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ABSTRACT

Potassium (K+) is a necessary nutrient for plant growth and crop production. The K+ transporter plays crucial
roles in the absorption and transport of K+ in plants. Most K+ transporters in Arabidopsis have been reported,
but AtKUP12, which is a member of the KT/KUP/HAK family, has not yet been the subject of relevant in-depth
research. In the present study, we demonstrated that AtKUP12 plays a crucial role in K+ uptake in Arabidopsis
under 100 μM low-K+ and 125 mM salt stress conditions. AtKUP12 transcripts were induced by K+ deficiency and
salt stress. We analyzed the K+ uptake of AtKUP12 using the K+ uptake-deficient yeast R5421 and Arabidopsis
mutant atkup12. Transformation with AtKUP12 rescued the growth defect of mutant yeast and atkup12 mutant
plants at the low-K+ concentration, which suggested that AtKUP12 might be involved in high-affinity K+ uptake
in low-K+ environments. In comparison to the wild-type (WT) and atkup12-AtKUP12 complementation lines,
atkup12 showed a dramatic reduction in potassium concentration, K+/Na+ ratio, and root and shoot growth
on 12-day-old seedlings under the salt conditions; however, there was no significant difference between the com-
plementation and WT lines. Taken together, these results demonstrate that AtKUP12 might participate in salt
tolerance in Arabidopsis through K+ uptake and K+/Na+ homeostasis.
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1 Introduction

Potassium (K+) is an essential and the most abundant macroelement that plays several critical roles in
plant growth and productivity [1] and accounts for approximately 2% to 10% of the dry weight in plants
[2]. In contrast to the relatively high and stable K+ concentration (approximately 100–150 mM) in the
cytoplasm of plant cells, the K+ concentration in soil solution is relatively low and highly variable,
ranging from 0.01–1 mM [3]. The ability of plants to absorb and utilize K+ is relatively limited; thus,
increasing the efficiency of K+ absorption and transport by means of molecular biology and genetics is an
important method to alleviate the shortage of K+ resources for cash crops [4]. For example,
overexpression of ZmHAK5 promotes K+ uptake and seedling growth in maize under low K+ levels [5].
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Additionally, the expression of OsHAK5 in rice increases K+ acquisition and transport from roots to shoots
facing low external K+ [6]. Plants possess a series of transport systems that play key roles in K+ absorption,
redistribution and ion homeostasis [7], such as the Shaker, TPK and Kir-like K+ channel families [8] and the
KT/HAK/KUP, Trk/HKT, KEA and CHX K+ transporter families [9]. Among them, KT/HAK/KUP is the
largest family and is widely distributed in bacteria, fungi and plants but absent in animal cells [10].
Generally, K+ channels conduct low-affinity K+ uptake under higher K+ conditions, whereas K+

transporters perform high-affinity K+ uptake under lower K+ conditions [11]. At present, 13 and
27 members of the KT/HAK/KUP family genes have been identified in Arabidopsis and rice (Oryza
sativa L.), respectively [12,13]. KT/HAK/KUP K+ transporters play versatile roles in K+ uptake and
transport, K+ homeostasis, salt tolerance, osmotic regulation, and the morphogenesis of root and
phenotype in plants [14]. The genes of this family can be divided into four distinct clusters (I–IV) by
their amino acid sequence homology [15]. There is only one member in the Arabidopsis cluster I family,
and the other 12 members are mainly distributed in cluster II and cluster III. In rice, 8 members are
distributed in cluster I, 15 members are distributed in cluster II and cluster III, and 4 members are
distributed in cluster IV [16]. Cluster I transporters such as AtHAK5, HvHAK1 and OsHAK1 may play
key roles in high-affinity K+ uptake when external K+ is low [6,15,17,18], while cluster II transporters
such as AtKT2/KUP2 and AtKT3/AtTRH1 from Arabidopsis thaliana and OsHAK7 and OsHAK10 from
rice are involved in low-affinity K+ transport [15,19]. The representative members of cluster III and IV
are AtKUP12 and OsHAK11, respectively. Cluster III members may function in maintaining K+/Na+

homeostasis [15], and little research has been conducted regarding their functions [9]. The results of
phylogenetic analysis showed that cluster II and cluster III members are highly conserved [16], and they
may be the ancestors of the KT/HAK/KUP transporter family. Cluster II and III members are crucial in
completing plant life activities, while those of cluster I and cluster IV may play a positive role in
adapting to the environment by regulating plant K+ concentration [20].

K+ deficiency leads to a decrease in total root length (TRL) and root length density (RLD) in the last
stage of wheat growth [21]. KT/HAK/KUP transporters play significant roles not only in absorption and
transport of K+ but also morphogenesis of the root and shoot in plants [17,22,23]. Mutation of AtKUP2
(shy3–1) decreases cell expansion in shoots, resulting in a dwarf phenotype in Arabidopsis, and tiny root
hairs were observed in the knockout mutation of AtKUP4/TRH1 [19]. Rubén Tenorio-Berrío et al.
investigated a significant reduction in embryo and cotyledon size of Arabidopsis hak/kt12, kup4, and
kup9 mutants relative to wild-type Arabidopsis, and AtHAK/KT12 and AtKUP4 were regulated by auxin
IAA and IAM [24]. Knockout of OsHAK5 not only decreased K+ uptake by roots and K+ upward
transport from roots to shoots with low external K+ [6], but also significantly reduced tillering number
irrespective of K+ status [14]. The destruction of OsHAK1 dramatically reduced the K+ concentration in
both roots and shoots, and severely stunted the growth and development of rice, resulting in delayed
grain filling and decreased grain yields [25]. AtKUP2, AtKUP6, and AtKUP8 are three kinds of K+

efflux transporters. Triple mutation atkup2/6/8 had a greater effect on cell expansion, which indicated that
these transporters were involved in the negative regulation of turgor pressure-dependent growth [26].
Under the low-K+ level, the athak5 mutant displayed a shorter primary root length than wild-type plants.
In maize, the loss of function of ZmHAK5 reduced K+ uptake and inhibited seedling growth, while
opposite results were present in the overexpression lines [5].

The tolerance of plants to salt stress is shown in the adaptation to Na+ toxicity and the maintenance of
their own K+ nutrition [27]. Maintaining the K+ uptake ratio at a high level of exogenous Na+ is essential for
K+/Na+ homeostasis and salt tolerance [11]. There is increasing evidence of the involvement of KT/HAK/
KUP members in K+ absorption, transport, and regulation of plant salt tolerance in Arabidopsis [6].
OsHAK5 and OsHAK1 may play a pivotal role in salt tolerance because high-salt treatment temporarily
induces their expression in some rice organs [6,24]. Expression of OsHAK5 in tobacco BY2 cells
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improves salt tolerance by accumulating more K+ without affecting the Na+ concentration [28]. Knockout of
OsHAK5 orOsHAK21 results in a decrease in the K+/Na+ ratio in tissues, and mutants are more sensitive than
wild-type plants to salt [6,29]. AtHAK5 also plays a key role in maintaining high-affinity K+ absorption and
regulating plant growth under salt conditions [30].

In previous studies, we cloned and obtained theHcKUP12 gene from a suppression subtractive library of
the halophyte Halostachys caspica, and found that it responded positively to salt stress [31]. Also, sequence
homology comparison revealed that its closest homology is AtKUP12. We speculated that AtKUP12 might
also participate in response to salt stress. Arabidopsis thaliana is a model organism; thus, studies examining
the K+ absorption, transport and salt tolerance of the KT/HAK/KUP family in Arabidopsis can provide a
reference for the study of homologous gene functions in other species. Previous studies have found that
atkup12 mutant plants display a sensitive phenotype under abiotic stress such as low K+, salt and
oxidation [32]. However, the physiological functions of AtKUP12 in K+ uptake and salt tolerance of
plants remain unclear and warrant further investigation.

In this study, we investigated the expression patterns of AtKUP12 in Arabidopsis under low-K+ and salt
stress conditions. We studied the K+-uptake activity of AtKUP12 using K+ uptake-deficient yeast CY162 and
atkup12 mutants. We measured the root length, fresh weight and ion concentration of wild-type (WT),
atkup12 mutant and atkup12-AtKUP12 complementation lines of Arabidopsis under low-K+ or salt stress
conditions. The expression of AtKUP12 completely rescued the low-K+ and salt-sensitive phenotype of
atkup12 mutant. Overall, we demonstrated that AtKUP12 participated in K+ uptake, and then improved
the plant salt tolerance by maintaining the K+/Na+ ratio in Arabidopsis.

2 Materials and Methods

2.1 Plant Materials, Growth Conditions and Stress Treatments
Arabidopsis thaliana ecotype Columbia (Col) was used as the WT plant. We obtained Arabidopsis

atkup12 mutant (SALK_083613.47.35.x) seeds from the Arabidopsis Biological Resource Center (http://
www.Arabidopsis.org/abrc/), Ohio State University, USA.

Seeds were stratified after surface sterilization at 4°C in the dark for 3 days. For potassium treatments,
seeds were sown on low-K+ (LK, 10, 100, 200 μM KCl) or high-K+ (HK, 1000 μM KCl) Murashige and
Skoog (MS) medium (pH 5.8) supplemented with 1.5% (w/v) sucrose and solidified with 0.7% (w/v) agar
to grow for 12 days under conditions of 22°C, 16 h light/8 h dark and a relative humidity of 70%. LK
medium was modified from MS medium [33]. For salt stress, seeds were sown on MS medium
supplemented with 0, 100 and 125 mM NaCl and grown for 12 days under the above conditions.

2.2 Expression Analysis of AtKUP12
Sterile two-week-old seedlings were subjected to stress treatments by removal to filter paper

supplemented with 100 mM NaCl and and 0.5 μM low-K+, and the seedlings were harvested at 0, 1, 6,
12 and 24 h, respectively. Total RNA was extracted from different samples with the RNA Plant Plus
Reagent Kit (Tiangen, China) following the manufacturer’s instructions. First-strand cDNA was
synthesized with M-MLV reverse transcriptase (TaKaRa, China). Quantitative real-time PCR analysis was
performed with SYBR® Select Master Mix (Applied Biosystems, USA) under the following cycling
conditions: 50°C for 2 min, 95°C for 2 min, 95°C for 15 s and 40 cycles at 60°C for 1 min. The β-
Atactin gene of Arabidopsis was used as the internal control. The relative gene expression was calculated
by using the 2–ΔΔCT method [34]. The primer pairs RqAtKUP12P1 and RqAtKUP12P2 for AtKUP12 and
qAtactinP1 and qAtactinP2 for β-Atactin were listed in Tab. S1. AtCOR15A acts as a marker gene for
abiotic stresses [35,36]. Each PCR was carried out for three biological replicates; each corresponded to
three technological repetitions of a separate experiment.
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2.3 Functional Complementation Assay of AtKUP12 in Yeast
AtKUP12was cloned into the pYES2.0 vector, which was linearized by double digestion with Kpn I and

Xba I. The vectors pYES2.0-AtKUP12 and pYES2.0 were then transformed into K+ uptake-deficient mutants
of yeast strain CY162 (MATα, Δtrk1, trk2::pCK64, his3, leu2, ura3, trp1 and ade2) [37]. The transformant
was selected on SD-agar plates without uracil contained additional KCl to a final K+ concentration of
100 mM. Yeast strain CY162-pYES2.0 was employed as a negative control, and yeast strain CY162-
pYES2.0-AtAKT1 (gifted by Dr Yue Shen, Nanjing Agricultural University) was used as a positive
control. Subsequent growth assays for yeast were performed under low-K+ (LK, 10, 20, 30 mM KCl) or
high-K+ (HK, 100 mM KCl) concentrations. Three independent clones per construct were used and
analyzed in all growth tests on solid medium incubated at 30°C for 2 days.

2.4 Generation of the atkup12-AtKUP12 Complementation Line
Based on the TAIR database (http://www.Arabidopsis.org), the open reading frame of AtKUP12

(GenBank: NM_104706) was amplified. The PCR product was digested with Kpn I and Pst I and ligated
into the pCAMBIA1301–1 expression vector, with the CaMV35S promoter added at multiple cloning
sites. The construct was introduced into Agrobacterium tumefaciens strain GV3101 and then transformed
into the atkup12 mutant using the floral-dip method [38]. The transgenic lines were selected with
30 µg mL−1 hygromycin and identified by PCR. Homozygous T3 plants were selected for further analysis.

2.5 Assays for Root Length, Fresh Weight, and Mineral Determination
Under low-K+ or salt stress conditions, the seeds germinated and grew for 12 days. Primary root length

was measured using ImageJ software, and the fresh weight of seedlings was recorded. The measurement of
K+ and Na+ concentration followed previously described procedures [39]. Arabidopsis seedlings were rinsed
in distilled water to wash away possible surface contamination of Na+ and K+ from the culture solution and
soaked. The seedlings were dried in an oven at 105°C for 30 min, and then baked at 70°C for 3 days. The
dried materials (ca 50 mg) were extracted in 20 mL of boiling water for 2 h. Na+ and K+ concentration was
determined using ICP-AES systems (IRIS Advantage, Thermo Electron, Waltham, Massachusetts, USA).
The experiment was performed four times. The phenotypic results were from one representative
experiment, and the presented data were based on four biological replicates.

2.6 Statistical Analysis
Statistical differences were determined by one-way ANOVA and Tukey’s multiple comparison tests

using GraphPad Prism 5 software (San Diego, CA, USA). The means were considered to be significantly
different at p < 0.05 or p < 0.01.

3 Results

3.1 Expression Analyses of AtKUP12
Expression levels of AtKUP12 under conditions of low-K+ and NaCl stresses were detected by qRT-

PCR. The Arabidopsis AtCOR15A gene is upregulated at the transcriptional level under adversie stresses,
such as high salt, ABA, cold, and drought [35,36]. Therefore, we used AtCOR15A gene as a marker gene.
AtCOR15A was indeed upregulated under adverse conditions, except low-K+ (Fig. 1). AtKUP12 gene was
induced by low-K+ stress, reaching its peak after 12 h, and then it gradually declined until 24 h of stress
(Fig. 1A). Under NaCl stress, the AtKUP12 was continuously upregulated, peaking at 24 h by 30-fold
(Fig. 1B). These results indicated that the expression of AtKUP12 was stimulated by stress conditions,
such as low-K+ and NaCl treatments, and may play significant roles in the response of Arabidopsis to
adverse environmental conditions.
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3.2 Function of AtKUP12 in K+ Uptake in Yeast Cells
To investigate the K+-uptake activity of AtKUP12, we performed complementation tests using the

mutant yeast strain CY162. We used AtAKT1 as a positive control, which mediated K+ uptake from
solutions containing 10 μM K+ [40], and we used empty pYES2.0 vector as a negative control. Then, we
performed yeast growth assays on SD-Ura medium containing 10, 20, 30 and 100 mM K+. We found no
remarkable differences among transformants when they were grown on SD-Ura medium containing
100 mM KCl (Fig. 2A). When the concentration of K+ in SD-Ura medium was decreased to 30 mM,
the growth of the yeast strain CY162 transformed with the empty pYES2.0 vector severely inhibited,
but there was no visible difference between the yeasts transformed with AtAKT1 and the vector
harboring AtKUP12 (Fig. 2B). When the concentration of K+ in SD-Ura medium was decreased to
20 mM and 10 mM, AtKUP12 partially rescued the growth defect of mutant yeast CY162 (Figs. 2C
and 2D). These results indicated that AtKUP12 conferred significant K+ uptake and growth of yeasts at
low-K+ concentrations.

Figure 1: AtKUP12 expression levels under different conditions: Expression of AtKUP12 in Arabidopsis
under 100 μM low-K+ (A) or 100 mM NaCl (B). Letters denote significantly different groups identified
by Tukey’s test (p < 0.05). Data the means ± SE (n = 3)

Figure 2: Functional complementation of AtKUP12 for K+ uptake. Growth status of K+ uptake-deficient
yeast mutant CY162 cells expressing AtKUP12, empty pYES2.0 vector (negative control) and AtAKT1
(positive control) on SD-Ura medium containing different K+ concentrations
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3.3 Functional Characterization of AtKUP12 in Arabidopsis
To test whether AtKUP12 has physiological roles in response to the low-K+ stress (10, 100, 200 μM

KCl), the atkup12 mutant At1g60160 (SALK_083613) was used in this study. The T-DNA insertion site
was located at the eighth exon of the AtKUP12 gene (Fig. 3A). Subsequently, we generated
complementation lines for atkup12. As shown in Figs. 3B–3D, the primary root length of the atkup12
mutant was significantly shorter than that of WT plants when grown on low-K+ medium (10 and 100 μM
K+), while the complementation line (atkup12-AtKUP12) completely rescued the low-K+ sensitive
phenotype of the atkup12 mutant. Along with the increased K+ concentrations (200 and 1000 μM K+),
the low-K+ sensitive phenotype of atkup12 disappeared (Figs. 3B–3D). These results indicated that the
low-K+ sensitive phenotype of atkup12 was due to the disruption of AtKUP12.

3.4 Loss of Function of AtKUP12 Inhibits Seedling Growth and Reduces K+ Uptake
Under the 100 μM low-K+ condition, the primary root length of the atkup12 mutant was significantly

shorter than that of the WT and atkup12-AtKUP12 complementation lines. Therefore, we selected
100 μM K+ as the low-K+ stress for the determination of fresh weight and K+ concentration. Under
sufficient K+ conditions (1000 μM K+), for 12 days, we observed no substantial difference in either fresh
weight or K+ concentrations among the plant materials (Figs. 4A–4C). However, under low-K+ stress, the
atkup12 mutant shoots were smaller, and the fresh weight and K+ concentration were much lower than
those of WT plants, while the fresh weight and K+ concentration in the complementation line recovered,

Figure 3: Expression of AtKUP12 rescued the low-K+-sensitive phenotype of the Arabidopsis atkup12
mutant. (A) Schematic diagram of the AtKUP12 gene. Black boxes indicate exons, and lines represent
introns. The T-DNA insertion site in the atkup12 mutant is shown by a triangle. (B) RT-PCR verification
of AtKUP12 expression in the WT, atkup12 mutant and complementation lines. Ubiquitin was used as an
internal control. (C) Phenotypic comparison among WT, atkup12, and atkup12-AtKUP12
complementation lines under different K+ concentrations. Seeds were germinated and grown on low-K+

(10, 100 and 200 μM) or K+-sufficient (1000 μM) medium for 12 days. (D) The primary root length
among the plant materials is shown in (C). Asterisks indicate significantly different groups identified by
Tukey’s test (p < 0.05). Data means ± SE (n = 4) of 5 seedlings
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which was similar to WT plants (Figs. 4A–4C). These results implied that AtKUP12 might function in K+

uptake in Arabidopsis plants.

3.5 Effect of Disruption of AtKUP12 on Growth Tolerance to Salt, K+ Uptake and K+/Na+ Homeostasis
To confirm that the loss of function of AtKUP12 was responsible for the salt-sensitive phenotype, seeds

of the WT, atkup12 and atkup12-AtKUP12 complementation lines were germinated and grown on medium
containing 125 mM NaCl for 12 days. As shown in Fig. 5, the phenotypes among the plant materials,
including the WT, atkup12 and complementation lines, did not obviously differ under control conditions.
However, the primary root length of atkup12 was inhibited to a greater extent than that of the WT under
125 mM NaCl stress, and the complementation lines almost rescued the salt-sensitive phenotype of
atkup12 mutants (Figs. 5A and 5B). We also observed and measured the primary root length of
different plants under 100 mM NaCl stress, but there was no difference among the plant materials
(Figs. S1A and S1B).

In addition, we measured the fresh weight and further determined the K+ and Na+ concentrations of
diverse plant materials (Figs. 5C–5E). Under control conditions, there was no obvious difference in fresh
weight, K+ and Na+ concentrations, and K+/Na+ ratio among various plants (Figs. 5C–5F). Under salt
stress conditions, the atkup12 mutant showed a reduced fresh weight that was statistically significant,
while the fresh weight of the complementation line was partly resumed (Fig. 5C). atkup12 showed lower
K+ and greater Na+ concentrations than WT plants, while K+ concentration in the complementation line

Figure 4: Effects of AtKUP12 disruption on growth and K+ concentration under low-K+ stress. Seeds
germinated on medium containing 100 and 1000 μM K+ for 12 days growth. (A) Growth phenotype of
shoots. (B) Fresh weight. (C) K+ concentration. Asterisks indicate significant differences from the WT at
p < 0.05 by the Student’s t-test. Data are means ± SE (n = 4) of 60 seedlings
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was restored to levels close to the corresponding WT values. However, the Na+ concentration was
significantly higher in the complementation line than in the WT (Figs. 5D and 5E). Furthermore, the
calculated K+/Na+ ratio in atkup12 was significantly lower than WT and partly restored in the
complementation line (Fig. 5F). These data suggest that AtKUP12 may function in K+ uptake and
maintenance of the K+/Na+ ratio under salt stress, which is crucial for salt tolerance in plants.

Figure 5: Complementation lines rescue the salt-sensitive phenotype of atkup12 mutants. (A) Phenotypic
comparison among WT, atkup12, and atkup12-AtKUP12 complementation line under either salt stress
(125 mM NaCl) or not (0 mM NaCl). Seeds germinated and grew on medium containing 0 and 125 mM
NaCl for 12 days. Primary root length (B), fresh weight (C), K+ concentration (D), Na+ concentration (E)
and K+/Na+ ratio (F) are shown. Letters denote significantly different groups identified by Tukey’s test
(p < 0.05). Data are means ± SE (n = 4) of 60 seedlings
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4 Discussion

The importance of K+ is self-evident. K+ transporters play crucial roles in K+ absorption, transport and
maintenance of K+ homeostasis under K+ deficient environments to ensure the normal growth of plants under
abiotic stress [41]. At present, K+ transporter family genes responding to salt, drought and hormone stress
have been found in a variety of plants, such as the Arabidopsis AtHAK5, AtHKT1, and AtKUP6 genes,
tomato LeHAK5 gene, rice OsHAK21 gene, and pear PbHAK1, PbHAK7 and PbHAK10 genes, which are
significantly enhanced by adverse stresses [26,29,42–44].

Arabidopsis AtCOR15A responds positively to adverse stresses such as high salt, ABA, cold, and
drought; thus, it is often used as a marker gene of Arabidopsis under the above abiotic stresses [35,36].
In this experiment, Arabidopsis AtCOR15A was employed as a positive control under stress treatment.
The expression of AtKUP12 under different stress treatments showed that AtKUP12 responded positively
to abiotic stresses of salt and low-K+ treatment. The expression patterns of the AtKUP12 gene under
NaCl stress was continuously upregulated, reaching a maximum value at 24 h, and the expression
increased by 30 fold, compared with the control. The above experimental results show that the AtKUP12
had the strongest response to salt stress.

As a single cell eukaryote, yeast is often used for functional verification and analysis of genes because of
its short culture cycle and easy genetic transformation. The CY162 yeast strain is a type of K+ uptake-
deficient yeast cell caused by the deletion and insertion of Trk1 and Trk2; thus, it has become a model
material for studying K+ transport and related proteins [6,29]. The inward-rectifier K+ channel of the
shaker family, AtAKT1 in Arabidopsis, is involved in K+ uptake at both high- and low-affinity ranges
[40]. The major regulation of the AtAKT1 activity has been described at the protein level;
AtAKT1 activity is modulated by the CBL1/9–CIPK23 pathway under low-K+ supply conditions [45].
Here, we used AtAKT1 as a positive control. The heterologous expression of OsHAK21 in CY162 yeast
has shown that OsHAK21 can mediate specific K+ transport under low-K+ [6]. Han et al. also indicated
that AtKUP7 has K+ transport activity by using the yeast mutant but that the transformed K-deficient
yeast strain can only grow at a concentration of more than 500 μM, suggesting that AtKUP7 is a low-
affinity K+ transporter [46]. Qin et al. found that the heterologous expression of maize ZmHAK5 and
ZmHAK1 in CY162 yeast can mediate K+ uptake under a low-K+ condition, but ZmHAK1 K+ transport
activity is weaker than ZmHAK5 [5]. Similarly, our results showed that the heterologous expression of
AtKUP12 in the K+ uptake-deficient yeast CY162 could mediate K+ uptake under low-K+ conditions,
indicating that AtKUP12 in Arabidopsis participates in high-affinity K+ uptake and transport.

Arabidopsis AtHAK5 is a high-affinity K+ uptake transporter gene; after the destruction of its alleles, the
athak5mutant showed a certain growth inhibition under a low-K+ condition [17]. However, the heterologous
expression of rice OsHAK21 and maize ZmHAK5 transporters completely restored the defect of athak5
mutants [5,23]. A complementation line of the AtKUP7 gene in Arabidopsis restored the growth
inhibition of the atkup7 mutant under low-K+ conditions [46]. Our results also showed that the atkup12-
AtKUP12 complementation line alleviated the growth inhibition of atkup12 under low-K+ stress (Figs. 3
and 4). Under 100 μM low-K+ treatment, the fresh weight of atkup12 mutant was significantly lower than
that of WT, but there was no significant difference between the complementation and WT lines,
suggesting that the AtKUP12 gene might regulate plant growth through K+ uptake. It should be noted that
both atkup12 and athak5 mutants [5,17] affected the root length of plants under low-K+ stress, while
atkup7 mutants exhibited chlorosis symptoms compared with WT plants [46], which may be related to
the specific functions of different transporters. The K+ concentration testing showed that the K+

concentration in the complementation line resumed, which was similar to the K+ concentration in WT
plants under low-K+ conditions. This finding indicated that AtKUP12 conferred significant K+ uptake
capacity and improved seedling growth and root development in Arabidopsis at low-K+ concentrations.
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The K+/Na+ ratio in cytoplasm is critical for the salt tolerance of plants. Knockout of OsHAK5 or
OsHAK21 leads to a decreased K+/Na+ ratio in rice tissues and to salt sensitivity, while overexpression of
OsHAK5 significantly improves the salt tolerance of transgenic rice [6,29]. In addition, some transporters,
such as HvHAK1 and PhaHAK5, are also able to function in low-affinity Na+ uptake in the presence of
NaCl [47,48]. In this study, under salt stress conditions, the atkup12 mutant also showed salt-sensitivity,
and the atkup12-AtKUP12 complementation line significantly alleviated the inhibition of root length and
fresh weight. Under 125 mM NaCl treatment, the K+ concentration of the atkup12 mutant was
significantly lower than that of WT and complementation lines, while the Na+ concentration of atkup12
and the complementation line was significantly higher than that of WT line. This might be due to the
similarity in physicochemical properties between Na+ and K+, resulting in competition between Na+ and
K+ [49]. However, the K+/Na+ ratio of the atkup12 mutant was significantly lower than that of WT, while
the K+/Na+ ratio in the complementation line was partially restored under salt stress. Therefore, we
speculate that AtKUP12 is an important KT/HAK/KUP family member that improves the salt tolerance
of plants by K+ uptake and the K+/Na+ ratio balance.

5 Conclusions

From the results presented in this study, we demonstrated that a K+ transport gene AtKUP12was induced
by low-K+ and NaCl stresses, while AtKUP12 participated in K+ acquisition and the growth of the yeast
mutant strain CY162 at low-K+ concentrations. In addition, AtKUP12 also promoted plant growth,
enhanced the K+ concentration under low-K+ conditions, and enhanced the salt tolerance of plants by
maintenance of the K+/Na+ ratio. These results may facilitate further investigation of the function and
mechanism underlying K+ uptake and utilization of AtKUP12 under low-K+ and salt stress conditions.
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Appendix

Figure S1: Phenotype test of atkup12 mutants and the atkup12-AtKUP12 complementation lines on
medium containing 100 mM NaCl. (A) Phenotypic comparison among WT, atkup12, and atkup12-
AtKUP12 complementation lines under 100 mM NaCl stress. Seeds germinated and grew on medium for
12 days. (B) Primary root length. Letters denote significantly different groups identified by Tukey’s test
(p < 0.05). Data are means ± SE (n = 4)
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Table S1: Primer sequences used in this study

Primer name Primer sequence (5’-3’)

RqAtKUP12P1 GAAGTAGTGACCGGAGATGGGTTGA

RqAtKUP12P2 TGTGACCATGAGAACCTGCAATTTC

qAtactinP1 CCAAAGGCCAACAGAGAGAAGAT

qAtactinP2 TGAGACACACCATCACCAGAA

402 Phyton, 2021, vol.90, no.2


	The Potassium Transporter AtKUP12 Enhances Tolerance to Salt Stress through the Maintenance of the K&#x002B;/Na&#x002B; Ratio in Arabidopsis ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References
	flink8
	flink9


