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Abstract

Plants require zinc (Zn) as an essential cofactor for diverse molecular, cellular and
physiological functions. Zn is crucial for crop yield, but is one of the most limiting
micronutrients in soils. Grasses like rice, wheat, maize and barley are crucial sources
of food and nutrients for humans. Zn deficiency in these species therefore not only
reduces annual yield but also directly results in Zn malnutrition of more than two
billion people in the world. There has been good progress in understanding
Zn homeostasis and Zn deficiency mechanisms in plants. However, our current
knowledge of monocots, including grasses, remains insufficient. In this review, we
provide a summary of our knowledge of molecular Zn homeostasis mechanisms in
monocots, with a focus on important cereal crops. We additionally highlight
divergences in Zn homeostasis of monocots and the dicot model Arabidopsis thaliana,
as well as important gaps in our knowledge that need to be addressed in future
research on Zn homeostasis in cereal monocots.
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1 | INTRODUCTION

Gramineae (Grasses), like all life forms, demand optimal zinc (Zn)
supply to maintain growth and reproduction (Broadley et al., 2007).
Zn is a key cofactor for enzymes involved in various cellular pathways
such as gene expression, DNA replication, cell development, and
protein synthesis (Gupta et al., 2016). These enzymes contribute to
several physiological processes including hormone regulation, chlor-
ophyll synthesis, lipid metabolism, carbohydrate metabolism, pollen
formation and seed development (Hafeez et al., 2013; Vallee &
Falchuk, 1993; J. Zhang et al., 2019). Zn requirement for plants was
first discovered more than a century ago in maize (Zea mays, Zm) and
then in barley (Hordeum vulgare, Hv) (Mazé, 1915; Sommer &
Lipman, 1926). Zn deficiency has since been recognized as one of the
most common micronutrient deficiencies in crops (Alloway, 2008;
Cakmak, 2004). Zn malnutrition has similarly the largest impact
among all micronutrients on human health (Black et al., 2008). There
is mild to high risk of Zn deficiency on all continents, accounting for
half of the world population (Gregory et al., 2017). The annual death
of ~800 000 children worldwide is, for instance, attributed to acute
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Zn deficiency (Akhtar, 2013). Populations that rely primarily on
cereal-based diets suffer the most from this so-called hidden hunger
(Rawat et al., 2013). Zn uptake from the soil is influenced by a
number of characteristics including soil concentration of water-
soluble Zn, soil pH, type, moisture, and mineral blend (Alloway, 2009;
Broadley et al., 2007; Shahzad et al., 2014). Unfortunately, a con-
siderable portion of Zn, that is, two-thirds in wheat (Triticum aestivum,
Ta), one-third in rice (Oryza sativa, Os) and three-quarters in barley, is
polished off the seeds before being consumed, while Zn retained in
the endosperm is partially bound to phytate and thus poorly bioa-
vailable to humans (Balk et al., 2019; Lombi et al., 2011; Swamy
et al.,, 2016). Moreover, forage grasses constitute a significant share
of livestock and poultry feed and are equally critical for meat-rich
diets.

Grasses are the second largest and economically most important
family of monocotyledons, where cereal grasses, in particular rice,
wheat, maize, and barley, represent the majority of the biomass
produced by agriculture (Eckardt, 2000; http://www.fao.org/
publications/sofa/2016/en/). However, compared to the dicotyle-

donous model Arabidopsis (Arabidopsis thaliana, At), the molecular
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basis of Zn homeostasis, unlike iron (Fe) (Kobayashi, 2019), remains
poorly known in monocots. Here, we review the current knowledge
of the Zn pathway from roots to the seeds in cereals (Figures 1-3,
Box 1), focusing on potential differences within monocots as well as
with dicots (Box 2 and 3). Whenever possible, we place characterized
molecular actors along this Zn pathway (Figures 1-3). We shed light
on existing gaps in our current knowledge of Zn homeostasis in staple
grain crops and provide a perspective for basic research and future

development of Zn biofortification strategies.

2 | Zn CHELATION IN MONOCOTS

Metal chelators such as nicotianamine (NA), free histidine, phytochelatins,
glutathione, phosphate and organic acids (malate, citrate, and oxalate),
increase metal solubility inside and outside the cells, buffer intracellular
metal ion concentrations and control unwanted interactions with cellular
components, thus contributing to metal movement and alleviating metal
toxicity (Graham & Stangoulis, 2018; Olsen & Palmgren, 2014; Salt
et al,, 1999; Sinclair & Kramer, 2012). Among those, NA is very important
for Zn homeostasis and detoxification, while citrate and histidine also play
their part (Clemens, 2019). For many of the others, information is scarce.
Unlike dicots, grasses produce an additional type of metal chelators:
phytosiderophores (PSs, Figure 1a) (Caldelas & Weiss, 2017). Synthesized
from NA (Shojima et al., 1990), mugineic acids (MAs) are a group of PSs
that fulfill two roles: (i) upon secretion from roots into the rhizosphere,
mobilize, chelate and stabilize Fe(lll) and Zn* before uptake and (ii) as
internal metal chelators, enable metal movement across membranes via
specific transporters (Figure 1b). NA can similarly serve both roles
(Clemens, 2019).

The dual role of NA, both as metal chelator and PS precursor,
leads to different physiological functions for NA Synthase (NAS) in
Arabidopsis and grasses (Figure 1c,d). This is reflected by differences
between NAS subcellular localization in Arabidopsis and rice/maize/
barley. AtNAS1 to AtNAS4 and ZmNAS1 are distributed uniformly in
the cytoplasm when expressed in tobacco cells, while OsNAS2,
ZmNAS2, ZmNAS3 and HvNAS1, together with two intermediate
MA biosynthesis enzymes, NA aminotransferase-A (HYNAAT-A) and
deoxymugineic acid (DMA) synthase 1 (HvDMAS1), localize at rough
endoplasmic reticulum (rER)-derived vesicles (Mizuno et al., 2003;
Nozoye et al., 2014). Similar vesicles appear in rice and barley root
cells just before DMA secretion into the rhizosphere (Negishi
et al., 2002; Nishizawa & Mori, 1987). It is suggested that in grasses,
NA and MAs are synthesized and stored in these vesicles, before
being translocated to the required locations (Figure 1b). This may
prevent Fe and Zn deficiency responses triggered by metal chelation
in the cytoplasm (Nozoye et al., 2014).

PSs, especially DMA, play a key role in monocots as part of a
chelation-based Fe-uptake system (Strategy Il). In contrast, dicots use

a reduction-based Fe strategy (Strategy ), including Fe(lll) to Fe(ll)

1Zn is meant for Zn(Il). The oxidation state of Fe will be specified in the text, as it can occur in
two valences.

BOX 1 The Zn pathway from roots to seeds in
monocots

Once taken up into the root, Zn uses two different but
interconnected pathways to move from root epidermal
cells to the xylem (Figure 1b,d). In the symplastic path-
way, Zn is transported via the cytoplasmic continuum of
cells, linked by plasmodesmata, and passes through
cortical and endodermal cells. This pathway is initiated
at the root epidermis by plasma membrane transporters,
and further influenced by plasma and vacuolar mem-
brane transporters, as well as chelators, which alto-
gether determine the balance between radial Zn
transport to the xylem and Zn storage (Figure 1). In the
apoplastic pathway, Zn is pumped extracellularly into
the stellar apoplast in regions where the Casparian strip
is not fully formed (Sinclair & Kramer, 2012;
White, 2001). As a layer of lignin that surrounds the cells
of the root endodermis (Figure 1), the Casparian strip
forms an impermeable diffusion barrier dividing in two
the root apoplast. Zn movement towards the stele thus
requires passage to the symplast. The transport into and
out of the apoplast is considered a major bottleneck in
micronutrient homeostasis in plants (Olsen &
Palmgren, 2014).

Once it reaches the central cylinder, Zn flux into above-
ground tissues occurs via active loading of the root xy-
lem, where Zn moves as free cation due to the acidic pH
(Olsen & Palmgren, 2014). In wheat and barley, root-to-
shoot translocation is a bottleneck, especially for grain
Zn filling (Palmgren et al., 2008). However, this is not
the case for rice as excess Zn is stored at relatively si-
milar levels in stems and roots (Stomph et al., 2009).
After being transported into the shoot xylem, Zn is ta-
ken up into living xylem parenchyma and mesophyll
cells, where it is necessary for photosynthesis, and is
subsequently exported into the leaf apoplast for phloem
loading. In grasses, xylem-phloem exchange of Zn so-
lutes occurs at nodes (Figure 2). Due to low solubility at
the alkaline pH, Zn has to be chelated in the phloem.
Finally, Zn is provided to developing seeds via long-distance
transport in the phloem (Figure 3), which has two distinct
sources in grasses: (i) phloem loading after remobilization from
vegetative tissues, especially flag leaves, and/or (i) direct and
continuous xylem flow from roots followed by xylem-to-
phloem transfer in the stem and nodes (Waters et al., 2009).
Depending on the species, this transport occurs either sym-
plastically or from the apoplast through cellular uptake (Olsen &
Palmgren, 2014; Sinclair & Kramer, 2012; Turgeon &
Wolf, 2009).
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BOX 2 Plant anatomy and Zn homeostasis

Zn homeostasis has distinct features in different species,
stemming from anatomical differences. First, while both
monocots and dicots have an apoplastic barrier in the en-
dodermis, monocots have another layer of Casparian strip
at the exodermis; the outermost layer of the cortex
(Figure 1) (Olsen & Palmgren, 2014). Second, in grasses,
nodes act as hubs to facilitate the distribution of Zn to
young vegetative organs and reproductive tissues (Figure 2)
(Yamaguchi et al., 2012), which demands intervascular Zn
transfers at nodes, including from the xylem of enlarged
vascular bundles (that goes toward flag leaves) to the xylem
of diffuse vascular bundles (that goes toward productive
tissues) (Kawakami & Bhullar, 2018). Third, distinct grain
anatomy is responsible for major differences in Zn home-
ostasis among monocot species: at the base of rice grains,
the xylem of vascular bundles is continuous and Zn can be
loaded directly to the nucellar projection and the aleurone
layer (Figure 3b) (Stomph et al., 2009). In contrast, xylem-
to-phloem Zn transport is required at the base of seeds in
wheat and barley. In wheat, several apoplastic barriers need
to be crossed for Zn to reach the grain: (i) between the stem
xylem and the grain base phloem (Olsen & Palmgren, 2014),
(i) between the vascular parenchyma and nucellar projec-
tions, and iii) between maternal transfer cells and the filial
endosperm (Wang et al., 1994). Active transport of free and
chelated Zn ions, between symplast and apoplast, is
therefore required to efflux Zn from these bottlenecks until
it reaches the grain aleurone layer, endosperm, and embryo
(Figure 3f) (Palmgren et al., 2008). In wheat grain, Zn is
more concentrated in the embryo, while the aleurone layer
contains a higher Zn concentration than the endosperm,
and Fe is the highest in aleurone layer (Ajiboye et al., 2015;
Balk et al., 2019). The rice seed, like the wheat grain, has an
apoplastic barrier between maternal tissues and filial en-
dosperm and embryo tissues, and Zn transporters have a
critical role in these symplastic pathways (Kawakami &
Bhullar, 2018). The rice endosperm also has the lowest Zn
concentration in grain, and it seems that differences in
nutrient transport pathways at the grain base of rice and
wheat are not leading to distinct distribution of Zn in the
seeds (Stomph et al., 2009).

reduction and Fe(ll) uptake (Figure 1c) (Kobayashi et al., 2012;
Marschner et al., 1986). The use of two strategies, ending up with the
uptake of two distinct Fe forms, determines distinct interactions
between Zn and Fe homeostasis (Hanikenne et al., 2021). Rice takes
advantage of both strategies (Figure 3, Box 3) (Ishimaru et al., 2006).

In addition to Fe uptake, PSs have a critical role in Zn uptake from
the rhizosphere in monocots (Kawakami & Bhullar, 2018). Zn deficiency
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induces root PS secretion in barley (Suzuki et al, 2006), and Zn-PS
complexes are taken up by maize roots (Figure 1a) (Von Wirén
et al., 1996). Consistently, Zn and Fe deficiencies result in the upregula-
tion of maize MA pathway genes (e.g, ZmNAS1 and ZmNAS3)
(Mallikarjuna et al., 2020). Differences in Zn uptake efficiency among rice
and wheat genotypes are attributed to their PS secretion rate into the
rhizosphere (Arnold et al, 2010; Cakmak et al, 1996; Neeraja
et al.,, 2018). However, decreased secretion of DMA into the rice rhizo-
sphere under Zn deficiency is in contrast with the elevated MA secretion
observed in wheat and barley in these conditions (Ishimaru et al., 2008).
Consistently, increasing DMA alone (by overexpression of OsNAS1) in rice
does not increase Zn accumulation in the embryo and endosperm, while
coupled increase in DMA and NA (by overexpressing HYNAATb and Os-
NAS1 together) results in Zn enrichment in both tissues (Diaz-Benito
et al., 2018). Fe concentration in contrast increases in seeds in both cases.
Fe(lll)-DMA and Zn-NA may thus be the dominant forms transported and
stored in rice grains (Diaz-Benito et al., 2018).

Consistent with their role in Zn uptake, NA and DMA contribute to
Zn excess tolerance in rice, particularly in intracellular and intercellular Zn
mobility in roots toward pericycle cells, and therefore in root-to-shoot
metal translocation. Under Zn excess, rice genes involved in NA and DMA
synthesis (OsNAS1, OsNAS2, OsNAAT1 and OsDMAS1), are upregulated in
roots, but not in shoot (Ishimaru et al., 2008). NA and DMA as well as
their transporters (Table 1) consequently play an important role in con-
trolling the balance between Zn sequestration in root vacuoles and Zn
radial transport towards the xylem, and therefore, with other players (see
Zn transport Section), regulate shoot Zn accumulation (Haydon
et al., 2012; Ishimaru et al., 2008; Sinclair & Kramer, 2012).

NA is also crucial for Zn long-distance transport in phloem and
xylem (Figure 1a,c) (Olsen & Palmgren, 2014). Overexpression of Os-
NAS1, 2 and 3 as well as HYNAS1 increases Zn content of polished and
whole grains in transgenic lines of the respective species (Banakar
et al, 2017; Johnson et al., 2011; Lee et al., 2009, 2011; Masuda
et al., 2009; Singh et al., 2017; Wirth et al., 2009). In many mono-
cotyledonous and dicotyledonous species, Zn can be transported as free
Zn ions and mostly as bound to histidine and NA in the xylem sap
(Caldelas & Weiss, 2017; Flis et al., 2016; White & Broadley, 2009),
while citrate can also be a dominant Zn ligand in the xylem in other
species (Cornu et al., 2015; Flis et al., 2016). OsNAS3, expressed in cells
adjacent to the xylem (Inoue et al., 2003), is upregulated by Zn defi-
ciency and downregulated by Zn excess (Ishimaru et al., 2008; Suzuki
et al., 2008). OsNAS3 transcript levels, as well as NA and DMA contents,
are higher in developing panicles of high-Zn-grain rice strains than low-
Zn strains (Neeraja et al., 2018).

For translocation to developing grains, NA is the dominant Zn
chelator in rice phloem (Nishiyama et al., 2012). NAS and NA-metal
transporter genes are highly expressed in barley seed transfer cells
(Tauris et al., 2009): Zn remobilization from the phloem to transfer
cells may occur as NA-Zn, whereas NA- and PS-Zn complexes would
be present in the transfer cell cytosol. TaNAAT2 and TaNAS3 simi-
larly have an active role in chelating metals during senescence in
wheat, when nutrients are (re-)allocated to reproductive organs
(Figure 1a,c) (Pearce et al., 2014).
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BOX 3 Rice and Zn homeostasis in monocots

As it feeds a large part of the human population, rice is extensively used as a model plant for grasses (Sasaki & Burr, 2000). The number of rice
(52), barley (27), wheat (16), and maize (8) genes cited in this manuscript to be linked with Zn homeostasis/tolerance (Table 1), reflects that a
substantial amount of studies on the molecular basis of Zn homeostasis in cereals has been dedicated to rice. However, rice is not a perfect
model for wheat and barley, especially for uncovering metal homeostasis mechanisms. It was indeed suggested that bottlenecks for Zn
transport from the rhizosphere to grain are different in rice and other cereals (Stomph et al., 2009).

First, rice is primarily cultivated in paddy fields, in conditions that prevent Fe oxidation and precipitation (Grillet & Schmidt, 2019), and in
contrast to other cereals, it uses both Fe uptake strategies (Figure 3a) (Ishimaru et al., 2006). It can, therefore, be speculated that a number of
metal homeostasis genes play dissimilar roles in rice and other grasses. Differential DMA-secretion patterns in rice compared to wheat and
barley in response to Zn deficiency (Suzuki et al., 2008), may also reflect the presence of a dual Fe uptake strategy in rice.

Second, rice has different Zn allocation strategies to grains. Unlike wheat, rice leaves are not a Zn source for grains and rice plants dominantly
use Zn uptake from soil and xylem transport postflowering to provide Zn to grains. In general, differential mechanisms of Zn translocation to
rice grains under sufficiency and deficiency are reported (Sperotto, 2013; Wu et al., 2010). For instance, when Zn is not supplied sufficiently,
stored Zn in roots, stem, and sheath, but not leaves, is reported to remobilize to rice grains (Jiang et al., 2007; Sperotto et al., 2009; Stomph
et al,, 2009). In contrast, in field conditions, pre-anthesis remobilization of deposited Zn from vegetative tissues via phloem transport has been
reported as the main Zn source for grains in wheat, while maize grains accumulate Zn post-silking from the soil (Xue et al., 2019). The
contribution of Zn sources, soil, or remobilization from other tissues, in grain Zn accumulation, can also depend on factors like water availability,
timing of senescence, length of grain-filling period, and nitrogen status (Cakmak & Kutman, 2018).

Third, Zn root-to-shoot transport is not (or is less of) a bottleneck in rice compared to other cereals. The continuous Zn uptake from soil in rice
might also be explained by a highly effective root-to-shoot Zn transport system, compared to wheat and barley where Zn excess is stored in
root vacuoles (Stomph et al., 2009). OsHMA2 may be the key for this feature in rice. The control of HMAs on Zn xylem loading is indeed
crucial for Zn root-shoot partitioning (Claus et al., 2013; Hanikenne et al., 2008). However, differences in Zn radial transport in rice roots remain
to be investigated.

Finally, rice has a different grain anatomy than wheat, barley, and maize, which modify the Zn pathway to the grain (Figure 3b,f, see Box 2 for

details) (Hands and Drea, 2012). The genes responsible for this transport in wheat and barley are not identified yet.

In addition to organic metal chelators, a class of proteins,
metallothioneins (MT) plays a role in metal chelation (Sinclair &
Kramer, 2012). HYMT3 and HYMT4 can bind Zn, and HYMT4 may
contribute to Zn storage in barley grains (Hegelund et al., 2012).
HvMT2b2 is strongly induced in the embryo and the aleurone of
barley grains upon foliar Zn application and may be a chelator
under excess Zn. HYMT2a was also proposed as a key Zn chelator
in the endosperm (Tauris et al., 2009). In rice, OsMT1a is induced
by Zn and its overexpression increases Zn concentration in both
vegetative tissues and grains (Z. Yang, Wu, et al., 2009), whereas
OsMTI-1b was shown to bind Zn (Malekzadeh et al., 2020).

3 | Zn TRANSPORT IN MONOCOTS

Zn cellular import/export and intracellular trafficking in plants
require a passage through numerous biological membranes
(Figures 1-3, Box 1), ensured by many proteins active transport
of Zn and other divalent cations. The function of several of these
proteins in Zn homeostasis is tightly linked to Fe homeostasis and
contributes to interactions between these two nutrients
(Hanikenne et al., 2021).

3.1 | ZIP family

Zn-regulated transporter (ZRT), iron-regulated transporter (IRT)-like
protein (ZIP) transporters are generally mediating cellular uptake of
Zn and other divalent metals like manganese (Mn), Fe or even
cadmium (Cd), with a transport direction from outside the cell or
from an organelle to the cytoplasm (Guerinot, 2000). Several rice
ZIPs are linked to Zn movement throughout the plant toward grains.
For instance, OsZIP3 and OsZIP1 are among rice marker genes for
Zn status and show a good association between gene expression
level and grain Zn concentration (Swamy et al., 2016). OsZIP1 is
expressed in the root exodermis and endodermis (Figure 1b) and is
upregulated in roots and shoot under Zn deficiency (Ramesh
et al., 2003). Higher OsZIP1 expression is associated with higher
tolerance to Zn deficiency among cultivars (Lu et al., 2021). OsZIP1,
and ZmZIP5, display a dual localization in the ER and plasma
membrane (PM) (Figure 1b) (Li et al., 2013, 2019; Liu et al., 2019;
Mallikarjuna et al., 2020). Interestingly, a role of the ER in facilitating
root-to-shoot Zn movement has been proposed in Arabidopsis
(Figure 1d) (Sinclair et al., 2018). OsZIP1 and ZmZIP5 may therefore
not only detoxify excess Zn out of cytosol but also contribute to Zn

root-to-shoot translocation.
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FIGURE 1 Schematic of root and molecules involved in Zn homeostasis in monocots and dicots. Whole-plant and root layers of monocots
(a and b) and the dicot Arabidopsis thaliana (c and d) are shown with the most important Zn transporters and chelators that a play role in

Zn uptake from rhizosphere into roots and Zn movement to the root stele. Differences in Fe-uptake strategies between monocots and dicots are
illustrated as well as the additional cell layer in monocots, the exodermis. Black boxes in the exo- and endodermis represent apoplastic barriers.
At, Arabidopsis thaliana; DMA, deoxymugineic acid; ER, endoplasmic reticulum; FRO, ferric reductase oxidase; HMA, heavy metal ATPases; Hv,
Hordeum vulgare; MTP, metal transport protein; NA, nicotianamine; NAS, nicotianamine synthase; Os, Oryza sativa; PS, phytosiderophore; rER,
rough ER; YS, yellow stripe; YSL, yellow stripe-like; ZIP, Zn-regulated transporter (ZRT); iron-regulated transporter (IRT)-like protein; Zm,

Zea mays

OsZIP8 is highly induced in roots and shoot by Zn deficiency and
complements a Zn-deficient yeast strain (Lee, Kim, et al., 2010; X. Yang,
Huang, et al., 2009). The OsZIP8 protein is localized at the PM in root
cells. OsZIP8 overexpression in rice results in root Zn accumulation,
while shoot and seeds are deficient (Lee, Kim, et al., 2010). Similar
results were reported for OsZIP5 (Lee, Jeong, et al., 2010). OsZIP5 and
OsZIP9 are PM localized and involved in Zn and Cd influx into root cells,
with the corresponding genes being induced by Zn deficiency (L. Tan
et al., 2020). oszip5, oszip9 and oszip50szip9 mutants accumulate lower
Zn concentrations and display growth retardation under Zn deficiency.
The oszip9 and oszip50szip9 mutants have the most severe phenotypes
(L. Tan et al., 2020). OsZIP9 is expressed in root epidermal and exo-
dermal cells. Its root expression level is highly associated with Zn con-
tent of milled grains (Swamy et al., 2016; Yang et al., 2020). In contrast
to OsZIP5, OsZIP9 is controlled by shoot Zn status (L. Tan et al., 2020),
suggesting a long-distance systemic regulation as reported for AtMTP2
and AtHMAZ2 in Arabidopsis (Sinclair et al., 2018). OsZIP8, OsZIP5 and
OsZIP9 are therefore involved in Zn uptake into root cells (Figure 1b).

OsZIP3 is expressed in the xylem transfer cells in enlarged vas-
cular bundles and transports Zn (Figure 2) (Sasaki et al., 2015). The
OsZIP3 gene has higher expression in flag leaves than roots and is
slightly induced by Zn deficiency in shoot (Ramesh et al., 2003).

The OsZIP4 gene functions in root-to-shoot Zn translocation
(Bashir, Takahashi, Nakanishi, et al., 2013). It is regulated by Zn
availability (Suzuki et al., 2012). OsZIP4 is localized at the PM
(Ishimaru et al., 2005, 2008) and is likely involved in transporting
Zn from the enlarged to the diffuse vascular bundle in the basal
node and to panicles (Box 1, Figure 2) (Mu et al., 2021). Con-
sistently, the expression level of OsZIP4 in flag leaves correlates
with rice grain Zn content (Swamy et al., 2016).

OsZIP7 rescues the Zn uptake-defective zrt1zrt2 yeast mutant
under Zn deficiency, but not under Fe deficiency (Ricachenevsky
et al.,, 2018; L. Tan et al., 2019). OsZIP7 localizes at the PM in rice
protoplasts (L. Tan et al., 2019). The OsZIP7 gene is highly expressed
in rice roots and less in flag leaves (Chandel et al., 2010), while it is
upregulated by Zn deficiency in root stele and parenchyma cells of
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enlarged vascular bundle in the basal node (Figures 1b and 2) (L. Tan
et al., 2019). An oszip7 mutant displays Zn accumulation in roots and
basal nodes and reduced Zn delivery to upper plant parts (Gindri
et al., 2020; L. Tan et al., 2019). Overexpression of OsZIP7 in Ara-
bidopsis significantly increases leaf, but decreases root, Zn con-
2018). OsZIP7-

overexpressing Arabidopsis lines are hypersensitive to high Zn and

centration (Ricachenevsky et al, Moreover,
display significantly increased Zn seed concentrations (Ricachenevsky
et al., 2018). Accordingly, OsZIP7 plays an important role in Zn xylem
loading in roots, inter-vascular transport in the basal node, and
consequently Zn translocation toward leaves and rice grains (L. Tan
et al., 2019). The barley ortholog of OsZIP7, HVZIP7, is similarly lo-
calized at the PM and was implicated in root-to-shoot Zn transloca-
tion (Figure 1) (Tiong et al., 2014). TaZIP7, another orthologous gene
in wheat, is highly expressed during senescence in leaves (Pearce
et al., 2014), suggesting a role in Zn translocation toward the phloem
and reproductive organs. Finally, and similar to OsZIP7, ZmZIP7 in-
creases Zn concentration in seeds when expressed in Arabidopsis (Li
et al., 2016). Unlike rice/wheat, ZmZIP7 is more expressed in flag
leaves than in baby kernels, and is among low-expressed ZIPs in
maize (Mondal et al., 2014). Their Arabidopsis homologs, AtIRT3 and
AtZIP4 (Evens et al., 2017; Tiong et al., 2015), are respectively, sug-
gested to function in Zn xylem unloading (Lin et al., 2009), and Zn
uptake into root endodermis and pericycle cells to mediate Zn xylem
loading (Lin et al., 2016). This subgroup of plant ZIPs, including
AtIRT3, AtZIP4 as well as the rice, barley, wheat and maize ZIP7
proteins (Evens et al., 2017), thus appear to share a role in mediating
root-to-shoot Zn translocation.

Other ZIPs were shown to be Zn-responsive in monocots, but their
contribution to Zn uptake and distribution remains unclear. For instance,
OsZIP6 is expressed in roots and shoot, and is highly upregulated in
shoot under Zn, Fe and Mn deficiency (Kavitha et al., 2015). Its ortho-
logs HvZIP6 and TaZIPé are only induced in roots by Zn deficiency
(Evens et al., 2017; Tiong et al, 2015). In this respect, the mono-
cotyledonous ZIP6 genes differ from their Arabidopsis ortholog, AtZIPé,
which is unresponsive to the Zn status (Talke et al., 2006; Spielmann
et al., 2020). The HvZIP2, HvZIP3, HvVZIP5, HvZIP8, HvZIP10 and HvZIP13
genes are upregulated by Zn starvation, and HvZIP3, HvZIP5
and HVZIP8 transport Zn in yeast (Nazri et al., 2017; Pedas et al., 2009;
Tiong et al., 2015). Reports on wheat ZIP genes are rare and with a
few exceptions (see TaZIP6 and TaZIP7 above), their role remains
to be studied. However, Zn transport activity in yeast was shown for
TazZIP3, TaZlP6, TaZIP7, TaZIP9 and TaZIP13 proteins (Evens
et al,, 2017).

Finally, in rice, OsIRT1 and OsIRT2 are upregulated under Fe
deficiency and the corresponding proteins are known as Fe
transporters, contributing to the dual Fe uptake strategy in rice
(Che et al., 2019; Ishimaru et al., 2006). Their transcript levels
exhibit good association with grain Zn content (Swamy
et al., 2016). Rice plants overexpressing OsIRT1 accumulate higher
Fe and Zn in roots, shoot and seeds, and are sensitive to excess Zn
(Lee & An, 2009), which suggest that in addition to Fe, OsIRT1 can
also transport Zn (Figure 1b). ZmIRT1 complements yeast strains

B9-wiLey—2

defective in Zn or Fe uptake under low Zn or Fe supply, respec-
tively, and does so more efficiently than any other ZmZIP trans-
porter (ZmZIP1-8) and OsIRT1 (S. Li et al., 2013). Overexpression
of ZmIRT1 increases Zn and Fe content in Arabidopsis roots and
shoot (Li et al., 2015). Several barley IRTs also rescue a yeast strain
defective in Zn transport (Pedas et al., 2008, 2009). Although it is
involved in Mn uptake in barley (Pedas et al., 2008), expression of
HVIRT1 is induced by excess Zn (Kaznina et al., 2019). AtIRT1-3
are the best-characterized ZIPs in Arabidopsis. They are mainly
known for Fe homeostasis but they have broad substrate range
and were reported to transport Zn as well (Korshunova
et al., 1999). AtIRT1 is key for Strategy | Fe(ll) uptake in Arabi-
dopsis (Kobayashi et al., 2012), and it takes up Zn, Cd, Mn, Co and
nickel (Ni) from soil (Figure 1d) (Fukada et al., 2011; Rogers
et al., 2000; Vert et al., 2002). Its transcript level is upregulated by
Fe deficiency and excess Zn (Becher et al., 2004; Connolly
et al., 2002). In dicots, IRT1-like proteins play an important role in
the interactions between Zn and Fe homeostasis (Hanikenne
et al.,, 2021). In contrast to its Arabidopsis homolog, the OsIRT1
transcript level is not induced by Zn excess (Ishimaru et al., 2008),

indicating a distinct interaction between Zn and Fe in the two

species.
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FIGURE 2 Schematic of a rice node and molecules involved in
the distribution of Zn to the leaf and the panicle. The Zn pathway
from the root vasculature to the node where Zn is to be distributed
between leaf and panicle is illustrated. Black boxes in Bundle sheath
represent the apoplastic barrier. DMA, deoxymugineic acid; HMA,
heavy metal ATPases; Os, Oryza sativa; VMT, vacuolar mugineic acid
transporter (also called OsZIFL12); ZIP, Zn-regulated transporter
(ZRT), iron-regulated transporter (IRT)-like protein
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3.2 | HMA family

A subset of heavy metal ATPases (HMAs) of the P1g-type ATPases has a
Zn transport function (Hanikenne & Baurain, 2014; Williams &
Mills, 2005). These pumps are unique in plants among eukaryotes for Zn
cellular export (Olsen et al., 2016). Hence, OsHMA?Y is expressed in root
vascular bundles and anthers and is induced by excess Zn, Cu and Cd
(Lee et al., 2007). oshma9 mutants are hypersensitive to excess Zn and
Cu. Localized at the PM, OsHMAZ9 is probably involved in Zn and Cu
efflux from root cells (Lee et al., 2007). A similar function was recently
proposed for OsZIP1 under elevated metal levels (Liu et al., 2019).

OsHMAS3 was identified as a major determinant of Cd accumu-
lation variation in leaves and grains among rice cultivars (Miyadate
et al,, 2011; Ueno et al., 2010). Its homolog, AtHMA3, has a similar
function in Arabidopsis (Chao et al., 2012; Morel et al., 2009). Mostly
expressed in roots, HMAS3 proteins mediate Cd and Zn sequestration
into vacuoles (Figure 1b) (Cai et al., 2019; Morel et al., 2009; Ueno
et al., 2010). In addition to Cd, OsHMA3 may be involved in Zn
homeostasis: it transports Zn when expressed in Arabidopsis
(Miyadate et al., 2011), and OsHMA3 overexpression in rice leads to
an enhanced Zn concentration, as well as induction of the OsZIP4,
OsZIP5, OsZIP8, OsZIP9 and OsZIP10 genes, in roots (Sasaki
et al., 2014). As a higher Zn sequestration in root vacuoles by OsH-
MA3 results in cytosolic Zn depletion, this ZIP upregulation corre-
sponds to a Zn-deficiency response, which enables unchanged Zn
concentration in aerial parts of the overexpressor lines (Sasaki
et al., 2014). Conversely, OsHMA3 loss of function results in en-
hanced sensitivity to excess Zn, and reduced Zn accumulation in root
and shoot vacuoles. Triggered by the higher Zn availability in root cell
cytosol, OsZIP4, OsZIP5, OsZIP8 and OsZIP10 in roots, as well as
OsZIP5 and OsZIP8 in shoot, are downregulated in the oshma3 mu-
tant, which may be responsible for the lower Zn concentration in
shoot (Cai et al., 2019). Altogether, OsHMA3 is involved in Zn de-
toxification in rice roots, and in Zn sequestration into root vacuole as
a reserve for Zn-deficient conditions (Cai et al., 2019).

The AtHMA2 and AtHMA4 pumps play a key role in Zn root-to-
shoot translocation (Figure 1d) (Hussain et al., 2004). It is interesting to
note that monocots, in most cases, have only one such pump whereas
this function is duplicated in Brassicaceae with AtHMA2/4-like proteins
(Baxter et al, 2003; Hanikenne & Baurain, 2014). As its Arabidopsis
homologs which are involved in active Zn export from the symplast to the
xylem by pumping it out of adjacent cells in the roots (Hussain
et al, 2004), OsHMA?2 is expressed in the root vasculature and is re-
sponsible for root-to-shoot Zn translocation (Figure 1b) (Satoh-Nagasawa
et al., 2012). Rice hma2 mutants accordingly display decreased root-to-
shoot Zn transfer (Satoh-Nagasawa et al., 2012). OsHMA2 is also involved
in xylem-to-phloem transport of Zn at nodes: it is expressed in the
phloem of enlarged and diffuse vascular bundles (Figure 2) (Takahashi
et al, 2012; Yamaji et al, 2013). A wheat homolog of OsHMA2,
TaHMA?2, is also localized at the PM. The TaHMA2 gene is highly ex-
pressed in nodes, and its overexpression increases Zn root-to-shoot
translocation in wheat, rice and tobacco (J. Tan et al., 2013). TaHMA2 and
its paralog, TaHMAZ2-like, are significantly upregulated during senescence

(Pearce et al., 2014), suggesting a role in source-to-sink remobilization of
Zn and/or other metals, which coincides with senescence (Figure 3e).
Moreover, expression of HYHMA2 complements the shoot Zn-deficiency
phenotype of the hma2hma4 Arabidopsis double-mutant (Mills
et al,, 2012).

In addition to a defect in Zn root-to-shoot translocation, the Arabi-
dopsis hma2hma4 double mutant fails to direct Zn toward the grain en-
dosperm and embryo, and Zn accumulates in maternal seed coat, where
AtHMA4 was proposed to play a central role in mediating postphloem
translocation of Zn to the seed endosperm (Olsen et al., 2016). A similar
role may be fulfilled by OsHMA2 (@sterberg & Palmgren, 2018) and
HvVHMA2, which are expressed in the transfer cells of developing seeds
(Figure 3d,h) (Olsen & Palmgren, 2014; Tauris et al., 2009). In contrast,
TaHMAZ2-overexpressing wheat lines show decreased Zn concentration in
the endosperm combined to increase Zn in the embryo and the aleurone
layer (J. Tan et al, 2013). This discrepancy might result from
ectopic overexpression of TaHMA2 with a ubiquitin promoter in the
transgenic lines. Alternatively, TaHMA2 may play a different role than its
homologs in Arabidopsis and rice. It is also possible that Zn transport in
rice grains is different from wheat and barley due to anatomical differ-
ences (Box 2).

HvVHMA1 was reported to mediate export of Zn and other metals,
especially copper (Cu), out of chloroplasts in barley (Figure 1) (Mikkelsen
et al, 2012). Its homolog in Arabidopsis, AtHMA1, has been described
both as a Zn exporter out of chloroplast (Y. Y. Kim et al., 2009) and a Cu
importer into the chloroplast (Seigneurin-Berny et al., 2006). HYHMA1
expression is induced in leaves by Zn deficiency and suppressed by ex-
cess Zn. HVHMA1, besides leaf plastids, localizes to intracellular
compartments of grain aleurone cells, and was suggested to be
involved in Zn and Cu homeostasis during grain filling (Mikkelsen
et al., 2012).

3.3 | MTP family

Cation diffusion facilitators (CDF), called metal tolerance/transport
protein (MTP) in plants, are involved in metal transport out the cy-
toplasm. A MTP subfamily mediates Zn vacuolar sequestration
(Montanini et al., 2007). Oryza sativa Zn Transporter 1 (OZT1), also
called OsMTP1, is induced by Zn excess in roots and shoot. OsMTP1
localizes to the tonoplast in planta and confers Zn resistance when
expressed in yeast (Lan et al., 2013; Menguer et al., 2013). OsMTP1
RNAI lines are sensitive to Zn (Yuan et al., 2012). Similar to its Ara-
bidopsis homologs, AtMTP1 and AtMTP3, OsMTP1 has a role in
vacuolar Zn sequestration (Figure 1b). The AtMTP1, AtMTP2 and
AtMTP3 proteins are respectively involved in Zn vacuolar seques-
tration (Desbrosses-Fonrouge et al., 2005), in Zn transport into the
ER to facilitate cell-to-cell Zn movement in roots, consequently fa-
cilitating root-to-shoot translocation (Sinclair et al., 2018) (Figure 1d)
and in vacuolar storage enabling Zn removal from the root-to-shoot
pathway under excess Zn (Arrivault et al., 2006). The AtMTP2
function is possibly conserved in monocots via OsZIP1 and ZmZIP5

for instance (see above). HYMTP1, which transports Zn in yeast,



ZINC HOMEOSTASIS IN CEREALS

NAZn

\ —\
\ Vascular
bundles
\

Endosperm

Figure 2

vacuole
/

Vascular
bundles

vZIF1
Discontinuous

vascular bundles™

Aleurone layer
Endosperm
Nucellar /
vacuole

Nucellar projection

Embryo

Vascular

bundles / projection
HVMTP1,
HVMTPc4

OsTOMl /

.(n) ps@in)

NAZn
OsHMA2
—

(h)

NAZn
YSL—>
HVHMA2

PS Zn | PSZn

FIGURE 3 Schematic of seed and molecules involved in Zn homeostasis in monocot grains. Whole-plant and seed anatomy of rice (a-d) and
other grasses like wheat and barley (e-h) are shown with the most important players Zn homeostasis in the seed. Differences in the anatomy of
rice and barley seeds are illustrated at the base of grains. Different growth environments between the two species and their impact of Fe/Zn
uptake are also shown. For each rice and other grasses, the middle/top figure shows whole seeds (b, f), transverse section (c, g) as indicated at
the top, and a zoom on the indicated boxes on the transverse section (d, h). HMA, heavy Metal ATPases; Hv, Hordeum vulgare; MTP, metal
transport protein; NA, nicotianamine; Os, Oryza sativa; PS, phytosiderophore; Ta, Triticum aestivum; TOM, transporter of mugineic acid (also

called ZIFL); YSL, yellow stripe-like; ZIF, Zn-induced facilitator

localizes to the tonoplast and is expressed in roots, shoot and grains,
2012; Tauris
2009). In developing seeds, HYMTP1 may sequester Zn in

especially in the aleurone layer (Podar et al.,
et al,
vacuoles and thus control the amount of Zn transported across
postphloem apoplastic barriers (Figure 3g) (Olsen & Palmgren, 2014).
A similar role was proposed for HyMTPc4 in barley grains (Figure 3g).
Overexpression of HYMTP1 under an endosperm-specific promoter
in barley increases Zn, Fe, Cu and Mn concentrations in grains under
control growth conditions (Menguer et al., 2018). Moreover, HYMTP5
transcripts are significantly less abundant in barley lines naturally
accumulating high Zn in seeds compared to low-Zn lines. It might
thus sequester Zn in maternal tissues and prevent Zn loading to filial
tissues (Detterbeck et al., 2019).

In rice, Zn starvation induces the expression of multiple MTP
genes: OsMTP6, OsMTP7, OsMTP8.1 and OsMTP12 in roots, and
OsMTP9 and OsMTP12 in shoot (Ram et al., 2019). OsMTP1, OsMTP5-
like and OsMTP7-like are in addition upregulated in rice cultivars with
2021). Although their

corresponding genes are regulated by Zn, OsMTP9 and OsMTP8.1

higher tolerance to Zn deficiency (Lu et al.,

are involved in Mn homeostasis. OsMTP9 localizes at the PM of root
cells and has a critical role in Mn translocation out of the exodermis

and endodermis to the root stele and thus to shoot (Ueno

et al., 2015). OsMTP8.1 is reported to be an Mn-specific transporter
2013). A similar
Mn-specific role was previously reported for AtMTP11 in Arabidopsis
(Delhaize et al., 2007; Peiter et al., 2007). These rice MTP proteins in
fact belong to distinct CDF subfamilies, defined by phylogenetic
analyses, specificities: OsMTP9 and
OsMTP8.1 belong to an Mn sub-family, OsMTP6 and OsMTP7 to a Zn/
Fe sub-family and OsMTP12 to a Zn subfamily (Ram et al., 2019).
Taken together, these Zn-induced OsMTP genes may act directly or

involved in Mn tolerance in rice shoot (Chen et al.,

with different substrate

indirectly (i.e., by contributing to the homeostasis of other metals) in
Zn homeostasis in rice.

3.4 | ZIF family

The Zn-Induced facilitator 1 (ZIF1)-like (ZIFL) protein family, be-
longing to major facilitator superfamily (MFS) of transporters, is in-
volved in metal homeostasis, especially Zn in Arabidopsis (Sinclair &
Kramer, 2012). AtZIF1 localizes to the tonoplast and transports NA
into the vacuole. AtZIF1 expression is increased by high Zn or Fe
deficiency. An atzifl mutant is hypersensitive to Zn, while AtZIF1
overexpression enhances vacuolar Zn and NA accumulation and leads
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to Zn- and Fe-deficiency symptoms (Haydon & Cobbett, 2007;
Haydon et al., 2012). Based on sequence similarities to Arabidopsis
ZIFL proteins, 10-15 members of this family are identified in rice,
maize and wheat (Ricachenevsky et al., 2011; Sharma et al., 2019).
The higher number of monocot ZIFL genes compared to dicots may
result from early segmental and tandem genomic duplications in the
monocot lineage (Tang et al., 2010; Ricachenevsky et al., 2011). Six
rice ZIFLs, OsZIFL2, OsZIFL4 (or Transporter Of Mugineic acid 1,
OsTOM1), OsZIFL5 (or OSTOM2), OsZIFL7 (or OsTOM3), OsZIFL10 and
OsZIFL12, are significantly upregulated in roots upon Zn excess. Fe
deficiency also induces OsTOM1 to -3 and OsZIFL12 expression in
roots, but not in shoot (Che et al., 2019; Ricachenevsky et al., 2011).
OsTOML1 is involved in root secretion of DMA and Fe(lll) stabilization
in the rhizosphere (Figure 32) (Nozoye et al., 2011). Compared to WT
plants, ostom2 RNAI rice lines accumulate slightly higher Zn con-
centration in leaves and roots (Nozoye et al., 2015). Eight out of 15
wheat ZIFL genes are similarly induced by excess Zn, five of which are
also induced by Fe-deficient conditions (Sharma et al., 2019). The PM
Efflux transporter of NA 1 (OsENA1), another MFS/TOM protein,
transports NA out of cells into the apoplasm (Nozoye et al., 2019),
where it may be important for Fe mobilization. As Zn supplementa-
tion complements the shorter and hairy root phenotypes of OsSENA1-
overexpressing rice plants, OsENA1, on top of Fe, may also con-
tribute to Zn homeostasis (Nozoye et al., 2019).

OsZIFL12, also called OsVMT (vacuolar mugineic acid transpor-
ter), is induced by Fe deficiency in roots. It is highly expressed in
roots and in parenchyma cell bridges of node | (Che et al., 2019),
which are part of the nutrient pathway between the enlarged and
diffuse vascular bundle xylem (Yamaji et al., 2015). The correspond-
ing protein localizes at the tonoplast and is proposed to sequester
DMA into vacuoles, enabling the formation of Fe(lll)-DMA complexes
in this compartment (Figure 2) (Che et al., 2019). The Zn con-
centration is higher in node | of brown rice and polished grains in vmt
mutant lines compared to WT plants. A higher DMA concentration is
also observed in polished grains of vmt mutants, and, as DMA can
chelate Zn, this was proposed to be responsible for the higher Zn
concentration in nodes and grains (Che et al., 2019).

Finally, using laser capture microdissection, different parts of
barley grains, grown in soil under control condition and upon foliar Zn
application, were dissected and transcription of potential Zn
homeostasis-related genes was analyzed (Tauris et al., 2009). HvZIF1
was the only Zn homeostasis-related transporter gene upregulated
by foliar Zn application in the embryo (Tauris et al., 2009), and may

contribute to Zn sequestration in barley grains (Figure 3f).

3.5 | Yellow stripe-like (YSL) family

YSL transporters are members of the oligopeptide transporter (OPT)
superfamily, and are known to transport PS/NA-metal complexes
into the cytosol by proton-coupled symport (Sinclair & Kra-
mer, 2012). ZmYS1 was the first identified YSL and, as part of
Strategy Il, has a central role in PS-Fe(lll) uptake into the maize root

epidermis (Figure 1b) (Curie et al., 2001). In addition to this crucial
role in Fe nutrition, it was later shown to transport DMA complexes
with several metals including Zn (Schaaf et al., 2004). Furthermore,
YS1 mutation in maize significantly reduces Zn uptake and the root-
to-shoot translocation rate of PS-Zn complexes (Von Wirén
et al,, 1996).

HvYSL2, and to a lower extent HvYS1, are transporting DMA-Zn/
Fe/Mn complexes (Araki et al., 2011). The corresponding genes, espe-
cially HvYSL2, are highly induced by Zn and/or Fe deficiency in roots of
barley seedlings: HvYSL2 is more induced by Zn than Fe deficiency, and
vice-versa for HvYS1, and combined Fe and Zn deficiencies highly in-
duce both. These genes are not regulated significantly by Zn and/or Fe
starvation in shoot. HVYSL2 appears to be involved in PS-metal trans-
port in the endodermis and in xylem metal loading (Figure 1b). HvYS1
rather plays a role in Fe uptake from the rhizosphere (Araki et al., 2011).
YSL transporters were suggested as potential candidates for a role in Zn
accumulation in barley grains (Detterbeck et al., 2019).

Rice YSLs are also linked to Zn homeostasis. Upon Zn excess,
OsYSL2 and OsYSL15 are upregulated in roots (Ishimaru et al., 2008).
OsYSL15 is upregulated in shoot under Fe deficiency, as well
(Anuradha et al., 2012; Che et al., 2019). Moreover, OsYSL15,
OsYSL13-like and OsYSL6 are more highly expressed in rice
cultivars with higher tolerance to Zn deficiency (Lu et al., 2020). If
the Arabidopsis AtYSL1 to 3 are NA-metal (including Zn)
transporters (Sinclair & Kramer, 2012), it is still not clear
whether monocotyledonous YSL transporters can
NA-bound Zn.

transport

3.6 | Vacuolar iron transporter (VIT) family
VIT proteins can transport Fe, Mn and Zn into the vacuole for storage
and detoxification (Brear et al., 2013). AtVIT1 is important for Fe ac-
cumulation and partitioning in Arabidopsis seeds (S. A. Kim et al., 2006).
Two rice proteins, OsVIT1 and OsVIT2, localize to the tonoplast and
although they have the ability to transport Zn in yeast, both appear to
be mainly involved in Fe vacuolar sequestration in flag leaves (Figure 3a)
(Y. Zhang et al., 2012). Note however that (i) the OsVIT1 and OsVIT2
expression is regulated by Zn and Fe supply (Y. Zhang et al., 2012); (ii)
OsVIT2 is among highly expressed genes in rice cultivars tolerant to Zn
deficiency (Lu et al., 2021) and (iii) the corresponding mutants display
decreased and increased Zn accumulation in flag leaves and grain em-
bryo, respectively (Bashir, Takahashi, Akhtar, et al., 2013; Y. Zhang
et al, 2012). Wheat homologs of OsVITs, TaVIT1, and TaVIT2, are
downregulated during senescence (Pearce et al., 2014). Reduced va-
cuolar storage can facilitate nutrient remobilization from senescing tis-
sues to reproductive organs. TaVIT2 overexpression enhances Zn
levels in barley grain endosperm but has no effect in wheat
(Connorton et al., 2017). It is proposed to be mainly involved in Fe and
Mn transport.

Finally, another rice VIT gene, OsVIT5, is highly expressed in
panicles of cultivars with high Zn in grains and may contribute to

grain Zn accumulation (Figure 3c) (Neeraja et al., 2018).
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3.7 | NRAMP family

The Natural Resistance-Associated Macrophage Protein (NRAMP)
family members act in proton/transition metal cation cotransport or
antiport (Bozzi & Gaudet, 2021). OsNRAMP5, like OsNAS3 and Os-
VIT5, is highly expressed in developing panicles of cultivars contain-
ing high Zn in grains (Neeraja et al., 2018). This gene however
contributes mainly to Mn homeostasis and Cd accumulation (Sasaki
et al,, 2012).

OsNRAMP1 is highly induced in both roots and shoot under Zn ex-
cess and Fe deficiency. The Zn excess response is likely not a Zn-induced
Fe-deficiency secondary effect (Ishimaru et al., 2008). However, OsN-
RAMP1 also significantly contributes to Mn and Cd uptake in rice (Chang
et al., 2020). In maize, ZMNRAMP1 was recently shown to be induced by

both Zn and Fe deficiencies in roots and shoot (Mallikarjuna et al., 2020).

4 | REGULATION OF Zn HOMEOSTASIS

Several transcription factors (TFs) belonging to basic Leucine Zipper
(bZIP) and basic Helix-Loop-Helix (bHLH) widely found in Eukaryotes,
as well as the plant-specific NAM, ATAF and CUC (NAC) and Abscisic
acid Insensitive 3/Viviparous 1 (ABI3/VP1), families contribute to the
regulation of Zn homeostasis in monocots.

The Arabidopsis bZIP19 and bZIP23 represent the main regulatory
mechanism of the Zn homeostasis network in plants known to date
(Assuncao, Herrero, et al., 2010; Assuncéo, Schat, et al., 2010). Through
Zinc-Deficiency Response Element (ZDRE) cis motifs, AtbZIP19 and
AtbZIP23 control the upregulation of the Arabidopsis IRT3, ZIP1, ZIP3,
ZIP4, ZIP5, ZIP9, ZIP10, ZIP12, NAS2 and NAS4 genes in response to Zn
deficiency (Assuncao, Herrero, et al., 2010; Assuncéo, Schat, et al., 2010;
Castro et al.,, 2017). The two TFs have partially overlapping functions in
controlling Zn homeostasis (Inaba et al., 2015; Lilay et al., 2019) and act
directly as Zn sensors, via Zn binding by their Cys/His-rich motif
that inactivates the TFs under sufficient Zn concentrations (Lilay
et al,, 2021).

Several F-group bZIPs, as AtbZIP19 and AtbZIP23, are encoded in
monocotyledonous plant genomes. Their expression in the Arabidopsis
bzip19bzip23 double mutant background has been extensively used to
examine their function: the expression of HvbZIP56 and HvbZIP62 (Nazri
et al, 2017), TabZIPF1 and TabZIPF4 (Evens et al., 2017), and OsbZIP48
and OsbZIP50 (Lilay et al., 2020) genes rescue the severe growth defect
of the mutant upon Zn deficiency. HvbZIP56-overexpressing Arabidopsis
lines also showed that AtbZIP19/23 target genes are efficiently regulated
by the ectopic expression of monocot bZIP genes (Nazri et al., 2017).
These evidence are indicative of a conserved Zn deficiency regulatory
network in plants (Castro et al., 2017).

A wheat NAC TF, Grain Protein Content 1 (GPC1) or NAM-B1,
named after its Arabidopsis homolog No Apical Meristem (NAM), was
suggested to be a central regulator of multiple processes during leaf
senescence, including nutrient (Zn, Fe) and protein source-to-sink re-
mobilization during grain filling (Uauy et al., 2006). The OsNAC5 TF,
highly expressed in flag leaves during grain filling, was suggested to have a
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similar role in rice (Sperotto et al., 2009). RNAi or mutant lines for GPC1
display delayed senescence and a 36% reduction of Zn concentration in
wheat grains in lab and field conditions (Pearce et al., 2014). In gpc1
plants, downregulation of the TaHMA2-like (ortholog of OsHMA2), TaZIP3
(ortholog of OsZIP3), TaZIP7 (ortholog of OsZIP7), TaZIP10-like1 (ortholog
of OsZIP10), TaZIP13-like2 (ortholog of OsZIP8) and TaNAAT2 (ortholog of
OsNAAT1) genes is observed, while they are all highly expressed during
senescence (Pearce et al., 2014). These genes are possible downstream
targets of TaGPC1.

Several bHLH TFs including FIT, bHLH38, 39, 100, 101, and PYE are
known to mediate Fe deficiency responses through regulating Fe
acquisition-related genes such as AtFIT, AtNAS4, AtIRT1, or the ferric
reductase AtFRO2/AtFRO3 in Arabidopsis (Brumbarova
et al, 2015; Gao et al., 2019; Kobayashi, Ozu, et al., 2019). Similarly,
OsIRO2, a bHLH TF, is a regulator of Fe deficiency-inducible genes in rice,
including NA and DMA synthesis genes such as OsNAS1, OsNAS2, Os-
NAAT1 and OsDMAS1, and a DMA transporter gene OsYSL15 (Ogo
et al, 2007). Zn excess induces OsIRO2, its downstream genes, and

chelate

consequently NA and DMA production in rice roots. In contrast, OsIRT1
is not a target of OsIRO2 and is not induced by Zn excess (Ishimaru
et al., 2008).

The Iron Deficiency-responsive Element-binding Factor 1 (IDEF1) TF,
belonging to the ABI3/VP1 family, is a positive regulator of OsIRO2
(Kobayashi et al., 2007). OsIDEF1 is a Fe deficiency-responsive TF that
binds to Fe and other divalent metals, including Zn, and is important for
Fe deficiency-responses and Fe tolerance in rice (Kobayashi
et al, 2007, 2012). Some of these ZIFL genes are induced by both Fe
deficiency and Zn excess (Ricachenevsky et al., 2011), and thus IDEF1
may be involved in regulation of ZIFL family genes and Zn homeostasis
in rice.

Besides transregulatory factors, epigenetic and posttranscriptional
regulation, as well as hormones, contribute to the control of metal
homeostasis in monocots. For instance, OsMTP11 is highly induced in
roots and shoot by Zn and Mn excess as well as Cd and Ni. This induction
by metals may be regulated by changes in DNA methylation status of the
OsMTP11 promoter (M. Zhang & Liu, 2017). Modifications of histone
methylation at the OsZIP1 locus are suggested to control Cd stress re-
sponse in rice (Liu et al., 2019). In Sorghum bicolor, 19 microRNAs (miR-
NAs) respond to Zn deficiency in roots or shoot. Interestingly, bZIP-
binding ZDRE motifs were predicted in the promoter region of some of
these miRNAs (Y. Li et al., 2013), suggesting a potentially important role
for miRNAs in regulating Zn deficiency responses in Sorghum. Similarly,
involvement of several miRNAs has been reported in regulation of Fe
(Buhtz et al., 2010; Waters et al., 2012), Mn (Valdés-Lépez et al., 2010)
and Cu (Abdel-Ghany & Pilon, 2008; Pilon, 2017; Sunkar et al., 2006)
homeostasis in Arabidopsis (Paul et al., 2015).

Recently, hormone biosynthetic and metabolic processes
were shown to be enriched in the transcriptomic responses of Zn-
deficient rice (Lu et al., 2020) and maize (Mallikarjuna et al., 2020)
plants, as well as Zn-resupplied Zn-deficient Brachypodium dis-
tachyon plants (Amini et al., 2021). In these reports, jasmonic acid,
auxin or gibberellic acid signaling pathways are suggested to be
involved in the regulation of Zn homeostasis. Previously, auxin
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signaling was linked to Zn uptake and transport under Zn defi-

ciency in rice (Begum et al., 2016).

5 | INTERDEPENDENCE OF Zn
HOMEOSTASIS AND OTHER NUTRIENTS

Plant nutrition, due to a sophisticated interaction network, requires a
fine-tuned balance for the acquisition and distribution of micro- and
macronutrients. In rice, for instance, Fe deficiency results in highly
increased Zn content in roots and especially in shoot (Saenchai
et al.,, 2016). Zn excess increases Fe concentration in roots, but re-
sults in slightly lower Fe concentration in shoot, where the expres-
sion of the Fe-responsive OsFER1 is inhibited, indicating Fe
deficiency in rice shoot (Ishimaru et al., 2008). However, the Fe
excess-responsive marker gene, OsFER1, is not induced in rice roots,
suggesting that Fe accumulates in the apoplast rather than in the cell
cytoplasm (Ishimaru et al., 2008). On the other hand, the Fe-
deficiency-induced OsIRO2 gene is upregulated by Zn excess
(Ishimaru et al., 2008), indicating that the OsIRO2 TF is a potential
mediator of Fe-Zn crosstalk in rice (Ricachenevsky et al., 2011). The
presence of predicted IRO2-binding sites upstream of some TaZIFL
genes was also suggested as a potential link between Fe and Zn
responses (Ricachenevsky et al., 2011; Sharma et al., 2019). How-
ever, IRO2-binding sites were not found in the promoter region of
rice ZIFL genes, and IDEF1 was alternatively proposed as regulator of
these genes (Ricachenevsky et al., 2011).

Fe-Zn interactions are well documented in dicots (Hanikenne
et al,, 2021), including a complex regulation of AtIRT1 at the transcript
and protein level (Connolly et al., 2002; Dubeaux et al., 2018; Fukao
et al, 2011; Shanmugam et al., 2012). The transcript levels of Zn de-
toxification genes are on the other hand, upregulated in a FIT-
dependent manner under Fe deficiency when AtIRT1 is strongly upre-
gulated (Arrivault et al., 2006; Colangelo & Guerinot, 2004; Sinclair &
Kramer, 2012). Conversely, Fe supplementation attenuates Zn toxicity
caused by Zn excess (Fukao et al, 2011; Leskova et al, 2017;
Shanmugam et al., 2011; Zargar et al., 2015). Ferric Reductase Defective
3 (AtFRD3), which transports citrate into the xylem where it is required
for Fe translocation to shoot (Durrett et al., 2007), is also involved in Fe-
Zn interaction (Charlier et al., 2015; Pineau et al., 2012; Scheepers
et al., 2020). In contrast, OsIRT1 is not regulated by Zn excess (Ishimaru
et al., 2008) and the functional homolog of FRD3, OsFRDL1 (FRD-Like
1), seems to be less crucial in Fe/Zn homeostasis (Inoue et al., 2004;
Yokosho et al., 2009, 2016; Yoneyama et al., 2015), suggesting a distinct
impact of Zn on Fe homeostasis in Arabidopsis and rice.

Indeed, in monocots that use a chelation-based Fe uptake
strategy, the competition between Zn and Fe(lll) uptake from the soil,
due to their different oxidation state, is expected to be less prevalent,
or at least differ from the Zn/Fe(ll) competition in reduction-based
systems (Fukao et al., 2011). However, as evidenced by the response
of Fe homeostasis genes to Zn excess in several species described
above, it is clear that Zn excess nevertheless perturbs Fe in mono-

cots. This is particularly true on calcareous soils, where grasses are

more sensitive to Zn toxicity than dicots, as Fe deficiency-induced
PSs produced by roots strongly solubilize Zn (Chaney, 1993). In an
investigation for Zn/Fe QTLs in wheat, only four QTL-rich clusters
(QRC) were specific for Zn or Fe, and 10 out of 14 QRC were
common for Zn and Fe, indicating a high interdependence between
the homeostasis of these metal ions in wheat (Tong et al., 2020).

Similar to Fe, Mn concentration is increased and decreased re-
spectively in rice roots and shoot upon Zn excess (Ishimaru
et al., 2008). Conversely, the Mn concentration is reduced in roots of
Zn-deficient wheat plants (Evens et al., 2017). Therefore, it is ne-
cessary to consider the interplay between Zn and other metals, in
particular Fe, Mn and Cu when investigating metal homeostasis
networks and regulatory pathways (Antosiewicz et al., 2014;
Hanikenne et al., 2021).

Zn and phosphate (P) interaction is another well-studied nutrient
cross-homeostasis in Arabidopsis (Bouain et al., 2014; Hanikenne
et al, 2021; Khan et al., 2014; Kisko et al., 2018). For instance, the
AtPHR1 TF is involved in coordination of both P and Zn homeostasis. Zn
deficiency leads on the other hand to upregulation of the AtPHT1;1
gene, encoding a phosphate transporter (Jain et al., 2013), and the
consequent over-accumulation of P in Arabidopsis shoot (Khan
et al, 2014). The Arabidopsis bZIP19/23 TFs were hypothesized, be-
sides Zn, to be involved in Mn, Cu and P homeostasis (Lilay et al., 2019).
Zn deficiency was previously demonstrated to induce P transporters in
barley (Huang et al., 2000). Zn-deficient Sorghum plants accumulate a
higher concentration of P and this is gradually reversed by Zn resupply
(Y. Li et al., 2013). In rice, P deficiency leads to a reduced Zn con-
centration in shoot (Saenchai et al., 2016). In contrast, P excess sub-
stantially decreases Zn concentration in wheat shoot and grains (Ova
et al., 2015). This P-Zn interaction in wheat is only observed in soil and
was proposed to be mycorrhiza-dependent (Ova et al., 2015). On the
other hand, synergistic interactions between Fe and P homeostasis were
also reported (Saenchai et al., 2016), and therefore a complex crosstalk
network between Zn, Fe and P homeostasis and signalling likely takes
place and needs further examination. The OsPHO1;1 gene, encoding a
protein with a putative role in P transport through the endomembrane
system, seems to be involved in such tripartite signalling in rice
(Saenchai et al., 2016).

Finally, there is a strong interaction between Zn/Fe and nitrogen
(N), especially for Zn and Fe storage in cereal grains (Guttieri
et al,, 2013; Persson et al., 2016). Zn concentration of wheat and
maize grains increases considerably when N is supplied adequately
(Cakmak et al., 2010; Xia et al., 2020, 2019). This interaction might
be, at least partly, due to the role of N in the synthesis of transporter
proteins and NA, but there is no report on a clear role of N in Zn

homeostasis (Persson et al., 2016).

6 | CONCLUSIONS

Although comprehensive data are lacking to compare gene expres-
sion profiles during Zn deficiency responses in multiple species, it
appears that key players and gene families, i.e. chelator synthesis
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proteins, transporters and TFs, are conserved between Arabidopsis
and grasses. Based on transcriptomic profiling of Fe-deficient rice
and Arabidopsis plants, co-expression gene networks were built and
compared (Grillet & Schmidt, 2019): the Fe uptake network is strik-
ingly conserved in the two species and rice and Arabidopsis share
more commonalities than differences. It will be relevant to conduct
similar analyses with monocot species that specifically use the
chelation-based strategy for Fe uptake and to extend it to other
nutrients such as Zn or Cu. Yet, there are two notable differences
between monocots and dicots concerning their Zn homeostasis, as
noted above: the presence of PSs and an exodermis cell layer with its
Casparian strip in grasses (Figure 1b,d).

While the gene families and their function remain similar, the main
sources of differences in Zn homeostasis within monocots, and between
monocots and dicots, stem from different growth environments, anato-

mical differences, and the use of NA and/or PS molecules.

7 | OUTLOOK

Two major obstacles hindering investigations of the Zn homeostasis
molecular network in grasses are: (i) the lack of a proper model plant
that represents wheat and barley, and (ii) most of our knowledge in
rice, barley and wheat directly or indirectly originates from Arabi-
dopsis. In particular, intracellular Zn trafficking transporters, to the
mitochondria, vesicles or the Golgi complex, sensing, signalling and
regulatory pathways behind Zn uptake, long-distance transport and
redistribution toward seeds remain poorly known in both monocots
and dicots. Application of comprehensive omics studies combined
with targeted genetic approaches would help uncover distinct fea-
tures of monocotyledonous Zn homeostasis, like the discovery of a
novel NAC family TF in wheat (Uauy et al., 2006). Furthermore, using
laser capture microdissection technology (Che et al., 2019; Tauris
et al., 2009) or state-of-the-art single-cell tools (Denyer et al., 2019;
Rodriguez-Villalon & Brady, 2019; Ryu et al., 2019; T. Q. Zhang
et al., 2019) in studying the ionome and genetics of distinct cell and
tissue types, will help to discover transporters that contribute to Zn
transport across the biological barriers towards grains. As a con-
sequence of these distinctions between rice and other grasses, it
seems indispensable to perform independent studies in wheat and
barley rather than translating the knowledge from rice (Box 2 and
Box 3). Alternatively, Brachypodium may be used as a promising
model system for wheat and barley plants (Brkljacic et al., 2011;
Vogel et al., 2010), and was proposed as a model for Fe and Cu
homeostasis studies in grasses (Jung et al., 2014; Yordem
et al, 2011). This can be extended to Zn homeostasis (Amini
et al., 2021). Improving Zn content of polished grains to tackle the
hidden hunger in the world necessitates an even better under-

standing of molecular Zn players in cereal grasses.

ACKNOWLEDGEMENTS
Research funding in the laboratory is provided by F.R.S.-FNRS grants
MIS F.4511.16, CDR J.0009.17, PDR T0120.18, and CDR-J.0082.21

B9-wiLey—2

(M. H.). S. A. is funded by a PhD grant from FZJ. M.H. was a Senior
Research Associate of F.R.S.-FNRS.

CONFLICT OF INTERESTS
The authors declare that there are no conflict of interests.

DATA AVAILABILITY STATEMENT

Data sharing not applicable—no new data generated.

ORCID

Borjana Arsova http://orcid.org/0000-0002-0566-2009

Marc Hanikenne https://orcid.org/0000-0002-8964-9601

REFERENCES

Abdel-Ghany, S.E. & Pilon, M. (2008) MicroRNA-mediated systemic
down-regulation of copper protein expression in response to low
copper availability in Arabidopsis. Journal of Biological Chemistry,
283(23), 15932-15945. Available from: https://doi.org/10.1074/
jbc.M801406200

Ajiboye, B., Cakmak, Il., Paterson, D., de Jonge, M.D., Howard, D.L.,
Stacey, S.P., et al. (2015) X-ray fluorescence microscopy of zinc
localization in wheat grains biofortified through foliar zinc
applications at different growth stages under field conditions. Plant
and Soil, 392(1-2), 357-370. Available from: https://doi.org/10.
1007/s11104-015-2467-8

Akhtar, S. (2013) Zinc status in South Asian populations-an update.
Journal of Health, Population, and Nutrition, 31(2), 139-149. Available
from: https://doi.org/10.3329/jhpn.v31i2.16378

Alloway, B.J. (2008) Zinc in soils and crop nutrition. Belgium: International
Zinc Association Brussels.

Alloway, B.J. (2009) ‘Soil factors associated with zinc deficiency in crops and
humans. Environmental Geochemistry and Health, 31(5), 537-548. Avail-
able from: https://doi.org/10.1007/510653-009-9255-4

Amini, S., Arsova, B., Gobert, S., Carnol, M., Bosman, B., Motte, P., et al.
(2021) Transcriptional regulation of ZIP genes is independent of
local zinc status in Brachypodium shoots upon zinc deficiency and
resupply. Plant, Cell and Environment, 44, 3376-3397.

Antosiewicz, D.M., Barabasz, A. & Siemianowski, O. (2014) Phenotypic
and molecular consequences of overexpression of metal-
homeostasis genes. Frontiers in Plant Science, 5, 80. Available from:
https://doi.org/10.3389/fpls.2014.00080

Anuradha, K., Agarwal, S., Rao, Y.V, Rao, K.V, Viraktamath, B.C. &
Sarla, N. (2012) Mapping QTLs and candidate genes for iron and zinc
concentrations in unpolished rice of MadhukarxSwarna RILs. Gene,
508(2), 233-240. Available from: https://doi.org/10.1016/j.gene.
2012.07.054

Araki, R., Murata, J. & Murata, Y. (2011) A novel barley yellow stripe
1-like transporter (HvYSL2) localized to the root endodermis
transports metal-phytosiderophore complexes. Plant and Cell
Physiology, 52(11), 1931-1940. Available from: https://doi.org/10.
1093/pcp/pcri2é

Arnold, T., Kirk, G.J., Wissuwa, M., Frei, M., Zhao, F.J., Mason, T.F. et al.
(2010) Evidence for the mechanisms of zinc uptake by rice using
isotope fractionation. Plant, Cell and Environment, 33(3), 370-381.
Available from: https://doi.org/10.1111/j.1365-3040.2009.02085.x

Arrivault, S., Senger, T. & Kramer, U. (2006) The Arabidopsis metal
tolerance protein AtMTP3 maintains metal homeostasis by
mediating Zn exclusion from the shoot under Fe deficiency and Zn
oversupply. Plant Journal, 46(5), 861-879. Available from: https://
doi.org/10.1111/j.1365-313X.2006.02746.x

Assuncdo, A.G.L., Herrero, E., Lin, Y.F., Huettel, B., Talukdar, S.,
Smaczniak, C., et al. (2010) Arabidopsis thaliana transcription factors


http://orcid.org/0000-0002-0566-2009
https://orcid.org/0000-0002-8964-9601
https://doi.org/10.1074/jbc.M801406200
https://doi.org/10.1074/jbc.M801406200
https://doi.org/10.1007/s11104-015-2467-8
https://doi.org/10.1007/s11104-015-2467-8
https://doi.org/10.3329/jhpn.v31i2.16378
https://doi.org/10.1007/s10653-009-9255-4
https://doi.org/10.3389/fpls.2014.00080
https://doi.org/10.1016/j.gene.2012.07.054
https://doi.org/10.1016/j.gene.2012.07.054
https://doi.org/10.1093/pcp/pcr126
https://doi.org/10.1093/pcp/pcr126
https://doi.org/10.1111/j.1365-3040.2009.02085.x
https://doi.org/10.1111/j.1365-313X.2006.02746.x
https://doi.org/10.1111/j.1365-313X.2006.02746.x

AMINI ET AL

| wiLey-f5)

bZIP19 and bZIP23 regulate the adaptation to zinc deficiency.
Proceedings of the National Academy of Sciences, 107, 10296-10301.

Assuncdo, A.G.L.,, Schat, H. & Aarts, M.G.M. (2010) Regulation of the
adaptation to zinc deficiency in plants. Plant Signaling & Behavior,
5(12), 1553-1555. Available from: https://doi.org/10.4161/psb.5.
12.13469

Balk, J., Connorton, J.M., Wan, Y., Lovegrove, A., Moore, K.L., Uauy, C,,
et al. (2019) Improving wheat as a source of iron and zinc for global
nutrition. Nutrition Bulletin, 44(1), 53-59. Available from: https://doi.
org/10.1111/nbu.12361

Banakar, R., Alvarez Fernandez, A., Diaz-Benito, P., Abadia, J., Capell, T. &
Christou, P. (2017) Phytosiderophores determine thresholds for
iron and zinc accumulation in biofortified rice endosperm while
inhibiting the accumulation of cadmium. Journal of Experimental
Botany, 68(17), 4983-4995. Available from: https://doi.org/10.
1093/jxb/erx304

Bashir, K., Takahashi, R., Akhtar, S., Ishimaru, Y., Nakanishi, H. &
Nishizawa, N.K. (2013) The knockdown of OsVIT2 and MIT affects
iron localization in rice seed. Rice, 6(1), 1-6. Available from: https://
doi.org/10.1186/1939-8433-6-31

Bashir, K., Takahashi, R., Nakanishi, H. & Nishizawa, N.K. (2013) The road
to micronutrient biofortification of rice: progress and prospects.
Frontiers of Plant Science, 4, 15. Available from: https://doi.org/10.
3389/fpls.2013.00015

Baxter, 1., Tchieu, J.,, Sussman, M.R., Boutry, M., Palmgren, M.G.,,
Gribskov, M,, et al. (2003) Genomic comparison of P-type ATPase
ion pumps in arabidopsis and rice. Plant Physiology, 132(2), 618-628.
Available from: https://doi.org/10.1104/pp.103.021923

Becher, M., Talke, L.N., Krall, L. & Kramer, U. (2004) Cross-species
microarray transcript profiling reveals high constitutive expression
of metal homeostasis genes in shoots of the zinc hyperaccumulator
Arabidopsis halleri. The Plant Journal, 37, 251-268. Available from:
https://doi.org/10.1046/j.1365-313X.2003.01959.x

Begum, M.C,, Islam, M., Sarkar, M.R., Azad, M.AS., Huda, AK.M.N. &
Kabir, A.H. (2016) Auxin signaling is closely associated with Zn-
efficiency in rice (Oryza sativa L.). Journal of Plant Interactions, 11(1),
124-129. Available from: https://doi.org/10.1080/17429145.2016.
1220026

Black, R.E., Allen, L.H., Bhutta, Z.A., Caulfield, L.E., de Onis, M., Ezzati, M.,
et al. (2008) Maternal and child undernutrition: global and regional
exposures and health consequences. The Lancet, 371(9608),
243-260. Available from: https://doi.org/10.1016/S0140-6736(07)
61690-0

Bouain, N., Shahzad, Z., Rouached, A., Khan, G.A., Berthomieu, P.,
Abdelly, C., et al. (2014) ‘Phosphate and zinc transport and
signalling in plants: toward a better understanding of their
homeostasis interaction'. Journal of Experimental Botany, 65(20),
5725-5741. Available from: https://doi.org/10.1093/jxb/eru314

Bozzi, A.T. & Gaudet, R. (2021) Molecular mechanism of nramp-family
transition metal transport. Journal of Molecular Biology, 433, 166991.
Available from: https://doi.org/10.1016/j.jmb.2021.166991

Brear, E.M., Day, D.A. & Smith, P.M.C. (2013) Iron: an essential
micronutrient for the legume-rhizobium symbiosis'. Frontiers in
Plant Science, 4, 359. Available from: https://doi.org/10.3389/fpls.
2013.00359

Brkljacic, J., Grotewold, E., Scholl, R., Mockler, T., Garvin, D.F., Vain, P.,
et al. (2011) Brachypodium as a model for the grasses: today and the
future. Plant Physiology, 157(1), 3-13. Available from: https://doi.
org/10.1104/pp.111.179531

Broadley, M.R., White, P.J., Hammond, J.P., Zelko, I. & Lux, A. (2007) Zinc
in plants. The New Phytologist, 173(4), 677-702. Available from:
https://doi.org/10.1111/j.1469-8137.2007.01996.x

Brumbarova, T., Bauer, P. & lvanov, R. (2015) Molecular mechanisms
governing Arabidopsis iron uptake. Trends in Plant Science, 124-133.
Available from: https://doi.org/10.1016/j.tplants.2014.11.004

Buhtz, A., Pieritz, J., Springer, F. & Kehr, J. (2010) Phloem small RNAs,
nutrient stress responses, and systemic mobility. BMC Plant Biology,
10(1), 1-13. Available from: https://doi.org/10.1186/1471-2229-
10-64

Cai, H., Huang, S., Che, J., Yamaji, N. & Ma, J.F. (2019) The tonoplast-
localized transporter OsHMA3 plays an important role in
maintaining Zn homeostasis in rice. Journal of Experimental Botany,
70(10), 2717-2725. Available from: https://doi.org/10.1093/jxb/
erz091

Cakmak, 1. (2004) Identification and correction of widespread zinc deficiency
in Turkey: a success story; (a NATO-science for Stability Project). Paper
Presented to The International Fertiliser Society at a Conference in
Cambridge, on 10th December 2004, Fertiliser Society.

Cakmak, 1., Kalayci, M., Kaya, Y., Torun, A.A., Aydin, N., Wang, Y., et al.
(2010) Biofortification and localization of zinc in wheat grain. Journal
of Agricultural and Food Chemistry, 58(16), 9092-9102. Available
from: https://doi.org/10.1021/jf101197h

Cakmak, I. & Kutman, U.B. (2018) Agronomic biofortification of cereals
with zinc: a review. European Journal of Soil Science, 69(1), 172-180.
Available from: https://doi.org/10.1111/ejss.12437

Cakmak, I., Sari, N., Marschner, H., Ekiz, H., Kalayci, M., Yilmaz, A. et al.
(1996) Phytosiderophore release in bread and durum wheat
genotypes differing in zinc efficiency. Plant and Soil, 180(2),
183-189. Available from: https://doi.org/10.1007/BF00015301

Caldelas, C. & Weiss, D.). (2017) Zinc homeostasis and isotopic
fractionation in plants: a review. Plant and Soil, 411(1), 17-46.
Available from: https://doi.org/10.1007/s11104-016-3146-0

Castro, P.H., Lilay, G.H., Mufoz-Mérida, A., Schjoerring, J.K., Azevedo, H.
& Assuncéo, A. (2017) Phylogenetic analysis of F-bZIP transcription
factors indicates conservation of the zinc deficiency response across
land plants. Scientific Reports, 7(1), 3806. Available from: https://doi.
org/10.1038/s41598-017-03903-6

Chandel, G., Banerjee, S., Vasconcelos, M. & Grusak, M.A. (2010)
Characterization of the root transcriptome for iron and zinc
homeostasis-related genes in indica rice (Oryza sativa L). Journal of
Plant Biochemistry and Biotechnology, 19(2), 145-152. Available
from: https://doi.org/10.1007/BF03263334

Chaney, R.L. (1993) Zinc phytotoxicity, A. D. Robson, Zinc in soils and
plants. Netherlands: Springer, pp. Developments in Plant and Soil
Sciences, 55, 135-150. https://doi.org/10.1007/978-94-011-0878-
2.10

Chang, J.D., Huang, S., Yamaji, N., Zhang, W., Ma, J.F. & Zhao, F.J. (2020)
OsNRAMP1 transporter contributes to cadmium and manganese
uptake in rice. Plant, Cell and Environment, 43(10), 2476-2491.
Available from: https://doi.org/10.1111/pce.13843

Chao, D.-Y., Silva, A., Baxter, I., Huang, Y.S., Nordborg, M. & Danku, J.
et al. (2012) Genome-wide association studies identify heavy metal
ATPase3 as the Primary determinant of natural variation in leaf
cadmium in  Arabidopsis  thaliana. PLOS  Genetics, 8(9),
€1002923https://doi.org/10.1371/journal.pgen.1002923

Charlier, J.B., Polese, C., Nouet, C., Carnol, M., Bosman, B., Kramer, U.,
et al. (2015) Zinc triggers a complex transcriptional and post-
transcriptional regulation of the metal homeostasis gene FRD3 in
Arabidopsis relatives. Journal of Experimental Botany, 66(13),
3865-3878. Available from: https://doi.org/10.1093/jxb/erv188

Che, J., Yokosho, K. Yamaji, N. & Ma, JF. (2019) A vacuolar
phytosiderophore transporter alters iron and zinc accumulation in
polished rice grains. Plant Physiology, 181(1), 276-288. Available
from: https://doi.org/10.1104/pp.19.00598

Chen, Z., Fujii, Y., Yamaji, N., Masuda, S., Takemoto, Y., Kamiya, T., et al.
(2013) Mn tolerance in rice is mediated by MTP8. 1, a member of the
cation diffusion facilitator family. Journal of Experimental Botany, 64,
4375-4387.

Claus, J., Bohmann, A. & Chavarria-Krauser, A. (2013) Zinc uptake and
radial transport in roots of Arabidopsis thaliana: a modelling approach


https://doi.org/10.4161/psb.5.12.13469
https://doi.org/10.4161/psb.5.12.13469
https://doi.org/10.1111/nbu.12361
https://doi.org/10.1111/nbu.12361
https://doi.org/10.1093/jxb/erx304
https://doi.org/10.1093/jxb/erx304
https://doi.org/10.1186/1939-8433-6-31
https://doi.org/10.1186/1939-8433-6-31
https://doi.org/10.3389/fpls.2013.00015
https://doi.org/10.3389/fpls.2013.00015
https://doi.org/10.1104/pp.103.021923
https://doi.org/10.1046/j.1365-313X.2003.01959.x
https://doi.org/10.1080/17429145.2016.1220026
https://doi.org/10.1080/17429145.2016.1220026
https://doi.org/10.1016/S0140-6736(07)61690-0
https://doi.org/10.1016/S0140-6736(07)61690-0
https://doi.org/10.1093/jxb/eru314
https://doi.org/10.1016/j.jmb.2021.166991
https://doi.org/10.3389/fpls.2013.00359
https://doi.org/10.3389/fpls.2013.00359
https://doi.org/10.1104/pp.111.179531
https://doi.org/10.1104/pp.111.179531
https://doi.org/10.1111/j.1469-8137.2007.01996.x
https://doi.org/10.1016/j.tplants.2014.11.004
https://doi.org/10.1186/1471-2229-10-64
https://doi.org/10.1186/1471-2229-10-64
https://doi.org/10.1093/jxb/erz091
https://doi.org/10.1093/jxb/erz091
https://doi.org/10.1021/jf101197h
https://doi.org/10.1111/ejss.12437
https://doi.org/10.1007/BF00015301
https://doi.org/10.1007/s11104-016-3146-0
https://doi.org/10.1038/s41598-017-03903-6
https://doi.org/10.1038/s41598-017-03903-6
https://doi.org/10.1007/BF03263334
https://doi.org/10.1007/978-94-011-0878-2_10
https://doi.org/10.1007/978-94-011-0878-2_10
https://doi.org/10.1111/pce.13843
https://doi.org/10.1371/journal.pgen.1002923
https://doi.org/10.1093/jxb/erv188
https://doi.org/10.1104/pp.19.00598

ZINC HOMEOSTASIS IN CEREALS

to understand accumulation. Annals of Botany, 112(2), 369-380.
Available from: https://doi.org/10.1093/aob/mcs263

Clemens, S. (2019) Metal ligands in micronutrient acquisition and
homeostasis, Plant Cell and Environment. Blackwell Publishing Ltd,
pp. 2902-2912. https://doi.org/10.1111/pce. 13627

Colangelo, E.P. & Guerinot, M.L. (2004) The essential basic helix-loop-
helix protein FIT1 is required for the iron deficiency response. The
Plant Cell, 16(12), 3400-3412. Available from: https://doi.org/10.
1105/tpc.104.024315

Connolly, E.L., Fett, J.P. & Guerinot, M.L.ou (2002) Expression of the IRT1
metal transporter is controlled by metals at the levels of transcript
and protein accumulation. The Plant Cell, 14(6), 1347-1357. Avail-
able from: https://doi.org/10.1105/tpc.001263

Connorton, J.M,, Jones, E.R., Rodriguez-Ramiro, I., Fairweather-Tait, S.,
Uauy, C. & Balk, J. (2017) Wheat vacuolar iron transporter TaVIT2
transports Fe and Mn and is effective for biofortification. Plant
Physiology, 174(4), 2434-2444. Available from: https://doi.org/10.
1104/pp.17.00672

Cornu, J.Y., Deinlein, U., Hoéreth, S., Braun, M., Schmidt, H., Weber, M,
et al. (2015) Contrasting effects of nicotianamine synthase
knockdown on zinc and nickel tolerance and accumulation in the
zinc/cadmium hyperaccumulator Arabidopsis halleri. New Phytologist,
206(2), 738-750. Available from: https://doi.org/10.1111/nph.
13237

Curie, C., Panaviene, Z., Loulergue, C., Dellaporta, S.L., Briat, J.F. &
Walker, E.L. (2001) Maize yellow stripel encodes a membrane
protein directly involved in Fe(lll) uptake. Nature, 409(6818),
346-349. Available from: https://doi.org/10.1038/35053080

Delhaize, E., Gruber, B.D., Pittman, J.K., White, R.G., Leung, H., Miao, Y.,
et al. (2007) A role for the AtMTP11 gene of Arabidopsis in
manganese transport and tolerance. Plant Journal, 51(2), 198-210.
Available from: https://doi.org/10.1111/j.1365-313X.2007.03138.x

Denyer, T., Ma, X, Klesen, S., Scacchi, E., Nieselt, K. & Timmermans, M.
(2019) Spatiotemporal developmental trajectories in the arabidopsis
root revealed using high-throughput single-cell RNA sequencing.
Developmental Cell, 48(6), 840-852.e5. Available from: https://doi.
org/10.1016/j.devcel.2019.02.022

Desbrosses-Fonrouge, A.-G., Voigt, K., Schroder, A., Arrivault, S.,
Thomine, S. & Kramer, U. (2005) Arabidopsis thaliana MTP1 is a Zn
transporter in the vacuolar membrane which mediates Zn
detoxification and drives leaf Zn accumulation. FEBS Letters, 579,
4165-4174. Available from: https://doi.org/10.1016/j.febslet.2005.
06.046

Detterbeck, A., Nagel, M., Rensch, S., Weber, M., Bérner, A., Persson, D.P.,
et al. (2019) The search for candidate genes associated with natural
variation of grain Zn accumulation in barley. Biochemical Journal,
476(13), 1889-1909. Available from: https://doi.org/10.1042/
bcj20190181

Diaz-Benito, P., Banakar, R., Rodriguez-Menéndez, S., Capell, T,
Pereiro, R., Christou, P., et al. (2018) Iron and zinc in the embryo
and endosperm of rice (Oryza sativa L.) Seeds in contrasting 2'-
deoxymugineic acid/nicotianamine scenarios. Frontiers of Plant
Science, 9, 1190. Available from: https://doi.org/10.3389/fpls.
2018.01190

Dubeaux, G., Neveu, J., Zelazny, E. & Vert, G. (2018) Metal sensing by the
IRT1 Transporter-receptor orchestrates its own degradation and
plant metal nutrition. Molecular Cell, 69(6), 953-964.e5. Available
from: https://doi.org/10.1016/j.molcel.2018.02.009

Durrett, T.P., Gassmann, W. & Rogers, E.E. (2007) The FRD3-mediated
efflux of citrate into the root vasculature is necessary for efficient
iron translocation. Plant Physiology, 144(1), 197-205. Available from:
https://doi.org/10.1104/pp.107.097162

Eckardt, N.A. (2000) Sequencing the rice genome. The Plant Cell, 12,
2011-2017. Available from: https://doi.org/10.1105/tpc.12.
11.2011

B9-wiLey—2

Evens, N.P., Buchner, P., Williams, L.E. & Hawkesford, M.J. (2017) The role
of ZIP transporters and group F bZIP transcription factors in the Zn-
deficiency response of wheat (Triticum aestivum). Plant Journal, 92(2),
291-304. Available from: https://doi.org/10.1111/tpj.13655

Flis, P., Ouerdane, L., Grillet, L., Curie, C., Mari, S. & Lobinski, R. (2016)
Inventory of metal complexes circulating in plant fluids: a reliable method
based on HPLC coupled with dual elemental and high-resolution
molecular mass spectrometric detection. New Phytologist, 211(3),
1129-1141. Available from: https://doi.org/10.1111/nph.13964

Fukada, T., Yamasaki, S., Nishida, K., Murakami, M. & Hirano, T. (2011)
Zinc homeostasis and signaling in health and diseases. Journal of
Biological Inorganic Chemistry, 16(7), 1123-1134. Available from:
https://doi.org/10.1007/s00775-011-0797-4

Fukao, Y., Ferjani, A., Tomioka, R., Nagasaki, N., Kurata, R., Nishimori, Y.,
et al. (2011) iTRAQ analysis reveals mechanisms of growth defects
due to excess zinc in Arabidopsis. Plant Physiology, 155(4),
1893-1907. Available from: https://doi.org/10.1104/pp.110.
169730

Gao, F., Robe, K., Gaymard, F., Izquierdo, E. & Dubos, C. (2019) The
transcriptional control of iron homeostasis in plants: a tale of bHLH
transcription factors?. Frontiers in Plant Science, 10, 6. Available from:
https://doi.org/10.3389/fpls.2019.00006

Gindri, R.G., Navarro, B.B., da Cruz Dias, P.V., Tarouco, C.P., Nicoloso, F.T.,
Brunetto, G., et al. (2020) Physiological responses of rice (Oryza
sativa L.) oszip7 loss-of-function plants exposed to varying Zn
concentrations. Physiology and Molecular Biology of Plants, 26(7),
1349-1359. Available from: https://doi.org/10.1007/s12298-020-
00824-z

Graham, R.D. & Stangoulis, J.C.R. (2018) Trace element uptake and
distribution in plants. The Journal of Nutrition, 133(5), 1502S-1505S.
Available from: https://doi.org/10.1093/jn/133.5.1502s

Gregory, P.J., Wahbi, A., Adu-Gyamfi, J., Heiling, M., Gruber, R., Joy, E.J.M.
et al. (2017) Approaches to reduce zinc and iron deficits in food
systems. Global Food Security, 15, 1-10. Available from: https://doi.
org/10.1016/j.gfs.2017.03.003

Grillet, L. & Schmidt, W. (2019) Iron acquisition strategies in land plants:
not so different after all. New Phytologist, 224(1), 11-18. Available
from: https://doi.org/10.1111/nph.16005

Guerinot, M.L.ou (2000) The ZIP family of metal transporters. Biochimica
et Biophysica Acta-Biomembranes, 1465(1-2), 190-198. Available
from: https://doi.org/10.1016/S0005-2736(00)00138-3

Gupta, N., Ram, H. & Kumar, B. (2016) Mechanism of Zinc absorption in
plants: uptake, transport, translocation and accumulation. Rev
Environ Sci Biotechnol, 15, 89-109. Available from: https://doi.org/
10.1007/511157-016-9390-1

Guttieri, M.J., Stein, R.J. & Waters, B.M. (2013) Nutrient partitioning and
grain yield of TaNAM-RNAi wheat under abiotic stress. Plant and
Soil, 371(1-2), 573-591. Available from: https://doi.org/10.1007/
s11104-013-1713-1

Hafeez, B., Khanif, Y.M. & Saleem, M. (2013) Role of zinc in plant
nutrition-a review. American journal of experimental Agriculture, 3(2),
374-391. Available from: https://doi.org/10.9734/AJEA/
2013/2746

Hands, P. & Drea, S. (2012) A comparative view of grain development in
Brachypodium distachyon. Journal of Cereal Science, 56(1), 2-8.
Available from: https://doi.org/10.1016/j.jcs.2011.12.010

Hanikenne, M. & Baurain, D. (2014) Origin and evolution of metal P-type
ATPases in Plantae (Archaeplastida). Frontiers in Plant Science, 4,
544, Available from: https://doi.org/10.3389/fpls.2013.00544

Hanikenne, M., Esteves, S.M., Fanara, S. & Rouached, H. (2021)
Coordinated homeostasis of essential mineral nutrients: a focus on
iron. Journal of Experimental Botany, 72(6), 2136-2153. Available
from: https://doi.org/10.1093/jxb/eraa483

Hanikenne, M., Talke, I.N., Haydon, M.J,, Lanz, C., Nolte, A., Motte, P.,
et al. (2008) Evolution of metal hyperaccumulation required


https://doi.org/10.1093/aob/mcs263
https://doi.org/10.1111/pce.13627
https://doi.org/10.1105/tpc.104.024315
https://doi.org/10.1105/tpc.104.024315
https://doi.org/10.1105/tpc.001263
https://doi.org/10.1104/pp.17.00672
https://doi.org/10.1104/pp.17.00672
https://doi.org/10.1111/nph.13237
https://doi.org/10.1111/nph.13237
https://doi.org/10.1038/35053080
https://doi.org/10.1111/j.1365-313X.2007.03138.x
https://doi.org/10.1016/j.devcel.2019.02.022
https://doi.org/10.1016/j.devcel.2019.02.022
https://doi.org/10.1016/j.febslet.2005.06.046
https://doi.org/10.1016/j.febslet.2005.06.046
https://doi.org/10.1042/bcj20190181
https://doi.org/10.1042/bcj20190181
https://doi.org/10.3389/fpls.2018.01190
https://doi.org/10.3389/fpls.2018.01190
https://doi.org/10.1016/j.molcel.2018.02.009
https://doi.org/10.1104/pp.107.097162
https://doi.org/10.1105/tpc.12.11.2011
https://doi.org/10.1105/tpc.12.11.2011
https://doi.org/10.1111/tpj.13655
https://doi.org/10.1111/nph.13964
https://doi.org/10.1007/s00775-011-0797-4
https://doi.org/10.1104/pp.110.169730
https://doi.org/10.1104/pp.110.169730
https://doi.org/10.3389/fpls.2019.00006
https://doi.org/10.1007/s12298-020-00824-z
https://doi.org/10.1007/s12298-020-00824-z
https://doi.org/10.1093/jn/133.5.1502s
https://doi.org/10.1016/j.gfs.2017.03.003
https://doi.org/10.1016/j.gfs.2017.03.003
https://doi.org/10.1111/nph.16005
https://doi.org/10.1016/S0005-2736(00)00138-3
https://doi.org/10.1007/s11157-016-9390-1
https://doi.org/10.1007/s11157-016-9390-1
https://doi.org/10.1007/s11104-013-1713-1
https://doi.org/10.1007/s11104-013-1713-1
https://doi.org/10.9734/AJEA/2013/2746
https://doi.org/10.9734/AJEA/2013/2746
https://doi.org/10.1016/j.jcs.2011.12.010
https://doi.org/10.3389/fpls.2013.00544
https://doi.org/10.1093/jxb/eraa483

AMINI ET AL

® | wiLey-f5)

cis-regulatory changes and triplication of HMA4. Nature, 453(7193),
391-395. Available from: https://doi.org/10.1038/nature06877

Haydon, M.J. & Cobbett, C.S. (2007) A novel major facilitator superfamily
protein at the tonoplast influences zinc tolerance and accumulation
in Arabidopsis. Plant Physiology, 143(4), 1705-1719. Available from:
https://doi.org/10.1104/pp.106.092015

Haydon, M.J., Kawachi, M., Wirtz, M., Hillmer, S., Hell, R. & Kramer, U.
(2012) Vacuolar nicotianamine has critical and distinct roles under
iron deficiency and for zinc sequestration in Arabidopsis. The Plant
Cell, 24(2), 724-737. Available from: https://doi.org/10.1105/tpc.
111.095042

Hegelund, J.N., Schiller, M., Kichey, T., Hansen, T.H., Pedas, P., Husted, S.
et al. (2012) Barley metallothioneins: MT3 and MT4 are localized in
the grain aleurone layer and show differential zinc binding. Plant
Physiology, 159(3), 1125-1137. Available from: https://doi.org/10.
1104/pp.112.197798

Huang, C., Barker, S.J., Langridge, P., Smith, F.W. & Graham, R.D. (2000)
Zinc deficiency up-regulates expression of high-affinity phosphate
transporter genes in both phosphate-sufficient and -deficient barley
roots. Plant Physiology, 124(1), 415-422. Available from: https://doi.
org/10.1104/pp.124.1.415

Hussain, D., Haydon, M.J., Wang, Y., Wong, E., Sherson, S.M., Young, J.,
et al. (2004) P-type ATPase heavy metal transporters with roles in
essential zinc homeostasis in Arabidopsis. The Plant Cell, 16(5),
1327-1339. Available from: https://doi.org/10.1105/tpc.020487

Inaba, S., Kurata, R., Kobayashi, M., Yamagishi, Y., Mori, |, Ogata, Y. et al.
(2015) Identification of putative target genes of bZIP19, a
transcription factor essential for Arabidopsis adaptation to Zn
deficiency in roots. Plant Journal, 84(2), 323-334. Available from:
https://doi.org/10.1111/tpj.12996

Inoue, H., Higuchi, K., Takahashi, M., Nakanishi, H., Mori, S. &
Nishizawa, N.K. (2003) Three rice nicotianamine synthase genes,
OsNAS1, OsNAS2, and OsNAS3 are expressed in cells involved in
long-distance transport of iron and differentially regulated by iron.
The Plant Journal, 36(3), 366-381. Available from: https://doi.org/
10.1046/j.1365-313X.2003.01878.x

Inoue, H., Mizuno, D., Takahashi, M., Nakanishi, H., Mori, S. &
Nishizawa, N.K. (2004) A rice FRD3-like (OsFRDL1) gene is
expressed in the cells involved in long-distance transport. Soil
Science and Plant Nutrition, 50(7), 1133-1140. Available from:
https://doi.org/10.1080/00380768.2004.10408586

International Brachypodium Initiative (2010) Genome sequencing and
analysis of the model grass Brachypodium distachyon. Nature,
463(7282), 763-768Available from: https://doi.org/10.1038/
nature08747

Ishimaru, Y., Suzuki, M., Kobayashi, T., Takahashi, M., Nakanishi, H.,
Mori, S. et al. (2005) OsZIP4, a novel zinc-regulated zinc transporter
in rice. Journal of Experimental Botany, 56(422), 3207-3214. Avail-
able from: https://doi.org/10.1093/jxb/eri317

Ishimaru, Y., Suzuki, M., Ogo, Y., Takahashi, M., Nakanishi, H., Mori, S.
et al. (2008) Synthesis of nicotianamine and deoxymugineic acid is
regulated by OsIRO2 in Zn excess rice plants. Soil Science and Plant
Nutrition, 54(3), 417-423. Available from: https://doi.org/10.1111/j.
1747-0765.2008.00259.x

Ishimaru, Y., Suzuki, M., Tsukamoto, T., Suzuki, K. Nakazono, M.,
Kobayashi, T., et al. (2006) Rice plants take up iron as an Fe3+-
phytosiderophore and as Fe2. Plant Journal, 45(3), 335-346. Avail-
able from: https://doi.org/10.1111/j.1365-313X.2005.02624 .x

Jain, A., Sinilal, B., Dhandapani, G., Meagher, R.B. & Sahi, S.V. (2013)
Effects of deficiency and excess of zinc on morphophysiological
traits and spatiotemporal regulation of zinc-responsive genes reveal
incidence of cross talk between micro- and macronutrients.
Environmental Science and Technology, 47(10), 5327-5335. Avail-
able from: https://doi.org/10.1021/es400113y

Jiang, W., Struik, P.C., Lingna, J., van Keulen, H., Ming, Z. & Stomph, T.J.
(2007) Uptake and distribution of root-applied or foliar-applied 65
Zn after flowering in aerobic rice. Annals of Applied Biology, 150(3),
383-391. Available from: https://doi.org/10.1111/j.1744-7348.
2007.00138.x

Johnson, A.A., Kyriacou, B., Callahan, D.L., Carruthers, L., Stangoulis, J.,
Lombi, E. et al. (2011) Constitutive overexpression of the OsNAS
gene family reveals single-gene strategies for effective iron- and
zinc-biofortification of rice endosperm. PLOS One, 6(9), e24476.
Available from: https://doi.org/10.1371/journal.pone.0024476

Jung, H.l, Gayomba, S.R. Yan, J. & Vatamaniuk, O.K. (2014)
Brachypodium distachyon as a model system for studies of copper
transport in cereal crops. Frontiers in Plant Science, 5, 236. Available
from: https://doi.org/10.3389/fpls.2014.00236

Kavitha, P.G., Kuruvilla, S. & Mathew, M.K. (2015) Functional
characterization of a transition metal ion transporter, OsZIP6 from
rice (Oryza sativa L.). Plant Physiology and Biochemistry, 97, 165-174.
Available from: https://doi.org/10.1016/].plaphy.2015.10.005

Kawakami, Y. & Bhullar, N.K. (2018) Molecular processes in iron and zinc
homeostasis and their modulation for biofortification in rice. Journal
of Integrative Plant Biology, 60(12), 1181-1198. Available from:
https://doi.org/10.1111/jipb.12751

Kaznina, N.M,, Titov, A.F., Repkina, N.S. & Batova, Y.V. (2019) Effect of
zinc excess and low temperature on the IRT1 gene expression in the
roots and leaves of barley. Doklady Biochemistry and Biophysics,
487(1), 264-268. Available from: https://doi.org/10.1134/
S$1607672919040057

Khan, G.A., Bouraine, S., Wege, S., Li, Y., de Carbonnel, M., Berthomieu, P.,
et al. (2014) Coordination between zinc and phosphate homeostasis
involves the transcription factor PHR1, the phosphate exporter
PHO1, and its homologue PHOZ1;H3 in Arabidopsis. Journal of
Experimental Botany, 65(3), 871-884. Available from: https://doi.
org/10.1093/jxb/ert444

Kim, S.A., Punshon, T., Lanzirotti, A., Li, L., Alonso, J.M., et al. (2006)
Localization of iron in Arabidopsis seed requires the vacuolar
membrane transporter VIT1. Science, 314(5803), 1295-1298.
Available from: https://doi.org/10.1126/science. 1132563

Kim, Y.Y., Choi, H., Segami, S., Cho, H.T., Martinoia, E., et al. (2009)
AtHMA1 contributes to the detoxification of excess Zn(ll) in
Arabidopsis. Plant Journal, 58(5), 737-753. Available from: https://
doi.org/10.1111/j.1365-313X.2009.03818.x

Kisko, M., Bouain, N., Safi, A., Medici, A., Akkers, R.C., Secco, D, et al.
(2018) LPCAT1 controls phosphate homeostasis in a zinc-dependent
manner. elife, 7, €32077. Available from: https://doi.org/10.7554/
elLife.32077

Kobayashi, T. (2019) Understanding the complexity of iron sensing and
signaling cascades in plants. Plant and Cell Physiology, 60(7),
1440-1446. Available from: https://doi.org/10.1093/pcp/pcz038

Kobayashi, T., Itai, R.N., Aung, M.S., Senoura, T., Nakanishi, H. &
Nishizawa, N.K. (2012) The rice transcription factor IDEF1 directly
binds to iron and other divalent metals for sensing cellular iron
status. The Plant Journal, 69(1), 81-91. Available from: https://doi.
org/10.1111/j.1365-313X.2011.04772.x

Kobayashi, T., Ogo, Y., Itai, R.N., Nakanishi, H., Takahashi, M., Mori, S.
et al. (2007) The transcription factor IDEF1 regulates the response
to and tolerance of iron deficiency in plants. Proceedings of the
National Academy of Sciences of the United States of America, 104(48),
19150-19155. Available from: https://doi.org/10.1073/pnas.
0707010104

Kobayashi, T., Ozu, A., Kobayashi, S., An, G,, Jeon, J.S. & Nishizawa, N.K.
(2019) OsbHLHO058 and OsbHLHO59 transcription factors positively
regulate iron deficiency responses in rice. Plant Molecular Biology,
101(4-5), 471-486. Available from: https://doi.org/10.1007/
s11103-019-00917-8


https://doi.org/10.1038/nature06877
https://doi.org/10.1104/pp.106.092015
https://doi.org/10.1105/tpc.111.095042
https://doi.org/10.1105/tpc.111.095042
https://doi.org/10.1104/pp.112.197798
https://doi.org/10.1104/pp.112.197798
https://doi.org/10.1104/pp.124.1.415
https://doi.org/10.1104/pp.124.1.415
https://doi.org/10.1105/tpc.020487
https://doi.org/10.1111/tpj.12996
https://doi.org/10.1046/j.1365-313X.2003.01878.x
https://doi.org/10.1046/j.1365-313X.2003.01878.x
https://doi.org/10.1080/00380768.2004.10408586
https://doi.org/10.1038/nature08747
https://doi.org/10.1038/nature08747
https://doi.org/10.1093/jxb/eri317
https://doi.org/10.1111/j.1747-0765.2008.00259.x
https://doi.org/10.1111/j.1747-0765.2008.00259.x
https://doi.org/10.1111/j.1365-313X.2005.02624.x
https://doi.org/10.1021/es400113y
https://doi.org/10.1111/j.1744-7348.2007.00138.x
https://doi.org/10.1111/j.1744-7348.2007.00138.x
https://doi.org/10.1371/journal.pone.0024476
https://doi.org/10.3389/fpls.2014.00236
https://doi.org/10.1016/j.plaphy.2015.10.005
https://doi.org/10.1111/jipb.12751
https://doi.org/10.1134/S1607672919040057
https://doi.org/10.1134/S1607672919040057
https://doi.org/10.1093/jxb/ert444
https://doi.org/10.1093/jxb/ert444
https://doi.org/10.1126/science.1132563
https://doi.org/10.1111/j.1365-313X.2009.03818.x
https://doi.org/10.1111/j.1365-313X.2009.03818.x
https://doi.org/10.7554/eLife.32077
https://doi.org/10.7554/eLife.32077
https://doi.org/10.1093/pcp/pcz038
https://doi.org/10.1111/j.1365-313X.2011.04772.x
https://doi.org/10.1111/j.1365-313X.2011.04772.x
https://doi.org/10.1073/pnas.0707010104
https://doi.org/10.1073/pnas.0707010104
https://doi.org/10.1007/s11103-019-00917-8
https://doi.org/10.1007/s11103-019-00917-8

ZINC HOMEOSTASIS IN CEREALS

Korshunova, Y.O., Eide, D., Clark, W.G., Guerinot, M.L. & Pakrasi, H.B.
(1999) The IRT1 protein from Arabidopsis thaliana is a metal
transporter with a broad substrate range. Plant Molecular Biology,
40(1), 37-44. Available  from: https://doi.org/10.1023/
A:1026438615520

Lan, H.X., Wang, Z.F., Wang, Q.H., Wang, M.M,, Bao, Y.M,, et al. (2013)
Characterization of a vacuolar zinc transporter OZT1 in rice (Oryza
sativa L.). Molecular Biology Reports, 40(2), 1201-1210. Available
from: https://doi.org/10.1007/s11033-012-2162-2

Lee, S. & An, G. (2009) Over-expression of OsIRT1 leads to increased iron
and zinc accumulations in rice. Plant, Cell and Environment, 32(4),
408-416. Available from: https://doi.org/10.1111/j.1365-3040.
2009.01935.x

Lee, S., Jeon, U.S., Lee, S.J., Kim, Y.K., Persson, D.P., et al. (2009) Iron
fortification of rice seeds through activation of the nicotianamine
synthase gene. Proceedings of the National Academy of Sciences of the
United States of America, 106(51), 22014-22019. Available from:
https://doi.org/10.1073/pnas.0910950106

Lee, S., Jeong, H.J., Kim, S.A,, Lee, J., Guerinot, M.L. et al. (2010) OsZIP5 is
a plasma membrane zinc transporter in rice. Plant Molecular Biology,
73(4), 507-517. Available from: https://doi.org/10.1007/s11103-
010-9637-0

Lee, S., Kim, S.A,, Lee, J., Guerinot, M.L. & An, G. (2010) Zinc deficiency-
inducible OsZIP8 encodes a plasma membrane-localized zinc
transporter in rice. Molecules and Cells, 29(6), 551-558. Available
from: https://doi.org/10.1007/s10059-010-0069-0

Lee, S., Kim, Y.Y., Lee, Y. & An, G. (2007) Rice P1B-type heavy-metal
ATPase, OsHMAGY, is a metal efflux protein. Plant Physiology, 145(3),
831-842. Available from: https://doi.org/10.1104/pp.107.102236

Lee, S., Persson, D.P., Hansen, T.H., Husted, S., Schjoerring, J.K., et al.
(2011) Bio-available zinc in rice seeds is increased by activation
tagging of nicotianamine synthase. Plant Biotechnology Journal, 9(8),
865-873. Available from: https://doi.org/10.1111/j.1467-7652.
2011.00606.x

Leskova, A., Giehl, R., Hartmann, A., FargaSova, A. & von Wirén, N.
(2017) Heavy metals induce iron deficiency responses at
different hierarchic and regulatory levels. Plant Physiology,
174(3), 1648-1668. Available from: https://doi.org/10.1104/pp.16.
01916

Li, S., Liu, X., Zhou, X,, Li, Y., Yang, W. & Chen, R. (2019) Improving zinc
and iron accumulation in maize grains using the zinc and iron
transporter ZmZIP5 Plant and Cell Physiology, 60(9), 2077-2085.
Available from: https://doi.org/10.1093/pcp/pcz104

Li, S., Zhou, X., Huang, Y., Zhu, L., Zhang, S., Zhao, Y., et al. (2013)
Identification ~and characterization of the zinc-regulated
transporters, iron-regulated transporter-like protein (ZIP) gene
family in maize. BMC Plant Biology, 13(1), 114. Available from:
https://doi.org/10.1186/1471-2229-13-114

Li, S., Zhou, X,, Li, H., Liu, Y., Zhu, L., Guo, J., et al. (2015) Overexpression
of ZmIRT1 and ZmZIP3 enhances iron and zinc accumulation in
transgenic Arabidopsis. PLOS One, 10(8), e€0136647. Available from:
https://doi.org/10.1371/journal.pone.0136647

Li, S., Zhou, X., Zhao, Y., Li, H,, Liu, Y., Zhu, L., et al. (2016) Constitutive
expression of the ZmZIP7 in Arabidopsis alters metal homeostasis
and increases Fe and Zn content. Plant Physiology and Biochemistry,
106, 1-10. Available from: https://doi.org/10.1016/j.plaphy.2016.
04.044

Li, Y., Zhang, Y., Shi, D., Liu, X., Qin, J,, Ge, Q., et al. (2013) Spatial-
temporal analysis of zinc homeostasis reveals the response
mechanisms to acute zinc deficiency in Sorghum bicolor. New
Phytologist, 200(4), 1102-1115. Available from: https://doi.org/10.
1111/nph.12434

Lilay, G.H., Castro, P.H., Campilho, A. & Assuncdo, A. (2019) The
Arabidopsis bZIP19 and bZIP23 activity requires zinc deficiency—
insight on regulation from complementation lines. Frontiers in Plant

B9-wiLey—2

Science, 9, 1955. Available from: https://doi.org/10.3389/fpls.2018.
01955

Lilay, G.H., Castro, P.H., Guedes, J.G., Almeida, D.M., Campilho, A,
Azevedo, H., et al. (2020) Rice F-bZIP transcription factors regulate
the zinc deficiency response. Journal of Experimental Botany, 71(12),
3664-3677. Available from: https://doi.org/10.1093/jxb/eraall5

Lilay, G.H., Persson, D.P., Castro, P.H., Liao, F., Alexander, R.D., Aarts, M.
et al. (2021) Arabidopsis bZIP19 and bZIP23 act as zinc sensors to
control plant zinc status. Nature Plants, 7(2), 137-143. Available
from: https://doi.org/10.1038/s41477-021-00856-7

Lin, Y.F., Hassan, Z., Talukdar, S., Schat, H. & Aarts, M.G. (2016)
Expression of the Zntl zinc transporter from the metal
hyperaccumulator Noccaea caerulescens confers enhanced zinc and
cadmium tolerance and accumulation to arabidopsis thaliana. PLOS
One, 11(3), 0149750. Available from: https://doi.org/10.1371/
journal.pone.0149750

Lin, Y.F.,, Liang, H.M,, Yang, S.Y., Boch, A., Clemens, S., et al. (2009)
Arabidopsis IRT3 is a zinc-regulated and plasma membrane localized
zinc/iron transporter. New Phytologist, 182(2), 392-404. Available
from: https://doi.org/10.1111/j.1469-8137.2009.027 66.x

Liu, X.S., Feng, S.J., Zhang, B.Q., Wang, M.Q., Cao, H.W.,, et al. (2019)
OsZIP1 functions as a metal efflux transporter limiting excess zinc,
copper and cadmium accumulation in rice. BMC Plant Biology, 19(1),
283. Available from: https://doi.org/10.1186/s12870-019-1899-3

Lombi, E., Smith, E., Hansen, T.H., Paterson, D., de Jonge, M.D.,
Howard, D.L., et al. (2011) Megapixel imaging of (micro)nutrients in
mature barley grains. Journal of Experimental Botany, 62(1), 273-282.
Available from: https://doi.org/10.1093/jxb/erq270

Lu, X,, Liu, S., Zhi, S., Chen, J. & Ye, G. (2021) Comparative transcriptome
profile analysis of rice varieties with different tolerance to zinc
deficiency. Plant Biology, 23(2), 375-390. Available from: https://doi.
org/10.1111/plb.13227

Malekzadeh, R., Shahpiri, A. & Siapoush, S. (2020) Metalation of a rice
type 1 metallothionein isoform (OsMTI-1b). Protein Expression and
Purification, 175, 105719. Available from: https://doi.org/10.1016/j.
pep.2020.105719

Mallikarjuna, M.G., Thirunavukkarasu, N., Sharma, R., Shiriga, K,
Hossain, F., Bhat, J.S., et al. (2020) Comparative transcriptome
analysis of iron and zinc deficiency in maize (Zea mays L.). Plants,
9(12), 1-31. Available from: https://doi.org/10.3390/PLANTS91
21812

Marschner, H., Romheld, V. & Kissel, M. (1986) Different strategies in
higher plants in mobilization and uptake of iron. Journal of Plant
Nutrition, 9(3-7), 695-713. Auvailable from: https://doi.org/10.
1080/01904168609363475

Masuda, H., Usuda, K., Kobayashi, T., Ishimaru, Y., Kakei, Y., Takahashi, M.,
et al. (2009) Overexpression of the barley nicotianamine synthase
gene HVNAS1 increases iron and zinc concentrations in rice grains.
Rice, 2(4), 155-166. Available from: https://doi.org/10.1007/
$12284-009-9031-1

Mazé, P. (1915) Détermination des éléments minéraux rares nécessaires
au développement du mais. Comptes Rendus Hebdomadaires des
Séances de L'académie des Sciences, 160, 211-214.

Menguer, P.K., Farthing, E., Peaston, K.A., Ricachenevsky, F.K., Fett, J.P. &
Williams, L.E. (2013) Functional analysis of the rice vacuolar zinc
transporter OsMTP1. Journal of Experimental Botany, 64,
2871-2883. Available from: https://doi.org/10.1093/jxb/ert136

Menguer, P.K,, Vincent, T., Miller, A.J., Brown, J., Vincze, E., Borg, S., et al.
(2018) Improving zinc accumulation in cereal endosperm
using HYMTP1, a transition metal transporter. Plant Biotechnology
Journal, 16(1), 63-71. Available from: https://doi.org/10.1111/pbi.
12749

Mikkelsen, M.D., Pedas, P., Schiller, M., Vincze, E., Mills, R.F., Borg, S.,
et al. (2012) Barley HYHMA1 is a heavy metal pump involved in
mobilizing organellar Zn and Cu and plays a role in metal loading into


https://doi.org/10.1023/A:1026438615520
https://doi.org/10.1023/A:1026438615520
https://doi.org/10.1007/s11033-012-2162-2
https://doi.org/10.1111/j.1365-3040.2009.01935.x
https://doi.org/10.1111/j.1365-3040.2009.01935.x
https://doi.org/10.1073/pnas.0910950106
https://doi.org/10.1007/s11103-010-9637-0
https://doi.org/10.1007/s11103-010-9637-0
https://doi.org/10.1007/s10059-010-0069-0
https://doi.org/10.1104/pp.107.102236
https://doi.org/10.1111/j.1467-7652.2011.00606.x
https://doi.org/10.1111/j.1467-7652.2011.00606.x
https://doi.org/10.1104/pp.16.01916
https://doi.org/10.1104/pp.16.01916
https://doi.org/10.1093/pcp/pcz104
https://doi.org/10.1186/1471-2229-13-114
https://doi.org/10.1371/journal.pone.0136647
https://doi.org/10.1016/j.plaphy.2016.04.044
https://doi.org/10.1016/j.plaphy.2016.04.044
https://doi.org/10.1111/nph.12434
https://doi.org/10.1111/nph.12434
https://doi.org/10.3389/fpls.2018.01955
https://doi.org/10.3389/fpls.2018.01955
https://doi.org/10.1093/jxb/eraa115
https://doi.org/10.1038/s41477-021-00856-7
https://doi.org/10.1371/journal.pone.0149750
https://doi.org/10.1371/journal.pone.0149750
https://doi.org/10.1111/j.1469-8137.2009.02766.x
https://doi.org/10.1186/s12870-019-1899-3
https://doi.org/10.1093/jxb/erq270
https://doi.org/10.1111/plb.13227
https://doi.org/10.1111/plb.13227
https://doi.org/10.1016/j.pep.2020.105719
https://doi.org/10.1016/j.pep.2020.105719
https://doi.org/10.3390/PLANTS9121812
https://doi.org/10.3390/PLANTS9121812
https://doi.org/10.1080/01904168609363475
https://doi.org/10.1080/01904168609363475
https://doi.org/10.1007/s12284-009-9031-1
https://doi.org/10.1007/s12284-009-9031-1
https://doi.org/10.1093/jxb/ert136
https://doi.org/10.1111/pbi.12749
https://doi.org/10.1111/pbi.12749

AMINI ET AL

2 | wiLey-f5)

grains. PLOS One, 7, e49027. Available from: https://doi.org/10.
1371/journal.pone.0049027

Mills, R.F., Peaston, K.A., Runions, J. & Williams, L.E. (2012) HYHMAZ2, a
P1B-ATPase from barley, is highly conserved among cereals and
functions in Zn and Cd transport. PLOS One, 7, e42640. Available
from: https://doi.org/10.1371/journal.pone.0042640

Miyadate, H., Adachi, S., Hiraizumi, A., Tezuka, K., Nakazawa, N.,
Kawamoto, T., et al. (2011) OsHMA3, a P1B-type of ATPase affects
root-to-shoot cadmium translocation in rice by mediating efflux into
vacuoles. New Phytologist, 189(1), 190-199. Available from: https://
doi.org/10.1111/j.1469-8137.2010.03459.x

Mizuno, D., Higuchi, K., Sakamoto, T., Nakanishi, H., Mori, S. &
Nishizawa, N.K. (2003) Three nicotianamine synthase genes isolated
from maize are differentially regulated by iron nutritional status.
Plant Physiology, 132(4), 1989-1997. Available from: https://doi.
org/10.1104/pp.102.019869

Mondal, T.K., Ganie, S.A., Rana, M.K. & Sharma, T.R. (2014) Genome-wide
analysis of zinc transporter genes of maize (Zea mays). Plant
Molecular Biology Reporter, 32(2), 605-616. Available from: https://
doi.org/10.1007/s11105-013-0664-2

Montanini, B., Blaudez, D., Jeandroz, S., Sanders, D. & Chalot, M. (2007)
Phylogenetic and functional analysis of the cation diffusion
facilitator (CDF) family: improved signature and prediction of
substrate specificity. BMC Genomics, 8(1), 1-16. Available from:
https://doi.org/10.1186/1471-2164-8-107

Morel, M., Crouzet, J., Gravot, A., Auroy, P., Leonhardt, N., Vavasseur, A.
et al. (2009) AtHMA3, a P 1B -ATPase allowing Cd/Zn/Co/Pb
vacuolar storage in Arabidopsis. Plant Physiology, 149(2), 894-904.
Available from: https://doi.org/10.1104/pp.108.130294

Mu, S., Yamaji, N., Sasaki, A., Luo, L., Du, B., Che, J., et al. (2021) A
transporter for delivering zinc to the developing tiller bud and
panicle in rice. Plant Journal, 105(3), 786-799. Available from:
https://doi.org/10.1111/tpj.15073

Nazri, A.Z., Griffin, J., Peaston, KA. Alexander-Webber, D. &
Williams, L.E. (2017) F-group bZIPs in barley—a role in Zn deficiency.
Plant, Cell and Environment, 40(11), 2754-2770. Available from:
https://doi.org/10.1111/pce.13045

Neeraja, C.N., Kulkarni, K.S., Madhu Babu, P., Sanjeeva Rao, D.,
Surekha, K. & Ravindra Babu, V. (2018) Transporter genes identified
in landraces associated with high zinc in polished rice through
panicle transcriptome for biofortification. PLOS One, 13(2),
€0192362. Available from: https://doi.org/10.1371/journal.pone.
0192362

Negishi, T., Nakanishi, H., Yazaki, J., Kishimoto, N., Fujii, F., Shimbo, K.,
et al. (2002) cDNA microarray analysis of gene expression during Fe-
deficiency stress in barley suggests that polar transport of vesicles is
implicated in phytosiderophore secretion in Fe-deficient barley
roots. Plant Journal, 30(1), 83-94. Available from: https://doi.org/10.
1046/j.1365-313X.2002.01270.x

Nishiyama, R., Kato, M., Nagata, S., Yanagisawa, S. & Yoneyama, T. (2012)
Identification of Zn-nicotianamine and Fe-2'-deoxymugineic acid in
the phloem sap from rice plants (Oryza sativa L.). Plant and Cell
Physiology, 53(2), 381-390. Available from: https://doi.org/10.
1093/pcp/pcr188

Nishizawa, N. & Mori, S. (1987) The particular vesicle appearing in barley
root cells and its relation to mugineic acid secretion. Journal of Plant
Nutrition, 10(9-16), 1013-1020. Available from: https://doi.org/10.
1080/01904168709363629

Nozoye, T., Nagasaka, S., Kobayashi, T., Sato, Y., Uozumi, N., Nakanishi, H.
et al. (2015) The phytosiderophore efflux transporter TOM2 is
involved in metal transport in rice. Journal of Biological Chemistry,
290(46), 27688-27699. Available from: https://doi.org/10.1074/
jbc.M114.635193

Nozoye, T., Nagasaka, S., Kobayashi, T., Takahashi, M., Sato, Y., Sato, Y.,
et al. (2011) Phytosiderophore efflux transporters are crucial for iron

acquisition in graminaceous plants. Journal of Biological Chemistry,
286(7), 5446-5454. Available from: https://doi.org/10.1074/jbc.
M110.180026

Nozoye, T., Tsunoda, K. Nagasaka, S., Bashir, K., Takahashi, M,
Kobayashi, T., et al. (2014) Rice nicotianamine synthase localizes to
particular vesicles for proper function. Plant Signaling and Behavior,
9(5), €28660. Available from: https://doi.org/10.4161/psh.28660

Nozoye, T., von Wirén, N., Sato, Y., Higashiyama, T., Nakanishi, H. &
Nishizawa, N.K. (2019) Characterization of the nicotianamine
exporter ENA1 in rice. Frontiers in Plant Science, 10, 10. Available
from: https://doi.org/10.3389/fpls.2019.00502

Ogo, Y., Itai, R.N., Nakanishi, H., Kobayashi, T., Takahashi, M., et al. (2007)
The rice bHLH protein OsIRO2 is an essential regulator of the genes
involved in Fe uptake under Fe-deficient conditions. Plant Journal,
51(3), 366-377. Available from: https://doi.org/10.1111/].1365-
313X.2007.03149.x

Olsen, L., Hansen, T.H., Larue, C., @sterberg, J.T., Hoffmann, R.D.,
Liesche, J., et al. (2016) Mother-plant-mediated pumping of zinc into
the developing seed. Nature Plants, 2(5), 1-6. Available from:
https://doi.org/10.1038/NPLANTS.2016.36

Olsen, L.I. & Palmgren, M.G. (2014) Many rivers to cross: the journey of
zinc from soil to seed. Frontiers in Plant Science, 5, 30. Available from:
https://doi.org/10.3389/fpls.2014.00030

@sterberg, J.T. & Palmgren, M. (2018) Heavy metal pumps in plants:
structure, function and origin. Advances in Botanical Research, 87,
57-89. Available from: https://doi.org/10.1016/bs.abr.2018.09.004

Ova, E.A,, Kutman, U.B., Ozturk, L. & Cakmak, I. (2015) High phosphorus
supply reduced zinc concentration of wheat in native soil but not in
autoclaved soil or nutrient solution. Plant and Soil, 393(1-2),
147-162. Available from: https://doi.org/10.1007/s11104-015-
2483-8

Palmgren, M.G., Clemens, S., Williams, L.E., Kradmer, U., Borg, S,
Schjgrring, J.K. et al. (2008) Zinc biofortification of cereals: problems
and solutions. Trends in Plant Science, 13(9), 464-473. Available
from: https://doi.org/10.1016/j.tplants.2008.06.005

Paul, S., Datta, S.K. & Datta, K. (2015) miRNA regulation of nutrient
homeostasis in plants. Frontiers in Plant Science, 6, 232. Available
from: https://doi.org/10.3389/fpls.2015.00232

Pearce, S., Tabbita, F., Cantu, D., Buffalo, V., Avni, R., Vazquez-Gross, H.,
et al. (2014) Regulation of Zn and Fe transporters by the GPC1 gene
during early wheat monocarpic senescence. BMC Plant Biology,
14(1), 1-23. Available from: https://doi.org/10.1186/s12870-014-
0368-2

Pedas, P., Schjoerring, JK. & Husted, S. (2009) lIdentification and
characterization of zinc-starvation-induced ZIP transporters from
barley roots. Plant Physiology and Biochemistry, 47(5), 377-383.
Available from: https://doi.org/10.1016/j.plaphy.2009.01.006

Pedas, P., Ytting, C.K, Fuglsang, A.T., Jahn, T.P., Schjoerring, J.K. &
Husted, S. (2008) Manganese efficiency in Barley: identification and
characterization of the metal ion transporter HvIRT1. Plant
Physiology, 148(1), 455-466. Available from: https://doi.org/10.
1104/pp.108.118851

Peiter, E., Montanini, B., Gobert, A., Pedas, P., Husted, S., Maathuis, F.J.,
et al. (2007) A secretory pathway-localized cation diffusion
facilitator confers plant manganese tolerance. Proceedings of the
National Academy of Sciences of the United States of America, 104(20),
8532-8537. Available from: https://doi.org/10.1073/pnas.
0609507104

Persson, D.P., de Bang, T.C., Pedas, P.R., Kutman, U.B., Cakmak, I.,
Andersen, B. et al. (2016) Molecular speciation and tissue
compartmentation of zinc in durum wheat grains with contrasting
nutritional status. The New Phytologist, 211(4), 1255-1265. Available
from: https://doi.org/10.1111/nph.13989

Pilon, M. (2017) The copper microRNAs. New Phytologist, 213(3),
1030-1035. Available from: https://doi.org/10.1111/nph.14244


https://doi.org/10.1371/journal.pone.0049027
https://doi.org/10.1371/journal.pone.0049027
https://doi.org/10.1371/journal.pone.0042640
https://doi.org/10.1111/j.1469-8137.2010.03459.x
https://doi.org/10.1111/j.1469-8137.2010.03459.x
https://doi.org/10.1104/pp.102.019869
https://doi.org/10.1104/pp.102.019869
https://doi.org/10.1007/s11105-013-0664-2
https://doi.org/10.1007/s11105-013-0664-2
https://doi.org/10.1186/1471-2164-8-107
https://doi.org/10.1104/pp.108.130294
https://doi.org/10.1111/tpj.15073
https://doi.org/10.1111/pce.13045
https://doi.org/10.1371/journal.pone.0192362
https://doi.org/10.1371/journal.pone.0192362
https://doi.org/10.1046/j.1365-313X.2002.01270.x
https://doi.org/10.1046/j.1365-313X.2002.01270.x
https://doi.org/10.1093/pcp/pcr188
https://doi.org/10.1093/pcp/pcr188
https://doi.org/10.1080/01904168709363629
https://doi.org/10.1080/01904168709363629
https://doi.org/10.1074/jbc.M114.635193
https://doi.org/10.1074/jbc.M114.635193
https://doi.org/10.1074/jbc.M110.180026
https://doi.org/10.1074/jbc.M110.180026
https://doi.org/10.4161/psb.28660
https://doi.org/10.3389/fpls.2019.00502
https://doi.org/10.1111/j.1365-313X.2007.03149.x
https://doi.org/10.1111/j.1365-313X.2007.03149.x
https://doi.org/10.1038/NPLANTS.2016.36
https://doi.org/10.3389/fpls.2014.00030
https://doi.org/10.1016/bs.abr.2018.09.004
https://doi.org/10.1007/s11104-015-2483-8
https://doi.org/10.1007/s11104-015-2483-8
https://doi.org/10.1016/j.tplants.2008.06.005
https://doi.org/10.3389/fpls.2015.00232
https://doi.org/10.1186/s12870-014-0368-2
https://doi.org/10.1186/s12870-014-0368-2
https://doi.org/10.1016/j.plaphy.2009.01.006
https://doi.org/10.1104/pp.108.118851
https://doi.org/10.1104/pp.108.118851
https://doi.org/10.1073/pnas.0609507104
https://doi.org/10.1073/pnas.0609507104
https://doi.org/10.1111/nph.13989
https://doi.org/10.1111/nph.14244

ZINC HOMEOSTASIS IN CEREALS

Pineau, C., Loubet, S., Lefoulon, C., Chalies, C., Fizames, C., Lacombe, B.,
et al. (2012) Natural variation at the FRD3 MATE transporter locus
reveals cross-talk between Fe homeostasis and Zn tolerance in
Arabidopsis thaliana. PLOS Genetics, 8(12), 1003120. Available from:
https://doi.org/10.1371/journal.pgen.1003120

Podar, D., Scherer, J., Noordally, Z., Herzyk, P., Nies, D. & Sanders, D.
(2012) Metal selectivity determinants in a family of transition metal
transporters. Journal of Biological Chemistry, 287(5), 3185-3196.
Available from: https://doi.org/10.1074/jbc.M111.305649

Ram, H., Kaur, A., Gandass, N., Singh, S., Deshmukh, R., et al. (2019)
Molecular characterization and expression dynamics of MTP genes
under various spatio-temporal stages and metal stress conditions in
rice. PLOS One, 14, e0217360. Available from: https://doi.org/10.
1371/journal.pone.0217360

Ramesh, S.A., Shin, R, Eide, D.J. & Schachtman, D.P. (2003) Differential
metal selectivity and gene expression of two zinc transporters from
rice. Plant Physiology, 133(1), 126-134. Available from: https://doi.
org/10.1104/pp.103.026815

Rawat, N., Neelam, K., Tiwari, V.K. & Dhaliwal, H.S. (2013) Biofortification
of cereals to overcome hidden hunger. Plant Breeding, 132(5),
437-445. Available from: https://doi.org/10.1111/pbr.12040

Ricachenevsky, F.K., Punshon, T., Lee, S. Oliveira, B.,, Trenz, T.S,,
Maraschin, F., et al. (2018) Elemental profiling of rice FOX lines leads
to characterization of a new Zn plasma membrane transporter,
OsZIP7. Frontiers in Plant Science, 9, 865. Available from: https://doi.
org/10.3389/fpls.2018.00865

Ricachenevsky, F.K., Sperotto, R.A., Menguer, P.K., Sperb, E.R., Lopes, K.L.
& Fett, J.P. (2011) Zinc-induced facilitator-like family in plants:
lineage-specific expansion in monocotyledons and conserved
genomic and expression features among rice (Oryza sativa)
paralogs. BMC Plant Biology, 11(1), 1-22. Available from: https://
doi.org/10.1186/1471-2229-11-20

Rodriguez-Villalon, A. & Brady, S.M. (2019) Single cell RNA sequencing
and its promise in reconstructing plant vascular cell lineages. Current
Opinion in Plant Biology, 48, 47-56. Available from: https://doi.org/
10.1016/j.pbi.2019.04.002

Rogers, E.E., Eide, D.J. & Guerinot, M.L.ou (2000) Altered selectivity in an
Arabidopsis metal transporter. Proceedings of the National
Academy of Sciences of the United States of America, 97(22),
12356-12360. Available from: https://doi.org/10.1073/pnas.
210214197

Ryu, K.H., Huang, L., Kang, H.M. & Schiefelbein, J. (2019) Single-cell RNA
sequencing resolves molecular relationships among individual plant
cells. Plant Physiology, 179(4), 1444-1456. Available from: https://
doi.org/10.1104/pp.18.01482

Saenchai, C., Bouain, N., Kisko, M., Prom-U-Thai, C., Doumas, P. &
Rouached, H. (2016) The involvement of OsPHO1;1 in the
regulation of iron transport through integration of phosphate and
Zinc deficiency signaling. Frontiers in Plant Science, 7, 396. Available
from: https://doi.org/10.3389/fpls.2016.00396

Salt, D.E., Prince, R.C., Baker, A.J.M,, Raskin, I. & Pickering, I.J. (1999) Zinc
ligands in the metal hyperaccumulator Thlaspi caerulescens as
determined using x-ray absorption spectroscopy. Environmental
Science and Technology, 33(5), 713-717. Available from: https://
doi.org/10.1021/es980825x

Sasaki, A., Yamaji, N. & Ma, J.F. (2014) Overexpression of OsHMA3
enhances Cd tolerance and expression of Zn transporter genes in
rice. Journal of Experimental Botany, 65(20), 6013-6021. Available
from: https://doi.org/10.1093/jxb/eru340

Sasaki, A., Yamaji, N., Mitani-Ueno, N., Kashino, M. & Ma, J.F. (2015) A
node-localized transporter OsZIP3 is responsible for the preferential
distribution of Zn to developing tissues in rice. Plant Journal, 84(2),
374-384. Available from: https://doi.org/10.1111/tpj.13005

Sasaki, A., Yamaji, N., Yokosho, K. & Ma, J.F. (2012) Nramp5 is a major
transporter responsible for manganese and cadmium uptake in rice.

B9-wiLey—2

The Plant Cell, 24(5), 2155-2167. Available from: https://doi.org/10.
1105/tpc.112.096925

Sasaki, T. & Burr, B. (2000) International rice genome sequencing project:
the effort to completely sequence the rice genome'. Current Opinion
in Plant Biology, 3(2), 138-142. Available from: https://doi.org/10.
1016/51369-5266(99)00047-3

Satoh-Nagasawa, N., Mori, M., Nakazawa, N., Kawamoto, T., Nagato, Y.,
Sakurai, K., et al. (2012) Mutations in rice (oryza sativa) heavy metal
ATPase 2 (OsHMAZ2) restrict the translocation of zinc and cadmium.
Plant and Cell Physiology, 53(1), 213-224. Available from: https://
doi.org/10.1093/pcp/pcrléé

Schaaf, G., Ludewig, U., Erenoglu, B.E., Mori, S., Kitahara, T. &
von Wirén, N. (2004) ZmYS1 functions as a proton-coupled
symporter for phytosiderophore- and nicotianamine-chelated
metals. Journal of Biological Chemistry, 279(10), 9091-9096. Avail-
able from: https://doi.org/10.1074/jbc.M311799200

Scheepers, M., Spielmann, J., Boulanger, M., Carnol, M., Bosman, B,
De Pauw, E., et al. (2020) Intertwined metal homeostasis, oxidative
and biotic stress responses in the Arabidopsis frd3 mutant. The Plant
Journal, 102(1), 34-52. Available from: https://doi.org/10.1111/tpj.
14610

Seigneurin-Berny, D., Gravot, A., Auroy, P., Mazard, C., Kraut, A,
Finazzi, G., et al. (2006) HMA1, a new Cu-ATPase of the chloroplast
envelope, is essential for growth under adverse light conditions.
Journal of Biological Chemistry, 281(5), 2882-2892. Available from:
https://doi.org/10.1074/jbc.M508333200

Shahzad, Z., Rouached, H. & Rakha, A. (2014) Combating mineral
malnutrition through iron and zinc biofortification of cereals.
Comprehensive Reviews in Food Science and Food Safety, 13(3),
329-346. Available from: https://doi.org/10.1111/1541-4337.
12063

Shanmugam, V., Lo, J.C., Wu, C.L,, Wang, S.L., Lai, C.C., Connolly, E.L.,
et al. (2011) Differential expression and regulation of iron-regulated
metal transporters in Arabidopsis halleri and Arabidopsis thaliana—the
role in zinc tolerance. New Phytologist, 190(1), 125-137. Available
from: https://doi.org/10.1111/j.1469-8137.2010.03606.x

Shanmugam, V., Tsednee, M. & Yeh, K.C. (2012) Zinc tolerance induced by
iron 1 reveals the importance of glutathione in the cross-
homeostasis between zinc and iron in Arabidopsis thaliana. Plant
Journal, 69(6), 1006-1017. Available from: https://doi.org/10.1111/
j-1365-313X.2011.04850.x

Sharma, S., Kaur, G., Kumar, A., Meena, V., Kaur, J. & Pandey, A.K. (2019)
Overlapping transcriptional expression response of wheat zinc-
induced facilitator-like transporters emphasize important role during
Fe and Zn stress. BMC Molecular Biology, 20(1), 1-17. Available from:
https://doi.org/10.1186/s12867-019-0139-6

Shojima, S., Nishizawa, N.K., Fushiya, S., Nozoe, S., Irifune, T. & Mori, S.
(1990) Biosynthesis of phytosiderophores: In vitro biosynthesis of
2'-deoxymugineic acid from L-methionine and nicotianamine. Plant
Physiology, 93(4), 1497-1503. Available from: https://doi.org/10.
1104/pp.93.4.1497

Sinclair, S.A. & Kramer, U. (2012) The zinc homeostasis network of land
plants. Biochimica et Biophysica Acta-Molecular Cell Research,
1823(9), 1553-1567. Available from: https://doi.org/10.1016/j.
bbamcr.2012.05.016

Sinclair, S.A., Senger, T., Talke, I.N., Cobbett, C.S., Haydon, M.J. &
Kramer, U. (2018) Systemic upregulation of MTP2- and HMA2-
mediated Zn partitioning to the shoot supplements local Zn
deficiency responses. The Plant Cell, 30(10), 2463-2479. Available
from: https://doi.org/10.1105/tpc.18.00207

Singh, S.P., Keller, B., Gruissem, W. & Bhullar, N.K. (2017) Rice
nicotianamine synthase 2 expression improves dietary iron and
zinc levels in wheat. Theoretical and Applied Genetics, 130(2),
283-292. Available from: https://doi.org/10.1007/s00122-016-
2808-x


https://doi.org/10.1371/journal.pgen.1003120
https://doi.org/10.1074/jbc.M111.305649
https://doi.org/10.1371/journal.pone.0217360
https://doi.org/10.1371/journal.pone.0217360
https://doi.org/10.1104/pp.103.026815
https://doi.org/10.1104/pp.103.026815
https://doi.org/10.1111/pbr.12040
https://doi.org/10.3389/fpls.2018.00865
https://doi.org/10.3389/fpls.2018.00865
https://doi.org/10.1186/1471-2229-11-20
https://doi.org/10.1186/1471-2229-11-20
https://doi.org/10.1016/j.pbi.2019.04.002
https://doi.org/10.1016/j.pbi.2019.04.002
https://doi.org/10.1073/pnas.210214197
https://doi.org/10.1073/pnas.210214197
https://doi.org/10.1104/pp.18.01482
https://doi.org/10.1104/pp.18.01482
https://doi.org/10.3389/fpls.2016.00396
https://doi.org/10.1021/es980825x
https://doi.org/10.1021/es980825x
https://doi.org/10.1093/jxb/eru340
https://doi.org/10.1111/tpj.13005
https://doi.org/10.1105/tpc.112.096925
https://doi.org/10.1105/tpc.112.096925
https://doi.org/10.1016/S1369-5266(99)00047-3
https://doi.org/10.1016/S1369-5266(99)00047-3
https://doi.org/10.1093/pcp/pcr166
https://doi.org/10.1093/pcp/pcr166
https://doi.org/10.1074/jbc.M311799200
https://doi.org/10.1111/tpj.14610
https://doi.org/10.1111/tpj.14610
https://doi.org/10.1074/jbc.M508333200
https://doi.org/10.1111/1541-4337.12063
https://doi.org/10.1111/1541-4337.12063
https://doi.org/10.1111/j.1469-8137.2010.03606.x
https://doi.org/10.1111/j.1365-313X.2011.04850.x
https://doi.org/10.1111/j.1365-313X.2011.04850.x
https://doi.org/10.1186/s12867-019-0139-6
https://doi.org/10.1104/pp.93.4.1497
https://doi.org/10.1104/pp.93.4.1497
https://doi.org/10.1016/j.bbamcr.2012.05.016
https://doi.org/10.1016/j.bbamcr.2012.05.016
https://doi.org/10.1105/tpc.18.00207
https://doi.org/10.1007/s00122-016-2808-x
https://doi.org/10.1007/s00122-016-2808-x

AMINI ET AL

2 | wiLey-f5)

Sommer, A.L. & Lipman, C.B. (1926) Evidence on the indispensable nature
of zinc and boron for higher green plants. Plant Physiology, 1(3),
231-249. Available from: https://doi.org/10.1104/pp.1.3.231

Sperotto, R.A. (2013) Zn/Fe remobilization from vegetative tissues to rice
seeds: Should | stay or should | go? Ask Zn/Fe supply!. Frontiers in
Plant Science, 4, 464. Available from: https://doi.org/10.3389/fpls.
2013.00464

Sperotto, R.A., Ricachenevsky, F.K., Duarte, G.L., Boff, T., Lopes, K.L,
Sperb, E.R., et al. (2009) Identification of up-regulated genes in flag
leaves during rice grain filling and characterization of OsNACS5, a
new ABA-dependent transcription factor. Planta, 230(5), 985-1002.
Available from: https://doi.org/10.1007/s00425-009-1000-9

Spielmann, J., Ahmadi, H., Scheepers, M., Weber, M., Nitsche, S.,
Carnol, M, et al. (2020) The two copies of the zinc and cadmium
ZIP6 transporter of Arabidopsis halleri have distinct effects on
cadmium tolerance. Plant, Cell & Environment, 43(9), 2143-2157.
Available from: https://doi.org/10.1111/pce.13806

Stomph, T.jan, Jiang, W. & Struik, P.C. (2009) Zinc biofortification of
cereals: rice differs from wheat and barley. Trends in Plant Science,
14(3), 123-124. Available from: https://doi.org/10.1016/j.tplants.
2009.01.001

Sunkar, R., Kapoor, A. & Zhu, J.K. (2006) Posttranscriptional induction of
two Cu/Zn superoxide dismutase genes in Arabidopsis is mediated
by downregulation of miR398 and important for oxidative stress
tolerance. The Plant Cell, 18(8), 2051-2065. Available from: https://
doi.org/10.1105/tpc.106.041673

Suzuki, M., Bashir, K., Inoue, H., Takahashi, M., Nakanishi, H. &
Nishizawa, N.K. (2012) Accumulation of starch in Zn-deficient rice.
Rice, 5(1), 1-8. Available from: https://doi.org/10.1186/1939-8433-
5-9

Suzuki, M., Takahashi, M., Tsukamoto, T., Watanabe, S., Matsuhashi, S.,
Yazaki, J., et al. (2006) Biosynthesis and secretion of mugineic acid
family phytosiderophores in zinc-deficient barley. Plant Journal,
48(1), 85-97. Available from: https://doi.org/10.1111/j.1365-313X.
2006.02853.x

Suzuki, M., Tsukamoto, T., Inoue, H., Watanabe, S., Matsuhashi, S.,
Takahashi, M., et al. (2008) Deoxymugineic acid increases Zn
translocation in Zn-deficient rice plants. Plant Molecular Biology,
66(6), 609-617. Available from: https://doi.org/10.1007/s11103-
008-9292-x

Swamy, B., Rahman, M.A, Inabangan-Asilo, M.A, Amparado, A,
Manito, C., Chadha-Mohanty, P., et al. (2016) Advances in breeding
for high grain zinc in rice. Rice, 9(1), 1-16. Available from: https://
doi.org/10.1186/512284-016-0122-5

Takahashi, R., Ishimaru, Y., Shimo, H., Ogo, Y., Senoura, T., Nishizawa, N.K.
et al. (2012) The OsHMAZ2 transporter is involved in root-to-shoot
translocation of Zn and Cd in rice. Plant, Cell and Environment,
35(11), 1948-1957. Available from: https://doi.org/10.1111/j.
1365-3040.2012.02527 .x

Talke, I.N., Hanikenne, M. & Kramer, U. (2006) Zinc-dependent global
transcriptional control, transcriptional deregulation, and higher gene
copy number for genes in metal homeostasis of the
hyperaccumulator Arabidopsis halleri. Plant Physiology, 142(1),
148-167. Available from: https://doi.org/10.1104/pp.105.076232

Tan, J., Wang, J., Chai, T., Zhang, Y., Feng, S., et al. (2013) Functional
analyses of TaHMA2, a P 1B -type ATPase in wheat. Plant
Biotechnology Journal, 11(4), 420-431. Available from: https://doi.
org/10.1111/pbi.12027

Tan, L., Qu, M., Zhy, Y., Peng, C., Wang, J., et al. (2020) Zinc transporter5
and zinc transporter9 function synergistically in zinc/cadmium
uptakel. Plant Physiology, 183(3), 1235-1249. Available from:
https://doi.org/10.1104/pp.19.01569

Tan, L., Zhy, Y., Fan, T., Peng, C., Wang, J., et al. (2019) OsZIP7 functions
in xylem loading in roots and inter-vascular transfer in nodes to
deliver Zn/Cd to grain in rice. Biochemical and Biophysical Research

Communications, 512(1), 112-118. Available from: https://doi.org/
10.1016/j.bbrc.2019.03.024

Tang, H., Bowers, J.E., Wang, X. & Paterson, A.H. (2010) Angiosperm
genome comparisons reveal early polyploidy in the monocot lineage.
Proceedings of the National Academy of Sciences of the United States
of America, 107(1), 472-477. Available from: https://doi.org/10.
1073/pnas.0908007107

Tauris, B., Borg, S., Gregersen, P.L. & Holm, P.B. (2009) A roadmap for zinc
trafficking in the developing barley grain based on laser capture
microdissection and gene expression profiling. Journal of
Experimental Botany, 60(4), 1333-1347. Available from: https://
doi.org/10.1093/jxb/erp023

Tiong, J., McDonald, G,, Genc, Y., Shirley, N., Langridge, P. & Huang, C.Y.
(2015) Increased expression of six ZIP family genes by zinc (Zn)
deficiency is associated with enhanced uptake and root-to-shoot
translocation of Zn in barley (Hordeum vulgare). New Phytologist,
207(4), 1097-1109. Available from: https://doi.org/10.1111/nph.
13413

Tiong, J., McDonald, G.K.,, Geng, Y., Pedas, P., Hayes, J.E., Toubia, J., et al.
(2014) HvZIP7 mediates zinc accumulation in barley (Hordeum
vulgare) at moderately high zinc supply. New Phytologist, 201(1),
131-143. Available from: https://doi.org/10.1111/nph.12468

Tong, J., Sun, M., Wang, Y., Zhang, Y., Rasheed, A,, Li, M., et al. (2020)
Dissection of molecular processes and genetic architecture
underlying iron and zinc homeostasis for biofortification: From
model plants to common wheat. International Journal of Molecular
Sciences, 21(23), 9280. Available from: https://doi.org/10.3390/
ijms21239280

Turgeon, R. & Wolf, S. (2009) Phloem transport: cellular pathways and
molecular trafficking. Annual Review of Plant Biology, 60, 207-221.
Available from: https://doi.org/10.1146/annurev.arplant.043008.
092045

Uauy, C., Distelfeld, A., Fahima, T., Blechl, A. & Dubcovsky, J. (2006) A
NAC gene regulating senescence improves grain protein, zinc, and
iron content in wheat. Science, 314(5803), 1298-1301. Available
from: https://doi.org/10.1126/science.1133649

Ueno, D., Sasaki, A., Yamaji, N., Miyaiji, T., Fuijii, Y., Takemoto, Y., et al.
(2015) A polarly localized transporter for efficient manganese
uptake in rice. Nature plants, 1(12), 1-8. Available from: https://
doi.org/10.1038/nplants.2015.170

Ueno, D., Yamaji, N., Kono, I., Huang, C.F., Ando, T., Yano, M. et al. (2010)
Gene limiting cadmium accumulation in rice. Proceedings of the
National Academy of Sciences of the United States of America, 107(38),
16500-16505. Available from: https://doi.org/10.1073/pnas.
1005396107

Valdés-Ldpez, O., Yang, S.S., Aparicio-Fabre, R., Graham, P.H., Reyes, J.L.,
Vance, C.P. et al. (2010) MicroRNA expression profile in common
bean (Phaseolus vulgaris) under nutrient deficiency stresses and
manganese toxicity. New Phytologist, 187(3), 805-818. Available
from: https://doi.org/10.1111/j.1469-8137.2010.03320.x

Vallee, B.L. & Falchuk, K.H. (1993) The biochemical basis of zinc
physiology. Physiological Reviews, 73(1), 79-118. Available from:
https://doi.org/10.1152/physrev.1993.73.1.79

Vert, G., Grotz, N., Dédaldéchamp, F., Gaymard, F., Guerinot, M.L.,,
Briat, J.F. et al. (2002) ‘IRT1, an Arabidopsis transporter essential for
iron uptake from the soil and for plant growth'. The Plant Cell, 14(6),
1223-1233. Available from: https://doi.org/10.1105/tpc.001388

Wang, H.L., Offler, C.E. & Patrick, J.W. (1994) Nucellar projection transfer
cells in the developing wheat grain. Protoplasma, 182(1-2), 39-52.
Available from: https://doi.org/10.1007/BF01403687

Waters, B.M., MclInturf, S.A. & Stein, R.J. (2012) Rosette iron deficiency
transcript and microRNA profiling reveals links between copper and
iron homeostasis in Arabidopsis thaliana. Journal of Experimental
Botany, 63(16), 5903-5918. Available from: https://doi.org/10.
1093/jxb/ers239


https://doi.org/10.1104/pp.1.3.231
https://doi.org/10.3389/fpls.2013.00464
https://doi.org/10.3389/fpls.2013.00464
https://doi.org/10.1007/s00425-009-1000-9
https://doi.org/10.1111/pce.13806
https://doi.org/10.1016/j.tplants.2009.01.001
https://doi.org/10.1016/j.tplants.2009.01.001
https://doi.org/10.1105/tpc.106.041673
https://doi.org/10.1105/tpc.106.041673
https://doi.org/10.1186/1939-8433-5-9
https://doi.org/10.1186/1939-8433-5-9
https://doi.org/10.1111/j.1365-313X.2006.02853.x
https://doi.org/10.1111/j.1365-313X.2006.02853.x
https://doi.org/10.1007/s11103-008-9292-x
https://doi.org/10.1007/s11103-008-9292-x
https://doi.org/10.1186/s12284-016-0122-5
https://doi.org/10.1186/s12284-016-0122-5
https://doi.org/10.1111/j.1365-3040.2012.02527.x
https://doi.org/10.1111/j.1365-3040.2012.02527.x
https://doi.org/10.1104/pp.105.076232
https://doi.org/10.1111/pbi.12027
https://doi.org/10.1111/pbi.12027
https://doi.org/10.1104/pp.19.01569
https://doi.org/10.1016/j.bbrc.2019.03.024
https://doi.org/10.1016/j.bbrc.2019.03.024
https://doi.org/10.1073/pnas.0908007107
https://doi.org/10.1073/pnas.0908007107
https://doi.org/10.1093/jxb/erp023
https://doi.org/10.1093/jxb/erp023
https://doi.org/10.1111/nph.13413
https://doi.org/10.1111/nph.13413
https://doi.org/10.1111/nph.12468
https://doi.org/10.3390/ijms21239280
https://doi.org/10.3390/ijms21239280
https://doi.org/10.1146/annurev.arplant.043008.092045
https://doi.org/10.1146/annurev.arplant.043008.092045
https://doi.org/10.1126/science.1133649
https://doi.org/10.1038/nplants.2015.170
https://doi.org/10.1038/nplants.2015.170
https://doi.org/10.1073/pnas.1005396107
https://doi.org/10.1073/pnas.1005396107
https://doi.org/10.1111/j.1469-8137.2010.03320.x
https://doi.org/10.1152/physrev.1993.73.1.79
https://doi.org/10.1105/tpc.001388
https://doi.org/10.1007/BF01403687
https://doi.org/10.1093/jxb/ers239
https://doi.org/10.1093/jxb/ers239

ZINC HOMEOSTASIS IN CEREALS

Waters, B.M., Uauy, C., Dubcovsky, J. & Grusak, M.A. (2009) Wheat
(Triticum aestivum) NAM proteins regulate the translocation of iron,
zinc, and nitrogen compounds from vegetative tissues to grain.
Journal of Experimental Botany, 60(15), 4263-4274. Available from:
https://doi.org/10.1093/jxb/erp257

White, P.J. & Broadley, M.R. (2009) Biofortification of crops with seven
mineral elements often lacking in human diets-iron, zinc, copper,
calcium, magnesium, selenium and iodine. New Phytologist, 182(1),
49-84. Available from: https://doi.org/10.1111/].1469-8137.2008.
02738.x

White, P.J. (2001) The pathways of calcium movement to the xylem.
Journal of Experimental Botany, 52(358), 891-899. Available from:
https://doi.org/10.1093/jexbot/52.358.891

Williams, L.E. & Mills, R.F. (2005) P1B-ATPases—an ancient family of
transition metal pumps with diverse functions in plants. Trends in
Plant Science, 10(10), 491-502. Available from: https://doi.org/10.
1016/j.tplants.2005.08.008

Von Wirén, N., Marschner, H. & Rémheld, V. (1996) Roots of iron-efficient
maize also absorb phytosiderophore-chelated zinc. Plant Physiology,
111(4), 1119-1125. Available from: https://doi.org/10.1104/pp.111.
41119

Wirth, J., Poletti, S., Aeschlimann, B., Yakandawala, N., Drosse, B.,
Osorio, S., et al. (2009) Rice endosperm iron biofortification by
targeted and synergistic action of nicotianamine synthase and
ferritin. Plant Biotechnology Journal, 7(7), 631-644. Available from:
https://doi.org/10.1111/j.1467-7652.2009.00430.x

Wu, CY,, Ly, LL, Yang, X.E., Feng, Y., Wei, Y.Y., Hao, H.L,, et al. (2010)
Uptake, translocation, and remobilization of zinc absorbed at
different growth stages by rice genotypes of different Zn
densities. Journal of Agricultural and Food Chemistry, 58(11),
6767-6773. Available from: https://doi.org/10.1021/jf100017e

Xia, H. et al (2020) Elucidating the source-sink relationships of zinc
biofortification in wheat grains: a review. Food and Energy Security,
9(4), e243. Available from:https://doi.org/10.1002/fes3.243

Xue, Y.-F., Yue, S.C,, Liu, D.Y., Zhang, W., Chen, X.P. et al. (2019) Dynamic
zinc accumulation and contributions of Pre- and/or post-silking zinc
uptake to grain zinc of maize as affected by nitrogen supply.
Frontiers in Plant Science, 10, 1203. Available from: https://doi.org/
10.3389/pls.2019.01203

Yamaguchi, N., Ishikawa, S., Abe, T., Baba, K., Arao, T. & Terada, Y. (2012)
Role of the node in controlling traffic of cadmium, zinc, and
manganese in rice. Journal of Experimental Botany, 63(7),
2729-2737. Available from: https://doi.org/10.1093/jxb/err455

Yamaji, N., Sakurai, G., Mitani-Ueno, N. & Ma, J.F. (2015) Orchestration of
three transporters and distinct vascular structures in node for
intervascular transfer of silicon in rice. Proceedings of the National
Academy of Sciences of the United States of America, 112(36),
11401-11406.  Available  from: https://doi.org/10.1073/pnas.
1508987112

Yamaiji, N., Xia, J., Mitani-Ueno, N., Yokosho, K. & Feng Ma, J. (2013)
Preferential delivery of zinc to developing tissues in rice is mediated
by P-type heavy metal ATPase OsHMAZ2. Plant Physiology, 162(2),
927-939. Available from: https://doi.org/10.1104/pp.113.216564

Yang, M., Li, Y., Liu, Z, Tian, J., Liang, L., Qiu, Y., et al. (2020) A high activity
zinc transporter OsZIP9 mediates zinc uptake in rice. Plant Journal,
103(5), 1695-1709. Available from: https://doi.org/10.1111/tpj.
14855

Yang, X., Huang, J., Jiang, Y. & Zhang, H.S. (2009) Cloning and functional
identification of two members of the ZIP (ZRT, IRT-like protein) gene
family in rice (Oryza sativa L.). Molecular Biology Reports, 36(2),
281-287. Available from: https://doi.org/10.1007/s11033-007-
9177-0

B9-wiLey—2

Yang, Z., Wu, Y., Li, Y., Ling, HQ. & Chu, C. (2009) OsMT1a, a type 1
metallothionein, plays the pivotal role in zinc homeostasis and
drought tolerance in rice. Plant Molecular Biology, 70(1-2), 219-229.
Available from: https://doi.org/10.1007/s11103-009-9466-1

Yokosho, K., Yamaji, N. & Ma, J.F. (2016) OsFRDL1 expressed in nodes is
required for distribution of iron to grains in rice. Journal of
Experimental Botany, 67(18), 5485-5494. Available from: https://
doi.org/10.1093/jxb/erw314

Yokosho, K., Yamaji, N., Ueno, D., Mitani, N. & Ma, J.F. (2009) OsFRDL1 is
a citrate transporter required for efficient translocation of iron in
rice. Plant Physiology, 149(1), 297-305. Available from: https://doi.
org/10.1104/pp.108.128132

Yoneyama, T., Ishikawa, S. & Fujimaki, S. (2015) Route and regulation
of zinc, cadmium, and iron transport in rice plants (Oryza sativa
L. during vegetative growth and grain filling: metal transporters,
metal speciation, grain Cd reduction and Zn and Fe
biofortification. International Journal of Molecular Sciences, 16(8),
19111-19129. Available from: https://doi.org/10.3390/
iims160819111

Yordem, B.K., Conte, S.S., Ma, JF., Yokosho, K. Vasques, KA.,
Gopalsamy, S.N. et al. (2011) Brachypodium distachyon as a new
model system for understanding iron homeostasis in grasses:
phylogenetic and expression analysis of Yellow Stripe-Like (YSL)
transporters. Annals of Botany, 108(5), 821-833. Available from:
https://doi.org/10.1093/aob/mcr200

Yuan, L., Yang, S., Liu, B., Zhang, M. & Wu, K. (2012) Molecular
characterization of a rice metal tolerance protein, OsMTP1. Plant
Cell Reports, 31(1), 67-79. Available from: https://doi.org/10.1007/
s00299-011-1140-9

Zargar, S.M., Fujiwara, M., Inaba, S., Kobayashi, M., Kurata, R., Ogata, Y.
et al. (2015) Correlation analysis of proteins responsive to Zn, Mn, or
Fe deficiency in Arabidopsis roots based on iTRAQ analysis. Plant
Cell Reports, 34(1), 157-166. Available from: https://doi.org/10.
1007/s00299-014-1696-2

Zhang, J., Wang, S., Song, S., Xu, F., Pan, Y. & Wang, H. (2019)
Transcriptomic and proteomic analyses reveal new insight into
chlorophyll synthesis and chloroplast structure of maize leaves
under zinc deficiency stress. Journal of Proteomics, 199,
123-134. Available from: https://doi.org/10.1016/j.jprot.2019.
03.001

Zhang, M. & Liu, B. (2017) Identification of a rice metal tolerance
protein OsMTP11 as a manganese transporter. PLOS One, 12,
e0174987. Available from: https://doi.org/10.1371/journal.pone.
0174987

Zhang, T.Q., Xu, Z.G., Shang, G.D. & Wang, J.W. (2019) A single-cell RNA
sequencing profiles the developmental landscape of arabidopsis
root. Molecular Plant, 12(5), 648-660. Available from: https://doi.
org/10.1016/j.molp.2019.04.004

Zhang, Y., Xu, Y.H., Vi, H.Y. & Gong, J.M. (2012) Vacuolar membrane
transporters OsVIT1 and OsVIT2 modulate iron translocation
between flag leaves and seeds in rice. Plant Journal, 72(3),
400-410. Available from: https://doi.org/10.1111/j.1365-313X.
2012.05088.x

How to cite this article: Amini, S., Arsova, B. & Hanikenne, M.
(2022) The molecular basis of zinc homeostasis in cereals.
Plant, Cell & Environment, 1-23.
https://doi.org/10.1111/pce.14257


https://doi.org/10.1093/jxb/erp257
https://doi.org/10.1111/j.1469-8137.2008.02738.x
https://doi.org/10.1111/j.1469-8137.2008.02738.x
https://doi.org/10.1093/jexbot/52.358.891
https://doi.org/10.1016/j.tplants.2005.08.008
https://doi.org/10.1016/j.tplants.2005.08.008
https://doi.org/10.1104/pp.111.4.1119
https://doi.org/10.1104/pp.111.4.1119
https://doi.org/10.1111/j.1467-7652.2009.00430.x
https://doi.org/10.1021/jf100017e
https://doi.org/10.1002/fes3.243
https://doi.org/10.3389/fpls.2019.01203
https://doi.org/10.3389/fpls.2019.01203
https://doi.org/10.1093/jxb/err455
https://doi.org/10.1073/pnas.1508987112
https://doi.org/10.1073/pnas.1508987112
https://doi.org/10.1104/pp.113.216564
https://doi.org/10.1111/tpj.14855
https://doi.org/10.1111/tpj.14855
https://doi.org/10.1007/s11033-007-9177-0
https://doi.org/10.1007/s11033-007-9177-0
https://doi.org/10.1007/s11103-009-9466-1
https://doi.org/10.1093/jxb/erw314
https://doi.org/10.1093/jxb/erw314
https://doi.org/10.1104/pp.108.128132
https://doi.org/10.1104/pp.108.128132
https://doi.org/10.3390/ijms160819111
https://doi.org/10.3390/ijms160819111
https://doi.org/10.1093/aob/mcr200
https://doi.org/10.1007/s00299-011-1140-9
https://doi.org/10.1007/s00299-011-1140-9
https://doi.org/10.1007/s00299-014-1696-2
https://doi.org/10.1007/s00299-014-1696-2
https://doi.org/10.1016/j.jprot.2019.03.001
https://doi.org/10.1016/j.jprot.2019.03.001
https://doi.org/10.1371/journal.pone.0174987
https://doi.org/10.1371/journal.pone.0174987
https://doi.org/10.1016/j.molp.2019.04.004
https://doi.org/10.1016/j.molp.2019.04.004
https://doi.org/10.1111/j.1365-313X.2012.05088.x
https://doi.org/10.1111/j.1365-313X.2012.05088.x
https://doi.org/10.1111/pce.14257



