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We have characterized transcripts for three potassium channel homologs in the AKT/KAT subfamily (Shaker type) from the
common ice plant (Mesembryanthemum crystallinum), with a focus on their expression during salt stress (up to 500 mm NaCl).
Mkt1 and 2, Arabidopsis AKT homologs, and Kmt1, a KAT homolog, are members of small gene families with two to three
isoforms each. Mkt1 is root specific; Mkt2 is found in leaves, flowers, and seed capsules; and Kmt1 is expressed in leaves and
seed capsules. Mkt1 is present in all cells of the root, and in leaves a highly conserved isoform is detected present in all cells
with highest abundance in the vasculature. MKT1 for which antibodies were made is localized to the plasma membrane.
Following salt stress, MKT1 (transcripts and protein) is drastically down-regulated, Mkf2 transcripts do not change
significantly, and Kmt1 is strongly and transiently (maximum at 6 h) up-regulated in leaves and stems. The detection and
stress-dependent behavior of abundant transcripts representing subfamilies of potassium channels provides information
about tissue specificity and the complex regulation of genes encoding potassium uptake systems in a halophytic plant.

Potassium, the most abundant cation in plant cells,
plays essential roles in maintaining the membrane
potential, ion homeostasis, in enzyme activation, sig-
nal transduction, and many other physiological pro-
cesses. The molecular mechanism of potassium up-
take by plant roots, loading, and transport within
plants has been a focus of study during the last
decade. Following the isolation of plant potassium
channels by yeast (Saccharomyces cerevisiae) comple-
mentation (Anderson et al.,, 1992; Sentenac et al.,
1992), several proteins capable of transporting potas-
sium have been reported in Arabidopsis, potato (So-
lanum tuberosum), barley (Hordeum vulgare), wheat
(Triticum aestivum), and a few other species. These
membrane proteins include inwardly rectifying
channels (IRC) and two types of carriers: those in the
HKT and HAK/KUP families, respectively (Amt-
mann and Sanders, 1999; Chrispeels et al., 1999;
Czempinski et al., 1999; Zimmermann and Sentenac,
1999). Here, we report the characterization of tran-
scripts encoding potassium channel homologs in the
Shaker-type subfamily from a halophytic plant, the
common ice plant (Mesembryanthemum crystallinum).
We focus on transcript behavior, comparing plants
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grown under control conditions with plants stressed
by high sodium chloride.

As in animal systems, three families of plant potas-
sium channels are known (Zimmermann and Sente-
nac, 1999). They contain a characteristic pore-forming
(P) domain conferring ion selectivity, but they differ
in the number of transmembrane (TM) and P do-
mains. A nomenclature has become established by
which two subfamilies of plant Shaker-type channels
became known as members of either the AKT or KAT
family (Zimmermann and Sentenac, 1999). All AKT-
and KAT-type channels consist of six TM regions
with one P region, but their electrophysiological fea-
tures vary, as well as the regulation of channel activ-
ities (Marten et al., 1999; Hoth and Hedrich, 1999; for
review, see Zimmermann and Sentenac, 1999). In
contrast with the outward-rectifying animal Shaker
channels (ORC), the functionally characterized KAT1
and AKT1 channels in Arabidopsis and their ho-
mologs in other species are IRC (Anderson et al.,
1992; Sentenac et al., 1992). AKT differ from the KAT
type by the presence of carboxy-terminal ankyrin
repeat domains, possibly for anchoring to the cy-
toskeleton. So far, all potassium channels show high
specificity for K™ over other alkali cations, making
unlikely candidates for significant inadvertent so-
dium intrusion even at high Na® to K" ratios
(Maathuis et al., 1997, Amtmann and Sanders, 1999).

Mainly expressed in guard cells, KAT1 constitutes
a path for potassium influx during stomatal opening.
KAT1 from Arabidopsis and KST1 from potato are
activated by extracellular acidification (Mueller-
Roeber et al., 1995; Very et al.,, 1995), initiated by
increased activity of the plasma membrane H'-
ATPase. Although earlier hypotheses, based on phys-
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iological observations, had assumed a distinction be-
tween channels as low-affinity transporters and
carriers as high-affinity transporters, a more complex
picture emerges at present. For example, KATI,
when expressed in Arabidopsis guard cells or yeast,
mediates K" uptake from media with as low as 10 um
of external K" (Briiggemann et al., 1999). The expres-
sion of a second family member, KAT2, has been
detected in Arabidopsis leaf mesophyll cells (Butt et
al., 1997).

At high abundance, AKT1 is predominantly ex-
pressed in Arabidopsis roots (Cao et al, 1995;
Lagarde et al., 1996). Mutant plants with a T-DNA
insertion in Akt grow poorly on media with potas-
sium concentrations in the micromolar range in com-
parison with wild type (Hirsch et al., 1998; Spalding
et at., 1999), suggesting that AKT1-type channels can
function in the high-affinity range. The expression of
other family members, AKT2, has been located most
strongly to the leaves (Cao et al., 1995), and AKT3 to
leaf phloem (Marten et al., 1999). The latter seems to
be responsible for phloem transport of potassium.

Here we report the characterization of three potas-
sium channel transcripts, Mkt1, Mkt2, and Kmt1, from
the halophyte common ice plant, which are homologs
of the Arabidopsis IRC Akt1, Akt2/3, and Katl. We
analyzed tissue specificity of these genes at the tran-
script level, their regulated expression under salt
stress, and protein amounts for MKT1.

RESULTS
Potassium Channel Transcript Isolation

Three members of the AKT/KAT subfamily of
inward-rectifying potassium channels were isolated
from the common ice plant by a combination of re-
verse transcription (RT)-PCR amplification with de-
generate primers and cDNA library screening (Figs. 1
and 2). Partial cDNAs of Mkt1 were obtained by
RT-PCR from degenerate primers and 5'-RACE am-
plifications, and full-length cDNAs were isolated
from cDNA libraries. The deduced amino acid se-
quence of the ice plant Aktl homolog, Mkt1 (acces-
sion no. AF267753), specifies 870 residues (Fig. 1A).
Partial cDNAs for Mkt2 and Kmt1 were isolated from
total RNA by RT-PCR amplification with degenerate
primers (Mkt2, accession no. AF267755; and Kmtl,
accession no. AF267754). All RT-PCR products and
cDNAs were sequenced on both strands. Hydropa-
thy plots of MKT1 show the putative membrane to-
pology of this channel, and additional domains are
indicated (Fig. 1B). The three ice plant sequences
show similar hydrophobicity profiles with respect to
TM regions. The membrane-embedded P region be-
tween TM5 and TM6 and the voltage-sensing region
in TM4 are conserved characteristics of these chan-
nels (Fig. 1). The deduced proteins of the three se-
quences aligned with other AKT/KAT-type proteins
as members of the subfamily characterized by six TM
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domains. The phylogenetic analysis (Fig. 2) places
the ice plant sequences among the Arabidopsis, po-
tato, and grass Shaker-type IRC.

Table I compares the deduced amino acid se-
quences of the three ice plant genes with their coun-
terparts in Arabidopsis (BestFit in Genetics Com-
puter Group; Wisconsin Package Version 10.0,
Genetics Computer Group, Madison, WI). The com-
parable regions of MKT1, MKT2, and KMT1, respec-
tively, share 52% to 62% amino acid sequence iden-
tity, and 60% to 64% identity in nucleotide sequence
(also based on best fit). The phylogenetic tree of the
channels, including a number of sequences from
other species (Fig. 2), can rely only on few sequences
at present, and is complicated by low sequence ho-
mology between the AKT and KAT subfamilies. The
alignments separate the AKT1 and AKT2/3 subfam-
ilies and place the KAT1 subfamily separate with
high bootstrap values. The inclusion of the ice plant
sequences places them separate from the other an-
giosperm orders, most likely reflecting the evolution-
ary separation of the ice plant (order Caryophyllales).
The inclusion of AKT1 homologs from grasses (T.
aestivum and Z. mays, respectively) similarly intro-
duces low bootstrap values separating monocot and
dicot AKT1 subfamily members.

Gene Complexity

Southern-type hybridizations were performed with
the ice plant Mkt1 cDNA. The results of copy number
reconstructions (not included), based on an nDNA
content of 390 Mb (DeRocher et al., 1990), indicated
Mkt1 as one copy of a small gene family with two to
three members (Fig. 3). For example, when probed
with a full-length Mkt1 coding sequence, genomic
DNA digested with Xmnl with two restriction sites in
the cDNA revealed strong signals at 8.5, 2.3, 2.0, and
1.3 kb. Weaker bands at 7.3, 6.7, 5.5, 5.0, 2.9, 1.5, 0.9,
and 0.8 kb (Fig. 3, lane 2) likely identify a different
Mkt1 isoform or isoforms.

Expression Patterns

RNA was isolated from roots, stems, leaves, flow-
ers, and seed capsules to obtain information on
tissue-specific expression by RNA-blot hybridiza-
tion. The three channel transcripts are expressed at
different abundance, and each channel shows distinct
tissue-specific patterns (Fig. 4). For Mkt1 and Kmtl,
3'-UTR regions, or sequences close to the 3’ end,
were used as probes, and the entire RT-PCR product
was used for Mkt2. Mkt1 is mainly expressed in root
tissues, similar to its counterpart Akt1 in Arabidopsis
(Cao et al.,, 1995). Mkt2 is expressed in all aerial
tissues, including leaves, stems (at low abundance),
flowers, and seed capsules. Kmt1 transcripts are most
abundant in leaves and seed capsules. No signal was
detected in leaves for MktIwith a 3'-UTR-specific
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Figure 1. Characterization of the ice plant Mkt1 A
potassium channel transcript. A, DNA and de-
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Figure 2. Phylogenetic comparison of ice plant MKT1, MKT2, and
KMT1 deduced amino acid sequences with sequences of other plant
potassium channel proteins. The phylogenetic tree, including boot-
strap values, was constructed using Clustal W AKT1,2,3 and
KAT1,2—Arabidopsis; SKT1,2,3 and KST1—potato; MKT1,2 and
KMT1—common ice plant (Mkt1, accession no. AF267753; Mkt2,
accession no. AF267755; and Kmt1, accession no. AF267754). Ta-
AKTT—wheat; ZMK1—Zea mays. KAT2, SKT3, MKT2, and KMT1 are
partial sequences.

probe, whereas Mkt2 and Kmt1 are absent from roots.
Tissue specificity may suggest distinct physiological
roles for these potassium channel proteins.

To describe the tissue- or cell-type-specific expres-
sion patterns in more detail, in situ hybridizations
were performed for Mkt1, using RNA probes corre-
sponding to a fragment downstream of the sixth TM
region (amino acid 327-470). Hybridizations with an-
tisense (Fig. 5, A, C, E, and G) and sense (Fig. 5, B, D,
F, and H) probes are compared. In root tissue, Mkt1
signals were detected in cells of the epidermis, cor-
tical cells, and in the stele (Fig. 5A). Salt stress re-
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duced the absolute signal intensity but did not affect
cell specificity (Fig. 5C). Signals were also detected in
leaf phloem-related cells and in phloem and xylem
parenchyma regions of the leaf with lower intensity
signals in mesophyll cells (Fig. 5E). As in the roots,
the intensity of the signals declined under salt stress
conditions (Fig. 5F). We consider the signals in leaves
to be caused by a leaf-specific homolog of the root-
specific Mkt1. It is unlikely that this form is Mkt2 or
Kmt1 because of low sequence identity between Mkt1
and either Mkt2 (60.5%) or Kmtl (63.7%). Quantita-
tive PCR analysis of root and leaf RNA with the
different coding region and 3’-end-specific probes
used in RNA-blot and in situ experiments showed
that northern hybridization reported the presence of
Mkt1 precisely, whereas the in situ data reveal an-
other Mkt-like transcript (data not shown).

Transcript Amounts during Salt Stress

We were interested in transcript behavior during
salt stress. Figure 6 shows results from RNA-blot
hybridizations. Mature ice plants were used, which
had been exposed to 400 mm NaCl for various time
periods. RNA was probed in those tissues in which a
particular transcript was most abundant (see Fig. 4),
i.e. Mktl in root and Mkt2 and Kmtl in leaf tissue.
Mkt1 amounts decreased drastically within 6 h fol-
lowing stress, confirming in situ hybridization data
(Fig. 5), and suggesting a switch in potassium uptake
from Mkt1 to other systems in the roots (Fig. 6A; see
“Discussion”). Root potassium content, based on ear-
lier results (Adams et al., 1992; Nelson et al., 1999),
declines long term under salt stress conditions to
approximately 60% of the amount found in controls.
Potassium content similarly decreased by about 50%
in juvenile leaves in plants stressed for 3 d, compared
with unstressed plants (Adams et al., 1998). In con-
trast with whole leaf or root content, the concentra-
tion of potassium in the xylem, measured by pressure
bomb extrusion of xylem sap in side shoots of the ice
plant (Table II), shows no decline under stress
conditions.

Amounts of Mkt2 transcripts in leaves declined to
approximately 50% within 6 h, but did not change
significantly later during salt stress (Fig. 6A). In con-
trast, expression of Kmt1 showed a different behavior
following salt stress. Kmtl amounts, which were
measured in leaf and stem tissue (only leaf shown),
increased dramatically but transiently, approaching a
peak at 6 h and decreasing rapidly afterward (Fig.
6A). This behavior may indicate an important role of
KMT1 in ion homeostasis in leaves during the onset
and early periods of salt stress in the ice plant. Very
similar patterns were indicated for the three tran-
scripts when RT-PCR was used (Fig. 6B). As an av-
erage of three repeat experiments using semiquanti-
tative measurements, the decline of root Mkt1 was by
a factor of approximately seven, leaf Mkt2 declined to

607



Su et al.

Table I. Sequence comparisons between Arabidopsis and common ice plant potassium channel proteins in the AKT and KAT family

Identity (I) and similarity (S) are given for amino acid sequences in percent, based on BestFit analyses in Genetics Computer Group. The
Arabidopsis sequences used were AKT1 (accession no. $62694), AKT2/3 (accession no. S68699), and KAT1 (accession no. $32816).

AKT1 (Arabidopsis)

AKT2/3 (Arabidopsis)

KAT1 (Arabidopsis) KAT2 (Arabidopsis)

Gene
| S 1 5 l s [ s
MKT1 63.8 72.2 46.0 55.7 - - - -
MKT2 55.8 66.3 77.9 84.2 - - - -
KMT1 55.4 64.6 55.7 64.2
approximately 50% of the prestress value, and the DISCUSSION

increase of leaf Kmt1l amounted to an approximately
4- to 6-fold transient increase.

Protein Expression and Localization

Antibodies, which had been generated against an
MKT1 oligopeptide sequence in a region that was
variable in all alignments (underlined in Fig. 1), were
used to probe for the presence of MKT1 (Fig. 7).
Plasma membrane and tonoplast fractions were iso-
lated by discontinuous Suc gradient centrifugation of
membrane vesicles. The presence of MKT1 protein
was detected in the plasma membrane in roots (Fig.
7A), consistent with the information obtained for
AKT1 (Lagarde et al., 1996), which is expressed in the
root epidermis and functions as the potassium up-
take machinery in roots from the soil. Like the tran-
script, MKT1 protein amount decreases under salt
stress (Fig. 7B).

ﬂﬁ

kb

Figure 3. DNA-blot analysts of Mkt7 The entire codmg region was
used as the probe. Restriction endonucleases were: 1, EcoRl; 2,
Xmn1; 3, Hindlll; 4, Xhol; and 5, Hindlll and Xhol.
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We are interested in plant sodium uptake, partic-
ularly the effects of an excess of sodium on potassium
homeostasis. Little is known about the entry of so-
dium into plants, but possible pathways for sodium
entry and transport across plant cell membranes are
uptake systems for monovalent cations, including the
nonselective cation channels (Schachtman and Liu,
1999). Significant among those are potassium import
proteins, which satisfy the demand for K* as the
most abundant cation in the cytosol. The available
information seems to indicate that the high selectiv-
ity of the characterized potassium channels does not
lead to significant sodium influx (Amtmann and
Sanders, 1999; Santa-Maria et al., 2000). The ubiqui-
tously high K" selectivity of potassium channels is
exemplified by Arabidopsis KAT1, which exhibits a
discrimination ratio of 20 for K* over Na* when
expressed in yeast and analyzed by patch clamping
(Bertl et al., 1995). High selectivity also has been
elegantly demonstrated by calculations based on
models of potassium channel structures (Doyle et al.,
1998; Aqv1st and Luzhkov, 2000). The recent detec—
tion of genes for sodium/proton antiporters high-

RT ST LF FL SP

Mkt1

actin

Mkt2

actin

Kmt1

actin

Figure 4. Tissue-specific expression of Mkt1, Mkt2, and Kmt1. 3'-
untranslated (UTR) regions or sequence-divergent carboxy terminal
regions of transcripts were used as probes. Actin was included as a
loading standard. Twenty micrograms of total RNA from roots (RT),
stems (ST), leaves (LF), flowers (FL), and seed pods (SP) was loaded in
each lane.
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Figure 5. Cell-specific expression of Mkt1. In
situ hybridization of Mkt1 with a probe derived
from a conserved region (nucleotides 980-1,410,
corresponding with amino acids 327-470; see
Fig. 1). A, Unstressed root tip; C, stressed root tip
(500 mm NacCl, 3 d); E, unstressed plant, vascular
tissue in the primary leaf; G, stressed plant, vas-
cular tissue in the primary leaf. B, D, F, and H are
tissue sections from the same plants as those in
the other panels probed with sense RNA. Bars
represent 40 um.

lighted one of the systems for sodium mobility be-
tween cytosol and vacuole (Apse et al., 1999; Gaxiola
et al., 1999), but how sodium enters cells in the first
instance and how this might interfere with potassium
uptake is not explained by the activity of these
antiporters.

Plant Physiol. Vol. 125, 2001

The characterization of three potassium channel
transcripts from the halophytic ice plant reinforces
reports about the presence, known only from few
species other than Arabidopsis, of a multitude of
potassium transport proteins. DNA analysis (Fig. 3)
in the common ice plant indicated that the Mkt type
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Figure 6. Mkt1, Mkt2, and Kmt1 transcript expression during NaCl stress. A, Northern blots of Mkt1, Mkt2, and Kmt1. Five-
to 6-week-old plants grown in hydroponic tanks were stressed with 400 mm NaCl for the times (hours) indicated. Ten
micrograms of total RNA was loaded per lane and actin served as the loading control. B, Transcript levels (concentration
based on cDNA amounts generated from cloned transcripts that produced the same signal intensity as transcripts in total
RNA) of Mkt1, Mkt2, and Kmt1 in stressed plants detected by semiquantitative RT-PCR.

alone should be represented by two or three isoforms
with Mkt1 the root-specific member of the family. An
additional highly conserved form, an interpretation
that we deduce from the in situ hybridizations (Fig.
5), is expressed in the leaves. It is likely that these
forms perform identical functions, distinguished by
promoters that determine organ-, tissue-, or cell-
specific expression patterns. The structures of these
channels place Mkt1 and Mkt2 in the AKT group, and
Kmtl is a homolog of the KAT group of IRC, all
proteins with the domain structure of the Shaker fam-
ily of K" channels. Also, the three orthologous ice
plant transcripts show similar expression patterns in

Table 1. Changes in ion and polyol content in xylem sap of
stressed ice plants

Control® NaCl Stress?
Sodium 0.9 0.2 59.5 £ 9.7
Potassium 48.7 £ 4.2 58.1 + 6.3
Myo-inositol <0.1 0.6 +0.3
p-ononitol <0.1 1.5+0.6

* In micromoles/injection volume (50 L of undiluted xylem sap in
each experiment from three plants; n = 6). Plants, grown hydropon-
ically in 0.25 Hoagland nutrient solution and 6 weeks of age, were
stressed for 24 h at 400 mm in the medium. Xylem sap was collected
from side-shoot segments by pressure bomb extrusion (Nelson et al.,
1998). lons and polyols were determined by HPLC analysis (Adams
et al., 1992). Suc was absent or below the limit of detection in the
samples.
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different tissues from Arabidopsis. Their coincident
isolation in evolutionarily distant species indicates
further that these channels represent abundant mem-
bers of the potassium channel gene complement in
these species. The relative concentrations of the po-
tassium channel transcripts in total RNA under nor-
mal conditions, as detected by RT-PCR, is approxi-
mately 1:3:5 (Mkt1:Mkt2:Kmt1).

The expression patterns, distinct for each of the
three transcripts, reveal a surprisingly complex salt
stress response. The repression of Mkt1 expression in
roots, to approximately 15% of the prestress amount

Leaf Root
TN PM TN PM

Root, TN Root, PM

+NaCl -NaCl +NaCl -NaCl

Figure 7. MKT1 protein expression in the ice plant. Tissue and
membrane localization of MKTT protein in roots and leaves. TN,
Tonoplast; PM, plasma membrane. MKT1 expression in root tissues
in different membrane fractions. +NaCl, Plants stressed with 200 mm
NaCl for 2 weeks; —NaCl, membranes from plants without NaCl.
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within 6 h (Fig. 6), is interesting because potassium
export from the roots is not inhibited (Table II). The
decline in root potassium is significant only during
long-term stress periods (Adams et al., 1992). If we
equalize transcript and protein amounts (document-
ed only for MKT1; Figs. 6 and 7) and assume constant
activity, decreased root K" channel amounts could
indicate that other channels or transporters are active
or activated during stress episodes in the ice plant.
Studies with the ice plant have indicated accelerated
protein turnover under stress but transcript amounts
are typically good indicators for the amount of the
corresponding proteins (Vernon et al., 1988; Adams
et al., 1998; Cushman and Bohnert, 1999).

Transcripts for Mkt2 in leaves are little affected by
salt stress with an approximately 50% decline within
6 h, which persists for several days. We assume that
Mkt2 amounts increase again as suggested by strong
signals in flowers, where it may act in opening of the
flowers, and seed capsules. Although no comparison
is possible with flowers in unstressed plants because
salinity is a prerequisite for the ice plant to enter
reproductive development (Adams et al., 1998), it
seems possible that Mkt2 is responsible for potassium
homeostasis in reproductive organs because a
flower-specific Mkt1 homolog is expressed at low
levels (Fig. 4).

Kmtl expression in leaves and seed capsules rep-
resents a surprisingly strong signal, if we assume that
Kmt1 is expressed, as is its Arabidopsis ortholog, in
the guard cells of leaves, stems, and seed capsules of
the ice plant. The signal in leaves (and stems, not
shown) increases transiently early during stress with
a maximum approximately 6 h after salt stress. This
coincides with extreme stress-induced wilting of
leaves, although recovery occurs within 1 to 2 d
(Adams et al., 1998). During that time, sodium con-
centrations increase in the leaves, compensated by
the accumulation of compatible solutes (Adams et al.,
1992; Adams et al., 1998). The transient increase of
transcripts for Kmtl might support continued open-
ing of the stomata during the early stress period, and
this may foster the drastic increase of sodium based
on sustained transpiration. The transient wilting may
then initiate further defense mechanisms and the ice
plant’s switch to Crassulacean acid metabolism. This
view of a function for KMT1 would indicate that the
channels, although playing no role or only a minor
role in sodium uptake, could also have a function in
supporting osmotic adjustment.

Whether this response is general or specific for the
ice plant is unknown because few studies have con-
centrated on potassium channel transcripts and none
have targeted their function in halophytes. Whether
the regulation of transcript amounts for each channel
is by transcriptional, posttranscriptional, or (post)
translational processes is not known. So far, studies
have been targeted toward aspects of activity in
heterologous systems, and those that addressed the
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control of expression have been conducted with
stress-sensitive species. The detection of regulated
transcript amounts for some potassium channels
seemingly in response to salt stress is novel. We
could not detect any changes in transcript amounts
for the ice plant Mkt1, Mkt2, and Kmtl when the
plants were starved for potassium (data not shown).
This is consistent with observations of an AKT1 or-
tholog in Brassica napus (Lagarde et al., 1996), but in
contrast with a recent report documenting up-
regulation of wheat AKT1 in response to potassium
starvation (Buschmann et al., 2000). Induction of
transcripts by potassium starvation seems more com-
mon among potassium transporters: HKT1 (wheat),
HvHAK1 (barley), and AtKUP3 (Arabidopsis) re-
spond to K starvation (Santa-Maria et al., 1997; Fu
and Luan, 1998; Kim et al., 1998; Wang et al., 1998).

Sustained potassium supply is essential for plant
performance under excess sodium. A survey of the
literature seems to support a hypothesis suggesting
HKT-type transporters, originally viewed as high-
affinity potassium transporters (Schachtman and
Schroeder, 1994; Rubio et al., 1995), contributing sig-
nificantly to sodium uptake. An Arabidopsis HKT
transporter has been identified as a protein with high
specificity for sodium and low affinity toward potas-
sium (Uozumi et al., 2000). Similar uptake character-
istics with high affinity for sodium are also indicated
for the HKT homologs of rice (Oryza sativa) and the
common ice plant (Golldack et al., 1997; D. Golldack,
H. Su, F. Quigley, U.R. Kawasawi, C. Munoz-Garay,
J. Bennett, H.]. Bolwert, and O. Pantoja, unpublished
data; H. Su and H.J. Bohnert, unpublished data), but
other possible avenues for sodium uptake still exist.
Such uptake systems might also be found among
nonselective cation channels. Several of these ORC
have been detected and their action, following the
sodium-induced depolarization of root plasma mem-
branes, could lead to sodium influx (see Schachtman
and Liu, 1999; Blumwald et al, 2000). Voltage-
independent cation channels alternatively or addi-
tionally exhibit properties that could make them a
major route for sodium influx at a high Na™ to K*
ratio (Amtmann and Sanders, 1999; Blumwald et al.,
2000). That such proteins should exist can be de-
duced. For example, in the Arabidopsis aktl mutant,
K™ uptake by systems other than AKT1 was inhibited
by NH," but stimulated by Na® (Spalding et al.,
1999), suggesting an influence of Na* on the regula-
tion of at least some high-flux K" -uptake proteins.
This is consistent with our results (Table II) and data
on ice plant HAK- and HKT-type potassium trans-
port systems, both of which include isoforms that are
up-regulated by the presence of sodium (Su and
Bohnert, unpublished data). A switch to high-affinity
K™ transporters other than the AKT/KAT-type at
high salinity and low external NH," (0.5 m™ in our
experiments) may be due to an altered K* to Na*
ratio (Spalding et al., 1999). In Arabidopsis salt-
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overly-sensitive (sos) mutants, sensitivity is more
closely related to potassium availability than to so-
dium concentrations in the plants (Wu et al., 1996;
Zhu et al., 1998). The complexity of proteins that take
up monovalent cations is further exemplified by the
detection, in the form of genes, expressed sequence
tags, cDNAs, or activities, of a total of 15 ORC or IRC
in Arabidopsis. Although isoforms in these gene fam-
ilies may function in a tissue- or cell-specific manner,
changes in combination or isoform abundance along
the plant axis may play a crucial role in K" ho-
meostasis, impossible to gauge by measuring the ac-
tivity of individual proteins. The regulation of ex-
pression or activity of potassium channels and
transporters illustrates the important roles of K'-
uptake systems in reestablishing homeostasis to sup-
port plant salinity tolerance.

MATERIALS AND METHODS
Plant Material

Seedlings of the common ice plant (Mesembryanthemum
crystallinum) were transferred to aerated hydroponic tanks
about 2 weeks after germination. Plants were grown in
0.5X Hoagland nutrition solution with the amount of iron
doubled and 3 mm potassium. For salt stress treatments,
the plants were watered with one-half-strength Hoagland
solution including 400 mmM NaCl at the age of 4 to 5 weeks
for the time periods indicated. Unstressed control plants
were grown in parallel and harvested at the same time.

Nucleic Acid Isolation and Hybridizations

For RNA isolations, each 4 g of frozen, ground tissues
was suspended in 16 mL of extraction medium containing
100 mm Tris-HCI (pH 8.0), 150 mm NaCl, 10 mm EDTA, 2
mM aurin tricarboxylic acid, 1% (w/v) SDS, and 1% (w/v)
sarcosyl. After adding an equal volume of phenol, the
extracts were incubated on ice for 1 h with shaking. The
aqueous phases, collected by centrifugation at 5,000¢ for 10
min at 4°C, was incubated with an equal volume of isopro-
pyl alcohol overnight at —20°C. Total precipitated nucleic
acids were collected by centrifugation at 6,000¢ for 20 min
at 4°C and dissolved in diethyl pyrocarbonate-treated wa-
ter. RNA was precipitated by incubation with an equal
volume of 4 M LiCl twice at 4°C for 4 h and collected by
centrifugation. Concentrations of nucleic acids were mea-
sured at 260 nm. Genomic DNA was isolated from 2- to
3-week-old plants as described (Sambrook, et al.,, 1989).
Poly(A™) mRNA was selected from total RNA by using the
PolyATract mRNA Isolation System IV (Promega, Madi-
son, WI).

For Southern-blot analyses, 10 ug of genomic DNA was
completely digested with different restriction enzymes and
DNA fragments were separated on 0.7% (w/v) agarose
gels in 0.5X TBE buffer. For RNA blot analysis, 10 to 20 pg
of total RNA was separated on 1% (w/v) agarose gel
containing 5.5% (w/v) formaldehyde. Gel treatment, trans-
fer of nucleic acid, and the hybridizations were performed
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according to the instruction manual of membranes (Strat-
agene, La Jolla, CA). All blot hybridizations were con-
ducted with Duralon-UVTM membranes (Stratagene) and
probed with **P-labeled DNA fragments (ICN Biomedicals,
Inc., Irvine, CA).

Semiquantitative RT-PCR

One to 5 pg of total RNA or 50 to 500 ng of poly(A™)-
RNA was used for reverse transcription. RNA and 50 ng of
oligo(dT),,.,5 in a volume of 12 uL were incubated at 70°C
for 10 min. After quenching on ice, 4 pL of 5X first-strand
buffer, 2 uL of 0.1 M dithiothreitol, and 1 pL of 10 mm
dNTP mix were added and tubes were incubated at 42°C
for 2 min. One microliter of Supercript II (Life Technolo-
gies, Inc., Rockville, MD) was added and the incubation
was continued for 50 min. The reaction was stopped by
heating (70°C, 15 min) and 1 uL of ribonuclease A (2 units)
was added to remove RNA complementary to the cDNA.
Amplification reactions were carried out with 1 uL of the
first-strand cDNA, 1X PCR buffer, 1.5 mm MgCl2, 0.2 mm
dNTPs, 0.4 mm primers, and 2.5 units Tag DNA polymer-
ase in a volume of 50 uL (Life Technologies, Inc.). After
denaturation (94°C, 3 min), samples were subjected to 32
cycles of 1.5 min at 94°C, 1.5 min (55°C or temperature
gradient), and 2 min at 72°C. PCR products were separated
on 0.8% (w/v) agarose gels (0.5X TBE).

In Situ Hybridizations

Tissues from the root tip and from the second leaf pair of
the plants were fixed in formaldehyde, dehydrated, and
embedded as described by McKhann and Hirsch (1993).
The tissues were embedded in Paraplast Plus (Fisher Sci-
entific, Pittsburgh) and 10-um sections were mounted on
poly-L-Lys-coated slides. Sense and antisense RNA tran-
scripts labeled with digoxigenin-UTP (Boehringer, Mann-
heim, Germany) were synthesized by T3 and T7 RNA
polymerase from linearized pBluescript harboring the
cDNA from position 980 to 1,410 in the MKT1 cDNA.
Transcripts were hydrolyzed to an average length of 200
nucleotides by alkaline treatment (Cox and Goldberg,
1989). In situ hybridizations were performed as described
by Yamada et al. (1995). Signal detection was done with
antidigoxigenin alkaline phosphatase-conjugated Fab frag-
ments (Boehringer) and 5-bromo-4-chloro-3-indolyl phos-
phate and nitroblue tetrazolium as a substrate.

Membrane Isolation and Immunological Detection

Antibodies for MKT1 were raised against an oligopep-
tide, PRVREVTWADKNRRRRVNTF oo (amino acids
743-762), close to the carboxyl terminus of MKT1 (HTI
Bio-Products, Inc., Ramona, CA). Membrane fractions were
isolated as described (Barkla, et al., 1995). Tonoplast mem-
branes were collected at the 0% to 22% (w/v) Suc interface
and plasma membranes at the 32% to 38% (w/v) interface.
SDS-PAGE and protein blotting followed established pro-
cedures (Sambrook et al., 1989).
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