Ni-NA into symplastic transport in the roots for delivery to the xylem
and unloading of the Ni-NA complexes from the xylem in the leaves [234].

BjYSL7 from the hyper-accumulator Brassica juncea, over 90% identical to TcYSL7 and AtYSL7, is a Fe(I[)-NA
influx transporter, which might be involved in the transport of Fe, Ni and Cd to the shoot and improving heavy metal
resistance in plants. BjYSL7 is mainly expressed in the stem under normal condition, whereas its expression level is
up-regulated in roots and shoots under Fe, Ni and Cd stresses. The BjYSL7 over-expressing transgenic tobacco plants
exhibits longer root lengths, lower relative inhibition rate of length and superior root hair development compared to
that of wild type plants in the presence of Cd and Ni [235]. Furthermore, the concentrations of Cd and Ni in shoots of
BjYSL7 over-expressing plants are significantly higher than that of wild type plants, while the Fe concentrations are
higher in the shoots and seeds but lower in the roots compared to the wild type plants [235].

In barley, HvYS! is limited to the root epidermis under Fe deficient conditions and highly specific for Fe(III)-MAs
while demonstrating a low transport activity for MAs chelated to Zn(Il), Cu(Il), Ni(II) or Co(Il), which partially
explains the important role played by HvYS! in the uptake of Fe under Fe deficient conditions [12,212,227]. HvYSL2,
exhibits 67.3% identity to HvYS]I, is localized to the endodermis of shoot and root and is induced under Fe deficient
conditions. It constitutes a broader range of substrate preference than HvYS/ and transports PS complexes with Fe(III),
Zn(11), Mn(II), Cu(II), Ni(Il) or Co(II) [236]. HvYSLS5, shares 50% identity with HvYS/, is localized either to vesicles
or the tonoplast and expressed in the roots and the expression is greatly induced by Fe deficiency, but not by deficiency
of other metals including Zn, Mn and Cu. Furthermore, the expression of HvYSL5 shows a diurnal rhythm, being the
highest in the morning, but with no expression in the afternoon [236]. Although knock down of HvYSL5 did not result
in any detectable phenotype changes, Zheng et al. suggested that HvYSLJ is involved in the transient storage of Fe or
phytosiderophores [236,237].
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CONCLUSION AND FUTURE PERSPECTIVES

Based on the incensement of the knowledge and functions of these well characterized transporter genes in rice and
other crops, most of them could be applied in the molecular breeding of crops to promote the uptake and distribution
of beneficial elements to improve the yield production and micronutrient concentrations in grains, especially Zn and
Fe, which are inadequate in our daily diet. For example, the plasma membrane localized ZIP transporters have been
suggested to be involved in both Fe and Zn uptake from rhizosphere to roots and distribution form roots to leaves
and seeds in rice as well as in barley and maize [46,49,50,53,63-65]. OsYSL2, OsYSL15 and OsYSLI8 genes also
have been reported to play important roles in Fe uptake and preferential distribution into new leaves and seeds in rice
[223-225,231]. Most importantly, several genes could be used to reduce the root acquisition of toxic elements and/
or the translocation to shoots and seeds by efflux and sequestration the toxic heavy metals into vacuoles, which can
avoid the original entry of toxic heavy metals into our diet and is beneficial for human health. For example, OsHMA?2,
OsNRAMPI, OsNRAMPS5 have been identified to function in root uptake and root-to-shoot mobilization of Cd and As.
Thereafter, the knockout lines lost the ability to take up Cd and As and show lower concentration of Cd and As in both
the roots and shoots than wild type rice [143-145,197,200-202]. OsHMA3 is a tonoplast localized protein involving
in valvuolar sequestration of Cd. Rice plants with functional allele of OsHMA3 and overexpression transgenic plants
exhibit significantly decreased concentrations of Cd in shoots and seeds [141-143,146]. OsNRAMP4 is also a tonoplast
localized transporter which contributes to Al tolerance in rice [180,205].

Furthermore, from the plant genomic sequencing and bioinformatics analysis, we can find that large transporter
gene families exist in the genomes of Arabidopsis and rice. Although a range of plant transporter genes involved
in metal microelement uptake and translocation have been cloned and characterized in last decades, undoubtedly,
further study is still needed. (1) As described above, there is amount of transporter genes await for identification and
functional analysis, and some of the transporter genes have a wide range of substrates while others have specific
substrate. Thereafter, the most important work in the future will focus on the cellular and subcellular expression and
function of these transporter genes to reveal their specific roles and substrates distinct to other genes within the same
family. (2) In addition, transcriptional and post-transcriptional regulation of transporter genes plays important roles
for plants to cope with the variety of metal supplies. Therefore, studies aimed to isolate and characterize the regulator
genes, including transcription factors, protein kinases and hormone-related genes, controlling the transport activity of
metal microelements in response to environmental changes are particularly meaningful. (3) An appropriate structure
of transport proteins is essential for the effective metal recognition, binding and transition from the outside to the
inside of the membrane. Hence, more studies should be contributed to the structure analysis of metal microelement
transporters to reveal the basic mechanism of the substrates selection and transport activity.
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