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ABSTRACT 

K* contributes most to the osmotic pressure in plant cells. Under saline 

conditions, accumulation of Na* disturbs the ion homeostasis and causes toxicity to the 

cell. Potassium channels and iransponers may mediate Na' entr>. yet K* contents must 

be maintained at a certain level. Regulation of potassium transport under salt stress is 

important for ion homeostasis and stress tolerance in plants. This dissertation presents 

analyses of the potassium channels and transporters in the halophyte Mesemhry anihemiim 

aysuiUinimi (common ice plant) emphasizing their regulation in the context of ion 

homeostasis under salinity conditions. 

Short-term changes of ion content in leaf tissues were measured for salt stressed 

ice plants. Na" was found to interfere with potassium uptake. Net potassium uptake was 

reduced at least fCo after a few hours. Potassium contents in the ice plant roots and 

leaves are known to be reduced after long term salt stress. 

The cDN.-Vs of three potassium channels MKTl. MKT2 and KMTl. three H.A.K-

type transporters McHAKl-3. and a HKT-type transporter McHKTl were isolated from 

the ice plant. .VIcH.AKl. McI-I.A.K2 and VIcHKTl were able to complement a yeast 

mutant defective in potassium uptake. .VIKTl transcripts were mainly detected in roots: 

MKT2. KMTl and McHKTl were expressed primarily in shoots. The McHAK 

transcripts were found in various tissues. 

Expression patterns of the charmel and transporter transcripts under salt stress 

were investigated by RN.A. blot analysis and RT-PCR. In roots, transcripts of the MKTl 
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channel were reduced significantly after 6 h of stress, while the transcripts of McHAKl. 

McHAK2 and McHAK3 increased till 24 h of stress. In leaves. McHKTI was transiently 

up-regulated within hours of stress and decreased rapidly afterward, but the .VIcHAKl - 3 

transcripts increased up to 48 h of treatment. The transcripts of KMT I channel showed 

transient up-regulation. 

The tissue-specific expression and coordinated regulation of these genes 

suggested that upon salt stress, the K' uptake mechanism in the ice plant switches from 

the MKTl channel to other systems such as the McHAK and McHKTl transporters. 

Physiological relevance of these changes to the salinity adaptive strategy in the ice plant 

is discussed. 
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CHAPTER I 

INTRODUCTION 

I. POTASSIUM TRANSPORT IN PLANTS 

POTASSIUM NUTRITION AND PHYSIOLOGICAL ROLES OF POTASSIUM 

Potassium is an essential macronutrient for plants, required in a large amount to 

maintain normal plant growth and development. Potassium accounts for 1% of the dr\' 

weight in plant material at a le% el considered adequate (Epstein. 1972). and it can 

comprise up to 10% of the total dr\' weight in plants grown in potassium-replete 

conditions (Leigh and Wyn-Jones. 1984). Comparing to the other monovalent cations, 

e.g. Na' and Li". K' has a relatively lower charge: mass ratio, which results in a smaller 

hydrated radius and a lower tendency to disrupt the order of water molecules (Franks & 

Eagland. 1975: Maathuis &. Sanders. 1996). This is largely why K* is more compatible 

w ith the structural integrity of proteins when at high concentrations in the solution. 

Due to its structural properties, potassium plays a number of indispensable roles 

in plant development and growth. At the cellular level, its importance resides in three 

major aspects: enzy me activation, electroneutralization and osmotic control. Potassium is 

an activ ator of more than 40 enzymes, including enzymes or enzyme systems involved in 

glycolysis, starch synthesis, photosynthesis, respiration and protein synthesis, etc. (Evans 

and Sorger. 1966). .An example of such enzymes central to intermediary metabolism is 
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pyruvate kinase, which catalyses the formation of pyruvate from phosphoenol pyruvate. 

•A high concentration of K' (50 m.Vl) is required for the maximal activity of this enzyme, 

probably through stabilizing the conformation of the apoenzyme protein (Evans and 

Sorger. 1966). Potassium is also needed at various stages of protein synthesis: it is 

important for the intactness of the ribosomal machinery, the binding of mRNA to 

ribosomes and efficient peptide elongation during mRNA translation (Wyn Jones et al.. 

1979: Wyn Jones and Pollard. 1983). 

.-\s the most abundant cation in the cytosol of plant cells. K* is the dominant 

counterion for soluble and macromolecular anions. For instance. K* neutralizes the 

negative charges caused by organic acids, like malate. and the large e.\cess of negative 

charge on proteins and nucleic acids (Clarkson and Hanson. 1980). 

-Also, due to its high concentration. K* contributes much to the osmotic potential 

of the cytosol. as well as to that of the vacuole in some glycophytes (Wyn Jones et al.. 

1979). constant high concentration of intracellular K' is important for the maintenance 

of cell turgor and turgor-driven cell growth. On the other hand, controlled uptake and 

release of K.* is involved in cell and organ movements in higher plants, since these 

processes are often associated with turgor changes. For instance, the opening and closing 

of stomata involve large inward and outward K" tluxes that cause swelling and shrinking 

of the guard cell (MacRobbie. 1987; Keams and Assmarm. 1993). In nyctinastic plant 

movements. K* tlux is the basis for the turgor changes in the pulvinal motor cells at the 

base of the leaflet blade, which lead to leaflet movements in response to light and 

rhythmic changes (Satter et al.. 1974: Salter and Gaiston. 1981). 
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MECHANISMS OF POTASSIUM TRANSPORT 

Because of its physiological importance and the relatively high permeability of 

plant cell membranes to potassium, studies on the mechanism of K* transport have 

received much attention over the past half-centur>'. As early as in the 1960"s. Epstein and 

coworkers found that rate of K* uptake in higher plant roots displays biphasic kinetics as 

a function of the external K* concentration (Epstein et al.. 1963). When K* (Rb*) taken 

up b\ e.xcised barley roots was measured, saturation was observed at a low external K* 

concentration (< 0.5 mM). which tits well to .Vlichaelis-Menten (M-M) kinetics, but at 

higher concentrations the curves deviate from classical M-M form and appeared to reach 

a second level of saturation. This dual pattern of potassium absorption, and subsequent 

studies. led to the hypothesis that the uptake of K* in higher plant roots is fulfilled by two 

separate mechanisms (Epstein. 1966: Epstein. 1973). The so-called mechanism 1 

functions at low external K* concentrations (|iM range), displays high affinity for K' but 

low affinity tor Na'. its function is not affected by accompanying anions, and Ca'' is 

essential for its selectivity. In contrast, mechanism II dominates at higher external K* 

concentrations (mM range) and shows low affinity for K' and low selectivity for K'over 

other monovalent cations. The activity of mechanism II is dependent on the 

accompanying anions (e.g. CI') and suppressed by the potassium charmel inhibitor tetra-

ethyl-ammonium (TEA). 

Typically, the concentration of K" in the soil is in the range of 0.1 to 1.0 mM. 

while cuosolic K* concentrations in plant cells are in the order of 80 to 120 mM 

(Maathuis and Sanders. 1996). Considering the depletion caused by root uptake, the 
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availability of K.' in root surface areas can be even lower. Hence in a low K* 

en\ ironment. the uptake of K.' b\ the root has to be an energized process, able to 

transport K* against its electrochemical potential gradient (Maathuis and Sanders. 1993: 

1996). Early biochemical observations of a potassium-stimulated .'MPase activity led to 

the conclusion that K* is transported through a K'-.A.TPase or a K*-H' exchanging 

.•\TPase (for reviews, see Kochian and Lucas. 1988: Luttge and Clarkson. 1989). It is 

now more widel\- accepted that the K* uptake through the plant plasma membrane is via a 

system separate from .ATPases. and is indirectly coupled to the electrochemical potential 

gradient generated by the proton pumps (Sussman. 1994: Maathius and Sanders. 1996). 

Similarly, in the fungus Seurosponi crassa. a K."-ir symport carrier has been identified 

as the primary high-affinity K" uptake mechanism (Rodriguez-Navarro ei ai. 1986). In 

higher plants, whole cell patch clamping studies on Arahidopsis root protoplasts showed 

H'-coupled K' transport with a ratio of IK*: 1H'. also suggesting a K*-H" symport 

system (Maathius and Sanders. 1994: Maathius ei al.. 1997). The symporter is 

thought to be a common mechanism for high-affinity K* uptake in fungi, algae and 

higher plants. 

Other mechanisms for high-affinity K* uptake may also exist. For instance, in 

K'-star\ ed algae. Cham austrciHs and Miella iranslucens. KT uptake is driven by the Na" 

gradient across the plasma membrane, presumably by a K*-Na' symport system (Smith 

and Walker. 1989: Walker and Sanders. 1991). Maathius et al. investigated the 

physiological relevance of Na'-coupled K" transport among other species, including 

Arabidopsis lhaliana. wheat and barley (Maathius et al.. 1996). In their measurements 
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the addition of 20 to 500 |.iM of Na' either inhibited or had no effect on K" absorption in 

the plants grown with or without 1 mM NaCl. leading to the conclusion that the Na*-K* 

symport mechanism may play a minor role in terrestrial plants. Whether Na*-coupled K.* 

transport is important under other growth conditions, e.g. in high salinity, or in plant 

species such as halophytes. remains to be determined. 

.\t high external concentration. K* influ.\ may occur passively down its 

electrochemical potential gradient. With an external potassium concentration of 1 mM. 

the electrical potential difference across the plasma membrane, negative in the cytosol. is 

sufficient to drive a net K' influx through K* channels (Maathuis and Sanders. 1993). 

For voltage-gated channels, inward rectifying channels (IRC) are stimulated by 

hyperpolarization of the plasma membrane, while outward rectifying channels (ORC) by 

depolarization of the membrane (Hedrich and Schroeder. 1989). 

II. MOLECULAR STRUCTURE AND 

FUNCTION OF TRANSPORT SYSTEMS 

•Ascribed largely to the application of technologies of molecular biology, 

electrophysiology and reverse genetics, significant progress has been made in revealing 

the molecular identity and fiinction of K~ transport systems in plants. Since the first two 

plant K* channels were cloned in the early 1990"s (Sentenac el al.. 1992; Anderson el al.. 
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1992). dozens of K* channel and transporter genes have been isolated from plant species, 

including Arcihidopsis. potato, wheat, barley, maize and rice (for reviews, see 

Zimmermann and Sentenac. 1999; Czempinski et al.. 1999; Schachtman. 2000; 

Rodriguez-Navarro. 2000). Cloning of these channel and transporter genes was 

expedited by either functional complementation of yeast mutants deficient in potassium 

uptake (Sentenac ei al.. 1992; Anderson et al.. 1992; Schachtmann and Schroeder. 1994; 

Fu and Luan. 1998) or sequence comparison with known genes from other species 

(Muller-Rober ei al.. 1995; Ketchum and Slayman. 1996; Santa-Maria et al.. 1997; 

Zimmermann et al.. 1998; Philippar et al.. 1999; Rubio ei al.. 2000; Uozumi et at.. 2000). 

Se\eral genes ha\e been isolated directly by searching EST (Expressed Sequence Tag) 

databases (Czempinski et al.. 1997; Quintero and Blatt. 1997; Kim et al.. 1998; Gaymard 

et al.. 1998; Fairbaim et al.. 2000). so called "electronic cloning". The completion of 

genome sequences of several plant species w ill further expedite the process of identifying 

genes involved in K* transport. Functions of these channels and transporters have been 

characterized by electrophysiological measurements in heterologous expression systems 

like yeast. Xenopus oocytes or insect cells (see references above), or by measurements in 

mutant plants with specific genes knocked out (Hirsch et al.. 1998; Gaymard et al.. 

1998). Reverse genetics has provided an efficient tool to study the ftinction of these 

transport proteins in planta. 

In general, molecularly identified potassium transport proteins in plants so far 

include three subfamilies of IRC. three different types of ORC and two classes of 

transporter - HKT-type and HAK/KUP-type transporters, as reviewed in the following 
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sections. 

POT.ASSIUM CH.ANNELS 

.MI potassium channels are believed to function as tetramers or dimers. and based 

on the secondar>- structure of the subunit peptide, they are categorized into four families 

{Figure 1.1). They all share a highly conserved pore-forming (P) region that confers ion 

selectivity, yet differ in the number of transmembrane (TM) domains (two. four, six or 

eight) and P regions (one or two). So far. channels of the Shaker. IRK and TWIK 

families have been found in plants. While all plant IRC belong to the Shaker family, the 

ORC seem to have members in each of the three families. 

INW.ARD RECTIFYING CH.ANNELS (IRC) 

.AKTl and KATl were the first K' channels cloned from higher plants by 

complementation of a yeast mutant defective in potassium uptake with cDN.A, libraries 

from Arahidopsis thaliana (Sentenac et ai. 1992; .Anderson et ai. 1992). Both showed 

high homology with the Shaker superfamily of K* channels in animals, featuring six 

transmembrane domains (SI - S6) and a P domain between S5 and S6. with intracellular 

hydrophilic N- and C- termini. In contrast to their animal counterparts, which are 

outward rectifying, these plant channels mediate K' influx when expressed \nXenopus 

oocNte or insect cell systems (Schachtman et al.. 1994; Marten et al.. 1996; Gaymard et 

ai. 1996). They both contain a cyclic nucleotide-binding domain (cNBD) and a so-called 

Kha domain (rich in hydrophobic and acidic residues) downstream of the TM region. 
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Shaker-type 

S1 Voltage sensor S6 

N 

IRK-type 

TWIK-type 

N 

TOR-type 

N 

Figure 1.1 Schematic structure of IC channels. 

N - amino terminus: C - carboxyl terminus: P. PI. P2 - pore forming regions; SI. 
S6 - transmembrane domains. (Adapted from Zimmermann & Sentenac. 1999) 
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while AKTl channels additionally have an ankyrin repeat domain between cNBD and 

Kha. Most plant IRCs identified in subsequent years fall into either the fCAT or the AKT 

subfamily {Muller-Rober ei al.. 1995: Ketchum and Slayman. 1996: Zimmermann et ai. 

1998: Philippar et al.. 1999: Buschmann et ai. 2000: Hartje et ai. 2000: Pilot et al.. 

2001). Another inward \C channel. KDC1. expressed in carrot root hairs seems different 

from these two groups, but it also belongs to the Shaker superfamily (Downey et ai. 

2000). 

Structure properties 

The structure and function of KAT- and .A.KT-type channels have been studied 

extensively. .A transmembrane topology of KATl channel similar to that of animal 

Shaker superfamily has been proved by the expression of fusion proteins in E.coli 

(Lozumi et al.. 1998). The ion selectivity of K* channels for K* over other monovalent 

cations has been illustrated by .X-ray analysis of the three-dimensional structure of a 

bacterial K' channel (Doyle et ai. 1998). The P regions from each subunit form an 

aqueous pore with a selectivity filter lined up by the K* channel signature sequence 

TXGYGD. which is held open to let only potassium ions pass through. Mutations in the 

P region of the animal Shaker charmel alter its ionic selectivity (Yool and Schwarz. 

1991). Similar studies have illustrated the same role for the P region of the KATl 

channel (Lozumi et al.. 1995: Becker tf/a/.. 1996: Dreysr et al.. 1998). The fourth 

transmembrane domain (S4) is responsible for the voltage sensing of the Shaker channel 

(Papazian et ai. 1991). and positively charged amino acids have been identified to 

constitute the voltage sensor in the S4 segment of KATl proteins (Marten and Hoshi. 
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1998: Zei and Aldrich. 1998). The voltage-dependent gating of KATl channels has been 

demonstrated to be an intrinsic process (Hoshi. 1995; Schroeder. 1995). involving not 

only the carboxv terminus, as in animal K~ channels, but also the amino terminus of the 

protein (Marten and Hoshi. 1997; Marten and Hoshi. 1998). Although it is still not clear 

what makes the rectification property different between animal and plant Shaker 

channels, the N-terminus (including SI to S4) of KATI seems to confer inward 

rectification of the channel (Cao et al.. 1995a). 

Both K.AT- and AKT-type channels have a putative cyclic nucleotide-binding site 

in the cytoplasmic C-terminus. This domain seems essential for the normal function of 

K.A.T1. since deletion of the C-terminus including this region abolished the activity of 

K.AT1 expressed in Xenopus oocytes (Marten and Hoshi. 1997). For both heterologous 

expressed KATI and .AKTl. cGMP has been shown to reduce the conductance of the 

channel at a given voltage, shifting the current-voltage curve to a more negative direction 

(Hoshi. 1995; Gaymard et al.. 1996). Evidence for direct binding of the cyclic nucleotide 

to KAJ or .A.KT channels is still lacking. It is worth noting that K.AT and .AKT channels 

are primarily gated by voltage changes, and the modulation of these IRCs by cGMP 

seems to be different from that of the cyclic nucleotide-gated cation channels (CNGCs). 

with the latter activated by direct binding of the ligand (Leng el al.. 1999). .^n ankyrin 

repeat (ANK) domain unique to the AKT-type channels is located downstream of the TM 

domains in the cytoplasmic region (Sentenac et ai. 1992). Such an ankyrin repeat is a 

common motif in a variety of proteins in animals, mediating protein-protein interactions 

(Michaely and Bennett. 1992; Sedgwick and Smerdon. 1999). The ANK domain in 
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AKT-tvpe channels may facilitate interaction with the cytoskeleton and the distribution 

of the channels. 

Subunit composition and assembly 

As shown for animal potassium channels, plant Km channel a-subunits (referred 

to the K.AT and .-VKT peptides) function as tetramers spanning the membrane (Daram ei 

al.. 1997). The same study showed that the C-terminus of the channel protein is 

responsible for the assembly. The cyclic nucleotide binding site and the Kha domain at 

the very end of the peptide may be involved in the interaction between individual 

proteins. Other studies indicated that the Kha domain, highly conserved in both JCAT-

and .\KT-type channels (Basset et al.. 1995). does not affect subunit assembly but 

mediates interaction between different channels, and is probably important for the 

clustering and distribution of the channel proteins throughout the membrane (Ehrhardt et 

al.. 1997). a-subunits from different channel types can also be assembled into 

heteromers that function in the Xenopus oocyte (Dreyer et al.. 1997; Baizabal-Aguirre et 

al.. 1999). But again, the physiological significance of the interaction between different 

types of channel proteins is uncertain. It is more likely that tissue or cell type-specific 

e.xpression of different channels separates them spatially and keeps them from 

assembling into heteromers in planta. The assembly of some K" channels in animal 

systems also involves association of each a-subunit with a p-subunit in the cytosol. 

which may modify electrophysiological parameters of the current by inducing fast 

inactivation of the channel, or stabilize the protein complex. Plant P-subunit homologs 

have been cloned (Tang et al.. 1995; Fang et al.. 1999). The KABl in Arabidopsis has 
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been shown to physically associate with KATl in vitro (Tang el ai. 1996). while co-

expression of both subunits in oocvtes does not significantly change the gating kinetics of 

the channel (Zhang el ai. 1999). It remains to be answered whether the two interact in 

vivo and whether KABl interacts with other plant K* channels. 

Localization and physiological function 

Most characterizations of these potassium channels have been conducted in 

heterologous systems, which requires correlation with in vivo studies to illustrate the 

functions. K.-\T1 and .A-KTl both represent a family of genes expressed in different 

tissues, and the expression pattern and cellular localization provided the first hint of their 

physiological roles. By promoter analysis or in siiii hybridization. KATl and its 

homolog in potato KSTl have been shown to be expressed primarily in guard cells 

(Nakamura ef ai.. 1995: Muller-Rober ei ai. 1995). The cloned KSTl channel also shows 

similar electrophysiological properties to the IRC current detected in potato guard cells 

(Miiller-Rober et ai. 1995). .A mutated KATl channel resistant to Cs' confers Cs'-

resistant. light-induced stomatal opening in transgenic Arahidopsis (Ichida el ai. 1997). 

The evidence supports a major role for the KATl channel for potassium uptake leading to 

stomatal opening, as well as its plasma membrane localization. The transcripts of a 

second member of this family. KAT2. have been detected in Arabidopsis leaves (Butt. 

1997). More recently, promoter-driven GUS expression indicated that KAT2 is mainly 

expressed in guard cells along with KATl in mature leaves, and only KAT2 expression 

was detected in stem guard cells (Pilot el ai. 2001). The authors provided further 

evidence that IRC activity in guard cells involves the expression of both KATl and 
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ICAT2 proteins. These channels might be regulated differentially in response to different 

environmental stimuli, which may be one reason for the redundancy of K,n channels in a 

s\ stem as complex as the guard cell. 

E.xpression studies of these potassium channels have shown that homologous 

genes from different species tend to be expressed in the same tissues. For example, the 

.•\KT1 gene is preferentially expressed in root tissue (Cao et cii. 1995b; Lagarde et al.. 

1996 ). as shown by promoter analysis and RNA blots. A similar gene from potato. 

SKTI. has also been detected in RNA from roots (Zimmermann et al.. 1998). and its 

homologs in tomato and wheat have been isolated from root-specific cDNA libraries 

(Hartje et al.. 2000; Buschmann etal.. 2000). The physiological role of AKTI has been 

demonstrated by the T-DNA insertion mutant akil-l (Hirsch et al.. 1998). Roots of this 

mutant lack inward rectifying channel activity and the mutant plants grow poorly with 

100 }a.M K" or less in the presence of NH4". suggesting the importance of the .\KT1 

channel in potassium nutrition in Arabidopsis. 

Transcripts of AKTI-.AKT3 (the two genes encode identical proteins, with AKT3 

fifteen amino acids shorter at the N-terminus). also members of the AKT family in 

Arabidopsis. are primarily detected in RNA from leaf tissue (Cao et al.. 1995b; Ketchum 

and Slayman. 1996). They have been further localized to both source and sink phloem 

tissues (Marten et al.. 1999; Lacombe et al.. 2000). Because these channels have a weak 

rectification when expressed in Xenopiis oocytes, they may be involved in K.'-

accompanied phloem loading and unloading. The .AKTI and AKT3 homologs in maize, 

namely ZMKl and ZMK2. are expressed in cortex and vasculature of the coleoptile. 
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respectively (Philippar ei ctl.. 1999: Bauer ei ai. 2000). Interestingly, the expression of 

ZMKl is induced by the plant hormone auxin. The ZMKl channel activity may be 

essential for the coleoptile growth and the establishment of gravitropism. 

OUTW.^RD RECTIFYING CHANNELS 

Shaker-\\k& outward rectifying channels 

SKOR is the first outward rectifying K* channel in the Shaker family in plants. 

Mediating outward potassium current when expressed in Xenopus oocytes, it has been 

localized to root pericycle and xylem parenchyma cells in Arahidopsis (Gaymard et ui. 

1998). Disruption of SKOR resulted in lower K" content in both xylem sap and shoot 

tissues, consistent with its function in K* release into the xylem. Moreover, the transcript 

level of SKOR decreased rapidly with abscisic acid treatment, indicating that control of 

K* translocation toward shoots is a part of the plant response to water stress. 

KCO family channels 

.A second class of outward rectifying K' channels are similar to animal TWIK 

channels, featured by four transmembrane domains and two pore regions (Figure l.l). 

The deduced protein KCO I of .Arabidopsis also contains two tandem Ca'*-binding EF-

hand motifs in its cylosolic C-terminus (Czempinski el al.. 1997). The KCOl channel 

expressed in insect cells mediates depolarization-activated potassium current, which is 

dependent on a nanomolar concentration of free Ca"* in the cytosol. Details about its 

localization and possible regulation by Ca'~ remain to be elucidated. Additionally, two-

pore outward rectifying K* channels exist in Arabidopsis and other species (Czempinski 



et Lii. 1999). In fact, another ORC. AtKC03. has the structure of the IRX-type channel 

in animal (Figure 1.1). It only contains two putative transmembrane domains and one P 

region. There is no report on the functional characterization of this channel so far. 

Nonetheless, with reverse genetics and the in plcinta studies of SKOR. .AKTl. .'VKTZ and 

other potassium channels, a picture of K.' translocation at the whole plant level, as well as 

its regulation during development and in response to environmental signals, has begun to 

emerge. 

POTASSIUM TIL\iNSPORTERS 

HKT-TYPE TR.ANSPORTERS 

The first high-affinity potassium transporter HKTl was isolated from wheat by 

yeast complementation with a root cDNA library of potassium starved plants 

(Schachtman and Schroeder. 1994). The deduced HKTl protein shows weak homology 

to the TRK transporters in Saccharomyces cerevisiae. Hydrophobicity plot analysis 

indicates that HKTl is comprised of 10 - 12 transmembrane domains. Recently, a new 

"four MPM" model was proposed based on sequence comparisons between a bacterial K* 

channel and distantly related K' U^ansporters. KcsA. a member in the IRK family of 

potassium channels, has two membrane-spanning domains (M) and a pore forming loop 

(P) traversing the outer half of the membrane. The transporters, including wheat HKTl. 

may have four sequential MPM motifs, arising during evolution from an ancestor gene 

homologous to KcsA (Durell ei ciL. 1999: Durell and Guy. 1999; Schachtman. 2000) 

(Figure 1.2. A). Further investigation, however, is required to confirm this model. 
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Figure 1.2 Schematic structure of potassium transporters. 

VIPM model ofTRK'HKT transporters (adapted from Rodriguez-Navarro. 2000); 
B. 12-TM (transmembrane domain) model of KUP/KAT (adapted from Kim et 
ai. 1998). 
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especially because HKTl shows lower homology to KcsA than the other transporters 

studied (Durell and Guy. 1999). 

When expressed in yeast and Xenopiis oocvtes. HKTl protein mediates high-

affinity K* transport (Schachtman and Schroeder. 1994). Although it was first reponed 

as a K*-H' co-transporter, further studies indicated an energizing mechanism of Na'-

coupled K* transport (Rubio ei ai. 1995; Gassmann et ai. 1996). In yeast and Xenopus 

oocytes expressing HKTl. micromolar concentrations ofNa* stimulate high-affinity K* 

uptake, and high-affinity Na* uptake is activated by external K'. When the medium 

contains 10 to 100 mM of Na*. K* accumulation in the oocytes is blocked and low-

affinity Na' uptake occurs. .A, functional model for HKTl speculates that the protein has 

two independent binding sites for ions (Gassmann et ai. 1996). One is for high-affinity 

Na* binding, presumably involved in the energization of transport: the other for high-

affinity K" binding, but also for Na* and other alkali ions at a 1000-time lower affinity. 

The competition of Na" with K* for binding to the second site is dependent on the K'/Na* 

ratio in the external medium. 

Transcripts of HKTl have been detected in the root cortex and in cells 

surrounding the vascular tissues in leaves of wheat plants (Schachtman and Schroeder. 

1994). Expression of HKTl is dramatically increased when potassium is withdrawn from 

the medium (Wang et ai. 1998). The physiological role of HKTl is uncertain, since the 

Na*-coupled K* uptake mediated by HKTl is observed in heterologous systems and there 

has been no evidence for this in plants yet. In addition. Na*-enhanced K* uptake has not 

been detected in roots of higher plants (Epstein. 1973; Maathuis et ai. 1996). Hence 
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HKTl may play a minor role for K* nutrition, e.g. scavenging of K* leaking out of 

cortical cells, or it may be involved in ion homeostasis, resulting in detrimental low-

affinity Na* uptake under Na* stress conditions. 

Mutagenesis studies on the wheat HKTl have illustrated more details of its 

structure and function. Several mutations have been isolated by random mutagenesis 

tbllowed by selection in yeast mutants defective in K' uptake or highly sensitive to Na* 

(Rubio et al.. 1995; Rubio et ai. 1999). .Among those, mutations .'\240V and N365S 

confer significantly improved Na' tolerance compared to the wild type HKTl in the yeast 

strains. These mutations reduce the inhibition of high-affinity K* uptake by Na*. lower 

the affinity of the low-affinity Na* binding, thus lower the rate of Na' transport and. in 

the long term, increase the K*/Na* ratio in the cell and improve Na* tolerance in yeast. 

•According to the 4 MPM model, these mutations are localized to the second or third pore-

forming loop, where the high-affinity K*. low-affinity Na' binding function is 

hypothesized to be located (Schachtman. 2000). Mutations in this region are thought to 

alter ion selectivity and permeability of the transporter. Site-directed mutagenesis in a 

highly conserved region in the fourth putative P loop (E464Q) resulted in transporters 

with lowered affinity for Na'. with the affinity for K* unaffected (Diatloffe?rc;/.. 1998). 

This is consistent with the model that the last loop is involved in high affinity Na' 

binding (Schachtman. 2000). A third group of mutations are in a highly charged loop 

close to the amino terminus of the HKTl protein. Partial deletions of the loop region 

altered K*/Na* selectivity and increased salt tolerance of the yeast cells (Liu et ai. 2000). 

Introduction of an epitope tag demonstrated that this loop region faces the outside of the 
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membrane. In the 4 MPM model, however, this region should be in the cytosol (Liu et 

al.. 2000: Schachtman. 2000). Future studies vvill need to determine if those mutated 

transporters confer salt tolerance in pkinia. the nature of their topology in the membrane, 

and the structure of their ion binding sites in the proteins. One explanation of why the 

mutations leading to reduced Na' uptake reside hundreds of amino acid away from each 

other is that they could be close in 3-D structure and form a domain which determines ion 

selectivity and low-affinity Na' binding. 

The HKTl transporter seems to belong to a small gene family in plant genomes 

(Schachtman and Schroeder. 1994: Uozumi et al.. 2000; Fairbaim et ui. 2000). but genes 

homologous to HKTl are found in a wide range of organisms, including bacteria, fiingi 

and higher plants (Schachtman and Liu. 1999). However, structurally related transporters 

may vary in ion transport properties. Two HKTl homologs isolated from the gum tree 

have been shown to mediate Na" and K* uptake, differing in relative N'a7K* permeability 

(Fairbaim et al.. 2000). The Arabidopsis HKTl fiinctions as a selective Na* transporter 

and only to a ver\- small degree mediates K* uptake (Uozumi et al.. 2000). Furthermore. 

OsHKTl. a homolog from rice, has been characterized as a general alkali cation 

transporter (Golldack et al.. unpublished data). These findings may not be so surprising 

considering that the structure and fiinction of HKT-type transporters have not been 

resolved, and even a single mutation in the protein can alter its fiinction dramatically 

(Rubio et al.. 1995. 1999: Diatloff et al.. 1998). In general, the HKT-type transporters 

may play an important role in Na' uptake but not in K* acquisition. 
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HAK; KUP-TYPE TR.'KNSPORTERS 

Identity of the major components of the high-affinity K* uptake systems became 

known when another category- of K* transporters was isolated from higher plants. The 

HAKi'KUP-ty pe transporters represent a large family of proteins with twelve putative 

transmembrane domains (Kim ei cii. 1998: Rubio et al.. 2000) (Figure 1.2. B). They are 

homologous to the K' transporter HAKl in the yeast Schwanniomyces occidentalis 

(Banuelos et al.. 1995) and the KUP transporter in E.coli (Schleyer and Bakker. 1993). 

The barley HvH.AKl transporter is mainly e.xpressed in the root tissue, and the expression 

is strongly enhanced by K* starvation (Santa-Maria et al.. 1997). HvHAKl mediates 

high-affinity K* and Rb' uptake when e.xpressed in yeast. Millimolar concentration of 

Na" inhibited K*/Rb' uptake, indicating that the protein also transports Na* at a much 

lower affinity. Interestingly, the high-atTmity K* uptake activity of HvHAKl is NH4*-

sensitive. With an extemal NH4* concentration of 5 mM. K* depletion by HvHAKl-

expressing yeast cells were strongly inhibited. This inhibition of K* uptake by 

ammonium has been observed in plant roots (Rufty et al.. 1982). The HAK transporter 

might be one of the parallel K* pathways that are blocked by high ammonium 

concentrations. Only under those conditions does the AKTl knockout mutant of 

.•\rabidopsis show the phenotype of potassium deficiency (Hirsch et al.. 1998). 

At least 25 genes encoding HAK/KUP-type transporters have been identified in 

.Arahidopsis thaliana (Quintero and Blatt. 1997; Kim et ai. 1998; Fu and Luan. 1998; 

Rubio et ai. 2000). When expressed in Ecoli. AtKUPl mediates high-affinity K* uptake 

(Kim et al.. 1998). while it ftinctions at both the high- and the low-affinity range of K* 



concentrations when expressed in yeast and in Arabidopsis suspension cells (Fu and 

Luan. 1998; Kim ei al. 1998). These differences may be artifacts of the various 

e.xpression systems. On the other hand, ion transport properties may vary among 

individual members of the family, as in the case of the HKT-type transporters. .AtKUPZ 

(or .\tKT2). for e.xample. has been shown to be a lovv-affmity K* transporter (Quintero 

and Blatt. 1997). .A.tKUP transporters seem to be expressed in various tissues throughout 

the plant (Fu and Luan. 1998: Kim et al. 1998; Rubio el al. 2000). The large gene 

family and its distribution suggest that the HAK/KUP transporters play a primary role in 

K' nutrition in plants. 

The complete picture of K* transport systems in higher plants is probably more 

complicated than expected before, in at least two aspects. First, the same system may 

have distinct functions under different conditions. For instance, the proposed low-

affinity K' channel can also function as a high-affinity mechanism (Hirsch ei al. 1998). 

and the transporter .AtKUPl in fact mediate both low- and high-affinity K* uptake (Fu 

and Luan. 1998; Kim et al. 1998). The original theory about two mechanisms of K* 

uptake at high- and low-affinity ranges in plant roots applies to most findings to date, but 

the classical distinction between channels and transporters does not always hold al the 

molecular level. In other words, the two mechanisms are not necessarily conducted by 

different molecular entities. In animal systems it has also been discovered that 

transporters can exhibit channel behavior (Fairman et al. 1995; Sonders and Amara. 
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1996). For plant K* uptake in particular, the high-affinity uptake mechanism does not 

have to be a transporter, and the low-affinity system does not have to be a channel. 

Second, multiple systems and mechanisms exist to carry out the same or similar 

functions. Examples include the HAKy'KUP large family of transporters (see above) and 

the existence of two KAT-type channels in guard cells (Pilot et ai. 2001). At least three 

different systems are involved in high-affinity K" uptake (Chrispeels ei ai. 1999: 

Maathius and Sanders. 1999). The complexity of K* transport is also suggested by more 

than 30 different genes. ESTs or cDNAs encoding K* channels or transporters identified 

in the Anihidopsis genome. Why are there so many of them? It may be speculated that 

the redundancy of the transport system for an important nutrient such as potassium is 

required for survival. Developmentally regulated expression and tissue, organ or cell 

type specificity may determine their functions at a certain time and place in the plant. An 

array of mechanisms may also be necessary in response to different environmental 

stimuli (e.g. external K* concentrations. pH. drought or salinity stresses, etc). 

III. ION HOMEOSTASIS DURING 

SALT STRESS IN PLANTS 

HIGHER PLANT ADAPT.ATION TO SALT TOLERANCE 

Salinity is one of the major abiotic stresses that hinder the productivity of 



37 

agricultural crops. The detrimental effects of salinity on plants include osmotic stress and 

ionic toxicity. High salt decreases the water potential in the soil solution, leading to 

reduced water uptake, loss of turgor, and growth reduction in plants. On the other hand. 

Na' and CI", the most common ions in a high salinity environment, are toxic to plant cells 

at high concentrations in the cytoplasm (Serrano. 1996; Serrano ei al.. 1999). 

Plants have evolved a variety of mechanisms for salt tolerance (Zhu et ciL. 1997: 

Yeo. 1998; Hasegawa el a/.. 2000). Some halophytes use unique developmental or 

morphological strategies to survive high salinity, e.g. the switch from C3 to C.A.M 

photosynthetic pathway in Mesembryanthemiim crystallimim (Cushman and Bohnert. 

1999). development of special salt-storing organs like the salt glands in Atriplex and the 

bladder cells in Mesemhryunthemitm (Adams et al.. 1998). These mechanisms may 

involve the function of an array of genes that are unique in halophytes. However, plants 

differing in the ability of salt tolerance do share some common mechanisms to deal with 

a high salinity environment. The intrinsic, cellular-based mechanisms include synthesis 

and accumulation of compatible solutes (Rhodes and Samaras. 1994; Yancey. 1994; 

N'uccio el Lii. 1999). detoxification of free radicals (Asada. 1999; Bohnert and Shen. 

1999). expression of proteins involved in the protection of cellular machinery- or repair of 

damage (Zhu el al. 1997; Bray. 1997). regulation of water uptake and movement 

(Bohnert ei al.. 1995; Hasegawa ei al.. 2000). and re-establishment and maintenance of 

ion homeostasis (Niu ei al. 1995; Serrano et al.. 1999). Most and possibly all genes 

involved in these cellular processes exist in both halophytes and glycophvtes. It could be 

the differential expression and regulation of these genes that confers the difference in 
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plant salt tolerance, which may be more important for a better understanding of the 

mechanisms and improvement of crop traits related to salt tolerance (Hasegawa ei al.. 

2000: Zhu. 2000). The following sections will focus on the mechanisms of ion 

homeostasis under saline conditions. 

ION HOMEOST.\SIS DURING SALT STRESS 

High concentrations of salt in the environment, typically NaCl. disturb the ionic 

steady state of plant cells. When plants are exposed to NaCl. reduction of the apoplastic 

water potential occurs and there is excess uptake and accumulation of Na* and CI' ions in 

the cytosol. which, in turn, negatively affect K* influx and Ca"* homeostasis (Niu ei al. 

1995). Since the enzymatic apparatus for cellular processes are similarly sensitive to 

high Na* and CI" in all plants, keeping [Na*]c>t as low as possible and maintaining a 

consistent [K']cu is crucial for salinity adaptation in both halophytes and glycophytes. 

Re-establishment and maintenance of ion homeostasis depends largely on the activity of 

transport proteins, especially those controlling the accumulation and intracellular 

compartmentation of ions across membranes (Figure 1.3). Presumably, genotypes with 

coordinated ion accumulation and partitioning rates and a larger capacity for ionic change 

can better sur\ ive salinity^ stress. This is probably one of the reasons why halophytes can 

usually survive a steep salt shock (Hasegawa et ai. 2000) while glycophytes like 

.A.rabidopsis can gradually adapt to salinity (Zhu. 2000). Spatial distribution of NaCl is 

also an important factor that determines salt tolerance, and another area where halophytic 

and glycophytic plants have different strategies. Upon salt stress, glycophytes tend to 
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Figure 1.3 Ion homeostasis in plant cells under salt stress. 

I'he diagram emphasizes the interaction ofNa^ and K^. Question mark indicates transporters that have not been 
isolated moiecularly in plants to date. 
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limit Na* uptake from roots to avoid damage. To further protect the younger shoot 

tissues with growih activity, these plants partition Na* into older leaves that eventually 

die. as an alternative of exporting Na' out of the plant. On the contrary, halophytes like 

Mesemhrycmthemum attempt to take up more NaCl from roots and accumulate it in 

vacuoles, especially in shoot tissues where Na* acts as a convenient osmoticum to 

maintain cell turgor for growth. In this plant, high Na* in the vacuole is balanced by 

osmolytes like proline and pinitol in the cytoplasm (Bohnert et ai, 1995). Therefore, 

membrane transport activities in different cells (e.g. those involved in root uptake or 

xylem loading or unloading), should be regulated to meet the function of the specific type 

of cells in a certain species. The picture of these processes is far from complete, but 

pieces of the puzzle have been emerging, especially for uptake, exclusion and 

compartmentation of Na* (Serrano et ai. 1999; Schachtman and Liu. 1999). 

ROLE OF PROTON PUMPS 

The H* electrochemical gradient (i^fiH*) across the plasma membrane is generated 

by the P-type H*-.A.TPase. resulting in an inside-negative membrane potential of about -

120 mV to -200 mV (Sze. 1985). The vacuolar FT-.ATPase and H'-pyrophosphatase are 

responsible for an inside-positive membrane potential of ~ -i-20 mV across the tonoplast 

(Rea and Sanders. 1987). H* electrochemical gradients are the primary driving force for 

the secondary active transport and eletrophoretic fluxes mediated by ion charmels. Upon 

salinity stress, membrane permeability is changed and the thermodynamic steady state of 

membrane transport is perturbed. For instance, salt-induced depolarization of the plasma 
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membrane leads to Na' uptake mediated by voltage-gated outward rectifying potassium 

channels (Amtmann and Sanders. 1999). Moreover. Na* exclusion and vacuolar 

compartmentation. which are essential for salt tolerance in some species, are tightly 

linked to the proton gradient across the plasma membrane or the tonoplast (Niu ei al.. 

1995). Thus, the regulation of l-f-pump activity is important for the re-establishment of 

ion homeostasis. 

The expression of plasma membrane H'-ATPases. encoded by a multigene 

family, responds to a variety of environmental stimuli, including NaCl or salt stress (Sze 

el al.. 1999: Morsomme and Boutry. 2000). Both H'-translocating activity and mRNA 

level of plasma membrane H'-ATPase have been reported to increase during salt stress in 

specific tissues (Niu el al.. 1995; Morsomme and Boutry. 2000). Similarly, the activity 

of vacuolar .\TPase is enhanced during adaptation to salt stress in a number of plants (for 

review, see Ratajczak. 2000). where an increase has been observed in transcript amount, 

protein amount, the activity of .ATP-hydrolysis and/or H*-translocation. Salt-induced 

expression of vacuolar pyrophosphatase has also been reported in carrot cells (Colombo 

and Cerana. 1993). Overexpression of an Arabidopsis H*-PPase in a yeast mutant 

defective in Na' exclusion confers enhanced Na* compartmentation and thus salt 

tolerance (Gaxiola ei ai. 1999). The contribution of H*-PPase activity in salt tolerance, 

however, seems to var\' among species (Hasegawa el al.. 2000: Maeshima. 2000). 

-Accumulation of plasma membrane I-T-ATPase mRNA in .Airiplex is induced 

only during but not after NaCI adaptation (Niu el al.. 1993). as do the activit\' and mRNA 

level of the tonoplast H'-ATPase in cultured tobacco cells (Narasimhan et ai. 1991). 
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These data suggest a role for the various proton pumps in response to initial stress 

stimuli, probably as a way to signal further adaptation and re-establishment of the ion 

homeostasis. 

Na' EXCLUSION AND COMPARTMENTATION 

One mechanism to avoid toxicity of Na' on enzymes is to keep the ion from 

accumulating in the cytosol. .Although the inside-negative membrane potential can hold a 

cytosolic Na' concentration several fold higher than the outside, in fact the [Na"]cu of 

plants grown in high salt is much lower than the [Na'jeM. Hence exclusion of Na' from 

the cviosol must be an active process. Theoretically, this can be fulfilled by Na'/H' 

antiporters in the plasma membrane and the tonoplast. both driven by the H* gradient 

generated by the proton pumps. Physiological and biochemical data indicate the 

existence of Na' H' antiporters in the plasma membrane of plants (Dupont. 1992). and 

the antiport activity is enhanced by NaCl in some halophvtes (Niu ei ai. 1995). 

•Although Na' H* antiporters have been isolated from the plasma membrane in fungi, 

genes encoding plasma membrane Na*/H* antiporters in plants have not been identified 

until recently. The Arahklopsis salt tolerance gene SOSl encodes a protein homologous 

to the plasma membrane Na*/H* antiporters from bacteria and fungi, and its expression is 

up-regulated under salt stress (Shi et cii. 2000). Expression of SOSl is localized to cells 

surrounding the .xylem. suggesting its role in the export of Na* for long distance 

translocation in Arabidopsis. Evidence for antiport activity of SOSl is needed to further 

demonstrate its physiological fiinction. 



Vacuolar compartmentation of NaCI benefits plants under salt stress, not only by 

sequestering toxic ions but also by providing osmotic adjustment for cell expansion and 

maintenance of turgor. Na7H' antiporter activities of tonoplast vesicles from beet. 

barley and Mesemhryanthemum are induced by NaCl. the last of which is correlated with 

the increased H*-ATPase activity in the tonoplast (DuPont. 1992; Barkla et ai. 1995). 

Arabidopsis genes homologous to fungal tonoplast Na*/H' antiporters. the .AtNHX genes, 

have been isolated (Gaxiola et ai. 1999: Apse ei ai, 2000). .AtNHXl complements the 

yeast mutant phenotype. and the overexpression of AtNHXl in Arabidopsis confers salt 

tolerance to the transgenic plants. 

Na* UPTAKE 

When plants are exposed to a saline environment, high [Na'jcM drives Na" into the 

cuoplasm down its electrochemical gradient across the plasma membrane. Besides 

exclusion and compartmentation of Na*. restriction of Na' influx could also improve 

salinity tolerance, especially in the root cells exposed to soil solutions. Entr>' pathways 

for Na* into plant cells are still unclear, but more and more evidence indicates that Na* 

enters the cell via other cation passages, most of which are potassium channels or 

transporters (Amtmarm and Sanders. 1999: Schachtman and Liu. 1999: Blumward et al.. 

2000). 

Inward rectifying K* channels like .AKTl usually display high K^'Na* selectivity 

under physiological conditions, but they may mediate significant Na* uptake when the 

external Na* concentration increases (Blumward et al.. 2000). It is also possible that 
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inward rectifying cation channels with much higher Na' permeability- function to take up 

Na" (Amtmann and Sanders. 1999). High-affinity K* transporters, such as wheat HKTl. 

mediate Na" intlu-x under high external Na' concentrations (Rubio et ai. 1995; Gassman 

et cil. ,1996). HKTl-like transporters from other species are also permeable to Na* 

(Fairbaim et al.. 2000; Uozumi et ai. 2000; Golldack et a/.. unpublished). Members of 

another family of K' transporter, e.g. HAKl from barley, mediate low-affinity Na' 

uptake, suggesting they could be a way for Na' to enter under saline conditions (Santa-

Maria f/c//.. 1997). 

Other proposed pathways for Na' entrv' include non-selective, voltage 

independent cation channels (VICs) and voltage-gated, non-selective outward rectifying 

channels (NORCs) {.Amtmann and Sanders. 1999). The VICs are permeable to a rzmge of 

monovalent cations. Some studies indicate that these channels are more permeable to K'. 

while others show a relatively high Na' to K* selectivity. Electrophysiological properties 

of VICs and the Na' currents indicate that these charmels may be responsible for major 

Na" influx in high salt conditions (.Amtmann and Sanders. 1999; Tyerman and Skerrett. 

1999; White. 1999). The molecular identity of VIC channels is unclear. low-affinity 

cation transporter. LCTl from wheat, non-selectively transports K'. Na' and other 

cations and is inhibited by external Ca"'. similar to VIC channels (Schachtman et ai. 

1997; Clemens et al.. 1998). Whether LCTl is a candidate for a VIC channel will 

depend on further characterization of its function as a channel or a transporter, and its 

gating properties, like voltage-dependency, etc. The NORCs are activated by 

depolarization of the membrane, which can be induced by a high e.xtemal Na' 
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concentration. The opened NORC mediates K* efflux and Na' influx, causing K* leakage 

from and Na' accumulation in the cytoplasm. 

IMPORTANCE OF K' TRANSPORT IN SALT TOLERANCE 

The importance of potassium transport in NaCl stress tolerance resides in two 

aspects. Firstly, a high K* content in the cytoplasm is essential for cellular activities, and 

K* uptake and transport have to be maintained in the presence of excess Na*. In the sos 

(for salt overly sensitive) mutants o( Arab idops is ihalicma. salt tolerance of the mutant 

plants is correlated to their potassium instead of sodium contents (Zhu et ui. 1998; Zhu. 

2000). Hence potassium nutrition is of primary importance in salt stress, at least under 

relatively mild stress conditions (< 100 mM NaCl) in Arabidopsis. S0S3 and S0S2 gene 

products seem to be signal molecules involving Ca**-binding and a kinase cascade 

modulating K'- Na' homeostasis (Liu and Zhu. 1998; Liu et al.. 2000). SOSl protein is a 

target of this pathway and a Na7H* antiporter in the plasma membrane of the cells 

surrounding the xylem (Shi et al. 2000). It would be very interesting to learn how SOSl 

or other possible targets of the SOS signaling pathway regulate K." uptake or 

translocation in the plant. Secondly. Na* competes with K* for the uptake pathways, thus 

Na' permeability of these transporters should be restrained to avoid the Na* toxicity, and 

K' Na' selectivity of cation transport systems becomes an important determinant of 

salinity tolerance in plants (Niu et al.. 1995; Schachtman and Liu. 1999). The genetic 

trait of K*-Na' discrimination in the bread wheat Triticiim aestivum is partly controlled 

by the locus KN.Al. which is important in plant productivity under salinity conditions 
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(Gorham et ai. 1997). Thus K'-Na" discrimination is genetically controlled and cation 

homeostasis is regulated during salinity stress. 

While the molecular mechanism of the regulatory pathway is to be further 

elucidated, studying the regulation of cation transporters themselves under high salinity 

conditions is both necessary and important. The co-existence of different transport 

systems and the redundancy of a certain family of transporters provide flexibility in the 

function, expression and regulation under normal and stressed environments (.Amtmann 

et cil.. 1997: .Amtmann and Sanders. 1999). Members of HKT family of transporters in 

the gum tree have been found to differ in Na' vs. K* permeability when expressed in 

oocytes, although the physiological relevance in plantu awaits further investigation 

(Fairbaim el ciL. 2000). Millimolar concentrations of Na* have been shown to inhibit }C 

uptake by HAK/KUP transporters from Arabidopsis and barley (Santa-Maria et ai. 1997; 

Fu and Luan. 1998). These transporters may mediate Na* entrv' and could also be 

important for K* 'Na" selectivity, especially when considering the large size of the 

HABC'KLT-type transporter family. Moreover, genetic manipulation of the selectivity or 

expression of the transport systems may be an effective means of restricting Na* uptake 

and improving salt tolerance in the plant. Mutant selection in yeast allowed the isolation 

of mutations in wheat HKTl. which conferred reduced Na' permeability of the 

transporter with K* permeability unaffected, resulting in an increased K~/Na* ratio and 

improved salt tolerance in the yeast cells expressing the transporter (see page 32). 

Overall, potassium transport systems are important for the maintenance and re-

establishment of ion homeostasis in salt tolerance because of the essentiality of potassium 



47 

nutrition and the interaction of K* and Na' uptake through several transport systems. 

Regulation of channel or transporter activity, expression and distribution may confer the 

difference in salt tolerance in some plant species. 

IV. THE ICE PLANT AS A MODEL FOR THE 

STUDY OF ION HOMEOSTASIS 

ADAPT.ATIGN OF THE ICE PLANT TO SALT STRESS 

The halophue Mesembry anthemum crysudlimim L.. the common ice plant 

(family .\izoaceae. Caryophyllales). originats from southern and eastern Africa and is 

adapted to saline environment (Bohnert ei ai. 1995: .Adams ei ai. 1998). Based on its 

morphology and physiology, the growth and development of the ice plant can be defined 

in five stages: germination and seedling establishment, juvenile growth, adult growth, 

flowering, and seed formation. In its natural habitat, salt and drought stresses at the end 

of the rainy season expedite adult growth and the development of reproductive tissues of 

the ice plant. 

M. aysialliniim has been a halophytic model to study the mechanisms of salt 

tolerance. Upon salt stress, the ice plant conducts adaptations in morphological, 

biochemical and physiological aspects, as well as changes in gene expression. It has 

special structural features typical for halophytes. e.g. the epidermal bladder cells on the 
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surface ofieaves. stem and seed capsules as salt storage structures (Adams e( ai. 1998). 

Biochemically, the CAM (Crassulacean acid metabolism) pathway is induced to improve 

water use efficiency as a long-term strategy for salt adaptation (Cushman and Bohnert. 

1999). 

In a physiological context, at least three mechanisms are involved to confer salt 

tolerance in .V/. crysialUmim in the short term: inducible synthesis of osmolytes. 

facilitated water uptake, and regulated ion contents within the plant. Accumulation of 

proline and cyclic polyols. like D-pinitol. in the cytoplasm serves as an osmotic 

adjustment and'or osmotic protection mechanism, either by balancing the osmotic 

pressure caused by high concentration of Na' in the vacuole or by scavenging active 

oxygen (Bohnert ei ciL. 1995). The expression of enzymes involved in polyol synthesis, 

including inositol-1-phosphate synthase (INOl) and inositol-O-methyltransferase 

(IMTl). are inducible at the transcriptional level under salt stress (Vernon and Bohnert. 

1992: Ishitani et al.. 1996). In addition, facilitated water uptake is regulated under stress 

conditions. Transcripts of the MIP genes encoding water channels in the ice plant 

transiently decline follow ing stress, and the recoverv' of MIP transcripts is correlated with 

the synthesis of proline and pinitol (Yamada et ai. 1995: Ishitani et ai. 1996). Activity 

changes of these genes indicate that osmotic adjustment and water uptake processes, as 

well as ion homeostasis (which will be discussed in detail in the ne.xt section), are 

regulated and coordinated in the ice plant in response to salt stress. These short-term 

responses are critical for its survival and the establishment of other adaptive mechanisms 

in the plant under extreme stress conditions. Meanwhile, these physiological 
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mechanisms may be common to plant species, and hence are more likely to be potential 

targets for improvement of salt tolerance. 

ION .ACCUMULATION IN THE ICE PLANT UNDER SALT STRESS 

Membrane transport is also regulated in response to salt stress. .'Ks mentioned 

before. Mesemhry anthemum plants accumulate Na' in the vacuole as an osmoticum under 

salinity stress. Na' uptake across the tonoplast is presumably carried out by a Na'/H' 

antiporter. driven by the H' electrochemical gradient generated by H" pumps. Vacuolar 

H'-.'\TPases are up-regulated before the induction of C.^M at both mRNA and protein 

le\els. so is the enzyme activity (for a review, see Ratajczak. 2000). The tonoplast 

Na" H' antiport activity increases and shows a close correlation with the vacuolar H*-

.•\TPase (Barkla el al.. 1995). 

.-\s a result of the activities of the pumps, antiporters and other membrane 

transport proteins. Na* contents measured as cell extracts increase shortly after salt stress 

(.•\dams et al.. 1992; .-Xdams et al.. 1998). Consistent with the proposed role of Na' in ice 

plant growth. Na* contents in leaves and stems are higher than that in roots. For instance, 

after five days of stress with 400 mM NaCI. the Na' content in the root tip of a mature 

plant is around 100 mM - about ten times that of the control plant, while Na' contents in 

side shoots and primarv' leaves are about 250 mM (Adams et al.. unpublished). 

Moreover, sodium uptake and transport through the xylem is enhanced by the presence of 

m\ o-inositol transported from leaves to roots through the phloem. Redistribution of 

inositol might serve as a signal of the capability of induction of inositol synthesis (Nelson 
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ef LIL. 1999). A Na'-inositol symporter encoded by the Mtrl gene has been localized to 

the root tonoplast and might function to remove Na' from root vacuole and keep Na" 

content relatively low in this tissue (Chauhan ef ai. 2000). This partly explains the co

existence of a Na" and inositol gradient along the plant axis. Xylem loading of Na" may 

be fulfilled by SOS I-like Na*/H* antiporter in the plasma membrane of xylem 

parenchyma cells. How Na' is taken up by roots from the external environment is 

unclear, which probably involves K* transport systems. 

On the other hand. K* contents in the stressed ice plant are kept quite constant. 

-After five days of stress. K" contents in roots, side shoots and primary leaves are in a 

range from 70 to 120 mM (cell water), but do not change much from unstressed plants 

(.\dams el ciL. unpublished). This is additional evidence of the importance to maintain a 

constant K' content in the cell, and presumably, in the cjioplasm. 

V. OBJECTIVES 

The overall objective of this dissertation project was to study the meclianisms of 

ion homeostasis in the halophyie Mesembryanthemiim crytallinum. with particular 

emphasis on the mechanisms of K.* homeostasis under stress conditions and possible 

involvement of K.* transport systems in Na* uptake and compartmentation. In the 

following chapters. K'channels. HAK-type transporters and HKT-type transporters, 

respectively, were investigated. Genes encoding the channels and transporters were 



51 

isolated by homologous cloning. Their tissue and cell-type specific distributions were 

characterized by Northern-type hybridization and in situ hybridization. The regulation of 

these systems in response to salt stress was also characterized, and their possible 

functions in the maintenance of K' concentrations or in Na' uptake were discussed. 

.A.t this point, no matter whether or not these K* U-ansport systems function 

similarly in halophytic and glycophytic plants under stress conditions, knowledge of the 

behav iors of these systems in a halophyte will contribute to our understanding of the 

mechanisms of ion homeostasis in salt tolerance. If they are similar, then the mechanism 

may be common and conserv ed in both types of plants; if they are different, then the 

difference may be one of the important factors that confer higher salt tolerance to 

halophytes. 
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CHAPTER 2 POTASSIUM CHANNELS IN 

Mesembryanthemum crystallinum 

INTRODUCTION 

Potassium IRCs are major pathways for potassium uptake and transport in plants. 

All plant IRCs molecularly identified so far belong to the Shaker family, featured by six 

transmembrane domains (SI - S6) and a pore-forming (P) domain between S5 and S6 

(Figure 1.1). .VIost plant IRCs can be categorized into two subfamilies. AK,T-type and 

K-AT-type. both containing a cNBD (cyclic nucleotide-binding domain) and a Kha 

(hydrophobic residue and acidic residue rich) domain downstream of the transmembrane 

regions. In contrast to the KAT channels. .A.KT channels have an additional ankyrin 

repeat domain between cNBD and KHA-

•AKT- and KAT-type channels have been isolated from various species, including 

.-Vrabidopsis. potato, tomato, wheat, maize, etc. (Sentenac et ai. 1992; .Anderson et al.. 

1992; Muller-Rober et ai. 1995; Butt. 1997; Philippar et al.. 1999; Hartje el ai. 2000; 

Buschmann et ai. 2000). .Arabidopsis AKTl transcripts are predominantly expressed in 

roots, especially in cells having access to soil solution, such as the epidermis, cortex, and 

endodermis cells (Lagarde et ai. 1996). .AKTl-like proteins are detected in the root 

plasma membrane-enriched fraction in the related species Brassica napits (Lagarde er ai. 

1996). In comparison with wild type Arabidopsis. mutant plants with a T-DNA insertion 
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(Hirsch et al.. 1998. Spalding et at.. 1999). indicating a function of AKTl in potassium 

nutrition. While the AKTl transcript level in roots is not effected by potassium 

star\ation in .Arabidopsis and Brassica napiis (Basset et al.. 1995; Largade ei al.. 1996). 

in the root tissue of wheat seedlings. TaAKTl mRNA level is up-regulated by the 

withdrawal of potassium from the growth medium (Buschmann el al.. 2000). Thus 

different regulatory mechanisms may exist for the function of the .AKTl gene in various 

plant species. 

The e.xpression of another .AKT-type channel. AKT2/AKT3. has been located to 

both source and sink phloem tissues in .Arabidopsis. When expressed in Xenopus oocytes 

and COS cells, the .AKTZ/.A-KTS channel displayed pH-dependent weak rectification, 

suggesting the functional plasticity of this channel in K*-accompanied phloem loading 

and unloading (Marten el al.. 1999; Lacombe et al.. 2000). Accumulation of .AKT2 

mRN.-\ in aerial tissues increased when Arabidopsis plants were treated with the plant 

stress hormone abscisic acid (Lacombe et al.. 2000). Together with the downregulation 

of SKOR. an ORC responsible for K' release to the .xylem sap (Gaymard et al.. 1998). 

evidence favors the hypothesis that these K* channels are involved in the plant response 

to drought by facilitating K* recirculation toward roots for osmotic adjustment. 

Different members of the KAT subfamily have also been isolated from 

.Arabidopsis. K.ATI and KAT2 are expressed in guard cells in leaves, and constitute a 

pathway for potassium influx during stomatal opening (Nakamura et al.. 1995; Ichida et 

al. 1997; Pilot et ai. 2001). The two channels have different pH sensitivities. KAT2 is 
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more sensitive to external acidification, and is expressed in guard cells in stem in addition 

to leaf (Pilot ei al.. 2001). Regulatory- mechanisms of KAT-type channels include those 

at the protein or channel activity level, as have been reported before. Protein kinases 

such as CDPK (Calcium-Dependent Protein Kinase) and ABRK (ABA-Responsive 

Kinase) from nda faba have been shown to phosphorylate KATl protein in vitro (Li et 

al.. 1998: VIori et cil.. 2000). Guard cells controlling stomatal opening respond to a 

number of environmental and physiological factors. It should not be surprising that 

different signaling pathways or mechanisms are involved in the regulation of the K* 

channels that are critical for the guard cell function. 

In this chapter. K* and Na' accumulation are measured for salt stressed plants of 

Mesembrytmihemum crystallinum (common ice plant), using Rb* as an indicator for net 

K' uptake. Transcripts encoding AKT- and KAT-type potassium channels from the ice 

plant are isolated and characterized. .Wit//. Mkt2 and Kmtl are homologs of the 

Anihidopsis IRC Aktl. Akt2 3. and KatL respectively. Tissue specificity of these genes 

and subcellular localization of MKTl are described. Their regulated expressions are 

analyzed in the context of ion accumulation under salt stress. 

MATERIALS AND METHODS 

Plant Material 

For ion content measurements, seedlings of M crystallinum were transferred to 
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hydroponic containers one week after germination. Plants were grown in 0.5X 

Hoagland's solution with double-amount of iron and 3 mM potassium for two more 

weeks. Then the plants were treated with 0.5X Hoagland's solution into which potassium, 

rubidium and/or sodium were added as described in the te.xt and figures, and were 

harvested after the time period indicated. 

For the other e.\periment. seedlings of .V/. crysiallimim were transferred to aerated 

hydroponic tanks about two weeks after germination. Plants were grown in 0.5X 

Hoagland's nutrition solution with the amount of iron doubled and 3 mM potassium. For 

salt stress treatments, the plants were watered with 1/2 X Hoagland's solution containing 

400 mM NaCl at the age of 4 to 5 weeks for the periods indicated. Unstressed control 

plants were grown in parallel and harvested at the same time. 

Ion Content .Measurements 

Leaves of the ice plants were frozen, ground and e.vtracted with 

chlorofomvethanol/water (3:5:1). The supernatant of the extracts was filtered through a 

nylon filter (0.2 uM. Gelman). and 100 }j,l was injected into the HPLC. The separation 

and analysis of cations were carried out on an lonPac CS14 column with a lonPac CGI 4 

guard column. The elutant was 10 mM methanesulfonic acid at a flow rate of 1.0 

ml/min. 

Nucleic Acid Isolation and Hybridizations 

For RNA isolations. 4 g of frozen, ground tissue was suspended in 16 ml 
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extraction medium containing 100 mM Tris-HCl (pH 8.0). 150 mM NaCI. 10 mM 

EDT.A. 2 mM aurin tricarboxylic acid. 1% SDS and 1% sarcosyl. After adding an equal 

volume of phenol, the extracts were incubated on ice for 1 hour with shaking. The 

aqueous phase, collected by cenirifugation at 5.000g for 10 min at 4"C. was incubated 

with an equal volume of isopropyl alcohol overnight at -20"C. Total precipitated nucleic 

acids were collected by cenirifugation at 6.000g for 20 min at 4"C and dissolved in 

DEPC-treated water. RNA was precipitated by incubation with an equal volume of 4M 

LiCl twice at 4"C for 4 hours and collected by cenirifugation. Concentrations of nucleic 

acids were measured at 260 nm. Genomic DN.A was isolated from 2-3 week-old plants 

as described (Sambrook. et al. 1989). Poly(A)* mRNA was selected from total RNA by 

using the PolyATract® mRN.A Isolation System IV (Promega. Madison. Wl). 

For Southern blot analyses. 10 fig of genomic DNA was completely digested with 

different restriction enzymes and DNA fragments were separated in 0.7 % agarose gels in 

0.5x TBE buffer. For RNA blot analysis. 10-20 |ig of total RNA was separated in 1% 

agarose gel containing 5.5% formaldehyde. Gel treatment, transfer of nucleic acid and 

the hybridizations were performed according to the membrane instruction manual 

(Stratagene. La Jolla. C.A). All blot hybridization were conducted with Duralon-UVTM 

membranes (Stratagene. La Jolla. C.A) and probed with ""'P labeled DNA fragments (ICN 

Biomedicals. Inc.. Irvine. CA). 

Semi-quantitative RT-PCR 

One to five [ig of total RNA or 50-500 ng of poly(A)'-RNA was used for reverse 
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transcription. RNA and 50 ng of oligo(dT)i;.i8 in a volume of 12 |al were incubated at 

70"C for 10 min. After quenching on ice. 4 [il of 5X first strand buffer. 2 |al 0.1 M DTT. 

1 10 mM dNTP mix. were added and tubes were incubated at 42''C for 2 min. One |il 

of Supercript II (Life Technologies. Inc.. Rockville. MD) was added and the incubation 

was continued for 50 min. The reaction was stopped by heating (70''C. 15 min). and I ^1 

of RNase .A. (2 units) was added to remove RN.A complementary to the cDNA. 

Amplification reactions were carried out with 1 |il of the first strand cDNA. IX PCR 

buffer. 1.5 mM MgC12. 0.2 mM dNTPs. 0.4 mM primers, and 2.5 units Taq DNA 

polymerase in a volume of 50 |il (Life Technologies. Rockville. MD). .After denaturation 

(3 min. 94''C). samples were subjected to 32 cycles of 1.5 min at 94''C. 1.5 min (55*^0 or 

temperature gradient), and 2 min at 72"C. PCR products were separated on 0.8% agarose 

gels (0.5.\TBE). 

In situ Hybridizations 

Tissues from the root tip and from the second leaf pair of the plants were fixed in 

F.AA. dehydrated, and embedded as described by McKhann and Hirsch (1993). The 

tissues were embedded in Paraplast Plus (Fisher Scientific. Pittsburgh. PA) and 10 |im 

sections were mounted on poly-L-lysine coated slides. Sense and antisense RNA 

transcripts labeled with digoxigenin-UTP (Boehringer. Mannheim. Germany) were 

synthesized by T3 and T7 RNA polymerase from linearized pBluescript harboring the 

cDNA from position 980 to 1410 in the MKT! cDNA. Transcripts were hydrolyzed to 

an average length of 200 nucleotides by alkaline treatment (Cox and Goldberg. 1989). In 
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situ hybridizations were performed as described by Yamada et al. (1995). Signal 

detection was done with anti-digoxigenin alkaline phosphatase conjugated Fab fragments 

(Boehringer. Mannheim. Germany) and BCIP and NET as a substrate. 

.Membrane Isolation and Immunological Detection 

•Antibodies for MKT! were raised against an oligopeptide. 

PRVREVTWADKNRRRRVNTFcoon (amino acids 743 to 762). close to the carboxyl 

terminus of MKT 1 (HTI Bio-Products. Inc.. Ramona. CA). Membrane fractions were 

isolated as described (Barkla. et al.. 1995). Tonoplast membranes were collected at the 0 

to 22°'o sucrose interface and plasma membranes at the 32 to 38% interface. SDS-P.AGE 

and protein blotting followed established procedures (Sambrook. et al.. 1989). 

RESULTS 

Ion content measurements 

Three-week old ice plants were treated with 0.1 mM K.C1. 3 mM KCl. 1 mM 

RbCl. or 10 m.M RbCl. with or without 200 mM NaCl added, respectively. Leaves were 

collected at 0. 6. 12. 24 and 48 hours after the treatment, and cation contents were 

measured by HPLC. Figure 2.1 shows potassium and rubidium contents in leaves with 

these treatments. The measurements indicate that under unstressed conditions, potassium 

contents in ice plant leaves kept constant over time. Plants treated with 0.1 mM K' had 
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similar potassium contents in leaves as those treated with 3 mM K' (about 0.15 mmol per 

gram fresh weight under the conditions of the experiments; Figure 2.1. A and B). When 

the plants were treated with 1 or 10 mM rubidium instead of potassium, potassium 

accumulation decreased, probably due to growth dilution or leakage over time (Figure 

2.1. C and D). Meanwhile, rubidium accumulation increased gradually, which is roughly 

2-3 times higher in plants with 10 mM Rb'. When the amounts of rubidium and 

potassium were added up. sums of the two cations were comparable to the potassium 

contents in plants treated with K" (Figure 2.1. C vs. A. D vs. B). Rubidium has been 

thought to enter plant cells via potassium pathways (Epstein ei cil.. 1963; Kochian and 

Lucas. 1982). Because potassium channels or transporters usually have higher affinity 

for K* than for Rb*. the concentrations of Rb' used in the e.xperiment were higher than 

the concentration of K* (1 mM Rb' vs. 0.1 mM K*. and 10 mM Rb* vs. 3 mM K*). Due 

to the large pool of K* in the cytosol. it is difficult to quantify net potassium uptake by 

measuring potassium contents in the cell extract. Thus, in the following ion 

measurements, rubidium contents will be used as an indicator of net potassium uptake 

upon the treatments under the experimental conditions. 

When the ice plants were treated with 200 mM NaCl. potassium (and rubidium) 

accumulation in leaves increased about 30% after 6 hours of stress, then kept relatively 

constant till 48 hours (Figure 2.1. E. F. G and H). NaCl stress causes wilting of leaves in 

the ice plant, which becomes apparently after 6 hours (Adams el ciL. 1998). The increase 

of potassium content in stressed leaves resulted from the loss of water and concentration 

of the c\toplasm. Noticeably, rubidium contents in the stressed plants were much lower 
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Figure 2.1 Potassium and rubidium contents in tlie ice plant leaves with different 

treatments 

A,E-0.1 niMK^;B,F-3mMK^; C,G-1 mMRb^; D, H- 10 mMRb^; A, B, 
C, D - without NaCl; E, F, G, H - with 200 mM NaCl. All results are the average of 
three independent measurements. 
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than in unstressed plants, which indicated an interference with the uptake or 

accumulation of this cation, and probably potassium as well, by the presence of NaCl 

(Figure 2.1. G. H vs. C. D). 

Figure 2.3 shows the interaction between rubidium uptake and sodium 

accumulation. Rubidium contents decreased dramatically in plants stressed with NaCl. 

compared with the unstressed plants. By 48 hours after treatment, the rubidium content 

in plants fed with 1 m.M Rb* and 200 mM NaCl was 10.5 % of unstressed plants (Figure 

2.1. Panel .\). In plants fed with 10 mM Rb*. the rubidium content in NaCl-stressed 

plants was 17.4 % of that in unstressed plants (Figure 2.1. Panel B). In contrast, sodium 

contents increased over time. In stressed plants, sodium contents at 48 hour were 2.9- or 

4.3-times of that at 0 hour in plants treated with I mM or 10 mM Rb'. respectively. 

Sodium contents in unstressed plants seemed to decrease gradually due to growth 

dilution. The interference with rubidium accumulation by NaCl may be due to the 

competition of Na" with Rb' for the cation entry into the cell, or the inactivation of 

K.*'Rb' transport proteins by high external Na'. 

In plants treated with 10 mM Rb*. rubidium contents were higher than that in 

plants treated with 1 mM Rb*. under both unstressed and stressed conditions. However, 

rubidium uptake in both groups was affected by NaCl in a similar way. In order to 

estimate under which condition rubidium uptake is more sensitive to NaCl. the ratios of 

Rb" stressed'R-b*unstrc>scd Were calculated for plants treated with 1 mM and 10 mM RbCl at 

each time point. The ratios were then normalized based on the assumption that 

Rb'sircssed/Rb'unstressedat 0 hour is I. as shown In Figiu-e 2.2. Panel C. In plants treated 
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Figure 2.2 Rubidium and sodium contents in the ice plant leaves with 

different treatments 

A - plants treated with I mM Rb"; B - plants treated with 10 mM Rb*; C 
- ratio of rubidium contents in plants with and without NaCl stress. Stressed 
plants were treated with 200 mM NaCl in addition to the above. 
Rb'strisisod/'Rb'unstressea at 0 hour was assumed to be 1. Error bars denote standard 
error. 
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with 10 mM Rb' and 200 mM NaCl. 65.1% of rubidium uptake was blocked after 48 

hours of treatment. In plants with I mM Rb* and 200 mM NaCl. this number was 93.0%. 

By 6 hours of treatment. 50.0% or 66.7% of blockage already occurred in plants with 10 

mM or I mM RbCl. respectively. 

Isolation of MKTl gene and MKT2, KMTl partial cDNAs 

To investigate potassium transport at the molecular level, three members of the 

•AKT KAT sub-family of inward-rectifying potassium channels were isolated from the 

common ice plant by a combination of RT-PCR amplification with degenerate primers 

and cDN.A library screening (Figures 2.3: 2.4). Partial cDNAs of Mktl were obtained by 

RT-PCR from degenerate primers and 5'-RACE amplifications, and full-length cDNAs 

were isolated from cDNA libraries. The deduced amino acid sequence of the ice plant 

Aktl homolog. Mktl (accession number: .AF267753). specifies 870 residues (Figure 

2.3.-\). Partial cDN.As for Mktl and Kmtl were isolated from total RNA by RT-PCR 

amplification with degenerate primers (Mkt2\ AF267755: Kmti. .AF267754). All RT-

PCR products and cDN.As were sequenced on both strands. Hydropathy plots of MKTl 

show the putative membrane topology of this channel, and additional domains are 

indicated (Figure 2.3 B). The three ice plant sequences show similar hydrophobiciiy 

profiles with respect to transmembrane (TM) regions (data not shown). The membrane-

embedded P-region between TM5 and TM6 and the voltage-sensing region in TM4 are 

conserved characteristics of these channels (Figure 2.3). The deduced proteins of the 

three sequences aligned with other AKT/KAT-type proteins as members of the sub-
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Figure 2.3 Characterization of the ice plant Mktl cDNA sequence. 

A. DNA and deduced protein sequence of tiie MKT I potassium channels from 
Mesemhryunihemim crysiallinum (AF267753). Putative fimctionai domains are 
underlined. They are labeled S1-S6; transmembrane regions (S4 is also the voltage 
sensor): P: the pore-forming domain; CNBD: cyclic nucleotide-binding domain; .ANKY: 
ankyrin repeats: Kha: a conserved domain rich in hydrophobic and acidic residues. A 
region used for the generation of oligopeptide-directed antibodies is indicated by a dotted 
line. 

B. Hydrophobicity plot of MKTl protein according to Kyte and Doolittle 
(MacVecior 6.5. Oxford Molecular Ltd.. Oxford. UK). Putative transmembrane domains 
(1 to VI). the pore-forming domain (H5) and the KtiA-domain are indicated. 



"-A :A.Aj.---A.\vA:/w.:AjiA,w-2uAJLV^j^-A,:Aa^.T:TTTT:T--7Tr :TT-:TT:A.:A7T:AJ-:a'3.V; L--A.aA 
-? •-• : \-AA:;.AAAAAAAAA.-A_"A.-A :A r:A:A:AJAJiA,-.TTt::TTTTTT:TT::TTTTT:TTT'::-:TTTTT lAAAArTTTIT i:-]T7A 
,::: ;A :. v-.: :.^-A::TT-:-TA7-:TT :T-rjAA.T.^Aj j-":AATT:^;AT •T3:TT:IA-;CTAT-::T-:AATT:AT:-::AA :TAJ ::AATA: 

• - : M „ : z j v 2 ? i : : : 1 r : : : 

^ • - L T r •.• : 1 : : r : ; 

• 'TT;-. :A.;A: ; :T ;: :A •TJArTTTTTT-:.:? ITTTTATA :AJ:AT 1 sT T'TTiTTt lArr: -T-r.-A. 'JJ-J-.Z' : 
•  ̂ " • - :  ̂ 1. •.• ?• _̂r A fi : : ? ~ z i : r l - -• '• 

vr.-AAA - --A: .A :T :A"A:ArT:T-AAT :.:A:TTTT-:-;---.iT--^.:A:7AT:TT :A *.—TT IT: : - •,?: ::T- ;A: ::A 
: • \ ; r r .% -• - r v a ^ -

AAA "T • :T: ::T ;Ar*A . -AAAA-'AA-IATTT 'TT^IA : jtatata.-JTA : :r'j:TTT-::TTT: :A: :T:ATAr :.AA:A 
. - *' •" • : ••» r ; : •- ' 4 : : ; r 

J i' 
•.AA : • ;A:AA :A: :TT: : JAAJTA: : :AJ ittta:-: JA:T :TT :AA:Ar-crA^: • :TTT :T:T : ::rA.:AJT-A :TAA : 

'-f •' • : 'i . ; • L ~ L - L - , - w ^ _r-

• • • • • • -  . i A - A  .  A « - A . .  A  .  - A  Z T A  J T T T T T  ~  . ' T T  "  " A T  .  T  T T A _ A . !  - T A A i T T T T  T ' T T  ' A  . ' T  T T T T T T  j  j T T  T A  T  
•' :_ 'L^  ! ; ^ k \ j 

""Ar'Ar-A -A ::: :A ^ ; -A TTA: - •: ;A : :: :A ;AAA :A ;?? : :A:: : :TA:"r: :AA: ; :A : :A"A :'TA 

:TA:A: :-::-.\a.: •:: ; ;A :T -A , :ArA;A:T • .AAA:A: :A . ;AA ; 

•A ; A :TA IAA lAT" :A ; ]-:A :A: :ATT 'AA : :T':TT":AA i 
A A J ; 

>mCTAA. MV-."A : 

•A:"AAA: :::: -T'A:-: ; ^TA :A:AA :: :ATT :A iAA-j : :T' r.\n:A.A':AA-;A: :T"':T": ';ATT : ' :taa :j :a 
- A 

• : 'AAA? '-••ui iTATAT^A -A' 
: ^ V 

• :.v-A ; -' ;a 'a tt •;: :aaa..:aa.:a: ;t :a:a:' ;-:a ;a.a: :aa • 

T . AA:r:A:r "T'A ^AAArJ ;AA:T :AA;AJ ;TT :TTA-:A.•A.j:::rA ::--A: ;A ;AA -TTTTT '.^AJIA :A:A : 
^ L_L..' z !•_ ^ . ; ; - • - - : ; : ; 

•— :rrA -A ;A : :a ;A :A::A^:A.ia:T:T-;T :.AA..:--: :TTr':AA: :.:rA:A" 
- r- : A ' 

A : :A : :AA:TA: :A: •A.ArAA: :T TTTA :A : :A::"" *-AAAJA::AJA.:T :a :::•:? :AT : :AA":T:T7 
V „ f; • L 

::A : :AAr r-A :::::: :A ; •AA ;A : :A :A: :AA • 

• TAT • :AAA: :A.: ::A :a 'A: ;AA: ' :A ': :A:T:::T T ' A:*:A : :T-: : :AAr" :AAA : 

^:A: : : :A:A*: :AAA.r :-;:AAA .A:: :aj.A.'^:.7:AA: .-rr: 
: ^ . ? •; A • : : £ ; -

: .A :; :aa:AA: : 
v;v-: 

, :A : :A: -AA:- TT A:'.A.- :-rA :TAA.rA-iA: :AA. : :-T::AA.-TTTA : ."TTJA/.J : :AriT "::TTAA:A:-;. :A:'::":AT": :: :TT 
...  ̂  ̂ : - • -  ̂  ̂  ̂  ̂

;AA :AA .:A:AA •: T :• -A :• "T :• :AA. j iA.TATT-nt-:- :TAT-: :T,:-:A IAT^T-AAA.:-:?::-: : :-w^A:A :7.-^r -••IA.A :TA : i: :A :TT tat 
i  ^  L  £  L  A  -  r s i T r r , - :  

. .".-J- --»„iv*A , -i -. j-.AA - . JTTAA J . .i. . jA«A'-i--Abrto-• .A oA -^^"7 JJA.—AA. J-J'JT JAT .^TO'.A.T" .lAT j ,irt A 
- A  A A :  / K " L L - : : A : M - r -  -  z  • :  H :  A :  
•^AAA.j:-jTTT:j-::aAATTT:A7:::::iAA.-3Ar':A::TAAAJ-j~ATT:-TT:::TT':iAAAJAA.aA.-:A-:iAA-:^TA-:iAArtA^TTjTAr-': 

: L A ; r H  i s : :  v r A L r = . : - £ E ~ s : . . :  ; /  :  

J T -  . . .  -;AA. _ .:A^ J  . . J -T . . —• j '.TT 

: :A :AA -.AA :: .:T A Z.- :: IAJ J-ITTAAT A z^.'r:zz zz^j-. Z7Z 
• 'I z ? > « r 

. . jvj'JA . -A.T J. _A G J . J A ^A'_A — - . -A_-r 
: y : A A : • i - A I 

• :A :AAA:T: : ::AA."ATT:7 3AAA/: :AAT':A.:-:TAJA,3TAA.TA:T7AAA.T:T7:AJ:AAA*:'::-jAAiJr7::r:LAA::TT 
: ' ; ' " : " : - i . : A  =  v : L - ; r A - i i : A . " r u  

-A; :A:::AA.-A.:TT :.:T :;A:A*T :-:T" :"-:AiAAArTT 
: A . r 

;TTT :rA .taaajt-MTAA rtJ-A-iAra-OA 

::r :.-A :"T :A : :aj:ta.IA.A- JuTOAT :AT 
J : H : 

:T"TTT-TtATTT r.'lIAa-aAT lAJJAT IATAT^-rAOAT::':: rOAAAGC 
l i i . :  : £ : £ : : M : « r £ -



: ::*Jwi.:*T-AJk-3:-::r.-.r'A-JAA^-iA.r.w--A T:A.-,=>:A:TTT.*.:ArTt:TT 
•:T.-A*--.Ar r:TT:^T-TA :A:V-.T::AV:.: IAA.::T::IAT^AATTTTTA-WVTTTA-A.T:?::A:T::T 
:^AAA.- :T :TT:TT3TATA,-."rT':A: ZOATTTT : iG.^vAAT-^T.-vAArTAJA '.A^T :A'::TTTT :A:7TA_n:ATTTT :• 
:A:-:AiA:Ar:iA:TA: :A: :.A,A:-TT-}TA:-::A:TATT':.v.-:TTT-:A:-:rAji.TT:A::A::7T~T-i.-iA.TTTT:TT":AA.*: iTArr 

:Av-. . . . ;A ;A... ;. T 7 i.~A.ATTTA T . . .-•-.-•AAA'. A' JAT - . . . I'-ir. - . .TTA.T .. - AA. . . T . j j -i'-

68 

Kyte/Doolittle hydrophobicity: Window = 11 

100 200 300 400 500 600 700 800 



69 

family characterized by six TM domains. 

Table 2.1 compares the deduced amino acid sequences of the three ice plant genes 

with their counterparts in Arabidopsis (BestFit in Genetics Computer Group; Wisconsin 

Package Version 10.0. Genetics Computer Group, Madison. Wl). BLAST searches 

marked the highest score for KMTl with KAT2 from Arabidopsis (64% homology. 50% 

identity over the entire sequence of 457 amino acids). The comparable regions of MKTl. 

MKT2. and KMT I. respectively, share 52% to 62% amino acid sequence identity, 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, separates the AKTl. AKT2/3. KATl and AtKCl/KDCl subfamilies 

(Figure 2.4). MKTl. .VIKT2 and KMTl are placed in the groups of AKTl. AKT2/3 and 

K.AT1. respectively, with high bootstrap values. The inclusion of the ice plant sequences 

places them separate from the other angiosperm orders, most likely reflecting the 

evolutionary separation of the ice plant (order Caryophyllales). The inclusion of .AKTl 

homologs from grasses (T. aestiviim and Z mms) introduces low bootstrap values 

similarly separating monocot and dicot .AKTl subfamily members. 

Gene Complexity 

Southern-type hybridizations were performed with the ice plant MKTl cDNA. 

The results of copy number re-constructions (not included), based on a nuclear DNA 

content of 390 Mb (DeRocher et al.. 1990). indicated MKTl as one copy of a small gene 

family with 2 to 3 members (Figure 2.5). For example, when probed with a full length 
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Gene 

AKJl AKT2/3 KATl K_AT2 

Gene I S I S I S I S 

MKTl 63.8 Jl T 46.0 55.7 - - - -

MKT2 55.8 66.3 77.9 84.2 - - - -

KMTl - - - - 55.4 64.6 55.7 64.2 

Table 2.1 Sequence homologies between Arabidopsis and Mesembryanthemum 

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 analvsis in GCG. Tlie Arabidopsis sequences used were .AKTl (accession no. 
S62694). AKT2;3 (868699). and KAT\ (S32816). 
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Figure 2.4 Phylogenetic tree of plant potassium channel based on amino acid 

sequences. 

AKT 1.2.5. KATl.2. .AtKCI and KDCl -Arabidopsis thaliana: SKT 1.2.3 and KSTl -
Solarium tuberosum L.: .VIKT1.2 and KMTl - Mesembryanthemum crystallinum (Mktl: 
.•\F267753; Xfki2: AF267755: Kmtl: .A.F267754): SPICKI. 2 - Samanea saman: LKTl -
Lycopersicon esculentum: NpKTI - Nicotianapaniculata: VPKl - Vicia faba: TaAKTI 
- Trilicum aesiivum L.: ZMKl. 2 - Zeci mays. 
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Figure 2.5 DNA blot analysis of Mktl. 

The entire coding region was used as the probe. Restriction endonucleases were 
(1) EcoRI. (2) Xmnl. (3) Hindlll. (4) Xhol. (5) Hindlll & Xhol. 
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MKT I coding sequence, genomic DNA digested with XmnI 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 (Figure 2.5. lane 2) likely identify a different .ViKTl 

isoform or isoforms. 

E.\pression Patterns 

R.N'.-\ was isolated from roots, stems, leaves, tlowers and seed capsules to obtain 

information on tissue-specific expression by RNA-blot hybridization. The three channel 

transcripts are expressed at different abundance, and each channel shows distinct tissue-

specific patterns (Figure 2.6). For MKTl and K.MT1. 3'UTR regions, or sequences close 

to the 3"end. were used as probes, and the entire RT-PCR product was used for MKT2. 

MKTl is mainly expressed in root tissues, similar to its counterpan .AKTl in 

Anihidupsis. MKT2 is expressed in all aerial tissues, including leaves, stems (at low 

abundance), tlowers and seed capsules. KMTl transcripts are most abundant in leaves 

and seed capsules. No signal was detected in leaves for MKTl. while MKT2 and KMTl 

are absent from roots. Tissue specificity may suggest distinct physiological roles for 

these potassium channel proteins. 

To describe the tissue- or cell-type specific expression patterns in more detail, in 

situ hybridizations were performed for MKTl. using RNA probes corresponding to a 

fragment downstream of the sixth TM region, which showed the lowest overall sequence 

conser\'ation to the other channels. Hybridizations with antisense (Figures 2.7. A. C. E. 

G) and sense (Figures 2.7. B. D. F. H) probes are compared. In root tissue. MKTl 
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Figure 2.6 Tissue-specific expression of Mktl, !VIkt2, and Kmtl 

3' UTR regions or sequence-divergent carboxy terminal regions of 
transcripts were used as probes. Actin was included as a loading standard. 
Ten ug of total RNA from roots (RT). stems (ST), leaves (LF). flowers 
(FL) and seedpods (SP) were loaded in each lane. 
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Figure 2.7 Cell-specific expression of Mktl. 

In sim hybridization of MKT 1 with a probe derived from a conserv ed region 
(nucleotides #980 to 1410. corresponding to amino acids #327 to 470: see. Figure 1). (A) 
unstressed root tip. (C) stressed root tip (500 mM NaCl. 3 d): (E) unstressed plant, 
vascular tissue in the primar\' leaf; (G) stressed plant, vascular 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 [im 
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signals were detected in cells of the epidermis, cortical cells and in the stele (Figure 2.7. 

A). Salt stress reduced signal intensity but did not affect cell specificity (Figure 2.7. C). 

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 (Figure 

2.7, E). .As in the roots, the intensity of the signals declined under salt stress conditions 

(Figure 2.7. F). The signals in leaves may be caused by a leaf-specific MKT of the root-

specific MKTl. It is unlikely that this form is MKT2 or KMTl because of low sequence 

identity between MKTl and either MKT2 (58%) or Kmil (63%). The e.xpression of an 

Arahidopsis counterpart. .•\KT2/3. has been detected in leaves (Marten et al.. 1999). 

Transcript Amounts during Salt Stress 

Figure 2.8 shows results from RNA-blot hybridizations to determine how the 

transcripts behave during salt stress. 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 Figure 2.6). MKTl amounts 

decreased drastically within 6 hours following stress (Figure 2.8. .A), confirming in situ 

hybridization data (Figure 2.7). Root potassium content, based on earlier results (Adams 

et al.. 1992: Nelson ei ai.. 1999). declines long-term under salt stress conditions to 

approximately 60% of the amount found in controls. Short-term, potassium contents do 

not change significantly, but the net uptake of K'. as indicated by the rubidium content, 

decreased drastically after 6 hours, and a lower level of K* uptake was maintained later 

on (Figure 2.1. E. F. G and H). Coincidence of the decrease of MKTl transcript and the 
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Figure 2.8 MKTL, MKT2, and KjVITI transcript expression during NaCI stress. 

A. Nonhem blots of MKTl. MKT2 AND KMTl. Five to six-vveek-old plants grown in 
hydroponic tanks were stressed with 400 mM NaCI for the times (hours) indicated. Ten 
ug 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 MKTl. 
MKT2. and KMTl in stressed plants detected by semi-quantitative RT-PCR. 
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decrease of rubidium uptake in NaCl-stressed plants (Figure 2.2) suggested that the 

VIKTl channel is involved in potassium uptake under normal conditions, and that a 

switch in potassium uptake from MKTl to other systems occurs in the roots upon 6 hours 

of stress. 

•Amounts of MKT2 transcripts in leaves did not change significantly during salt 

stress indicating constitutive expression (Figure 2.8. .A). In contrast, e.xpression of KMTl 

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 hour and decreasing rapidly afterwards (Figure 2.8. .A). This 

behavior may indicate an important role 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 transcripts when RT-PCR was used (Figure 2.8. B). As a semi-quantitative 

estimation, the decline of root \fktl in repeat experiments was by a factor of 

approximately seven, leaf .1/^72 declined to approximately 50% of the pre-stress value, 

and the transient increase of leaf Kmtl amounted to four- to six-fold approximately. 

Protein Expression and Localization 

.Antibodies generated against a MKTl oligopeptide sequence in a region that was 

variable in all alignments (underlined in Figure 2.3) were used to probe for the presence 

of MKTl (Figure 2.9). Plasma membrane and tonoplast fractions were isolated by 

discontinuous sucrose gradient centrifijgation of membrane vesicles. The presence of 

MKTl protein was detected in the plasma membrane in roots (Figure 2.9. A), consistent 
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Figure 2.9 MKTl protein expression in the ice plant. 

A - Tissue and membrane localization of MKTl protein. TN: tonoplast: PM: plasma 

membrane. B - MKTl expression in root tissues in different membrane fractions. Stress 

conditions are 200 mM NaCI. treated for 2 weeks. 
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with the information obtained for AKTl (Lagarde et al.. 1996). which is expressed in the 

root epidermis and functions as the potassium uptake machinery in roots from the soil. 

Like the transcript. MKTl protein amount decreased under salt stress (Figure 2.9. B). 

DISCUSSION 

My research interest resides in the effects of salinity on potassium homeostasis 

and the roles that potassium transport systems play in salt stress adaptation. 

Physiological and molecular studies have been trying to address the question whether 

potassium channels and transporters mediate sodium entry into the plant cell (Amtmann 

and Sanders. 1999; Schachtman and Liu. 1999; Blumward et ciL. 2000: see also Chapter 

1. Section 111). However, little evidence has been provided about how sodium entry 

might interfere with potassium uptake and how potassium transport systems are regulated 

in adaptation to a saline environment. 

Ion accumulation provides a first measurement of how potassium transport 

systems behave under normal and stress conditions. Without NaCl stress, either O.I mM 

or 3 mM of external potassium is sufficient to keep the cellular K* level constant in the 

ice plant leaves. This confirms that transport systems with high or low affinity to external 

K' exist and can be adjusted according to the environmental changes (Figure 2.1. A. B). 

When the external K* was replaced by Rb*. rubidium accumulation increased over time, 

and the sums of potassium and rubidium contents were nearly equal to the potassium 
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contents alone in plants fed with K'(Figure 2.1. C. D vs. A. B). Thus under the 

experimental conditions, rubidium was used as an indicator of net uptake upon the 

treatments (Epstein ei ai. 1963: Kochian and Lucas. 1982). The tlrst hint that Na' 

interferes with potassium/rubidium uptake came when the ice plants were stressed with 

200 mM NaCl and rubidium contents decreased drastically. For both plants fed with 1 

mM and 10 mM Rb". the time period in which potassium/rubidium uptake was most 

sensitive to NaCl was within 6 hours of stress (Figure 2.2. C). .A.fter that, about 50% of 

rubidium uptake was kept till 24 hours with 10 mM of external Rb*. while the decrease 

continued at a lower rate with I mM of external Rb* (Figure 2.2. C). Within 6 hours of 

stress severe wilting occurs to the leaves, and turgor recovers after 1-2 days (.\dams et 

Lil.. 1998). Rapid osmotic adjustment must be critical for the ice plant to adapt to the 

environmental changes, and potassium transport systems seem to be involved. 

The characterization of three potassium channel transcripts from the halophytic 

ice plant reinforces repons about the presence of a multitude of potassium transport 

proteins. DN.A. analysis (Figure 2.5) in Mesembryanihemum indicated that the 

alone should be represented by two or three isoforms. with Mktl the root-specific 

member of the family. .An additional highly conserved form, an interpretation deduced 

from the in situ hybridizations (Figure 2.7). is expressed in the leaves. The structures of 

these channels place Xfktl and \fkt2 into the .AKT-group. and Kmtl in the fCAT-group. 

all proteins with the domain structure of the Shaker family of potassium channels. Also, 

the three ice plant transcripts show similar tissue specific expression patterns compared to 

their orthologs from Arabidopsis. Their coincident isolation in evolutionarily distani 
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species indicates further that these channels represent abundant members of the 

potassium channel genes. The relative concentrations of the potassium charmel 

t r a n s c r i p t s  u n d e r  n o r m a l  c o n d i t i o n s ,  a s  d e t e c t e d  b y  R T - P C R .  i s  a p p r o x i m a t e l y  1 : 3 : 5  

( \ f k l l  :  X[k l2  :  Kmt l ) .  

The expression patterns, distinct for each of the three transcripts, reveal a complex 

salt stress response. The repression ot'.Vfktl expression in roots, to approximately 15% of 

the pre-stress amount within six hours (Figure 2.8). was coincident with NaCl inhibition 

of 50% of rubidium uptake at 10 m.Vl of e.xtemal Rb' or 66.7% at 1 mM of external Rb" 

(Figure 2.2. C). The decline of potassium contents in root and leaf is significant only 

during long-term (35 days) stress periods: short term stress up to 5 days does not change 

potassium contents in root or leaf tissue (Adams et al.. 1992; .Adams et cii. unpublished). 

The concentration of potassium in shoot xylem shows no decline either during short time 

period (Su et al.. 2001). As shown in Figure 2.1 and 2.2. the relatively constant 

potassium level shortly after stress was partly due to the large pool of K* in the cytosol. 

while net potassium uptake was decreased by NaCl stress. We assume that the down-

regulated potassium uptake finally leads to the decrease of potassium contents in plants 

growing under stress for a long time. However. 33 to 50% of K' uptake was still 

functional when 85% of MKTl transcripts were repressed at 6 hours of stress (Figures 

2.2.2.8). If we equalize transcript and protein amounts, documented for MKTl (Figures 

2.8.2.9). and assume constant activity, the decreased root K' channel amounts seem to 

indicate substantial potassium uptake by other activities, probably by high-affinity 

systems, during stress episodes in the ice plant. Studies with the ice plant have indicated 
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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 six hours, which persists for several days. Mki2 

amounts may increase again as suggested by strong signals in flowers, where it may act 

in opening of the flowers and seed capsules. Since stress is a pre-requisite for the ice 

plant to enter reproductive development (Adams et al.. 1998). no comparison is possible 

with tlowers in unstressed plants. It seems possible that Mki2 is responsible for 

potassium homeostasis in reproductive organs because a tlower-specitlc Mkil homolog is 

expressed at low levels (Figure 2.6). 

Kmil expression in leaves and seed capsules represents a surprisingly strong 

signal, if we assume that Kmtl 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 

hour after salt stress. This coincides with extreme stress-induced wilting of leaves, 

although recovery occurs within one to two days (.Adams et al.. 1998). During that time, 

sodium concentrations increase in the leaves, compensated by the accumulation of 

compatible solutes (.A.dams et al.. 1992: Adams et al.. 1998). The transient increase of 

transcripts for Kmtl might support continued opening 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 
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ice plant's switch to CAM metabolism. This view of a function for KMTl would indicate 

that the channels, while 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 concentrated on potassium channel transcripts and none have targeted 

their function in halophvtes. Whether the regulation of transcript amounts for each 

channel is by transcription, post-transcriptional. or (post)-translational processes is not 

known. So far. studies have been targeted towards aspects of activity in heterologous 

systems, and those that addressed the 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 Mktl. \fkt2. and Kmil when the plants 

were star\ed for potassium (data not shown). This is in contrast to a recent report which 

documented up-regulation of the wheat .AKTl-homolog in response to potassium 

starxation (Buschmann et al.. 2000). 

Sustained potassium supply is essential for plant performance under e.xcess 

sodium. In the Arabidopsis aktl mutant. K." uptake by non-AKTI components was 

inhibited by NH4' but stimulated by Na* (Spalding et al.. 1999). This is consistent with 

our hypothesis that when MKTl channel expression is inhibited by Na' and the external 

NH4* is low (0.5 mM in our experiments), other K* transport systems, probably K* 

transporters, are up-regulated to meet the cellular needs for potassium. A switch to K' 

transporters other than the AKT/KAT-type at high salinity and low external NH4" may be 
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due to an altered K'/Na' ratio (Santa-Maria et al.. 2000). In Arabidopsis salt-overly-

sensitive (SOS) mutants, sensitivity is more closely related to potassium availability than 

to sodium concentrations in the plants (Wu et al.. 1996; Zhu et al.. 1998). The regulation 

of expression or activity of potassium channels illustrates the important roles of K* 

uptake systems in re-establishing homeostasis to support plant salinity tolerance. 
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CHAPTER 3 HAK TRANSPORTERS 

IN Mesembryanthemum crystallinum 

INTRODUCTION 

Different mechanisms exist for potassium uptake and transport in higher plants. 

The biphasic process described by Epstein et al. in 1960s' requires high- and low-affinity 

systems to function at different external K* concentrations (Epstein et al.. 1963. 1966). It 

has been proposed that high-affinity K* uptake is mediated by potassium transporters 

(Maathius and Sanders. 1996). Despite the cloning of wheat HKTl. the function of the 

K'-Na* co-transponer as a major K* uptake mechanism is still disputable (Schachtman 

and Schroeder. 1994: Rubio ei al.. 1995: discussed in the next chapter). Candidates for 

the major components of high-affinity K* uptake became known when another category 

of K* transporters, the HAKL'KUP transporters, was identified from plants. Isolated from 

barley and .Arabidopsis. plant HAK/KUP transporters clearly show homology to the soil 

\east Schwanniomyces occidenuiUs HAKl and the bacterium Escherichia coli KUPl 

(Santa-Maria a/.. 1997: Fuand Luan. 1998: Kim4?rt;/.. 1998). Arabidopsis KUPl and 

KUP2 are respectively identical to AtKTI and AtKT2 reported earlier (Quintero and 

Blatt. 1997). 

The structure of HAK/KUP transporters has not been solved, but hydrophobicity 

plots indicate the protein contains 12 putative transmembrane domains (Kim et al.. 1998: 
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Rubio el al.. 2000). Barley HAK.I mediated high-affinity K* uptake when expressed in 

yeast (Santa-Maria et al.. 1997). Interestingly. AtKUPl fiinctioned as a dual-affinity K' 

transporter when expressed in yeast or .Arabidopsis suspension cells (Fu and Luan. 1998; 

Kim ei al.. 1998). 

-Arabidopsis KUP transporters belong to a large gene family with at least 25 

members (identified from the GenBank database). There are seven different HAK genes 

from barley. These genes are expressed in a varietv' of tissues throughout the plant (Kim 

et al.. 1998). Phylogenetic analysis indicates that they can be categorized into four 

groups (Rubio et al.. 2000). and functional transporters have been characterized in 

Groups I and II. Large redundancy existing in the H.AK/KUP gene family suggests their 

primar\' roles in K' acquisition in plants, probably via expression, distribution and 

regulation in various tissues and cell types or under different conditions. They might also 

be important for the establishment of cellular ion homeostasis, for instance, when plants 

are exposed to saline environment. 

This chapter is focused on HAK/KUP-like transporters in the ice plant, with the 

goal to better understand the potassium transport systems in terms of K* nutrition and ion 

balance under Na* stress. Three transcripts of HAK-type transporter. McH.AKl. 

McH.AK2 and McH.AK3. have been isolated. Together with another member of this 

family. McH.A.K4 (an EST clone provided by Dr. John Cushman). their expression is 

characterized in various tissues and cell types as well as under salt stress conditions. 

Possible roles of these transporters in potassium homeostasis under saline conditions are 

discussed. 



91 

MATERIALS AND METHODS 

Plant materials 

Mesemhry anihemiim crysiallimim seeds were germinated in vermiculite. and fed 

with 0.5x Hoagland's solution after germination. Seedlings for cDNA librarv-

construction were harv ested when 2 weeks old. For other experiments, seedlings were 

transferred to 4 L hydroponic tanks in 0.5x Hoagland's solution with aeration and weekly 

change of solution. Five-week old plants were harv ested with or without stress treatment 

(400 mM NaCl) for the time periods indicated. 

cDNA library screening 

Degenerate primers used for PGR McHAKl were 

.A.AYGAYAAYGGNGARGGNGG and TATCCRTANCGNGCNACRCA (GIBCO BRL 

Custom Primers. Life Technologies. Rockvill. MD). A PCR product of 1.7 kb was 

obtained, and a fragment of 940 bp covering the coding region of McH-AKl was used as 

the probe. DN.A libraries used for the screening included the ones constructed from whole 

seedlings, stressed leaves or stressed roots from mature plants. Screening procedures 

were followed Sambrook et ai. 1989. 

Sequence analysis 

Pairwise comparisons of DNA and protein sequences were conducted by the 

Bestfit program of GCG package (Genetics Computer Group. Wisconsin Package 10.0. 

GCG. Madison. WI). Hydropathy analysis was performed according to Kyte and 
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Doolittle by the protein structure prediction program of MacVector (MacVector 6.5: 

Oxford Molecular Ltd.. Oxford. UK). Multiple sequence alignment and phyiogenetic 

tree were made by Clustal W (wAvw.ddbj.nig.ac.jp). 

Nucleic acid isolation and hybridization 

Genomic DNA from young plants and total RNAs from various plant tissues were 

isolated as described in the Materials and Methods of Chapter 2. The entire coding 

sequence and a 500 bp 3"UTR fragment were used for the Southern blot hybridization. 

The hybridization buffer contained 50% ofdeionized formamide. 6x SSC. 5x Denhardt's 

reagent. 0.5% (\v7v) SDS. and 100 mg/ml of salmon sperm DNA. Hybridization was 

performed at 42 C overnight and the blot was washed with O.lx SSC. 0.1% SDS at 65 C. 

Northern blot hybridization was performed as described in the M&M of Chapter 2. 

3'LTR fragments (EST for McHAK4) were used for all Northern blot analysis. 

Yeast complementation 

Coding sequences of McHAKl and McHAK2 were inserted to the multiple 

cloning site of yeast expression vector pYES2 (Invitrogen. San Diego. CA). behind a 

galactose-inducible promoter. Yeast strain CY162 (trkltrk2) was transformed with either 

empty vector or the constructs. The transformants were pick up from YNB plates lacking 

uracine. The transformants were then adapted in YNB liquid medium with 20mM of K.*. 

2% of galactose and 2% of sucrose, to induce the expression of HAK genes. .After two 
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days, the liquid cultures were measured, diluted and dropped onto LS plate (Ramos ei ciL. 

1985) with 3 mM of K*. 2% of salactose and 2% of sucrose. 

In situ hybridization 

3"UTR fragments of McHAKI and McHAK3 were subcloned into pBS-KS 

vector. The sense and antisense probes were labeled with DIG RNA Labeling Kit 

(SP6/T7) (Boehringer Mannheim. Mannheim. Germany). Tissue sectioning and in situ 

hybridization were performed according to Yamada el cil. 1995. 

RESULTS 

Isolation of McHAK genes 

Degenerate primers were designed for PGR based on the conserved sequence segments of 

HAK genes from barley and Arabidopsis. with which a PGR product of 1.7 kb was 

isolated and sequenced. A 940-bp fragment covering the highly conserved region of 

McH-AKl was used to screen cDNA libraries of Mesembryanthemum crystallimim 

seedlings, mature leaves and roots. \ full-length cDNA McHAKI and two partial 

cDNAs McHAK2 and McHAK3 were isolated. A full-length clone of McHAK2 was 

then obtained by 5"-RACE. All three clones were verified by sequencing on both strands. 

The GenBank accession numbers for McHAKI. McHAK2 and McHAKj are AF367864. 

.\F367865 and AF367866. respectively. The deduced protein of McHAKI consisted of 
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772 amino acids, while McHAK2 encoded a protein with 788 amino acids. McHAKj 

was truncated at the 5 "-end. and the deduced protein sequence consisted of only 430 

amino acids. Similar to the H.AfC'KUP transporters from other plant species, hydropathy-

plots indicated 12 putative transmembrane domains in both McHAKl and McHAK2. as 

shown in Figure3.2 and marked in Figure 3.1. Two out of the three conserved glycine 

residues in first transmembrane domain exist in McH.AKl and McH.AK2. while the third 

glycine changed into an alanine in .VIcHAKl and a serine in McHAK2. These glycine or 

small amino acids presumably line up on the same side of the a-helix embedded in the 

membrane, and may form a cation filter in a tetramered complex (Rodriguez-Navarro. 

2000). 

There are two ice plant ESTs (Expressed Sequence Tags) isolated by another 

group. .\.A933556 and .A,I547371. which also show homology to KUP transporter. 

Sequence comparison indicated that .*\A933556 is identical with McH.AKl. .^1547371 is 

included in some of the following analyses, and is referred to as McHAK4 (Figure 3.1). 

Sequence alignment and phylogenetic analysis 

The three McHAKs showed high homology to each other (Figure 3.1). Their 

homology to .Arabidopsis HAK/KUP transporters varies from 68.3 to 83.7% in similarity 

and from 58.7 to 78.7% in identity, which is indicated in Table 3.1. McHAK2 shows a 

particularly high homology to .AtKT2. which suggests a close relation between them. In 

fact, phylogenetic analysis confirmed this point. Figure 3.3 shows a phylogenetic Uree for 

all the tull-length (except McHAK3) plant HAK/KUP proteins, and the sequences used to 
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Figure 3.1 Alignment of putative protein sequences of Mesembryanthemum HAK 
genes. 

McHAKl. 2 and 3 - from present study (GenBank accession numbers: 
AF367864. AF367865, AF367866); McHAK4 - EST from Dr. John Cushman (GenBank 
accession number: AI547371). Conservative amino acids are shaded in black and similar 
ones in gray color. Putative transmembrane (TM) domains are marked by dotted line 
(TMI-TMXII). 



96 

A 
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Figure 3.2 Hydrophobicity- plots of McHAKl and McHAK2. 

A. McHAKl; B. McHAK2. The 12 Putative transmembrane domains are marked 
as I - XII. 
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Similarity% / identity% AtKT1 AtKT2 

McHAKI 68.8/59.1 74.9 / 66.4 

McHAK2 68.3 / 58.7 83.7 / 78.7 

McHAK3 72.8/61.0 70.2/61.1 

Table 3.1 Sequence comparison of deduced proteins of Mesembryanthemum and 

Arabidopsis 
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Figure 3.3 Phylogenctic tree of HAl^KUP proteins. 

Accession numbers and species are list in Table 3.2. The phylogenetic tree is generated by the Clustal X program. 
Designation of the groups is according to Rubio el at., 2000. 

00 
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make the tree are listed in Table 3.2. .All Blast hits related to H.A.K.'KUP genes are listed 

in .Appendix 1. 

•According to Rubio ei ai. all plant HAK/KUP transporters fall into four groups, 

and functional studies have been done for transporters in Groups I and II (Rubio et ai. 

2000). In Figure 3.3. transporters of Group I - HI are identified. Interestingly, all three 

McHAKs belong to Group II. each with an Arabidopsis ortholog alongside. The existence 

of closely related homologs among different species suggests that these genes are highly 

conserved structurally, and maybe functionally as well. McHAK4 was not included in 

the phylogenetic tree, because the sequence is too short (only 350 bp). It seems to belong 

to Group II too. but in a different subgroup from the other three McHAKs (the highest 

hits in a blastx search are .AA.F14830 and .A.tKUP3). 

.Analysis or the HAK gene family in the ice plant genome 

H.AfC'KUP transporters are known to belong to a large gene family. .A 

blast search of the current GenBank database of cDNA. EST or genomic 

sequences resulted in at least 25 different entries for .Arabidopsis and 7 for barley 

H.AK-type genes (Table 4.2). In order to acquire a hint of the complexity of the 

H.AK gene family in the ice plant, a Southern hybridization was performed with 

the genomic DN.A of three-week old plants. Two probes, the entire coding 

sequence and the 3"-UTR of McHAKl. were used for the same blot with the same 

stringency. .As shown in Figure 3.4. the fiiil-lengih probe (Panel A) detected more 

bands and stronger signals than the 3"-UTR probe (Panel B) in every lane. The 



Gene Name Protein DB accession No. Species Note 

AtKT1 AAC49844 Arabidopsis thaliana 

AtKT2 AAC49845 Arabidopsis thaliana 

AtKT5 CAA20566 Arabidopsis thaliana 

AtKT5a CAB8007G Arabidopsis thaliana 

AtKUP3 AAF19432 Arabidopsis thaliana 

AtHAKS AAF36490 Arabidopsis thaliana 

CAA23030 CAA23030 Arabidopsis thaliana F9D16 
AAC18809 AAC 18809 Arabidopsis thaliana F1707 
CAA16604 CAA16604 Arabidopsis thaliana F18F4 
AAC12845 AAC12845 Arabidopsis thaliana F19I3 
AAD21693 AAD21693 Arabidopsis thaliana 

CAB40777 CAB40777 Arabidopsis thaliana 

AAC24049 AAC24049 Arabidopsis thaliana T13D8 
CAC01887 CAC01887 Arabidopsis thaliana 

AAF14830 AAF14830 Arabidopsis thaliana 

CAC05466 CAC05466 Arabidopsis thaliana 

CAC16137 CAC16137 Arabidopsis thaliana 

HvHAKI AAC39315 Hordeunr} vulgare 

HvHAK2 AAF36491 Hordeum vulgare 

OsHAKI AAK53843 Oryza sativa 

PceHAKIA BAB32444 Phragmites australis 

McHAKI AAK53758 Mesembryanthemum c. 

McHAK2 AAK53759 Mesembryanthemum c. 

McHAK3 AAK53760 Mesembryanthemum c. 

Table 3.2 Protein sequences used for phylogenetic analysis of plant HAK/KUP transporters. 
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Figure 3.4 l>NA blot analysis of McllAKl. 

(A) Genomic DNA probed wilh the entire coding sequence; (B) the same blot probed with 3'-UTR of McllAKl. 
Restriction en/ymes used were: I.BamMI; 2. EcoRI; 3. Ilindlll; 4. Xbal; 5. Hindlll/Xbal; 6. Sad; 7. Kpnl; 8. KpnI/Sacl. 
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weaker signals, absent in B. may be homologous genes in the same family as McHAKl. 

These genes might be McHAK2. 3. and 4. or other genes that have not been isolated. 

Based on the pattern of the bands and the intensity of the signal, at least four different 

genes exist in the ice plant genome. For instance, in Lane 6 (genomic DNA digested with 

Sad) of Panel .A. four bands around 4.4 kb were detected, one much stronger than the 

other three, while only the strongest one lit up in the same lane of Panel B. Considering 

that the .VIcHAKl cDNA is about 2.8 kb. those bands in Panel B may be the same digest 

fragment from different genes containing introns of various lengths. Similar patterns 

were observed when the genomic DNA was digested by other restriction enzymes (e.g. 

Lanes 1.3.5 and 8). 

Complementation of a yeast potassium uptake mutant by McH.\Kl and McHAK2 

Yeast has been used as an efficient heterologous expression system due to the 

ease of manipulation and the clarity of its genetic background. The trklirk2 mutant of 

Sciccharomyces cereviciae has deletions in potassium transporter genes and can not grow 

in media with low potassium (Gaber ei al.. 1988; Ko et al.. 1990). Complementation of 

rrk mutant has been a functional indicator of putative plant potassium transporter genes 

(Santa-.VIaria. 1997: Fuand Luan. 1998). 

To study the function of ice plant HAK genes, coding regions of McHAKl and 

McHAK2 cDN-As were inserted to the yeast expression vector pYES2 after a galactose-

inducible promoter. Yeast strain CY162 (trkltrk2) was transformed with either an empty 
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Figure 3.5 Complementation of a yeast mutant by McHAKl and McHAK2. 

CY162 (trki'trkl') cells were transformed with empty vector (pYES2). McHAKl 
or McHAK2 constructs, respectively. Transformants were adapted in liquid culture with 
20 mM K'. 2% galactose and 2% sucrose, then plated on LS medium with 3 mM K* and 
same amounts of galactose and sucrose. 
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YNB liquid medium with 20mM of K'. 2% of galactose and 2% of sucrose. After two 

days, the liquid cultures were measured, diluted and dropped onto LS plates with 3 mM 

of K'. 2% of galactose and 2% of sucrose. Figure 3.5 shows the growth of CY162 cells 

on such medium after 5 days" incubation. McHAKl and McHAK2 cDNAs were able to 

complement the phenotype of the irk mutant weakly with an external potassium 

concentration of 3 mM. CY162 cells transformed with the empty vector could barely 

grow under these conditions even after 5 days of incubation. 

Tissue specific expression of McHAK genes in the ice plant 

Spatial distribution of McHAK RNA was detected by RNA-blot hybridization. 

Total RN.As were isolated from root. stem. leaf, flower and seedpod tissues of mature ice 

plants. The 3'UTR fragments of McH.'\Kl. 2 and 3 and the EST of McHAK4 (350 bp in 

length) were used as probes. The McHAK transcripts displayed tissue specific 

expression patterns (Figure 3.6). McHAKl was expressed primarily in the root and 

weakly in the stem and leaf, yei the signals in none of these unstressed tissues were as 

strong as those in the flower and seedpod. which only exist in salinity-stressed plants. 

McHAK2 was expressed in the stem with a low abundance under non-stress conditions, 

and similar to McH.-\KI. expression in reproductive tissues was apparent. McHAK3 is 

root specific and seemed to be one of the major HAK transporters in root tissue under 

normal growth conditions. McH.AK4 is expressed with a relatively high abundance in all 

tissues investigated. The distinct expression patterns of McHAKs suggest different roles 

for these transporters. 
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Figure 3.6 Tissue-specific expression of iVIcHAK genes. 

3"-UTR regions of McHAKl. 2 and 3 and the entire sequence of 
McHAK4 partial cDNA were used to probe 20 ug total RNA extracted 
from unstressed plants (except flower and seed pot). Tissues were 
specified as RT (root). ST (stem). LF (leaf). FL (flower) and SP (seed 
pot). Actin was used as a loading control. 
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Regulation of McHAK expression under salt stress 

To investigate the expression of McHAK. genes under saline conditions. RNA-

blot analyses were conducted for root, stem and leaf tissues (Figure 3.7). Five- or si.x-

week plants were treated with 400 mM NaCl for the time periods indicated. The results 

showed that transcript levels of McHAK genes changed differentially when plants were 

stressed with NaCl. Expression of McHAKl was up-regulated transiently in root, but the 

up-regulation in stem and leaf was continuous following salt application. In root tissue, 

the McH.AKl transcript level increased significantly after 6 hours of salt stress, and 

remained high until 48 h of stress, when the signal decreased to a lower level. In stem 

and leaf, the signals kept increasing for up to 48 hours. 

The expression pattern of McH-A-KI was similar to that of McHAKl. transiently 

induced in root, and continuously increased in stem and leaf. Due to the lower 

abundance of McHAK2. however, the hybridization signals were much lower, especially 

in root and leaf tissues. Similar patterns were observed for McHAK3. with the strongest 

signal detected in root. The dual bands in blots probed with McH.AKl and McHAK3 

were probably due to cross-hybridization of the two genes, which share 72 % identity in 

the 3'UTR DNA sequence. The close relationship of the two genes is also reflected by 

the high bootstrap value (1000) at the branch separating them in the phylogenetic tree 

(Figure 3.3). The n regulation of the McH.A.Ks at the transcriptional level was quite 

different from that of the potassium channels described in Chapter 2. Instead of 

increasing immediately after salt stress, like the MKTl channel, or increasing for several 

hours, as KMTl does, these transporter genes are up-regulated till at least 24 hours after 
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Figure 3.7 Expression of IMcHAKs during NaCI stress as detected by Northern blot analysis. 

Six-week-old plants grown in 0.5x Hoagland's solution were stressed with 400 inM NaCI for the time (hours) 
indicated. 20 (.ig total RNA from different tissues were probed with either 3'-UTR region (McHAKI, 2 and 3) 
or entire EST (McllAK4). 
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the stress. It is in this period that the ice plant adjusts to the high Na" environment and 

re-establish ion homeostasis. 

In contrast to the other members in the family. McHAK4 showed constitutive 

expression under saline conditions in all tissues, and probably is a house-keeping gene in 

the HAK family. 

Localization of McHAK genes in root tissues 

Detailed information of McHAK expression patterns would help address 

questions about their functions in planta. thus in situ hybridizations were performed for 

McH.AKl and McH.A,K3. These genes were chosen because of the inducibility of their 

expression upon salt stress treatment. McH.\K2 was not included due to its low 

transcript abundance, and the sensitivity of the experimental setup. Root tissue of plants 

stressed for 12 hours were used, where the signals were most significant (see Figure 3.7). 

.•\ntisense probes were used vvith a series of cross sections along the axis of young root, 

along vvith sense probes for similar sections as control. 

Figure 3.8 shows the RNA localization of McHAK I in stressed roots. In young 

root. McHAKl mRN.A. was detected mainly in stelar cells (Figure 3.8. A), suggesting its 

role in cation loading into vascular tissues. As the root got older, signals also appeared in 

epidermal cells (Figure 3.8. C. E). McHAK3 mRNA was mainly detected in epidermal 

cells of both young root and developing stele structure (Figure 3.8. A. C). Panel F of 

Figure 3.9 shows the position of the cross sections taken in A. B and C. D. The 

expression of McHAKl and McHAK3 in epidermal cells suggested their roles in 
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Figure 3.8 Cell-specific expression of McHAKl in root tissue as 

shown by in situ hybridization. 

A, C and E - different root sections probed with Dig-labeled antisense probe; B, 
D and F - sections of the same tissues probed with sense probe. All tissues are 
from plants stressed with 400 mM NaCl for 12 hours. Bars represent 50 ^M. 



A.B C.D 

Figure 3.9 Cell-specific expression of McHAK3 in root tissue as shown by in 

situ hybridization. 

A and C - young root and mature root sections probed with Dig-labeied antisense 
probe; B and D - sections of the same tissues probed with sense probe; F -
combination of two longitudinal sections showing the positions of the cross sections 
(stained with antisense probe). All tissues are from plants stressed with 400 mM 
NaCl for 12 hours. Bars represent 50 |iM. 
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potassium uptake from the soil, and their possible involvement in ion homeostasis under 

saline conditions. 

DISCUSSION 

Multiple potassium transport systems exist in higher plants to meet the 

requirement for potassium under different environmental conditions. The HAK^'KUP 

family may be one of the primary K* acquisition mechanisms, because of the large 

number of transporters in this family, their broad distribution throughout the plant, and 

their ability to function at different external potassium concentrations (Santa-Maria et til.. 

1997; Fu and Luan. 1998; Kim et ai. 1998). Besides poor availability of potassium in 

the soil, high salinity is another problem often confronting Mesembryanthemum plants. 

How ion homeostasis is reached and what roles HAIC'KUP transporters play in the 

process are the questions this chapter tried to address. 

Three .VIcH.AK genes were isolated from cDNA library screening. They share 

high homology with each other and with HAK/KUP proteins from other plant species. 

The reasons why they all belong to the Group II of HAK/KUP family (Figure 3.3) are 

first, the probe used for gene screening was a piece of McHAKl gene which is in Group 

II. and it is reasonable that closely related homologs were isolated. In fact, the cDNA of 

McH.\K4. a member in the same group but a different subgroup, was not isolated. The 

available EST sequence of McHAK4 shows no significant homology to McHAKl 
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cDNA. Second. Group II so far is the largest subfamily of plant HAICKUP transporters, 

most of which have been identified as cDNAs or ESTs. suggesting that transporters of 

this group are most abundant in plants. The third explanation is that only cDNA libraries 

from the ice plant seedling, stressed roots and stressed leaves were used for the screening. 

H.AK genes e.xpressed at other developmental stages, in reproductive tissues or under 

conditions other than salinity, have not been found. Considering the close correlation of 

McHAKs with Arabidopsis orthologs and the large number of HAK/KUP genes already 

identified in this model plant, it seems highly likely or nearly certain that more HAK 

transponers exist in the ice plant. 

McH.\Kl and .VlcHAK2 were able to complement the phenotype of a S. 

cereviciae mutant defective in potassium uptake with an external [K*] of 3 miVI. Whether 

these transporters function at high-affinity, i.e. micromolar range of external K*. is to be 

further investigated. Other studies show that some members of H.A.K/KUP family 

transporters are functional when expressed in yeast (Santa-Maria ei ciL. 1997: Fu and 

Luan. 1998). while others are not (Quintero and Blatt. 1997; Rubio et ai. 2000). The 

difference in their expression in yeast cells reflects the differences in the regulatory 

mechanisms of these genes, e.g. trans-factors that do not exist in the heterologous system, 

or membrane targeting mechanisms different from plants. Some AKT-type IRC failed to 

be expressed in Xenopus oocytes because of abnormal membrane localization in the 

heterologous system (Gaymard et ai, 1996). Similar problems may occur to the 

expression of HAfCKUP transporters. 
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The McHAK genes are expressed in all tissues tested, consistent with their 

possible major roles in potassium acquisition. HAK/KUP transporters are also detected 

in a various tissues of Arabidopsis (Kim et al.. 1998; Rubio et ciL. 2000). In the ice plant. 

McH.'\K4 is rather universal in different tissues and might be house-keeping (which is 

also constitutively expressed under salt stress). McHAK 1 and McHAK2 show little 

tissue specificity in root and stem under normal growth conditions, and they are both 

expressed in reproductive tissues. McHAK3 displays clear root specificity under 

unstressed conditions. Taken into account that these genes are up-regulated by salt stress, 

they might be more important for the plants in response to environmental changes. 

So far little evidence has been provided on the cellular localization of HAK/KUP 

transporters in plants. Localization of the ice plant HAK RNAs was investigated by in 

situ hybridization in this study. Both McHAKl and McHAKj were localized to the 

epidermal cells in root tissue, where potassium uptake from soil occurs. Expression of 

•VlcH.AK 1 in stelar cells in young roots also suggested its role in cation loading into 

vascular tissues. .An ORC. SKOR. has previously been localized to the root stellar tissues 

in .\rabidopsis (Gaymard et a/.. 1998). .A. knockout mutant of SKOR shows lower 

potassium contents in both shoot and xylem sap. thus it is thought to be involved in K* 

release into the xylem. .AKT2/.'\KT3. an IRC firom .Arabidopsis. may be involved in K*-

accompanied phloem loading and unloading (Marten et ai. 1999: Lacombe et ai. 2000). 

McHAKl. on the other hand, can be a candidate for K" uptake from endodermis to 

vascular cells, e.g. xylem parenchymas. This function might be transient but important 

for the establishment of ion homeostasis at the early stage of stress adaptation in the ice 



114 

plant, since McHAKl transcript increased after 6 hours of stress and decreased after 48 

hours in root. 

The expression patterns of McHAK genes under salt stress are different from the 

potassium channels characterized in Chapter 2. which makes them more interesting. 

McHAKl. 2 and 3 all display a transient up-regulation till 24 hours after stress. During 

this period, net K* uptake decreased due to the interference of excess Na* (Figure 2.1. 

2.2). Although the expression of MKTl. the major IRC in root, drastically decrease to 

15% of that in normal growth, about 50% of net K* uptake remains till 24 hours of stress 

(Figure 2.2. C ). The discrepancy between net K* uptake and the activity of MKTl 

channel may be made up by the McHAK transporters. .A study on the aktl mutant of 

••Vrabidopsis demonstrated that non-.AKTl components of K* uptake are inhibited by high 

NH4" and stimulated by millimolar concentration of Na* (Spalding et ai. 1999). 

H.AK'KUP transporters from barley and Arabidopsis have been shown to be NH4*-

sensitive (Santa-Maria et al. 1997; Spalding et ai. 1999). but inhibited by millimolar of 

Na' (Santa-Maria et al.. 1997; Fu and Luan. 1998). Up-regulation of McHAK genes 

suggested that they can be candidates for the non-.AKTl components in the ice plant root 

in low external NH4* (5 mM in the experiments) yet high Na* environment, which 

distinguishes McHAKs from the barley and .Arabidopsis HAK transporters, [t also 

reflects the possible different regulatory mechanisms between glycophytes and 

halophvtes. Or. on the other hand, variety in Na'-sensibility may exist in the large 

HAK/KUP family. 



After 48 hours of stress, expression of McHAKl. McHAK2 and McHAK3 

decreased in root. By this time, the ice plant has recovered its tugor and adapted to the 

saline environment (Adams et ai. 1998). Meanwhile, potassium contents in roots and 

shoots decline over time. We propose that the transient up-regulation of McHAK 

transporters functions to re-establish ion homeostasis when the plant is upon salt stress, 

after which K' uptake is fulfilled by other house-keeping genes, e.g. McHAK4. when the 

new balance has been reached. Barley HvHAKl also mediate low-affmity Na' uptake 

(Santa-Maria et al.. 1997). Whether McHAK transponers mediate Na* uptake directly 

remains to be answered. 
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CHAPTER 4 HKT TRANSPORTER IN 

Mesembryanthemum crystallinum 

INTRODUCTION 

The Importance ofpotassium transport systems in plant salt stress tolerance 

primarily resides in two aspects. On one hand, potassium content has to be maintained at 

a certain level in the cell, especially in the cytosol. On the other hand, potassium 

channels or transporters may mediate Na' entry, which should be abolished to avoid any 

detrimental effect of Na'. In the last two chapters, potassium channels and the HAK 

transporters from the ice plant, \tesembryanihemum crystallinum. have been investigated. 

Regulation of their expression suggests their roles in maintenance of potassium 

homeostasis under salt stress conditions. In addition to the channels and HAK 

transporters. HKT represents another category of potassium transporters in plants. The 

first HKTl was isolated from wheat by complementation of a yeast mutant (Schachtman 

and Schroeder. 1994) and it shares homology with yeast TRX transporters. Hydropathy 

analysis indicated that HKT transporters consist of 12 transmembrane domains, but 

recent studies proposed a "four-MPM" model (Durell et ciL. 1999). Each MPM motif 

consists of two transmembrane domains. Ml and M2. connected by a pore-forming 

region P that is embedded in but does not go through the membrane. The transporter 

protein contains four repeats of such a MPM motif. However, in the absence of an X-ray 
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structure model ar\d a paucity of functional studies, little is known about the relation 

between the structure and function of the HKT-TRK transporters. 

The wheat HKTl is functionally distinguished from fungal TRX transporters, 

because it mediates Na*-energized high-affinity K' transport and low-affinity Na* uptake 

when the external Na' concentration is high (Rubio ei ai. 1995: Gassmann et al.. 1996). 

In > east the TRK transporters have been proposed to function as K"-H" cotransporters 

(Rodriguez-Navarro. 2000). Furthermore, .\rabidopsis HKTl is primarily a Na' 

transporter when expressed in Xenopiis oocytes and yeast cells (Uozumi et al.. 2000). 

Point mutations altering low-affinity Na* binding of wheat HKTl lead to improved salt 

tolerance of yeast cells expressing HKTl (Rubio et ai. 1995. 1999: Diatloff. 1998). It 

seems that HKT-type transporters play an important role in ion homeostasis in saline 

environment. 

In this chapter. I tried to obtain a more complete picture of the expression of the 

potassium transport systems in the ice plant under stress conditions by looking at the 

HKT-type transporters. A HKTl homolog from the ice plant was isolated and 

characterized. Its expression in various tissues and regulation under salt stress was 

investigated, and its possible roles in potassium homeostasis and/or sodium accumulation 

are discussed. 
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MATERIALS AND METHODS 

Plant materials 

Mesembryanthemum plants were grown according to Adams et al. (Adams et ciL. 

1998). Plants were transferred to hydroponic tanks with half-strength Hoagland's 

nutrition solution three weeks after germination. Aeration of the hydroponic cultures was 

started a week after transferring the plants. For the RNA-blot analysis and RT-PCR. 

plants were treated w ith 400 mM of NaCl in half strength Hoagland's solution for the 

time periods indicated. For the fluorescence localization, potassium was omitted from 

the nutrition solution 7 days before starting the experiments. Unstressed control plants 

were grown in parallel and harvested at the same time. Suspension cell cultures were 

established and maintained according to Vera-Estrella ei al. (Vera-Estrella et al.. 1998). 

Stressed cells were treated with 200 mM of NaCl for four days. 

cDNA libran' screening 

For McHKTl. a PCR product covering the highly conserved region of HK.T/TRK 

proteins was used to screen a leaf cDNA library. For fiirther screening, the entire coding 

sequence of McHKTl was used to screen a cDNA library of RNA from seedling plants, 

and root and leaf libraries from salt stressed and unstressed plants. Screening procedures 

followed those of Sambrook et al.. 1989. 



119 

Sequence analysis and nucleic acid hybridization 

Sequence alignment and hydropathy analysis were performed as described in the 

previous chapters (sec Chapter 2 and 3. Materials and Methods). Genomic DNA and 

total RNA from different tissues were isolated in the same way. For Northern blots, a 

3"LTR fragment of 500 bp long was used. For genomic Southern blot, the entire coding 

sequence of McHKTl (1.6 kb) was used as probe. The gene copy number reconstitution 

experiment was according to Pasternak (Pasternak. 1993) and based on an ice plant 

genome size of 390 Mb (Adams et ai. 1998). 

The hybridizations were carried out with Duralon-UV™ Membranes (Stratagene. 

La Jolla. C.-\) according to the manual. 

Yeast complementation 

The coding sequence of McHKTl was inserted to the cloning site of the yeast 

expression vector pYES2. between a GAL 1 promoter region and a CYC 1 terminator. 

CY162 cells were transformed with McHKTl construct, wheat HKTl construct (also in 

pYES2). or pYES2 plasmid. The transformants were selected on media containing 

100 mM K* but lacking uracil, then adapted in YNB liquid media with 20 mM of K*. 2% 

of galactose and 2% of sucrose for two days. The liquid culture were then measured, 

diluted and dropped on LS medium with 3 mM of K* and the same amount of galactose 

and sucrose. Plates were incubated at 28°C for 5 days. 
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Antibody and immunolocalization 

An oligopeptide corresponding to the sequence of the carboxyl terminus of 

deduced McHKTl protein (LKRFNFKGGKAWK) was synthesized and used to generate 

antibodies (Alpha Diagnostic International. Inc.. San Antonio. TX). Serum of the second 

bleeding was used for all the immunological studies. For western blot. 1:500 dilution 

was used. Membrane fraction and western blotting were conducted as described before 

(see Chapter 2. Materials and Methods). 

For fluorescence cvtolocalization. sections of root and leaf tissue were fixed with 

F.AA. dehydrated, infiltrated with xylene and embedded with Paraplast Plus (Fisher 

Scientific) according to McKhann and Hirsch (MclChann and Hirsch.1993). 

Immunolocalization was according to Maliga et al. (Maliga ei cil.. 1995) and Kirch et al. 

(Kirch el ai, 2000). Antibody was used in a 1:200 dilution. Signal detection was 

performed with an alkaline phosphatase conjugated goat anti-rabbit IgG and naphthol-

•AS-phosphate and Fast Red TR as substrates (Roche Diagnostics Mannheim). 

Microscopic images were obtained with a cooled CCD-Camera coupled to an Axioskop 

fluorescence microscope (Zeiss. Germany) and processed through Axiovision (Zeiss. 

Germany). 
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RESULTS 

Isolation of McHKTl cDNA and sequence analysis 

A PCR product was generated by degenerate primers covering conserved regions 

of wheat and rice HKTl. which was then used to screen a leaf cDNA librarv' of 

Mesembtyanihemum crystal I inum. A full-length cDNA, GenBank accession number 

AF367366. was isolated and designated as McHKTl. McHKTl encodes an open reading 

frame of 505 amino acids with a predicted molecular weight of about 55 KD. Figure 4.1 

shows the deduced amino acid sequence of McHKTl aligned with other plant HKT 

proteins. K\ie-Doolittle hydropathy analysis identified 12 hydrophobic regions sparming 

the McHKTl protein (Figure 4.2). According to the "four-MPM" model, the 

transmembrane domains (Ml and M2) and pore regions (P) of the four repeats (a - d) are 

marked. The glycine residue in the third position before the end of each P-region is 

conserved (Figure 4.1). In all K' channels, the GYG residues in the P-region act as a 

selective filter and is absolutely required for K' selectivity (Yool and Schvvarz. 1991; 

Uozumi et ai. 1995). It is noticeable that in the HKT-type transporters only one glycine 

residue is conserv ed. This glycine might be necessarv" for K* binding, but HKT 

transporters may not be as selective as the K* channels which contain the GYG filter 

{Rodriguez-Navarro. 2000). In some plant HKT proteins, the conserved glycine in the 

first P region [P(a)] is substituted by a serine (Figure 4.1). 

At the amino acid level. McHKTl shares 50.8%. 46.5% and 44.3% identity and 

61.1%. 55.2% and 54.9% similarity to Arabidopsis. rice and wheat HKTl, respectively. 



Figure 4.1 Alignment of plant HKTl proteins. 

Accession numbers and species are listed in Table 4.1. Identical amino acids are in black 
background and similar amino acids are in gray. Four putative MiPM: motifs (a - d) are 
marked. The conserved glycine residues in the P-regions are in red color. Positions of 
the point mutations in wheat HKTl conferring increased salt tolerance are marked by 
asterisks (*). 
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Figure 4.2 Hydropathy plot of McHKTl protein. 

Putative Ml PM2 motifs are marked and labeled as a - d. based on the 
sequence alignment with other proteins in the HKT family (Rodriguez-
Navarre. 2000) 
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Phylogenetic analysis indicated that plant HKT-type transporters are remotely related to 

the fungal TRK transporters, and HKT-type transporters of monocotyledons (wheat and 

rice) are well-separated from those of dicotyledons (Arabidopsis. the gum tree and the ice 

plant) (Figure 4.3). In all dicot HKTl proteins, the conserved glycines in P(a) regions are 

substituted by serines. It is unknown whether this substitution has any influence on the 

cation-binding affinity, specificity or capacity in these transporters. 

Analysis of the HKTl gene family in the ice plant genome 

.A current search in the GenBank databases resulted in 21 entries for HKT/TRK-

like genes. 9 of which are from plants. .All entries for HKT/TRK-like genes are listed in 

•Appendix II. HKT/TRK-type transporters represent a small family of genes and are 

distributed among a variety of prokar\'otic and eukaryotic species. Only two different 

HKT-like genes have been identified in Arabidopsis. rice or the gum tree. In order to 

investigate the ice plant, a Southern blot was performed for McHKTl. Genomic DNA of 

the ice plant was digested with restriction enzymes as indicated and hybridized with a 

full-length probe. Gene copy reconstruction was based on an ice plant genome size of 

390 Mb. Comparing the intensity of the plasmid and the digest bands, one can estimate 

that McHKTl also seems to belong to a small gene family with probably two members 

(Figure 4.4). 

Complementation of a yeast mutant by McHKTl 

The wheat HKTl. isolated from a cDNA librar\- complementing a yeast mutant 
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Figure 4.3 Phyiogcnctic tree of plant and fungal HKT/TRK transporters. 

Accession numbers are listed in Table 4. 
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Gene Name Protein Accession No. Species 

McHKTI AAK52962 Mesembryanthemum crystallinum 

EcHKTI AAF97728 Eucalyptus camaldulensis 

EcHKT2 AAD53890 Eucalyptus camaldulensis 

AtHKH AAF68393 Arabidopsis thaliana 

AAC62807 AAC62807 Arabidopsis thaliana 

CAB39784 CAB39784 Arabidopsis thaliana 

HKT1 AAA52749 Triticum aestivum 

OsHKTI AAG37274 Oryza sativa 

OsHKT2 BAB61791 Oryza sativa 

ScTRKI PI2685 Saccharomyces cerevisiae 

ScTRK2 P28584 Saccharomyces cerevisiae 

SpTRKI P47946 Schizosaccharomyces pombe 

SpTRK2 Q10065 Schizosaccharomyces pombe 

NcTRKI CAA08813 Neurospora crassa 

Table 4.1 Protein sequences used in phylogenetic analysis of plant fungal HfCT/TRK 

transporters. 
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Figure 4.4 Southern blot of Mesembryanthemum genomic DNA probed with 

McHKTl. 

Genomic DNA was digested vvitia (A) EcoRJ. (B) Hindlll. (C) EcoRV. (D) Sstl. and (E) 
EcoRV/Sstl. Numbers over the other lanes indicate the copy number control of the 
plasmid DNA used as probe (see Material and Methods). 
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defective for K* uptake, is able to rescue the phenotype of CY162. a Saccharomyces 

cereviskie strain with trkltrk2 deletions, on media containing as low as 30 |j.M of K' 

(Schachtman and Schroeder. 1994). In this study, the CY162 strain was used test the 

function of McHKTl. The coding sequence of McHKTl was inserted to the yeast 

e.xpression vector pYES2. CY162 cells were transformed with McHKTl. wheat HKTl 

as a positive control, or the empty vector as a negative control. The transformants were 

selected on YNB media containing 100 mM K* but without uracil, then adapted in YNB 

liquid media containing 20 mM of K*. 2% of sucrose and 2% of galactose for two days, 

to induce the expression of HKTl genes. The same amount of liquid cultures were then 

plated on LS medium with 3 mM of K* and 2% of galactose and sucrose. Yeast cells 

expressing McHKTl grew better than the mutant cells on media containing 3 mM of K'. 

but not as well as the cells transformed with wheat HKTl (Figure 4.5). Among other 

plant HKT proteins. .AtHKTl was not able to complement K*-uptake mutant of yeast, 

because it primarily mediates Na* uptake (Uozumi et ai. 2000). Whether this is partly 

the reason for the weak complementation of CY162 by McHKTl requires further 

functional analysis. 

Tissue specific expression of McHKTl 

Northern blot analysis was conducted to detect the tissue specificity of McHKTl. 

Twenty ug of total RN.A from root. stem. leaf, flower and seed pod of the mature plants 

was analyzed. .A 500 bp long 3'UTR fragment was used as a probe to hybridize the blot. 

Comparing the signal obtained with the actin probe, the McHKTl transcript was 



131 

CY162 wheat McHKTI 

IX 

0.1X 

0.01 

Figure 4.5 Complementation of CY162 by McHKTl. 

Numbers on the left indicate the dilution times of original culture (see Materials 

and Methods of this chapter). 
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primarily detected in leaf tissue (Figure 4.6). Signals were also detected in stem as well 

as in flower and seedpod. .\ very weak signal was obtained from root RNA with a 

hybridization ofhigh stringency (washed in O.lxSSC and 0.1% (w/v) SDS. at 65°C). In 

wheat, rice and .Arabidopsis. HKTl transcripts were primarily detected in root tissues 

(Schachtman and Schroeder. 1994: Uozumi et cil.. 2000: Golldack ei ciL. unpublished). 

There might be another homolog of McHKTl that is mainly e.xpressed In root, as the 

Southern blot hybridization suggested the existence of another member of the McHKT 

family (Figure 4.4). 

Regulation of McHKTl expression in the ice plant 

Evidence from other plant species suggests that the HKT-type transporters are 

involved in Na* uptake, and it would be interesting to learn how these transporters 

behave in a saline environment. The regulation of McHKTl expression at the transcript 

level was investigated by RNA blot analysis as well as by quantitative RT-PCR (Figure 

4.7). .As described in the previous chapter, five-week old ice plants were exposed to 400 

mM NaCl for the time periods indicated and total RNA from leaf was probed with a 

3"UTR fragment of McHKTl. The accumulation of the McHKTl transcript increased 

shortly after the stress started and reached the highest level at 6 hours after the start of the 

salt treatment. .Aftenvard. the transcript decreased gradually to a level even lower than 

that found in unstressed plants. This expression pattern was confirmed by quantitative 

RT-PCR. .A.t 6 hours, accumulation of McHKTl transcript was 2.5-times of that at 0 

hour. When the plants were stressed for 12 hours, the amount of transcript was 50% of 
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Figure 4.6 Tissue-specific expression of IVIcHKTl detected by 

Northern blot analysis. 

20 jig of total RNAs extracted from unstressed plants (except flower and 
seed pot) were loaded. Tissues were specified as RT (root). ST (stem). LF 
(leaf). PL (flower) and SP (seed pot), .\ctin was used as a loading control. 

ST LF FL SP 
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Figure 4.7 Expression of McHAKs during NaCI stress. 

-A. Northern blot analysis. Si.x-week-old plants grown in O.S.x Hoagland's 
solution were stressed with 400 mM NaCl for the time period (hours) 

indicated. 20 i^g of total RNA from leaf tissues were probed with either 3'-
UTR region of McHKTl. 

B. Quantitative RT-PCR of the same samples of RN.A.. 
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that before stress. Transient up-regulation of McHKTl expression suggests that it is 

involved in the short-term adaptation of the plant to a stress environment. 

Localization of McHKTi protein 

The antibody against McHKTl protein was generated with a synthesized 

oligopeptide corresponding to the sequence of the carboxyl terminus of the deduced 

protein. Plasma membrane and tonoplast fractions were prepared from leaf tissue or 

suspension cells by sucrose gradient centrifugation. For stressed cells or plants, 

suspension cells were treated with 200 mtVI N'aCl for four days; the leaves were from six-

week old plants treated with 200 mM of NaCl for two weeks. The immunological blot 

indicated that the protein only resided in the plasma membrane (Figure 4.8). So far. this 

is the first evidence for the subcellular localization of a HKTl-type transporter in plants. 

The signal in leaves disappeared entirely in plants stressed for two weeks, while in the 

suspension cells stressed for four days, the signal decreased to about 20%. The changes 

of protein amounts were consistent with the changes of transcripts, as shown by northern-

type blot analysis (Figure 4.7). 

To learn more about the localization of McHKTl protein in specific tissues or cell 

types, tluorescence cytolocalization was conducted using the same antibody as in the 

western blot. Signals were detected with an alkaline phosphatase conjugated goat anti-

rabbit IgG. using naphthol-.AS-phosphate and Fast Red TR as substrates. In Figure 4.9. 

the red color indicates the signal of McHKTl protein, and the background is green. In 

leaves, the expression of McHKTl was primarily in vascular bundles and surrounding 
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Figure 4.8 Immunological blot of McHKTl. 

U - unstressed ceils or plants; S - stressed cells or plants. The ice plant 
suspension ceils were treated with 200 mM NaCl for 4 days: the leaves 
were from six-week old plants treated with 200 mM NaCl for two weeks. 
The antibody was raised against a synthesized oligopeptide corresponding 
to the sequence of the carboxyl terminus of the McHKTl protein. 



Figure 4.9 Fluorescence immunolocalizatioo of McHKTl protein. 

For the experiments 5-week-oId plants were used that were transferred to 
nutrition medium without potassium a week before the experiment. The 
following treatments are shown: A, C - leaf cross section, control; B, D -
leaf, stressed with 400 mM of NaCl for 72 h. E - root tip, control; F - root, 
control; G - root tip. stressed; H - root, stressed, be - bladder cell; vc -
vascular cylinder; co - cortex. The signal is in red and the background is 
in green. 
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mesophyll cells (Figure 4.9, A. C). In plants stressed with 400 mM of NaCl for 72 hours, 

the signal decreased in vascular bundles and mesophyll cells, but increased in the bladder 

cells (Figure 4.9. B. D). 

•As described previously, high-stringency RNA blot analysis only detected a weak 

signal in roots, but with immunolocalization. which is more sensitive, the expression was 

also detectable in roots. In root tips, the signals were most concentrated in epidermal 

cells and were weaker in the vascular cylinder (Figure 4.9. E). In older roots, the highest 

expression level occurred in the vascular cylinder (Figure 4.9. F). In older roots stressed 

for 72 hours, the signals decreased in the vasculature and in cortex cells (Figure 4.9. F 

and H). while in root tips, the change was not significant (Figure 4.9. E and G), In the 

images taken at the same scales where direct comparison of fluorescence intensity was 

possible, the overall signal strength seemed to be lower in roots than in leaves (data not 

shown). 

DISCUSSION 

The HKT-type transporter is thought to be the first high-affinity K" u*ansporter 

isolated from higher plants (Schachtman and Schroeder. 1994). Further studies, however, 

have illustrated diverse transport mechanisms and ion selectivity of this family of 

transporters among different species. The capacity of HKT for mediating Na" uptake 
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makes it an important candidate responsible for the establishment of ion homeostasis 

under saline conditions. 

In this chapter, a HKTl homolog has been isolated from a leaf cDNA library of 

the halophvie Mesemhrycmthemiim crystal I imim. Although members of the HKT family 

share high sequence homology (e.g. the two EcHKT cDNAs share 73.1% identity), 

funher screening of various cDNA libraries, including those from root tissues, failed to 

identify any other HKT-type cDNA from the ice plant. Apparently McHKTl is the most 

abundant transcript, at least under normal and salt stress conditions. The wheat HKTl 

was isolated from a cDNA librar>' of a K*-star\ed plant, and the HKTl mRNA level has 

been found to increase after K* starvation in barley (Schachtman and Schroeder. 1994: 

Wang ei al.. 1998). .Another HKT homolog primarily expressed in root may exist in the 

ice plant, but its transcript is at low abundance without K* deprivation (more discussion 

on this later). 

VIcHKTl encodes a protein of 505 amino acids. Sequence alignment and 

phylogenetic analysis display a high homology of McHKTl with other plant HKT 

proteins, especially HKTs from dicot plants. Specifically, the conserved glycine residue 

in the first P region that may be important for K' (or other cation) binding is substituted 

by a serine in all dicot HKT proteins, including McHKTl. Moreover, four out of the five 

point mutations that alter Na* binding affinity of wheat HKTl. A240V. L247F. N365S 

and E464Q. are in P-regions. .\mong them. L247F already exist in McHKTl and other 

dicot HKT proteins, including Arabidopsis HKTl and Eucalyptus camaldulensis (river 

red gum) HKTl and HKT2 (Figure 4.1). Substitution of a phenylalanine for the leucine 
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residue at L247 reduced Na* inhibition of K' uptake and decreased Na* accumulation in 

the yeast cells where the mutated HKTl was expressed, thus improved salt tolerance of 

yeast grown in high-Na' media (Rubio et ciL. 1995). DitTerences on these amino acids 

reflect not only the divergence of monocots and dicots through evolution, but also 

functional diversity in terms of ion selectivity or cation binding affinity. On the other 

hand, a single amino acid may not be enough to determine the transport properties of a 

HKTl protein. For example. AtHKTl and EcHKTs. as transporters from dicots. also 

mediate Na" and K* uptake, yet kinetic differences exist among these transporters which 

seem to be residing in changes in other parts of the proteins. 

So far the HKT genes isolated from wheat, rice and Arabidopsis are mainly 

expressed in root tissues. EcHKTl and EcHKT2 from the river red gum tree are 

expressed in stem, leaf and root (Fairbaim et al. 2000). Due to the small size of the 

family, there may not be clear tissue specificity parallel in various species, as is the case 

for the .AKT and K.A,T channels. RNA blot of McHKTl detected the strongest signal in 

leaf tissue of the ice plant, while a very weak signal lit up in the root. Fluorescence 

cytolocalization, which is more sensitive, detected protein expression in both tissues. 

The overall fluorescence intensity seemed to be lower in roots than in leaves where direct 

comparison was possible (data not shovra). I prefer the explanation that the signal in 

roots detected by Northern blotting and immunolocalization was McHKTl that is 

expressed more weakly than in leaves. It is unlikely another homologous gene hybridizes 

with the 3"UTR probe in the Northern blot, since cDNA library screening with a full-

length probe did not identify any other homologs. 



141 

VIcHKTl protein was detected in the plasma membrane fraction in both leaf and 

suspension cells. Prior to this study, little was known about the subcellular localization 

of HKT transporters in plants. VIembrane localization of McHKTl suggests its role in 

uptake of cations into cells. Fluorescence cytolocalization further illustrated that 

McHKTl is expressed in leaf vascular bundles and mesophyll cells. In root tip. the 

signal is strongest in the epidermal cells; while in older root, it is primarily in the vascular 

cylinder. The expression of McHKTl is relatively ubiquitous based on the 

cytolocalization. McHKTl may be important in cation uptake from soil, in potassium 

loading to vascular tissue, and probably in sodium accumulation in leaves under salt 

stress, e.g. in sequestering of Na" in epidermal bladder cells in the ice plant leaves. 

What McHKTl exactly does in various tissues and cells depends largely on the 

electrophysiological property of the transporter. Transporters in the HKT family have 

displayed a variety of ion selectivity and transport mechanisms. Wheat, rice. Arabidopsis 

and the gum tree HKT transporters have all been shown to mediate both K* and Na" 

currents when expressed in Xenopus ooc\les (Rubio et ai. 1995; Gassman et ai. 1996; 

Uozumi et al.. 2000; Fairbaim et ai. 2000; Golldack et ai. unpublished). However, rice 

and .Arabidopsis HKT 1. different from wheat HKTl. are primarily sodium transporters. 

EcHKTl and EcHKT2. the two orthologous members from the same species, differ in 

Na" permeability relative to K' permeability. Genetic selection in yeast allowed 

identification a few of amino acids in the wheat HKTl that are important to Na^ binding 

(Rubio et ai. 1995. 1999; Diatloff t!f a/. ,1998). Mutations altering these amino acid 

residues confer reduced Na" uptake and improved salt tolerance, compared to wild-type 
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HKTI. However, all these studies have been conducted in heterologous systems. 

Whether the HKT transporters function in the same way in plcmta is to be tested. Genetic 

knockouts would be an efficient approach to address transporter function, as in the case 

of.\KTl channels. 

Unlike the H.A.K family of transporters. HK.T-type transporters consist of a small 

family. Besides, no direct evidence of Na* -coupled K* uptake has been found in roots of 

terrestrial plants (Maathuis ei al. 1996). Therefore. HKT-type transporters may not play 

major roles in K* acquisition. Instead, they may be important for adjusting ion 

homeostasis under abnormal growth conditions. The transient up-regulation of VIcHKTl 

expression during salt stress suggested its function in this respect. .A.fter six-hour of 

stress with 400 mM of NaCl. McHKTl transcripts in leaves increased to 2.5-times that in 

unstressed plants (Figure 4.7). By this time, transcript of MKTl. the K* channel in the 

root, had decreased dramatically, but about 50% of potassium uptake still remained (see 

Chapter 2). H.'\K transporters are up-regulated, probably to compensate the function of 

the K.* channels (see Chapter 3). McHKTl may also participate in this process in leaves, 

probably in xylem parenchyma and mesophyll cells, and the induction of McHKTl 

expression might be due to the reduced availability of K'. resulting from an increased 

Na' K' ratio. Here we are assuming that McHKTl functions as a K' transporter. Then 

why was it turned down so rapidly then? After 12-hour of stress, the transcript amount 

was only 20% of that at 6 hours. One possibility is that other potassium transporters are 

sufficient for the potassium requirement, e.g. McHAK3 transcript increased dramatically 
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after 12 hours, and VtcHAKl and 2 increase continuously in leaves up to 48 hours after 

stress (Figure 3.7). 

On the other hand, if VIcHK.TI mediates Na* uptake like the HKT-transporters in 

other plants, it may function to accumulate Na" in ice plant leaves upon salt stress. The 

McHKTl protein expressed in epidermal bladder cells (EBC) may be a sodium uptake 

vehicle. Together with the NHX-like Na'/H' antiporter in the tonoplast (Apse et cii. 

1999: Gaxiola et ai. 1999). McHKTl gets Na" into the vacuole. The signal of McHKTl 

protein in stressed EBCs is stronger than that in the unstressed ones (Figure 4.9. C and 

D). consistent with its role in Na* uptake. The Mnhx transcript in ice plants also 

increases after salt stress, especially in stem tissue (Chauhan et ai. 2000). Furthermore, 

the response of McHKTl UNA is similar to the upregulation of SOSl transcripts in ice 

plants during the initial 6 to 12 hours following stress (Chauhan et ai. 2000). 

.-Vrabidopsis SOS 1 protein is a plasma membrane-localized Na*-H* antiporter. primarily 

expressed in cells surrounding xylem (Shi et at.. 2000). The SOSl transporter may be 

involved in xylem loading of Na* or K* for long distzince translocation, and its function is 

probably more related to Na* accumulation in leaves (Serrano and Rodriguez-Navarro. 

2001). The expression patterns of the SOSl. HKTl and NHX transporters in stressed ice 

plants are consistent with their possible roles in xylem loading, uptake and 

compartmentation of Na*. which constitute a survival strategy for the halophyte. 

The transient upregulation of McHKTl also resembles the behavior of the KMTl 

channel in the ice plant (see Chapter 2). If KMTl is expressed in guard cells as its 

Arabidopsis ortholog. the transient increase of KMTl transcripts may function to keep 
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the stomota open during the early hours of stress. Sustained transpiration causes wilting 

of the plant, but also drives uptake and accumulation of sodium in the vacuole (Adams et 

uL. 1992. 1998). which are probably mediated by the McHKTl transporter and the 

Na' H* antiporters discussed above. The short-term facilitated uptake of sodium induces 

synthesis of methylated inositols, which accumulate in the cytosol and balance the 

osmotic potential of the vacuole. Turgor recovers after I - 2 days of stress, when 

osmolyte synthesis and other adaptive mechanisms are established (.Adams et al.. 1992. 

1998). Thus, the transient upregulation of KiMTl and McHKTl may serve as initial 

stimuli at the early stage of stress adaptation. 

The McHKTl transcripts are reduced rapidly in leaf after a short-term increase. 

We speculate that other pathways, such as non-selective cation channels, function to 

fulfill Na" entry after that period of time. Another possibility is that McHKTl proteins 

are still active although their transcription is reduced. In fact, in comparison with 

unstressed tissue, the fluorescence signal was slightly stronger in the bladder cells (Figure 

4.9. D vs. C). which are the major Na* storage organs in the ice plant, even after 72 hours. 

Nonhem blot analysis was not able to detect transcript changes in roots under 

stress conditions (data not shown), due to the low abundance of McHKTl transcripts in 

these tissues. Immunolocalization indicated that the protein signal decreased in the 

vascular tissue in older roots from plants stressed for 72 hours (Figure 4.9. H vs. F). It is 

unknown whether there is a transient up-regulation of McHKTl expression in the roots, 

as there is in the leaves. .A RT-PCR with root RNA needs to be done to address this 

question. The RN.A, level of rice HKTl in root is reduced by NaCl stress, and it 
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decreases more rapidly in a salt-tolerant variety than in a salt-sensitive one (Golldack et 

al.. unpublished). The strategy for salt tolerance in ice plant and rice are quite different -

the latter is a Na" excluder, and the regulatory mechanisms of the HKT transporters in 

these species may be ditTerent too. Again, we can not see a clear picture of the roles of 

McHKTl transporter under normal and stress conditions until its electrophysiological 

properties have been characterized. 
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CHAPTER 5 CONCLUSIONS AND 

FUTURE DIRECTIONS 

Much current studies on potassium charmels and transporters is focused on the 

characterization of their electrophysiological properties in heterologous expression 

systems, while investigations on ion homeostasis during salt stress emphasize Na* uptake 

and compartmentation. and the signaling pathways of salt tolerance. Studies reported in 

this dissenation were designed to contribute to knowledge of the salt adaptation 

mechanism by investigating the behaviors of potassium channels and transporters under 

salt stress in a haloph\ie. in the context of the sodium translocation pathway from root to 

leaf cell vacuole and how that is affecting K* homeostasis. 

In this dissertation, two .A.KT-type inward rectifying channels (MKTl and 

MKT2). a K.\T-type channel (K.VITl). three H.AK-type transporters (McHAKl. 

McH.AKZ and McH.A.K3), and a HKT-type transponer (McHKTl) are isolated from the 

halophyte Mesemhry anihemiim crystallimim (common ice plant) by homologous cloning. 

Transcripts of the MKTl channel decreased dramatically in the root tissues after a short 

time of stress, while the transcripts of McHAKI. McHAK2 and McHAKj increased for 

several days under stress conditions. In leaves. McHKTl is transiently up-regulated 

w ithin hours of stress and decreased rapidly thereafter. Transcripts of the KMT I channel 

showed similar transient up-regulation under salt stress. During this time period, 

potassium uptake was reduced by about 50% while the sodium contents in leaves 

increased 2.5 to 3 times. 
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Measurements of the Ion content and the regulation of these channel and 

transporter transcripts suggested that upon salt stress, the \C uptake function of the 

MKTl channel in ice plant roots was replaced by other K' transport systems, including 

the VlcHAK transporters and. maybe transiently, the McHKT transponer(s). which 

facilitate!s) Na" uptake from the root and Na* accumulation in the shoot tissues. The 

halophyte responded differently from the generally accepted theory that high external 

Na" triggers the switch of K* uptake from systems less selective for \C over Na" to the 

ones more selective for K* (Niu et ai. 1995). In a glycophyte such as Arabidopsis. Na" is 

excluded from the plant, and limitation of Na" uptake at the root is an efficient strategy 

for salt tolerance. Such a switch in the K" uptake mechanism improves K' TMa* 

selectivity and reduces the translocation of Na" from root to shoot. In a halophyte such 

as Mesemhnanihemum crystall'miim. however. Na* is accumulated in shoot tissues and 

sequestered in vacuoles, where it functions as an osmoticum and stimulates cell growth 

(.-\dams et al. 1998). .AKT-type IRCs are highly selective for K* over Na* (Gassmann 

and Schroeder. 1994: Amtmann and Sanders. 1998; Blumwald el a/.. 2000). while the 

HAK/KUP- and HKT-type transporters have been shown to mediate low-affinity Na* 

uptake (Rubio et ai. 1995: Santa-Maria et ai. 1997: Fu and Luan. 1998: Kim ei ai. 

1998: Golldack et al.. unpublished). If the MKTl charmel is as selective as the other 

IRCs. and the McHAK and McHKTl transporters do transport Na*. a switch from the 

channel to the transporters in the ice plant facilitates short-term Na" uptake and 

accumulation, and may trigger other long-term response mechanisms upon salt stress. 
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Figure 5.1 illustrates a model of ion homeostasis for the ice plant under salt stress 

based on this hypothesis. In the plasma membrane of root epidermal cells, down-

regulation of the MKTl channel and up-regulation of the HKT and HAK transponers 

facilitate Na' uptake from the soil. In the root tonoplast down-regulation of the Na'/H* 

antiporter NHX and up-regulation of ITRl. a Na /inositol symporter. remove extra Na* 

from root. Together with the up-regulation of SOS 1. a Na*/H* antiporter in the plasma 

membrane of xylem parenchyma cells, these transporters function to translocate Na* from 

root to shoot tissues (Shi et al.. 2000: Chauhan et al.. 2000) in the halophyle. In leaves, 

up-regulation of the HKT and HAK transponers and the SOSl antiporter in the plasma 

membrane and of the NHX antiporter in the tonoplast facilitate uptake and accumulation 

of Na* in the vacuole of leaf cells (including the epidermal bladder cells in the ice plant). 

ITR2. a leaf-specific Na7inositol symporter expressed in the tonoplast. is down-regulated 

under salt stress, which reduces Na* leakage from vacuole in leaf tissues (Chauhan ei al. 

2000). Coordinate regulation of all these channels and transporters results in efficient 

accumulation and sequestering of Na" in the leaf vacuoles, which serves as an adaptive 

strategy for the ice plant. 

To test this hypothesis, the following studies need to be carried out. First, 

functional characterization of these channels and transporters are necessary to determine 

their physiological roles. Heterologous expression and electrophysiological 

characterization are by far the most straightforward approaches. With the yeast or 

Xenopus oocyte systems, questions about the cation selectivity of .MKTl and Na" uptake 

capacity of McH.AKs and McHKTl can be answered. For instance, if yeast cells 
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transformed with McHAKs or McHKTl are more sensitive to high Na*. then these 

transporters are likely to mediate Na* to some extent (Uozumi et al. 2000; Horie e( ai. 

2001). 

Second, if the switch from K'-selective channels to less-selective transporters is a 

unique strategy for the halophytic Mesembryanthemum. then the regulation of these 

channels and transporters should be different in a glycophyte such as Arabidopsis. Is 

.AKTl not down-regulated under salt stress in Arabidopsis"} How are HAK- and HKT-

like transporters regulated when Arabidopsis plants are stressed by high Na'? For 

Arabidopsis. most of these channels and transporters have been isolated and DNA 

sequences for those not yet cloned are available given the genome information for this 

model plant. Studies at the transcriptional level can be done with real time PCR. which is 

much more efficient and accurate than traditional RNA blot analysis. Comparison of die 

e.xpression patterns of these genes between the ice plant and Arabidopsis will provide 

further evidence for their involvement in ion homeostasis in response to salinity. Similar 

studies have been done for the Na'/H' antiporters of the two species (Chauhan et ai. 

2000). However, one has to be careful about which homologs should be compared, 

especially for genes in a large family such as the HAIC^KUP transporters. Each of the 

McHAKs seems to have a closely related ortholog in the Arabidopsis genome, but 

whether their tissue- or cell type-specificity and functions are corresponding is unknown. 

In the ice plant. Ca~Vcaimodulin-activated phosphorylation/dephophorylation 

induces gene expression of the CAM and polyol synthesis pathways (Cushman and 

Bohnert. 1999). but little is known about the signaling mechanisms of ion homeostasis 
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under stress. In Arahidopsis. K'/Na* homeostasis under salt stress is modulated by the 

SOS signaling pathway, which involves Ca'*-activated protein kinase complex (Zhu et 

id. 1998: Zhu. 2000). It will be interesting to know whether the IRCs and HAK- and 

HKT-type transporters are targets of the SOS pathway. This can be done by comparing 

the expression of these channel and transporter genes under stress and non-stress 

conditions between wild type Arabidopsis and the sos mutant plants. 

Finally, are any of these channels or transporters essential for salt tolerance? The 

best way to answer this question is to knockout the gene of interest, to reduce its 

expression by antisense. or to overexpress it. and to characterize the phenotype of the 

mutant or the transgenic plant. The function of a few channels and transporters in 

Arahidopsis has been illustrated by reverse genetic approaches (Hirsch et al.. 1998; 

Gaymard ei al.. 1998; .\pse el al.. 1999). Overexpression of a vacuolar Na'/H* antiporter 

improves salt-tolerance of the transgenetic tomato plants, which accumulate salt in leaves 

but not in fruits (Zhang and Blumwald. 2001). To date. .Arahidopsis is still a better 

candidate for genetic study than Mesemhryanthemiim because the latter cannot be 

transformed reliably and efficiently. Mutant plants oi.Arahidopsis can be made by T-

DN.A. insertion and screening (Feldmann. 1991). or homologous recombination (Kempin 

et al.. 1997). The expected phenotypes include changes in K* content in root and shoot 

tissues. Na" accumulation, and overall salt tolerance. 

By studying the behavior of these channels and transporters in glycophytes and 

halophytes. including their expression patterns, physiological functions, as well as 
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regulation under various environmental conditions, a better understanding will be gained 

about the involvement of potassium transport systems in ion homeostasis during salinity 

stress. 



Appendix I: HAK/KUP sequences in the GenBank 

(as of 7/10/2001) 

1. >gil7488032!pirliT02479 potassium transport protein KUP1. high-affinity -
Arabidopsis thaliana gil2654088lgbl AAB87687.11 (AF033118) potassium transporter 
[Arabidopsis thaliana] gil2688979|gblAAB88901.11 (AF029876) high-affinity 
potassium transporter: AtKUPlp [.'Arabidopsis thaliana] gil3150413lgblAAC 16965.11 
(.AC004165) high affinity K-r transporter (AtKUPl/AtKTlp) [Arabidopsis thaliana] 

2. >gii2384669lgblAAC49844.11 (AFO12656) putative potassium transporter AtKTIp 
[Arabidopsis thaliana] (2 aa different from AtKUPl) 

3. >gil2384671 lgbl.A.AC49845.11 (AFO 12657) putative potassium transporter .AtK,T2p 
[Arabidopsis thaliana] 

4. >gii26513Q3!gbiAAB87583.1! (AC002336) putative potassium transporter 
[.'Vrabidopsis thaliana] (.'\.\B87583 is 3 aa different from .\tKT2) 

5. >gil2384673igbi.-\AC49846.1! (.^.FO12658) putative potassium transporter AtKT3p 
[Arabidopsis thaliana] (partial) 

6. >gii2384675lgbi.A.AC49847.11 (.A.FO 12659) putative potassium transporter AtKT4p 
[.Arabidopsis thaliana] (partial) 

7. gii2384677|gblAAC49848.1 i (AFO 12660) putative potassium transporter AtKT5p 
[.Arabidopsis thaliana] (partial) 

8. >gii7488157lpirilT04970 probable potassium transport protein KT5 - .Arabidopsis 
thaliana gii3859659lemblCAA20566.11 (AL031394) putative potassium transporter 
.AtKT5p (AtKT5) [.Arabidopsis thaliana] 

9. >gii7270301 'emblCAB8Q070.11 (AL161583) putative potassium transporter AtKT5p 
(.AtKT5) [.Arabidopsis thaliana] (AtKT5a. 250 amino acids at N-term identical to 
CAA20566) 

10. >gii6742169igbi.AAF 19432.21AF207621 1 (.AF207621) potassium transporter 
KUP3p [Arabidopsis thaliana] 

11. >gil6513926lgblAAF14830.1IACQl 1664 12 (ACOl 1664) putative potassium 
transporter [Arabidopsis thaliana] (AAF14830 is 4 a.a. different from AtKUP3) 
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12. >m\7108597lgblAAF3649Q. 1 !.A.F 129478 1 (AF129478) K-^ transporter HAK5 
[.-\rabidopsis ihaliana] 

13. >gi[7488031 !pirllT06299 potassium transport protein homolog T9E8.160 -
.Arabidopsis thaliana gil4584547lemblCAB40777.11 (AL049608) potassium 
transporter-like protein [Arabidopsis thaliana] gil7268045lemblCAB78384.11 
(.A.L161536) potassium transporter-like protein [Arabidopsis thaliana] (97 amino 
acids shorter than AtHAK5; 3 gaps) 

14. >gii71086Q5lgbl..\AF36494.11AF129482 1 (AF129482) HAK6 [Arabidopsis thaliana] 
(partial) 

15. gil71086Q3lgblAAF36493.1 iAFl29481 1 (AF129481) HAK7 [Arabidopsis thaliana] 
(partial) 

16. >gii71086Q7lgbi.AAF36495.1IAF129483 1 (AFl29483) HAK8 [.Arabidopsis thaliana] 
(partial) 

17. >gil7488156lpirllTQ5596 probable potassium transport protein F9D16.110 -
.Arabidopsis thaliana gii4454033lemblCAA23030.1 i (AL035394) putative potassium 
transport protein [.Arabidopsis thaliana] gil7269212lemblCAB79319.11 (AL161559) 
putati\ e potassium transport protein [.Arabidopsis thaliana] 

18. >gii7488155lpirilTQ1493 probable potassium transport protein F1707.17 -
.Arabidopsis thaliana gil3176686lgblAAC18809.11 (AC003671) Similar to high 
affinity potassium transporter. HAKl protein gb|Lf22945 from Schvvanniomyces 
occidentalis. [.Arabidopsis thaliana] 

19. >gii7488026ipiriiT04880 potassium transport protein homolog F18F4.60 -
.Arabidopsis thaliana gii2827650lemblC.AA 16604.11 (AL021637) potassium 
transporter-like protein [.Arabidopsis thaliana] gi|7268791 lembICAB78996.11 
(AL161552) potassium transporter-like protein [.Arabidopsis thaliana] 

20. >gil7488027lpirllT00487 potassium transport protein homolog F 1913.29 - Arabidopsis 
thaliana gil3033401lgbiAAC 12845. II (AC004238) putative potassium transporter 
BAC F28K20 [.Arabidopsis thaliana] 

21. >gii45126241 gblAAD21693.11 (AC004793) Strong similarity to gii3033401 F19I3.29 
putative potassium transporter from Arabidopsis thaliana BAC gb|AC0G4238. 

22. >gil7488029lpirllT02268 potassium transport protein homolog T13D8.5 - Arabidopsis 
thaliana gil3249065lgblAAC24Q49.1l (AC0Q4473) Similar to HAKl gbiU22945 high 
affinity potassium transporter from Schwanniomyces occidentalis. [Arabidopsis 
thaliana] 
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23. >giil 1281376lpirllT51433 probable cation transport protein - Arabidopsis thaliana 
dl9755756lemblCACQl 887.11 (AL391149) putative cation transport protein 
[.Arabidopsis thaliana] 

24. >gii9955527lemb!C.\CQ5466.11 (.A.L391712) potassium transport protein-like 
[.Arabidopsis thaliana] 

25. >gill 1181958lemblCAC16137.1l (AJ296155) tiny root hair 1 protein [.Arabidopsis 
thaliana] giil 118196QlemblCAC16138.1l (AJ296156) tiny root hair 1 protein 
[.Arabidopsis thaliana] 

26. >gii748943 llpirilT04379 probable potassium transport protein - barley 
gil2746086igblAAC39315.11 (AF025292) putative high-affinity potassium transporter 
HAKl [Hordeum vulgare] 

27. gii71086011gb!.AAF36492.11AF129480 1 (AF129480) HAKIB [Hordeum vulgare] 
(partial) 

28. >gil7108599|gblAAF36491.1IAF129479 1 (.AF129479) HAK2 [Hordeum vulgare] 

29. gil6683773lgbl.AAF23361.1 iAF 130340 1 (AF 130340) HAK3 [Hordeum vulgare] 
(partial) 

30. >gii7108609lgbi.AAF36496.11AF 129484 1 (.AF 129484) HAK4 [Hordeum vulgare] 
(partial) 

31. gill 1121514lemblCAC14883.1l (AJ297888) putative potassium transporter [Hordeum 
vulgare] (partial) 

32. giil 1121268lemblC.AC14787.1l (AJ297886) putative potassium transporter [Hordeum 
vulgare] (partial) 

33. gill 1125358lemblC.AC15061.1i (AJ300161) potassium transporter [Hordeum vulgare] 
(partial) 

34. >gill4091840lgbl.AAK53843.1IAC011806 20 (.ACOl 1806) Putative potassium 
transporter [Or\"za sativa] 

35. >gil710861 llgbLAAF36497.1IAF129485 1 (AF129485) HAK4 [Oryza sativa] 
(partial) 

36. gill4488365lgblAAK63932.1IAC084282 13 (AC084282) hypothetical protein [Oryza 
sativa] (partial) (O.s. partial/short cDNA: SI836. C73883, C72058, C71725) 
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37. >gil 12862378ldbilBAB32442.11 (AB055629) high-affinity potassium transporter 
PcuHAKl [Phragmites austraHs] 

38. >gil 12862380ldbjlBAB32443.11 (AB055630) high-affinity potassium transporter 
PcnHAK.1 [Phragmites australis] 

39. >gii 12862382ldbilBAB32444.11 (AB055631) high-affinity potassium transporter 
PceHAKI A [Phragmites australis] 

40. >gii 12862384ldbilBAB32445.11 (AB055632) high-affinity potassium transporter 
PceHAKIB [Phragmites australis] 

41. >gil 14091469!gblAAK53758.1!AF367864 1 (AF367864) putative potassium 
transporter HAKlp [Mesembryanthemum crystallinum] 

42. >gil 14091471 igblAAK53759.1IAF367865 1 (AF367865) potassium transporter 
HAK2p [Mesembryanthemum cr\'stallinum] 

43. >giil4091473lgblAAK5376Q.llAF367866 1 (AF367866) potassium transporter 
HAKjp [Mesembryanthemum crystallinum] 

44. >gi!14149030iemblCAC39168.1l (AJ299422) putative high-affinity potassium uptake 
transporter [Populus tremula .\ Populus tremuloides] 

45. >gill 1362564lpirllF82623 potassium uptake protein XF1903 [imported] - Xylella 
fastidiosa (strain 9a5c) gil9106998lgbiAAF84709.1 iAE004010 6 (AE004010) 
potassium uptake protein [Xylella fastidiosa 9a5cl 

46. >gii 13421240igbiAAK22118.11 (AE005687) Kup system potassium uptake protein 
[Caulobacter crescentus] 

47. >gii3724139lemblCAA08814.1 i (AJ009759) potassium transporter [Neurospora 
crassa] 

48. >gill708112!splP5Q505IHAKl DEBOC HIGH AFFINITY POTASSIUM 
TRANSPORTER gill362497lpirllS56141 HAKl protein - yeast (Schvvanniomyces 
occidentalis) 

49. >gil5566602|gblAAB 17122.21 (U22945) high affinitv* potassium transporter 
[Debaryomyces occidentalis] 
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50. >gill 1350821 lDirliC8353Q potassium uptake protein Kup PA0917 [imported] -
Pseudomonas aeruginosa (strain PAOl) gil9946820lgblAAG04306.11AE0Q4526 1 
(AE004526) potassium uptake protein Kup [Pseudomonas aeruginosa] 

51. >gill347l445lret1NP 103011.11 potassium uptake protein Kup [Mesorhizobium loti] 
gii 14022187idbilBAB48797.II (AP002997) potassium uptake protein; Kup 
[Mesorhizobium loti] 

52. >gii I347I444!ret1NP 103010.1! potassium uptake protein Kup [Mesorhizobium loti] 
gil 14022186ldbilBAB48796.11 (AP002997) potassium uptake protein; Kup 
[Mesorhizobium loti] 

53. >gil 14524136lgblAAK65649.II (AE007285) Kup2 Potassium uptake protein 
[Sinorhizobium meliloti] 

54. >gil267165isDlP30016IKUP ECOLI KUP SYSTEM POTASSIUM UPTAKE 
PROTEIN gil538769|pirllA49345 K(+)-uptake protein - Escherichia coli 
gi|41888lemblCAA48555.11 (X6855I) Kup protein [Escherichia coli] 

55. >gil 12518607lgbl AAG58950.11AE005606 6 (AE005606) low affinity potassium 
transport system protein [Escherichia coli 0157:H7 EDL933] 
gill3364164ldbiiB.A.B38112.11 {.AP002566) low affinity potassium transport system 
[Escherichia coli 0157:H7] 

56. >gil7466608lpirllD65178 kup protein - Escherichia coli (strain K-12) 
gil290597lgblAAA62100.11 (L10328) o519 [Escherichia coli] 
gil 1790187|gbl.AAC76770.11 (.'\E000451) low affinity potassium transport system 
[Escherichia coli KI2] 

57. >gill 1355816lpirllF82449 potassium uptake protein. Kup system VCA0529 
[imported] - Vibrio cholerae (group 01 strain NI6961) gil9657935lgblAAF96432.1l 
(AE004383) potassium uptake protein, Kup system [Vibrio cholerae] 

58. >gil 13622514|gblAAK34228.11 (AE006578) putative cation (K-t-) transport protein 
[Streptococcus pyogenes Ml GAS] 

59. gill0954794lreffNP 066729.11 similar to kup gene [Rhizobium tropici] 

60. gii 14041672!emblCAC38772.11 (AJ311183) Kup [Rhizobium tropici] 

61. gil 12723523lgbl.\AK04721.1IAE0Q6295 2 (AE006295) potassium uptake protein 
[Lactococcus lactis subsp. lactis]. 
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62. gii 12723524lgblAAK04722.1IAE0Q6295 3 (AE006295) potassium uptake protein 
[Lactococcus lactis subsp. lactis]. 

63. gil 1857247lgbi.A.AC 12805.1 i (U74322) potassium transporter homolog [Lactococcus 
lactis). 
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Appendix II: HKT/TRK sequences in tiie GenBank 

(asof7/II /2001) 

1. >uil 1403Q573!tzbiAAK5-962.1IAF367366 1 (AF367366) putative potassium-sodium 
transporter [Mesembrvanthemum crv stallinum] 

2. >gil9719299lgblAAF97728.1 iAF 176035 1 (AF176035) potassium-sodium symporter 
HKTl [Eucalyptus camalduiensis] 

3. >gii5834275lgblAAD53890.1 IAF 176036 1 (AF 176036) potassium-sodium symporter 
HKT2 [Eucalyptus camalduiensis] 

4. >gil7716474lgbiAAF68393.1! (AF237672) sodium transporter [Arabidopsis thaliana] 

5. >gil748803Qlpiri!T01969 potassium transport protein homolog T9A4.5 - Arabidopsis 
thaliana gii3695407lgblAAC62807.11 (AF096373) similar to potassium transport 
proteins [Arabidopsis thaliana] 

6. >gii7488028|pir!IT04046 potassium transport protein homolog F24G24.110-
Arabidopsis thaliana gil4538960!emblCAB39784.1 i (AL049488) potassium uptake 
transponer-like protein [Arabidopsis thaliana] gil7267728lemblCAB78154.1! 
(AL161517) potassium uptake transporter-like protein [Arabidopsis thaliana] 

7. >gii 1076770lpirilS47582 high-affmity potassium uptake transporter - wheat 
gil567062!gbl.AAA52749.11 (U16709) HKTl [Triticum aestivum] 
gil746339iprtll2017355A K uptake transporter [Triticum aestivum] 

8. >gi|l 1528433lgblAAG37274.1l (AF313388) HKT-type transporter [Oryza sativa] 
gil 14588581 ldbilBAB61789.11 (AB061311) sodium ion transporter [Oryza sativa 
subsp. japonica] gil 14588583ldbilBAB61790.1! (AB061312) sodium ion transporter 
[Or>za sativa subsp. indica] 

9. >gil 14588585ldbilBAB61791.11 (AB061313) potassiimi-sodium symporter [Or\'za 
sativa subsp. indica] (93% similarity. 90% identity with AAG37274) 

10. >gil8099700lgblAAF72203.1!AF267125 1 (.A.F267125) potassium transporter Trklp 
[Candida albicans] 

11. >gil7799615iemblCAB91046.11 (AJ290453) high-affinity potassium uptake 
transporter [Debar\omyces occidentalis] 
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12. >gil4809179lgbl.AAD30128.IIAF136181 1 (AF13618I) potassium transporter 
[KluNAeromyces lactis] 

13. >gil 1076908lpirHS50225 potassium transport protein homolog - tlssion yeast 
(Schizosaccharomyces pombe) gil550526lgblAAC41667.11 (L36563) K+ transporter 
homologue [Schizosaccharomyces pombe] 

14. >gill717749lsplP47946ITRKl SCHPO POTASSIUM TRANSPORT PROTEIN 1 
gil7491096lpirllT38703 hypothetical protein SPAC3F10.02c trkl - fission yeast 
(Schizosaccharomyces pombe) gil 1182049lemblCAA93300.11 (Z69369) potassium 
transport protein [Schizosaccharomyces pombe] 

15. >gill351299lspl010065ITRK2 SCHPO POTASSIUM TRANSPORT PROTEIN 2 
gil7492317lpirllT38083 potassium transport protein - fission yeast 
(Schizosaccharomyces pombe) gill 103739lemblCAA9224Q.ll (Z68136) potassium 
transport protein [Schizosaccharomyces pombe] gil8272642|gblAAF74294.11 
(.A,F266750) potassium transporter Trk2 [Schizosaccharomyces pombe] 

16. >gii3724137lemblCAA08813.1l (AJ009758) trk-1 [Neurosporacrassa] 

17. >giil3623QlsplP28569ITRKl S.ACBA POTASSIUM TRANSPORT PROTEIN. 
HIGH-.A.FFINITY gill01498lpiri!JU0466 potassium transport protein TRKl. high-
affinity - yeast (Saccharomyces cerevisiae) (strain Saccharomyces uvarum) 
gill71641 IgblAAA34661.11 (M57508) high-affinity K-i- transporter [Saccharomyces 
bayanus] 

18. >gil6322332lref1NP 012406.11 180 kDa high affinity potassium transporter; Trklp 
[Saccharomyces cerevisiae] gill36231lsplP12685IT^l YEAST POTASSIUM 
TRANSPORT PROTEIN. HIGH-AFFINITY gil72015lpirllPWBYH potassium 
transport protein TRKl. high-affinity - yeast (Saccharomyces cerevisiae) 
gill71804|gblAAA34728.1l (M21328) potassium transporter (put.): putative 
[Saccharomyces cerevisiae] gil 1008330lembiCAA89424.11 (Z49404) ORF YJLI29c 
[Saccharomyces cerevisiae] 

19. >gil6322903iret1NP 012976.1! membrane protein: low affinity potassium transport; 
Trk2p [Saccharomyces cerevisiae] gill36232lsplP28584ITRK2 YEAST 
POTASSIUM TRANSPORT PROTEIN. LOW-AFFINITY gil83389lDirllA41259 
potassium transport protein TRK2. low-affinity - yeast (Saccharomyces cerevisiae) 
gil 173033lgblAAA35172.11 (M65215) TRK2 [Saccharomyces cerevisiae] 
gil486503lemblCAA82128.1l (Z28275) ORF YKROSOw [Saccharomyces cerevisiae] 

20. >gil7450545lpirllH70430 K- transport protein homolog - Aquifex aeolicus 
gil2983882|gblAAC07434.1| (AE000743) K+ transport protein homolog [Aquifex 
aeolicus] (bacteria) 
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-1 • >gil7450542ipir||H69862 Na+-transporting ATP synthase hotnolog ykrM - Bacillus 
subtilis gi|2633721 lembICAB13223.11 (Z99111) similar to Na+-transporting ATP 
synthase [Bacillus subtilis] 
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