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Developing tissues such as meristems and reproductive organs require high zinc, but the molecular mechanisms of how zinc
taken up by the roots is preferentially delivered to these tissues with low transpiration are unknown. Here, we report that rice
(Oryza sativa) heavy metal ATPase2 (OsHMA2), a member of P-type ATPases, is involved in preferential delivery of zinc to the
developing tissues in rice. OsHMA2 was mainly expressed in the mature zone of the roots at the vegetative stage, but higher
expression was also found in the nodes at the reproductive stage. The expression was unaffected by either zinc deficiency or zinc
excess. OsHMA2 was localized at the pericycle of the roots and at the phloem of enlarged and diffuse vascular bundles in the
nodes. Heterologous expression of OsHMA2 in yeast (Saccharomyces cerevisiae) showed influx transport activity for zinc as well
as cadmium. Two independent Tos17 insertion lines showed decreased zinc concentration in the crown root tips, decreased
concentration of zinc and cadmium in the upper nodes and reproductive organs compared with wild-type rice. Furthermore, a
short-term labeling experiment with 67Zn showed that the distribution of zinc to the panicle and uppermost node I was
decreased, but that, to the lower nodes, was increased in the two mutants. Taken together, OsHMA2 in the nodes plays an
important role in preferential distribution of zinc as well as cadmium through the phloem to the developing tissues.

Zinc is an essential metal for all organisms. In hu-
man genome, about 2,800 proteins, which account for
10% of total proteins, require zinc for structural or
functional activities (Andreini et al., 2009; Maret and
Li, 2009). In plants, zinc is involved in many enzyme
activities, maintenance of integrity of biomembranes,
RNA and DNA metabolism, carbohydrate metabo-
lism, cell division, protein synthesis, gene expression
regulation, and so on (Broadley et al., 2011). Zinc is
also required for the metabolism of auxin. Therefore,
zinc deficiency in plants causes stunted growth and
“little leaf” (Broadley et al., 2011).

Developing tissues with low transpiration especially
requires high zinc for the active cell division and
growth. For example, in pollen tubes, the zinc con-
centration at the growing tip was about 150 mg g–1 dry
weight compared with about 50 mg g–1 in more basal
regions (Ender et al., 1983). In the newly emerged root

tips of wheat (Triticum aestivum) plants, zinc concen-
tration is about 220 mg g–1 (Ozturk et al., 2006). In rice
(Oryza sativa) shoot meristems, more than 10 times the
amount of zinc was found compared with mature leaf
blades (Kitagishi and Obata, 1986). However, the
molecular mechanisms underlying preferential deliv-
ery of zinc to these developing tissues are unknown.

Zinc is taken up by the roots through the ZIP (for
ZRT, IRT-related proteins) transporters (Grotz et al.,
1998; Guerinot, 2000). Release of zinc into the xylem
(xylem loading) is mediated by two P1B-type ATPases,
AtHMA2 and AtHMA4, in Arabidopsis (Arabidopsis
thaliana), which are localized at the pericycle (Hussain
et al., 2004; Verret et al., 2004; Wong and Cobbett,
2009; Wong et al., 2009). Knockout of AtHMA4 and
AtHMA2 or AtHMA4 alone resulted in a reduced
translocation of zinc from the roots to the shoots. Re-
cently, mutation of OsHMA2 was also reported to
cause decreased translocation of zinc and cadmium
from the roots to the shoots at the vegetative growth
stage in rice (Satoh-Nagasawa et al., 2012; Takahashi
et al., 2012); however, the exact mechanism underlying
the involvement of this gene in the root-shoot trans-
location is not yet elucidated. Different from other
metals such as manganese, zinc taken up by the roots
is preferentially translocated to the shoot meristems
and other developing tissues to meet the high demand
of zinc in these tissues. In rice, 65Zn taken up by the
roots is translocated not to the expanded and active
leaves with high transpiration but to the developing
tissues, including unexpanded leaf blade, leaf sheath,
and young panicles with very low transpiration within
1 h (Obata et al., 1980; Obata and Kitagishi, 1980a). By
contrast, manganese taken up by the roots is trans-
located to the expanded and active leaves (Obata and
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Kitagishi, 1980a). Higher and faster zinc accumulation
was observed at the basal part of elongating leaf sheath,
which includes intercalary meristem (Obata et al., 1980;
Obata and Kitagishi, 1980a; Kitagishi and Obata,
1986). High zinc accumulation in the meristem was
also reported in tomato (Solanum lycopersicum; Langston,
1956) and subterranean clover (Trifolium subterraneum;
Riceman and Jones, 1958a, 1958b). These observations
suggest that distribution of zinc to the developing tissues
does not depend on transpiration-dependent xylem-
mediated transport.

At the reproductive growth stage, the preferential
accumulation of zinc was also found in the nodes of
rice, which probably act as relay points for zinc dis-
tribution to the panicles (Obata and Kitagishi, 1980b),
which have high zinc requirement for filling the grain.
Deficiency of zinc causes low fertility (Obata and Kitagishi,
1980a). However, the molecular mechanisms on how
zinc is preferentially delivered to these developing
tissues have not been understood. In this study, we
found that a member of P1B-type ATPase, OsHMA2, is
involved in this process. OsHMA2 was previously im-
plicated in the root-to-shoot translocation of zinc and
cadmium at the vegetative stage (Satoh-Nagasawa et al.,
2012; Takahashi et al., 2012). However, we found that
the major role of OsHMA2 in the nodes is to preferen-
tially deliver zinc to the developing tissues. This is es-
pecially important for delivering zinc to the grain at the
reproductive growth stage. We also found that this
transporter is responsible for cadmium distribution to
the grains in rice.

RESULTS

Cloning of Full-Length OsHMA2 cDNA and
Phylogenetic Analysis

Because the full-length complementary DNA (cDNA)
sequence of OsHMA2 is not available in the Rice Anno-
tation Project Database (http://rapdb.dna.affrc.go.jp/),
we first cloned the full-length cDNA ofOsHMA2 from the
roots of japonica rice ‘Nipponbare’ by reverse transcrip-
tion (RT)-PCR based on two putative truncated cDNA
clones, AK107235/Os06g0700700 and NM_001188052/
Os06g0700650, containing putative translational start
and stop sites, respectively. The cloned cDNA con-
tained an open reading frame (ORF), with 3,204 bp
encoding a 1,067-amino acid peptide (Supplemental
Fig. S1A). Like other HMA members, the protein is
characterized by eight transmembrane helices, a CPx/
SPC motif in the transmembrane domain 6, and pu-
tative transition metal-binding domains at the N and/
or C termini (Williams and Mills, 2005). Comparison of
amino acid core sequences without N- and C-terminal
variable regions (Supplemental Fig. S1A) showed that
OsHMA2 core shares 66.6% identity with OsHMA3, a
tonoplast-localized transporter of cadmium (Ueno
et al., 2010). The identity with AtHMA2, AtHMA3,
and AtHMA4 core was 62.9%, 59.1%, and 62.1%, re-
spectively (Supplemental Figs. S1A and S2).

Expression Patterns of OsHMA2 at Different
Growth Stages

Expression profile of OsHMA2 in different tissues of
rice grown hydroponically was investigated by quan-
titative RT-PCR at the vegetative stage. The expression
of OsHMA2 was mainly detected in the roots, with
much lower level in the shoots and basal stem (Fig.
1A). To investigate the effect of metal deficiency on the
expression of OsHMA2, cDNAs isolated from plants
grown in metal-free solution were used. The metal
deficiency status has been monitored by respective
marker genes (Zheng et al., 2012). Deficiency of zinc,
iron, manganese, or copper did not affect the expres-
sion of OsHMA2 (Fig. 1A). The expression was also

Figure 1. Expression pattern of OsHMA2 gene. A, Tissue-dependent
expression of OsHMA2 at vegetative stage. Plants were grown in a
nutrient solution in the absence of zinc, iron, manganese, or copper or
presence of these metals for 7 d. The roots, shoots, and basal region (2
cm from the root-shoot junction) were sampled for expression analysis.
B, Response of OsHMA2 to excess zinc (10 mM) and cadmium (1 mM)
for 1 d in vegetative roots. C, Spatial expression in seminal root. Dif-
ferent segments (0–1 cm and 1–2 cm from the apex) were sampled
from 5-d-old seedlings. D, Tissue-specific expression at flowering
stage. Different tissues samples were taken from rice grown in a paddy
field at flowering stage. The expression was determined by quantitative
RT-PCR, and expression level of Actin and HistoneH3 were used as an
internal control. Error bars represent 6 SD of three independent bio-
logical replicates. Statistical comparison was performed by one-way
ANOVA followed by the Tukey’s multiple comparison test (A and B) or
Student’s t test (C). Differences were not significant between different
metal deficiency treatment and the control condition (A and B); **P ,
0.01 (C).
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unaffected by excess zinc or cadmium supply (Fig. 1B).
Spatial expression analysis showed that the expression
was much higher in the mature root region than in the
root tip region (Fig. 1C).
At reproductive stage, higher expression was found

in the basal stem containing unelongated nodes and
upper nodes (nodes I–III) at the elongated stem of rice
grown in the field, in addition to the roots (Fig. 1D).

Tissue Specificity of Localization of OsHMA2

To examine the localization of OsHMA2 protein in
different tissues, we performed immunohistochemical
staining with a polyclonal antibody against C-terminal
peptide of OsHMA2. Fluorescence signal was very
weak at the root tip of wild-type rice (5 mm from the

apex; Fig. 2A), but strongly detected in the pericycle
cell layer of the mature zone (20 mm from the apex;
Fig. 2, B and C). No signals in root of two mutant lines
(described later) indicate the specificity of the antibody
to OsHMA2 (Supplemental Fig. S3, A and B).

In node I (uppermost node connecting to panicle
and flag leaf) at the flowering stage, OsHMA2 protein
was localized in the phloem region of both the diffuse
vascular bundle and the enlarged vascular bundle (Fig.
2, D–F). OsHMA2 protein was also detected in the
phloem region at the unelongated basal node and node
III (Supplemental Fig. S3, C and D).

To confirm immunostaining results above, we also
prepared transgenic rice carrying OsHMA2 promoter-
GFP gene. Immunostaining with an anti-GFP antibody
also showed the localization at the pericycle layer of the

Figure 2. Localization of OsHMA2 in rice root and node. Immunohistochemical staining of OsHMA2 with anti-OsHMA2
polyclonal antibody was performed. A and B, Root cross section at 5 mm (A) or 20 mm (B) from the apex. C, Magnified image of
the stele in B. D–F, Cross section of node I at the flowering stage with different magnification. F, Close-up of phloem region of a
diffuse vascular bundle. Red color indicates the OsHMA2-specific signal. Blue color indicates cell wall autofluorescence and
nucleus stained by DAPI (yellow arrowheads). Insets in C and F are channel-separated magnified images at yellow-dotted areas.
Bars = 100 mm (A–C and E), 1 mm (D), and 20 mm (F). Endodermis (EN), pericycle (PC), xylem vessel of proto- and metaxylem
(pX and mX, respectively), and sieve tube of proto- and metaphloem (pP and mP, respectively) in the root and diffuse vascular
bundle (DV), small vascular bundle (SV), xylem area of enlarged and diffuse vascular bundle (XE and XD, respectively), phloem
area of enlarged and diffuse vascular bundle (PE and PD, respectively), and intervening parenchyma cells (IPC) in the node are
shown.
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roots and phloem region at the nodes (Supplemental
Fig. S3, E and F).

Subcellular Localization of OsHMA2

OsHMA2 was reported to be localized to the plasma
membrane in onion (Allium cepa) epidermal cells when
a GFP fusion gene was introduced transiently (Satoh-
Nagasawa et al., 2012; Takahashi et al., 2012). To
examine whether OsHMA2 protein shows similar sub-
cellular localization in rice plants, we first performed
immunostaining together with nuclear staining by
49,6-diamino-2-phenylindole (DAPI). In a magnified
image of the root stele, signal from OsHMA2 antibody
was detected at cell wall inscribed area of the pericycle
cells, which comprehend the nuclei stained by DAPI,
but no signal was accompanied with the nuclei (Fig.
2C, inset). Similar subcellular localization was also
observed in the phloem parenchyma cells at the upper
node (Fig. 2F, inset). These results indicate that OsHMA2
protein was not localized to the endoplasmic organelles,
such as the vacuole, Golgi apparatus, endoplasmic re-
ticulum (ER), and nuclei, but most likely localized to the
plasma membrane.

To confirm this result, we further performed western-
blot analysis with Suc density gradient fractionation of
microsome prepared from rice roots. OsHMA2 protein
was detected in the same fractionation pattern as H+-
ATPase, a plasma membrane marker, but different
fractionation patterns from V-type ATPase, Binding
immunoglobulin protein, and ADP-ribosylation factor1,
which present markers for tonoplast, ER, and Golgi,
respectively (Supplemental Fig. S4). Taken together, our
results indicate that OsHMA2 protein is localized to the
plasma membrane in rice.

Mutation of OsHMA2 Resulted in Impaired Delivery of
Zinc to the Developing Tissues at Vegetative Growth Stage

To investigate the role of OsHMA2 in zinc distri-
bution, we obtained two mutants with Tos17 retro-
transposon insertion (NF4888 and NF9856). Both
mutants have an insertion at the different positions of
the 10th exon (Supplemental Fig. S1B). Gene expres-
sion analysis showed that the full length of OsHMA2
was not expressed in both lines (Supplemental Fig.
S1C). Decreased root-to-shoot translocations of zinc
and cadmium in the mutants were observed in our
experimental conditions (Supplemental Figs. S5 and
S6). This result is consistent with two previous studies
(Satoh-Nagasawa et al., 2012; Takahashi et al., 2012).
However, a detailed analysis showed that the growth
was also affected by mutation of OsHMA2. When the
two mutant lines and the wild-type rice were grown
hydroponically for 5 weeks in the presence of normal-
level zinc (0.4 mM), both the shoot and roots were
smaller in the two mutant lines than the wild-type rice
(Supplemental Fig. S7). Furthermore, spatial analysis

revealed that in contrast to the total zinc concentration
in the roots (Supplemental Fig. S6), the zinc concen-
tration in the tip region (0–5 mm from the apex) of the
developing crown roots was lower in the mutant lines
than that of the wild-type rice (Fig. 3A). As a control,
the iron concentration in the same root segment was
also determined, but there was no difference between
the wild-type rice and mutant lines (Fig. 3B). The shoot
basal meristem contained much higher levels of zinc
compared with whole shoots in all lines (Fig. 3C;
Supplemental Fig. S5), but the zinc concentration in
this part was much lower in the two mutant lines than
the wild-type rice (Fig. 3C). No difference was found in
the concentration of other metals in the shoot meristem
region between lines (Supplemental Fig. S8). On the
other hand, the zinc concentration of the xylem sap
did not differ between the wild-type and mutant lines
(Fig. 3D).

Figure 3. Metal concentration in wild-type rice and two oshma2
mutants. A and B, Concentration of zinc (A) and iron (B) in the root
tips. Root tips (0–5 mm) were cut from seedlings with a razor. C, Zinc
concentration in the shoot basal meristem. The lowest 2-cm part of leaf
sheath of youngest expanded leaf and inner organs was excised. D,
Zinc concentration in the xylem sap of 3-week-old seedlings. Error
bars represent 6 SD of three independent biological replicates. Statis-
tical comparison was performed by one-way ANOVA followed by the
Tukey’s multiple comparison test. All data were compared with cv
Nipponbare (*P , 0.05).
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Because recent studies reported that OsHMA2 may
be implicated in cadmium transport (Nocito et al.,
2011; Satoh-Nagasawa et al., 2012; Takahashi et al.,
2012), we then also compared cadmium concentration
between the mutant lines and wild-type rice. Similar to
zinc, the mutant lines contained lower levels of cad-
mium in the shoots and slightly higher cadmium in the
roots compared with the wild-type rice (Supplemental
Figs. S5, S6, and S8).

Mutation of OsHMA2 Resulted in Significant Reduction of
Grain Yield

Since the expression of OsHMA2 in the nodes was
very high at the reproductive growth stage (Fig. 1D),
we grew the mutant lines and the wild-type rice in the
field until ripening to investigate the physiological role
of node-localized OsHMA2 in zinc distribution. A
significant difference in the growth and yield was
found between the mutant lines and wild-type rice
(Fig. 4A). The biomass of the straw was decreased by
35% to 68% in the mutant lines compared with the
wild-type rice (Fig. 4B). The grain yield was especially
reduced in the mutant lines by 58% to 80%, mainly due
to decreased fertility (Fig. 4C).
At the harvest, the concentration of zinc and cad-

mium in the straw (most of the shoot) was not sig-
nificantly different between the wild-type rice and the
mutant lines (Fig. 5, A and B). However, in upper or-
gans above node I, composed of flag leaf, rachis, husk,
and brown rice, the concentration of both zinc and
cadmium was significantly decreased in the mutant
lines (Fig. 5, A and B). The concentration of zinc and
cadmium at different nodes was also compared be-
tween the mutant lines and the wild-type rice. In the

nodes (nodes I–III from the top of the culm), among
cations examined, only the concentrations of zinc and
cadmium were much lower in the mutant lines than
that in the wild type in upper nodes I and II (Fig. 5, C
and D; Supplemental Fig. S9). In node III, the con-
centration of zinc and cadmium was similar between
the wild type and the mutants (Fig. 5, C and D). The
concentration of other metals was similar or slightly
higher in the mutant lines than that in the wild-type
rice (Supplemental Fig. S9). Interestingly, in the wild-
type rice, the upper node contained more zinc and
cadmium than the lower node, whereas each node
similarly contained lower levels of zinc and cadmium
in the mutant lines (Fig. 5, C and D).

Mutation of OsHMA2 Altered the Zinc Distribution at the
Reproductive Growth Stage

To confirm that the decreased zinc concentration
observed only in the upper and reproductive organs of
the mutant lines is caused by altered distribution of
zinc, we conducted a short-term labeling experiment
with a 67Zn stable isotope. Plants were fed with 0.4 mM
67Zn from the roots for 2 d just before heading, and the
distribution ratio (ΔZn ) within the above-ground part
was calculated. Rubidium and strontium, markers of
phloem and xylem transport, respectively (Kuppelwieser
and Feller, 1991), were also fed together. Results
showed that most 67Zn taken up during 2 d was dis-
tributed to the panicles, nodes, and internodes, but
hardly to the leaves (Fig. 6A), regardless of the wild-
type rice or oshma2 mutants. However, compared with
the wild-type rice, the distribution of zinc to the pan-
icle and uppermost node I was lower, but distribution
to the lower node IV and basal nodes was higher in the

Figure 4. Effect of OsHMA2 mutation on rice productivity. A, Growth of wild-type rice and two mutants at harvest. B, Dry
weight of straw and grain. C, Fertility of the seeds. The wild-type rice and two oshma2 mutants (NF4888 and NF9856) were
grown in a paddy field till ripening. Error bars represent 6 SD of three independent biological replicates. Statistical comparison
was performed by one-way ANOVA followed by the Tukey’s multiple comparison test. Data were compared with cv Nip-
ponbare (*P , 0.05, **P , 0.01 [B and C]).
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two mutants (Fig. 6A). By contrast, there was almost
no difference in the distribution of strontium and ru-
bidium between the wild-type rice and mutant lines
(Fig. 6, B and C). A larger part of rubidium was dis-
tributed to the panicle, internodes, and upper leaves
(Fig. 6B), while most strontium was distributed to the
lower leaves with high transpiration (Fig. 6C). These
distribution patterns are different from that of zinc
(Fig. 6A). These results suggest that OsHMA2 plays an
important role in preferential delivery of zinc to the
upper parts.

Heterologous Expression of OsHMA2 in Yeast

Since only zinc and cadmium concentration in the
mutant lines was altered (Figs. 3 and 5), we then tested
the transport activity of OsHMA2 for zinc and cadmium
in yeast (Saccharomyces cerevisiae). When expressed in a
yeast mutant defective in zinc uptake, zinc-regulated
transporter1 (zrt1)zrt2, under the control of a Gal-inducible
promoter, yeast expressing full-length OsHMA2 showed
inhibited growth at high zinc concentrations, but com-
plement the yeast growth on zinc-limited medium in the
presence of Gal (Fig. 7A). However, when gene expres-
sion was suppressed by the presence of Glc, these dif-
ferences in the growth were not found between yeast
carrying OsHMA2 or an empty vector, indicating an

OsHMA2 expression-dependent effect. Furthermore,
zinc uptake in liquid medium was also higher in the
yeast expressing OsHMA2 than the empty vector
control (Fig. 7B). These results indicate that OsHMA2
functions as a transporter for zinc uptake in yeast.

We also tested the transport activity of OsHMA2
for cadmium in two different yeast strains, BY4741
and INVSc1. Results from both strains showed that in
the presence of Glc (no gene induction), the growth
was similar between the yeast carrying OsHMA2 and
empty vector control on the medium either with or
without cadmium (Fig. 7C). However, when the gene
expression was induced by Gal, the growth was sig-
nificantly inhibited in the yeast expressing OsHMA2
compared with empty vector control in the presence
of cadmium, although the growth was similar in the ab-
sence of cadmium (Fig. 7C; Supplemental Fig. S10). As a
control, yeast expressing AtHMA4 was also tested. In
contrast toOsHMA2, expression of AtHMA4 enhanced the
tolerance to cadmium (Fig. 7C; Supplemental Fig. S10A).
These results indicate that, different from AtHMA4,
an efflux transporter of zinc/cadmium (Papoyan and
Kochian, 2004; Verret et al., 2005), OsHMA2 is an
influx transporter for cadmium in yeast.

Because OsHMA2 is characterized by a long C-terminal
region (705–1,067 amino acids), which is much longer and
has almost no similarity with other HMA members

Figure 5. Metal concentration of wild-
type rice and oshma2 mutants at har-
vest. A and B, Concentration of zinc
(A) and cadmium (B) in different tis-
sues. C and D, Concentration of zinc
(C) and cadmium (D) in different
nodes. The wild-type rice ‘Nip-
ponbare’ and two oshma2 mutants
(NF4888 and NF9856) were grown in a
paddy field till ripening. Error bars
represent 6 SD of three independent
biological replicates. Statistical com-
parison was performed by one-way
ANOVA followed by the Tukey’s
multiple comparison test. Data were
compared with cv Nipponbare (*P ,
0.05, **P , 0.01 [A and B]). Different
letters indicate significance (P , 0.05
[C and D]). E, Different organs sampled
used for analysis at the heading stage.
Organs above node II (top, leaf at-
tached to node II was removed) and
longitudinal section of shoot basal region
containing approximately 10 unelongated
nodes (bottom) are shown.
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(Supplemental Fig. S1), we tested the role of the C-
terminal region in zinc and cadmium sensitivity in
yeast. When the C-terminal truncated version of
OsHMA2 (ΔC 707–1,067) was expressed, unlike the full-
length OsHMA2, it was not only unable to complement
the growth, but also showed more severe growth defect
in zrt1zrt2 under zinc-limited condition (Fig. 7A). The
tolerance to cadmium was slightly increased at 30 mM

cadmium (Fig. 7C). On the other hand, when N-terminal
truncated OsHMA2 lacking any transmembrane do-
mains (ΔN 2–706) was expressed in yeast, highly in-
creased sensitivity to zinc deficiency and tolerance to
cadmium were observed (Fig. 7, A and C). These results
consistently suggest that truncation of either C-terminal
or N-terminal regions alters the transport activity, further
indicating that the full-length OsHMA2 protein functions
as an influx transporter of zinc and cadmium in yeast.
In addition, we also compared the growth of yeast

expressing OsHMA2 in two other strains, the wild type
(BY4741) and a zinc-hypersensitive mutant defective in
vacuole zinc sequestration (zinc resistance conferring1
[zrc1] cobalt toxicity1 [cot1]). However, different from
zrt1zrt2 (Fig. 7A), the growth did not differ in yeast
expressing OsHMA2 and the empty vector in both
yeast strains under zinc deficiency and toxicity condi-
tions (Supplemental Fig. S10, B and C), due to compe-
tition with endogenous Zrt1 and Zrt2 transporters.
These results further suggest that OsHMA2 functions as
a transporter for zinc uptake in yeast.

DISCUSSION

OsHMA2 Is a Transporter for Preferentially Delivering
Zinc to the Developing Tissues in Rice

Previous characterization of OsHMA2 showed that
OsHMA2 is implicated in the root-shoot translocation
of zinc and cadmium (Satoh-Nagasawa et al., 2012;
Takahashi et al., 2012; Supplemental Figs. S5 and S6).
However, we show here that the major role of OsHMA2
in rice is to preferentially deliver zinc (and cadmium) to
the developing tissues with high zinc requirement, but
low transpiration at both the vegetative and reproduc-
tive growth stage through phloem transport.

OsHMA2 is mainly localized to the plasma mem-
brane of pericycle cells of the mature root zone at the
vegetative growth stage (Fig. 2, A–C). Pericycle cell
layer is adjacent to both xylem vessel and phloem cells,
and lateral connections by plasmodesmata between
neighbor pericycle cells are very tight (Ma and Peterson,
2001). It is likely that this cell layer contributes to both
xylem and phloem transport by control of efflux to the
apoplast and influx to the symplast, respectively. Our
results suggest that the role of OsHMA2 is to transport
zinc from the apoplast of the stele into the phloem for
delivering zinc to the developing tissues. This is sup-
ported by the following evidence (Fig. 8A). Firstly,
when OsHMA2 was mutated, the zinc concentration in
the root tip region was decreased (Fig. 3A), although
the zinc concentration in the whole roots was increased

Figure 6. Short-term distribution of zinc, rubidium, and strontium in wild-type rice and oshma2 mutants. The wild-type rice
‘Nipponbare’ and two oshma2 mutants (NF4888 and NF9856) were grown hydroponically till just before heading. 67Zn stable
isotope, rubidium, and strontium were fed from nutrient solution for 2 d. Distribution ratio of ΔZn (A), ΔRb (B), and ΔSr (C)
within the above-ground tissues were calculated from net increase of each element in each part. Error bars represent 6 SD of
four independent biological replicates. Statistical comparison was performed by one-way ANOVA followed by the Tukey’s
multiple comparison test. All data were compared with cv Nipponbare (*P , 0.05, **P , 0.01).
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in the mutant lines (Supplemental Fig. S6). In the root
tips, the vascular system has not been developed well;
therefore, nutrients should be provided through the
symplastic transport. Considering that OsHMA2 is
mainly expressed in the mature root zone (Fig. 1C), it
is likely that OsHMA2 is involved in translocating zinc
from the mature root zone to the root tips via the
phloem. Secondly, the zinc concentration in the xylem
sap was not affected by the oshma2 mutation (Fig. 3D),
but the shoots and basal meristem of the mutant lines
contained a lower zinc concentration compared with
the wild-type rice (Fig. 3C; Supplemental Fig. S5). This
suggests that OsHMA2 is not involved in the xylem
loading, but in the phloem loading, which facilitates
the translocation of zinc to the developing tissues, in-
cluding root tips and shoot meristem.

At reproductive growth stage, OsHMA2 was highly
expressed in the nodes. Rice nodes have remarkably de-
veloped vascular systems composing of an enlarged
vascular bundle and a diffuse vascular bundle (Kawahara
et al., 1974; Hoshikawa, 1989). Enlarged vascular bundles
in a node have a developed huge xylem area and are

connected with a vascular bundle in a leaf and a lower
node. On the other hand, diffuse vascular bundles are
originated at the node surrounding the enlarged vas-
cular bundle and are connected to the upper node (or
panicle; Fig. 8B; Kawahara et al., 1974; Hoshikawa,
1989). Therefore, the node is an important place for
delivering nutrients to the developing tissues or pan-
icles through intervascular transfer, which transfers
nutrients from the transpirational stream in the xylem
of enlarged vascular bundles into the xylem or phloem
of the diffuse vascular bundles (Kawahara et al., 1974;
Hoshikawa, 1989). A previous study showed that at
the reproductive growth stage, zinc taken up by the
roots was rapidly accumulated at the nodes and then
preferentially distributed to the panicles, but hardly
to the expanded leaves (Obata and Kitagishi, 1980a,
1980b). In fact, zinc was mainly present in the paren-
chyma tissues between enlarged vascular bundles and
diffuse vascular bundles in rice nodes (Obata and
Kitagishi, 1980b; Yamaguchi et al., 2012). OsHMA2
protein was localized in the phloem region of the en-
larged and diffuse vascular bundles in the nodes (Fig.

Figure 7. Yeast transport assay for zinc and cadmium. A, Growth of zrt1zrt2 (zinc uptake-deficient yeast strain) harboring empty
vector pYES2, full-length OsHMA2, OsHMA2ΔC(707–1,067), OsHMA2ΔN(2–706), and AtHMA4. The yeast was incubated on
a plate containing 4, 0.2, or 0 mM ZnSO4 in the presence of Glc or Gal for 3 d. B, Zinc uptake in yeast carrying OsHMA2 or
empty vector. The yeast was exposed to a solution containing 5 mM ZnSO4 for 6 h. Error bars represent 6 SD of three inde-
pendent biological replicates. Statistical comparison was performed by Student’s t test (**P , 0.01). C, Growth of wild-type
yeast strain BY4741 transformed with empty vector pYES2, full-length OsHMA2, OsHMA2ΔC(707–1,067), OsHMA2ΔN(2–
706), and AtHMA4 in the presence of 0, 15 or 30 mM CdSO4 with Glc or Gal for 3 d.
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2, D–F; Supplemental Fig. S3). Mutation of OsHMA2
resulted in a significant decrease in the zinc concen-
tration in the upper nodes (Fig. 5C). As a result, zinc
concentration of the mutants was decreased in the
upper organs connecting with node I, including flag
leaf, rachis, husk, and brown rice (Fig. 5A). These re-
sults indicate that OsHMA2 in the nodes plays an
important role in preferentially delivering zinc to the
panicles. This is supported by a short-term labeling ex-
periment with stable isotope 67Zn; mutation of OsHMA2
resulted in a decreased zinc distribution to the panicles
(Fig. 6A).
To play a role in preferential distribution of zinc as

discussed above, OsHMA2 probably functions as an
influx transporter; otherwise, decreased concentration
of zinc in the root tips, nodes, and reproductive organs
of the mutants could not be explained (Figs. 3 and 5).
Similar zinc concentration in the xylem sap could also
not be explained (Fig. 3D). Our yeast assay experiment
supported that, different from other HMA members,
OsHMA2 is an influx zinc transporter, at least in yeast (Fig.
7; Supplemental Fig. S10). This unique feature of OsHMA2
may be associated with its long C-terminal region, which is
lacking in other HMA members (Supplemental Fig. S1). In
fact, deletion of the C terminus changed the transport ac-
tivity in yeast (Fig. 7).
Our yeast result is different from two previous studies

(Nocito et al., 2011; Satoh-Nagasawa et al., 2012), but
consistent with a recent study with HvHMA2, the closest

homolog in barley (Hordeum vulgare; Mills et al., 2012).
Increased cadmium tolerance by expression of OsHMA2
was very small in the study by Satoh-Nagasawa et al.
(2012). Furthermore, expression of truncated cDNAs
from mutants showed the same result as the full-length
OsHMA2 in yeast, although there was a clear difference
in zinc and cadmium accumulation between the wild-
type rice and mutants, raising a question as to whether
their yeast assay can explain the phenotypic difference.
Heterologous expression of plant genes in yeast some-
times yielded different results. For example, expression
of AtHMA4 in yeast resulted in hypersensitivity to ex-
cess zinc and cadmium in one study (Baekgaard et al.,
2010), but resulted in increased tolerance to excess zinc
and cadmium in other studies (Papoyan and Kochian,
2004; Mills et al., 2005; Verret et al., 2005). These incon-
sistencies may be attributed to different yeast strains,
experimental conditions, expression vector, medium
components, and so on. In this study, we used two dif-
ferent yeast strains (BY4741 and INVSc1) for cadmium
sensitivity assay, one of which is the same as that used
by Nocito et al. (2011). However, we got the same results
in both strains (Fig. 7; Supplemental Fig. S10). Further-
more, we used AtHMA4 as a positive control and found
that different from OsHMA2, AtHMA4 enhanced the
tolerance to cadmium under the same experimental
conditions (Fig. 7; Supplemental Fig. S10), which is
consistent with previous results (Papoyan and
Kochian, 2004; Mills et al., 2005; Verret et al., 2005).

Figure 8. Schematic diagram of zinc and cadmium transport by OsHMA2 in root and nodes. A, Function of OsHMA2 in the
roots. OsHMA2 localized at the pericycle cells transports zinc and cadmium from the apoplast to the symplast to facilitate
translocation via the phloem. B, Function of OsHMA2 in nodes. OsHMA2 localized in the phloem parenchyma and companion
cells of both enlarged and diffuse vascular bundles in the nodes functions to load zinc and cadmium to the phloem for the
preferential distribution to the upper nodes and panicles.
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Based on the phenotype observed in the rice mutant
lines as discussed above and cell specificity of the lo-
calization (Figs. 2, 3, and 5), it is reasonable to consider
that wild-type OsHMA2 functions as an influx trans-
porter of cadmium and zinc for phloem loading.

OsHMA2 Is Also Responsible for Cadmium Partition

Cadmium accumulation in rice grain is a serious
health problem. Recently, a member of the Nramp
family, Nramp5, was identified as a major transporter
for cadmium uptake in rice (Sasaki et al., 2012). On the
other hand, OsHMA3, a homolog of OsHMA2, is found
to be responsible for cadmium sequestration into the
vacuoles (Ueno et al., 2010). Different from OsHMA2,
OsHMA3 is mainly expressed in the roots and localized
to the tonoplast. Overexpression of OsHMA3 resulted in
a significant decrease of cadmium in the rice grain (Ueno
et al., 2010). However, the molecular mechanism on
cadmium distribution to the grain is still poorly under-
stood. In rice shoot, the partition pattern of cadmium is
similar to that of zinc, which is characterized by direct
translocation, regardless of the transpiration rate, to the
youngest leaf, nodes, and developing panicles (Fujimaki
et al., 2010). Mutation of OsHMA2 also resulted in de-
creased root-to-shoot translocation of cadmium at the
vegetative growth stage (Supplemental Figs. S5 and S6;
Satoh-Nagasawa et al., 2012; Takahashi et al., 2012). At
the reproductive stage, the cadmium concentration only
in the upper parts, including grain and upper nodes, of
the mutants were decreased similar to zinc (Fig. 5). This
indicates that, like zinc, partition of cadmium in rice is
also mediated by OsHMA2. This is also supported by
transport activity for cadmium in yeast; expression of
OsHMA2 decreased cadmium tolerance in yeast (Fig. 7;
Supplemental Fig. S10).

Recently, a transporter, OsLCT1, was reported to be
involved in cadmium distribution in rice (Uraguchi et al.,
2011). Rice low-affinity cation transporter1 (OsLCT1)
showed efflux transport activity for several cations, in-
cluding cadmium (but not zinc), and knockdown of
OsLCT1 resulted in decreased cadmium (but not zinc)
concentration in the grain (Uraguchi et al., 2011). How-
ever, in contrast to OsHMA2 expression, which is highly
expressed in the nodes throughout the reproductive
growth, expression of OsLCT1 in the nodes was only
observed at the ripening stage. Higher expression of
OsLCT1 was observed in the leaf blade rather than the
nodes at each reproductive growth period (Uraguchi
et al., 2011). These differences indicate that the cad-
mium translocation pathway mediated by OsLCT1 is
different from that of OsHMA2. OsLCT1 might be
involved in retranslocation of cadmium and some
other elements from the leaf blades, rather than in the
distribution control within the nodes.

In conclusion, OsHMA2 is a transporter for phloem
loading of both zinc and cadmium in rice. This trans-
porter plays a key role in preferential distribution of zinc
at the roots and nodes (Fig. 8) to developing tissues,

which require high zinc. At the nodes, there are two
ways to load zinc into the phloem. One is that zinc in
the xylem of enlarged vascular bundles coming from
the roots or lower nodes is directly loaded to the
phloem by OsHMA2 located at the phloem of the same
enlarged vascular bundle (Fig. 8B). The remaining zinc
in the xylem of enlarged vascular bundles will be taken
up into the xylem transfer cells around the enlarged
vascular bundles (Kawahara et al., 1974; Hoshikawa,
1989) by an unidentified transporter and then released
to the apoplast/xylem of diffuse vascular bundles by
another unidentified transporter at the intervening
parenchyma cells, followed by loading zinc into the
phloem of diffuse vascular bundles by OsHMA2 (Fig.
8B). Our results showed that OsHMA2 is involved in
the later step of intervascular transfer of zinc, reload-
ing of zinc from the intervening parenchyma tissues
into the phloem of diffuse vascular bundles (Fig. 8B).

MATERIALS AND METHODS

Plant Materials and Growth Condition

Wild-type rice (Oryza sativa ‘Nipponbare’) and two independent Tos17
insertion mutant lines (NF4888 and NF9856) from the Rice Mutant Panel
(http://tos.nias.affrc.go.jp/) were used (Supplemental Fig. S1, B and C).

For hydroponic experiments, seeds of wild-type rice and mutant lines were
soaked in water overnight at 25°C in the dark and then transferred to a net
floating on 0.5 mM CaCl2 solution. On day 7, seedlings were transferred to a 3.5-
L plastic pot containing one-half-strength Kimura B solution and grown in a
greenhouse at 25°C to 30°C. The nutrient solution contained the macronutrients
(NH4)2SO4 (0.18 mM), MgSO4$7H2O (0.27 mM), KNO3 (0.09 mM), Ca(NO3)2$4H2O
(0.18 mM), and KH2PO4 (0.09 mM) and the micronutrients MnCl2$4H2O (0.5 mM),
H3BO3 (3 mM), (NH4)6Mo7O24$4H2O (1 mM), ZnSO4$7H2O (0.4 mM), CuSO4$5H2O
(0.2 mM), and Fe-EDTA (20 mM). The pH of this solution was adjusted to 5.6, and
the nutrient solution was renewed every 2 d. Field experiments were carried out
at the experimental paddy field of Okayama University. Three-week seedlings of
wild-type rice and two mutants precultured hydroponically were transplanted
to the field in mid-June and harvested at the end of September. All experiments
were repeated with three biological replicates.

Cloning of Full-Length OsHMA2 ORF
and Phylogenetic Analysis

To clone the full-length ORF sequence of OsHMA2, total RNA was
extracted from rice roots using an RNeasy Plant Mini Kit (Qiagen) and then
converted to cDNA using the protocol supplied by the manufacturers of Su-
perScript II (Invitrogen). The full-length ORF was amplified by PCR using
primers 59-AGATGGCGGCGGAGGGAG-39 and 59-CTACTACTCCACTAC-
GATCTCAG-39, which were designed based on two putative truncated cDNA
clones in the Rice Annotation Project Database (http://rapdb.dna.affrc.go.jp/),
Os06g0700650 and Os06g0700700. They have a putative translational start and
stop site, respectively. The sequence of the amplified cDNA was confirmed by a
sequence analyzer (ABI Prism 3100; Applied Biosystems).

For phylogenetic analysis, peptide sequence alignment of rice and Arabi-
dopsis (Arabidopsis thaliana) HMAs (Supplemental Fig. S1) was analyzed by
ClustalW using default settings (http://clustalw.ddbj.nig.ac.jp/). The phylo-
genetic tree was constructed using the neighbor-joining algorithm by MEGA4
software (http://megasoftware.net/) after ClustalW alignment with 1,000
bootstrap trials.

Expression Patterns

For the tissue-specific expression and metal deficiency-response analysis of
OsHMA2 at vegetative stage, 2-week-old seedlings were exposed to one-half-
strength Kimura B solution with or without zinc, iron, manganese, or copper
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(Zheng et al., 2012). After 1 week, roots, shoots, and basal region (2 cm above
the roots) were sampled and subjected to RNA extraction. The metal defi-
ciency status has been confirmed by marker genes as described in Zheng et al.
(2012). For excess zinc- and cadmium-response analysis, 3-week-old seedlings
were exposed to a one-half-strength Kimura B solution with 10 mM zinc or
1 mM cadmium for 1 d, and the roots were sampled for RNA extraction. To
examine the spatial expression in the roots, the different root segments (0–1 cm
and 1–2 cm from the apex) of 7-d-old seedlings were sampled. To investigate
the expression pattern of OsHMA2 at reproductive stage, plants were grown
in the field till flowering, and then the roots, basal stem, lower leaf sheath,
lower leaf blade, flag leaf sheath, flag leaf blade, nodes I to III, internode II,
peduncle, rachis, and spikelet were sampled.

Total RNAwas extracted by using an RNeasy Plant Mini Kit and then converted
to cDNA followed by DNase I treatment using the protocol supplied by the man-
ufacturers of SuperScript II. Specific cDNAs were amplified by SsoFast EvaGreen
Supermix (Bio-Rad), and quantitative real-time PCR was performed with the fol-
lowing primer sets for OsHMA2: 59-CATAGTGAAGCTGCCTGAGATC-39 and 59-
GATCAAACGCATAGCAGCATCG-39 on CFX384 (Bio-Rad). HistoneH3 and Actin
were used as internal standards, with primer pairs 59-AGTTTGGTCGCTCTC-
GATTTCG-39 and 59-TCAACAAGTTGACCACGTCACG-39 for HistoneH3 and 59-
GACTCTGGTGATGGTGTCAGC-39 and 59-GGCTGGAAGAGGACCTCAGG-39
for Actin. The expression data were normalized by these two genes, and relative
expression was calculated by the comparative cycle threshold method using CFX
Manager software (Bio-Rad).

Transgenic Rice Carrying OsHMA2 Promoter-GFP

To investigate the cellular expression of OsHMA2, we introduced a construct con-
sisting of the promoter (2.13 kb) of OsHMA2 fused with GFP to rice using an Agro-
bacterium tumefaciens-mediated transformation system (Hiei et al., 1994). The 2.13-kb
region upstream of the initiation codon of OsHMA2 was amplified by PCR from cv
Nipponbare genomic DNA using primers AAGCTTCAACTCTTTTCTTCCGTTTG-
TGT and GGATCCCTCTCCTCACTCTCTCCCTCTT. The amplified fragment was
cut with HindIII and BamHI and then cloned into pPZP2H-lac (Fuse et al., 2001) car-
rying GFP and the terminator of the nopaline synthase gene, generating the OsHMA2
promoter-GFP construct. The localization of GFP was observed as described below.

Immunohistological Staining of OsHMA2 and GFP

The synthetic peptide CSHSIVKLPEIVVE (positions 1,054–1,067 of OsHMA2)
was used to immunize rabbits to obtain antibodies against OsHMA2. Keyhole
limpet hemocyanin was used as carrier protein for the immunization. The
obtained antiserum was purified through a peptide affinity column before use.
To detect GFP protein in transgenic rice tissues, antibody against GFP (A11122;
Molecular Probes) was used. Roots (10-d-old seedlings), basal stem (4 weeks
old), node III, and node I (flowering stage) of wild-type rice ‘Nipponbare’,
NF4888, NF9856, and OsHMA2 promoter-GFP transgenic rice were used for
immunostaining of OsHMA2 protein or GFP as described previously (Yamaji
and Ma, 2007). Fluorescence of secondary antibody (Alexa Fluor 555 goat anti-
rabbit IgG; Molecular Probes) was observed with confocal laser scanning mi-
croscopy (LSM700; Carl Zeiss).

Subcellular Localization

Western-blot analysis with Suc density gradient fractionation ofmicrosomes
prepared from rice roots was performed according to a previous study (Ueno
et al., 2010). Microsomal fraction was layered on Suc density gradients (20%–

60%) with 10 mM Tris-HCl (pH 7.6), 1 mM EDTA, and 1 mM dithiothreitol
centrifuged at 100,000g for 2 h. The same quantity of protein samples in each
fraction was subjected to SDS-PAGE and immunoblotting. The blots were
treated with 1:100 dilutions of OsHMA2 antibody, 1:1,000 H+-ATPase (plasma
membrane marker; Agrisera), 1:5,000 of V-type ATPase (tonoplast marker;
Agrisera), 1:2,000 of ER luminal binding protein (BiP, ER marker; Cosmo Bio),
and 1:1,000 of ADP-ribosylation factor (Golgi marker; Agrisera), respectively.
Anti-Rabbit IgG (H+L) HRP Conjugate (1:10,000 dilution; Promega) was used
as a secondary antibody, and the ECL Plus Western Blotting Detection System
(GE Healthcare) was used for detection via chemiluminescence.

Phenotypic Analysis of Mutant Lines

Shoots, roots, and crown root tip (0–5 mm from the apex) were harvested
from 5-week-old seedlings grown hydroponically and subjected to mineral

analysis. For xylem sap collection, shoots were excised 2 cm above the roots
with a razor, and xylem sap was collected from the cut surface for 30 min using
micropipettes. To avoid contamination of symplastic zinc from the damaged
cells, initial exudates (1–2 mL) were discarded. For analysis of mineral accu-
mulation, 3-week-old seedlings were exposed to the nutrient solution containing
100 nM cadmium for 1 week, and then the roots, shoots, and shoot basal meri-
stem (lowest 2-cm part of leaf sheath of youngest expanded leaf and inner or-
gans) were harvested separately.

For rice grown in the field, different tissues, including brown rice, husk,
rachis, flag leaf blade, flag leaf sheath, nodes I to III, and the remaining part of
the shoot (straw) were separately harvested at ripening. The dry weight of the
straw and grain was recorded after drying at 40°C for 2 weeks. The fertility was
investigated by soaking the seeds in 8.5% (w/v) NaCl solution.

Short-Term Labeling Experiment with 67Zn, Rubidium,
and Strontium

Wild-type rice and two mutant lines were grown hydroponically till just
before heading as described above. The roots were exposed to a one-half-strength
Kimura B solution containing 1 mM rubidium and 1 mM strontium and 0.4 mM zinc
labeled with 67Zn (Taiyo Nippon Sanso). The feeding solution was renewed
daily. After 2 d, the above-ground part of each plant was separated into panicle,
nodes I to IV, unelongated basal nodes, total internodes, and leaves I (flag leaf)
to VI. The concentration of 67Zn isotope, rubidium, and strontium in each organ
were determined by inductively coupled plasma-mass spectrometry (ICP-MS)
after digestion as described below. Distribution ratio within the above-ground
part was calculated from net increase of 67Zn (i.e. the total 67Zn amount minus
the natural abundance of 67Zn), rubidium, and strontium. For each treatment,
four biological replicates were made, and the experiment was repeated twice.

Mineral Determination

Plant samples were dried at 70°C and then digested with concentrated nitric
acid (60% [w/v]) at 140°C. The concentrations of zinc, cadmium, potassium,
magnesium, calcium, manganese, iron, copper, rubidium, and strontium in plant
digests and xylem sap were determined by ICP-MS (Agilent 7700). For 67Zn
determination, an isotope mode was applied.

Transport Activity Assay in Yeast

Total RNA was extracted from the roots of rice and Arabidopsis (ecotype
Columbia) with an RNeasy Plant Mini Kit. The total RNA was converted to
cDNA using the protocol attached to SuperScript II. The cDNA fragment
containing an entire ORF for AtHMA4 and OsHMA2 and C- and N-terminal
truncated versions of OsHMA2 were amplified by RT-PCR using the
primers 59-GGATCCGAAAATGGCGTTACAAAACAAAG-39 and 59-
GTCAAGCACTCACATGGTGATGGTG-39 for AtHMA4, 59-AGAGCTCAA-
GATGGCGGCGGAGGGAGG-39 and 59-TTCTAGACTACTACTCCACTA-
CGATCTCAG-39 for OsHMA2, 59-ATGTGTGCTGCTTCTCATCACGGATCT-
39 and 59-TTCTAGACTACTACTCCACTACGATCTCAG-39 for OsHMA2ΔC
(707–1,067), and 59-AAAATGGCGGCGGAGGGAGGGAGGT-39 and 59-
CTATTTCTTCGCCTTTCGACTGTCCT-39 for OsHMA2ΔN(2–706). The frag-
ment was directly cloned into the pYES2.1/V5-His-TOPO vector (Invitrogen).
After sequence confirmation, the resulting plasmid or the empty vector was
introduced into yeast (Saccharomyces cerevisiae) according to the manufac-
turer’s protocols (S.c. EasyComp Transformation Kit; Invitrogen). The yeast
strains used in this study were BY4741 (MATa his2D0 met15D0 ura3D0),
INVSc1 (Invitrogen), the zinc uptake-deficient double-mutant zrt1zrt2 (MATa
ade6 can1 his3 leu2 trp1 ura3 zrt1∷LEU2 zrt2∷HIS3), and the zrc1cot1 mutant,
which is hypersensitive to zinc (MATa;his3Δ1;leu2Δ0;met15Δ0;ura3Δ0;zrc1::
natMX;cot1::kanMX4), which was obtained from Ute Kraemer.

Growth of yeast strain BY4741, zrt1zrt2, and zrt1cot1 on different zinc
conditions were tested on a synthetic medium containing 2% (w/v) Glc or Gal,
0.67% (w/v) yeast nitrogen base without metals (BIO 101 Systems), 0.2%
(w/v) appropriate amino acids, and 2% (w/v) agar buffered at pH 6 with
50 mM MES and supplemented with 0 or 10 mM ZnSO4 for BY4741, 0, 0.2, or
4 mM ZnSO4 for zrt1zrt2, and 0, 200, or 400 mM ZnSO4 for zrc1cot1. After spotting
at four yeast cell dilutions (optical densities at 600 nm of 0.2, 0.02, 0.002, and
0.0002), plates were incubated for 3 d at 30°C.

For measurement of Zn2+ uptake, yeast transformants were grown in a
synthetic medium containing 2% (w/v) Gal, 0.67% (w/v) yeast nitrogen base
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without metals, and 0.2% (w/v) appropriate amino acids buffered at pH 6
with 50 mM MES. Cells at midexponential phase were harvested and trans-
ferred to liquid synthetic complete-uracil medium containing 2% (w/v) Gal at
pH 4.6 for induction of the Gal promoter. After cells were cultured for 2 h, the
precultured yeast was adjusted to an optical density at 600 nm value of 3.0 by
reducing the amount of liquid. Ten micromolar ZnSO4 was then added to the
medium. After 6 h of incubation with gentle shaking, cells were harvested by
centrifugation, washed three times with deionized water, and then digested
with 2 N HCl. The concentration of zinc in the digest solution was determined
by ICP-MS. Three biological replicates for each treatment were made.

For evaluation of cadmium tolerance in yeast (BY4741 and INVSc1),
transformants were cultured and spotted on synthetic complete-uracil plates
containing Glc or Gal and supplemented with 0, 15, 20, or 30 mM CdSO4. The
plate was incubated for 3 d at 30°C.

Statistical Analysis

Data were analyzed using one-way ANOVA followed by Student’s t test or
Tukey’s test. Significance was defined as *P , 0.05 or **P , 0.01.

Sequence data from this article can be found in the GenBank/EMBL da-
tabases under accession number AB697186 for OsHMA2.
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