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As an essential macronutrient, potassium (K+) plays crucial

roles in diverse physiological processes during plant growth

and development. The K+ concentration in soils is relatively low

and fluctuating. Plants are able to perceive external K+ changes

and generate chemical and physical signals in plant cells. The

signals can be transducted across the plasma membrane and

into the cytosol, and eventually regulates the downstream

targets, particularly K+ channels and transporters. As a result,

K+ homeostasis in plant cells is modulated, which facilitates

plant adaptation to K+ deficient conditions. This minireview

focuses on the latest research progress in the diverse functions

of K+ channels and transporters as well as their regulatory

mechanisms in plant response to low-K+ stress.
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Introduction
Potassium (K+) is one of the essential macronutrients for

plant growth and development. In living plant cells, K+ is

involved in many physiological processes, such as osmo-

regulation, enzyme activation, electrical neutralization,

and membrane potential maintenance [1]. As an impor-

tant inorganic osmolyte, K+ regulates turgor pressure of

plant cells, which controls stomata movement and pollen

tube growth [2,3]. K+ also regulates photosynthesis and

subsequent carbohydrate translocation and metabolism,

and consequently determines crop yield and quality [4].

In addition, sufficient K+ supply can enhance the toler-

ance of crop plants to various biotic and abiotic (e.g. salt

and drought) stresses [5]. However, K+ deficiency in most

arable fields has restricted the sustainable development of

agriculture production [6]. Facing this challenge, the
www.sciencedirect.com 
genetic improvement of crop K+ utilization efficiency

(KUE) is urgently expected, which requires a thorough

investigation on the molecular mechanisms of plant

responses to K+ deficiency.

The K+ uptake by plant root cells as well as K+ transport

inside plants are conducted by a large number of K+

channels and transporters [7,8]. Thus, investigation on

identification and functional characterization of K+ chan-

nels and transporters as well as their regulatory mecha-

nisms has been the focus in this area for the last decade.

Functional identification of potassium
transporters
In recent years, many novel K+ transporters have been

functionally identified. They regulate K+ transport and

ion homeostasis in plant cells and exhibit diverse physio-

logical functions in K+ uptake, photosynthesis, organ

development, reproduction, and stress tolerance.

The K+ transporters from the HAK/KUP/KT family are

crucial for K+ transport and plant development [8]. A recent

report showed that AtKUP7 is involved in K+ uptake in

Arabidopsis root [9] (Figure 1). AtKUP7 may be an alterna-

tivesystem involved inK+uptake besides AtAKT1channel

and AtHAK5 transporter that are two major K+ uptake

components in Arabidopsis root [10]. The affinity of

AtKUP7 for K+ transport (about 50–200 mM) is lower than

that of AtHAK5 (about 10–20 mM). In addition, AtKUP7

may also mediate K+ transport into the xylem and subse-

quently K+ translocation to shoot [9] (Figure 1).

In rice, three HAK/KUP/KT K+ transporters, OsHAK1/5/21,
were characterized. These transporters all participate in K+

acquisition in rice root, but they operate at different external

K+ conditions [11–13]. OsHAK5 functions in rice K+ uptake

at lowK+supply level (below0.3  mM),andisalso involved in

the K+ transport from root to shoot in the K+-deficient rice

plants [11]. Comparatively, OsHAK1 regulates the K+-medi-

ated rice growth within a wide range of K+ concentrations

(0.05–1 mM) [12]. OsHAK21 shows a low-affinity K+ trans-

port activity when characterized in yeast, but mediates high-

affinity K+uptake in Arabidopsis [13]. In addition, OsHAK1/5/
21 all contribute to rice tolerance to salt stress by maintaining

K+/Na+ homeostasis [11–13].

Previous studies have indicated that many CHX (cation/H+

exchanger) members act as K+ transporters (K+/H+

exchanger), and play roles in pH homeostasis [14]. In

Arabidopsis, AtCHX14 functions as a PM-located K+-efflux
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Figure 1
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Signal transduction and ion transporter regulation in Arabidopsis responses to low-K+ stress. Plants are able to perceive external low-K+ stress

and generate low-K+ signals in plant cells. The signals (Ca2+, ROS, phytohormones, etc.) can be transducted in cytosol, and eventually regulate

the downstream targets (particularly K+ channels and transporters) at transcriptional and posttranslational levels. The “P” represents

phosphorylation, and the red “X” indicates inhibition effect. See text for the detail information.
transporter and modulates K+ homeostasis and K+ recircu-

lation [15]. AtCHX17 is a K+-influx transporter localized to

prevacuolar compartment, vacuole and the PM in root.

AtCHX17 together with AtCHX16/18/19 is required for

reproduction and seed development [16]. In rice,

OsCHX14 is localized to the ER, and may be involved

in the K+homeostasis during flowering in rice [17]. A recent

report showed that a PM-located cation-chloride cotran-

sporter (OsCCC1) is able to transport K+, and is involved in

cell elongation in rice by maintaining ion homeostasis [18].

It has been known for decades that K+ plays essential role

in photosynthesis, and determines crop yield and grain

quality [5,19]. However, little is known about the molec-

ular identification of the K+ transporters involved in

photosynthetic regulation. The recent studies revealed

the essential roles of three K+-efflux antiporters AtKEA1/

2/3 in photosynthetic regulation and early chloroplast

development in Arabidopsis. AtKEA1 and AtKEA2 are

located at the inner envelope membrane of chloroplasts,

while AtKEA3 localizes to the thylakoid membrane [20].
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Both chloroplast development and photosynthesis rate

were significantly impaired in the atkea1,2,3 triple

mutant, resulting in stunted growth of mutant plants

[20,21]. AtKEA1 and AtKEA2 exhibit polar distribution

in small and dividing plastids, which regulates chloroplast

development [22]. AtKEA3, as an H+/K+ antiporter, med-

iates H+ efflux from the thylakoid lumen to the stroma

through H+/K+ exchange and regulates proton motive

force (pmf) across the thylakoid membranes, and conse-

quently regulates photosynthesis as well as photosyn-

thetic acclimation in fluctuating light environments

[23�,24].

Low potassium signal sensing and
transduction
Plants can sense low-K+ stress and generate certain signal

molecules in plant cells. The signals can be transducted

and subsequently trigger downstream responses, and

eventually facilitate the plant adaptions to K+-deficient

conditions [7]. Some signal molecules, including Ca2+,

ROS, phytohormones, microRNAs, etc., have been
www.sciencedirect.com
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proposed to be involved in plant responses to low-K+

stress (Figure 1).

Early studies uncovered a K+ uptake regulatory pathway

in plant response to low-K+ stress, in which the Ca2+

sensors AtCBL1 and AtCBL9 activate their interacting

kinase AtCIPK23 that phosphorylates and thereby acti-

vates the K+ channel AtAKT1 [25]. It was hypothesized

that Ca2+ signal should be involved in the signaling of

plant response to low-K+ stress [25]. Recently, by using

the Ca2+ reporter YC3.6, the low-K+ induced Ca2+ signal

was observed [26�]. The K+ deficiency triggers two suc-

cessive and distinct Ca2+ signals exhibiting spatial and

temporal specificity in Arabidopsis root. The low-K+

induced Ca2+ signal may be decoded by AtCBL1/9,

and then regulate the Ca2+-dependent activation of

AtAKT1 channel [26�] (Figure 1). Another study showed

that nitric oxide (NO) represses AtAKT1-mediated K+

uptake by modulating vitamin B6 biosynthesis, especially

during salt stress response [27].

ROS was reported as an important signal that plays roles

in root response to low-K+ stress and regulates the tran-

scription of AtHAK5 [28,29] (Figure 1). However, the

roles of ROS-related components such as respiratory burst

oxidase homologs (RBOHs) in low-K+ response are little

known.

Previous studies revealed that some phytohormones (eth-

ylene, auxin, cytokinin and jasmonic acid) are involved in

the signal transduction of plant response to low-K+ stress.

Low-K+ induced ethylene signal regulates AtHAK5 tran-

scription and root growth through ROS signaling [30]. By

modulating the localization of the auxin transporter

AtPIN1, the K+ transporter AtTRH1/AtKUP4 plays

important roles in the regulation of K+-dependent root

architecture [31,32]. Low-K+ stress results in a decrease of

cytokinin level, which may stimulate ROS accumulation,

root hair growth, and AtHAK5 expression [33]. A more

recent study showed that the expression of a K+ trans-

porter gene (OsCHX14) involved in K+ homeostasis in rice

flower is regulated by jasmonic acid signaling [17]. Taken

together, these phytohormone signaling may constitute a

regulatory network and synergistically control root archi-

tecture and K+ transporter expression under low-K+

conditions.

An increasing number of reports have suggested the

essential roles of microRNAs (miRNAs) in plant response

to various nutrient deficiencies. Compared with the

miRNA studies in other nutrient (N, P, S, and Cu)

deficiencies, the investigation on K+ deficiency is lagging

[34,35]. A recent study showed that OsmiR399 is involved

in rice response to multiple nutrient deficiencies by

regulating multiple nutrient absorption [34]. OsmiR399

could also be induced by low-K+ stress and represses its

downstream target LTN1/OsPHO2, which subsequently
www.sciencedirect.com 
up-regulates the transcription of K+ transporter OsHAK25
[34].

Transcriptional regulation of potassium
transporters
Transcriptional regulation of K+ transporter genes is one

of the important mechanisms in plant response to low-K+

stress [7]. In general, K+ transporter genes are transcrip-

tionally up-regulated under low-K+ stress. Recent reports

showed that the transcriptions of both OsHAK1 and

OsHAK5 are induced by K+ deficiency, so that K+ uptake

in rice root is enhanced [11,12]. In Arabidopsis, AtHAK5 is

considered as the most prominent gene induced by low-

K+ stress [36]. The analysis of AtHAK5 promoter sug-

gested that there may exist multiple transcription factors

regulating AtHAK5 expression [37]. A recent research

revealed the crucial role of transcription factor AtARF2

in regulating AtHAK5 expression [38��] (Figure 1). Under

K+ sufficient conditions, AtARF2 binds to the AtHAK5
promoter and represses its transcription. Under low-K+

stress, AtARF2 is rapidly phosphorylated and removed

from AtHAK5 promoter, and the repression on HAK5
transcription is relieved [38��].

Posttranslational regulation of potassium
transporters and channels
A growing number of reports showed that posttransla-

tional regulation is important for both K+ channels and

transporters. Phosphorylation of K+ channel and trans-

porter proteins appears to be the most important way to

regulate their function.

After the early study in AtAKT1 regulation by AtCBL1/9-

AtCIPK23 in Arabidopsis [25], several recent studies

showed similar regulatory mechanisms in other plant

species or for other transporters. OsCBL1-OsCIPK23-

OsAKT1 regulatory pathway was identified in rice,

although the mechanism in rice seems a little different

and more complicated than that in Arabidopsis [39].

Another study found that AtCBL9-AtCIPK23 complex

activates the K+ channel DmKT1 that mediates K+

uptake in Venus flytrap [40��]. More importantly, this

study showed that DmHAK5, a HAK/KUP/KT K+ trans-

porter from Venus flytrap, can be also activated by

AtCBL9-AtCIPK23 complex [40��]. Another research

group found that AtCBL1-AtCIPK23 complex can phos-

phorylate AtHAK5 and increase AtHAK5 affinity for K+

uptake in Arabidopsis root [41]. All these results indicate

that the CBL-CIPK complexes are important compo-

nents for the regulation of plant K+ transporter proteins

(Figure 1).

A number of studies have demonstrated that CDPKs (or

CPKs) play important roles in the regulation of plant K+

channels. In Arabidopsis guard cells, AtCPK13 phosphor-

ylates the K+ channel AtKAT1/2 and inhibits the inward

K+ currents, and thereby reduces stomatal opening [42].
Current Opinion in Plant Biology 2017, 39:123–128
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AtCPK8, interacting with AtCAT3 (catalase3), is involved

in ABA- and Ca2+-mediated stomatal closure by inhibit-

ing the inward K+ channels of guard cells during drought

stress response [43]. In Arabidopsis pollen tubes,

AtCPK11 and AtCPK24 are important for the regulation

of pollen tube elongation. During pollen tube growth,

cytoplasmic Ca2+ elevation activates AtCPK11 and the

activated AtCPK11 subsequently phosphorylates

AtCPK24. This kinase cascade inhibits the activity of

the inward K+ channel AtSPIK that plays crucial roles in

K+ uptake in pollen tube, which consequently modulates

pollen tube growth [44].

Some other protein kinases were also found to regulate K+

channels or transporters. For example, a Raf-like MAPKK

kinase (AtILK1) directly interacts with AtHAK5 and

promotes AtHAK5 accumulation on membrane in con-

junction with the calmodulin-like protein AtCML9,

which maintains K+ homeostasis in Arabidopsis innate

immunity and abiotic stress response [45] (Figure 1).

In rice, the receptor-like kinase OsRUPO together with

OsHAK1/19/20 controls pollen tube growth and integrity.

During pollen tube growth, the phosphorylated OsRUPO

interacts with OsHAKs and inhibits the activities of

OsHAKs to avoid K+ over-accumulation in tube cytosol.

When pollen tube enters the receptive synergid, the

dephosphorylated OsRUPO releases OsHAKs. As a

result, OsHAKs mediate K+ influx to increase turgor

pressure, and eventually leads to pollen tube discharge

[46�].

In addition to kinase-mediated regulation, K+ channels

can also be modulated by some channel subunits and

SNARE (soluble N-ethylmaleimide-sensitive factor pro-

tein attachment protein receptor) proteins at posttransla-

tional level (Figure 1). In Arabidopsis, AtKC1 is a K+

channel regulatory subunit that negatively modulates

many inward K+ channels [47]. In root cells, AtKC1

interacts with AtAKT1 forming the AtAKT1-AtKC1 het-

eromeric channel and modulates AtAKT1 activity.

AtKC1 together with AtCIPK23 synergistically regulates

AtAKT1-mediated low-K+ stress response [48]. Besides,

the activities and gating properties of AtAKT1-AtKC1

heteromeric channels are also regulated by the SNARE

protein VAMP721 [49].

A recent report showed an interesting finding of K+

channel regulation in Arabidopsis. The anion channels

AtSLAC1 and AtSLAH3 directly inhibit the activity of K+

channel AtKAT1 through protein-protein interaction,

which prevents stomatal opening [50��]. This mechanism

directly couples the anion channel-mediated stomatal

closure with the K+ channel-mediated stomatal opening.

Coordination of potassium and nitrogen
In Arabidopsis root cells, AtCBL1/9-AtCIPK23 complexes

not only activate AtAKT1-mediated K+ uptake [25], but
Current Opinion in Plant Biology 2017, 39:123–128 
also regulate the activity of the nitrate transporter

AtNRT1.1/AtCHL1 that mediates NO3
� uptake in root

[51]. Obviously, AtCIPK23 may coordinate K+ and NO3
�

uptake, particularly under nutrient-limited conditions. A

more recent report showed that AtCBL1/9-AtCIPK23

complexes can also inhibit the activity of the NH4
+

transporters AtAMT1;1/1;2, which avoids the toxic accu-

mulation of cytoplasmic NH4
+ under high NH4

+ condi-

tions [52�] (Figure 1). AtCIPK23 seems to play an essen-

tial role in the plant nutrient regulatory network.

AtNRT1.5 was reported as a bidirectional and low-affinity

NO3
� transporter that mediates the root-to-shoot NO3

�

transport in Arabidopsis [53]. Recent studies suggested

that AtNRT1.5 may also affect the root-to-shoot K+

transport. Loss-of-function of AtNRT1.5 resulted in

shoot K+ deficiency and leaf senescence under low-

NO3
� conditions [54,55]. AtNRT1.5-mediated NO3

�

transport may indirectly affect the root-to-shoot K+ trans-

port through the outward K+ channel AtSKOR [54] (Fig-

ure 1). In rice, the NO3
� transporter OsNPF2.4 functions

in NO3
� uptake and long-distance transport. Besides,

OsNPF2.4 also has an indirect effect on the K+ transport

between root and shoot [56] (Figure 1). These findings

suggest that more thorough investigations on molecular

mechanisms of coordinated K+/NO3
� transport may

increase our understanding in potassium and nitrogen

acquisition and utilization by plants.

Prospects
One of the eventual goals of these investigations is to

genetically improve K+ acquisition and utilization effi-

ciency (KUE) in crops. Some attempts have been made to

improve K+ efficiency and stress tolerance in rice. Over-

expression of the K+ channels OsAKT1 or OsTPKb both

can enhance rice tolerance to osmotic and drought stres-

ses by increasing K+ uptake and altering K+ homeostasis

[57,58]. Another recent study showed that ectopic expres-

sion of OsWOX11 gene (encoding a regulator for root cell

proliferation) driven by the promoter of OsHAK16 (a low-

K+ induced K+ transporter gene) can improve rice K+

uptake efficiency at low K+ supply level [59].

So far, our knowledge on the molecular mechanisms of

plant responses to low-K+ stress is still limited. For the

future, it is highly expected that more and more K+

channels and transporters as well as their regulators can

be identified and functionally characterized in various

crops in addition to Arabidopsis and rice, such as in maize,

wheat, soybean, etc.
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