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Summary

We have cloned the gene encoding the TRK trans-

porter of the soil yeast Schwanniomyces occidentalis

and obtained the HAK1 trk1D and the hak1D TRK1

mutant strains. Analyses of the transport capacities

of these mutants have shown that (i) the HAK1 and

the TRK1 potassium transporters are the only

transporters operating at low and medium K1 con-

centrations (, 1 mM); (ii) the HAK1 transporter is

functional at low pH but fails at high pH; and (iii) the

TRK1 transporter functions at neutral and high pH

and fails at low pH. At neutral pH, both transporters

are functional, but HAK1 is not expressed, except at

very low K1 concentrations (, 50 mM) where HAK1 is

very effective. TRK1 is also involved in the control of

the membrane potential.

Introduction

Potassium is an important cellular constituent, which is

normally maintained at concentrations ranging from

50 mM to 500 mM in the cytoplasm of all living cells.

Because of this requirement, K1 must be taken up from

the external medium, in which K1 may be at a fairly high

and constant concentration (1±5 mM), as in sea water

and in the milieu bathing animal cells, or at low and highly

variable concentrations, as in many terrestrial environ-

ments. In animal cells, K1 uptake has been studied

extensively, but much less is known about this process in

eukaryotic non-animal cells. Saccharomyces cerevisiae

was the first fungal species in which the molecular basis

of K1 uptake was completely clarified (Ko and Gaber,

1991; Gaber, 1992). This clarification was an important

breakthrough. However, S. cerevisiae is adapted to fruit

products with high K1 contents, and its K1 transporters

may be different from those existing in other fungi adapted

to the more nutritionally limiting life in soil. Probably

because of its environmental adaptation, S. cerevisiae is

furnished exclusively with transporters of one sole type,

TRK1 and TRK2 (RodrõÂguez-Navarro, 2000). The same

exception applies to Schizosaccharomyces pombe, in

which the K1 transporters also seem to be of the TRK

type only (Calero et al., 2000).

Soil is probably the environment in which the K1

concentration varies most, as do the concentrations of

other cations, such as H1, Na1 and Ca21, which affect K1

uptake in fungi and plants. Probably as a means of

adaptation to these complex conditions, K1 uptake in

plants and in soil fungi is mediated by at least three

different types of transport systems, TRK-HKT and HAK

transporters and K1 channels (RodrõÂguez-Navarro, 2000).

Neurospora crassa is the soil fungus in which K1 uptake

has been studied most extensively. N. crassa is furnished

with a TRK transporter similar to the S. cerevisiae

transporters, but also with a HAK transporter, which

belongs to a family of K1 transporters that are apparently

better adapted than the TRK transporters to operate at

low K1 concentrations (Haro et al., 1999). In Arabidopsis

thaliana and probably in other plants, root K1 uptake is

thought to be mediated by HAK and HKT transporters

(HKT transporters belong to the TRK family) co-existing

with inward-rectifying K1 channels (RodrõÂguez-Navarro,

2000). Although the genes and cDNAs encoding these

transporters have been cloned, expressed in heterolo-

gous systems and studied quite extensively, the under-

standing of the overall process of K1 uptake in plants and

soil fungi is still conditioned by incomplete knowledge of

the contribution of each transport system to the overall

process.

To establish each individual contribution, the disruption

of the genes encoding the transporters is the most

powerful approach. These disruptions have been attained

in S. cerevisiae, S. pombe and Arabidopsis thaliana, but a

general picture of K1 uptake in fungi and plants has not

yet been deduced from these experiments, except in S.

cerevisiae. Making the problem even more difficult, in all

the cases studied so far, the disruption of K1 transporters

resulted in a hyperpolarization of the cells, both in fungi

(Madrid et al., 1998; Calero et al., 2000) and in A. thaliana

(Hirsch et al., 1998; Spalding et al., 1999).

Schwanniomyces occidentalis was the first eukaryotic

organism in which a HAK K1 transporter was identified

(BanÄuelos et al., 1995). The HAK transporter of S.

occidentalis is very active and apparently makes the

Q 2000 Blackwell Science Ltd

Accepted 26 May, 2000. ²These authors contributed equally to this
work. *For correspondence. E-mail arodrignavar@bit.etsia.upm.es;
Tel. (134) 91 336 5751; Fax (134) 91 336 5757.



Rubio, F., Santa-MarõÂa, G.E., and RodrõÂguez-Navarro, A.
(2000) Cloning of Arabidopsis and barley cDNAs encoding
HAK potassium transporters in root and shoot cells. Physiol
Plant 109: 34±43.

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989)
Molecular Cloning: A Laboratory Manual, 2nd edn. Cold
Spring Harbor, NY: Cold Spring Harbor Laboratory Press.

Santa-MarõÂa, G.E., Rubio, F., Dubcovsky, J., and RodrõÂguez-
Navarro, A. (1997) The HAK1 gene of barley is a member
of a large gene family and encodes a high-affinity
potassium transporter. Plant Cell 9: 2281±2289.

Spalding, E.P., Hirsch, R.E., Lewis, D.R., Qi, Z., Sussman,
M.R., and Lewis, B.D. (1999) Potassium uptake supporting
growth in the absence of AKT1 channel activity. J Gen
Physiol 113: 909±918.

Thompson, J.D. (1997) The CLUSTAL_X windows interface:
flexible strategies for multiple sequence alignment aided by
quality analysis tools. Nucleic Acids Res 25: 4876±4882.

Trchounian, A., and Kobayashi, H. (1999) Kup is the major
K1 uptake system in Escherichia coli upon hyper-osmotic
stress at a low pH. FEBS Lett 447: 144±148.

Wach, A., Brachat, A., Pohlmann, R., and Philippsen, P.
(1994) New heterologous modules for classical or PCR-
based gene disruption in Saccharomyces cerevisiae. Yeast
10: 1793±1808.

Wang, T.-B., Gassmann, W., Rubio, F., Schroeder, J.I., and
Glass, A.D.M. (1998) Rapid up-regulation of HKT1, a high-
affinity potassium transporter gene, in roots of barley and
wheat following withdrawal of potassium. Plant Physiol
118: 651±659.

HAK and TRK K1 transporters in S. occidentalis 679

Q 2000 Blackwell Science Ltd, Molecular Microbiology, 37, 671±679


