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Potassium is an important macronutrient and the most abundant cation in plants. Because soil mineral conditions can vary,
plants must be able to adjust to different nutrient availabilities. Here, we used Affymetrix Genechip microarrays to identify
genes responsive to potassium (K*) deprivation in roots of mature Arabidopsis (Arabidopsis thaliana) plants. UnexPectedly, only
a few genes were changed in their expression level after 6, 48, and 96 h of K" starvation even though root K™ content was
reduced by approximately 60%. AtHAKS, a potassium transporter gene from the KUP/HAK/KT family, was most consistently
and strongly up-regulated in its expression level across 48-h, 96-h, and 7-d K* deprivation experiments. AtHAK5 promoter-
B-glucuronidase and -green fluorescent protein fusions showed AtHAKS5 promoter activity in the epidermis and vasculature of
K™ deprived roots. Rb* uptake kinetics in roots of athak5 T-DNA insertion mutants and wild-type plants demonstrated the
absence of a major part of an inducible high-affinity Rb* /K" (K, approximately 15-24 um) transport system in athak5 plants. In
comparative analyses, uptake kinetics of the K" channel mutant akt1-1 showed that akt1-1 roots are mainly impaired in a major
transport mechanism, with an apparent affinity of approximately 0.9 mm K*(Rb"). Data show adaptation of apparent K*
affinities of Arabidopsis roots when individual K* transporter genes are disrupted. In addition, the limited transcriptome-wide
response to K* starvation indicates that posttranscriptional mechanisms may play important roles in root adaptation to K*
availability in Arabidopsis. The results demonstrate an in vivo function for AtHAKS5 in the inducible high-affinity K uptake

system in Arabidopsis roots.

Potassium is the most abundant cation in plants and
has important functions as a major osmolyte in vac-
uoles, in turgor-driven movements, as a cofactor for
enzymes, and for maintaining the plasma membrane
potential. Root potassium uptake has been described
in classical experiments as a biphasic process (Epstein
et al., 1963) with mechanism I, also referred to as the
high-affinity system, showing apparent affinities of
approximately 20 um Rb*. Mechanism 1II, the low-
affinity system (K, in the millimolar range), provides
an increasing contribution from >200 uMm to millimolar
external K™ concentrations. Early analyses of the K*
uptake systems in plants have served as models for
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many other nutrients that also show more than one
kinetic uptake phase (Epstein and Rains, 1965; Epstein,
1966; Welch and Epstein, 1968; Kochian and Lucas,
1982; Siddiqi and Glass, 1983; Kochian et al., 1985;
Siddiqi et al., 1990).

In Arabidopsis (Arabidopsis thaliana), several molec-
ular components have been shown to contribute to
potassium uptake into plant roots. AKT1, a shaker-
family potassium channel, is expressed in root tissues
and mediates potassium uptake over a wide range of
external potassium concentrations (Sentenac et al.,
1992; Lagarde et al., 1996; Hirsch et al., 1998; Spaldin&
et al., 1999). Genetic disruption of AKT1 reduces K
uptake into Arabidopsis roots and impairs seedling
growth on low K" media in the presence of NH,
(Hirsch et al., 1998) and to a lesser extent also in the
absence of NH, (Spalding et al., 1999). The a-subunits
of AtKC1, another shaker-like potassium channel ex-
pressed in root hair cells and in the root endodermis,
do not form a functional channel but rather seem to
influence the transport properties of other root potas-
sium channels like AKT1 (Reintanz et al., 2002).

Members of the KUP/HAK/KT family of potas-
sium transporters in Arabidopsis were suggested to be
involved in high-affinity K uptake because several
gene family members transport K" in the low micro-
molar range as demonstrated by heterologous expres-
sion in yeast (Santa-Maria et al., 1997; Fu and Luan,
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Figure 1. Potassium content in roots and shoots of hydroponically
grown Arabidopsis after up to 6 d of K™ starvation. Arrows indicate time
points when root RNA samples were harvested for microarray analy-
ses (see Fig. 2). n = 5 to 6 independent root or shoot samples per data
point = SE.

1998; Rubio et al., 2000) or by radiotracer uptake
experiments in transgenic plant cells (Kim et al,
1998) and roots (Rigas et al., 2001). However, heterol-
ogous expression of the AtKUP2 (=AtKT2) cDNA in
mutant yeast cells lacking native K" transporters
could only rescue growth on millimolar K" concen-
trations (Quintero and Blatt, 1997). Several KUP/
HAK/KT transporters, including AtKUP3 (Fu and
Luan, 1998; Kim et al., 1998) and AtHAK5 (Rubio
et al,, 2000), have been shown to be expressed in
Arabidopsis roots and hence may contribute to po-
tassium uptake. In addition, monitoring the expres-
sion of all members of the KUP/HAK/KT family by
reverse transcription (RT)-PCR recently suggested that
most of these genes are expressed in roots and that
AtHAK5 expression is responsive to K* deprivation
(Ahn et al., 2004). T-DNA insertion mutants in AtKUP4
lack the ability to extend root hairs and exhibit decreased
%Rb" uptake into mutant plants (Rigas et al., 2001).
However, experimental evidence for the proposed K"
uptake functions of other KUP/HAK/KT K" transport-
ers in roots has not yet been obtained. A function in K*
dependent cell expansion of growing tissues was sug-
gested for ATKUP2, based on analyses of a semidomi-
nant mutation in the ATKUP2 gene (Elumalai et al.,
2002). Detailed kinetic analyses in plant roots of Rb"
uptake rates as a function of external Rb* concentrations
have not yet been reported for K channel and KUP/
HAK/KT mutants, thus limiting comparisons of gene
functions to classical physiological components of
K"(Rb") uptake (Epstein et al., 1963; Kochian and Lucas,
1982; Siddiqi and Glass, 1983).

Since potassium is one of the most important macro-
nutrients, plants must be able to adjust their uptake
systems rapidly to a varying supply to maintain
growth and development. In this respect, high-affinity
potassium uptake becomes particularly important for
plants growing in soils with limited potassium supply.
Here, we describe the response of Arabidopsis roots to
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potassium starvation based on transcriptome analy-
ses, K" and Rb* uptake measurements, and genetic
disruption of the K starvation-induced K' trans-
porter AtHAKS.

RESULTS

To investigate the response of Arabidopsis roots to
potassium starvation, a hydroponic system was used
that allowed analyses of individual plants. Plants were
grown for 21 d in a K™ replete (1.75 mm) medium and
subsequently the roots were washed and the plants
transferred to nominally potassium-free medium. The
potassium content in root and shoot tissue had already
started to decrease after 6 h of growth on potassium
free solution and continued to decline with progress-
ing starvation time (Fig. 1), with root K* content being
reduced by 60% after 96 h of K* starvation. K* con-
centrations were initially higher in roots than in
shoots, whereas after =96 h of starvation they were
similar (Fig. 1).

Removal of K from the growth medium causes
rapid changes in the membrane potential of root cells
(Rubio et al., 1996; Hirsch et al., 1998; Wang et al.,
1998). To investigate the plant’s response to K' star-
vation at the molecular level, we performed micro-
array analyses of total root mRNA. The transcriptome-
wide changes in expression of individual genes in
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Figure 2. Expression overview for Affymetrix Genechip experiments (A
and B, AG1-Genechip; C and D, ATH1-Genechips) of control plants (x
axis) and plants subjected to K™ starvation for the indicated periods of
time (y axis). Diagonals indicate a 2-fold change in gene expression for
visual reference. Data points in A and B represent the mean signal
intensity from two independent experiments. Genes that were assigned
a present call (P) by the MAS 5.0 algorithm in both control or both
starvation replicates are represented by black symbols, and genes that
did not meet these criteria are represented by gray symbols. ru, Relative
units.
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Figure 3. RT-PCR experiments confirm induction of AtHAK5 mRNA by
K™ starvation. PCR was performed using cDNA isolated from roots of
wild-type (Col-0) plants transferred to K*-free nutrient solution for the
times indicated. Elongation factor 1a (EF1a) was used as a control.

response to different periods of potassium starvation
are shown in Figure 2. Expression levels were detected
by hybridizing labeled cRNA from roots to Affymetrix
Microarray Chips spotted with oligonucleotides rep-
resenting approximately 8,300 genes (AG1-Genechip).
In addition, experiments after 48 and 96 h of starvation
were performed using the ATH1 Genechip (approxi-
mately 23,000 genes).

Remarkably, no dramatic changes were observed.
Genes that were reliably expressed were analyzed
using the statistical comparison algorithm of the MAS
5.0 software. Interestingly, less than 1% of the genes
showed a significant change in expression levels
compared to nonstarved roots after 6 h (21 genes)
and 48 h (83 genes) of potassium starvation in both of
the replicate experiments (Supplemental Tables III and
V). None of those genes was changed over 2-fold in its
transcript abundance after 6 h of starvation and only 1
gene (AtHAKS) was changed over 2-fold after 48 h of

lateral root
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Figure 4. Roots of transgenic plants expressing the GUS and GFP
reporter gene driven by the AtHAK5 promoter. A and B, Roots of plants
expressing the GUS reporter gene under the control of the AtHAK5
promoter. GUS activity is strongest in the roots of K*-starved plants (A)
and decreases after resupply of potassium to the nutrient solution in
roots of the same plants (B). C and D, Confocal microscopy reveals that
the AtHAKS5 promoter activity (GFP localization) in starved roots is
highest in the epidermis of main (C) and lateral roots (D) and in the stele
of main roots (C).
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starvation in both experiments (Supplemental Tables
II and V). For the 48 h starvation time point, the
comparison of results obtained with AG1 and ATH1
chips showed the same general observation of only
a small number of mRNAs that showed significant
and over 2-fold changed expression levels (Fig. 2, B
and C; Supplemental Tables V and VII).

The gene most strongly and most con51stently af-
fected in all experiments for 48- and 96-h K starvation
was the potassium transporter AtHAK5 (arrows in
Fig. 2), a member of the KUP/ HAK/ KT family. In-
terestingly, analysis of all of the K™ transporter and K*
channel genes represented on the chips showed that
AtHAKS5 was the only K" translocator responsive to
low external K concentrations under the imposed
conditions (Supplemental Table I). Under starvation
conditions, AtHAK5 was among the most highly ex-
pressed K transporter genes in roots, which include
AtHAKS, AtHAK6, AtHAKS8, AKT1, and KAT3 (Sup-
plemental Table I). Note that other growth conditions
and developmental stages can cause induction of other
transporters. For example, AtKUP3 mRNA levels are
elevated in seedhng roots after 2 to 3 weeks of growth
on 40 um K* (Kim et al., 1998; A. Alex, P. Maser, and
J.I. Schroeder, unpubhshed data).

The increased transcript level of the AtHAKS gene in
response to potassium starvation was confirmed by
semiquantitative RT-PCR for the time points tested
on Affymetrix chips and also for a longer starvation
period of 7 d, showing a continuing induction of
AtHAKS transcripts (Fig. 3).

The AtHAKS expression pattern was analyzed by
generating transgenic plants expressing both the
B-glucuronidase (GUS) and green fluorescent protein
(GFP) reporter genes under the control of the promoter
region of the AtHAKS5 gene (2 kb upstream of ATG).
Analysis of GUS staining in roots of K*-starved plants
revealed AtHAKS5 promoter activity in the cortex and
stele of mature roots and even stronger staining in
lateral roots (Fig. 4A). Very low or no activity was
detectable in root t1ps (Fig. 4, A and B). Seven days
after resupply of K" to roots of the same plants, GUS
staining in mature and lateral roots was barely detect-
able and only visible in the root vasculature (Fig. 4B).
The pCAMBIA1303 cassette allowed GUS activity and
GFP synthesis to be controlled by the AtHAK5 pro-
moter at the same time. Analysis of GFP localization in
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Figure 5. Isolation of two homozygous T-DNA insertion mutants in the
AtHAK5 gene. A, The cartoon shows the positions of the two T-DNA
insertion lines, which were verified by sequencing of the left border
PCR products. B, RT-PCR using cDNA from roots of wild-type (Col-0)
and athak5-1 plants starved for 4 d. Primer pairs anneal to cDNA as
indicated in A. AtHAK5 mRNA is absent downstream of the insertion
site in athak5-1 plants.
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Figure 6. K and Rb™ content in Col-0 and athak5-1 plants 4 d after
transfer of mature plants to nutrient solutions supplemented with either
(A) 1.75 mm K* (control solution), (A) 40 um K*, or (B) 40 um Rb™.
Different letters indicate significantly different values (P < 0.01). n=9
independent root samples/bar, mean = sE.

transgenic K" -starved roots by confocal microscopy
gave a more detailed view of AtHAKS5 promoter
activity (Fig. 4, C and D). In optical cross sections
through K" -starved main roots, GFP was detectable in
the root epidermis and in the stele (Fig. 4C), whereas in
lateral roots GFP was only visible in the epidermis
(Fig. 4D).

To characterize the contribution of AtHAKS to plant
potassium homeostasis, AtHAK5 T-DNA insertion
mutants were identified from the sequence-indexed
SIGNAL database (http://signal.salk.edu/cgi-bin/
tdnaexpress), and two homozygous lines, athak5-1
(Salk_014177) and athak5-2 (Salk_05604), were isolated
(Fig. 5A). In both homozygous lines, the T-DNA in-
sertion is located in the fifth intron, at positions 3,143
(athakb-1) and 3,159 (athak5-2; Fig. 5A). The insertion
sites were verified and two independent lines were
confirmed by sequencing the left border PCR products
with primers used to identify the T-DNA mutants
from the seed population supplied by the Arabidopsis
Biological Resource Center (ABRC). RT-PCR using
mRNA from K'-starved roots did not detect any
full-length AtHAKS5 transcript but only a truncated
mRNA (Fig. 5B). The resulting protein would be
disrupted after the third of 13 predicted transmem-
brane regions, making it unlikely to produce a func-
tional transporter even if translated.

When mature, 3-week-old athak5-1 plants were sub-
jected to 4 d of potassium deprivation at 40 um K,
plants showed a slightly though significantly lower
potassium content compared to wild-type Columbia
(Col-0) plants (Fig. 6A; P < 0.01). When K* was re-
placed with40 umRb " (used as a pulse-chase substitute
for K¥) in the starvation media, the difference in tissue
Rb" content between wild-type (Col-0) and athak5-1
plants was clearly resolved (Fig. 6B; P < 0.01), demon-
strating reduced K" (Rb™") uptake in athak5-1 plants. As
expected, Rb" (K ") uptake did not drop to 0 in athak5-1
plants given the many K" transporter and K* channel
genes expressed in roots (Supplemental Table I).
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Rubidium uptake kinetics of athak5 and wild-type
(Col-0) plants were directly analyzed bﬂ}l measuring
time- and concentration-dependent *Rb* uptake into
roots of K*-starved plants. The initial uptake of **Rb*
was linear in wild-type and mutant roots for at least 25
min, with uptake being dramatically higher for Col-0
than for both athak5 mutant alleles (Fig. 7A). Concen-
tration-dependent *Rb"* uptake was subsequently
measured for 20 min at a range of external Rb™ con-
centrations. Uptake rates for *Rb" revealed a signifi-
cant difference between wild-type (Col-0) and both
athak5 alleles at low Rb" concentrations (Fig. 7B). At
high Rb" concentrations greater than 500 uM, a differ-
ence in uptake kinetics could not be resolved between
wild-type and athakb alleles (Fig. 7C). Uptake by wild-
type (Col-0) roots at external concentrations below 200
uM revealed that the high-affinity component was
greatly reduced in athak5 plants (Fig. 7B).

As it has been demonstrated that the potassium
channel gene AKTI contributes to root K uptake,
%Rb* uptake kinetics were also analyzed for the
mutant akt1-1 and the corresponding wild-type (eco-
type Wassilewskija [WS]) plants (Fig. 7, E and F). The
effect of the aktl-1 mutation on *Rb* uptake is
strongest at concentrations =500 uM, largely reducing
Rb" uptake in the low-affinity range (Fig. 7E). At
concentrations =200 uM, the Rb " uptake rates in akt1-1
plants were smaller than in wild-type (WS) plants at
some, but not consistently at all, concentrations (Fig.
7F). The **Rb" uptake rate differences between wild-
type (WS) and akt1-1 plants could be described by
Michaelis-Menten kinetics, indicating an apparent
affinity for the component missing in aktl roots of
approximately 0.9 to 1 mm (Fig. 8).

In wild-type (Col-0) roots, Rb" uptake rates were
best described by Michaelis-Menten uptake kinetics,
indicating two major phases of Rb™ transport with K|
values of 24 um for mechanism I and 4 mm for
mechanism II, similar to the Rb™ affinities found in
barley (Hordeum wvulgare) roots (Epstein et al., 1963;
Table I). The high-affinity (K, approximately 24 um
Rb") component disappeared in the two athak5 dis-
ruption lines (Table I). Michaelis-Menten kinetics
using 2 major phases also gave better curve fitting
results for wild-type (WS) and akt1-1 roots (R? closer
to 1; Table I). Curve-fitting results for data extracted
from Figure 1 in Epstein et al. (1963) are also included
in Table I, showing that both for K'-starved barley
roots (Epstein et al., 1963) and for K*-starved wild-
type Arabidopsis roots, two uptake phases describe
the data better than a single phase. In contrast, Rb"
uptake kinetics in athak5 plants can be described
as dominated by only 1 component with an interme-
diate affinity (approximately 350 um; Table I). Based
on subtraction of athak5 Rb" uptake from wild-type
Col-0 measurements, the component missing in roots
of athak5 null mutants has an estimated K, of
approximately 14 um and a V, of approximately
2.4 umol gFW ™' h™" (Fig. 7D). These data suggest that
the AtHAKS gene encodes an important component

Plant Physiol. Vol. 137, 2005
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Figure 7. A, Time-dependent %Rb* uptake in
10l A i =l B roots of wild-type (Col-0, black circles), athak5-1
g‘ ' c (black triangles), and athak5-2 (white triangles)
L 08¢t %_.' 3t plants after 4 d of K* starvation; Rb* concentra-
%’ | ° E tion in the uptake solution was 100 um. n = 4 root
E 06 % IS o2 _ /;5 samples/data point. Mean = se. B and C, Con-
. 04F} _ g = 25 ézg/ - centration-dependent *Rb™ uptake in roots of
&£ == £ 1r & wild-type (Col-0) and intact athak5-1 and athak5-2
027 ﬁ‘jﬁ = plants after 4 d of K* starvation. B shows the
or % . . . . concentration range from 0 to 200 um (high-
5 10 15 20 25 30 35 0 50 100 150 200 affinity) and C the range from O to 5 mm. Curves in
time [min] Rb* [umol « 1] C are plotted using the results from Table I (two-
T A T T term Michaelis-Menten fit for Col-0, one-term for
_ 87 cC — D R AR | athak5 null mutants). n = 8 to 12 independent
e - e 2 B / - 1 root samples (Col-0, athak5-1) and n = 6 from 3
g 6 - 2 o oo B experiments (athak5-2). Mean = sk. D, Michaelis-
o= ° E Menten kinetics for AtHAKS calculated by fitting
< 5 4 E o4l ./. 02 a curve to the difference in uptake between wild-
‘g-% g—% I L o1 “ type (Col-0) and athak5-1 roots. Inset shows
£ 2 E |m 2 Lineweaver-Burk plot of AtHAK5 uptake kinetic.
= = 00 Fits to the data including and excluding the
0% . . . . Ok . . : - relatively large Rb™ uptake rate at 50 um are
0 1 2 3 4 5 0 50 100 150 200 shown as labeled and result in nearly identical
Rb* [mmol « I""] Rb* [umol « I'"] values for K, of 14.1 and 14.5 umand V,, of 2.4
and 2.2 umol gFW ™" h™', respectively. E and F,
_8r — | F Concentration-dependent 3Rb* uptake in roots
s e AT of intact wild-type (WS, black inverted triangles)
% S 6 % iy 3t and akt1-1 (white diamonds) plants after 4 d of K*
° E ° E starvation. E shows the complete range from 0
= O 4 :fg o 2t — to 5 mm and F the concentration range from 0 to
§-% %% /§-—— 200 uMm. Curves in E are plotted using the results
E 2t ETT from Table | (two-term Michaelis-Menten fit).
- 0 - ol n = 6 independent root samples. Mean * sE.
0 1 2 3 4 5 0 50 100 150 200
Rb* [mmol . |>1] Rb* [pmo| . |‘1]
O® WT Col-0 A athak5-1 w WTWS .- regression with 50 uM value
A athak5-2 O akt1-1 — - — regression without 50 uM value

that functions in K" starvation-induced high-affinity
K" uptake in roots.

DISCUSSION

Limited Genome-Wide K* Starvation Effect on
mRNA Levels

Being rooted in one place, plants need to concentrate
nutrients from the soil and to adapt to environmental
changes. Here, we analyzed the response of Arabi-
dopsis to potassium deprlvatlon by starving mature
plants in nommally K" -free hydroponic medium. The
lack of available K" to Arab1d0p51s roots was detect-
able through a decrease in root K™ content as early as
6 h after the start of the starvation period (Fig. 1). A
decrease in tissue [K'] has recently been observed in
mature roots after 1 d of starvation (Ahn et al., 2004).
The initial decline in root K* content mlght be ex-
plained by continued translocation of K* to the shoot,
which showed a relatively more stable K" tissue level
for the first 24 h of the starvation experiment (Fig. 1).

Plant Physiol. Vol. 137, 2005

Interestingly, the rapidly decreasing root K* tissue
content resulted in a significant and 2-fold change in
transcript abundance of only few of the genes repre-
sented on the Genechips analyzed here after 6, 48, and
96 h of K" starvation (Fig. 2; Supplemental Tables III,
V, VII, and IX). This is surprlsmg with regard to the
many essential functions of K" in plant metabolism
and the high demand of plants for this ion. Rapid and
massive changes in gene expression levels on a geno-
mic scale have been reported when other major plant
nutrients including nitrogen or phosphorus were
supplied in a different ionic form (Wang et al., 2003)
or withheld from the media (Hammond et al., 2003).
Our results are in agreement with gene expression
data of plant membrane transporters in response to K*
deprivation by Maathuis et al. (2003), who found only
few transporter genes affected, among them the stelar
potassium outward rectifier channel, SKOR. Our analy-
ses expand this conclusion to nontransporter-encoding
genes genome wide and demonstrate a limited tran-
scriptional response to K deprivation in Arabidopsis
roots of mature plants under the imposed condi-
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Figure 8. Rb™ uptake rates for AKT1. The difference in Rb* uptake rates
between wild-type (WS) and akti-7 roots is shown. Fits of Michaelis-
Menten kinetics to the data including and excluding the Rb™* uptake
rates from 5 to 100 um are shown as labeled and result in similar values
for the K, of 0.88 (R2 =0.81)and 1.1 mm (R = 0.91) and V,,, of 4.8
and 5.0 ,umol gFW ™" h™', respectively.

tions. Recently, it has been shown that many genes
involved in reactive oxygen metabolism are changed
in their expression levels after 6 h of K" depriva-
tion (Shin and Schachtman, 2004). However, in our
experiments, these genes were not significantly and
consistently affected by K starvation after 6 h (Sup-
plemental Table III), indicating that differences in
experimental conditions may affect the changes in
transcript levels. After 48 h, 2 of these genes (ACC
oxidase, At2g19590 and RHD2, At5g51060) showed
a 1.4- to 1.5-fold and significant induction in AG1 ex-
periments but not in ATH1 experiments (Supplemen-
tal Tables V and VII). A very recent study using spotted
microarrays reported a large number of transcripts
responsive to varying K" supply, under other exper-
imental conditions in plate grown plants cultivated on
low K" containing agar (Type A, Sigma; 299 transcripts
in roots at a false discovery rate of 1%) and a portion
of those genes were linked to the phytohormone jas-
monic acid (Armengaud et al., 2004).

Implications for K* Sensing

K" channels and K* transporters allow plant cells to
respond instantaneously to K concentration changes
by means of membrane potential changes (Grabov,
1990; Schroeder et al., 1994; Rubio et al., 1996; Hirsch
etal., 1998; Spaldlng etal., 1999). The relatlvely limited
changes in K starvat10n—affected transcript levels
found here and in a transporter study (Maathuis
et al., 2003) indicate that Arabidopsis does not use
this external K" supply sensing ability for direct
regulation of broad transcriptional responses but has
a means of monitoring the intracellular K* status.
Together, these findings support a hypothesis in which
posttranslational, in addition to transcriptional, re-
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sponses may contribute to Arabidopsis root short-term
adaptation to K™ starvation.

AtHAK5 mRNA Induced by K* Starvation

The K" -starvation induction of the AtHAK5 mRNA
levels observed in this study is in agreement with
recently reported results (Ahn et al., 2004; Armengaud
et al., 2004; Shin and Schachtman, 2004). Importantly,
in this study, AtHAK5 was the most consistently and
strongly up-regulated mRNA after 48 and 96 h of
starvation in microarray experunents (Fig. 2) and also
after 7 d of withholding K" from the nutrient solution
(Fig. 3). Shin and Schachtman (2004) found the stron-
gest AtHAK5 induction after 6 h of K™ starvation,
whereas in this study, AtHAK5 mRNA levels contin-
ued to increase after 48 and 96 h of K* of starvation
(Supplemental Tables II and III).

However, a repression of the AtHAK5 transcrlpt was
observed in plate-grown seedling roots when K" was
withheld from the growth media (Rubio et al., 2000).
This differs from the results of this study and recent
data of Ahn et al. (2004), and differences may depend
on experimental conditions. The closest homologs of
AtHAKS in barley (HvHAKI; Santa-Maria et al., 1997)
and tomato (Wang et al., 2002) also show greatly en-
hanced mRNA levels in response to K* deprivation.

Expression Pattern of AtHAK5

The AtHAK5 gene is a member of the KUP/HAK/
KT family of K™ transporters, comprised of 13 mem-
bers in Arabidopsis (Méser et al., 2001; Very and
Sentenac, 2003). High-affinity K" transport activity
has been demonstrated for this gene by functional
complementation of a trkl trk2 yeast mutant (Rubio
et al., 2000) but not yet in plant roots in vivo. The
expression pattern of AtHAK5 in Arabidopsis was
examined in roots of transgenic plants expressing GUS
and GFP reporter genes driven by the AtHAKS5 pro-
moter (Fig. 4). AtHAKS promoter activity was found in
the epidermis of main and lateral roots and with less
intensity in the vasculature of main roots (Fig. 4). This
express1on pattern is consistent with a function of
AtHAKS5 in K' uptake into and also translocation from
roots. The reduction of GUS stalnlng in roots of the
same plants after resupply of K to the nutrient media
showed that the AtHAK5 promoter is active when K*
supply is low.

AtHAKS Functions in High-Affinity K* Uptake in Vivo

The function of AtHAK5 in roots has not been
analyzed to date. Furthermore, detailed kinetic Rb"
uptake isotherms in intact roots of K* transporter and

" channel mutants have not yet been reported with
except10n of AKT1 at 3 Rb" concentrations (Hirsch
et al., 1998) To analyze whether AtHAK5 functions
in root K uptake, we isolated homozygous athak5
T-DNA insertion lines (Fig. 5, A and B). Mutant athak5
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Table I. Michaelis-Menten curve fitting results for °Rb* uptake kinetics in roots of K" -starved
wild-type (Col-0, WS) and athak5 and akt1-1 null plants (Fig. 7C)

Results for data extracted from Figure 1 in Epstein et al. (1963) are included for comparison. Curve fitting
was performed with SigmaPlot 8.0 (SPSS, Chicago) software using either a one- or two-term Michaelis-

Menten equation.

R K1 V] K2 Va2 Test
um wmol gfw™ " h7! M wmol gfW T h7!
Epstein et al. (1963)  0.997 19.7 10.8 9,920 14.8 Two-term
0.857 147.8 17.9 One-term
Wild type (Col-0) 0.988 24.1 4.4 3,991 4.5 Two-term
0.931 48.9 5.8 One-term
athak5-1 0.990 0.3 0.2 345 6.7 Two-term
0.988 312.9 6.7 One-term
athak5-2 0.990 362.9 3.4 363 3.5 Two-term
0.990 362.9 7.0 One-term
Wild type (WS) 0.968 4.2 1.9 985 7.3 Two-term
0.826  269.2 7.7 One-term
akt1-1 0.927 0.8 1.0 337 2.9 Two-term
0.769 68.8 3.3 One-term

plants accumulated significantly less K™ and Rb" over
a 96-h starvation period (Fig. 6). This shows that athak5
plants are partly impaired in K" /Rb" accumulation
from low external K* concentrations and also that
other constitutively expressed transporters must be
active, contributing to the K'/Rb" uptake at low
external supply.

Experiments characterizing **Rb* transport in roots
of intact plants revealed that a high-affinity compo-
nent was strongly reduced in athak5 mutants but not
completely absent (Fig. 7, B and D). In addition,
Michaelis-Menten analyses indicated a change in the
apparent K of amajor Rb" transport component from
24 pM in wild-type (Col-0) roots to 300 to 360 um in
athak5 roots (Table I). These results demonstrate an
important physiological contribution of AtHAK5 to
high-affinity Rb* /K" uptake at limiting external K"
availability.

Constitutively expressed root K transporters in-
clude the K" channel AKT1, which is expressed in the
root epidermis (Lagarde et al., 1996), and AtKC1 (also
named AtKAT3 or AtAKT4), expressed in root hairs
and trichomes (Reintanz et al., 2002; Pilot et al., 2003).
On low potassium media, seedlings of a T-DNA in-
sertion mutant in the AKTI gene showed reduced
growth in the absence of ammonium and were unable
to grow in the presence of high ammonium concen-
trations (Hirsch et al., 1998), demonstrating a contribu-
tion of AKT1 to K’ transport at micromolar K"
concentrations and suggesting the existence of an
ammonium-sensitive component of high-affinity K"
uptake (Spalding et al., 1999). In agreement with this,
earlier studies investigating the influence of ammo-
nium nutrition on root development and ion uptake
reported ammonium sensitivity of Rb"(K") uptake at
micromolar Rb" concentrations in Arabidopsis wild-
type roots (Cao et al., 1993) and rice roots (Wang et al.,
1996). However, in K*-starved roots of mature Arabi-
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dopsis plants and in the absence of ammonium, the
AKT1 protein seems to contribute to K™ uptake mainly
at an intermediate to low apparent affinity with the
V max being strongly reduced in akt1-1 roots (Figs. 7E
and 8; Table I). In addition, analyses of *Rb* uptake in
akt1-1 roots revealed a partial effect at micromolar K™
concentrations.

Subtraction of *Rb* uptake kinetics in roots of K*
transporter mutants from the respective wild-type
reflect the change in transport properties on the whole
root level including tuning of kinetic characteristics of
other transporters present in mutant roots. For exam-
ple, K* channels and transporters affect the membrane
potential, which in turn affects uptake via other trans-
porters. Taking this into account, the athak5 mutation
has a stronger effect on the high-affinity mechanism,
whereas the aktl mutation affects the low-affinity
component most strongly (Figs. 7D and 8).

For AtHAKS, the permeability of Rb" and K* has
been found to be very similar (Rubio et al., 2000),
whereas the permeability of Rb™ over K™ has not been
determined for AKT1. However, a substantial Rb*
permeability has been reported for other shaker-type
inward-rectifying potassium channels in Arabidopsis
(KAT1; Schachtman et al., 1992; Uozumi et al., 1995;
Marten et al.,, 1996) and animals (Ding and Horn,
2002), indicating that ®Rb" kinetics from athak5 and
akt1 plants can provide relevant information. In addi-
tion, a permeability ratio of Rb™ over K* of 0.65 was
found in Arabidopsis root cell protoplasts for inward
rectifying K* channels (Maathuis and Sanders, 1995).
Taken together, these data support a model in which
inward K* channels show lower affinity K uptake
kinetics. However, in addition K* channels can pro-
vide a backup mechanism for uptake from micromolar
external K concentrations, particularly when other
depolarizing high-affinity transporters are blocked or
impaired (Schroeder and Fang, 1991; Hirsch et al.,
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1998; Spalding et al., 1999). In the presence of NH; , the
apparent affinity of AKT1-mediated K* uptake (Hirsch
et al., 1998) may shift to a higher affinity, and detailed
Rb* uptake analyses are needed to test this hypothesis.
Interestingly, for all of the athak5-1, athak5-2, and akt1-1
mutants, the apparent affinity of the low-affinity
component shifted from the millimolar range in
wild type to approximately 350 uM Rb* in these
mutants (Table I). These results further underline our
finding that the apparent K affinities of roots (i.e. of
individual K" transport proteins) adapt if important
transporters are impaired or knocked out. Hyperpo-
larization of the plasma membrane could, for example,
partially compensate for the lack of important K"
transporters (Schroeder et al., 1994; Spalding et al.,
1999) such as AtHAKS.

For HvHAK1, the barley homolog of AtHAK5, am-
monium sensitivity has been demonstrated by yeast
mutant complementation studies (Santa-Maria et al.,
2000), indicating that transporters of the KUP/HAK/
KT family contribute to the ammonium-sensitive com-
ponent. Other candidate genes that might account for
the constitutive high-affinity Rb" uptake in athak5
plants are AtHAK6, AtHAKS, KAT3, and AKT1 all of
which were highly expressed in Arabidopsis roots
(Supplemental Table I).

In conclusion, we show here that K" deprivation
causes only a limited transcriptional response in
Arabidopsis roots and that AtHAKS functions as a
major K" starvation-induced high-affinity (mecha-
nism I) K* uptake transporter in Arabidopsis roots.
Furthermore, detailed kinetic ®Rb" flux analyses pro-
vide molecular genetic, in planta, support for the
classical model in which major contributions of high-
affinity and low-affinity uptake components can be
mechanistically and genetically separated. Further-
more, apparent root K'(Rb") uptake affinities adapt
to transporter impairment.

MATERIALS AND METHODS
Plant Culture

Seeds of Arabidopsis (Arabidopsis thaliana) ecotype Col-0 were surface
sterilized, washed, and stored in water for 4 d at 4°C. Seeds were then
germinated on foam plugs inserted into Magenta box rafts (Sigma, St. Louis)
and grown in hydroponic medium (100 mL) under a 16/8 h day/night cycle
for 4 weeks. The hydroponic solution contained: 1.0 mm Ca(NO;),; 0.5 mm
KH,PO,; 1.25 mm KNO;; 0.5 mm MgSO,; 20 um FeNaEDTA; 0.5 um CuSO,;
0.5 uM MnSO,; 10 um H,BO; 0.05 v Na,MoO,; 0.25 um NaCl; and 0.5 um
ZnSO,. In the potassium-free solution, KNO, and KH,PO, were substituted by
HNO; and H;PO, and the pH was adjusted with N-methyl-glucamine to 5.5.
The solution was renewed after 1, 2, and 3 weeks, and on the second day
preceding the start of the starvation period. At the beginning of the starvation
period, plants were washed for 5 min in deionized water and then transferred
to either potassium-free or control medium. During the experiment, the solu-
tions were exchanged every 24 h. Plants were always harvested 8 h after
daybreak.

For determination of Rb" tissue content and **Rb" uptake kinetics, plants
were cultivated in the same media on a slightly modified hydroponic system
consisting of plastic containers holding 4 L of aerated nutrient solution. Con-
tainers were covered with plastic lids supporting nine plants with roots
growing through foam plugs into the hydroponic solution.
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Microarrays

For all experiments, Affymetrix Genechips were used (Affymetrix, Santa
Clara, CA); AG1 chips represented approximately 8,300 genes for 6 and 48 h of
starvation and ATH1 chips for 48 and 96 h of starvation. For AG1 Genechip
analyses, annotation was used as described in Ghassemian et al. (2001).

Total RNA was extracted with Trizol reagent (Invitrogen, Carlsbad, CA).
Two independently isolated mRNA samples were pooled for each Genechip
hybridization experiment. AG1 experiments at 6 and 48 h of K* starvation
were carried out in duplicate (total of 8 hybridizations). For ATHI-chips,
a total of 4 hybridizations were performed. cRNA labeling and hybridizations
were performed by the DNA Microarray Facilities at University of California,
Irvine, and University of California, San Diego, according to the Affymetrix
manual. Expression data sets will be deposited at The Arabidopsis Informa-
tion Resource (TAIR; http://www.arabidosis.org).

Expression data were analyzed with Microarray Suite 5.0 (Affymetrix)
using default settings to calculate raw data values. The detection signal value
was calculated as a measure of the relative transcript abundance, and a
detection P-value was computed for each probe set from independent control
and starvation experiments and was used to evaluate whether or not a
transcript was reliably expressed. Only genes that received a present call (P)
and a detection P-value of =0.04 in both control or both starvation experi-
ments were selected for further analysis. Comparison analysis, aimed at
identifying genes whose expression levels were changed in response to
different periods of potassium starvation, were performed by comparing
individual treatments to their corresponding control hybridization. Only
genes that were consistently increased (I) or decreased (D) in their expression
level in replicate experiments and were determined to be significantly
expressed by the criteria described above were considered. The log, signal-
log ratio listed in supplemental tables is a measure of the change in gene
expression and can be converted into fold change according to the formula
provided in the MAS 5.0 manual: signal log ratio =0, fold change = 2¢! o8

ratio), signal log ratio)

; signal log ratio <0, fold change = (—1) X 27

ICP Analyses

Roots of plants were washed for 5 min in 0.2 mm CaSO,, separated into
roots, leaves, and stems, and surface dried by blotting with ash-free filter
paper. The fresh weight was determined prior to drying the samples for 24 h at
75°C. An aliquot of dry matter was digested in HNO; (concentrated) at 95°C
for 1 h. After complete digestion, the acid concentration was adjusted to 5% by
dilution with double deionized water. Mineral element concentrations in the
solutions were determined by ICP-OES (Perkin Elmer Optima 3000 DV,
Boston) at the Scripps Institution of Oceanography (University of California,
San Diego) analysis facility.

Semiquantitative RT-PCR

cDNA was synthesized from 2.5 ug of root total RNA using the
Amersham-Biosciences First Strand ¢cDNA kit (Uppsala). The three-step
PCR reaction was run for a total of 30 cycles and aliquots were removed after
27 cycles. Primers used to validate the expression pattern of AtHAK5 were
515 (5'-gctcagaagageccatatgatca-3') and AS20 (5'-agctcgaacactgaagtgacctaga-3').

Primers used to check for the presence of AtHAKS transcript in Col-0 and
athak5 null mutants are given below. The PCR product obtained for elonga-
tion factor 1l was used as a control for RT-PCR experiments: HAK5_start_5'
(5'-ggtgaggaacatcaaatagatggtg-3'), HAKS start_3' (5'-ggagcgctacgagagtaa-
tagtgt-3'), HAK5_end_5’ (5'-gcgatgatggcgatttggeaata-3'), HAK5_end_3' (5'-
gccaaccttgagaagettega-3'), elongation factor 1o forward (5'-ggecacgtegattctgg-
aaa-3'), reverse (5'-ggcttggttggagtcatctt-3").

Isolation of athak5 T-DNA Insertion Lines

Putative T-DNA insertion lines were identified by searching the SIGNAL
database (http://signal.salk.edu/cgi-bin/tdnaexpress). Plants of the identi-
fied seed populations (obtained from the ABRC) were screened for homozy-
gous individuals by PCR using primers annealing up and downstream of
the putative insertion sites (S15, AS20). Positively identified plants were
subsequently tested with PCR using the T-DNA left border primer (LBal:
5'-tggttcacgtagtgggecatcg-3') and a gene-specific primer. PCR products
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were cloned into pGEM T-easy (Promega, Madison, WI) and sequenced to
verify the insertion site.

Rb* and *Rb* Uptake Experiments

%Rb* was used as a tracer to analyze kinetic properties of Rb*(K ") uptake,
as previous studies have shown substantial Rb* permeabilities of KUP/
HAK/KT transporters and inward K* channels (Schachtman et al., 1992;
Sentenac et al., 1992; Gassmann and Schroeder, 1994; Maathuis and Sanders,
1995; Marten et al., 1996). Moreover, use of %Rb™ allows comparison to
physiological studies of K*(Rb") uptake components in roots (Epstein et al.,
1963; Kochian and Lucas, 1982, 1983; Siddiqi and Glass, 1983; Kochian et al.,
1985; Hirsch et al., 1998). Note that apparent K affinities are expected to be
higher than apparent Rb" affinities (e.g. Rubio et al, 1995). Roots of 3
individual plants were exposed to 10 mL of uptake medium consisting of the
potassium-free nutrient solution supplemented with RbCl. For time course
experiments, %Rb* (Amersham Biosciences) was added at a concentration of
0.005 uCi/nmol Rb* and plants were incubated for the indicated periods of
time. For concentration-dependent tracer uptake experiments, Rb* was
added at a concentration of 1 uCi/umol Rb* for concentrations =200 um and
0.5 uCi/umol Rb* for concentrations >200 um. At the end of the uptake
period, plants were blotted with tissue paper and immediately washed 2 times
for 2 min in 4°C washing solution (K*-free nutrient solution supplemented
with 1.75 mm nonradiolabeled RbCl). Plants were separated into roots and
shoots, surface-dried, and weighed (the fresh-weight was determined). After
addition of 5 mL scintillation liquid, the radioactivity was measured with
a scintillation counter (LS 6500, Beckman Coulter, Fullerton, CA).

Promoter GUS-GFP Analyses

The 2-kb DNA fragment upstream of the AtHAKS start codon was amplified
by PCR from Col-0 genomic DNA using a proofreading DNA polymerase
(Pwo, Roche, Indianapolis) and cloned into the PstI/Ncol sites of the binary
vector pCAMBIA 1303 replacing the cauliflower mosaic virus 355 promoter.
The 3’ Ncol site was introduced by a mismatch in the antisense primer (5'-
cctcaccatccatGGtttgetgtgtt-3'), while the 5” PstI site was present in the native
DNA sequence (5'-cttacactgctgcagectcggett-3'). Sequence integrity was veri-
fied by sequencing the cloned product. Arabidopsis ecotype Col-0 plants were
transformed by the floral dip method (Clough and Bent, 1998) with Agro-
bacterium tumefaciens cells harboring the promoter AtHAK5:GUS-GFP plasmid.

Seeds of the T, generation were surface sterilized and the population
screened for hygromycin resistant individuals on one-half strength Murashige
and Skoog agar plates (Murashige and Skoog, 1962). Resistant seedlings were
transferred to one-half strength Murashige and Skoog plates containing 0.5%
Suc for recovery and subsequently grown on hydroponics. GUS activity was
analyzed in roots and leaves of these T, plants 4 and 8 d after transfer to
potassium-free nutrient solution. Whole roots were analyzed after 24 h of
incubation in a solution containing 2 mm 5-bromo-4-chloro-3-indoyl-B-p-
glucuronide; 0.1 M Na,HPO,, pH 7.2, 0.1% (w/v) K™ ferrocyanide, 0.1% (w/v)
ferricyanide, and 0.1% (v/v) Triton.

GFP-fluorescence was monitored by spinning-disc confocal microscopy
(QLC100 confocal scanning unit from Solamere Technology Group, Salt
Lake City attached to a NIKON Eclipse TE 2000-U bright field microscope;
Tokyo) in intact roots using an argon laser (500 M Select, Laserphysics,
West Jordan, UT, excitation wavelength filter at 488 nm and emission filter
500-550 nm). Images were captured by a CCD-camera (CoolSnap-HQ, Photo-
metrics, Tucson, AZ) using Metamorph software (Universal Imaging, Down-
ington, PA).

Upon request, all novel material described in this publication will be made
available in a timely manner for non-commercial research purposes, subject to
the requisite permission from any third-party owners of all or part of the
material. Obtaining permission will be the responsibility of the requestor.

ACKNOWLEDGMENTS

Sequence-indexed Arabidopsis T-DNA insertion mutants athak5-1
(Salk_014177) and athak5-2 (Salk_05604) were generated by the Salk Institute
Genomic Analysis Laboratory and seeds were obtained from ABRC (Alonso
et al., 2003). Seeds of the aktl-1 mutant were kindly provided by Mike
Sussman (University of Wisconsin). Radiotracer uptake assays were in part
performed at the University of Cologne in the laboratory of U.IL Fluegge. K*

Plant Physiol. Vol. 137, 2005

AtHAKS5 Functions in High-Affinity K* Uptake in Roots

deprivation-dependent microarray expression data are available at TAIR
(www.arabidopsis.org).

Received November 24, 2004; returned for revision December 29, 2004;
accepted December 29, 2004.

LITERATURE CITED

Ahn SJ, Shin R, Schachtman DP (2004) Expression of KT/KUP genes in
Arabidopsis and the role of root hairs in K* uptake. Plant Physiol 134:
1135-1145

Alonso JM, Stepanova AN, Leisse TJ, Kim CJ, Chen H, Shinn P, Stevenson
DK, Zimmerman J, Barajas P, Cheuk R, et al (2003) Genome-wide
insertional mutagenesis of Arabidopsis thaliana. Science 301: 653-657

Armengaud P, Breitling R, Amtmann A (2004) The potassium-dependent
transcriptome of Arabidopsis reveals a prominent role of jasmonic acid
in nutrient signaling. Plant Physiol 136: 2556-2576

Cao Y, Glass ADM, Crawford NM (1993) Ammonium inhibition of
Arabidopsis root growth can be reversed by potassium and by auxin
resistance mutations auxl1, axrl, and axr2. Plant Physiol 102: 983-989

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacte-
rium-mediated transformation of Arabidopsis thaliana. Plant J 16: 735-743

Ding S, Horn R (2002) Tail end of the S6 segment: role in permeation in
shaker potassium channels. ] Gen Physiol 120: 87-97

Elumalai RP, Nagpal P, Reed JW (2002) A mutation in the Arabidopsis
KT2/KUP2 potassium transporter gene affects shoot cell expansion.
Plant Cell 14: 119-131

Epstein E (1966) Dual pattern of ion absorption by plant cells and by plants.
Nature 212: 1324-1327

Epstein E, Rains DW (1965) Carrier-mediated cation transport in barley
roots: kinetic evidence for a spectrum of active sites. Proc Natl Acad Sci
USA 53: 1320-1324

Epstein E, Rains DW, Elzam OE (1963) Resolution of dual mechanisms
of potassium absorption by barley roots. Proc Natl Acad Sci USA 49:
684-692

Fu HH, Luan S (1998) AtKuPl: a dual-affinity K* transporter from
Arabidopsis. Plant Cell 10: 63-73

Gassmann W, Schroeder JI (1994) Inward-rectifying K* channels in root
hairs of wheat (a mechanism for aluminum-sensitive low-affinity K*
uptake and membrane potential control). Plant Physiol 105: 1399-1408

Ghassemian M, Waner D, Tchieu J, Gribskov M, Schroeder JI (2001) An
integrated Arabidopsis annotation database for Affymetrix Genechip
data analysis, and tools for regulatory motif searches. Trends Plant Sci 6:
448-449

Grabov AM (1990) Voltage-dependent potassium channels in the root hair
plasmalemma. Sov Plant Physiol 37: 242-250

Hammond JP, Bennett MJ, Bowen HC, Broadley MR, Eastwood DC, May
ST, Rahn C, Swarup R, Woolaway KE, White PJ (2003) Changes in gene
expression in Arabidopsis shoots during phosphate starvation and the
potential for developing smart plants. Plant Physiol 132: 578

Hirsch RE, Lewis BD, Spalding EP, Sussman MR (1998) A role for the
AKT1 potassium channel in plant nutrition. Science 280: 918-921

Kim EJ, Kwak JM, Uozumi N, Schroeder JI (1998) AtKUP1: an Arabidopsis
gene encoding high-affinity potassium transport activity. Plant Cell 10:
51-62

Kochian LV, Lucas WJ (1982) Potassium transport in corn roots. 1.
Resolution of kinetics into a saturable and linear component. Plant
Physiol 70: 1723-1731

Kochian LV, Lucas WJ (1983) Potassium transport in corn roots. 2. The
significance of the root periphery. Plant Physiol 73: 208-215

Kochian LV, Xin-Zhi J, Lucas WJ (1985) Potassium transport in corn roots.
IV. Characterization of the linear component. Plant Physiol 79: 771-776

Lagarde D, Basset M, Lepetit M, Conejero G, Gaymard F, Astruc S,
Grignon C (1996) Tissue specific expression of Arabidopsis AKT1 gene
is consistent with a role in K* nutrition. Plant J 9: 195-203

Maathuis FJM, Filatov V, Herzyk P, Krijger C, Axelsen B, Chen S, Green
BJ, Li Y, Madagan KL, Sanchez-Fernandez R, et al (2003) Transcriptome
analysis of root transporters reveals participation of multiple gene
families in the response to cation stress. Plant J 35: 675-692

Maathuis FJM, Sanders D (1995) Contrasting roles in ion transport of two
K" -channel types in root cells of Arabidopsis thaliana. Planta 197: 456-464

Marten I, Gaymard F, Lemaillet G, Thibaud JB, Sentenac H, Hedrich R

1113



Gierth et al.

(1996) Functional expression of the plant K™ channel KAT1 in insect
cells. FEBS Lett 380: 229-232

Maiser P, Thomine S, Schroeder JI, Ward JM, Hirschi K, Sze H, Talke IN,
Amtmann A, Maathuis FJM, Sanders D, et al (2001) Phylogenetic
relationships within cation transporter families of Arabidopsis. Plant
Physiol 126: 1646-1667

Murashige T, Skoog F (1962) A revised medium for rapid growth and
bioassays with tobacco tissue cultures. Physiol Plant 15: 473-497

Pilot G, Gaymard F, Mouline K, Cherel I, Sentenac H (2003) Regulated
expression of Arabidopsis Shaker K™ channel genes involved in K*
uptake and distribution in the plant. Plant Mol Biol 51: 773-787

Quintero FJ, Blatt MR (1997) A new family of K™ transporters from
Arabidopsis that are conserved across phyla. FEBS Lett 415: 206-211

Reintanz B, Szyroki A, Ivashikina N, Ache P, Godde M, Becker D, Palme
K, Hedrich R (2002) AtKC1, a silent Arabidopsis potassium channel
alpha-subunit modulates root hair K* influx. Proc Natl Acad Sci USA 99:
4079-4084

Rigas S, Debrosses G, Haralampidis K, Vicente-Agullo F, Feldmann K,
Grabov A, Dolan L, Hatzopoulos P (2001) Trh1l encodes a potassium
transporter required for tip growth in Arabidopsis root hairs. Plant Cell
13: 139-151

Rubio F, Gassmann W, Schroeder JI (1995) Sodium-driven potassium
uptake by the plant potassium transporter HKT1 and mutations
conferring salt tolerance. Science 270: 1660-1663

Rubio F, Gassmann W, Schroeder JI (1996) High-affinity potassium uptake
in plants: response. Science 273: 978-979

Rubio F, Santa-Maria GE, Rodriguez-Navarro A (2000) Cloning of Arabi-
dopsis and barley cDNAs encoding HAK potassium transporters in root
and shoot cells. Physiol Plant 109: 34-43

Santa-Maria GE, Danna CH, Czibener C (2000) High-affinity potassium
transport in barley roots. Ammonium-sensitive and -insensitive path-
ways. Plant Physiol 123: 297-306

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

Schachtman DP, Schroeder JI, Lucas WJ, Anderson JA, Gaber RF (1992)
Expression of an inward-rectifying potassium channel by the Arabi-
dopsis KAT1 cDNA. Science 258: 1654-1658

Schroeder JI, Fang HH (1991) Inward-rectifying K™ channels in guard cells
provide a mechanism for low-affinity K" uptake. Proc Natl Acad Sci
USA 88: 11583-11587

Schroeder JI, Ward JM, Gassmann W (1994) Perspectives in the physiology

1114

and structure of inward rectifying K™ channels in higher-plants: bio-
physical implications for K" uptake. Annu Rev Biophys Biomol Struct
23: 441-471

Sentenac H, Bonneaud N, Minet M, Lacroute F, Salmon JM, Gaymard F,
Grignon C (1992) Cloning and expression in yeast of a plant potassium
ion transport system. Science 256: 663-665

Shin R, Schachtman DP (2004) Hydrogen peroxide mediates plant root
cell response to nutrient deprivation. Proc Natl Acad Sci USA 101:
8827-8832

Siddiqi MY, Glass ADM (1983) Studies of the growth and mineral
nutrition of barley varieties. 2. Potassium uptake and its regulation.
Can J Bot 61: 1551-1558

Siddiqi MY, Glass ADM, Ruth TJ, Rufty TW (1990) Studies of the uptake
of nitrate in barley. I. Kinetics of nitrogen-13-labeled nitrate influx. Plant
Physiol 93: 1426-1432

Spalding EP, Hirsch RE, Lewis DR, Qi Z, Sussman MR, Lewis BD (1999)
Potassium uptake supporting plant growth in the absence of AKT1
channel activity: inhibition by ammonium and stimulation by sodium.
J Gen Physiol 113: 909-918

Uozumi N, Gassmann W, Cao Y, Schroeder JI (1995) Identification of
strong modifications in cation selectivity in an Arabidopsis inward
rectifying potassium channel by mutant selection in yeast. ] Biol Chem
270: 24276-24281

Very AA, Sentenac H (2003) Molecular mechanisms and regulation of K*
transport in higher plants. Annu Rev Plant Biol 54: 575-603

Wang MY, Siddiqi MY, Glass ADM (1996) Interactions between K+
and NH4+: effects on ion uptake by rice roots. Plant Cell Environ 19:
1037-1046

Wang R, Okamoto M, Xing X, Crawford NM (2003) Microarray analysis of
the nitrate response in Arabidopsis roots and shoots reveals over 1,000
rapidly responding genes and new linkages to glucose, trehalose-
6-phosphate, iron, and sulfate metabolism. Plant Physiol 132: 556-567

Wang TB, Gassmann W, Rubio F, Schroeder JI, Glass ADM (1998) Rapid
up-regulation of HKT1, a high-affinity potassium transporter gene, in
roots of barley and wheat following withdrawal of potassium. Plant
Physiol 118: 651-659

Wang YH, Garvin DF, Kochian LV (2002) Rapid induction of regulatory
and transporter genes in response to phosphorus, potassium, and
iron deficiencies in tomato roots. Evidence for cross talk and root/
rhizosphere-mediated signals. Plant Physiol 130: 1361-1370

Welch RM, Epstein E (1968) The dual mechanisms of alkali cation
absorption by plant cells: their parallel operation across the plasma-
lemma. Proc Natl Acad Sci USA 61: 447-453

Plant Physiol. Vol. 137, 2005



