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P,g-type heavy-metal ATPases (HMAs) are transmembrane metal-transporting proteins that play a key role in metal homeo-
stasis. Despite their importance, very little is known about their functions in monocot species. We report the characterization of
rice (Oryza sativa) OsHMAY, a member of the P, ;-type ATPase family. Semiquantitative reverse transcription-polymerase chain
reaction analyses of seedlings showed that OsHMA9 expression was induced by a high concentration of copper (Cu), zinc (Zn),
and cadmium. We also determined, through promoter::8-glucuronidase analysis, that the main expression was in the vascular
bundles and anthers. The OsHMA9:green fluorescence protein fusion was localized to the plasma membrane. Heterologous
expression of OsHMA9 partially rescued the Cu sensitivity of the Escherichia coli copA mutant, which is defective in
Cu-transporting ATPases. It did not rescue the Zn sensitivity of the zntA mutant, which is defective in Zn-transporting ATPase.
To further elucidate the functional roles of OsHMAY, we isolated two independent null alleles, oshma9-1 and oshma9-2, from the
T-DNA insertion population. Mutant plants exhibited the phenotype of increased sensitivity to elevated levels of Cu, Zn, and
lead. These results support a role for OsHMA9 in Cu, Zn, and lead efflux from the cells. This article is the first report on the

functional characterization of a P;5-type metal efflux transporter in monocots.

A number of heavy metals, including copper (Cu),
zinc (Zn), manganese, and iron, are essential micro-
nutrients for a wide variety of physical processes.
These micronutrients can serve structural roles in pro-
teins, act as enzyme cofactors, and function in cellular
redox reactions (Williams and Mills, 2005). However,
when present in excess, they can have deleterious
effects because of their reactive nature (Schutzendubel
and Polle, 2002). For example, Cu is an essential
element for plant growth and is important in various
biochemical reactions but, at toxic levels, it interferes
with numerous physiological processes (Fernandes
and Henriques, 1991). Likewise, Zn acts as a nutrient,
but can be very toxic at higher concentrations (Rout
and Das, 2003). Furthermore, some metals, such as cad-
mium (Cd), mercury, silver, and lead (Pb), are generally
considered nonessential to plants and are potentially
highly toxic because of their reactivity with sulfur and
nitrogen in amino acid side chains (Clemens, 2001).
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Accumulations of these heavy metals in plants can
occur following their uptake from contaminated soil,
which can then lead to toxic levels in animals feeding
on them (Mills et al., 2005). To maintain the concen-
tration of essential metals within physiological limits
and to minimize the detrimental effects of nonessential
metals, plants, like other organisms, trigger a complex
network of homeostatic mechanisms to control their
uptake, accumulation, trafficking, and detoxification
(Clemens, 2001). Specialized transport proteins, in the
form of channels, carriers, or pumps, mediate the move-
ment of heavy metals through membranes (Williams
et al., 2000). Several types of heavy-metal transporters
have now been cloned from plants (Williams et al.,
2000; Clemens, 2001).

The ion pumps in the P-type ATPase superfamily
share a common enzymatic mechanism in which ATP
hydrolysis aids in transporting ions across the mem-
brane (Pedersen and Carafoli, 1987). P-type ATPases,
found in all types of living organisms, are used to trans-
locate a diverse set of ions, including H",Na™ /K", H"/
K", and Ca”", plus heavy metals and possibly lipids
(Axelsen and Palmgren, 1998; Kuhlbrandt, 2004). This
superfamily is divided into five major branches and 10
subfamilies, according to the substrate being transported.
All the heavy-metal pumps from bacteria, plants, and
humans share significant sequence similarities and are
clustered together as the P,; subfamily (Axelsen and
Palmgren, 1998). P,p-type heavy-metal ATPases (HMAs)
have been implicated in the transport of a range of
essential as well as potentially toxic metals across cell
membranes. This HMA group can be subdivided into
two distinct clusters through phylogenetic analyses
(Rensing et al., 1999). The Cu cluster has members with
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arolein Cuand silver transport, whereas the Zn cluster
proteins transport Zn and other heavy metals (e.g.
cobalt, Cd, and Pb; Axelsen and Palmgren, 2001).

Of the eight P,;-ATPases in Arabidopsis (Arabidopsis
thaliana), four belong to the Cu cluster and four to the
Zn cluster (Baxter et al., 2003). AtHMAG6/PAA1, the
first HMA cloned from Arabidopsis (Tabata et al.,
1997), plays a critical role in the Cu transport system in
chloroplasts, being responsible for cofactor delivery to
stomatal Cu/Zn superoxide dismutase (Shikanai et al.,
2003). AtHMAS8/PAA2, closely related to AtHAMS,
transports Cu into the thylakoid lumen to supply
plastocyanin (Abdel-Ghany et al., 2005). AtHMAS is
strongly and specifically induced by Cu in whole
plants and T-DNA insertion alleles of AtHMAS5 are
hypersensitive to Cu, suggesting that AtHMAS plays a
key role in transmembrane transport while also inter-
acting with plant metallochaperones (Andres-Colas
et al., 2006). AtHMA7/RAN1 may be important in the
delivery of Cu ions to ethylene receptors (Hirayama
et al.,, 1999). Complementation of the yeast (Saccharo-
myces cerevisiae) ccc2 mutant by AtHMAY7 confirms its
function as a Cu transporter. Although AtHMA1 phy-
logenetically falls in the Zn cluster, yeast expression
experiments demonstrated that AtHMA1 is involved
in Cu homeostasis (Seigneurin-Berny et al., 2006).
Proteomic analyses of the Arabidopsis chloroplast
envelope identified AtHMAT1 as one of the candidates
for metal transporters. Characterization of Arabidop-
sis hmal mutants revealed lower Cu content in chlo-
roplasts and diminution of the total chloroplast
superoxide dismutase activity. ATPase activity of
AtHMAT1 in purified chloroplast envelope membranes
was specifically stimulated by Cu, demonstrating that
the protein is an envelope ATPase, delivering Cu ions
to the stroma (Seigneurin-Berny et al., 2006).

The Zn cluster P;p-ATPases play a role in metal
detoxification. The increase in Zn*" and Cd*" levels in
hma?2 2plants indicates that AtHMAZ2 drives the efflux
of Zn*" from the plant cells and also controls the levels
of nonphysiological heavy metals, such as Cd** (Eren
and Arguello, 2004). Disruption of AtHMA4 function
resulted in increased sensitivity to elevated levels of
Cd and Zn (Verret et al., 2004; Mills et al., 2005). An
hma2 hma4 double mutant showed a chlorotic, stunted
phenotype that can be rescued by exogenous Zn
application, indicating that the primary role of these
transporters is likely to be in the translocation of Zn
(Hussain et al., 2004). AtHMAS3 functions as a Cd/Pb
transporter in yeast, whereas the AtHMAS3::GFP is
localized to the vacuole, suggesting a role in the influx
of Cd into the vacuolar compartment (Gravot et al.,
2004). Unfortunately, most of the knowledge concern-
ing plant P,g-type ATPases has been acquired from
dicot species (Colangelo and Guerinot, 2006; Grotz
and Guerinot, 2006; Broadley et al., 2007; Krdmer et al.,
2007). Therefore, the functional characterization of
P,5-type HMA from monocot species is important to
determine whether those same crucial roles are found
in dicot species.
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Rice (Oryza sativa) is an important food source for
half the world’s population. It is the first crop species
to be sequenced and, therefore, has great impact in
agricultural research (Goff et al., 2002; Yu et al., 2002;
International Rice Genome Sequencing Project, 2005).
Analysis of its genome sequences have resulted in the
identification of nine P,z-type HMA genes (Williams
and Mills, 2005). By contrast, 10 members of P;;-type
HMAs have been reported in barley (Hordeum vulgare;
Williams and Mills, 2005). In this study, we character-
ized a rice Pjp-type ATPase, OsHMAY, through mo-
lecular and genetic approaches. We have previously
reported the establishment of T-DNA insertional mu-
tant lines in japonica rice (Jeon et al., 2000; Jeong et al.,
2002; Ryu et al., 2004). To facilitate the use of those
lines, we have also determined the sites where T-DNA
is inserted and have established a database of the
insertion sites (An et al., 2003; Jeong et al., 2006). From
that mutant population, we have now obtained two
independent T-DNA insertions in the OsHMAY gene.
Using knockout plants, we have investigated here the
role of OsHMAY for heavy-metal transport in rice.

RESULTS
Expression Analysis of Rice P,;-Type ATPase Genes

A database search for rice protein sequences be-
longing to the P,;-type ATPases identified a family of
nine proteins (Baxter et al., 2003; Williams and Mills,
2005). Phylogenetic analysis showed that OsHMA1
through OsHMAS3 belong to the Zn cluster, whereas
OsHMA4 through OsHMADO are part of the Cu cluster.
Several of their ESTs were present in cDNA libraries
prepared from panicles, seedling roots, or green
shoots, indicating that these genes are functional in
various organs. We investigated the expression pat-
terns of the Cu subgroup (OsHMA4-OsHMAY) using
semiquantitative reverse transcription (RT)-PCR with
gene-specific primers located at the 3’ end of each
gene, which does not cover any conserved sequences
(Fig. 1). Because introns occurred between the primers,
genomic DNA contamination could be distinguishable
from the cDNA (i.e. PCR bands longer than the ex-
pected cDNA size were likely from the genomic
DNA). We used short PCR cycles to avoid saturation
and the products were hybridized with each OsHMA

robe.
P During vegetative growth, OsHMA4, OsHMA5, and
OsHMA9 were more strongly expressed in the roots
of 30-d-old seedlings than in the leaves, whereas
OsHMAG6, OsHMA7, and OsHMAS were more strongly
expressed in the leaves (Fig. 1A). The OsHMA9 mRNA
level was higher in fully expanded mature leaves
at the flowering stage compared with young leaves,
suggesting that expression is increased as leaves
senesce (Fig. 1A). To further investigate this possibility,
we examined 60-d-old plants producing six leaves
from the main shoot. Our analysis showed that the
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Figure 1. Expression analysis of OsHMA4-9. A, Spatial expression
patterns of genes OsHMA4 through OsHMA9. Semiquantitative RT-
PCR was performed with cDNA prepared from various vegetative and
reproductive organs: 1 and 2, Shoots and roots of 7-d-old seedlings; 3,
4, and 5, leaves, stems, and roots of 30-d-old plants; 6, fully expanded
mature leaves at flowering stage; 7 and 8, panicles about 5 and 15 cm
long; 9 and 10, immature seeds 3 and 9 d after pollination. OsAct1 is
shown as internal control. B, Expression of OsHMA9 according to leaf
position in 60-d-old plants. Positions are indicated by order of appear-
ance. Experiments were performed at least twice or more when results
were not consistent. The most representative results are shown.

OsHMAQ9 transcript level was higher in older leaves,
implying that OsHMA9 might function in metal mo-
bilization as those tissues mature. In Arabidopsis,
AtHMA7/RAN1 also is induced during leaf senes-
cence, contributing to nutrient mobilization (Himelblau
and Amasino, 2001). All of the genes were weakly ex-
pressed in the stems and were also more weakly ex-
pressed in the reproductive organs than in the vegetative
tissues (Fig. 1A). Expression of OsHMA4, OsHMAG,
and OsHMAS were relatively constant throughout the
various stages of panicle and seed development. How-
ever, expression levels of OsHMAb5 and OsHMA7 were
stronger in the seeds, whereas that of OsHMA9 de-
creased in older panicles and seeds.

To evaluate the relationships between OsHMA
genes and heavy metals, we performed dose-response
experiments. Seven-day-old seedlings grown on
Murashige and Skoog medium (containing 0.1 um
Cu and 30 um Zn) were transferred to liquid medium
supplemented with different concentrations of Cu, Zn,
Pb, or Cd. Samples were harvested 3 or 6 h after this
treatment (Fig. 2). Afterward, expression of OsHMA4,
OsHMA?7, and OsHMAS was only slightly, but not
significantly, enhanced under these conditions. In con-
trast, expression of OsHMAS5 and OsHMA6 was induced
by such treatment. Finally, in the case of OsHMASY,
high concentrations of Cu, Zn, or Cd increased tran-
script levels, but Pb had no effect. Therefore, we might
suggest that at least three OsHMAs (OsHMA5, OsHMAG®,
and OsHMADY) play roles in heavy-metal detoxifica-
tion. Among those three, we selected OsHMA9 for
further analysis.
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Expression Analysis of OsHMA9 Using the GUS
Reporter Gene

To study the spatial and temporal expression pat-
terns of OsHMAY in planta, we fused the 0.9-kb frag-
ment carrying the OsHMA9 promoter to the GUS gene.
Transgenic rice plants expressing that construct were
generated by Agrobacterium-mediated cocultivation.
Of the eight independent transformants examined
here, seven manifested a consistent staining pattern.
Histochemical GUS staining of 7-d-old seedlings
showed that overall staining was much stronger after
treatment for 6 h with 500 um Cu (Fig. 3A), which
coincided with RT-PCR results that demonstrated that
the OsHMA9 gene was inducible by a high Cu level.
When seedlings were treated for 6 h with 10 mm Zn or
500 um Cd, GUS activity was increased, compared
with the untreated plants (Supplemental Fig. S1). In
cross sections of the seminal roots, strong GUS activity
was observed in the vascular cylinder (Fig. 3B). In the
differentiation zone, where lateral roots develop, ex-
pression expanded to the cortex region, but was not
detectable in young lateral roots (Fig. 3C). In the leaves
and sheaths, GUS activity was as strongly detected in
the vascular bundles as in the roots and was also
detected in the mesophyll cells, but only weakly in the
epidermal cells (Fig. 3, D-F).

In the developing spikelets, GUS activity was de-
tectable mainly in the anthers (Fig. 3G). Cross sections
at the young microspore stage showed activity in both
the anther wall and the microspore (Fig. 3, H and I). At
later stages, activity was mainly detectable in the
anther wall (Fig. 3, ] and K). In cross sections of the
subordinate portions, GUS activity was present at low
levels in the ovary (Fig. 3L). These results are, again,
consistent with those from our RT-PCR analysis, dem-
onstrating that OsHMAS is strongly expressed in the
stamens (Supplemental Fig. S2).

OsHMA9 Is a Membrane Protein

For further insight into the functioning of OsHMAJ9,
we analyzed its subcellular distribution by expressing a
fusion protein with GFP. The program ARAMEMNON
(http:/ /aramemnon.botanik.uni-koeln.de) predicted
with high probability that OsHMA9 may be localized
to the plasma membrane. To confirm this, DNA
constructs encoding OsHMA9:GFP and AtAHA2:red
fluorescent protein (RFP) under the control of the
cauliflower mosaic virus 35S promoter were simulta-
neously introduced into onion (Allium cepa) epidermal
cells by particle bombardment. AtAHA2 is an Arabi-
dopsis H'-ATPase that localizes to the plasma mem-
brane (Kim et al., 2001). After 16 h of incubation,
expression of the introduced genes was examined
under a fluorescent microscope with two different
filters to visualize the GFP and RFP images (Fig. 4).
The green fluorescent signal was detected from the
plasma membrane (Fig. 4A) and coincided with an
RFP signal driven by the AtAHA?2 image (Fig. 4, B and
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Figure 2. Dose-response analyses
for expression of OsHMA4-9. Seven-
day-old plants were treated for 3 or
6 h in liquid medium containing dif-
ferent concentrations of Cu, Zn, Pb,
or Cd. Representative results from at
least two replicates are shown for
each section. In each experiment,
three plants were used for RNA ex-
traction of each indicated metal con-
centration and time.
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C). In contrast, fluorescence of GFP alone was ob-
served throughout the cytoplasm and nucleus (Fig.
4D). These results, together with its demonstrated
inducibility by metals, suggest that OsHMA9 is a
metal transporter located in the plasma membrane.

Heterologous Expression of OsHMASY in Escherichia coli

Because the OsHMAY protein belongs to the Cu
ATPase subclass phylogenetically, we investigated
whether OsHMA9 could transport Cu in Escherichia
coli. OsHMA9 c¢cDNA was expressed in an E. coli
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Figure 3. OsHMA9 promoter-
driven GUS expression pattern. A,
Seven-day-old seedling grown in
one-half-strength  Murashige and
Skoog medium (control; left) or
treated with 500 um CuCl, for 6 h
(right). B to F, Cross sections of 10-d-
old seedlings at indicated posi-
tion (dotted line) in A; seminal root
(B), lateral root (C), shoot (D), mid-
rib region (E), and leaf blade (F). G,
Temporal and spatial expression
patterns of OsHMA9-GUS fusion
construct in spikelets at various
stages, as defined by extent of
anther development. Sample T,
Meiosis; 2, tetrad; 3, early young
microspore; 4, late young micro-
spore; 5, vacuolated pollen; and 6,
late pollen mitosis. H, Cross section
of sample 3 from G at indicated
position. I, Close-up image of an-
ther from H. J, Cross section of
sample 5 from G at indicated posi-
tion. K, Close-up image of anther
from J. L, Cross section of sample 5
from G at indicated position. B, C,
and H to L, Dark-field images where
GUS activities are visualized as red
signals. In other images, GUS stain-
ing is shown in blue. A, Anther; Ar,
aerenchyma; B, bulliform cell; C,
cortex; Cn, connective tissues; ED,
endodermis; EP, epidermis; EX, exo-
dermis; G, glume; L, lemma; LR,
lateral root; M mesophyll; P, palea;
PL, phloem; Po, pollen; T, tapetum;
V, vascular bundle; X, xylem. Bars =
1T cmin A; 50 um in B to Fand L;
1 mm in G; 100 wm in H and J; and
25 um in I and K.

mutant with a disruption in CopA, which encodes
the Cu efflux Pz-type ATPase (Rensing et al., 2000).
Expression of OsHMAY partially rescued Cu sensitiv-
ity in the mutant (Fig. 5A), indicating that the protein
is a Cu efflux transporter. Similar experiments using a
range of Zn and Cd concentrations were also per-
formed, but no differences in growth were seen be-
tween the copA mutant and the control, wild-type
strains (data not shown). We also tested the growth
rate of the copA mutant expressing OsHMAY in Luria-
Bertani medium containing 2 mm CuSO, (Fig. 5B).
Under such conditions, that rice gene was able to
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A

Figure 4. Subcellular localization of OsHMA9:GFP fusion protein.
Onion cells were cotransformed with OsHMA9:GFP and AHA2:RFP
fusion constructs via particle bombardment; fluorescent signals were
examined 16 h after transfection. A, Green fluorescence image. B, Red
fluorescence image. C, Merged images of A and B. As a control,
expression of GFP alone was analyzed (D). Bars = 25 um.

restore the mutant growth rate, suggesting a role in
prompting Cu efflux from the cytoplasm.

Because OsHMAJY is also induced by high Zn expo-
sure, we examined whether OsHMA9 could transport
Zn in E. coli. OsHMA9 cDNA was expressed in an E.
coli mutant with a disruption in ZntA, which encodes
the Zn efflux P,z-type ATPase (Rensing et al., 1997).
Here, expression of OsHMA9 did not result in a
significant increase in Zn resistance in the zntA mutant
(Supplemental Fig. S3).

Isolation of T-DNA Insertion Mutant Alleles of OsHMA9

To further examine the functional roles of OsHMA9
in plants, we identified two independent T-DNA in-
sertion alleles from the rice-flanking sequence tag
database (An et al., 2003; Jeong et al., 2006). T-DNA
was inserted into the first intron of OsHMA9 in
oshma9-1 and into the ninth intron in oshma9-2 (Fig.
6A). T2 progeny were obtained and homozygous
knockout plants were selected by PCR, using gene-
specific primers, located on the 3’ end of OsHMAY, as
well as T-DNA primers (Fig. 6A). When its transcript
levels were examined in T-DNA homozygous plants,
both alleles were found to be null (Fig. 6B). Because the
T-DNA was inserted at the end of OsHMAZ9 in oshma9-2,
we tested the presence of a truncated transcript using
primers located before that T-DNA insertion (Supple-
mental Fig. S4). In fact, a truncated transcript was
detected in oshma9-2 but not in oshma9-1. Although a
truncated protein may have been produced in the
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former, it was unlikely to be functional because the
phenotypes of oshma9-2 and oshma9-1 are identical.
Therefore, we can conclude that, although the C-terminal
region is not well conserved among the proteins in that
family, it is necessary for protein functioning.

OsHMA9 Knockout Plants Are Sensitive to Elevated
Levels of Cu, Zn, Pb, and Cd

Because the expression of OsHMA9 was induced by
heavy metals and its heterologous expression was
restored in the E. coli copA mutant, we hypothesized
that OsHMA9 might play a role in heavy-metal de-
toxification. The oshma9/oshma9 homozygous plants
and their segregating wild-type siblings were indis-
tinguishable when grown in soil or on solid medium
containing one-half-strength Murashige and Skoog
salts.

To test the effect of heavy metals on the growth of
rice seedlings, we performed a dose-response exper-
iment. Wild-type and knockout plants were grown for
12 d in solid medium supplemented with different
concentrations of Cu, Zn, Pb, or Cd to determine at
what levels the aberrant phenotypes would become
apparent. Plant height, fresh weight, and chlorophyll

A 2

—— LMGI¥H
B+ copA-pSK
=—A= copA-OsHMAY

1.6

f
1.2

ODs0o mm

0.8

04

[CuSO, mM

—l— LMG194
1.6 | - -= - copA-pSK
— k= COpA-OsHMAY

1.2

ODéo0 mm

0.8

PR
.-

04| ATk

-

Hours

Figure 5. Heterologous expression of OsHMA9in E. coli. A, Growth of
wild-type (LMG194), copA mutant transformed with vector alone
(copA-pSK) and copA mutant transformed with pBluescript/ OsHMA9
(copA-OsHMAY) in Luria-Bertani medium with indicated concentra-
tion of CuSO,. B, Growth of wild-type, copA-pSK, and copA-OsHMA9
in Luria-Bertani medium supplemented with 2 mm CuSO,. Represen-
tative results from two replicates are shown for each image. Four
samples were used in each replicate.
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Figure 6. Isolation of OsHMA9 knockout plants. A, Schematic diagram
of OsHMA9 and insertion positions of T-DNA. Dark-gray boxes rep-
resent 10 exons; connecting black lines are nine introns. In line
1B03522, T-DNA was inserted into first intron (oshma9-1); in line
3A50792, into the ninth intron (oshma9-2) of OsHMA9. Horizontal
arrows indicate primers (F1, R1, F2, and R2) used for genotyping T2
progeny. Fw, OsHMA9-specific forward primer; Rv, OsHMA9-specific
reverse primer. B, RT-PCR analysis of OsHMA9 expression. Two
replicates for wild type and oshma9 are shown. OsHMA9-specific
primers (Fw and Rv) were used for RT-PCR analysis, with total RNA
prepared from oshma9-1, oshma9-2, or wild-type (WT) plants at
seedling stage. Rice actin (OsAct1) mRNA was amplified to show an
equal amount of RNA in each sample.

content were measured to monitor sensitivity to heavy
metals (Fig. 8; Supplemental Figs. S5-58). When both
genotypes were reared under normal conditions, all
three growth parameters were similar between oshma9
and wild-type plants (Figs. 7A and 8). However, as
concentrations of those four heavy metals increased,
performance was inhibited in a dose-dependent man-
ner (Supplemental Figs. S5-58). Treatment with Cu at
less than 100 um did not lead to significant differences
between genotypes, but, at 300 um Cu, development
by the knockout plants was diminished compared
with the wild type (Fig. 7; Supplemental Fig. S5).
Under such treatment, plant height for oshma9-1 and
oshma9-2 was reduced to 70% and 81%, fresh weight to
73% and 71%, and chlorophyll content to 75% and
64%, respectively, compared with the wild type (Fig. §;
Supplemental Fig. S5). Likewise, growth of the mu-
tants was retarded in Zn- or Pb-containing medium
(Figs. 7 and 8; Supplemental Figs. 56 and S7). These
results demonstrate that OsHMADJ is required for con-
ferring tolerance to high levels of Cu, Zn, and Pb. The
mutants also showed some sensitivity to Cd, but not as
significant as the other metals (Supplemental Fig. S8).

oshma9 Mutants Accumulate More Zn, Cu, Pb, and Cd

If OsHMAO9 is indeed a metal efflux transporter,
than metal content should be higher in the knockout
plants than in wild types. We therefore measured
those levels in 12-d-old knockout and wild-type seed-
lings that had been exposed to high concentrations of
heavy metals. When plants were treated with 100 um
Cu, which did not cause any significant growth de-
fects, metal content in shoots did not differ between
the mutant and the wild type. However, when grown
on medium containing 300 uM Cu, shoots of oshma9-1
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and oshma9-2 plants contained 1.3-fold more Cu (Fig.
9). Similarly, higher amounts of Zn, Pb, and Cd were
accumulated in the shoots when seedlings were grown
with elevated concentrations of those metals. In con-
trast, none, except Pb, was accumulated in the roots
(Fig. 9). Therefore, these results support our conclu-
sion that OsHMADO is a metal efflux transporter, espe-
cially in the shoots.

DISCUSSION

All living organisms must maintain an adequate
supply of the metal ions required for vital cellular
processes, but it is crucial that these be prevented from
accumulating to toxic levels. Tolerance in plants grown
on metal-polluted soil can be accomplished either by
excluding the uptake mechanisms from the roots, or
by metal efflux, compartmentation, and detoxification
following that uptake. Interest is growing in research
on the metal-transport mechanism to understand the
behavior of heavy metals in the soil-plant system. In
dicot species, P;z-type ATPases play a role in metal
detoxification via efflux (Lee et al., 2003; Williams and
Mills, 2005; Andres-Colas et al., 2006). Despite their
importance, however, very little is known about the
functioning of P,;-type ATPases in monocot species.

In this study, we determined the expression patterns
for six members of the Cu cluster. Among them,
OsHMA4, OsHMAS5, and OHMA9 were more prefer-
entially expressed in the roots, whereas the rest were
detected almost equally throughout the seedlings.
OsHMA9 and OsHMADS are closely related to Arabi-
dopsis AtHMA7 and AtHMAS, respectively. Expres-
sion of OsHMA4, OsHMA7, and OsHMAS8 was not
significantly enhanced under high concentration of
Cu, Zn, Pb, or Cd. In contrast, expression of OsHMAS5,
OsHMAG6, and OsHMA9 was induced by such treat-
ment, suggesting that at least three OsHMAs (OsHMAD5,
OsHMAG®6, and OsHMAD9) play roles in heavy-metal de-
toxification. Among those three, we selected OsHMA9
for further analysis because it was more specifically
induced by Cu and Zn. The OsHMA9 gene was mainly
expressed in vascular tissues, including the xylem and
phloem, an observation consistent with a role in the
loading and unloading of heavy metals in those tissues.
In the leaves, OsHMA9 was also weakly expressed in
the mesophyll tissues, a major storage site for heavy-
metal ions, again indicating internal detoxification (Ma
et al., 2004).

In developing spikelets, expression was strong in
the anthers. At the early stages, OsHMA9 was ex-
pressed in all cell types within the anthers. However,
in later development, its expression was prominent in
the walls. The importance of metal transport in anthers
has been previously reported. For example, promoter-
GUS fusion analysis of AtHMA2 and AtHMA4 has
revealed their strong expression in anthers, indicating
these two transporters play a specific role in the
delivery of Zn to male reproductive tissues (Hussain
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Figure 7. Phenotype comparison WT  oshma9-1
of wild-type and oshma9plants grown
under elevated levels of heavy-metal
ions. Wild-type, oshma9-1 (A-E),
and oshma9-2 (F-)) plants were
grown for 12 d on solid agar con-
taining one-half-strength Murashige
and Skoog medium (A and F), me-
dium supplemented with 5 mm
ZnCl, (B and G), 3 mm lead tartrate
(Cand H), 500 um CdCl, (D and 1), or
300 um CuCl, (Eand)). For each, two
plants at left are wild-type control
and two plants at right are oshma9
grown under the same conditions.
Bars = 5 cm.

et al., 2004). COPT1, the Arabidopsis high-affinity Cu
transporter, also is highly expressed in pollen; defec-
tive pollen development in COPT1 antisense plants is
specifically reversed by Cu (Sancenon et al., 2004),
supporting a role for its delivery during normal de-
velopment. AtHMADS is as strongly expressed as COPT1
in the pollen (Andres-Colas et al., 2006). As has been
proposed with Arabidopsis, OsHMAY probably plays a
role in metal delivery to rice anthers. Weak expression
in the ovary indicates that the protein might also deliver
metals in the female organ. However, in our OsHMA9
knockout plants, we were unable to find any develop-
mental defects in either anther or ovary. Therefore, we
might infer that other Cu transporters adequately
transport the Cu needed during the formation of those
reproductive organs.

To elucidate the functional roles of OsHMA9 in
planta, we assessed the growth of OsHMA9 knockout
plants on medium containing elevated levels of Cu,
Zn, Pb, and Cd. For these metals, growth was inhibited
compared with the wild type, as manifested by their
reduced height, fresh weight, and chlorophyll content.
Moreover, the oshma9 mutant accumulated more Cu,
Zn, Pb, and Cd than did the wild type in the shoots.
These results indicate that OsHMA9 plays a role in
metal detoxification when plants are placed in unfa-
vorable environments, such as with elevated metal ion
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concentrations. Other evidence for OsHAMO9 function-
ing as an efflux pump arose from our experiments
with E. coli. Heterologous expression partially rescued
the sensitivity to high Cu by the copA mutant, which is
defective in its endogenous Cu efflux pump. However,
OsHMAS9 did not complement the zntA E. coli mutant,
although disruption of OsHMAY led to greater accu-
mulation of Zn in the plants, indicating Zn transport
activity. AtHMA4 confers Cd resistance when expressed
in wild-type yeast, but not in the zntA E. coli mutant
(Mills et al., 2003, 2005). Disruption of AtHMA4 also
results in increased sensitivity to elevated levels of Cd
and Zn. These suggest that AtHMA4 serves an im-
portant role in metal detoxification at higher metal
concentrations (Mills et al.,, 2005). A range of yeast
mutants could be tested to further examine the role of
OsHMAS9 in Zn transport.

Although the OsHMAY gene is expressed in the
roots and shows similar metal regulation to the shoots,
oshma9 mutants accumulated metals (apart from Pb)
only in the shoots. It is possible that heavy metals are
more efficiently sequestered in roots.

OsHMAS9 is in the same subclass phylogenetically
with AtHMA7/RAN1, which functions in the delivery
of Cu ions to the ethylene receptor (Hirayama et al.,
1999). Further works are needed to elucidate the roles
of OsHMADO in ethylene-signaling pathways.

Plant Physiol. Vol. 145, 2007
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Figure 8. Phenotypic analysis of wild-type and oshma9 plants grown in medium containing indicated levels of heavy-metal ions.
Seeds were germinated and grown for 12 d on one-half-strength Murashige and Skoog agar medium with or without the
indicated concentration of CuCl,, ZnCl,, lead tartrate, or 500 um CdCl,. Height (A) and fresh weight (B) were measured; data are
from two independent experiments. In each experiment, eight plants were used for measuring height and fresh weight.
Chlorophyll content (C) is average of four plants. Error bars represent st of 16 replicates for the height and fresh weight and eight

replicates for chlorophyll content. Significant differences from wild type were determined by Student’s t test. *, P < 0.05.

Rice contains nine P,5-type HMAs, a number high
in comparison with other nonplant eukaryotic spe-
cies, which have only one or two members (Baxter
et al., 2003). None of these rice P;; ATPases has
previously been characterized. Arabidopsis has eight
members, which have been characterized to some
extent (Williams and Mills, 2005; Andres-Colas et al.,
2006). Among the rice transporters, OsHMA6 and
OsHMADO form a subclass with Arabidopsis AtHMA7/
RAN1, which functions in the delivery of Cu ions
(Hirayama et al, 1999). Although OsHMA6 and
OsHMAS9 shared high sequence similarity, their ex-
pression patterns differed, with the latter being
strongly expressed in roots and the former being
expressed mainly in the leaves. OsHMA9 was more
strongly induced by Cu treatment than was OsHMAG6.
These results suggest a divergent role in Cu homeo-
stasis, although both genes require more detailed
analyses.

Plant Physiol. Vol. 145, 2007

OsHMAY9 contains conserved domains present in
ATP-driven efflux pump proteins. These include an
aspartyl kinase domain (DKTGT), a GDGXNDXP do-
main (GDGINDSP in OsHMA9), and an E1-E2 ATPase
domain characterized by a region with PXD and TGE
motifs. The most commonly discussed motif is the
heavy-metal-associated domain (Jordan et al., 2001),
which typically includes a GMXCXXC sequence. This
is present in OsHMA9 in two copies—GMTCSAC and
GMTCANC. Research on AtHMADJ5 has revealed two
HMA domains present in the amino-terminal region,
both of which interact with Arabidopsis ATX1-like
chaperones in vivo, indicating a role for AtHMAS5 in
metal compartmentalization and detoxification (Andres-
Colas et al., 2006). Further work is needed to deter-
mine the functional roles of these motifs. Nevertheless,
taken together, our results strongly indicate that
OsHMAJ9 is a heavy-metal efflux protein present in
the plasma membrane.
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Figure 9. Accumulations of Cu,
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MATERIALS AND METHODS
Plant Growth

Surface-sterilized seeds of oshma9-1, oshma9-2, and wild-type rice (Oryza
sativa ‘Dongjin’) were germinated on one-half-strength Murashige and Skoog
medium comprising 1.5% Suc, 0.2% phytagel, and 0.28 mM myoinositol
(Sigma). Seedlings were grown for 7 d at 27°C under continuous light, then
transferred to soil in the greenhouse and raised to maturity.

Semiquantitative RT-PCR Analysis

Total RNA was isolated from each tissue type with the RNA isolation kit
(Tri Reagent; MRC). For cDNA synthesis, we used 2 ug of total RNA as tem-
plate plus Moloney murine leukemia virus reverse transcriptase (Promega) in
a 25-uL reaction mixture. RT-PCR was performed in a 50-uL solution con-
taining a 1-uL aliquot of the cDNA reaction, 0.2 uM of gene-specific primers,
10 mm dNTPs, and 1 unit of rTag DNA polymerase (TaKaRa Shuzo). PCR
conditions included 23 cycles (OsAct1) or 25 cycles (OsHMA4-OsHMA9) of
denaturation at 94°C for 45 s, annealing at 55°C for 45 s, and extension at 72°C
for 90 s. We performed a minimal number of cycles to ensure that the reaction
was not saturated. PCR products were barely visible when the agarose gels
were stained by ethidium bromide. These were separated by electrophoresis
on a 1.2% agarose gel, blotted onto a nylon membrane, and hybridized with
the ¥P-labeled probe specific to each gene, generated from the nonconserved
3’ end regions. Primers are shown in Table I. To test the expression levels of
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OsHMA4 through OsHMA9 under heavy-metal stress, 7-d-old plants were
floated on one-half-strength Murashige and Skoog medium with or without
different concentrations of Cu, Zn, Pb, or Cd. After 3 and 6 h of treatment, leaf
and root tissue samples were frozen in liquid nitrogen.

Isolation of OsHMA9 Knockout Plants

Two OsHMA9 knockout alleles were isolated from the rice-flanking se-
quence tag database (http::/ /www.postech.ac.kr/life/pfg). T2 progeny of the
primary insertional mutants were grown to maturity to amplify the seeds.
Genotypes of the progeny were determined by PCR, with three primers. For
the oshma9-1 line, two OsHMA9-specific primers (F1, 5'-TGCAATTTTGG-
GTTTTAGCTG-3' and R1, 5'-CTGGGATAATTTCTGCGTCAA-3') and a
T-DNA-specific primer (LB-2, 5'-ACGTCCGCAATGTGTTATTAA-3') were
used. For oshma9-2, the OsHMA9-specific primers (F2, 5'-ATCGGCCTTCC-
TTTTCTCAT-3" and R2, 5'-TTTCTTTGGCAAGCTCCCTA-3') and a T-DNA-
specific primer (RB-2, 5'-CAAGTTAGTCATGTAATTAGCCAC-3') were used.

Construction of the OsHMA9 Promoter-GUS Fusion
Molecule and GUS Assay

Genomic sequences (—900 to —1 bp from the translation initiation codon)
containing the promoter region of OsHMA9 were amplified by PCR, using two
primers (pf, 5'-AAAAGCTTCACTGTCAGAGCGAAACAAAAATG-3' and
pr, 5'-AAAGGATCCGCCGAGAGCTGCAGGTGGGCCAT-3'). The fragment
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Table 1. Nucleotide sequences of the primers used for RT-PCR analysis

Gene Forward Primer (5'-3") Reverse Primer (5'-3")
OsActl GTATCCATGAGACTACATACAACT TACTCAGCCTTGGCAATCCACA
OsHMA4 CCAACCTTCGAGACTCTTCA GCATGGGACCTCAGTAAATG
OsHMAS5 GGGGCTAATCATGGGGTACT GAACTCCTGTCTTCGCGTTC
OsHMA6 ATAATGGAGGAGGCCGAACT CCTGCCTTTTCATGTGGAGT
OsHMA7 TGCTGGGGAAATATCTGGAG CTTCTGAACTGGAGCCCTTG
OsHMA8 CGGTGAATGAGAATGGTGTG TCTTGTCGAAAACGATGCAG
OsHMA9 CAGTAATCGGAGGGACAATG GTGATGAAACGGTGAAGAGG

was connected to the GUS-NOSt cassette (derived from pBI 101.2) and ligated
into pCAMBIA1302, resulting in pGA2880. This plasmid was transferred to
Agrobacterium tumefaciens strain LBA4404 with the freeze-thaw method (An
etal., 1988). Transgenic plants carrying the above construct were generated by
Agrobacterium-mediated cocultivation (Lee et al., 1999). Histochemical GUS
staining of transgenic plants was performed according to the method de-
scribed by Jefferson et al. (1987), except for the addition of 20% methanol to the
staining solution (Dai et al., 1996). Sections (10 um) were prepared as
previously described by Jung et al. (2005) and were observed with a micro-
scope (Nikon) under bright- and dark-field illumination.

Subcellular Localization of the OsHMA9-GFP Fusion
Protein in Onion Epidermal Cells

Full-length OsHMA9 ¢cDNA was PCR amplified using the primer pair of
gf (5'-AATCTAGACAGGCATGGCCCACCTGCAGCTC-3') and gr (5'-AAA-
GATCTCTACAGTTATCTGCAACACGGTGG-3'). These primers contained
Xbal or BgIII sites (underlined sequences) to facilitate cloning of the amplified
cDNA. After sequence analysis, the OsHMA9 cDNA was cloned into the Xbal
and BamHI sites of the 326GFP vector (Lee et al., 2001). The AtAHA2:RFP
fusion molecule, under the control of the cauliflower mosaic virus 35S
promoter, was obtained from Inhwan Hwang (Pohang University of Science
and Technology). Onion (Allium cepa) cells were put in Murashige and Skoog
medium containing 0.4 mM mannitol during bombardment. The constructs
were introduced into onion epidermal cells by particle bombardment with the
Biolistic PDS-1000/He Particle Delivery system (Bio-Rad). Expression of GFP
and RFP was monitored at 12 h after transformation using a fluorescent
microscope (Axioplan2; Carl Zeiss).

Heterologous Expression of OsHMAY in Escherichia coli

The cDNA fragment containing an entire open reading frame for OsHMA9
was amplified through RT-PCR with the primer pair F (5'-AAGGTACCCAC-
CAAATATTCCCACCTCGCG-3') and R (5'-AATCTAGAGTGATGAAACG-
GTGAAGAGG-3'). These primers contained a Kpnl or Xbal site (underlined
sequences) to facilitate cloning of the amplified cDNA. The fragment was first
cloned into the pGEM-T vector (Promega). After sequence analysis, the
OsHMA9 cDNA was subcloned into the Kpnl and Xbal sites of pBluescript II
SK— (Stratagene). The resulting plasmid was introduced into two E. coli
strains: LMG194 or LMG194 with a copA mutation (Rensing et al., 2000). After
these strains were grown for 12 h in Luria-Bertani liquid medium containing
0 to 5 mm CuSO,, their cell densities were spectrometrically measured at
600 nm.

Measurements of Plant Growth and
Heavy-Metal Content

Wild-type and homozygote oshma9 seeds were germinated and their
seedlings grown for 12 d on solid medium containing one-half-strength
Murashige and Skoog salts and supplemented with or without different
concentrations of Cu, Zn, Pb, and Cd. Plants were collected and their weights
and shoot lengths were measured. To assess their chlorophyll content, leaves
were harvested and chlorophyll was extracted with 1 mL 80% acetone from
0.1-g samples. An aliquot of the extracts was taken to measure Ag; and Ay
with a spectrophotometer. Specific chlorophyll content was determined
according to the method of Arnon (1949). Heavy-metal content was measured
as previously described by Kim et al. (2002). Shoots of the 12-d-old plants were
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harvested and dissolved in 11 N HNO; in a 200°C oven. Total metal content
was then analyzed by atomic absorption spectroscopy (Solaar 989; Unicam
Atomic Absorption).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number NP_001058305.
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