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Plants take up large amounts of K� from the soil solution and distribute it to the cells of all organs, where it fulfills important
physiological functions. Transport of K� from the soil solution to its final destination is mediated by channels and
transporters. To better understand K� movements in plants, we intended to characterize the function of the large
KT-HAK-KUP family of transporters in rice (Oryza sativa cv Nipponbare). By searching in databases and cDNA cloning, we
have identified 17 genes (OsHAK1–17) encoding transporters of this family and obtained evidence of the existence of other
two genes. Phylogenetic analysis of the encoded transporters reveals a great diversity among them, and three distant
transporters, OsHAK1, OsHAK7, and OsHAK10, were expressed in yeast (Saccharomyces cerevisiae) and bacterial mutants to
determine their functions. The three transporters mediate K� influxes or effluxes, depending on the conditions of the
experiment. A comparative kinetic analysis of HAK-mediated K� influx in yeast and in roots of K�-starved rice seedlings
demonstrated the involvement of HAK transporters in root K� uptake. We discuss that all HAK transporters may mediate
K� transport, but probably not only in the plasma membrane. Transient expression of the OsHAK10-green fluorescent
protein fusion protein in living onion epidermal cells targeted this protein to the tonoplast.

K is the most abundant cation in living cells, thus
making the highest contribution to maintaining the
cellular electroneutrality and osmotic equilibrium.
Because K� was selected for these functions very
early in the evolution of life, the cellular processes
evolved in a K�-rich medium, and many of them
became dependent on K�. Many of these require-
ments were established before the Cambrian explo-
sion of plants, when they conquered the rocks emerg-
ing from the sea. Although these rocks offered a poor
nutritional environment, plants evolved on them, de-
veloping complex mechanisms of K� uptake, as well
as more cellular and physiological functions for K�,
when plants gained complexity. At present, soils are
less K� deficient than in the Cambrian era, but plants
are more complex and K� has to be moved to cells
that are physically very distant from the K� source.
As a result, transmembrane movements of K� are
crucial for the physiology of contemporary plants
(Kochian and Lucas, 1988; Rodrı́guez-Navarro, 2000).

Transmembrane K� movements in plants are me-
diated by several types of channels (Mäser et al.,
2001), and by transporters that belong to two fami-

lies, KcsA-TRK and Kup-HAK (Rodrı́guez-Navarro,
2000; Mäser et al., 2001). In the Arabidopsis genome,
there are 15 genes encoding two different types of
rather divergent K� channels, with 2P/4TM (two P
loops and four transmembrane domains) and 1P/
6TM structures (one P loop and six transmembrane
domains; Mäser et al., 2001). The functions of chan-
nels are diverse, mediating inward and outward
K� movements in plasma membrane and tono-
plast (Zimmermann and Sentenac, 1999; Ivashikina
et al., 2001; Mäser et al., 2001; Reintanz et al., 2002;
Schönknecht et al., 2002).

Transporters of the KcsA-TRK family in plants,
which are named HKT, exist in low numbers in the
same plant. There is only one HKT gene in Arabidop-
sis (Uozumi et al., 2000), and probably two genes in
rice (Oryza sativa cv Nipponbare; Horie et al., 2001)
and Eucalyptus sp. (Fairbairn et al., 2000). In contrast,
plant transporters of the Kup-HAK family, which are
called KT, HAK, and KUP, are almost as numerous as
channels. In the Arabidopsis genome, there are 13
genes encoding transporters of this type (Mäser et al.,
2001). Two distant members keep a low level of
identity, around 40% (Senn et al., 2001), and trans-
porters of this family are expressed in all or in most
plant tissues (Rubio et al., 2000). This suggests that
KT-HAK-KUP transporters play diverse and impor-
tant functions in the plant, a notion that is corrobo-
rated by the defects exhibited by two Arabidopsis
mutants in transporters of this family. In one of them,
a T-DNA insertion into the AtAKT3-KUP4 gene pro-
duces tiny root hairs (Rigas et al., 2001); in the other,
one amino acid change in the AtKT2-KUP2 trans-
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porter causes a short hypocotyl and small leaves
(Elumalai et al., 2002).

A remarkable characteristic of Kup-HAK transport-
ers is that the range of K� concentrations at which
they are active overlaps with other types of transport-
ers in bacteria, fungi, and plants. In Escherichia coli, the
Kup transporter exhibits low affinity as other K�

transporters (Bakker, 1993), and in fungi, HAK trans-
porters exhibit high affinity (Bañuelos et al., 1995) and
seem to be redundant with other high-affinity K�

transporters (Haro et al., 1999; Bañuelos et al., 2000). In
plants, KT-HAK-KUP transporters have been associ-
ated with high-affinity K� uptake in roots (Santa-
Marı́a et al., 1997; Fu and Luan, 1998; Kim et al., 1998;
Rubio et al., 2000), but recent findings using akt1 and
akt2 Arabidopsis mutants suggest that high-affinity
K� uptake in Arabidopsis roots is mediated by chan-
nels (Hirsch et al., 1998; Spalding et al., 1999; Dennison
et al., 2001). Moreover, there is increasing evidence
suggesting that many KT-HAK-KUP transporters are
low-affinity transporters (Quintero and Blatt, 1997;
Senn et al., 2001), which apparently overlap their K�

concentration range of activities with K� channels.
This apparent duplication of transporters with similar
affinities for K� could be explained if transporters
of the Kup-HAK family mediated active K�-H� co-
transport (Rodrı́guez-Navarro, 2000; Zakharyan and
Trchounian, 2001), and the other transporters were
uniporters allowing only electrochemical equilibrium.
This hypothesis would give a good explanation for the
extensive existence of Kup-HAK family of transport-
ers in so many different organisms, but needs to be
proved. Therefore, a reasonable understanding of K�

uptake in many organisms requires a more extensive
research of the functions of the Kup-HAK transport-
ers. Moreover, in plants, the problem is more complex
than in bacteria or fungi, because in addition to K�

uptake from the soil solution, the cation has to be
distributed to many cells by mechanisms that are not
well understood at the molecular level.

A plausible way to solve the questions posed at
present about the plant KT-HAK-KUP transporters
could be a systematic functional identification of all
them in a specific plant. This is possible in Arabidop-
sis because the entire genome has been sequenced
and many knockout lines are available. Although this
line of research in Arabidopsis is absolutely neces-
sary, Arabidopsis is not the best model for plants
with agronomic applications, and of the plants that
can be taken as models in agronomic research, rice is
the most interesting for many reasons: (a) The se-
quencing of the rice genome almost finished with the
concourse of private and public efforts; (b) its ge-
nome has a high degree of colinearity with those of
wheat (Triticum aestivum), barley (Hordeum vulgare),
and maize (Zea mays); and (c) rice is one of the most
important human foods (Cantrell and Reeves, 2002).

The aim of the present work was to obtain a com-
plete inventory of the rice HAK genes, after a mixed

approach of search in public and private databases,
and cDNA cloning. In addition, the cDNAs corre-
sponding to three selected genes were functionally
characterized by expressing them in yeast (Saccharo-
myces cerevisiae), bacteria, and in epidermal root on-
ion cells.

RESULTS

Inventory of HAK Transporters

After a systematic search in public databases and in
Monsanto Rice Genome Sequence Database
(MRGSD; Pharmacia Rice-research.org Program, St.
Louis), using as queries the barley HvHAK1 and
HvHAK2 transporters, we identified 14 genes in rice
that could encode HAK transporters (OsHAK2,
OsHAK3, OsHAK5–15, and OsHAK17). We also iden-
tified several identical expressed sequence tag (EST)
sequences with high homology to HvHAK1, which
corresponded to partial-length cDNAs prepared
from leaf, callus, panicle, and young roots. We iso-
lated this cDNA, as described below, and named it
OsHAK1. The cDNA OsHAK4 (Rubio et al., 2000) was
not further investigated.

In parallel with searches in databases, we per-
formed a systematic reverse transcriptase (RT)-PCR
cDNA cloning from rice seedlings grown at 3 mm K�

or in the absence of added K�, obtaining more than
100 HAK cDNA fragments. By restriction analysis,
we selected 35 clones for sequencing, from which all
but one corresponded to previously identified genes.
The new cDNA clone was named OsHAK16. Table I
summarizes these results and gives the reference se-
quence for each gene or cDNA.

Finally, we used the 17 identified coding sequences
as queries for an exhaustive database search of rice cv
Nipponbare sequences. This search produced two
additional EST sequences, AU101149 and AU029476,
which may encode HAK transporters different from
those previously identified, and two short genomic
sequences in MRGSD, which we could not identify in
any of our cDNA preparations. The two EST se-
quences probably correspond to two additional
genes, but the two short genomic sequences may be
remains of pseudogenes. A certain number of rice cv
Nipponbare EST sequences in the databases were
different from any of the 17 query sequences in just a
few bases, which were considered sequencing dis-
crepancies and not new genes. A few EST sequences
from non-stated cultivars did not greatly differ from
the rice cv Nipponbare sequences, but the difference
was more than that expected from sequencing mis-
takes. This suggests the existence of allelic differ-
ences among different cultivars and, with a high
probability, between allelic HAK genes in japonica
and indica rice subspecies.

When the gene sequences were aligned using as
reference the known cDNA sequences, or eventually
the homology of the translated sequences, we were
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able to determine that most of the OsHAK genes
shared seven putative introns situated in identical
positions (Fig. 1). Five genes lacked some of these
introns (HAK3, HAK6, HAK10, HAK14, and HAK17),
and most of the 14 genes presented additional introns
in non-conserved positions either upstream or down-
stream of the conserved ones. Analyses of the gene
sequences did not reveal defects that could suggest
that any of them is not transcribed or is translated
into a nonfunctional protein. However, at the mo-
ment, the possibility that any of the genes is not
functional cannot be ruled out.

Conceptual translations of the OsHAK cDNAs and
genes presented all the characteristics of typical HAK
transporters (Rodrı́guez-Navarro, 2000). The phyloge-
netic tree of the OsHAK transporters (Fig. 2) could be
divided into the four clusters previously described
(Rubio et al., 2000). However, restricting the clusters
to sequences with an approximate minimum of
60% identity, cluster I and cluster II divided into
two subgroups each: IA (OsHAK1, OsHAK5, and
OsHAK16), IB (OsHAK14 and OsHAK15), IIA
(OsHAK2, OsHAK3, and OsHAK7), and IIB
(OsHAK8, OsHAK9, and OsHAK10). Cluster III in-

Table I. Inventory of rice cv Nipponbare HAK transporters

g.s., Genomic sequence; c.t., conceptual translation.

Name
Source and Reference

Sequence Accession No.
Notes and Redundant Sequences

OsHAK1 This work, AJ427970 2.3-kb Incomplete cDNA; ESTs: AU062610, AU164229,
and AU062578

OsHAK2 RGPa, BAB64197 g.s. and c.t.
OsHAK3 MRGSDb, AJ427974 g.s. Redundant to AC011806, AP003281, and AP003236,

new translation
OsHAK4 AF129485 2.3-kb Incomplete cDNA; EST: C71725
OsHAK5 RGP, BAB67929 g.s. and c.t.
OsHAK6 RGP, BAB67945 g.s. and c.t.
OsHAK7 MRGSD, AJ427976 g.s., Full-length cDNA, AJ427971
OsHAK8 MRGSD, AJ427977 Incomplete g.s. and c.t.
OsHAK9 MRGSD, AJ427978 g.s. and c.t.
OsHAK10 MRGSD, AJ427979 g.s., Full-length cDNA, AJ427972; EST: C72058
OsHAK11 MRGSD, AJ427980 g.s. and c.t.
OsHAK12 MRGSD, AJ427981 g.s. and c.t.
OsHAK13 MRGSD, AJ427982 Incomplete g.s. and c.t.
OsHAK14 MRGSD, AJ427983 Incomplete g.s. and c.t.
OsHAK15 MRGSD, AJ427984 g.s. and c.t.
OsHAK16 This work, AJ427973 2.2-kb Incomplete cDNA
OsHAK17 MRGSD, AJ427975 g.s. and c.t.

aRGP, Rice Genome Research Program (http://rpd.affrc.go.jp/). bMRGSD (http://www.
rice-research.org/).

Figure 1. Schematic representation of 14 rice
HAK genes. The black bars represent the open
reading frames and the positions and lengths of
introns are indicated by cuts and gray bars. In-
terruption of the black bars with two parallel
lines denotes that the sequence is incomplete.
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cluded OsHAK11 and OsHAK12, and cluster IV
included OsHAK4 and OsHAK17. The sequence di-
vergence of OsHAK6 and OsHAK13 segregated
these transporters from all clusters.

OsHAK1 Is Expressed Mainly in Roots, Whereas
OsHAK7 and OsHAK10 Are Expressed in
Shoots and Roots

During the process of cDNA cloning described
above, OsHAK1 cDNA fragments were repeatedly
cloned from the roots of K�-starved seedlings, less
frequently from the roots of normal plants, and never
from the shoots, regardless of the conditions in which
the seedlings had been grown. These results suggested
that although OsHAK1 was expressed in the whole
plant (see Table I EST references), maximum expres-
sion was in roots and up-regulated in conditions of K�

deficiency, which is the expression pattern of its clos-
est homolog in barley, HvHAK1 (Santa-Marı́a et al.,
1997). To investigate this possibility, we studied the
expression of the OsHAK1 transcripts in shoots and
roots during a period of K� starvation. In a parallel

control experiment, we made similar determinations
for OsHAK7, because fragments of this cDNA were
systematically cloned from roots and shoots. More-
over, OsHAK7 is highly homologous to the barley
HvHAK2 transporter, which has been taken as an
archetype of cluster II HAK transporters (Senn et al.,
2001). We also included OsHAK10 in the expression
studies as a representative of cluster IIB, and because
it is expressed in the rice panicle at flowering stage
(see EST accession no. C72058), and might be a specific
transporter of a few types of cells.

As expected from the cloning results, a real-time
RT-PCR approach demonstrated that OsHAK1 was
expressed almost exclusively in roots, whereas
OsHAK7 was expressed in roots and shoots. Both
transcripts were found in control plants grown at 3
mm K� and moderately enhanced with K� starvation
(Table II summarizes the results obtained with seed-
lings grown in the dark, but older seedlings grown as
described in “Materials and Methods” produced
nonsignificantly different results). In the conditions
of our experiments (PCR efficiency), we were able to
calculate that the expression levels of the OsHAK1

Figure 2. Phylogenetic tree of rice cv Nippon-
bare HAK transporters and barley transporters
HvHAK1 and HvHAK2. Alignments of the se-
quences were performed with the ClustalX pro-
gram. The scale bar corresponds to a distance of
10 changes per 100 amino acid positions. Ac-
cession numbers: HvHAK1, T04379; and
HvHAK2, AAF36491; other accession numbers
are given in Table I.

Table II. Relative abundance of OsHAK1 and OsHAK7 mRNA transcripts in rice seedlings grown at 3 mM and when these seedlings were
exposed to a K�-free medium for 16 h

The mRNA contents of these plants were referred to the corresponding contents of seedlings grown permanently in a K�-free medium. The
results, obtained by real-time RT-PCR in three independent experiments, are presented as the means of the three experiments � SD.

Transcript
Roots Shoots

0 h 16 h 0 h 16 h

OsHAK1 0.35 � 0.09 0.64 � 0.12 0.05 � 0.02 0.07 � 0.04
OsHAK7 0.22 � 0.11 0.81 � 0.14 0.20 � 0.08 0.77 � 0.15
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and OsHAK7 mRNAs in the roots of K�-starved seed-
lings were approximately 5- and 3-fold higher, re-
spectively, than the expression of the OsRAC1 (actin)
mRNA. In view of the limited effect of external con-
ditions on the expressions of the OsHAK1 and
OsHAK7 transcripts, the expression of OsHAK10 was
investigated by regular PCR. The expression of
OsHAK10 was very similar to that of OsHAK7, both
in shoots and roots, and almost insensitive to many
external conditions, such as K� starvation, Na�

stress, high-pH stress, and high-Ca2� stress.

Functional Expression of OsHAK1-1 in Yeast Mutants

For the functional study, we selected three trans-
porters from clusters IA, IIA, and IIB (OsHAK1,
OsHAK7, and OsHAK10, respectively) and their K�

transport capacities were initially investigated
through heterologous expression in a yeast mutant
deficient in the TRK systems for K� uptake. To obtain
the full-length cDNAs encoding the selected trans-
porters, we followed a RT-PCR method that was
satisfactory for OsHAK7 and OsHAK10. However,
for unknown reasons, the reverse transcription of
OsHAK1 and other HAK transporters belonging to
cluster I stopped 50 to 100 bp before the translation
initiation codon. For the barley HvHAK1, which also
belongs to cluster I, it was extremely difficult to
obtain the full-length cDNA (Santa-Marı́a et al.,
1997), and in rice it was impossible for OsHAK1 and
OsHAK16. A comparison of translated sequences
of the barley HvHAK1 and Phragmites australis
PceHAK1A transporters with our longest OsHAK1
cDNA clone indicated that the rice clone probably

lacked 48 bp (Fig. 3). Considering the high degree of
similarity between these three transporters, we con-
structed a chimeric clone, denoted OsHAK1-1, in
which the first 48 bp encoding the 16 amino acids of
the barley HvHAK1 transporter were added to our
incomplete OsHAK1 cDNA.

When OsHAK1-1, OsHAK7, and OsHAK10 cDNAs
were transformed into the trk1 trk2 yeast mutant,
OsHAK1-1 suppressed the K� dependence of the mu-
tant completely. Cells expressing OsHAK1-1 showed
high-affinity K� uptake (Rb� Km of 6 �m), and grew
rapidly at very low K� concentrations (Fig. 4A). On
the contrary, OsHAK7 and OsHAK10 failed to show
any detectable effect on the yeast mutant.

Functional Expression of OsHAK1-1, OsHAK7, and
OsHAK10 in E. coli Mutants

Because the OsHAK7 and OsHAK10 cDNAs failed
to suppress the K� transport defect of yeast mutants,
we tested these cDNAs in an E. coli K� transport
mutant using an expression vector with an Ara-
responsive promoter (Guzman et al., 1995), and fol-
lowed a similar approach with OsHAK1-1, for com-
parison. At pH 5.5, which is the most convenient for
this type of experiment (Senn et al., 2001), the three
clones improved the growth of the transformant bac-
teria at low K� and low Ara (10–200 �m), which
promotes a moderate transgene expression (Fig. 4B).
At high Ara concentration (13 mm), OsHAK7 and
OsHAK10, but not OsHAK1-1, were toxic at all K�

concentrations tested (Fig. 4B). Toxicity of overex-
pressed HAK transporters in bacteria occurs with
some of them, but the reasons have not been inves-
tigated. The barley transporter HvHAK2 is toxic at
high Ara, but only at high K� (Senn et al., 2001), and
of the two HAK transporters studied in Cymodocea
nodosa, one is toxic but not the other (Garciadeblas et
al., 2002). In K�-starved cells of the E. coli mutant,
expression of the OsHAK7 and OsHAK10 transport-
ers at high Ara concentrations elicited K� or Rb�

Figure 3. Alignments of the N-terminal sequences of barley
HvHAK1, P. australis PceHAK1A, and OsHAK1 transporters. Acces-
sion numbers: HvHAK1, T04379; and PceHAK1A, AB055631.

Figure 4. Growth of OsHAK1-1-, OsHAK7-, and OsHAK10-transformed yeast (A) and bacterial (B) mutants at different K�

concentrations. The yeast trk1 trk2 mutant was transformed with the empty plasmid pYPGE15 or with the plasmid containing the
tested cDNAs under the control the PGK1 promoter. The E. coli strain TKW4205, deficient in the K� transport systems Kdp, TrkA,
and Kup, was transformed with the empty plasmid pBAD24 or with the plasmid containing the tested cDNAs under the control
of an Ara-responsive promoter (Guzman et al., 1995). Testing growth media contained the K� concentrations (A) or the K� and
Ara concentrations (B) recorded in each case.
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uptake at higher rates than the endogenous uptake of
the bacterial mutant. Kinetic analysis of the uptake
rates at pH 5.5 indicated that both transporters ex-
hibited K� and Rb� Kms of 5 to 10 mm (not shown).
In similar experiments, OsHAK1-1 did not mediate
sufficiently rapid K� or Rb� uptake, and the kinetic
of uptake could not be determined.

It has been found recently that HAK transporters
are reversible in E. coli and mediate rapid K� losses,
which can be tested at pH 5.5, low external K�, and
in the presence of 10 mm propionic acid to inhibit the
endogenous K� efflux (Garciadeblas et al., 2002). In
these conditions, when the expression of the trans-
genes was fully induced at 13 mm Ara, both OsHAK7
and OsHAK10 mediated very rapid K� losses. In
contrast, OsHAK1-1 mediated a much slower K� loss
(Fig. 5), which was consistent with the low uptake
rates found for this transporter in E. coli.

OsHAK10 Locates to the Tonoplast in Onion
Epidermal Cells

Phenotypic suppression by the plant transporter
OsHAK1-1 of the trk1 trk2 yeast mutant indicated a
plasma membrane localization of the transporter in
yeast cells, possibly mimicking the location in the
plant. In contrast, the discrepancy between yeast and
bacterial cells regarding the functionality of OsHAK7
and OsHAK10 suggested that these transporters
might be targeted to a yeast membrane other than the
plasma membrane, and that they could be K� trans-
porters of internal membranes of the plant cells. This
was an attractive possibility because the high number

of rice HAK transporters could be explained by a
certain diversity of functions.

As a first approach to investigate the location of
OsHAK7 and OsHAK10, we carried out transient
expressions of their green fluorescent protein (GFP)
fusion proteins in living onion epidermal cells (Scott
et al., 1999). The results depicted in Figure 6 indicate
that the OsHAK10:GFP protein located to the tono-
plast. Onion epidermal cells have a large vacuole,
and as a consequence, the GFP fluorescence con-
toured the cells, except in places where the tonoplast
was separated from the cell periphery by the nuclei.
Membrane-lining transvacuolar strands of cytoplasm
spanning the cell body also produced fluorescence
that upon close-up observation clearly depicted two
vacuolar membranes. This fluoresce distribution was
identical to those shown by the tonoplast transport-
ers AtNHX1 (Apse et al., 1999) and AtNHX2 (Yokoi
et al., 2002), although the fluorescence intensity of the
OsHAK10:GFP protein was lower, probably reflect-
ing its lower expression level (experiments with
AtNHX1 were carried out in parallel with those of
OsHAK10 and are shown in Fig. 6; the results with
AtNHX2 have been reported previously by Yokoi et
al., 2002). Similar experiments with a OsHAK7:GFP
fusion produced inconclusive results because of the
low fluorescence intensity in labeled cells, which
could be due to poor expression or posttranslational
processing of the recombinant protein.

An HAK Transporter Mediates High-Affinity K�

Uptake in Rice Roots

The expression pattern of the OsHAK1 transcript in
rice seedlings and the kinetic characteristics of
OsHAK1-1-mediated Rb� influx in yeast mutants
suggested that OsHAK1 contributes to the high-
affinity K� transporter of rice roots. To assess the role
of HAK transporters in K� uptake by rice roots, we
set up a kinetic study to compare K� uptake in rice
roots and in yeast expressing OsHAK1-1.

When rice roots of K�-starved seedlings were ex-
posed to a low K� concentration, the concentration
dependence of the rate of depletion followed a
Michaelis-Menten equation exactly until K� reached a
concentration of approximately 4 �m, and similar re-
sults were obtained with the yeast mutant expressing
OsHAK1-1 (Fig. 7). Similar experiments using Rb�,
which reached low internal concentrations in short-
term experiments and practically fulfilled the condition
of zero Rb� inside, produced kinetics that were almost
identical to the K� kinetics (Fig. 7; deviations are
discussed in “Materials and Methods”). Moreover, the
kinetics of Rb� influx in yeast expressing OsHAK1-1
was repeated by recording influxes (Rodrı́guez-
Navarro and Ramos, 1984) and we obtained the same
values for both Km and Vmax. All this indicated that the
experimental approach was correct.

The actual Km of K� uptake by rice roots showed a
significant variability depending on the K� concen-

Figure 5. K� loss in the E. coli strain TKW4205 transformed with
plasmid pBAD24 containing the OsHAK1-1, OsHAK7, or OsHAK10
cDNAs. Time courses of the K� contents of cells induced in 13 mM

Ara and suspended in K�-free minimal medium, pH 5.5, supple-
mented with 4.9% (w/v) sorbitol, and 10 mM propionic acid. Black
circles, Cells transformed with pBAD24; white circles, cells trans-
formed with OsHAK1-1; black triangles, cells transformed with
OsHAK7; white triangles, cells transformed with OsHAK10.
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tration of the external medium that the seedlings
maintained at the moment of their use. The lower the
K� concentration, the greater the affinity for K� (low-
er Km) that the roots exhibited. Our standard plants
were in steady state with 0.1 to 0.2 �m K� in the
external medium. In these plants, the values of the
K�, Rb�, and Cs� Kms varied a little among plants
grown in different containers, but were almost iden-
tical in repetitions with plants from the same con-
tainer. In any case, the conclusion of the experiments
was clear: The K� transporter of rice roots did
not discriminate between K� and Rb�, and very little
between K� and Cs�. In the yeast mutant expressing
OsHAK1-1, the values and the relationships among
the K�, Rb�, and Cs� Kms were very similar to those
in rice (Table III).

For further comparison, we determined the inhibi-
tion of K� uptake by NH4

� in rice roots and in the
yeast mutant expressing OsHAK1-1. The inhibition on
the Vmax was similar in yeast and rice roots (approx-
imately 50% inhibition at 0.5 mm NH4

�) and the inhi-
bition on the Km only a little stronger in yeast (Fig. 8).
Altogether, the effects were not very different; for

example, the rate of K� uptake at 30 �m K� was
inhibited 3-fold by 0.5 mm NH4

� both in yeast and
roots. On considering the differences, it should be
observed that NH4

� may have important non-
comparable indirect effects in yeast and rice roots
because the cation can be transported in both systems
with different effects on the membrane potential.

Na� could not be used for the same purpose as
NH4

� because Na� uptake in rice roots was complex,
as described for barley roots (Rains and Epstein,
1967a, 1967b), and probably depolarized the plasma
membrane as well. The kinetics of Na� influx medi-
ated by OsHAK1-1 in yeast was simple (5 mm Na�

Km and a Vmax 2-fold lower than the Rb� Vmax) and
not related to the kinetics of Na� uptake in seedling
roots. This indicated that Na� uptake in rice roots
was not dominated by HAK transporters.

DISCUSSION

We have identified 17 HAK genes in rice cv Nip-
ponbare, and the existence of two additional genes,
although not confirmed, should be taken into consid-

Figure 6. Tonoplast localization of HAK10:
GFP. Transient expressions in onion epidermal
cells of a OsHAK10:GFP translational fusion
protein was visualized by epifluorescence mi-
croscopy. A, GFP fluorescence concentrated to
the tonoplast. The large vacuole of onion epi-
dermal cells occupies most of the cell volume. B
through D, Captions of different focal planes of
the cell imaged in A, showing transvacuolar
strands of cytoplasm (tvs). Note that the trans-
vacuolar strands seen in C and D are lined by
two tonoplast membranes. E, The tonoplast fol-
lows the cell contour except in the perinuclear
region (n) where the vacuole detaches from the
cell surface. F, Clear field caption of the cell
shown in E depicting the perinuclear region (n).
As controls, transient expression assays in onion
epidermal cells of GFP and AtNHX1:GFP were
carried out in parallel. G, In the control cell
expressing GFP, the fluoresce concentrated in
the cytoplasm and was manifestly absent in the
vacuole. H, In the control cell expressing
AtNHX1:GFP, the fluorescence concentrated to
the tonoplast showing the perinuclear region (n).
Bar � 25 �m.
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eration. These genes can encode rather divergent pro-
teins, which form a phylogenetic tree with the previ-
ously described clusters (Rubio et al., 2000). As in
Arabidopsis, pairs of distant transporters keep low
amino acid sequence identity, around 40%, and clus-
ters I and II group most of the rice transporters (Fig.
2). This high number of transporters in rice and their
sequence divergence give further support to the no-
tion that suggests that KT-HAK-KUP transporters
play distinct functions in different types of mem-
branes (Senn et al., 2001). This conclusion is also
supported by the abundance of the transcripts of
three transporters studied in this report, OsHAK1-1,
OsHAK7, and OsHAK10, which were rather abun-
dant in roots, and slightly affected by the external
conditions. OsHAK7 and OsHAK10 are similarly ex-
pressed in seedling roots and shoots, and OsHAK10
is also expressed in the panicle at flowering stage (see
EST accession no. C72058). These results are unlikely
to correspond to transporters that are expressed in a
few specialized cells.

Experiments of K� transport either in yeast or in
bacteria (Figs. 4, 5, and 7) demonstrated that
OsHAK1-1, OsHAK7, and OsHAK10 are K� trans-
porters. Pending experimental confirmation, it is
likely that the other transporters of the rice HAK
family are also K� transporters. Difficulties in obtain-
ing functional expressions in yeast or bacteria have
led to proposals of K� uptake activity of several
Arabidopsis KT-KUP transporters with weak exper-

imental support. We would like to emphasize that
growth improvement of yeast or E. coli mutants in
K�-limiting minimal media by expressing a gene or
cDNA does not formally demonstrate that K� uptake
has been enhanced and that the gene or cDNA en-
codes a K� transporter. That conclusion could be
misleading because the growth rate of genetically
manipulated strains of fungi and bacteria in a mini-
mal medium with or without limiting K� can be
enhanced by improving many metabolic restrictions
and not only by enhancing K� uptake.

A relevant question in the study of HAK transport-
ers is their individual cellular location, which may
not be the same for all of them. The kinetic charac-
teristics of the high-affinity K� uptake of barley
(Santa-Marı́a et al., 1997) and rice (see below) roots
strongly suggest that some HAK transporters are
involved in this uptake, and that this function has to
take place in the plasma membrane. On the other
hand, tonoplast localization of some HAK transport-
ers is suggested by the analysis of the cellular K�

Figure 8. Inhibition by NH4
� of the depletion of the external K� by

roots of K�-starved rice seedlings and by the yeast trk1 trk2 mutant
expressing OsHAK1-1. Conditions as in Figure 7. NH4

� concentra-
tions: control, white circles; 250 �M, black circles; and 500 �M,
triangles.

Table III. Kinetic constants for alkali cation influxes in rice roots
and in the yeast mutant expressing OsHAK1-1

Cation Rice Roots OsHAK1-1 in Yeast

Km Km Ki

�M �M mM

K� 11–18a 6 � 1 –
Rb� 11–18a 6 � 1 –
Cs� 30–50a 11 � 2 –
Na� n.d. 6,000 � 500 5/11b

aDependent on the batch of seedlings; see text. bEleven mi-
cromolar on Rb� influx and 5 mM on K� uptake using the K�

depletion method, as described “Materials and Methods.”

Figure 7. Uptake of K� or Rb� by roots of K�-starved rice seedlings
and by the yeast trk1 trk2 mutant expressing OsHAK1-1. Depletion in
the external medium of K� (white circles) or Rb� (black circles) was
followed with a selective electrode, whose response was calibrated
at intervals in the same experiment by atomic emission spectropho-
tometry. The line drawn in the right panel corresponds to an exact
Michaelis-Menten relationship between rate and Rb� concentration.
The Kms calculated for the parts of the curves that follow the
Michaelis-Menten equation are: in rice roots, 11 �M K� or Rb�, and
in yeast, 6 �M K� or Rb�. The corresponding Vmaxs are: 3.2 nmol
mg�1 min�1 in roots and 10 nmol mg�1 min�1 in yeast (dry weight
in both cases).

HAK Transporters in Rice

Plant Physiol. Vol. 130, 2002 791

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/130/2/784/6102939 by guest on 21 August 2022



distribution in K�-starved barley roots, in which a
K�-H� symporter, the putative functional mecha-
nism of HAK transporters (Rodrı́guez-Navarro,
2000), is needed to explain the release of K� from the
vacuole to the cytoplasm when the vacuolar concen-
tration is low (Walker et al., 1996). Although the
formal demonstration of the cellular location of every
HAK transporter requires the use of antibodies, the
targeting of the OsHAK10-GFP fusion protein to the
tonoplast of living onion epidermal cells (Fig. 6)
strongly suggests that this transporter locates to the
tonoplast of rice cells.

The kinetic characteristics of a transporter are key
data for formulating hypotheses of its physiological
functions. However, even in those transporters that
have been kinetically characterized in yeast or bacte-
ria, their kinetic characteristics in plant cells are al-
most impossible to assess while we ignore the mem-
brane in which each transporter is expressed. Two
factors, pH and membrane potential, can affect the
kinetics of an HAK transporter (Blatt et al., 1987), and
neither of them is constant for all cells and mem-
branes in a plant. Our test conditions in bacteria at
pH 5.5, at which the membrane potential may be
around �60 mV in E. coli (Ramos and Kaback, 1977;
Kashket, 1982), probably mimic the functional condi-
tions of a tonoplast transporter, but may be very
different from those prevailing for a plasma mem-
brane transporter. In contrast, expression in the
plasma membrane of yeast cells may situate the
transporter in conditions very similar to those pre-
vailing in a plasma membrane transporter of root
epidermal or cortex cells, but different from those
prevailing in other cells.

According to this, the low affinity exhibited by
OsHAK10 for K� and Rb� when expressed in bacte-
ria probably mimics its affinity for K� in functional
conditions in the tonoplast of plant cells, and has a
value that can be expected for a transporter perma-
nently exposed to high K�. The most likely function of
a tonoplast HAK K� transporter would be to mediate
the transfer of K� from the vacuole to the cytoplasm,
coupling the movement of K� to the movement of
H�, which changes the energetics of the process with
reference to K� channels. As explained above, this
coupling is required for the vacuolar loss of K� in
K�-starved barley roots because the vacuolar K� con-
centration is low (Walker et al., 1996) but, to our
knowledge, a similar requirement has not been pro-
posed for cells in normal conditions, in which
OsHAK10 has an extensive expression. Because in
the absence of energetic restrictions for a K� channel,
a K�-H� symport is equivalent to the coupling of a
K� channel and a K�/H� antiporter (two K� move
outward through the channel and one returns
through the antiporter), the function of a tonoplast
HAK transporter cannot be understood with our cur-
rent knowledge of tonoplast physiology. However,
one possibility to be considered is that, in some con-

ditions, the tonoplast electrical potential is depolar-
ized to increase the transfer of anions (e.g. malate)
from the vacuole to the cytoplasm through anion
channels (Barbier-Brygoo et al., 2000) and that this
made the concomitant transfer of K� through chan-
nels impossible.

The most frequently proposed function for KT-
HAK-KUP transporters is root K� uptake. Although
the results obtained with akt1 and akt2 mutants of
Arabidopsis (Hirsch et al., 1998; Spalding et al., 1999;
Dennison et al., 2001) suggest that K� channels may
dominate root K� uptake, and that the involvement
of transporters in this function may be secondary,
this is not the case for rice. To our knowledge, no
report has demonstrated that Arabidopsis can de-
plete external K� down to 0.1 to 0.2 �m, as we have
found for rice. At these external K� concentrations,
assuming that the cytoplasmic K� concentration in
epidermal and cortex root cells is 50 mm (Walker et
al., 1996, 1998), the K� equilibrium potential across
the plasma membrane is at least �320 mV, a value
much more negative than the most negative mem-
brane potential value recorded in plants. This sug-
gests that a K� channel cannot mediate K� uptake
(Rodrı́guez-Navarro, 2000) and that a K� transporter
capable of mediating active K� uptake exists in rice
roots, which also exhibits a low capacity to discrimi-
nate among K�, Rb�, and Cs� (Table III). At least
some HAK transporters fulfill the two characteristics
because they can be K�-H� symporters (Rodrı́guez-
Navarro, 2000) and do not discriminate significantly
among K�, Rb�, and Cs� (Rubio et al., 2000; Table III).
In addition to the general kinetic similarities, the
NH4

� sensitivity of K� uptake in roots was very sim-
ilar to that found for OsHAK1-1 in yeast. Although we
could not clone the complete OsHAK1 cDNA, it is
unlikely that all the coincidences between K� uptake
in roots and yeast expressing OsHAK1-1 are due to
the 48 bp with which we completed the OsHAK1
cDNA (Fig. 3). More likely, OsHAK1-1 mimics func-
tionally OsHAK1, and OsHAK1, or a closely related
transporter dominates root K� uptake.

OsHAK1 is expressed in young roots but also in
leaf, panicle, callus, and seedling shoots. If OsHAK1
is the root high-affinity K� transporter, its function in
leaf or panicle is not clear and two different causes
may explain its presence in these organs: Either some
cells are exposed to very low K� concentrations or
some cells are depolarized and, in these cells,
OsHAK1 exhibits a much lower affinity for K� than
in root cells.

In conclusion, one or perhaps several HAK trans-
porters mediate K� uptake by roots in rice, whereas
other HAK transporters locate to the tonoplast with
the probable function of mediating the release of K�

from the vacuoles. However, the high number of
HAK transporters in rice and their extensive expres-
sion in many parts of the plant makes it difficult to
identify at this moment particular functions with
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specific transporters. Moreover, there may be func-
tions of HAK transporters that cannot be predicted at
this moment.

MATERIALS AND METHODS

Plant Seedlings

Rice (Oryza sativa cv Nipponbare) seeds were surface sterilized and
germinated in filter paper wetted with a 1.0 mm CaSO4 solution. Then the
seeds were transferred to 5- to 10-L plastic containers with a 5 mm CaCl2
solution, in which they were supported by cheesecloth stapled to floating
frames. Seedlings were grown in the dark for 7 to 10 d at 28°C. The presence
of root-associated bacteria or fungi was checked systematically with micro-
biological counts to rule out misleading results. In typical batches of plants,
the number of bacteria was low and fungi were almost absent. Excised roots
were cut approximately 5 mm below the seeds.

Strains, Media, and Growth Conditions

The Escherichia coli strain DH5� was routinely used for plasmidic DNA
propagation. The bacterial strain TKW4205 (thi rha lacZ nagA recA Sr::Tn10
�kdpABC5 trkA405 kup1) deficient in the three K� uptake systems (Kdp,
TrkA, and Kup) was used for complementation assays (Senn et al., 2001).
The yeast (Saccharomyces cerevisiae) strain W�3 (Mat a ade2 ura3 trp1
trk1�::LEU2 trk2�::HIS3; Haro et al., 1999) deficient in the endogenous K�

uptake systems TRK1 and TRK2 was used for functional complementation
assays in yeast. Bacterial TKW4205 strain and derivatives were grown in
Luria-Bertani medium supplemented with 30 mm K�. For bacterial growth
tests at low K�, serial dilution drops of strains grown in LB supplemented
with 30 mm K� were inoculated on a solid medium containing 5 mm PO4H3,
0.4 mm MgSO4, 6 �m FeSO4, 1 mm citric acid, 1 mg L�1 thiamine, 0.2% (w/v)
glycerol, 8 mm Asn, 10 mm MES, 20 �m CaCl2, brought to pH 5.5 with Arg,
and supplemented with the indicated K� and Ara concentrations (Senn et
al., 2001). Yeast strains were grown in synthetic dextrose medium (Sherman,
1991) supplemented with 50 mm K�. For yeast growth experiments at low
K� concentrations, serial dilution drops of strains were inoculated on Arg
phosphate medium (Rodrı́guez-Navarro and Ramos, 1984) supplemented
with the indicated K� concentrations.

Recombinant DNA Techniques

Manipulation of nucleic acids was performed by standard protocols or,
when appropriate, according to the manufacturer’s instructions. PCRs were
performed in a thermocycler (Perkin-Elmer Applied Biosystems, Foster
City, CA), using the Expand-High-Fidelity PCR System (Roche Molecular
Biochemicals, Summerville, NJ). Some of the PCR fragments were first
cloned into the PCR2.1-Topo vector using the TOPO TA Cloning Kit (In-
vitrogen, Carlsbad, CA). For yeast expressions, the cDNAs were cloned into
vector pYPGE15 and transformed into the trk1 trk2 yeast mutant, as de-
scribed previously (Santa-Marı́a et al., 1997). For expression in the E. coli
mutant TKW4205, the cDNAs were cloned into vector pBAD24, following
the procedure described previously (Senn et al., 2001). DNA sequencing was
performed in an automated ABI PRISM 377 DNA sequencer (Perkin-Elmer
Applied Biosystems). Total rice RNA was prepared using the RNeasy Plant
Kit (Qiagen USA, Valencia, CA). PCR amplifications of HAK fragments
were carried out on double-stranded cDNA synthesized from total RNA by
using the cDNA Synthesis System Kit (Roche) and degenerate primers
deduced from HAK conserved regions as described by Rubio et al. (2000).
The full-length cDNAs were obtained by using the 5�/3�RACE Kit (Roche)
according to the manufacturer’s instructions.

Protein Alignments and Phylogenetic Tree Generations

Protein sequence alignments and phylogenetic trees were obtained by
using the ClustalX program (Thompson, 1997). Almost identical trees were
generated using the complete sequences or the sequences spanning from the
first to the last putative transmembrane fragments (Rodrı́guez-Navarro,
2000), which were the sequences used to generate the tree shown in Figure
2. Because the OsHAK4, OsHAK8, and OsHAK16 were incomplete, their

phylogenetic positions might vary slightly when the full-length sequences
were used.

Real-Time PCR Assays

For the experiments reported in Table II, seedlings were grown as de-
scribed above, in the absence of K� or in the presence of 3 mm KCl. PCR
assays were repeated three times with mRNA obtained from the same set of
plants; two repetitions were carried out using the same cDNA, which was
prepared using the cDNA Synthesis System Kit (Roche), as described above.
For the third repetition, the cDNA was prepared using the First-strand
cDNA Synthesis Kit (Amersham-Pharmacia Biotech, Uppsala). In another
experiments plants were grown in the mineral medium described previ-
ously (Yeo et al., 1999) supplemented with KCl up to 3 mm K�. In this
medium, plants were grown for 15 d in a 14-h photoperiod of 400 �mol m�2

s�1 and 27°C/20°C (light and dark, respectively). The K�-free medium was
a modification of the 3 mm K� medium that contained the following
differential elements: 1 mm (NH)4PO4H, 0.75 mm Ca(NO3)2, 0.25 mm CaCl2,
0.5 mm MgSO4, and 1.14 mm MgCl2. In these experiments, the cDNA was
prepared using the First-strand cDNA Synthesis Kit (Amersham-Pharmacia
Biotech). Real-time PCRs were performed using an ABI Prism 7700 Se-
quence Detection System (Perkin-Elmer Applied Biosystems) and SYBR
Green PCR Master Mix (Perkin-Elmer Applied Biosystems). The PCR am-
plification was carried out with an initial step at 95°C for 10 min followed
by 40 cycles of 15 s at 95°C and 1 min at 60°C. In every series of PCR
reactions, there were two negative controls to exclude possible external or
genomic DNA contamination, one in which the PCR reaction was per-
formed without template cDNA and another which contained an aliquot of
the original RNA sample. All reaction mixtures were analyzed by agarose
gel electrophoresis to confirm that only the expected PCR product was
produced. To normalize the results, the OsRAC1 cDNA (encoding rice actin)
was amplified in all the experiments in parallel with the cDNAs under
analysis. Quantification of the PCR reaction was carried out in the expo-
nential phase of the reaction, where yield is proportional to the input cDNA.
Serial dilutions of the cDNA prepared from roots of K�-starved seedlings
were used to construct standard regression lines, which relate the OsHAK
cDNA contents and the threshold cycle (a measure of the amplified cDNA).
Then, the contents of the OsHAK1 and OsHAK7 cDNAs in every sample
were determined by interpolation in the standard line, and the results were
expressed relative to the corresponding OsHAK cDNA contents of the roots
of K�-starved seedlings. The primers used were: OsRAC1, forward primer
5�-CCTCGCACCAAGCAGCATGAAGA-3� and reverse primer 5�-CGACT-
CATCATACTCTCCCTTTG-3�; OsHAK1, forward primer 5�-CAAGAGGA-
TCGCGGTGAACTACA-3� and reverse primer 5�-CTTGAGCAGCTGATC-
GTTTGGA-3�; and OsHAK7, forward primer 5�-GAACTCCAACTTCCT-
CAAGACG-3� and reverse primer 5�-AGATCATGCCGACTTCGACGAG-3�.

Cation Uptake Experiments in Roots and Yeast Cells

To generate enough kinetic data for our study, it was necessary to
develop a rapid and reliable method to measure K� influx, which is not
simple if 42K� is not available, and the use of 86Rb� to label K� is avoided
(Rodrı́guez-Navarro, 2000). Therefore, we improved a rapid method for the
analysis of the depletion of K� in a vessel with a high density of roots
(Huang et al., 1992), using a K�-selective electrode and a simple calculation
program. In this type of experiment, if the concentration dependence of the
rate of K� uptake follows a Michaelis-Menten equation, the time course of
the depletion can be used to obtain the Km and Vmax. The problem of this
procedure is that a Michaelis-Menten equation explains the rate of an
enzyme-catalyzed reaction when the backward reaction is negligible; oth-
erwise, the rate would also depend on the product concentration (internal
K� in our case). Although recording initial rates of reaction (initial rates of
uptake in this case) is sufficient to fulfill the requirement; in some cases, as
those described here, the product is present but the backward reaction is
insignificant.

Although the cation depletion experiments described here were carried
out with excised roots, control experiments with whole seedlings produced
identical results, as has been reported previously (Huang et al., 1992).
Excised roots (80–270 mg dry weight) were directly immersed in a 100-mL
thermostatic vessel maintained at 28°C. A K� electrode (Mettler-Toledo
GmbH, Urdorf, Switzerland) was used to monitor K� or Rb� concentra-
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tions. In every experiment, the response of the electrode was controlled by
taking samples at regular intervals and analyzing the K� or Rb� concen-
trations by atomic emission spectrophotometry. The mV readings of the
ionometer were transferred to an Excel sheet (Microsoft, Redmond, WA)
and transformed in micromolar values using the individually determined
response equation of the electrode. In Cs� and Na� uptake experiments, the
concentrations were monitored exclusively by atomic emission
spectrophotometry.

To calculate the Km and Vmax from the cation depletion curves (Fig. 7), we
integrated the following equation (C� represents an unspecified cation, V is
the volume of the vessel, and p the weight of roots or cells):

v � V
d�C��

dt
� p

Vmax �C��

Km � �C��
(1)

obtaining

t �
V
p �K �

Km

Vmax
ln�C�� �

1
Vmax

�C��� (2)

By constructing a table with the experimental values of t and [C�], the Km

and Vmax values were obtained by fitting the data to Equation 2 using the
Solver function of the Microsoft Excel Program. Because the rates of uptake
(depletion) deviated from a Michaelis-Menten equation at K�, Rb�, or Cs�

concentrations below 4 �m (see Fig. 7), approximately, in the table con-
structed with the t and [C�] values, the pair of values corresponding to the
lowest concentrations were deleted before applying the fitting program. The
concentration limit at which the deviation was appreciable was experimen-
tally calculated in each experiment by using sets of data extended down to
different micromolar concentrations. The deviation from Michaelis-Menten
kinetics at low cation concentrations can be explained by two factors. In the
cases of Rb� and Cs�, the deviation can be explained by the accumulation
in the testing medium of K� lost from the root or yeast cells. In the case of
K�, the deviation can be explained because we measured net uptake, and
the difference between net uptake and influx becomes more important when
the influx is very low. Repeated experiments carried out with seedlings from
the same container produced almost identical results, regardless of the
amount of roots used, from 80 to 270 mg dry weight, except for the
proportional variation of the Vmax. The most significant source of variation
of the Kms among different containers was the K� concentration in the
medium in which the seedlings were growing, as described in “Results.” In
yeast cells, the same procedure was applied in parallel with traditional
experiments of Rb� and Na� influx in which the initial rates of cation
uptake were plotted as a function of the cation concentration (Rodrı́guez-
Navarro and Ramos, 1984). Satisfactorily, for Rb�, both procedures pro-
duced identical results.

K� and Rb� Fluxes in Bacteria

K� and Rb� uptake assays in bacteria were carried out as described
elsewhere (Senn et al., 2001). In brief, cells were grown at 37°C in LB
medium supplemented with 100 �g mL�1 ampicilin and 30 mm K� up to an
absorbance of 1.0. Ara was then added to a final concentration of 13 mm and
cells were incubated for 15 min. Then the cells were centrifuged, transferred,
and kept for 30 min in K�-free minimal medium (Senn et al., 2001) supple-
mented with 13 mm Ara. After this K� starving period, the cells were
transferred to fresh K�-free minimal medium to which Rb� or K� was
added to assay the initial rates uptake. For K� efflux experiments, after
incubation for 15 min in LB with 13 mm Ara, the cells were centrifuged and
suspended in K�-free minimal medium, pH 5.5, supplemented with 4.9%
(w/v) sorbitol, 10 mm propionic acid, and 13 mm Ara (the minimal medium
contains 22 mm glycerol). In this medium, the K� loss of the cells was
recorded during 10 to 20 min (Garciadeblas et al., 2002). In uptake and efflux
assays, cell samples were taken at intervals, filtered through 0.45-�m pore
membrane filters (Millipore, Bedford, MA), and washed with the same
minimal medium supplemented with 10 mm MgCl2. Cells were acid ex-
tracted overnight in a 0.1 m HCl solution and the Rb� or K� concentrations
in the supernatant were determined by atomic emission spectrophotometry.
Reported experiments of K� efflux were repeated at least three times. Only
a representative experiment is presented because the results showed a low
variability, similar to the differences found between cells transformed with
OsHAK7 or OsHAK10 in Figure 5.

Localization of HAK10:GFP

Intracellular localization of OsHAK10 was determined by monitoring the
transient expression of a OsHAK10:GFP translational fusion product in
onion (Allium cepa) epidermal cells after DNA particle bombardment. The
coding region of GFP (Sheen et al., 1995) was fused, in-frame, to the 3�
terminus of full-length OsHAK10 cDNA and this chimeric gene was cloned
into the vector pGreen-35S (John Innes Centre, Norwich, UK, http://www.
pgreen.ac.uk). For control experiments, identical constructs containing the
AtNXH1:GFP and GFP cDNAs were prepared. The OsHAK10:GFP, AtNXH1:
GFP, and GFP constructs were coated onto gold particles (1 �m) and
delivered into onion cells with a Biolistic PDS-1000-He apparatus (Bio-Rad
Laboratories, Hercules, CA). The bombardment parameters were: rupture
disc bursting pressure, 900 psi; distance to macro-carrier, 8 mm; distance to
stopping screen, 6 mm; and distance to target tissue, 6 cm. Onion epidermal
cells were placed into Murashige and Skoog medium with 2% (w/v) Suc
before bombardment and incubated in the dark at 28°C for 24 to 36 h after
particle delivery. GFP fluorescence was visualized under an Axioskop mi-
croscope (Zeiss, Jena, Germany) equipped with a fluorescein isothiocyanate
filter set (band pass 450–490 nm, farb teiler [color splitter] 510 nm, and long
pass 515 nm).

Database Searches

BLAST searches for rice sequences, using the sequences of the barley
(Hordeum vulgare) transporters HvHAK1 and HvHAK2, were carried out in
the two databases (http://www.rice-research.org/and http://www.ncbi.
nlm.nih.gov/). The former is a working draft of the rice genome sequence.
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