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Abstract

As one of the most important mineral nutrient elements, potassium
(K*) participates in many plant physiological processes and determines
the yield and quality of crop production. In this review, we summarize
K* signaling processes and K* transport regulation in higher plants,
especially in plant responses to K*-deficiency stress. Plants perceive
external K* fluctuations and generate the initial K* signal in root
cells. This signal is transduced into the cytoplasm and encoded as Ca’*
and reactive oxygen species signaling. K*-deficiency-induced signals
are subsequently decoded by cytoplasmic sensors, which regulate the
downstream transcriptional and posttranslational responses. Eventu-
ally, plants produce a series of adaptive events in both physiological and
morphological alterations that help them survive Kt deficiency.
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Potassium (K*) is the mostimportantand abun-
dant cation in living plant cells and plays crucial
roles in many fundamental processes, including
enzyme activation, membrane transport, an-
ion neutralization, and osmoregulation (27). As
one of the principal nutrient elements, it sig-
nificantly affects multiple plant physiological
processes, including photosynthesis and trans-
port/translocation of assimilation products, and
consequently affects overall plant growth and
development. Owing to the limited availability
of K™ in soils, most plants living in the natural
environment often suffer from K*-deficiency
stress. To adapt to K™ -deficient environments,
plants have evolved a complex signaling and
physiological regulatory network that helps
them survive under K*-deficiency stress (13,
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62,129, 146, 155). Molecular genetic studies of
the model plant Arabidopsis and the availability
of Arabidopsis genome sequences and knockout
mutants have begun to shed light on the com-
plex network underlying plant responses to K*-
deficiency stress.

K™ TRANSPORT COMPONENTS
IN HIGHER PLANTS

As one of the major nutrient ions, Kt is ab-
sorbed and accumulated in plant cells, and it
constitutes 2-10% of plant dry weight (81).
The cytoplasmic K* concentration ([K*¥],) in
plant cells is relatively stable at approximately
100 mM, which is the optimal K* concentration
for cytoplasmic enzyme activities (81, 152). The
K" accumulated in vacuoles is the largest Kt
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pool in plant cells; the vacuolar K* concentra-
tion is variable (between 10 mM and 200 mM)
depending on the K* supply and tissue type (81,
152). Compared with the high K* concentra-
tion in plant cells, the typical concentration at
the surfaces of roots in the soil is extremely low,
varying from 0.1 to 1 mM (92, 133). Plant root
cells therefore absorb K* from the soil against
the K* concentration gradient, a process con-
ducted by plant K* transport components such
as KT transporters and channels. K* translo-
cation from roots to shoots or from source to
sink inside plants is also mediated by K* trans-
porters and channels.

Classification of K™ Transport
Components

Early investigations indicated that K* uptake in
higher plants shows typical dual-affinity (high
and low) mechanisms, which perform at differ-
ent external K™ concentrations ([K*].) and
alternate depending on the external K* supply
(39). The high-affinity K* uptake mechanism
is mediated primarily by K* transporters at low
[K*]exe (below 0.2 mM) (39, 94); the low-affinity
K" uptake mechanism is mediated primarily
by K' channels at relatively high [K']e
(above 0.3 mM) (39, 133). It seems that plant
cells can perceive the [K*]., and employ the
appropriate K uptake components for a given
concentration.

In many higher-plant species, a large num-
ber of genes encoding K* transporters and
channels have been cloned and identified (97,
149, 157). These transporters and channels dif-
fer in their energetic coupling, affinity, and se-
lectivity for Kt and constitute the complicated
K™ transport system in plant cells.

The genes from three families—Shaker,
TPK (tandem-pore K"), and Kir (K™ inward
rectifier)—like—encode K* channel proteins in
higher plants (Table 1) (45, 79, 149). The plant
Shaker K* channels have a protein structure
similar to that of animal Shaker K* channels
initially cloned from Drosophila. Each Shaker
K* channel subunit harbors six transmembrane
segments and one pore loop, and four subunits

form a whole K* channel complex (Table 1).
Plant Shaker channels exhibit remarkable
K* selectivity and voltage sensitivity. They
are divided into three categories based on
their voltage dependence: Inward-rectifying
channels are activated by hyperpolarization
potential and mainly mediate K* uptake,
outward-rectifying channels are activated by
depolarization and function in K* efflux, and
weakly rectifying channels could be activated
by hyperpolarization and may mediate both
K* uptake and K7 release depending on the
membrane potentials.

Plant TPK and Kir-like channels were
previously classified as KCO channels but
are now considered two distinct families on
the basis of their different channel structures.
TPK channels possess four transmembrane
segments and two pore-loop domains in
tandem (Table 1), similar to their animal
counterpart KCNK channels. Kir-like chan-
nels are related to animal Kir channels and
possess two transmembrane segments and one
pore-loop domain. Unlike Shaker channels,
there seems to be no voltage sensor for TPK
and Kir-like channels, implying their weak
sensitivity to membrane potentials. But some
TPK and Kir-like channels possess EF hand
domains (putative Ca’>*-binding sites) located
in the cytosolic C-terminal region, suggesting
their sensitivity to Ca’* (79).

The plant K*  transporters
mainly from several gene families, includ-
ing KUP/HAK/KT, HKT, NHX, and CHX
(50). The transporters encoded by the
KUP/HAK/KT family are homologs of the
bacterial K* transporter KUP and fun-
gal K* transporter HAKI. Some of the
KUP/HAK/KT transporters have been veri-
fied as performing K* transport activities in
plant cells (Table 1) (38, 41, 51, 70, 123). The
analogs of HKT transporters in fungi (Trk
transporters) and bacteria (KtrB transporters)
function as K* symporters coupling with
H* or Na*. However, studies in plants have

derive

indicated that most plant HKT transporters
function as Na* transporters (50), and only a
few are Nat/K* symporters (46, 124). Most
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Table 1 K* channels and transporters in Arabidopsis

Family/name Protein structure Organ(s)/tissue(s)* Functions Reference(s)

Shaker

AKT1 6 TMSs, 1 P-loop, Root (root hairs, epidermis, | Inward-rectifying K* channel, K* 51, 60, 76, 80,

CNBD, Anky, KHA cortex), leaf (primordia, uptake into root cells 84, 117, 134,
mesophyll, hydathodes, 141, 167
guard cells)

AtKC1 Root (root hairs, epidermis, | Silent K™ channel, assembly with 35, 36,48, 67,
cortex), leaf (epidermis, Shaker inward K* channels and 122,154
hydathodes, trichome) regulation of K uptake into cells

SPIK Pollen (pollen, pollen tubes) | Inward-rectifying K* channel, K* 102
uptake into pollen tubes, pollen
tube development regulation

AKT?2 Root (phloem), stem, leaf Weakly rectifying KT channel, Kt | 26,44, 75, 95,
(phloem, mesophyll, circulation in phloem 99
epidermis, guard cells),
flower (sepal)

KAT1 Leaf (guard cells) Inward-rectifying K+ channel, K™ 8,74, 128,
uptake into guard cells, stomatal 140, 142, 144
regulation

KAT2 Leaf (guard cells, phloem) Inward-rectifying K* channel, K™ 115,144
uptake into guard cells, stomatal
regulation

SKOR Root (stellar tissues), pollen | Outward-rectifying Kt channel, 47
K™ release into xylem, K+
translocation from roots to shoots

GORK Root (root hairs, Outward-rectifying Kt channel, 1, 66
epidermis), leaf (guard K™ release from guard cells,
cells) stomatal regulation

TPK

TPK1 4 TMSs, 2 P-loops, EF Root (root tip, elongation Vacuolar K* channel, K* release 28,52,78,151

hand, 14-3-3 binding zone), leaf (mesophyll, from vacuole, stomatal closure,
guard cells), flower (sepals, intracellular Kt homeostasis
anthers, pollen)

TPK4 Pollen (pollen, pollen tubes) | PM K* channel, control of pollen 18, 151
PM voltage

KUP/HAK/KT

KUP1 10-14 TMSs Stem, leaf, flower Dual-affinity KT transporter, K™ 41,70
uptake into cells

KUP2 Root (root tip), stem Low-affinity KT transporter, 38,41
(hypocotyls, inflorescence KT -dependent cell expansion
stem), leaf (cotyledons,
young leaves)

KUP4 Root, stem, leaf, flower High-affinity K transporter, K™ 41,123,150

translocation and root hair
elongation

HAKS Root (epidermis, stele) High-affinity K™ transporter, K* 51,117,118
uptake into root cells

(Continued)
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Table 1 (Continued)

Family/name | Protein structure | Organ(s)/tissue(s)* Functions Reference(s)
NHX
NHX1/NHX2 10-12 TMSs Stem (cortical tissue), leaf Vacuolar Na™(K™)/H™ antiporter, | 10, 15, 16, 147
(vascular tissue, guard vacuolar pH and Kt homeostasis,
cells), flower (petals, turgor regulation, plant growth,
stamens, anthers), silique flower development, stomatal
(developing embryo) function
CHX
CHX13 10-12 TMSs Root, flower, pollen High-affinity K™ transporter, K* 170
uptake into root cells
CHX17 Root (epidermis, cortical Na*(K*)/H* antiporter, K* 24
cells) uptake into root cells and K+
homeostasis
CHX20 Leaf (guard cells) Na*(K*)/H* antiporter, K* 107
homeostasis and pH regulation,
guard cell osmoregulation
CHX21 Pollen (pollen, pollen tubes) | Na™(K*)/H* antiporter, pollen 88
tube targeting to ovules
CHX23 Root, stem, leaf Na™(KT)/H* antiporter, pH 88, 139
(cotyledons), flower homeostasis and chloroplast
(sepals), pollen development, pollen tube
targeting to ovules

Information adapted from References 45, 50, 53, 79, and 149. Abbreviations: 14-3-3 binding, 14-3-3 protein binding domain; Anky, ankyrin domain;
CNBD, putative cyclic nucleotide-binding domain; EF hand, EF hand domain; KHA, domain rich in hydrophobic and acidic residues; P-loop, pore-loop

domain; PM, plasma membrane; TMS, transmembrane segment domain.

*The expression profiles of the K* channels and transporters in different organs, tissues, or cell types.

members of the NHX and CHX families have
been identified as Na*/H™ antiporters, and a
few are K*/H" antiporters (Table 1) (15, 16,
24, 88,107, 139, 170).

Physiological Functions of K+
Transporters and Channels

In Arabidopsis, Shaker K* channel AKT1 and
KUP/HAK/KT transporter HAKS are ex-
pressed primarily in the roots and function in
K* uptake from the external environment (51,
60, 76). These two transport proteins mediate
almost all Kt absorption in Arabidopsis roots
(51, 117, 141). For K translocation between
different organs or tissues inside a plant, K* se-
cretion from root cortex cells into the xylem is
mediated by the outward-rectifying channels,

such as SKOR (47, 159); K* loading and un-
loading in phloem tissues are facilitated mainly
by the weakly rectifying K* channels, such as
AKT?2 (44,75, 95).

Stomatal guard cells and pollen cells are re-
garded as two special types of cells that possess
unique K* transport components (63, 98, 110,
138, 157). Both inward and outward K* chan-
nels were initially identified in stomatal guard
cells, mediating K* uptake and release, respec-
tively (65, 131, 132). Further functional charac-
terization showed that the inward K* channels
KATT and KAT?2 control the K* influx across
the plasma membrane (PM) during stomatal
opening (8, 74, 115, 144), and the outward K*
channel GORK conducts the K* efflux during
stomatal closure (1, 66). In pollen and pollen
tube cells, the pollen-specific Shaker channel

www.annualreviews.org © K+ Transport and Signaling in Higher Plants
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SPIK mediates K* influx across the PM, which
regulates pollen tube growth and development
(102). Another TPK channel, TPK4, is also
pollen specific and controls the membrane po-
tential across the pollen PM during pollen tube
growth (18).

Inside plant cells, the K ions could
be distributed and recycled between the
cytoplasm and vacuole (K™ pool). The voltage-
independent K'-selective channels were
initially identified at the tonoplast of stomatal
guard cells, and they are crucial for vacuolar K*
release during stomatal closure (158). Further
functional characterization showed that the
tonoplast-located TPK1 functions in K
transport across the vacuolar membrane and
plays a role in intracellular K* homeostasis,
which is important for several physiological
activities, such as stomatal movement and seed
germination (28, 52). Other TPK channels
(TPK2, TPK3, and TPKS) are also targeted
to the tonoplast (151), but their physiological
functions remain unknown.

K* transporters also participate in intracel-
lular K* compartmentation in plant cells. The
two major tonoplast-located NHX members,
NHX1 and NHX2, are highly expressed in
leaves (10, 15, 16). These two Na™ K*/H* an-
tiporters mediate K uptake into the vacuole,
which in Arabidopsis is essential for Kt pool cre-
ation, flower development, and stomatal move-
ment (15, 16, 147).

K*-DEFICIENCY-SENSING
MECHANISMS

Compared with the high [K*]e. (~100 mM),
the typical [K*]. in soil is extremely low (0.1-
1 mM) (92, 133). Although plants cannot move
to avoid this environmental stress, they have
evolved K*-deficiency-sensing and subsequent
adaptive mechanisms that help them survive un-
der K*-deficiency stress. Plant roots are the
main organs that directly contact the exter-
nal medium or soils, and therefore the K*-
deficiency sensing is initiated mainly in root
cells, especially in the epidermis and root hairs.
The K*-deficiency signal is first perceived at
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the PM of root epidermal cells and then trans-
duced into the cytoplasm. After perceiving the
signal, plant cells undergo a series of biochem-
ical and physiological reactions that include
both short- and long-term responses (129). The
short-term responses occur within a few hours
and involve several signal components, includ-
ing the membrane potential, reactive oxygen
species (ROS), and phytohormones (93, 137).
During the early sensing period, the [K*]ey
may be not affected even though the [K*]ey is
low (129). As the Kt -deficiency stress continues
over days or weeks, the [K*], is significantly
reduced and the long-term responses are then
initiated (129), which results in metabolic (7,
12) and morphological (62) changes.

Hyperpolarization of the
Membrane Potential

The membrane potential across the PM in liv-
ing plant cells is the main driving force that en-
ergizes the K* absorption from soils against the
K" concentration gradient. The membrane po-
tential is dependent on [K*]ey (93) and is estab-
lished and maintained primarily by H"-ATPase
activity (108). The root cell membrane poten-
tial is highly specific to [K" ]y and displays a lin-
ear relationship with log[K* ey (93). The mem-
brane potential is hyperpolarized by low [K* ]y
(93, 105, 130) and depolarized by high [K*].y
(141), and the change in membrane potential
may act as one of the sensing signals in plant re-
sponses to K* deficiency. The earliest detected
event in plant responses to K deficiency is
the hyperpolarization of the cell membrane
potential, which appears within a few minutes
of a decrease in [K*]e, (Figure 1) (93, 105,
130).

Membrane hyperpolarization caused by a
decrease in [K*]e would obviously affect the
activities of voltage-gated K* channels. Be-
cause they are activated by hyperpolarization,
the Shaker AKT1-like channels are considered
the main channel components that mediate K*
influxinto root cells in many plant species; these
channels include AKT1 in Arabidopsis (60, 76),
OsAKTT in rice (42), ZMK1 in maize (113),
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Figure 1

K* transport and signaling pathways in Arabidopsis responses to K+ deficiency. The perception of

K™ -deficiency stress leads to enhanced H™-ATPase (most likely AHA?2) activity, which then results in
plasma membrane (PM) hyperpolarization (93, 105) and extracellular acidification (19). The hyperpolarized
membrane potential (1) activates the inward K* channel AKT1 and the Ca’*-permeable channels.
Meanwhile, the extracellular acidification energizes the K* uptake mediated by a K™ transporter such as
HAKS. KT deficiency also induces ROS accumulation in root cells via RHD2 (137) and RCI3 (71), which
further regulates the transcription of K -deficiency-responsive genes such as HAKS (71, 72). The elevated
ROS also activates the PM-located Ca’>*-permeable ANN1 channels that mediate Ca’* flux into the
cytoplasm (77). The activation of Ca’*-permeable channels by membrane hyperpolarization and ROS results
in the elevation of cytoplasmic Ca’*, and this Ca’>* signal can be perceived and transduced downstream by
specific Ca’* sensors such as CBL proteins. At the PM, CBL1 (and/or CBL9) recruits the cytoplasm-located
kinase CIPK23 to the PM, where CIPK23 activates AKT'1-mediated K* uptake via phosphorylation (84,
167). AKT1 channel activity can also be regulated by CBL10 (122a), AIP1 (a protein phosphatase) (80),
AtKC1 (a K* channel subunit) (36, 48, 154), and SYP121 (a SNARE protein) (64). The CBL4-CIPK6
complex enhances AKT2-mediated K™ flux by facilitating the translocation of the AKT?2 channel from the
endoplasmic reticulum to the PM in a kinase-interaction-dependent but phosphorylation-independent way
(58). At the tonoplast, CBL3 (or CBL2) interacts with CIPK9 and activates an unknown tonoplast-located
K™ channel or transporter, facilitating K* release from the vacuole into the cytoplasm (87, 109). In addition,
the tonoplast channel TPK1 mediates the K efflux from the vacuole into the cytoplasm.

TaAKT1 in wheat (22), LKT1 in tomato (56),
and SKT'1 in potato (172). These channels con-
tain voltage sensors and can perceive changes
in membrane potential, and are activated under
hyperpolarization conditions. The direction of
K* flux across these channels depends on the

K* equilibrium potential (Ex) and actual mem-
brane potential (£,,). When E,, is more negative
than Ex, K* influx across these channels occurs;
otherwise, the cytoplasmic K* effluxes out of
the cells (48, 57). To ensure net K™ absorption,
root cells must establish a more negative E,, to

www.annualreviews.org © K+ Transport and Signaling in Higher Plants
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provide enough driving force for K* influx and
avoid K* efflux under K*-deficient conditions.

Extracellular Acidification

Many KUP/HAK/KT transporters from dif-
ferent plant species have been reported as high-
affinity K* transporters involved in K* uptake
under K*-deficient conditions (Table 1). For
example, HAKS contributes approximately half
the K* absorption in Arabidopsis roots under
K*-deficient conditions (51, 117, 141). The
members of this family had been proposed to
function as K*/H* symporters (53), although
this needs to be further confirmed by biophys-
ical analyses. Thus, the establishment of the
transmembrane proton gradient is essential
for KUP/HAK/KT transporter activity. The
H*-ATPases are the main contributors that
generate not only membrane potential but also
the transmembrane proton gradient (108). K*
deficiency could enhance the activity of H-
ATPase, most likely AHA2 (33, 55), leading
to H" extrusion and extracellular acidification
(Figure 1) (19). The K*-deficiency-induced
PM hyperpolarization activates K* channels,
which may help plants to absorb as much
K* as they do under K'-deficient condi-
tions. The K*-deficiency-caused extracellular
acidification may simultaneously energize
the transporter-mediated K™ uptake, and the
external acidic conditions could enhance the
K" uptake activities of AKT1-like channels
(42, 56, 113). The H*-ATPases are clearly
important components in the initial sensing of
plant responses to K™ deficiency.

Plasma Membrane-Located K*
Sensors

Because plant roots are the sites of initial K-
deficiency sensing, it is reasonable to expect
their cells to contain sensors for K*-deficiency
signals. These K" sensors could plausibly be
located at the PMs of epidermal cells or root
hairs and have the capacity to sense changes in
external K* concentration. Unfortunately, no

Wang « Wu

K™ sensor has yet been identified at the molec-
ular level.

The identification of a nitrate (NOs3 ™) sen-
sor in Arabidopsis, however, may provide some
clues for K* sensor identification. The NO;~
transporter CHL1 shows a dual-affinity bind-
ing property to NO;~ ions and functions as
an NO; ™~ sensor in Arabidopsis roots (61). The
previous data had indicated that the inward K*
channels may function as the K* sensor when
the [K™]ey is reduced (130). Therefore, the K+
transporter AKT1 could plausibly act as a K*
sensor in Arabidopsis roots. First, AKT1 is the
major inward K channel expressed primar-
ily in Arabidopsis roots and located at the PM
of epidermal cells (76, 134). Second, AKT1-
mediated K uptake in Arabidopsis roots shows a
typical dual-affinity character. AK'T'1 functions
not only at the low-affinity range but also at
the high-affinity range, even when the [K*].y
is decreased to 10 uM (60, 141). AKT1 can per-
ceive [K']ey fluctuations and shift its uptake
kinetic phases in a [K']..-dependent manner.
This switch between two uptake phases may
also depend on the AK'T'1 phosphorylation sta-
tus, which is controlled by the protein kinase
CIPK23 (84, 167). Similarly, the NO;~ sens-
ing also relies on the phosphorylation status of
the CHLLI protein (61).

Other evidence might also support the
hypothesis that the AKT1 inward Kt channel
acts as a Kt sensor. The initial event of plant
responses to K* deficiency is membrane
potential hyperpolarization in epidermal cells,
as discussed above (60, 141), but this hyperpo-
larization completely disappears in #kz] mutant
plants (60, 141). Furthermore, investigations
using Xenopus oocytes have shown that the
membrane potentials shift significantly in the
negative direction (hyperpolarization) in the
oocytes expressing AKT1 channels when the
[K™]exe decreases to micromolar concentrations
(154). These results suggest that AKT1 may
sense the changes in [K*]., and subsequently
affect the membrane potential controlled by
PM-located H*-ATPases, most likely AHA2
(33, 55). It seems that a communication
mechanism may exist between AKT1 and
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H*-ATPases. Recent reports have shown that
K* ions could bind to the C terminus of the
H*-ATPases and act as an intrinsic negative
regulator of H*-ATPases by uncoupling ATP
hydrolysis activity and proton pumping activity
(21). One may further hypothesize that Kt
deficiency impairs AKT1-mediated K* uptake
and causes the subsequent decrease in [K* ]y,
and that the decrease in [K*]., near the PM
may enhance HT-ATPase activation. As a
result, the membrane is hyperpolarized and
the K channel or transporter-mediated K*
uptake is enhanced.

Cytoplasmic K* Sensors

At the early stage of plant responses to K™ de-
ficiency, plant cells may mobilize K* ions from
the vacuole (K pool) into the cytoplasm to
compensate for the decreased Kt uptake from
the external medium (152, 164). The [K*], is
therefore not significantly reduced in the short
term. In the longer term, the [K*]., gradu-
ally decreases, ultimately affecting physiolog-
ical processes in plant cells. The activities of
many enzymes in plant cells require K* ions
as a cofactor (165). Thus, these K™ -activated
enzymes may act as K sensors in the cyto-
plasm. Among these enzymes, pyruvate kinase
is considered the most likely candidate (5, 12).
This kinase is highly sensitive to cytoplasmic
K* (121), and its activity can be directly in-
hibited by low [K* ] in root cells after plants
are subjected to long-term K*-deficiency stress
(12). This idea is supported by the findings that
the cytoplasmic pyruvate content in root cells
is significantly reduced under K*-deficient con-
ditions and is restored after K™ resupply (7, 12).
The decrease in pyruvate content leads to gly-
colysis inhibition and subsequently affects many
metabolic pathways (such as the TCA cycle and
GS/GOGAT/GDH cycle) (12) by which the
K" -deficiency signals are transduced to down-
stream metabolic processes.

Ca’* AND ROS SIGNALING

Cytoplasmic Ca?* is the most important second
messenger in living plant cells in the responses

to various biotic and abiotic stresses (125, 161).
[Ca?*]yy elevation is considered the universal
response of plants under different stresses. In
addition, a particular and unique Ca** signal
called the Ca’* signature—which refers not
only to a different [Ca’*]y, butalso to a distinct
spatial and temporal pattern—may be elicited
under a particular stress (59, 125, 161). ROS,
as another important signal component, is also
involved in plant stress responses (9, 101) and
plays a key role in generating the cytoplasmic
Ca’* signature (31, 101). These diverse Ca**
signatures elicited by different stresses have
been proposed to be subsequently decoded by
various cytoplasmic Ca’* sensors, which trig-
ger the downstream responses such as protein
modification and transcriptional regulation (20,
163).

Ca?* Influx Under K+-Deficient
Conditions

Ca?* sensors are involved in K* uptake in
Arabidopsis roots, especially under K*-deficient
conditions (84, 167), which suggests that plant
cells may require a specific Ca’* signal for K*-
deficiency stress. The elevation of [Ca’*]y in-
duced by low [K ] has been reported in guard
cells (4), and recent experiments have shown
that K* deficiency in the external medium could
also induce [Ca”]Cyt elevation in Arabidopsis
root cells (Figure 1) (L.K. Shen, Y. Wang &
W.H. Wy, unpublished data), although this
K*-deficiency Ca** signal needs to be further
characterized.

Ca’t signals can be generated by Ca’*
flux across the PM and/or intracellular mem-
branes mediated by Ca’*-permeable channels
(59, 161). Most of the Ca**-permeable chan-
nels in plant cells are considered nonselec-
tive cation channels (59). In addition to TPC1
(a two-pore channel), the Ca’*-permeable
channels in Arabidopsis may be encoded by 40
candidate genes derived from two gene fam-
ilies: CNGC (cyclic nucleotide gated channel) and
GLR ( glutamate receptor channel ). Some of these
channels have been functionally characterized
as Ca’*-permeable channels (40, 83, 100, 112).

www.annualreviews.org © K+ Transport and Signaling in Higher Plants
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However, the mechanisms by which these chan-
nels function to generate specific Ca’* signals
remain unclear.

Many nonselective cation channels are
activated under a hyperpolarized mem-
brane potential and are therefore called
hyperpolarization-activated Ca’* channels (31,
59). Some of these channels have been iden-
tified in plant root epidermal cells as well as at
root hair tips (30, 148). They may be activated
by the hyperpolarized membrane potential
induced by K*-deficiency stress. The Ca**
influx mediated by these channels may subse-
quently generate the specific Ca?* signal for
K*-deficiency stress (Figure 1). The increased
cytoplasmic Ca’* could further activate the
endomembrane nonselective cation channels
and lead to Ca** release from the intracellular
Ca’* pool. For example, AtTPCI, as a vacuole-
located SV (slow vacuolar)-type channel, could
also mediate Ca’* release from the vacuole
into the cytoplasm (112). Functional charac-
terization of these Ca’*-permeable channels
to describe their roles in K*-deficiency Ca**
signaling will clearly be an important area in
the study of plant responses to K* deficiency.

ROS Signaling

ROS, as an important signal component,
plays crucial roles in plant stress response,
development, pathogen reaction, and many
other physiological processes (9, 101). Nutri-
ent deprivation—including deficiencies in K,
nitrogen, phosphorus, and sulfur—could also
induce ROS signals in plantroot cells (129, 136,
137). The K*-deficiency-induced ROS signal,
which in Arabidopsis occurs in the discrete re-
gion of the rootjust behind the elongation zone,
can be detected 6 h after K* deficiency begins
and increases within 30 h (Figure 1) (136, 137).
Ithas been reported that ROS generation is me-
diated by various oxidases as well as peroxidases.
A recent study showed that RCI3, a peroxidase
from the type III peroxidase family, is involved
in ROS generation in Arabidopsis root responses
to Kt deficiency (Figure 1) (71). The RCI3-
mediated ROS production is also essential for
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the induction of HAKS gene expression under
K*-deficient conditions (71).

ROS is also important for Ca’* signal
generation in plant cells because it activates
Ca’*-permeable channels (31). In plant root
cells, PM-located NADPH oxidase produces
extracellular ROS, and these additional
ROS molecules directly activate PM-located
Ca**-permeable  channels (ROS-activated
channels) that mediate Ca’* flux into the
cytoplasm (Figure 1) (32, 111). One of the
ROS-activated channels was recently identified
at the molecular level in Arabidopsis root cells
(77). The membrane protein annexin (ANN1)
could form a Ca’*-permeable channel at
the PMs of root hairs and epidermal cells
(Figure 1). The loss-of-function mutant for
ANNI1, Atannl, lacks the hydroxyl radical-
activated Ca?*-permeable conductance, and so
[Ca’*]y elevation is impaired (77).

Ca’* Sensors

It is believed that Ca?* signals should be
perceived by Ca’* sensors, decoded, and
further transduced. Obviously, there must be
different Ca’* sensors in the cytoplasm of
plant cells so that the different Ca’* signals can
be recognized. In higher plants, the proposed
Ca’t sensors are derived mainly from four
gene families: CaM, CML (CaM-like protein)
(171), CBL (calcineurin B-like protein) (73),
and CDPK (Ca**-dependent protein kinase) (54),
which collectively comprise approximately
100 genes in the Arabidopsis genome (20). The
plethora of Ca’* sensors fulfills the need for
specific sensing of diverse Ca** signals. Many
of these Ca’*-binding proteins (Ca’* sensors)
participate in plant responses to environmental
stresses such as high salt, drought, cold, and
heat (20). Some members of the CBL protein
family have been reported to function in plant
responses to Kt deficiency (84, 167).

CBL proteins are similar to both regulatory
calcineurin B subunits and neuronal Ca**
sensors in animals (90). They have been
identified only in higher plants, suggesting
their specific roles in plant signaling processes
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(73). Ten CBL isoforms have been identified
in Arabidopsis, and they display high amino acid
sequence identity, ranging from 20% to 90%
(73), which may resultin functional redundancy
among close members. Each CBL protein
contains four EF hand domains that endow
CBLs with Ca’**-binding capabilities (104).
The first identified CBL proteins involved in
K*-deficiency response were CBL1 and CBL9,
which participate in the positive regulation of
AKT1-mediated K* uptake in Arabidopsis roots
under K*-deficient conditions (Figure 1) (84,
167). Recent data have shown that CBL10
could also regulate AKT1 channel activity but
displays a negative effect on AKT1-mediated
K" uptake (Figure 1) (122a). CBL4 is involved
in the regulation of AKT?2 traffic from the
endoplasmic reticulum to the PM (Figure 1)
(58). Moreover, CBL2 and CBL3 may function
in the regulation of K* transport between
the vacuole and cytoplasm (Figure 1) (87).
Although these Ca’* sensors have been shown
to play a role in the regulation of K™ nutrition,
the mechanisms for how they respond to
specific Ca’* signals remain unclear.

POSTTRANSLATIONAL
REGULATION OF K* CHANNELS

After perceiving K" -deficiency signals, plants
initiate a series of signaling events to modu-
late biochemical and physiological processes.
The accumulated experimental evidence of the
past decade has revealed that K* channels are
modulated at the posttranslational level under
K*-deficiency stress. Modulation of K* chan-
nel proteins may result in enhancement of K*
uptake from the environment or mobilization
of K* ions from the K* pool (vacuoles), which
may help plants adapt to K" -deficiency stress.

CBL-CIPK Complexes

The CBL proteins are considered major
Ca’* sensors involved in the perception and
transduction of K*-deficiency-induced Ca**
signals in plant cells (84, 167). Many studies
have demonstrated that they interact exclu-

sively with a group of serine/threonine kinases
called CIPK (CBL-interacting protein kinase)
proteins, which are similar to SNF (sucrose
nonfermenting) protein kinases in yeast and
animals (3, 135, 160). The interaction between
CBLs and CIPKs requires the presence of Ca**
ions (135). By forming CBL-CIPK complexes,
the Ca’* signals are transduced to downstream
target proteins by CIPK-facilitated phosphor-
ylation. In Arabidopsis, 10 CBLs and 26 CIPKs
constitute a diverse and complicated interacting
network for the plant Ca’* signaling system (3,
89, 160). Owing to the specificity and overlap
of CBL-CIPK interactions, CBLs and CIPKs
display broad functional redundancy (3). Sev-
eral CBL-CIPK signaling pathways function in
plant responses to various abiotic stresses, such
as excess salt, high or low pH, and nutrient
deprivation (43, 61, 69, 84, 119, 120, 167).

Xu et al. (167) showed that the CBL-CIPK
complex participates in the regulation of plant
K* uptake under K*-deficiency stress. CBL1
and/or CBLY interact with CIPK23 and recruit
it to the root cell PM, where it phosphorylates
the K* channel AKT1 (Figure 1) (84, 167).
CIPK23 transcription can be induced by K*-
deficiency stress (Figure 1) (167), suggesting
that CIPK23 activity and subsequent AKT1
phosphorylation could be enhanced. Eventu-
ally, Kt uptake mediated by AKT1 channels is
enhanced under K*-deficient conditions (167).
Another CBL protein, CBL10, was recently
identified as a negative regulator of the AKT1
channel (Figure 1) (122a). CBL10 interacts
directly with the AKT1 channel and inhibits
AKT1-mediated K* flux into the cytoplasm.
This finding suggests a novel regulatory mech-
anism of CBL proteins—that they may directly
regulate target proteins in a CIPK-independent
manner. The CBL4-CIPK6 complex was also
found to be involved in the regulation of
another Shaker K* channel, AK'T?2, although
the phosphorylation of AKT2 by CIPK6 was
not observed (58). The CBL4-CIPK6 complex
enhances AKT2-mediated K* currents by
facilitating the translocation of AKT2 chan-
nels from the endoplasmic reticulum to the
PM in a kinase-interaction-dependent but
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phosphorylation-independent way (Figure 1)
(58).

Recent experimental results have shown that
another CBL-CIPK complex, CBL3-CIPKO9,
functions in the tonoplast and may regulate
K" transport between the cytoplasm and the
vacuole (Figure 1) (87). CIPK9 is the CIPK
family member closest to CIPK23, and CIPK9
loss of function results in a phenotype toler-
ant of K™ -deficient conditions (87); the overex-
pressing line of CIPKY, in contrast, is sensitive
to K*-deficiency stress. These results suggest
that CBL3-CIPK9 may modulate a tonoplast-
located K* channel or transporter and act as a
negative regulator to control K* transport from
the vacuole to the cytoplasm, especially under
K+ -deficient conditions (87, 109).

Most of these CBL-CIPK pathways regulate
the activities of ion channels or transporters at
the PM or tonoplast. Localization analysis has
indicated that most of the CBL proteins tar-
get to the PM (CBL1/4/5/9/10) or tonoplast
(CBL2/3/6), with the exceptions of CBL7 and
CBLS (17). The CIPK proteins, in contrast, do
notshow specific localization, and most of them
exhibit cytoplasmic and nucleoplasmic localiza-
tion (17). CBLs seem to play a crucial role in
determining the specific subcellular localization
of CBL-CIPK complexes. By interacting with
CBLs, CIPK proteins may be recruited to dif-
ferent membranes. It is plausible that more ion
channels or transporters are being regulated by
CBL-CIPK complexes and that CBL-CIPK-
mediated signaling mechanisms play a crucial
role in ion homeostasis in plant cells.

Phosphorylation and
Dephosphorylation of K™ Channels

More and more evidence supports the idea
that the activities of plant ion channels and
transporters are significantly regulated by
phosphorylation (49, 61, 84, 120, 167) and
dephosphorylation (26, 80). In Arabidopsis,
the AKT1 channel is phosphorylated by the
serine/threonine kinase CIPK23, which en-
hances the K* uptake activity of AKT1 under
K*-deficient conditions (84, 167). The phos-
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phorylated AKT1 could be dephosphorylated
by the 2C-type protein phosphatase (PP2C)
AIP1 (AKT1-interacting PP2C 1), resulting
in the inhibition of AKT1 activity (Figure 1)
(80). It has been suggested that the kinase
CIPK23 and phosphatase AIP1 both interact
with AKTI1, forming a molecular complex
to regulate AKT1 activity by switching its
phosphorylation status (80).

Another Shaker K channel, AKT?2, is also
regulated by phosphorylation and dephospho-
rylation (26). The phosphorylation status of
AKT?2 is crucial for its channel activity and
physiological function in plant cells (44, 99).
The modification of AK'T2 by phosphorylation
significantly regulates AK'T2 function in K*t
circulation in the phloem, which serves as
a “K" battery” and assists the H"-ATPase
in energizing transmembrane transport (44).
Unfortunately, the protein kinase(s) that may
phosphorylate AKT?2 channels have not been
identified at the molecular level. However,
AtPP2CA does interact with AKT2 and
inhibit AKT?2-mediated K* currents by direct
dephosphorylation of AKT?2 (Figure 1) (26).
Phosphorylation and dephosphorylation of K*
channel proteins are clearly important mech-
anisms for the regulation of K* uptake and
translocation in plant cells, and may also benefit
plant adaptation to K*-deficiency stress.

Other Regulatory Proteins
of K™ Channels

Studies in animals have shown that different
K* channel subunits from the same subfamily
can assemble and form heterotetrameric
channels that exhibit new channel properties,
apparently different from those of homotet-
rameric channels (106). The plant Shaker K*
channels show high structural similarity with
animal K* channels, indicating that a similar
heterotetramerization might also exist in plant
cells. Structural analysis shows that in plant
cells the C-terminal regions of plant Shaker
K* channels seem to assist channels to form
functional heterotetramers (29, 37). Early
studies indicated that plant Shaker «-subunits
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from different tissues, species, and subfamilies
could assemble indiscriminately and form
heterotetrameric K* channels with diverse
characteristics (35, 166). The best-investigated
heterotetrameric channel in plant cells is the
AKT1-AtKC1 complex in Arabidopsis. AtKC1
itself could not form a functional homotet-
rameric K* channel (122), but it acts as a
general regulatory «-subunit that negatively
modulates many inward Shaker K* channels,
including AKT1, AKT2, KATI, and KAT?2
(36, 48, 67, 154). AtKCl1 interacts with AKT1
to form an AKTI1-AtKC1 heterotetrameric
K* channel, and it inhibits AKT1-mediated
K™ currents by negatively shifting the voltage
dependence of the AKT1 channel (Figure 1)
(36, 48, 154). This negative regulation may
limit AK'T1-mediated K leakage in Arabidopsis
roots under K*-deficient conditions (48, 154).

Because many plant K™ channels harbor reg-
ulatory domains in the cytoplasm, they could be
modulated by various cytoplasmic regulatory
components, such as trafficking proteins (64,
142), 14-3-3 proteins (78, 140), and K* chan-
nel B-subunits (169). SYP121 is an identified
SNARE protein that mediates the traffic and
positional anchoring of K* channels to the PM
(142). It preferentially interacts with the AtKC1
channel rather than AKT1 and promotes the
gating of the AKT1 channel, suggesting that it
playsarole in regulating K+ uptake in Arabidop-
sis roots (Figure 1) (64). The 14-3-3 proteins
are also involved in regulating K* channel ac-
tivities in plant cells. Sottocornola et al. (140)
revealed that the maize 14-3-3 protein GF14-6
can directly interact with the Arabidopsis KAT1
channel and that it increases KAT1-mediated
K™ currents in vitro by shifting the channel ac-
tivation voltage to a more positive direction. A
similar activation by 14-3-3 proteins was also
observed in the tonoplast. In Arabidopsis, the
14-3-3 protein GRF6 interacts with TPK1, an
important K channel, in the tonoplast and
strongly enhances TPKI activities (Figure 1)
(78).

In addition, plant Shaker K* channels pos-
sess three main regulatory domains—CNBD
(putative cyclic nucleotide-binding domain),

Anky (ankyrin domain), and KHA (domain
rich in hydrophobic and acidic residues)—that
function in cyclic nucleotide binding, subunit
tetramerization, and interaction with regula-
tory proteins (45, 149). Investigations of the
AKT1 channel have indicated that AK'T'1 could
be modulated by several regulatory proteins
(36, 48, 122a, 154, 167). Thus, the identifi-
cation and characterization of more plant K*
channel regulatory proteins would increase
our understanding of regulatory mechanisms
of plant responses to K*-deficiency stress.

TRANSCRIPTIONAL
REGULATION IN PLANT
RESPONSES TO K" DEFICIENCY

Transcriptional regulation has been widely
investigated in plant responses to environ-
mental stimuli. A number of marker genes
for responses to specific stresses have been
characterized. Transcriptomic analyses of plant
responses to nutrient deficiencies have been
performed using microarray technology, which
provides the genome-wide gene expression
profiles for the study of transcriptional regula-
tion in plant responses to nutrient deficiencies.
Previous transcriptomic data revealed that
many genes are transcriptionally regulated by
phosphorus and nitrogen deprivation (153,
162). Under K*-deficient conditions, some
K*-related genes—including those encoding
K* transporters, regulatory factors, and sig-
naling components—are also regulated at the
transcriptional level (11, 51, 91).

K* Transporter Genes

Investigations of plant responses to nutrient
deficiencies (e.g., deficiencies in K*, nitrogen,
phosphorus, or sulfur) have indicated that the
transcription of many ion transporter genes
is significantly induced when the substrate
concentration in the growing medium is sig-
nificantly decreased, and such a transcriptional
induction may eventually enhance nutrient
absorption from the external environment (6).
Transcriptional analysis has revealed that many
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‘Transcriptional regulation of K -deficiency-responsive genes in Arabidopsis.
K* deficiency induces transcriptional changes in many functional genes related
to signaling components, including phytohormones (11, 137), ROS generation
(71, 137), K* transporters (2, 24, 51, 70, 137, 170), Ca’>* signals and sensors
(11, 91), and other transcriptional factors (72, 137). Some ethylene-related
genes are induced by K™ deficiency, which leads to ethylene accumulation
(137). Ethylene, as an important signal molecule in plant responses to K+
deficiency, stimulates ROS generation and root morphological changes (68).
The K*-deficiency-induced genes RHD2 and RCI3 encode enzymes for ROS
generation (71, 137), which involves the transcriptional regulation of the K™
transporter gene HAKS (71, 72). Some regulatory factors of K* channels (such
as CIPK23) are also transcriptionally regulated by K™ deficiency (25, 122a, 137,
167).

K transporter genes, rather than K+ channel
genes, respond to K'-deficient conditions. It
has been hypothesized that the K* transporters
are regulated primarily at the transcriptional
level, whereas K* channels are regulated
primarily at the posttranslational level.

In Arabidopsis, the transcription of some
K* transporter genes—including AtHAKS,
AtKEAS, AtKUP3, AtCHX13, and AtCHX17—
is induced by K* deficiency (Figure 2) (2, 24,
50,70, 137, 170). Among these genes, AtHAKS
shows remarkable transcriptional induction
by K* deficiency, and is also regarded as the
marker gene in Arabidopsis response to K*
deficiency (51, 137). The increase of AtHAKS
transcription under K*-deficient conditions is
also dependent on the ROS signal generation
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and transcription factor RAP2.11 (Figure 2)
(68, 71, 72, 137). Notably, the K* transporters
from the HAK gene family seem to be the major
components whose transcription is induced
under K*-deficient conditions. The AtHAKS
homologs from other plant species, such as
LeHAKS (156), HvHAKI (127), CaHAKI
(96), and OsHAKI (14), all respond to K*
deficiency. Although few K* channel genes are
transcriptionally regulated by K* deficiency,
a Shaker K* channel from wheat TuAKT1I is
induced by K deficiency (22).

K* Channel Regulator Genes

Unlike AtHAKS, AKTI transcription is not
induced by K' deficiency (114). However,
CIPK23, which encodes the positive regula-
tor of the AKT1 channel (as described above),
showed significant transcriptional change un-
der K*-deficiency stress (Figure 2) (25, 167).
In addition, CBLI0, which encodes a nega-
tive regulator of the AKT1 channel, showed
transcriptional inhibition under K*-deficiency
stress (Figure 2) (122a). Interestingly, another
gene that encodes an AKT1 negative regu-
lator, AtKC1, is induced by K* deficiency at
the transcriptional level (Figure 2) (137). A
K*-deficiency-induced increase of AtKC1 tran-
scription may subsequently increase AtKCl1
activity, which negatively shifts the voltage
dependence of AKT1 channels and reduces
KT leakage through AK'T'1 under K*-deficient
conditions (48, 154). These results suggest
that the transcriptional regulation may be a
more important mechanism for AKT1 regula-
tor genes than AKTT itself.

Other K*-Deficiency-Responsive
Genes

ROS, Ca’*, ethylene, and jasmonic acid have
been considered the major signals in plant
responses to K'-deficiency stress (11, 129,
137). Transcriptomic analysis has revealed that
a series of genes related to ROS metabolism,
Ca’t signal perception, and ethylene and
jasmonic acid

synthesis are significantly
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induced by K7t deficiency. In Arabidopsis,
the NADPH oxidase gene RHD2 and the
peroxidase gene RCI3, which are involved in
ROS generation, are significantly upregulated
following K* deprivation (Figure 2) (71, 137).
Furthermore, the induction of these two genes
is required for the transcriptional regulation
of a series of ROS-dependent genes in plant
responses to K* deficiency (71, 137). However,
in 7hd2 mutant plants that lack ROS produc-
tion, many K*-deficiency-induced genes, such
as WRKYY9 and AtHAKS, are no longer upreg-
ulated following K*-deficiency stress (137).
In addition, two ethylene-synthesis-related
genes—those encoding the AP2 transcription
factor and ACC oxidase—are also induced
under KT'-deficient conditions in wild-type
plants but not in 7hd2 mutant plants (Figure
2) (137). These results suggest that both ROS
and ethylene are involved in plant responses
to K*-deficiency stress and that ethylene may
be the upstream signal of ROS generation
(Figure 2) (68).
The genes related to jasmonic acid
biosynthesis—such as those encoding the
jasmonic biosynthetic enzymes lipoxyge-
nase, allene oxide synthase, and allene oxide
cyclase—are also significantly induced by
K" deficiency but quickly reduced after K*
resupply, suggesting jasmonic acid’s prominent
role in plant signaling in response to K*t
deficiency (Figure 2) (11). Plant Ca®* sensors,
including many CzM and CML genes, are
regarded as important K*-responsive genes,
and their transcription is also induced under
K*-deficient conditions (Figure 2) (11, 91).
These transcriptionally regulated genes may
participate in perceiving and transducing
K*-deficiency signals and play a role in plant
adaptation to K*-deficiency stress (11, 137).

ROOT GROWTH UNDER
K*-DEFICIENT CONDITIONS

K" is considered the main osmotic cation in
plantroot cells, and it generates turgor pressure
for cell expansion in the elongation zone of

plant roots (34). K* deficiency significantly
affects root growth and root architecture,
including inhibiting primary root growth and
stimulating root hair elongation (68, 146).
More and more data have revealed that the root
morphology under K*-deficient conditions
is significantly dependent on external ammo-
nium (NH4%) concentration and regulated by
phytohormones such as ethylene and auxin.

Root Growth and NH4*

NH4* can be utilized as an important nitrogen
source for higher plants. However, high NH4*
concentrations in the environment may gener-
ate toxicity and dramatically repress plant root
growth (23). This repression is pronounced
when the available K* in the external medium is
reduced but reverses when the K* is resupplied
(Figure 3) (23, 167). It is likely that the NH4*
inhibition of root growth is due to competition
and interference with K* uptake in plant root
cells. NH4" and K* ions have similar proper-
ties in terms of hydrated ion diameter, charge
value, and hydration energy, which causes
the absorption interference of these two ions
(143, 145).

In higher plants, the NH;* uptake is
mediated mainly by NH4"
(Figure 3) (168). However, some K' trans-
porters and channels—such as AKTI,
AtHAKS, and HVHKT2.1—are also perme-
able to NHy™ (145). As the external NHy*
concentration increases, the K* uptake is
competitively inhibited by NH4" absorption
via these Kt transporters and channels (145).
It should be noted that AKT1-like K* chan-
nels are insensitive to high external NH4*

transporters

concentrations, whereas the K* transporters,
such as AtHAKS5, HvHAKI1, and CaHAKI,
are considered NH4*-sensitive components
whose K* transport activities are inhibited
by external NH4" (Figure 3) (96, 126, 141).
Furthermore, the transcriptional induction
of K" transporter genes by Kt-deficiency
stress is also impaired in the presence of
NH4* (96, 118). It seems that a high NH4™*
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Root growth regulation by NH4" and phytohormones in Arabidopsis responses
to K™ deficiency. Under K*-deficient conditions, external NHy ™
competitively inhibits the Kt uptake mediated by the NH4 " -sensitive K*
transporter HAKS, but does not inhibit the NH4 " -insensitive inward K+
channel AKT1 (96, 126, 141, 145). Meanwhile, the NH4 ™ is absorbed directly
into plant cells by NH4* transporters and inhibits the primary root growth (23,
146, 168). Ethylene is induced by K*-deficiency stress (137) and enhances
auxin transport toward roots by increasing PIN3 and PIN7 transcription in the
central cylinder, resulting in auxin accumulation in the meristematic zone
(103). At the root tip, ethylene enhances auxin transport from the root apex to
the elongation zone by increasing PIN2 and AUX1I transcription (103).
Eventually, the accumulated auxin in the elongation zone reduces the primary
root elongation but stimulates the root hair initiation and elongation.

concentration could inhibit both K* trans-
porter activity and transcription under
K" -deficient conditions.

Root Growth and Phytohormones

The phytohormones have been proposed to
participate in plant root morphology under
K*-deficient conditions. It is interesting that
the addition of ethylene or auxin to the external
medium leads to the inhibition of plant primary
root growth and root hair elongation and that
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such a phenotype change is very similar to the
phenotype change observed in K*-deficient
plants (68, 103). This phenomenon indicates
that ethylene and auxin may participate in
the root morphology regulation under K*-
deficient conditions. Ethylene is the initial
responsive phytohormone to K* deficiency,
and its content is significantly increased only
6 h after K* deficiency begins (Figure 3)
(137). That several genes related to ethylene
generation are significantly induced by K%
deficiency is consistent with this finding (137).
Moreover, the phenotype changes in primary
root growth and root hair elongation are
also observed in ethylene-treated plants and
in constitutive ethylene response mutants
(68, 116), and the inhibition of primary root
growth by K* deficiency is relieved in etr] and
ein2 mutant plants (68). These results suggest
that the root morphology under K*-deficient
conditions requires the ethylene signaling
pathway and depends on ETR1 and EIN2 (68).

The inhibition of primary root growth by
K™ deficiency can be reversed in auxin-resistant
mutants, indicating that auxin is another im-
portant phytohormone involved in the regu-
lation of root architecture under K*-deficient
conditions (23). The detection of DRS:GUS ex-
pression in roots shows that auxin accumulates
in central cylinder cells in the distal elonga-
tion zone following K* deprivation (150). This
auxin redistribution under K*-deficient condi-
tions is likely caused by the alteration of auxin
transport, which requires TRH1, a putative K+
transporter belonging to the KUP/HAK/KT
family (150). Recent studies have revealed that
ethylene and auxin may function together,
forming auxin-ethylene crosstalk, and syner-
gistically or antagonistically control plant root
growth and development (103). Ethylene could
enhance auxin synthesis and transport in plant
roots so that the accumulated auxin in the
elongation zone reduces primary root growth
but stimulates root hair elongation (Figure 3)
(103). One may further hypothesize that ethy-
lene acts as an upstream component of the auxin
signaling pathway in plant responses to K* de-
ficiency. The ethylene signal initially induced
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by K* deficiency regulates auxin synthesis and
distribution.

CROSSTALK BETWEEN K+ AND
OTHER MINERAL NUTRIENTS

Studies on signaling in plant responses to
nutrient deficiencies have shown that different
nutrient deficiencies may induce the same
signaling component (such as ROS) at the early
stage of nutrient deficiency (129, 136). ROS
signal elevation is always observed in plant
roots when plants are subjected to different
nutrient deficiencies (e.g., deficiencies in K*,
nitrogen, phosphorus, or sulfur) (129, 136).
In addition, many nutrition-related genes are
always induced by deprivation of different
nutrients (136). These results indicate that
crosstalk may exist among different signaling
pathways for plant responses to different
nutrient deficiencies.

Recentinvestigations have indicated that K*
nutrient signaling has a close relationship with
nitrogen nutrition at both the transcriptional
and posttranslational levels (Figure 4) (146).
In Arabidopsis, K deficiency not only induces
the expression of K* transporter genes but also
alters the transcription of NO;~ transporter
genes. Several NO; ™ transporter genes, includ-
ing NRT1.5, NRT2.1, NRT2.3, and NRT2.6,
are downregulated in plant roots under K*-
deficient conditions, but normal transcription
quickly resumes after K* resupply (Figure 4)
(11, 85). NRT2.1 is a high-affinity transporter
involved in NO;~ uptake in roots (86), and
NRT1.5 is responsible for NO; ™ loading from
pericycle cells into the xylem (85). Interestingly,
K* translocation from roots to shoots is re-
duced in n7t]l.5 mutants (85). These findings
suggest that NO;~ uptake and transport may
somehow relate to K* supply levels and that K*
transport in plants is also dependent on NO;~
transport (85).

Studies on the posttranslational regulation
of Kt channels and NO; ™~ transporters have
indicated that they might share the same (or
a similar) regulatory mechanism. The protein
kinase CIPK23, a positive regulator of the Kt

K+
deficiency

NO3
deficiency

A~

| CIPK23 |

| HAKS |

| AKT1 |
K* K* NO; NO;
uptake translocation uptake translocation

Figure 4

Schematic model of the crosstalk between KT and nitrogen signaling in
Arabidopsis responses to K and nitrogen deficiencies. The K* transporter
HAKS and K™ channel AKT1 play a major role in K™ uptake in Arabidopsis
roots (51, 60, 76, 117), and the NO3 ~ transporters CHL1 and NRT?2.1
function in NO3; ™ uptake (61, 86). The K channel SKOR and NO3; ~
transporter NRT'1.5 regulate the root-to-shoot translocation of K and
NOj3; ™, respectively (47, 85). K* deficiency enhances HAKS and CIPK23
transcription (25, 50, 137, 167) but reduces NRT2.1 and NRT1.5 transcription
(11, 85). NH4 ™ inhibits HAKS transcription under K™ -deficient conditions
(96, 118). Nitrogen deficiency induces NRT2.1 and NRT1.5 transcription but
downregulates CHLI expression (82, 85). The increased CIPK23 regulates
activities of both AKT'1 and CHL1 by phosphorylation, which coordinately
modulates K+ uptake and NO; ™ uptake (61, 167). NRT1.5-mediated NO3 ~
translocation also affects the root-to-shoot K translocation that may be
conducted by SKOR channels (85).

channel AKT1, modulates the activity of the
NO;~ transporter CHL1 (Figure 4) (61, 167).
The K* transport activity of the AKT1 chan-
nel is activated by CIPK23 via phosphoryla-
tion, so that the AK'T'1-mediated K* uptake is
enhanced under K*-deficient conditions (167).
Similarly, after phosphorylation by CIPK23,
CHL1 shifts to the high-affinity mode and me-
diates NO;~ uptake under low-NO;~ condi-
tions (61). CIPK23 may act as an important
node of the plant nutrient regulatory network
and simultaneously control the uptake of both
K* and NO;~ (61).

The importance of coregulating K* and ni-
trogen nutrition is clearly to maintain the bal-
ance of K* and NO;~ uptake, translocation,
and metabolic processes in plants. K™ defi-
ciency inhibits the activities of pyruvate kinase
and NOj; ™~ reductase, consequently decreasing
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the carbon flux into the TCA cycle and reduc-
ing amino acids in plant roots, respectively (12).
However, the GS/GOGAT/GDH cycle activ-
ity in roots is enhanced after K* deprivation,
which maintains carbon flux into amino acids in
the face of reduced glycolysis (12). This coreg-
ulation of Kt and nitrogen nutrition may also
function in the balance of carbon and nitrogen
metabolism and modulate the carbon/nitrogen
ratio in amino acids under K¥-deficient
conditions (12).

CONCLUSIONS AND FUTURE
CHALLENGES

This review summarizes the most recent find-
ings in plant signaling and transport regulation
in response to K™ deficiency. Because of space
limitations, we have focused on the components
involved in the regulation of K* uptake in roots
as well as K* translocation from root to shoot.
Other research fields closely related to K* sig-
naling, such as the regulation of stomatal move-
ment (110, 138, 157) and pollen tube growth
(63, 88, 98), have also made great progress and
are facing similar challenges.

The extensive genomic, molecular ge-
netic, and physiological studies of the past
two decades have shed light on the signal-
ing mechanisms and transport regulation of
plant responses to K* deficiency. Many K*
transporters and channels in higher plants—
especially Arabidopsis—have been cloned, and
some have been functionally characterized.
These K* transporters and channels are re-
garded not only as the major components of
K" uptake and translocation but also as po-
tential Kt sensors for plant responses to K*

SUMMARY POINTS

deficiency. However, the functions and regula-
tory mechanisms of many K* transporters and
channels remain unknown. Thus, future inves-
tigations should give attention to further func-
tional characterization of these channels and
transporters and to the regulatory mechanisms
of these components. Analyzing the coordina-
tion among various channels and transporters
is also an important task, one that would bene-
fit our understanding of the complex signaling
network for plant responses to K™ deficiency.

Comprehensive study of the regulatory
mechanisms of Kt transporters and channels
is another important issue. Activities of K*
channels and transporters can be modulated at
transcriptional and/or posttranslational stages
following the perception of K*-deficiency
signals. Previous studies have shown that many
signaling components, such as Ca’>*, ROS, and
phytohormones, are involved in plant signaling
responses to K* deficiency. Thus, how to
integrate these different signaling pathways
into a comprehensive network needs extensive
further investigation.

K*, as an essential mineral nutrient for plant
growth and development, is a key factor in
crop yield and quality. Studying the regulatory
mechanisms of plant responses to K™ deficiency
may therefore lead to improvements in crop K*
utilization efficiency (KUE). However, most of
the work in this field has used Arabidopsis; thus,
an important future issue is how to transfer this
knowledge of Arabidopsis to crop species. Faced
with the challenges of the worldwide food sup-
ply, this work is expected to generate genetically
modified crops with improved KUE, although
there are many questions to be answered before
moving to practice in farmland.

1. Plant K* transporters and channels are encoded by several gene families and differ in

their energetic coupling, affinity, and selectivity for K™ ions.

2. The Shaker K* channel AKT1 and KUP/HAK/KT transporter HAKS are expressed
primarily in Arabidopsis roots and mediate most of the plant K* absorption from the

external environment.
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. Transcriptional and posttranslational regulation of K* transporters and channels are

major molecular mechanisms for K* transport and signaling in plant cells.

. Ca’*, ROS, and phytohormone signals are involved in plant signaling in response to

K*-deficiency stress. ROS regulates Ca’* signal generation, and ethylene may regulate
ROS generation.

. The CBL-CIPK pathways play crucial roles in the perception of K*-deficiency-induced

Ca’* signals and the regulation of K* channels or transporters at the posttranslational
level.

. Ethylene may act as an important signal molecule in plant responses to K* deficiency and

may be involved in ROS generation and root morphological changes under K*-deficient
conditions.

. Changesin root morphology under K* -deficiency stress are dependent on external NH, *

and regulated by ethylene and auxin.

. K* nutrient signaling shows crosstalk and coregulation with nitrogen signaling in plant

cells at both transcriptional and posttranslational levels.
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