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The control of potassium (K*) acquisition is a critical requirement for plant growth. Although HAK1 (high affinity K™ 1)
transporters provide a pathway for K* acquisition, the effect exerted by the ionic environment on their contribution to K*
capture remains essentially unknown. Here, the influence of the ionic environment on the accumulation of transcripts coding
for the barley (Hordeum vulgare) HvHAK1 transporter as well as on HYHAK1-mediated K™ capture has been examined. In situ
mRNA hybridization studies show that HYHAKI expression occurs in most root cells, being augmented at the outermost cell
layers. Accumulation of HoHAKI transcripts is enhanced by K* deprivation and transiently by exposure to high salt
concentrations. In addition, studies on the accumulation of transcripts coding for HvHAK1 and its close homolog HvHAK1b
revealed the presence of two K*—responsive pathways, one repressed and the other insensitive to ammonium. Experiments
with Arabidopsis (Arabidopsis thaliana) HvHAKI-expressing transgenic plants showed that K deprivation enhances the
capture of K* mediated by HvHAKI. A detailed study with HvHAKI-expressing Saccharomyces cerevisiae cells also revealed
an increase of K uptake after K* starvation. This increase did not occur in cells grown at high Na* concentrations but took
place for cells grown in the presence of NH4+. 3,3'-Dihexyloxacarbocyanine iodide accumulation measurements indicate that
the increased capture of K" in HUHAKI-expressing yeast cells cannot be explained only by changes in the membrane potential.
It is shown that the yeast protein phosphatase PPZ1 as well as the halotolerance HAL4/HALS5 kinases negatively regulate

the HvHAK1-mediated K™ transport.

Potassium (K*) is the most abundant essential cat-
ion in almost all living cells. Besides having several
major functions in normal physiology, K plays an
important role protecting plants during acclimation to
saline-rich and ammonium-rich environments (Flowers
and Lauchli, 1983; Cao et al.,, 1993). Acquisition of
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K" from the soil solution is primarily dependent on
the activity of transport proteins located in the plasma
membrane of soil bacteria, fungi, and root epidermal
cells of plants. Early on, it was observed that the
kinetics and energetics of K* transport in most fungi
and plants share some common features that are
not found in animal cells (Kochian and Lucas, 1988;
Rodriguez-Navarro, 2000). This observation led to the
concept that in most cases K* uptake is mediated by
similar transport proteins in roots and fungal cells.
Providing support for this claim, homologues of the
fungal HAK (high affinity K) and TRK (transport of
K™) transporters have been identified in plants (Véry
and Sentenac, 2003). The possibility that regulatory
elements involved in alkali cation homeostasis are
functional in both plants and fungi has also been
proposed (Gisbert et al., 2000; Quintero et al., 2002).
Unlike their fungal counterparts, the plant homologues
of TRK transporters, named HKT (high-affinity K"
transporter), appear to be involved mainly in Na*
transport rather than in K acquisition (Garciadeblas
et al., 2003; Rus et al., 2004; Horie et al., 2007). On the
other hand, members of the HAK1 subgroup of HAK-
KUP-KT proteins have been found to play a major role
in K" uptake in plants (Santa-Maria et al., 1997; Rubio
et al.,, 2000; Gierth et al., 2005), being an additional
route for K™ uptake in roots provided by a Shaker-like
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inward rectifying K" channel, the Arabidopsis (Arabi-
dopsis thaliana) K transporter AKT1 (Sentenac et al.,
1992; Hirsch et al., 1998). Studies in yeasts indicate that
K" transport mediated by HAK1 transporters is sen-
sitive to the presence of NH, ", while studies with akt1
mutant plants demonstrate that the AKT1 channel is
involved in the capture of K* for plants grown at high
NH4+ concentrations (Hirsch et al., 1998; Santa-Maria
et al., 2000). Other studies support the view that the
NH, *-sensitive pathway involves the activity of more
than a single K* transporter (Spalding et al., 1999;
Gierth et al., 2005; Vallejo et al., 2005).

It has been shown that the acquisition of K by
plants is a tightly regulated process. Perception of K"
deprivation rapidly occurs after K removal from the
growth medium, leading to an enhancement of the K*
uptake capacity from diluted K" solutions (Glass,
1976; Kochian and Lucas, 1982), which probably re-
quires the accumulation of reactive oxygen species in a
discrete root zone (Shin and Schachtman, 2004). Ad-
ditionally, the pharmacological properties and ther-
modynamic constrains of K" uptake from diluted K*
solutions in plants depend on the abundance of K™,
sodium, and ammonium in the medium encountered
by roots during growth (Spalding et al., 1999; Santa-
Maria et al., 2000; Kronzucker et al.,, 2003; Nieves-
Cordones et al., 2007). When plants are grown in the
presence of high NH," or Na' concentrations, the
enhancement of the K™ uptake capacity resulting from
K" deprivation is affected and a change in the contri-
bution of the NH,"-sensitive and NH, -insensitive
components becomes evident. These results suggest a
regulatory effect of the ionic environment on the
contribution of AKT1 and HAKT1 transporters. A clear
influence of K* starvation on the control of AKT1
activity was reported recently (Li et al., 2006; Xu et al.,
2006). However, the influence of the ionic environment
found by plants during growth on the contribution
of a HAK1 transporter remains essentially unknown.
Here, we introduce evidence for the presence of long-
term regulatory mechanisms affecting the abundance
of transcripts and the contribution to K* capture of the
canonical member of the HAK1 subgroup, the barley
(Hordeum vulgare) HVHAKTI transporter.

RESULTS

HvHAKI1 Is Preferentially Expressed in Cells of the
Root Outer Layers

As root cells expressing K* transporters carry out
the primary uptake of K™ from the soil, the site of
HovHAK1 expression in barley roots was determined.
Because of the existence of several HAKI genes in
Triticeae genomes and the high similitude among
them (Santa-Maria et al., 1997), we used a specific
probe mainly containing the 3’ untranslated region to
study HvHAKI expression in transversal sections of
roots. In situ hybridization studies in seminal barley
roots showed that the accumulation of HvHAK1 tran-
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scripts occurs in all cell layers, with the expression
augmented in the outermost layers (Fig. 1A, Supple-
mental Fig. S1). No signal was detected with the sense
probe, showing the suitability of the technique used
(Fig. 1B, Supplemental Fig. S1).

The Accumulation of Transcripts Coding for HAK1
Transporters Involves Cross Talk between
NH,*-Sensitive and NH,*-Insensitive Mechanisms

The specific accumulation of HvHAKI mRNA was
estimated by real-time PCR coupled with reverse
transcription (RT). Long-term K" deprivation (no K*
added to the complete aerated culture solution) led to
increased accumulation of HvHAK1 transcripts (Fig.
2A), with a similar pattern observed for plants grown
in a MES-Ca®* solution in the absence of aeration
(Supplemental Fig. S2). Experiments with plants grown
at combined levels of NH," and K" showed that the
accumulation of HvHAKI transcripts following K*
deprivation occurs to the same extent in the presence
and absence of a high NH," concentration during
plant culture (Fig. 2B).

Figure 1. In situ hybridization of HYHAKT mRNA in barley roots. Cross
sections of seminal barley roots located 10 to 20 mm from the tip are
shown. The expression of HvHAKT is indicated by dark granules. A,
Antisense probe. B, Sense probe. C, cortex; E, endodermis; VC, vascu-
lar cylinder. Bars, 100 wm.
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Figure 2. Expression of K™ transporter-coding genes is enhanced by K* starvation through an ammonium-sensitive and an
ammonium-insensitive pathway. A, Accumulation of HYHAKT and HvHAK1b transcripts in 1-week-old plants grown with or
without K since germination (n = 3). ddCt corresponds to the difference in transcript accumulation between the presence of K*
(control condition) and its absence (no K* added). Asterisks denote significant effects of K* deprivation. B and C, Effects of the
presence or absence of K™ and NH, ™ (100 um and 5 mm, respectively) during a 3-d period on the accumulation of HYHAKT and
HvHAK b transcripts (n = 6). Error bars represent se. Different letters indicate significantly different values (P < 0.05 for A and B,

P < 0.001 for C).

The accumulation of transcripts coding for HvHAK1b,
a very close relative of HvHAKI1, was also enhanced
by long-term K* deprivation (Fig. 2A). However, the
accumulation of HvHAK1b transcripts following K*
deprivation was significantly lower for plants grown
at a high NH," concentration compared with those
grown in the absence of NH, " (Fig. 2C). These results
indicate that following K* deprivation, the accumula-
tion of transcripts coding for HAKI1 transporters in-
volves two different routes, one of them sensitive and
the other insensitive to NH, .

HvHAKI1 Transcript Accumulation Is Up-Regulated by
NaCl Salinization

Given that exposure to high Na® concentrations
interferes with K' nutrition, the effect of NaCl on the
accumulation of HvHAK1 was analyzed. A 6-h expo-
sure to 100 mm NaCl, in the presence of 1 mm K", led to
a significant increase in the amount of HvHAKI tran-
scripts compared with that measured for control
plants, an effect that was reversed at 48 h after salini-
zation (Fig. 3A). These results indicate a strong and
transient NaCl-triggered HvHAK1 up-regulation at the
transcript level, consistent with a possible role of
HvHAKI1 during the fast response of plants to salinity.
With this possibility in mind, we studied the influence
of Na" on the uptake of Rb*, a good analog of K for
HAK1 transporters, following salinization. The quo-
tient between the uptake of Rb* measured in the
presence of 100 mM NaCl and that measured in the
absence of this salt increased significantly at 6 h after
salinization (Fig. 3B). These results argue for a parallel
control of K" uptake properties and HUHAKI mRNA
accumulation under saline conditions.

Because of the possibility that the rapid up-
regulation of HvHAKI transcript accumulation could
be the result of an osmotic shock, the effect of sorbitol
was explored. A 6-h exposure to 200 mMm sorbitol led
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to an accumulation of HvHAKI transcripts not signif-
icantly different from that determined for control
plants and lower than that determined for 100 mm
NaCl-treated plants (Supplemental Fig. S3). While the
contribution of an osmotic component cannot be ruled
out since it could account for 44% of that observed in
NaCl-stressed plants, these data indicate that non-
osmotic components could be involved in the transient
response. In turn, the 6-h effect of 100 mm NaCl on the
accumulation of HvHAKI transcripts was not accom-
panied by a change in the total concentration of K* in
roots. Instead, the concentration of Na* in roots clearly
increased over that period (Supplemental Fig. S3).

HvHAKI1 Transgenic Plants Display an Enhanced Rb*
Transport When Subjected to K* Deprivation

The results shown above indicate that K* depriva-
tion exerts a strong effect on the accumulation of
transcripts coding for two HAK1 transporters (Fig. 2).
It seems likely that these transporters, and others not
examined here but homologous with those already
studied in Arabidopsis (Hirsch et al., 1998; Ahn et al.,
2004; Gierth et al., 2005), contribute to the capture
of K by roots. Therefore, in order to study the
effect of K" deprivation on the specific contribution
of HYHAK1 to Rb" capture, we performed a stable
transformation of Arabidopsis plants with a construct
containing HvHAKI under the control of the 35S pro-
moter. All of the HvHAKI-expressing transgenic lines
assayed displayed a similar pattern (Fig. 4A). A more
detailed study performed with a selected transgenic
line (J1) showed that the uptake of Rb™ was just
slightly higher for HvHAKI-expressing plants than
for HyHAKI-nonexpressing plants grown in the pres-
ence of 1 mM KCl. When plants were deprived of K*
for 48 h, the subsequent transport of Rb" was mark-
edly higher in HuvHAKI-expressing plants than in
HvHAKI-nonexpressing plants (Fig. 4B). These results
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Figure 3. Expression of HVHAKT is transiently enhanced by saliniza-
tion and parallels changes in the reduction of Na*-inhibitory effects on
Rb* uptake in barley roots. Plants were exposed to 100 mm NaCl in
the presence of T mm KCI. A, Accumulation of HVHAKT transcripts
measured at 0, 6, and 48 h since the beginning of salt stress (n = 5). B,
Rb* uptake from a 100 um Rb™ solution, after those periods, was
measured in both the presence and the absence of 100 mm NaCl, and
the quotient between the uptake measured in those conditions is shown
(n = 6). Error bars represent se. Different letters indicate significantly
different values (P < 0.005 for A, P < 0.05 for B).

indicate that K* availability controls the contribution
of HYHAKI1 to K capture in transgenic Arabidopsis
plants.

Rb* Uptake in Yeast Cells Expressing HUHAK1 Is
Modulated by K* Supply

In order to gain further insight on how the contri-
bution of HVHAKT1 is modulated by the composition
of the environment, we performed a detailed study of
Rb" transport in Saccharomyces cerevisiae mutants com-
promised for K™ uptake. Expression of HUHAKI in a
yeast mutant lacking the TRK1 and TRK2 K trans-
porters shows that after K* deprivation, the uptake of
Rb" mediated by HvHAKI increased progressively
until reaching a plateau (Fig. 5A). After attaining this
plateau, the uptake of Rb" was 3- to 4-fold higher in
K"-deprived cells than in cells never subjected to K"
starvation. A reciprocal experiment showed that K*
resupply led to a progressive decline of Rb" uptake
(Fig. 5B), indicating that the modulation of HvHAK1-
mediated Rb" transport is reversible. In measuring
Rb* uptake under these experimental conditions, spe-
cial care should be taken to avoid the masking effect
caused by the release of K™ from cells to the medium
during the Rb'-loading procedure, which may be
particularly pronounced at the very beginning of K*
deprivation. We found that 15 and 210 min after K*
deprivation, the concentration of K in the loading
solution was 8 and 4 uM, respectively, indicating the
presence of only minor interference of K on Rb*
uptake measurements made from a 100 um Rb " solution
after 15 min of K" deprivation. Consequently, further
comparisons between K'-nonstarved and K™-starved
cells were done by comparing cells deprived of K* for
15 and 210 min, respectively.
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It has been shown that some HAK-KUP-KT trans-
porters could mediate the biphasic transport of K (Fu
and Luan, 1998; Kim et al., 1998). No evidence for the
modulation of HVYHAKI1 transport involving a switch
between monophasic and biphasic modes of transport
was found (Supplemental Fig. S4). Consistently, a single
and saturable component, operative in the micromolar
range of Rb" concentrations, was observed (Fig. 5C).
Values of V_,, were 0.66 = 0.12 and 1.92 = 0.32 nmol
mg ' min ! for K*-nonstarved and K" -starved cells, re-
spectively, indicating a 3-fold enhancement of the K"
transport capacity. On the other hand, Rb" K increased
significantly from 5.6 = 1.0 to 9.6 = 1.3 uM in HUHAK1-
expressing cells during the course of K' starvation.
Given that the K* concentration in the loading solution is
somewhat higher for K" -nonstarved than for K*-starved
cells (due to K* loss), the actual difference in Rb* K,
may be even higher. An important question to address is
whether this increased K, could be just a by-product of
a response to K starvation with no acclimation value.
Therefore, we explored whether changes in the Rb™ K |
of HvHAKI1-mediated transport are accompanied by a
change in the sensitivity of Rb" transport to Na*. The
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Figure 4. Arabidopsis plants expressing HvHAKT1 display enhanced
Rb* uptake following K withdrawal. A, Four homozygous HVHAK]1-
expressing Arabidopsis lines (named J1, B1, A28, and A41) display an
enhanced uptake of Rb™ from a 100 um Rb™ solution relative to wild-
type (WT) plants when deprived of K™ for 48 h (on average, n = 7). B,
Detailed analysis for the HYHAKT-expressing]1 line. Results are means
of 13 experiments (each one consisting of seven independent repli-
cates, on average). Error bars represent st. Different letters indicate
significantly different values (P < 0.05 for A, P < 0.01 for B).
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inhibitory effect of 100 mm NaCl on the transport of
Rb" was more pronounced for cells deprived of K" for
210 min than for K*-nonstarved cells (Supplemental Fig.
$4), a result compatible with a decreased K*/Na"
selectivity of the HvHAKT1 transporter under conditions
of K* starvation. Unfortunately, attempts to detect dif-
ferences in Na* transport between K'-starved and K" -
nonstarved HvHAKI-expressing cells in different yeast
mutants failed because of the presence of yeast low-
affinity transporters that dominate the transport of Na*
over that attributed to the plant transporter.

An important question to be considered is whether
the changes in V., reported above are linked, at least
in part, to changes in the accumulation of HvHAK1
transcripts during the course of K" deprivation. RT-
PCR studies showed that the amount of HvHAKI
transcripts in HvHAKI-expressing yeasts was not signif-
icantly different between K *-starved and K" -nonstarved
cells (Fig. 5D).

The Contribution of HvHAK1 to K* Capture in Yeast
Cells Is Modulated by the Concentration of K* and Na*,
But Not by NH4+, in the Growth Medium

We also tried to gain insight into the S. cerevisiae
mechanisms leading to the enhanced HvHAK1 K"
transport contribution in K*-starved cells. For this
purpose, we exposed HvHAKI-expressing cells to a
wide range of external alkali cation concentrations for
15 or 210 min and measured the subsequent uptake of
Rb™ in a solution with no addition of K*, Na*, and
NH,". We observed a similar internal K* concentra-
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tion and a similar uptake of Rb" for cells exposed for
15 min to different external K™ concentrations (data
not shown). For cells exposed for 210 min, the internal
K" concentration was similar at different external K*
concentrations (data not shown) but the rate of Rb*
uptake depended on the new external K* concentra-
tion in the growth medium (Fig. 6A). These results are
consistent with a role of K' trafficking across the
membrane in controlling HvHAK1 transport. In order
to perform an assessment of the specificity of K"
supply on changes in Rb" uptake, we next investi-
gated whether or not the inclusion of Na* and NH, " in
the growth medium interferes with the course of K*
deprivation. The addition of Na® during the first 15
min of K* starvation did not exert any effect on the
subsequent Rb " transport (data not shown). However,
the addition of NaCl during a 210-min K" deprivation
period resulted in a decrease of the subsequent Rb™
uptake (Fig. 6B), indicating that the presence of high
Na® concentrations during growth interferes with the
stimulatory effect of K* starvation on the HvHAK1
contribution to Rb" transport. However, not all mono-
valent cations possessed this capacity. Complementary
experiments highlighted that culture at high NH,"
concentrations did not interfere with the enhancement
of HYHAK1-mediated Rb" transport observed in yeast
cells after 210 min of K* deprivation (Fig. 6C).

The observed dependence of Rb" uptake on the ex-
ternal concentration of K™ used for yeast culture is con-
sistent with the possibility that changes in HvHAKI1
transport are associated with changes in membrane
potential. In order to provide an estimate of changes in

Plant Physiol. Vol. 147, 2008
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Figure 6. High sodium, but not high ammonium,
concentrations interfere with the increased contribu-
tion of HYHAK1 following K™ starvation in yeast cells.
HVHAK 1-expressing yeast cells were grown overnight
at 30 mm KCI and then exposed for 210 min to
different external concentrations of alkali cations. A,
Rb* uptake from a 100 um Rb* solution after cells
were exposed to different external K* concentrations
(n=4).BandC, Rb* uptake for cells exposed for 210
min to the absence of K™ in the presence of different
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Na™ concentrations (n = 3) or NH4Jr concentrations
(n = 5), respectively. D, Accumulation of the fluores-
cent dye DiOC6 measured in yeast cells grown for
210 min in the absence of K™ with or without 30 mm
NH,", 100 mm Na*, or 20 um carbonyl cyanide
m-chlorophenylhydrazone (CCCP) uncoupler as well
as in the presence of 30 mm KCI (n = 5). Error bars
represent st. Different letters indicate significantly
different values (P < 0.05 for A to C, P< 0.005 for D).

NH," supply (mM)

membrane potential following K* deprivation, we
measured the accumulation of the fluorescent dye
3,3'-dihexyloxacarbocyanine iodide (DiOC;) by flow
cytometry, which has been validated as an indicator of
membrane potential for yeast cells grown under the
same conditions (Madrid et al.,, 1998). HvHAKI-
expressing cells deprived of K* for 210 min accumu-
lated more DiOC, than K" -nonstarved cells, indicating
that hyperpolarization takes place during K* starva-
tion (Fig. 6D). Addition of the uncoupler carbonyl
cyanide m-chlorophenylhydrazone abolished this high
accumulation of DiOC,, providing a control on the
reliability of membrane potential measurements per-
formed here. The presence of high NH,Cl concentra-
tions during long-term K" deprivation, in turn, affected
neither the subsequent membrane potential differ-
ence nor the transport of Rb" (Fig. 6, D and C, respec-
tively). If the contribution of HvHAK1 were strictly
associated with increased hyperpolarization, it would
be expected that any condition leading to a more
negative membrane potential must result in higher
Rb" uptake. However, we found that when cells were
long-term deprived of K in the presence of 100 mm
NaCl, they became hyperpolarized and exhibited low
Rb" transport (Fig. 6, D and B, respectively). Therefore,
other factors should contribute to the transport of K*
mediated by HvHAKI.

Results obtained for HvHAKI-expressing yeast cells
grown in the presence of Na® prompted us to anal-
yze the role of Na* exclusion on HvHAK1 activity. For
this purpose, we transformed HvHAK]I into yeast cells
carrying a disruption of the genes coding for the Na*-
ATPases ENA1 to ENA4 and the Na"/H" antiporter
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NHAL1 in addition to the disruption of genes coding
for the TRK1 and TRK2 K™ transporters. Pretreatment
with moderate NaCl concentrations during the course
of K" deprivation led to a higher relative reduction of
the subsequent Rb™ uptake by cells lacking the sys-
tems involved in Na" exclusion than by cells in which
active Na™ exclusion takes place (Fig. 7).

Modulation of the HvHAK1 Contribution to K* Capture
in Yeast Cells Involves PPZ1 and HAL4/5 Proteins

The results shown above indicate a complex control
of the contribution of HYHAK1 to K" transport. In
yeast cells, regulation of K" influx mediated by TRK
transporters involves, among other components, pro-
tein phosphatases PPZ1/2 as well as halotolerance
HAL4/5 kinases. HvHAK1-expressing yeast cells lack-
ing HAL4 and HALS in addition to the lack of TRK1
and TRK2 showed higher Rb" transport than that
displayed by cells only lacking TRK1 and TRK2 when
deprived of K" for 210 min (Fig. 8A). Since hal4Ahal5A
disruption in a TRK1-TRK2 background causes mem-
brane hyperpolarization (Mulet et al., 1999), we next
tried to determine whether the results obtained in Rb*
uptake experiments could be explained by differences
in membrane potential between trk1Atrk2Ahal4Ahal5A
and trk1Atrk2AHAL4HALS cells expressing HvHAKI.
Ruling out this possibility, we found a similar DiOC, ac-
cumulation in both kinds of cells (Fig. 8C). As such, we
concluded that HAL4/HALS5 proteins down-regulate
the contribution of HvHAKI1 to K" transport.

To study the role of PPZ1, we transformed
trk1Atrk2A and trk1Atrk2AppzI1A cells with a p424
plasmid containing the HvHAKI ¢cDNA. Expression
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Figure 7. Culture at moderate NaCl concentrations affects Rb™ trans-
port mediated by HvHAKT in yeast cells lacking Na® exclusion
systems. Rb* uptake from a 100 um Rb* solution (n = 4) was measured
after 210 min of K* starvation in the presence of different NaCl
concentrations for HvHAKT-expressing trk1Atrk2A cells (black col-
umns) and trk1Atrk2Aenal-4AnhalA cells, which lack the Na*-
excluding systems ENAT to ENA4 and NHAT (dotted columns). Data
for K*-nonstarved cells are included for comparative purposes. Error
bars represent st. Different letters indicate significantly different values
(P<0.01).

of HvHAKI into p424 did not restore the growth of
yeast cells lacking TRKI1 and TRK2. However, in a
background also lacking PPZ1, expression of HvHAK1
into p424 restored the capacity of yeast cells to grow at
low external K" concentrations, indicating a control of
the HVHAK1 contribution to K™ capture (Supplemen-
tal Fig. S5). The role of PPZ1 was tested directly by
measuring Rb" uptake after 15 or 210 min of K star-
vation in trkl1Atrk2A or trk1Atrk2Appz1A HvHAKI-
expressing cells. A strong response of Rb" uptake to
K™ starvation was clearly found in cells lacking PPZ1
(Fig. 8B), suggesting a role of the encoded protein in
down-regulating the HvHAK1 contribution to K"
capture. Studies of the accumulation of DiOC, re-
vealed that after a 210-min period of K* starvation,
HvHAKI1-expressing ppz1Atrk1Atrk2A cells were hy-
perpolarized compared with HvHAKI-expressing
trk1Atrk2A cells (Fig. 8D).

DISCUSSION

The HAK-KT-KUP-type transporters constitute a
large family of proteins thought to play a pivotal role
in the maintenance of K™ homeostasis in plants. Here,
we introduced evidence demonstrating that the ionic
environment regulates the contribution of the HvHAK1
K" transporter to K" movement. This regulation may
be critical to ensure K" capture in K'-deficient envi-
ronments and during the early response to salinity.

It has been shown previously that HAK1 transport-
ers provide a route for K* uptake in HAKI-expressing
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yeast cells that is similar to that found previously in
plants suffering from K* deficiency (Epstein et al.,
1963; Santa-Maria et al., 1997; Rubio et al., 2000). The
contribution of HAK1 transporters to high-affinity K*
transport was later confirmed in an Arabidopsis mu-
tant lacking the HvHAKI homolog, AtHAK5, which
displays reduced capture of Rb* under conditions of
K" starvation (Gierth et al., 2005). The evidence that
HvHAKI accumulation is augmented in the outermost
layers of the root (Fig. 1) supports a role of the en-
coded transporter at the boundary between the exter-
nal medium and the roots. This tissue location (Fig. 1),
the enhanced accumulation of HvHAKI transcripts
upon K' deprivation in barley roots (Fig. 2), as well
as the enhanced capture of K" displayed by HUHAK1
transgenic plants following K" withdrawal (Fig. 4),
are consistent with a role of this transporter in the
inducible component of K" uptake from diluted K"
solutions.

Studies with transgenic Arabidopsis plants express-
ing HYHAK1 indicate a strong effect of K* deprivation
on the contribution of HvHAKI. Studies with yeast
cells expressing HvHAKI allowed us to dissect the
way in which K deprivation sets the contribution of a
HAK-KUP-KT transporter in a model organism in
which the endogenous transport of K™ from diluted
K" solutions is nil. In this organism, changes in the
contribution of HYHAK1 to Rb " capture following K*
starvation are not linked to changes in the accumula-
tion of HYHAK1 transcripts (Fig. 5D), indicating that
K" deprivation should act on the amount and/or the
activity of the HvHAK]1 transporter. A primary phe-
nomenon that takes place in plants and yeasts suffering
K" deficiency is plasma membrane hyperpolarization
(Maathuis and Sanders, 1994; Walker et al., 1996;
Hirsch et al., 1998; Madrid et al., 1998). In this context,
an important question to address is whether the en-
hancement of Rb" uptake observed here (Figs. 5A and
6A) results only from a long-term change in the mem-
brane potential. Measurements of DiOC, accumula-
tion indicate that K" starvation in HyHAKI-expressing
yeast cells also leads to plasma membrane hyperpo-
larization (Figs. 6D and 8). These data are consistent
with a possible role of membrane potential on changes
in the transport of Rb" mediated by HvHAK1 by
affecting either the driving force or a signaling cas-
cade. The evidence offered here (Figs. 6D and 8C)
indicates that changes in the contribution of HvHAK1
to K* capture cannot be entirely accounted for by
changes driven by membrane potential. Therefore,
other mechanisms modulating the HvHAKT1 contribu-
tion to K capture in yeasts should be considered.

In most fungi, K™ transport results from the activity
of TRK and HAK transporters (Benito et al., 2004).
The mechanisms controlling K™ homeostasis through
TRK1 have been deeply explored in S. cerevisiae, re-
vealing that TRK1 is activated by the HAL4 and
HALS kinases and inhibited by the PPZ1 and PPZ2
phosphatases (Mulet et al., 1999; Yenush et al., 2002).
Interestingly, genetic evidence obtained with this work
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Figure 8. The PPZ1 phosphatase and the HAL4/5
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supports the hypothesis that HAL4/5 kinases act as
down-regulators of the HvHAKI contribution (Fig.
8A), which is opposite to their effect on TRK1. On the
other hand, current evidence indicates that PPZ1 is
involved in determining the upper limits of K™ accu-
mulation in yeast cells, mainly in a TRK1-dependent
manner (Yenush et al., 2005). Our results indicate that
PPZ1 could exert this regulatory role, critical for K"
homeostasis, by setting the contribution of a HAK1
transporter to K* capture (Fig. 8B). The fact that both
HAL4/5 kinases and the PPZ1 phosphatase act as
down-regulators of the contribution of HYHAK1 to K*
transport could be explained by their action at differ-
ent levels of regulation. Although the precise mode by
which PPZ1 and HAL4/5 modulate the HvHAK1
contribution is still uncertain, our results illustrate
that both phosphorylation and dephosphorylation
processes act in concert to determine the uptake of
K" mediated by a HAK1 transporter in yeasts. In this
context, the search for plant functional counterparts of
PPZ1 phosphatase and HAL4/5 kinases could help to
determine whether or not the mechanisms setting the
contribution of HYHAKT1 in yeast cells are operative in
plants. Besides, the finding that a HAK1 transporter is
modulated by PPZ1 and HAL4/5 in S. cerevisiae, in
which no HAK genes have been found, poses impor-
tant questions regarding the conservation of the reg-
ulatory network controlling K homeostasis in fungi.
Transcriptome studies revealed the existence of a
cross talk of 51gr1als associated with the perception of
nitrogen and K" status in plants (Wang et al., 2001;
Armengaud et al., 2004). Additionally, the presence
of high NH, " concentrations has been used as a tool
to dissect the components involved in K transport
(Hirsch et al.,, 1998; Spalding et al., 1999; Nieves-
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Cordones et al., 2007). In barley, the presence of high
NH," concentrations in the growth medium generates
a switch on the properties of Rb" uptake from diluted
K" solutions (Santa-Maria et al., 2000). This switch
involves two parallel processes, the first one being
the dominance of channel-like features, partially ex-
plained by a thermodynamic gradient favorable to
channel participation (Kronzucker et al., 2003). The
second process involved in that switch is 'the reduced
size of the 1nduc1b1e component of Rb" transport
sensitive to NH,". Our results indicate that the reduc-
tion of this 1nduc1ble component does not involve a
long-term down-regulation of HvHAKI transcript ac-
cumulation mediated by high ammonium levels (Fig.
2B). Therefore, it seems p0551b1e that the reduced
relative contribution of the NH, "-sensitive component
of Rb" transport after long—term growth at high NH, "
supplies could be, at least in part, the result of a down-
regulation of the accumulation of transcripts coding
for other transporters. Gene expression studies (Fig.
2C) suggest that HHAK1b could be a target for such a
regulation. Therefore, the accumulation of transcripts
coding for HAK1 transporters presumably involved in
the NH, "-sensitive pathway of K" transport occurs
through two signaling routes: one NH, "-sensitive, act-
ing on HvHAK1bD, and the other 1nsen51tlve to NH, ",
acting on HvHAKI.

The effect of sodium salts on K" homeostasis has
been a main subject in salinity studies (Flowers and
Lauchli, 1983). In Arabidopsis, the current evidence
indicates that, for plants grown in the presence of
ammonium, the inhibitory effect of Na* on K* uptake
results from an effect of Na* on the activity of the
AKT1 K" channel (Qi and Spalding, 2004). The evi-
dence contributed here indicates that culturing at high

259



Fulgenzi et al.

NaCl concentrations precludes the subsequent en-
hancement of K' transport mediated by a HAK1
transporter in K'-deprived yeasts (Fig. 6B and 7).
While this effect tends to diminish the contribution of
HvHAKI1 to K capture, the transient enhanced accu-
mulation of HvHAKI transcripts observed in barley
roots after a 6-h exposure to a high external NaCl
concentration (Fig. 3) could lead to the opposite out-
come and is likely to play a role in determining the low
inhibitory effect of Na™ on Rb* transport observed in
barley roots at 6 h after salinization (Fig. 3). Whereas
our data (Supplemental Fig. S3) do not allow us to rule
out the contribution of an osmotic component, they
indicate a role of nonosmotic components on the peak
of accumulation of HvHAKI transcripts. Evidence for
cross talk between osmotic and nonosmotic signals
during the early transcriptome response to salt stress
has been offered for barley plants (Ueda et al., 2004).
The enhancement and decline in the amount of
HovHAKI transcripts observed here (Fig. 3) is similar
to that reported for a member of the group II HAK
transporters in Mesembryanthemum crystallinum (Su
et al, 2002) and essentially mimics that observed
formerly for the genes implicated in the early coordi-
nated gene response to salt stress described in the
barley close relative species Lophopyrum elongatum
(Gulick and Dvorak, 1992; Galvez et al., 1993). Since
a similar response is elicited by abscisic acid (Galvez
et al., 1993) and a transient change in the balance
between methyl jasmonate and abscisic acid has been
observed during the first hours of exposure to high
NaCl concentrations (Moons et al.,, 1997), with a
prominent role of jasmonic acid in the K*-dependent
transcriptome also advanced (Armengaud et al., 2004),
the possibility that hormone signaling plays a role in
setting the response of HvHAKI to salt stress should
not be discarded.

In conclusion, this study indicates the presence of
mechanisms driven by the ionic environment that
determine the contribution of a HAK1 transporter to
K" capture. Furthermore, studies with yeast cells re-
veal a role of phosphorylation and dephosphorylation
processes in setting this contribution.

MATERIALS AND METHODS
Plant Materials and Culture

Seeds of barley (Hordeum vulgare ‘Golden Promise’) were germinated in the
dark on moistened filter paper for 48 h. Seedlings were then transferred to a
0.8-L plastic pot filled with a complete nutrient solution of the following
composition: 1.0 mm Ca(NO,),, 0.5 mm MgSO,, 0.5 mm H;PO,, 50 um FeEDTA,
50 um CaCly, 25 um H3BO;, 2 um ZnSO,, 2 um MnSO,, 0.5 um CuSO,, 0.5 um
molybdic acid, and 2.5 mm MES, with or without the addition of 1 mm K7,
except where indicated. The pH was brought to 6.0 by the addition of
Ca(OH),, and the solution was aerated. When added, K*, Na*, and NH,*
were provided as chloride salts. Temperature in the growth chamber was set
to 22°C (day/night), and the relative humidity was kept at 85%. The photon
flux density at the plant level was set at 70 umol m™2s ™" over a photoperiod of
14 h. Experiments were carried out with 1-week-old plants, except for the
experiment reported in Figure 2, B and C, in which 13-d-old plants were used.
Root and shoot samples were extracted with 0.5 N HCl to release free cations,
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and K* (or Rb™ in Rb" uptake experiments) was determined with a Perkin-
Elmer AA 100 spectrophotometer in emission mode. Arabidopsis (Arabidopsis
thaliana ecotype Columbia) seeds were sowed on plates containing the
medium described above plus 0.8% agar. After 10 d, seedlings were trans-
ferred to 0.125-L plastic pots in which only roots were in contact with the
nutrient solution. Plants grew for another 2 weeks, until the experiments were
performed.

Rb* Uptake Measurements in Plants

Roots of intact plants were transferred for 5 min to a solution with the same
composition as used for growth but without K. This allows elution of this
chemical species from the root apoplast and thus helps to minimize the effect
of ionic perturbations on the subsequent measurement. Loading was per-
formed in 50-mL plastic pots containing the complete nutrient solution with
no K" added. This solution, heavily aerated, contained 100 um Rb". Loading
was extended for 60 min for barley and for 120 min for Arabidopsis.
Subsequently, roots were washed two times for a total of 6 min with the
same solution used for loading but without Rb™. Results are expressed on a
fresh weight basis.

Quantitation of Plant mRNAs

For the quantitation of plant mRNAs, RNA extracted from whole barley
roots was used. Extraction of total RNA was performed with the use of the
RNeasy Plant Mini kit (Qiagen). After extraction, total RNA was treated with
RQ1 DNase (Promega), and the presence of contamination from a genomic
origin was specifically tested for by PCR. For each DNA-free RNA sample,
several independent RT reactions were performed. RT was carried out with
SuperScript II (Gibco-BRL) on 20 ng of total RNA using Oligonucleotide-dT;q
as 3’ primer. Real-time PCR was performed in duplicate for each RT reaction
using the ABI Prism 5700 sequence detection system (Perkin-Elmer Applied
Biosystems) and SYBR Green PCR Master Mix (Perkin-Elmer Applied Bio-
systems). Primers used for PCR for each gene, as well as amplicon sizes, have
been described (Vallejo et al., 2005). Amplification was carried out with an
initial step at 50°C for 2 min followed by 1 cycle at 95°C for 10 min and then by
40 amplification cycles. After each PCR, the dissociation curve of the PCR
product was analyzed. The cDNA content of B-tubulin for each run was also
estimated. In addition, two negative controls were included to exclude the
possibility of genomic DNA contamination: one of them consisted of a
reaction without cDNA, while the other contained an aliquot of the DNA-
free RNA sample. Subsequently, the accumulation of transcripts was esti-
mated by the use of the AACt method.

In Situ Hybridization

One-week-old barley plants, grown without aeration in a 10 mm MES
solution brought to pH 6.0 = 0.1 with Ca(OH),, were used for in situ
hybridization studies. Roots were cut into 10-mm-long fragments, from 10 to
60 mm from the root apex. For the fixation protocol, roots were treated with
3% (v/v) paraformaldehyde and 0.25% (v/v) glutaraldehyde in 0.1 M sodium
phosphate buffer, pH 7.2, at room temperature, dehydrated in graded ethanol
and xylene series, and embedded in Paraplast. Sections (2 um thick) were
attached to poly-L-Lys-coated slides. Sections were deparaffinized with xylene
and rehydrated through a graded ethanol series. They were subsequently
pretreated with 1 ug mL ™ proteinase K in 200 mm Tris-HCI, pH 7.5, and 2 mm
CaCl, at 37°C for 30 min and with 0.25% (v/v) acetic anhydride in 0.1 M
triethanolamine, pH 8.0, at room temperature for 10 min, dehydrated in a
graded ethanol series, and air dried. Sections were hybridized with either
sense or antisense RNA *S-labeled probes.

A pGEM-T Easy vector (Promega) containing a 325-bp ¢cDNA of the
HvHAK1 3’ untranslated region was linearized with PstI or Ncol to be used as
DNA template for the in vitro synthesis of the sense or antisense RNA probe,
respectively. Sense and antisense RNA probes were synthesized by the
incorporation of [¢-*SJUTP using an RNA labeling kit following the manu-
facturer’s instructions (Boehringer Mannheim). Southern-blot analyses with
barley genomic DNA previously showed a single hybridization band with this
325-bp probe. Hybridization and detection of the radioactive signal were
performed as described previously (Langdale et al., 1988). Photographs were
taken using an automatic camera coupled to a light microscope (Axiophot;
Zeiss).
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Yeast Strains and Growth Conditions

The Saccharomyces cerevisiae strains used in this work were WA3 (W303.1A
trk1A::LEU2 trk2A::HIS3), which is deficient in the endogenous K* uptake
systems TRK1 and TRK2;, MA5 (W303.1A trklA::LEU2 trk2A::HIS3
nhalA::LEU2 enal-4A::HIS3), which is derived from WA3 and also deficient
in the Na* efflux systems ENA1 to ENA4 and NHA1 (Benito et al., 2004); and
JM110 (W303.1A trk1A::LEU2 trk2A :: HIS3 hal4A:: TRP1 hal5A :: KanMX), also
derived from WA3, which carries a disruption on the genes coding for the
protein kinases HAL4 and HAL5 (Mulet et al., 1999). These strains were the
recipient of the pYPGE15 plasmid or its derivative containing the HvHAKI
cDNA, pGF718. Strains ESV212 (DBY746 trk1A::LEU2 trk2A::HIS3) and its
derivative MAR70 (DBY746 trk1A::LEU2 trk2A::HIS3 ppz1A::URA3), which
carries a disruption of the gene coding for the PPZ1 phosphatase in addition to
the disruption of TRK1 and TRK2 (Ruiz et al., 2004), were also used. In this
case, the HHHAKI cDNA was cloned into the p424 plasmid. Yeast cells were
grown in Arg (AP) medium supplemented with 30 mm KCl (Santa-Marfa et al.,
1997). Cells were washed twice and transferred to AP medium without added
K*. The basal concentration of K* in that medium was 2.5 um. At different
times from the beginning of K" deprivation, Rb* uptake measurements were
performed. Cells were suspended in 2% Glc and 10 mm MES buffer brought to
pH 6.0 with Ca(OH),. Unless indicated specifically (Supplemental Fig. S4B),
Rb" uptake measurements were performed in the absence of K*, Na™, or
NH," in the loading solution. Cells were taken at intervals, filtered through a
0.8-um-pore nitrocellulose membrane (Millipore), and washed with 20 mm
MgCl,. Filters were incubated overnight in 0.5 N HCL, and Rb* was deter-
mined by atomic emission spectrophotometry. Results are expressed on a cell
dry weight basis. V.. and K values were estimated by nonlinear regression.

Accumulation of DIOC, was estimated for yeast cells grown for 210 min in
the presence or absence of different alkali cations. These cells did not receive
any other treatment and were suspended in MES-Ca* and exposed to 1 nm
DiOC, for 30 min at 28°C in the dark. To test cell viability, propidium iodide
was used. Flow cytometry analysis was performed in a FACSCalibur (Becton-
Dickinson).

Plant Transformation

The HvHAK1 718 ¢cDNA was cloned into the plant binary vector pB112
containing the nptIl kanamycin resistance marker. Agrobacterium tumefaciens
pgv3101 was the recipient of the HvHAKI-containing plasmid, which was
later used to transform Arabidopsis plants, ecotype Col-0, by the floral dip
procedure (Clough and Bent, 1998). Plants displaying resistance to the marker
were selected for further analysis. The presence of the transgene was evalu-
ated by PCR on genomic DNA. To identify homozygous plants, studies of the
segregation of kanamycin resistance were performed. Expression of HtHAKI
for each homozygous line was determined by RT-PCR using DNA-free RNA.

Except where indicated, results obtained in this work were analyzed by
two-factor ANOVA, with post-hoc comparisons made by Duncan’s test. The
analysis was performed using the Statistica 6.0 program (StatSoft*).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. In situ hybridization studies show the accumu-
lation of HvHAKI transcripts in most root cells.

Supplemental Figure S2. Effect of K* deprivation, in a nonaerated MES-
Ca®" solution, on the accumulation of HvHAK1 transcripts.

Supplemental Figure S3. Comparative effect of sorbitol and NaCl on the
accumulation of HvHAKI transcripts, and effect of NaCl exposure on
the concentration of K* and Na™ in roots.

Supplemental Figure S4. Rb™ uptake properties of yeast cells expressing
HuHAKI following K* withdrawal.

Supplemental Figure S5. HVHAKI-expressing yeast cells lacking the
PPZ1 phosphatase display an enhanced growth capacity at low K*
concentrations.
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