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Abstract Rice is a daily staple for half of the world’s
population. However, rice grains are poor in micronutrients
such as Fe and Zn, the two most commonly deficient
minerals in the human diet. In plants, Fe and Zn must be
absorbed from the soil, distributed and stored, so that their
concentrations are maintained at sufficient but non-toxic
levels. The understanding of mechanisms of Fe and Zn
homeostasis in plants has the potential to benefit agricul-
ture, improving the use of micronutrients by plants, as well
as to indicate approaches that aim at biofortification of the
grains. ZIP transporters are commonly associated with Zn
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uptake, but there are few reports about their physiological
relevance in planta. Here we describe a Tosl7 loss-of-
function line for the Zn plasma membrane transporter
OsZIP7 (oszip7). We showed that the absence of functional
OsZIP7 leads to deregulated Zn partitioning, increasing Zn
accumulation in roots but decreasing in shoots and seeds.
We also demonstrated that, upon Zn deficiency, oszip7
plants slightly increase their photosynthetic performance,
suggesting that these plants might be primed for Zn defi-
ciency which makes them more tolerant. On the other hand,
we found that Zn excess is more deleterious to oszip7
plants compared to wild type, which may be linked to
secondary effects in concentrations of other elements such
as Fe. Our data suggest that OsZIP7 is important for Zn
homeostasis under physiological Zn concentrations, and
that Fe homeostasis might be affected due to loss of
function of OsZIP7.

Keywords Rice - ZIP transporter - Zinc - Iron - Tos17

Introduction

Zinc (Zn) is a key micronutrient to animals and plants,
being the second most abundant transition metal in living
organisms after iron (Fe). Many proteins use Zn as a
structural cofactor, and it is estimated that nearly 10% of
the proteome of eukaryotic organisms bind Zn (Andreini
et al. 2006). While low Zn levels can be detrimental to cell
metabolism, Zn excess can lead to oxidative stress, and
therefore Zn homeostasis should maintain optimal con-
centrations. In plants, several Zn transporters and Zn
binding proteins have been described to be involved in
controlling Zn deficiency responses or Zn detoxification
(Ricachenevsky et al. 2015).
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Rice (Oryza sativa) is one the most important crops in
the world, being a staple food for half of the world’s
population. It is estimated that 19% of the calories con-
sumed by humans are derived from rice grains (Elert 2014).
However, rice grains are a poor source of minerals such as
Zn and Fe, which are the most commonly lacking nutrients
in human diet (Ricachenevsky et al. 2015; Sperotto et al.
2012). Rice also has the lowest concentration of both
minerals and the narrowest genetic variability among
cereals (Garcia-Oliveira et al. 2018). Considering its
widespread consumption and low nutritional quality, rice
biofortification has been proposed as one of the best
solutions to deliver grains with increased levels of both Fe
and Zn through the diet to humans. Biofortification consists
in making plants accumulate higher concentrations of
bioavailable nutrients in their edible parts, such as grains,
leaves and roots (Garcia-Oliveira et al. 2018; Sperotto et al.
2012).

In order to do that, understanding the regulation of
uptake, distribution and accumulation of nutrients is nec-
essary. The ZIPs (Zinc-regulated/Iron-regulated Proteins)
were the first Zn/Fe transporter family described in plants,
with the cloning of A#RTI from Arabidopsis thaliana
(Eide et al. 1996). Since then, several ZIPs were func-
tionally characterized, and some were shown to transport
Zn (Li et al. 2013; Milner et al. 2013; Tiong et al. 2015).
Although most examples come from the model species A.
thaliana, characterization of ZIP transporters in gramina-
ceous plants have been performed, with available com-
prehensive surveys in maize (Li et al. 2013) and barley
(Tiong et al. 2015). In rice, three ZIP transporters were
functionally characterized: OsZIP4 (Ishimaru et al. 2005),
OsZIP5 (Lee et al. 2010a) and OsZIPS (Lee et al. 2010b),
all implicated in Zn transport. However, their clear physi-
ological roles are not yet understood.

Recently, the molecular characterization of OsZIP7
showed that heterologous expression of OsZIP7 in A.
thaliana results in Zn accumulation in leaves and seeds. A.
thaliana plants constitutively expressing OsZIP7 showed
increased sensitivity to Zn excess. Authors demonstrated
that OsZIP7 is a plasma membrane Zn-specific transporter
(Ricachenevsky et al. 2018). OsZIP7 orthologs from barley
(HvZIP7) and maize (ZmZIP7) were also characterized (Li
et al. 2016; Tiong et al. 2014). While ZmZIP7 was
heterologously expressed in A. thaliana (Li et al. 2016),
HvZIP7 was over-expressed in barley. It was also shown
that HvZIP7 is up regulated by Zn deficiency and down
regulated by Zn excess, and authors proposed that HvZIP7
functions as a low-affinity Zn transporter (Tiong et al.
2014). Therefore, the orthologous group of OsZIP7 seems
to perform low-affinity Zn transport in Poaceae species.
However, the role of OsZIP7 in plant exposed to varying
Zn concentrations is not yet clear.
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In this study, we used a loss-of-function rice mutant
oszip7 to better understand the role of this transporter in
rice physiological responses when submitted to Zn defi-
ciency and excess. We found that loss of OsZIP7 function
results in deregulated Zn homeostasis. Interestingly,
growth and photosynthetic parameters were generally
increased under Zn deficiency, indicating that oszip7 plants
are more acclimated to low Zn, while WT plants showed
increased stress under excessive Zn. Our data support that
OsZIP7 is involved in Zn homeostasis, and that loss of
function mutation of this transporter may induce compen-
satory mechanisms that result in improved photosynthesis
under low Zn conditions. Our data also supports that
OsZIP7 might function as a low affinity Zn transporter,
with a primary role under physiological Zn concentrations
(i.e., not deficiency or excess).

Materials and methods
Plant material and growth conditions

Experiments were conducted in hydroponic system, using
seeds from Oryza sativa mutant oszip7 and wild type from
the cultivar Nipponbare. The oszip7 mutant was obtained
from the Rice Genome Resource Center bank website
(www.rgrc.dna.affrc.go.jp; line ND7016). Seeds were sur-
face sterilized and imbibed in distilled water in the dark at
25 °C for 24 h. Seeds were then transferred to Petri dishes
for germination for seven days at 25 °C with a 16 h/
8 h day/night photoperiod. Seven day old plants were
transferred to vermiculite, grown for further seven days,
and then transferred to plastic containers with 2 L nutrient
solution, as described (Ricachenevsky et al. 2011). Plants
were acclimated for seven days, and then treated with
control nutrient solution (as described by Ricachenevsky
et al. (2011), —Zn (no Zn added) and Zn excess (200 uM
Zn) for 24 days. Nutrient solutions were changed every
three days.

Superoxide dismutase activity

Samples were homogenized (0.5 g) in 3 mL of sodium
phosphate buffer 0.05 M (pH 7,8) with 1 mM EDTA and
0.5% Triton X-100. Homogenates were centrifuged at
13,000g for 20 min at 4 °C. Supernatant was used in
enzymatic activity and protein content determinations as
described (Bradford 1976; Zhu et al. 2004). Superoxide
dismutase (SOD) activity was evaluated according to the
method described by Giannopolitis e Ries (Giannopolitis
and Ries 1977).
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Photosynthetic parameters

The Infra Red Gas Analyzer IRGA) LI-COR model LI-
6400 XT was used after 24 days of treatment in the middle
third of the last completely expanded leaf, using a photo-
synthetic radiation of 1500 pmol m~2 s~ and CO, con-
centration of 400 pmol mol™'. Quantifications of CO,
liquid assimilation (A—pmol CO, m~?2 s_l), stomatal
conductance (GS—mol HZO_l m~? s_l), transpiration rate
(E—mmol H2071 m~> sfl) and water use efficiency
(WUE—mol CO, mol HzOfl) were performed.

Chlorophyll fluorescence emission was measured after
24 days of treatment using a handheld modulated light
fluorometer (Junior-Pam Chlorophyll Fluorometer Walz
Mess-und-Regeltechnik, Germany). Measurements were
performed in the morning (8:00-11:00 am) in the first
completely expanded leaf (Souza et al. 2013), using three
plants per treatment per genotype.

Elemental concentrations

Plants at the end of the experiment had shoots and roots
collected (n = 4) and dried at 65 °C. Afterwards, samples
were ground and digested with HNO3;-HCIO, (Embrapa
1997) to determine concentrations of Cu, Zn, Fe e Mn
using atomic absorption spectrometry (Perkin Elmer,
Analyst 200, United States). For seed analyses, we used
n = 3, each sample being a pool of 250 mg seeds of one
plant.

Gene expression analyses by RT-qPCR

Samples were pools of three plants per genotype per
treatment, and four biological replicates were used. RNA
extraction was performed using TRIzol® according to the
manufacturer’s instructions. RNA was quantified using
Nanodrop®. cDNA synthesis was performed with M-MLV
(Invitrogen- Life Technologies Corporation) reverse tran-
scriptase. RT-qPCR reactions were conducted in a StepOne
Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA), and relative gene expression was quantified
using the method described by Livak and Schmittgen (Li-
vak and Schmittgen 2001) with modification described by
Ricachenevsky et al. (2011). Primers used are listed in
Table 1.

Statistical analyses

Means were compared using the Student’s t-test, and were
considered significantly different when p < 0.05.

Results

OsZIP7 expression regulated by Zn and isolation
of a Tos17 loss of function mutant

To gain insight into the possible OsZIP7 function in Zn
homeostasis, we analyzed OsZIP7 gene expression in roots
of plants grown under control conditions, Zn deficiency (no
Zn added) and Zn excess (200 uM) for 24 days. We found
that OsZIP7 is up regulated upon Zn deficiency and down
regulated by Zn excess (Fig. 1A). To further understand the
role of OsZIP7 in Zn homeostasis in rice, we isolated a
homozygous mutant from the 7Tosl7 insertion line
ND7016. The TosI7 insertion in OsZIP7 is at the boundary
of the second intron and third exon (Fig. 1B). Expression
of OsZIP7 was not detectable in oszip7 homozygous lines
in all conditions (Fig. 1A). Therefore, we conclude that the
Tosl7 oszip7 mutant is a knockout line.

Biomass accumulation of WT and ozip7
under varying Zn conditions

We evaluated how ozip7 and its respective WT accumu-
lated biomass under control conditions, Zn excess and Zn
deficiency. We observed that Zn excess clearly reduced
biomass accumulation as shown by the lower shoot and
root dry mass of both WT and oszip7 (Fig. 2A and B).
Comparing WT to oszip7 plants, we found that roots of
o0szip7 have lower dry mass under control condition. Under
Zn deficiency, oszip7 roots have higher dry mass compared
to WT (Fig. 2A). In shoots, dry mass was similar in both
WT and oszip7 in control and Zn excess conditions, while
oszip7 plants showed slight increased biomass compared to
WT under Zn deficiency (Fig. 2B).

Table 1 Gene-specific primers

used in this work Gene name Primer Forward (5'-3") Primer Reverse (5'-3')
OsYSLI5 GGTGCGGGGATGATTTG CCATACAAACTTGTCATGCTG
OsIRTI ACTGGTGCCCATTCTGC GCGAGGATGGGGATGG
OsIRO2 CGGATTTGGGAACAGGACA GTTCCTGACGACTTTCTCCA
OsUBQS5 ACCACTTCGACCGCCACTACT ACGCCTAAGCCTGCTGGTT
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Fig. 1 OsZIP7 gene expression under varying Zn concentrations and
characterization of oszip7 line. A OsZIP7 expression under Zn
deficiency (no Zn added), control conditions and Zn excess (200 pM).
Different letters indicate statistically significant differences between
means compared to control. Data is shown as mean &= SEM. B Gene
model of OsZIP7 and insertion site of Tos17 in our mutant line.
¢ OsZIP7 expression in the oszip7 mutant line

Elemental quantification in roots and shoots of WT
and ozip7 under varying Zn conditions

We evaluated the concentrations of micronutrients in WT
and oszip7 roots and shoots. Since OsZIP7 is a Zn trans-
porter (Ricachenevsky et al. 2018), we focused on Zn
concentrations. We also quantified Fe, Mn and Cu in order
to have a more complete picture of possible indirect effects
of OsZIP7 loss-of-function in the homeostasis of these
elements. As expected, Zn concentrations were much
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higher in both genotypes under Zn excess in roots and
shoots. We found that Zn concentrations in roots of oszip7
plants were higher than in WT under both Zn deficiency
and control conditions (Fig. 3A). In shoots, oszip7 Zn
concentrations were lower compared to WT (Fig. 3B).
Under Zn excess, oszip7 plants also showed lower Zn
concentrations compared to WT. These results indicate that
OsZIP7 loss-of-function decreases root to shoot translo-
cation in rice.

We also observed changes in concentrations of other
metals. Under Zn excess, roots of OSZIP7 accumulated
slightly less Fe than WT roots (Fig. 3C). Also under Zn
excess, shoots of oszip7 accumulated higher levels of Fe,
compared to WT (Fig. 3D). Under Zn deficiency, oszip7
mutant plants accumulated slightly higher Fe levels in
shoots, whereas under control conditions there were no
differences between the two genotypes (Fig. 3D). Mn
concentrations were also altered in oszip7, compared to
WT: roots of mutant plants accumulated less Mn under Zn
excess (Fig. 3E), whereas shoots showed higher concen-
tration under control conditions and Zn excess (Fig. 3F).
Finally, we also found slightly increased Cu concentration
in roots of oszip7 under Zn deficiency (Fig. 3G), and
increased Cu concentration in shoots of oszip7 under
control conditions (Fig. 3H), compared to WT. These
results indicate that oszip7 loss-of-function changes metal
accumulation in rice plants.

Photosynthetic performance of WT and oszip7
plants under varying Zn concentrations

We used IRGA to evaluate how photosynthetic perfor-
mance might change in oszip7 under Zn deficiency, control
condition and Zn excess. Stomatal conductance and tran-
spiration rate were similar in all tested conditions com-
paring the two genotypes (data not shown). We found that
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Fig. 2 Dry mass accumulation in WT and oszip7 plants under different Zn treatments. A Root dry mass. B Shoot dry mass. Asterisks indicate

differences between WT and oszip7
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efficiency were increased in oszip7 under Zn deficiency
compared to WT (Fig. 4A, B), indicating that oszip7 plants
might be more acclimated to Zn deficiency than the WT.
Water use efficiency was also increased in oszip7 plants
under Zn deficiency compared to WT (Fig. 4C). Interest-
ingly, the opposite was observed under Zn excess, with
oszip7 plants showing lower water use efficiency than WT
(Fig. 40).

We also used chlorophyll fluorescence to access how the
two genotypes responded to variations in Zn concentration,
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Fig. 4 Photosynthetic performance of WT and oszip7 plants under
different Zn treatments. A CO, assimilation rate. B Carboxylation
instantaneous efficiency. C Water use efficiency. Asterisks indicate
differences between WT and oszip7
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and found no differences comparing WT and oszip7 under
Zn deficiency or control conditions. Under Zn excess,
however, we observed decreased electron transfer rate
(ETR) in oszip7 compared to WT (Fig. 5A), which sug-
gests that oszip7 plants were more stressed upon high Zn
concentrations. We also compared the quantum yield of
photochemical energy conversion in PSII (Y (II); Fig. 5B);
quantum yield of regulated non-photochemical energy
dissipation losses (Y (NPQ); Fig. 5C); and quantum yield
of non-regulated non-photochemical energy dissipation
losses (Y (NO); Fig. 5D). Under Zn excess, oszip7 plants
had lower Y (II) and Y (NPQ) as well as higher Y (NO)
than WT plants (Fig. 5B-D. Therefore, it is likely that
oszip7 has higher energy dissipation through non-regulated
mechanisms, and reduced photochemical yield. These data
suggest that OsZIP7 loss of function leads to increased
sensitivity of the photosynthetic apparatus to Zn excess,
and slight tolerance to low Zn conditions.

Superoxide dismutase activity of WT and oszip7
plants under varying Zn concentrations

Formation of reactive oxygen species (ROS) such as
superoxide radical (Oe™,) is often increased in chloroplasts
of plants under stress, and superoxide dismutase activity
can be necessary to counteract overproduction (Das and
Roychoudhury 2014). In order to access if WT and oszip7
plants were activating stress responses to different degrees
in leaves due to varying Zn concentrations, we quantified
superoxide dismutase (SOD) activity in shoots. We found
that SOD activity increased with increasing Zn concen-
trations, with plants under Zn deficiency showing the
lowest values (Fig. 6). Comparing WT and oszip7, we
found no difference under Zn deficiency or control condi-
tions, whereas oszip7 showed higher SOD activity than WT
under Zn excess (Fig. 6). Thus, these data suggest that
oszip7 plants are undergoing increased superoxide forma-
tion, which might be as least partially counteracted by
SOD.

Gene expression of Fe homeostasis genes in WT
and oszip7 plants under varying Zn concentrations

Since we found that oszip7 plants are more stressed under
Zn excess, and that Fe concentrations are decreased in
shoots of oszip7 compared to WT in these conditions, we
tested how known Fe deficiency responsive genes were
expressed in oszip7 and WT plants. OsYSLI5, OsIRTI and
OsIRO?2 expression was evaluated in roots of plants culti-
vated under Zn deficiency, control condition and Zn
excess. Expression of the tested genes under Zn deficiency
and control condition were not detected (data not shown).
Under Zn excess, however, we found high expression of all
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genes. Interestingly, oszip7 plants showed higher expres-
sion of OsYSLI5 and OsIRO2 than WT, whereas OsIRTI
expression was similar comparing both genotypes (Fig. 7).
These data are in agreement with the observation that the
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Fe concentration in shoots is lower in oszip7 than in WT
plants under Zn excess (Fig. 3B).
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Elemental accumulation in WT and oszip7 seed
at maturity

We cultivated WT and oszip7 plants until maturity in
greenhouse conditions, and found that oszip7 plants
showed decreased number of spikelets compared to WT, as
well as markedly decreased number of filled seeds at
maturity (Fig. 8A, B). We also analyzed elemental accu-
mulation in mature seeds of WT and oszip7 plants. Inter-
estingly, we found that concentration of Fe and Zn were
decreased, while concentration of Mn was slightly
increased (Fig. 9). Cu concentration, on the other hand,
was unchanged. These results indicate that OsZIP7 loss-of-
function and the consequent imbalance in Zn homeostasis
reduce Zn and Fe in seeds.

Discussion

7Zn in an essential element to humans and animals, and
understanding Zn homeostasis in rice is key for biofortifi-
cation efforts in this important crop. Here we isolated a
loss-of-function mutant for the Zn plasma membrane
transporter OsZIP7 (Ricachenevsky et al. 2018), derived
from the non-transgenic Tos!/7 insertional mutant collec-
tion. Under control conditions, lower shoot Zn concentra-
tion and higher root Zn concentration (Fig. 3A, B),
supporting the hypothesis that OsZIP7 has a role in Zn
root-to-shoot translocation. Our mutant line showed
decreased Zn concentration in seeds (Fig. 9), which again
indicates that OsZIP7 may have a role in Zn translocation.
Since we found decreased seed set in oszip7 compared to
WT (Fig. 8), the decrease in Zn concentration in seeds is
not due to a lower number of seeds, which could therefore
result in a concentration effect. Therefore, we showed that
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Fig. 9 Elemental accumulation in seeds of WT and oszip7 plants.
Asterisks indicate differences between WT and oszip7. Data is shown
as mean + SE

OsZIP7 has a role in Zn homeostasis in rice, likely being
involved in Zn translocation to aerial tissues.

We exposed oszip7 and its respective WT to Zn defi-
ciency, control condition and Zn excess. We found that in
the absence of OsZIP7, rice plants show subtle, yet clear
physiological alterations when external Zn concentrations
are suboptimal. Small or even no clear changes are sur-
prisingly common in mutants for genes of the ZIP family.
In the model species Arabidopsis thaliana, the physiolog-
ical roles of ZIP transporters are largely under character-
ized, since single mutants usually do not show phenotypic
alterations, or show slight changes (Milner et al. 2013).
Some transporters have been clearly demonstrated to
respond to Zn deficiency, such as ArZIP4 (Assuncao et al.
2010; Sinclair et al. 2018), but not clear phenotype is
associated with their loss-of-function. Considering that ZIP
transporters are commonly large gene families in plant
genomes (~ 15 members), a possible conclusion is that
ZIPs are functionally overlapping, which suggests that
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Fig. 8 Seed set comparison between WT and oszip7 plants. A Number of panicle per plant. B Number of seeds produced per plant. Seeds were
further broke down in empty spikelets and filled seeds. Asterisks indicate differences between WT and oszip7
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higher-order mutants will be necessary to identify clear
phenotypes and demonstrate physiological relevance (Ri-
cachenevsky et al. 2015).

This hypothesis is further supported by work on ZIP
genes in rice. OsZIP4 was shown to be responsive to Zn
deficiency and to alter Zn homeostasis when over-ex-
pressed; OsZIPS5, another Zn deficiency-responsive gene,
showed decreased root-to-shoot Zn translocation when
over-expressed (Lee et al. 2010a); and OsZIP8 over-ex-
pression also resulted in lower Zn translocation (Lee et al.
2010b). Only OsZIP5 loss-of-function mutants were
described, and showed almost no changes compared to
WT. Recently, OsZIP1 characterization showed a dual
plasma membrane/ER localization. Interestingly, OsZIP1
seems to be important for metal excess tolerance, being
required for Zn, Cu and Cd detoxification (Liu et al. 2019).
Still, the precise mechanism by which OsZIP1 performs
detoxification is unclear. Taken together, it is also likely
that double/triple/quadruple mutants harboring mutations
in phylogenetically related members would be necessary to
demonstrate physiological roles for ZIP family genes in
rice and other species. In this scenario, the phenotypic
characterization performed in this work significantly con-
tributes to the understanding of ZIP transporters in rice.

We found interesting changes in oszip7 plants exposed
to Zn deficiency. Both shoots and roots of oszip7 accu-
mulated more dry mass than WT under Zn deficiency
(Fig. 2). Interestingly, it was previously shown that Zn
deficiency leads to decreased root and shoot biomass
accumulation in WT rice plants (Bandyopadhyay et al.
2017), similar to what we observed (Fig. 2). However,
oszip7 plants have higher root dry weight compared to WT,
slightly increased shoot dry weight, and do not show the
general trend of decreased biomass under Zn deficiency,
which indicates that OsZIP7 function has a role in accli-
mation to Zn deficiency. We also found that CO, assimi-
lation and water use efficiency were increased (Fig. 4). The
increased carbon assimilated in oszip7 could be partitioned
to root growth in order to overcome Zn deficiency. Cor-
roborating the hypothesis that oszip7 plants might be less
sensitive to Zn deficiency, we found that roots of oszip7
plants have higher Zn concentration than WT under Zn
deficiency as well under control condition (Fig. 3). Shoot
7Zn concentrations, on the other hand, are similar between
oszip7 and WT under Zn deficiency, but lower in oszip7
compared to WT under control condition (and Zn excess—
see below; Fig. 3). Therefore, our data suggest that loss-of-
function of OsZIP7 makes rice plants primed for Zn
deficiency.

Increasing Zn uptake in roots when root to shoot Zn
translocation is defective (including transcriptional chan-
ges in roots) was already described in rice plants. Plants
over-expressing OsHMA3, a Zn/Cd vacuolar transporter

expressed in roots, up regulated expression of ZIP trans-
porters (OsZIP4, OsZIPS5, OsZIPS, OsZIP9 and OsZIP10)
(Sasaki et al. 2014). Similar results were found with rice
natural variation: when comparing rice genotypes harbor-
ing loss of function alleles or functional OsHMA3 alleles,
plants with the later showed increased expression of
OsZIP4, OsZIP5, OsZIP8 and OsZIP10 compared to the
former (Cai et al. 2019). These data indicate that, when
OsHMA3 functionality is higher, Zn sinking into root
vacuoles is increased, resulting in lower Zn root to shoot
translocation and consequently inducing a shoot derived Zn
deficiency signal which up regulates Zn uptake genes (Cai
et al. 2019; Sasaki et al. 2014). The nature of such signal is
not known, but indirect evidence for its existence in Zn
deficiency response in Arabidopsis was recently shown
(Sinclair et al. 2018). Loss of function of OsZIP7 might
lead to a similar response due to decreased Zn transloca-
tion. In agreement with that, OsZIP5 over-expression leads
to Zn accumulation in roots and decreased Zn translocation
to shoots, decreased plant height and lower tiller numbers
(Lee et al. 2010a), resembling the phenotypes described for
our oszip7 line. Therefore, oszip7 plants could be primed
for Zn deficiency response under control condition due to
lower Zn concentration in shoots, which would lead to an
exacerbated Zn deficiency response under low Zn condi-
tion. This is in agreement with the proposed role for the
barley ortholog HvZIP7, the closest member of OsZIP7
characterized (Tiong et al. 2014). Thus, our data suggest
that loss of OsZIP7 function results in increased expression
of other ZIP transporters and consequent changes in Zn
uptake. These genes would be part of the “priming” of
oszip7 plants. Upon Zn deficiency, these plants would
perform better due to higher Zn uptake capacity. This
hypothesis, however, remains to be tested.

Upon Zn excess, we found clear changes in oszip7 plants
compared to WT. First, it was clear that Zn excess stressed
plants of both genotypes, decreasing most photosynthetic
parameters (Figs. 4, 5). Comparing oszip7 to WT, we
found that water use efficiency was lower (Fig. 4).
Chlorophyll fluorescence data also indicate that oszip7
plants were more affected by excessive Zn, as electron
transfer rate and quantum yield of photochemical energy
conversion in PSII were reduced compared to WT (Fig. 5).
Interestingly, we found that Zn concentration in shoots of
oszip7 was lower, suggesting that Zn excessive uptake is
not involved in decreased photosynthesis (Fig. 3). We also
observed that Fe concentration was markedly decreased in
shoots of oszip7 plants, and in roots to a lesser degree. This
indicates that oszip7 plants might be under an exacerbated
Fe deficiency response, despite the normal Fe concentra-
tion in the growth media. Under Zn deficiency, Fe con-
centrations are higher in shoots of oszip7. Although
OsZIP7 is not involved in Fe transport (Ricachenevsky
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et al. 2018; Tan et al. 2019), Fe and Zn homeostasis are
known to interact with each other (Shanmugam et al.
2011). This is further corroborated by expression of
OsYSLI15 and OsIRO2, a transporter (Lee et al. 2009) and a
transcription factor (Ogo et al. 2011) that are responsive to
low Fe condition and to Zn excess (Ricachenevsky et al.
2011). Our data showed that both genes are induced under
Zn excess compared to control conditions, indicating that
Zn excess indeed leads to a secondary Fe deficiency
response; and that oszip7 induces these responses to a
higher degree than WT (Fig. 7). Thus, this is evidence that
OsZIP7 function might be important in the crosstalk
between Zn and Fe homeostasis.

We observed that oszip7 showed increased superoxide
dismutase activity under Zn excess compared to WT
(Fig. 6). Superoxide dismutase is involved in detoxifying
superoxide, which can be generated by deregulated pho-
tosynthesis electron transport (Das and Roychoudhury
2014). This corroborates our observation that oszip7 plants
show defects in photosynthesis, which may be leading to
increased superoxide production. Another possibility is that
lower Fe concentration are causing defects in Fe—S cluster
formation, which are key for electron transport, and thus
causing reactive oxygen species formation. Previous work
has shown that Fe-S clusters are targets to abiotic stress
with heavy metals as well as Fe deficiency (Liang et al.
2014). Thus, Zn excess could be leading to similar phe-
notypes, which would be exacerbated in oszip7 plants.
Moreover, Mn accumulation in shoots of oszip7 could also
lead to increased reactive oxygen species formation and
stress (Fig. 3).

We also showed that oszip7 plants, despite having lower
seed set compared to WT plants (Fig. 8), have decreased
Zn concentration in seeds (Fig. 9). Considering our data, it
is possible to suggest that OsZIP7 is involved in Zn
translocation from roots to shoots, and to seeds to devel-
oping seeds. In our work, Fe concentrations were also
found to be decreased in oszip7 mutant compared to WT
(Fig. 9). These observations should be considered together
with the finding that lower seed set could result in
increased Zn and Fe concentrations if an unspecific, con-
centrating effect was in place, which would result in the
opposite phenotype (Sperotto et al. 2013). Our results
indicate that OsZIP7 is an interesting target for
biofortification.

Conclusion
Our work demonstrated an important role of OsZIP7 in Zn
homeostasis, showing its function under varying Zn con-

centration, and how its loss-of-function might affect pho-
tosynthesis, the ionome and homeostatic mechanisms of

@ Springer

other metals, including Fe, which support its function as a
low affinity transporter. We conclude that OsZIP7 loss-of-
function leads to increased tolerance to low Zn conditions,
but increased sensitivity to Zn excess in rice, possibly due
to compensatory mechanisms. We also showed that
OsZIP7 is involved in controlling Zn and Fe concentrations
in seeds.
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