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ABSTRACT

Potassium (K+) is one of the essential macronutrients for plant growth and development. K+ uptake from

environment and K+ translocation in plants are conducted by K+ channels and transporters. In this study,

we demonstrated that KT/HAK/KUP transporter KUP7 plays crucial roles in K+ uptake and translocation

in Arabidopsis root. The kup7 mutant exhibited a sensitive phenotype on low-K+ medium, whose leaves

showed chlorosis symptoms compared with wild-type plants. Loss of function of KUP7 led to a reduction

of K+ uptake rate and K+ content in xylem sap under K+-deficient conditions. Thus, the K+ content in kup7

shoot was significantly reduced under low-K+ conditions. Localization analysis revealed that KUP7 was

predominantly targeted to the plasma membrane. The complementation assay in yeast suggested that

KUP7 could mediate K+ transport. In addition, phosphorylation on S80, S719, and S721 was important for

KUP7 activity. KUP7 was ubiquitously expressed in many organs/tissues, and showed a higher expression

level inArabidopsis root. Together, our data demonstrated that KUP7 is crucial for K+ uptake inArabidopsis

root and might be also involved in K+ transport into xylem sap, affecting K+ translocation from root toward

shoot, especially under K+-limited conditions.
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INTRODUCTION

Potassium (K+) is the most abundant cation in living plant

cells, and plays crucial roles in many physiological processes

during plant growth and development, such as enzyme

activation, osmoregulation, and stomatal movement (Clarkson

and Hanson, 1980; Leigh and Wyn Jones, 1984). Although the

K+ concentration in cytoplasm of plant cells can reach

100 mM, the K+ concentration at surface of roots in soil is

relatively low, usually below 1 mM (Schroeder et al., 1994;

Maathuis, 2009). K+ deficiency is a common abiotic stress

that plants have to face. However, plants have evolved a

series of mechanisms that can sense low-K+ stress and

increase K+ utilization efficiency under K+-deficient conditions

(Schachtman and Shin, 2007; Wang and Wu, 2013; Chérel

et al., 2014).

K+ is not metabolized in plant cells. The regulation of plant K+

nutrition is mainly dependent on K+ uptake from the environment
and K+ translocation/remobilization in plants. So far, many genes

encoding K+ transporters and channels have been cloned and

identified, which conduct K+ uptake and translocation in plant

cells (Gierth and Mäser, 2007; Lebaudy et al., 2007; Ward et al.,

2009; Véry et al., 2014). Among them, genes from the Shaker

K+ channel family and the KT/HAK/KUP K+ transporter family

play crucial roles (Véry et al., 2014).

AKT1 encodes an inward-rectifying Shaker K+ channel express-

ing in epidermis and cortex of Arabidopsis root (Lagarde et al.,

1996; Hirsch et al., 1998), where it mediates K+ uptake into root

cells over a wide range of external K+ concentrations (Hirsch

et al., 1998; Spalding et al., 1999). AKT1 activity is positively

regulated by calcium sensor CBL1/9 and protein kinase CIPK23

(Xu et al., 2006). Moreover, HAK5 from the KT/HAK/KUP family
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Figure 1. kup7 Mutant Is Sensitive to Low-K+ Stress.
(A) Structure of KUP7 gene. The black boxes indicate exons and the lines

represent introns. The T-DNA insertion site in kup7 mutant is shown by a

triangle.

(B) RT–PCR analysis of KUP7 expression in kup7 mutant and wild-type

plants (Col). The primers used in the RT–PCR experiment are shown in

(A) using arrows (F, forward; R, reverse).

(C–E) Chlorosis symptom (C and D) and chlorophyll content (E) of

wild-type plants (Col) and kup7 mutant after being grown on MS or LK

medium for 10 days. The data in (E) are shown as means ± SE (n = 3). The

Student t-test (*p < 0.05) was used to analyze the statistical significance.

(F) Phenotype test of wild-type plants (Col) and kup7 mutant after being

grown on medium containing different K+ concentrations for 10 days.

Molecular Plant KUP7 Mediates K+ Acquisition and Translocation
is characterized as a high-affinity K+ transporter in Arabidopsis

root, whose transcription is induced under K+ deficient conditions

(Rubio et al., 2000; Gierth et al., 2005). Recent reports showed

that HAK5 is also regulated by protein kinase CIPK23 via

phosphorylation (Ragel et al., 2015). HAK5 and AKT1 are
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considered as two major components that contribute to K+

uptake in Arabidopsis root (Gierth et al., 2005; Pyo et al., 2010;

Nieves-Cordones et al., 2014).

After absorption from the environment by peripheral root cells,

K+ is then transported into root stelar tissues and translocated

from root toward shoot via xylem vessels. Two outward-

rectifying Shaker K+ channels, GORK and SKOR, are involved

in this process. GORK mediates K+ efflux from root cells

(Ivashikina et al., 2001). SKOR is expressed in stelar tissues

and is responsible for K+ release into xylem sap (Gaymard

et al., 1998). Therefore, K+ can be translocated from root

toward shoot via xylem.

In Arabidopsis there are 13 members in the KT/HAK/KUP family

(Ahn et al., 2004; Gierth and Mäser, 2007; Véry et al., 2014). It

is interesting that KT/HAK/KUP transporters participate in many

physiological processes, such as K+ uptake (Gierth et al., 2005),

cell expansion (Elumalai et al., 2002; Osakabe et al., 2013), root

hair growth (Rigas et al., 2001), auxin distribution (Vicente-Agullo

et al., 2004; Rigas et al., 2013), and osmotic/drought responses

(Osakabe et al., 2013). These diverse functions of KT/HAK/KUP

transporters may all result from their critical roles in cellular K+

homeostasis. In this study, we reveal that KUP7, one member

of the KT/HAK/KUP family, encodes a K+ transporter and

mediates K+ uptake and translocation in Arabidopsis root,

especially under K+ deficient conditions.
RESULTS

kup7 Mutant Is Sensitive to Low-K+ Stress

K+ transporters are considered as the important components

involved in K+ uptake and translocation in plant cells. In this study,

we first identified that KUP7 from Arabidopsis KT/HAK/KUP

transporter family might be involved in these processes. The

T-DNA insertion mutant line of KUP7 (N805085, kup7) showed

a sensitive phenotype on low-K+ (LK, 100 mM K+) medium. The

T-DNA insertion site was located at the first exon of KUP7 gene

in kup7 mutant (Figure 1A), which led to the disruption of KUP7

transcription (Figure 1B). The kup7 mutant plants displayed leaf

chlorosis, a typical K+-deficient phenotype, compared with

wild-type plants (Col [Columbia]) after being grown on LK me-

dium for 10 days (Figure 1C and 1D). This chlorosis phenotype

of kup7 was confirmed by chlorophyll content measurement

(Figure 1E). We also found that the sensitive phenotype of kup7

only occurred under K+-deficient conditions (below 200 mM)

(Figure 1F and Supplemental Figure 1). Along with the

increment of external K+ concentrations (500 mM or higher), the

sensitive phenotype of kup7 disappeared (Figure 1F). Therefore,

the kup7-sensitive phenotype was dependent on the low-K+

concentrations in medium. In addition, we tested another

mutant line of KUP7 (N760765). This mutant line displayed a

similar sensitive phenotype as kup7 under LK conditions

(Supplemental Figure 1), which suggested that the sensitive

phenotype was due to the loss of function of KUP7. Previous

reports showed that the NH4
+ concentrations in medium may

affect K+ transporter activity (ten Hoopen et al., 2010) as well as

the LK phenotype of akt1 mutant (Xu et al., 2006). However, in

this study the sensitive phenotype of kup7 was not dependent

on the external NH4
+ concentrations (Supplemental Figure 2).
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Figure 2. Complementation Lines Rescue
the Low-K+ Sensitive Phenotype of kup7
Mutant.
(A) Real-time PCR analysis of KUP7 expression in

wild-type plants (Col), kup7 mutant, and comple-

mentation lines (COM1 and COM2).

(B–E) Chlorosis symptom (B and C), chlorophyll

content (D), and K+ content (E) of wild-type plants

(Col), kup7 mutant, and complementation lines

(COM1 and COM2) after being grown on MS or

LK medium for 10 days. Data in (D) and (E) are

shown as means ± SE (n = 3). The Student t-test

(*p < 0.05) was used to analyze the statistical

significance.
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Complementation Lines Rescue the Sensitive
Phenotype of kup7 Mutant

To further test whether the low-K+ sensitive phenotype of kup7

resulted from loss of function of KUP7, we constructed the

complementation lines of kup7. The genomic sequence of

KUP7 was cloned into pCAMBIA1300 vector driven by its own

promoter and then was transformed into kup7mutant. Two inde-

pendent complementation lines (COM1 and COM2) were

obtained, and KUP7 transcripts were resumed in both lines

(Figure 2A). Phenotype testing showed that these two

complementation lines rescued the chlorosis phenotype of

kup7, and displayed the phenotype similar to that of wild-type

plants after being grown on LK medium for 10 days (Figure 2B–

2D and Supplemental Figure 1).

To test whether the chlorosis phenotype of kup7 was due to

the reduction of K+ content, we measured the K+ content in

various plants cultivated on Murashige and Skoog (MS;

20 mM K+) or LK (100 mM K+) medium for 10 days. As shown

in Figure 2E, there was no obvious difference in K+ content

among different plants on MS medium. However, the K+

content in kup7 shoot was much lower than that of wild-type

plants on LK medium (Figure 2E). The K+ content in the two

complementation lines both resumed, which is similar to the

K+ content in wild-type plants (Figure 2E). These results

indicated that the low-K+ sensitive phenotype of kup7 was

due to the disruption of KUP7.
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We also constructed the overexpressing lines

of KUP7 and tested their phenotype. Although

the transcripts of KUP7 were significantly

increased in the three overexpressing lines

(OE1, OE2, and OE3), all of these lines

showed phenotype similar to that of wild-

type plants on LK medium (Supplemental

Figure 3). In addition, the chlorophyll content

and K+ content in these three overexpressing

lines were not changed compared with wild-

type plants (Supplemental Figure 3).

KUP7 Mediates K+ Transport in Yeast

KUP7 belongs to the Arabidopsis KT/HAK/

KUP family, most of whose members have

been identified as K+ transporters (Véry

et al., 2014). Next, we tested the K+
transport activity of KUP7 using yeast mutant strain R5421

(trk1D, trk2D) and its wild-type strain R757 (Gaber et al., 1988).

R5421 is defective in K+ uptake and could not grow under

low-K+ conditions. KUP7 and K+ channel AKT1 (positive

control) were transformed into R5421. Yeast growth assays

were performed on Arginine Phosphate (AP) medium

(Rodrı́guez-Navarro and Ramos, 1984) containing different K+

concentrations. As shown in Figure 3A, KUP7 partially rescued

the growth phenotype of R5421 mutant when the K+

concentration in medium was above 500 mM. It is suggested

that KUP7 mediates K+ uptake into yeast cells. Using liquid AP

medium, we found that KUP7 K+ transport activity could be

inhibited by external NH4
+ (Figure 3B). As for AKT1, it mediated

K+ transport over a wide range of external K+ concentrations

(Figure 3A). The external NH4
+ did not affect AKT1 activity

(Figure 3B).

KUP7 Is Localized at the Plasma Membrane

KUP7 exhibited K+ transport activity in yeast, which implied its

subcellular localization at the plasma membrane (PM). To test

the subcellular localization of KUP7, we constructed the trans-

genic Arabidopsis that expressed KUP7-GFP fusion gene

under the control of a constitutive promoter (Super1300). The

plants transformedwithGFP empty vector were used as controls,

whereby GFP fluorescence was observed mainly in cytoplasm

and nucleus (Figure 4).We observed the KUP7-GFP fluorescence

in root hairs, where the PM and tonoplast can be easily
37–446, March 2016 ª The Author 2016. 439
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Figure 3. KUP7 Mediates K+ Transport in Yeast.
(A) KUP7 and AKT1 complement the K+ uptake-deficient yeast mutant

R5421 on AP medium containing different K+ concentrations. Yeast strain

R757 was used as positive control.

(B) K+ transport activity of KUP7 in yeast is inhibited by external NH4
+. The

liquid AP medium contained 1 mM K+ and different NH4
+ (0 and 10 mM).

The data points are shown as means ± SE (n = 3).
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distinguished. As shown in Figure 4, KUP7-GFP fluorescence

was predominantly localized at the PM surrounding the root hairs,

but was not detected at the tonoplast. The fluorescence scan

analysis also indicated that the fluorescence peaks only ap-

peared at the PM positions but not at the tonoplast positions

(Figure 4). Based on these results, we concluded that KUP7 is

mainly targeted to the PM.

KUP7 Is Ubiquitously Expressed in Arabidopsis

Analyses of the KUP7 expression pattern is critical to explaining

its physiological functions in plants. First, we queried the

KUP7 expression pattern using Arabidopsis eFP Browser

(Winter et al., 2007; http://bar.utoronto.ca/efp/cgi-bin/efpWeb.

cgi). KUP7 displayed a higher expression level in root,

especially in procambium, endodermis, and epidermis/root hairs

(Supplemental Figures 4 and 5). To confirm the KUP7 expression

pattern in vivo, we constructed the transgenic Arabidopsis plants

carrying a GUS gene under the control of KUP7 native promoter

(ProKUP7:GUS). Here, two promoter fragments with different

lengths, ProKUP7-1 (573 bp) and ProKUP7-2 (1557 bp), were used.

ProKUP7-1 began from the stop codon of upstream gene, while
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ProKUP7-2 started from the 5th exon of upstream gene

(Supplemental Figure 6). GUS staining analyses showed that the

expression pattern of KUP7 was the same in these two

transgenic lines (Supplemental Figure 6). As shown in Figure 5,

KUP7 was ubiquitously expressed in many organs/tissues,

such as root, leaf, stem, flower, and silique. These results were

consistent with the previous report that KUP7 was expressed in

all organs, including root, leaf, silique, and flower (Ahn et al.,

2004). In 5-day-old seedlings, KUP7 was mainly expressed in the

vascular tissues and hypocotyl (Figure 5A). In root tissues, GUS

activity could be observed in all cell types and was much

stronger in the vascular bundle (Figure 5B), but the expression

was absent in the primary root tip (Figure 5C).
kup7 Mutant Is Defective in K+ Acquisition and
Translocation in Arabidopsis Root under K+-Deficient
Conditions

The expression analysis indicated that KUP7 showed strong

expression in root tissues (Figure 5A and 5B). It is implied that

KUP7 might be involved in the K+ acquisition and/or translocation

in root tissues. To test whether KUP7 participated in K+ uptake,

we measured the K+ accumulation in various plants. As shown in

Figure 6A, the total K+ amount in kup7 mutant was significantly

decreased under LK conditions. Since the biomass of kup7 was

not affected (Supplemental Figure 7), it is suggested that the

disruption of KUP7 impaired K+ uptake. The K+-depletion assays

further confirmed that the K+ uptake rate was reduced in kup7

mutant compared with wild-type plants (Figure 6B).

In addition, we also tested the shoot/root K+ ratio to determine

the K+ distribution between shoot and root. The shoot/root K+

ratio inkup7wassignificantly lower than thatofwild-typeplantsun-

der LK conditions (Supplemental Figure 8), which indicated that

the K+ translocation from root to shoot was also affected in kup7.

In addition, the K+ content of xylem sap from different plants

were measured. The skor mutant was used as control in this

experiment. Under K+-sufficient conditions (5 mM), there was no

obvious difference in xylem sap K+ content among various plants

except skor, whose xylem sap K+ content was much lower than

that of wild-type plants (Figure 7A). Under K+-deficient conditions

(100 mM), the xylem sap K+ content and K+ secretion rate into

xylem in both kup7 and skor were significantly reduced

(Figure 7A and Supplemental Figure 8). Furthermore, the xylem

sap K+ content in kup7 was dependent on the external K+ supply

(Figure 7B). We also tested the xylem sap K+ content of three

KUP7 overexpressing lines, but there was no difference between

overexpressing lines and wild-type (Supplemental Figure 9).

Taken together, these results demonstrated that KUP7 is

involved in both K+ uptake in root and K+ translocation from root

to shoot, especially under K+-limited conditions.
DISCUSSION

K+ Uptake and Transport in Arabidopsis Root

In plant root, K+ is absorbed by epidermis and root hairs, and

is then transported into xylem through several layers of root

cells for translocation toward shoot. This process requires

many K+ channels and transporters, which ensures the K+

flow from epidermis toward xylem. After AKT1 and HAK5

were characterized at the end of the 1990s (Hirsch et al., 1998;

http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi
http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi
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Rubio et al., 2000), these two components that mediate K+

uptake pathways and regulatory mechanisms were thoroughly

investigated (Rubio et al., 2010; Nieves-Cordones et al., 2014).

Compared with K+ uptake, the study of K+ transport in stele

was limited since SKOR was identified (Gaymard et al., 1998).

In this study, we revealed that a newly identified K+ transporter,

KUP7, also plays important roles in K+ uptake and transport

in Arabidopsis root. When KUP7 function is disrupted, the

K+ uptake rate and K+ loading rate into xylem are remarkably

reduced, especially under K+-deficient conditions (Figures 6

and 7; Supplemental Figure 8).

According to the expression patterns inArabidopsis root, different

K+ channels and transporters are responsible for K+ uptake or K+

transport in different root cell types. AKT1 and HAK5mediate ma-
jor K+ uptake primarily in epidermis and root hairs (Lagarde et al.,

1996; Gierth et al., 2005). AKT1 is also located in cortex and

endodermis, and absorbs K+ into these cells (Lagarde et al.,

1996). Here, we found that KUP7 is expressed in epidermis and

root hairs (Figure 5B; Supplemental Figures 4 and 5), which is the

precondition for KUP7 function in K+ uptake. The K+-depletion

assays also verified its K+ uptake activity in Arabidopsis

(Figure 6B). After entry into endodermis, K+ is transported into

pericycle and xylem parenchyma cells through the symplastic

pathway, and then released into xylem by SKOR (Gaymard et al.,

1998). In this study, KUP7 showed a higher expression level in

stelar tissues (Figure 5B; Supplemental Figures 4 and 5), and

may be also responsible for K+ transport into xylem (Figure 7). It

is speculated that KUP7 might also function as a K+ efflux

transporter conducting K+ release into xylem under some
Molecular Plant 9, 437–446, March 2016 ª The Author 2016. 441



Figure 5. KUP7 Is Ubiquitously Expressed in
Arabidopsis.
Expression pattern of KUP7 determined in

ProKUP7-1:GUS transgenic Arabidopsis plants.

(A) GUS staining of 5-day-old seedling.

(B and C) GUS staining of mature root (B) and

primary root tip (C) of 7-day-old seedling. Scale

bars, 50 mm.

(D–G) Expression pattern of KUP7 in leaf (D), stem

(E), flower (F), and silique (G).
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circumstances, sinceKUP2/6/8 in this family havebeen reported in

K+ efflux in Arabidopsis root (Osakabe et al., 2013).

KUP7 May Be Regulated by Phosphorylation

The phenotype assays showed that KUP7 activity is more impor-

tant under K+-deficient conditions. There are two possibilities to

explain this phenotype. First, KUP7 may be regulated at the

transcriptional level, where its transcription is induced under

K+-deficient conditions. Second, KUP7 may be modified at the

post-translational level, where its transport activity is activated

or enhanced under K+-deficient conditions.

Transcriptional regulation of K+ transporters is a universal mech-

anism for different plant species in response toK+-deficient stress

(WangandWu, 2013). The transcription ofHAK5 fromArabidopsis

(Gierth et al., 2005) as well as its homologs from other crops, such

asLeHAK5 (Wanget al., 2002),HvHAK1 (Santa-Marı́a et al., 1997),

andOsHAK1 (Bañuelos et al., 2002), all respond to K+ deficiency.

However, we found that KUP7 transcript was not induced by LK

treatment (Supplemental Figure 10). KUP7 overexpressing lines

showed neither low-K+ tolerant phenotype nor enhanced-K+

translocation activity (Supplemental Figures 3 and 9). Therefore,

KUP7 function under K+-deficient conditions is not due to

transcriptional regulation.

Phosphorylation is the commonest mode of post-translational

regulation, which is often reported in K+ channel modification

(Wang and Wu, 2013). For instance, the AKT1 channel is

phosphorylated by CIPK23, whose activity is enhanced under

K+-deficient conditions (Xu et al., 2006). This similar regulatory

mechanism for K+ channels has been continually reported in

different plant species (summarized by Véry et al., 2014). In

addition, recent studies revealed that the K+ transporter HAK5

also requires post-transcriptional regulation (Rubio et al., 2014),
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whose activity is regulated by protein

kinase CIPK23 via phosphorylation (Ragel

et al., 2015). We speculated that KUP7

might be also regulated by phosphorylation.

Using a phosphoproteomic approach, three

phosphorylation sites (S80, S719, and S721)

have been identified on KUP7 sequence

(858 amino acids) (Whiteman et al., 2008;

Chen et al., 2010). KUP transporters are

predicted to contain 12 transmembrane

domains (Sato et al., 2014). S80 is located

in the N-terminal of KUP7 before the first

transmembrane domain. S719 and S721

are located in the C-terminal of KUP7 after the 12th

transmembrane domain (Supplemental Figure 11). We tested

whether these three sites contributed to the K+ transport

activity of KUP7. In yeast, mutation of S80, S719, and S721

from Ser (S) to Ala (A) or Glu (E) all led to a defect in yeast

growth compared with the KUP7 wild-type (Supplemental

Figure 11), suggesting that phosphorylation on these sites may

affect the K+ transport activity of KUP7. In addition, we also

constructed two Arabidopsis complementation lines (COMS80E

and COMS719A/S721A) that contained point mutations in KUP7.

Phenotype testing showed that the two transgenic plants

cannot completely rescue the sensitive phenotype of kup7

on LK medium (Supplemental Figure 12). These findings implied

that KUP7 activity might be regulated by protein kinases

under K+-deficient conditions to maintain the K+ uptake and

translocation in Arabidopsis root.

KUP7 Operates under K+-Deficient Conditions

Former investigations have indicated that members of the

KT/HAK/KUP family from different plant species are candidates

for high-affinity K+ transporters, such as HvHAK1 in barley

(Santa-Marı́a et al., 1997), OsHAK1 in rice (Bañuelos et al.,

2002), and CaHAK1 in pepper (Martı́nez-Cordero et al., 2004).

In Arabidopsis, KUP1 (Kim et al., 1998), KUP4/TRH1 (Rigas

et al., 2001), and HAK5 (Rubio et al., 2000) have been identified

as high-affinity K+ transporters. However, low-affinity K+ trans-

porters were also reported in this family, for example KUP1

(dual-affinity) (Fu and Luan, 1998) and KUP9 (Kobayashi et al.,

2010). The different affinities of these KT/HAK/KUP transporters

may imply their different physiological functions in different

tissues under various environmental conditions. Here, our data

indicated that KUP7 mediated K+ uptake and transport in

Arabidopsis root especially under K+-limited conditions

(Figures 6 and 7). This finding is consistent with the previous
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Figure 6. K+ Uptake in kup7 Mutant Is Impaired under
K+-Deficient Conditions.
(A) Total K+ amount of various plants after grown on MS or LK medium

for 10 days. Data are shown as means ± SE (n = 3). The Student t-test

(*p < 0.05) was used to analyze the statistical significance.

(B) K+ uptake ability comparison of various plants using K+-depletion

assay. Data are shown asmeans ±SE (n = 4). The Student t-test (*p < 0.05)

was used to analyze the statistical significance.

Figure 7. kup7 Mutant Is Defective in K+ Translocation from
Root to Shoot under K+-Deficient Conditions.
(A) K+ concentration in xylem sap from various plants grown in nutrient

solution containing different K+ concentrations (5 mM and 100 mM). Data

are shown as means ± SE (n = 3). The Student t-test (*p < 0.05) was used

to analyze the statistical significance.

(B) K+ concentration in xylem sap is dependent on external K+ concen-

trations in nutrient solution. Data are shown as means ± SE (n = 3). The

Student t-test (*p < 0.05) was used to analyze the statistical significance.
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report that KUP7 is a high-affinity K+ transporter in Escherichia

coli (Ahn et al., 2004). However, in this study we found

that KUP7 may mediate low-affinity K+ transport in yeast

(Figure 3A), mediating K+ uptake when the K+ concentration in

medium was above 500 mM. This discrepancy may be due to

the differences between different expression systems. A recent

report showed that phosphorylation of HAK5 by CIPK23 may

induce a conformational change of HAK5, which could increase

the affinity and Vmax of HAK5 K+ transport in yeast (Ragel et al.,

2015). This, combined with the results that KUP7 may be

regulated by phosphorylation, leads us to speculate that yeast

may lack the proper kinases for regulation of KUP7 activity,

which is why KUP7 alone exhibits low-affinity K+ transport in

yeast. Co-expression with the proper kinases in yeast might alter

KUP7 affinity. In future studies the protein kinases that are able

to regulate KUP7 should be further identified, which could be

characterized in yeast cells.
METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Columbia (Col) was used as the wild-type

plant. The kup7 mutants (N805085 and N760765) were obtained from

the Arabidopsis Biological Resource Center (http://www.Arabidopsis.

org/abrc/), and identified using the T-DNA border primer and gene-

specific primers. For generation of overexpressing lines of KUP7, the

KUP7 coding sequence was cloned into Super1300 vector using the

enzyme sites SmaI and KpnI. The plasmid was then introduced into

Agrobacterium tumefaciens GV3101 and subsequently transformed into

Arabidopsis Col plants by the floral dip method (Clough and Bent,

1998). For the complementation lines of kup7, KUP7 genomic sequence

was cloned into pCAMBIA1300 vector using enzyme sites SalI and KpnI

driven by its own promoter (573 bp). The plasmid was transformed into

kup7 mutant plants. For the ProKUP7:GUS plants, two promoter

fragments with different lengths, ProKUP7-1 (573 bp) and ProKUP7-2

(1557 bp), were cloned into pCAMBIA1381 vector via BamHI/HindIII

sites and BamHI/PstI sites, respectively. The plasmids were then

transformed into wild-type plants. For all experiments, the homozygous

T3 transgenic plants were used. For seed harvest, Arabidopsis plants

were grown in potting soil mixture (rich soil/vermiculite = 2:1, v/v) in
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a growth chamber (22�C, constant illumination of 120 mmol m�2 s�1,

16-h/8-h day/night period; the relative humidity was approximately 70%).

Low-K+ Stress Treatment

Seeds were surface sterilized using the mixed solutions of 0.5% (v/v)

NaClO and 0.01% (v/v) Triton X-100 for 10min, and washed with sterilized

distilled water. The seeds were then germinated on MS (20 mM K+) or LK

(100 mMK+)medium at 22�Cunder constant illumination (60 mmolm�2 s�1)

for 10 days. Themedium contained 0.8% (w/v) agar and 3% (w/v) sucrose.

The LK medium used in the study was described previously (Liu et al.,

2013). The final K+ concentration in LK agar-medium (0.8%, w/v) was

adjusted to 100 mM by adding KCl.

Measurement of K+ Content

Arabidopsis seedlings were germinated on MS or LK medium for

10 days. The shoots and roots were then harvested separately for measure-

ment of K+ content. Samples were washed thoroughly with double-distilled

water three times,anddriedat80�Cfor48h toconstantweight. Thesamples

were treated in a muffle furnace at 300�C for 1 h, 575�C for 7 h, and finally

dissolved in 0.1 NHCl. K+ concentrationswere thenmeasured by an atomic

absorption spectrophotometer (Hitachi Z5000).

K+ Depletion Assay

The K+ depletion assay was described previously (Xu et al., 2006).

Arabidopsis seeds were germinated on MS medium for 7 days and then

used for the K+ depletion experiments. The 7-day-old seedlings were first

pretreated in starvation solution (0.2 mM CaSO4, 5 mM MES [pH 5.7]

adjusted with Tris) at 22�C for 30 h. The test began 5 min after transfer

of seedlings to depletion solution (0.25 mM KNO3, 0.2 mM CaSO4,

5 mMMES [pH 5.7] adjusted with Tris). The experiments were conducted

at 22�C in the light (60 mmol m�2 s�1). The solution samples were collected

at different time points as indicated. The samples were then dissolved in

0.1 N HCl. Subsequently, K+ concentrations of the samples were

measured by an atomic absorption spectrophotometer (Hitachi Z5000).

Measurement of K+ Content in Xylem Sap

Arabidopsis seeds were germinated on MS medium for 7 days and

then transferred in vermiculite. Plants were irrigated with 1/4 MS nutrient

solution containing different K+ concentrations (0, 0.1, 0.25, and 5 mM).

Plants were grown in a growth chamber (22�C, constant illumination of

120 mmol m�2 s�1, 16-h/8-h day/night period, relative humidity �70%).

After being grown in nutrient solution for 3 weeks, plant shoots were

excised, and the xylem sap was collected using capillaries within 2 h in

the morning. Each plant was covered with one capillary for xylem sap

collection. Three biological replicates were conducted for each kind of

plant. For each replicate, the xylem sap was collected from 20–25 plants.

The total volume for each replicate was approximately 50–60 ml. The xylem

sap samples were then dissolved in 0.1 N HCl. Subsequently, the K+ and

Mg2+ (reference element) concentrations were measured by an atomic

absorption spectrophotometer (Hitachi Z5000). Meanwhile, the plant

roots were washed and collected. The root fresh weight was also

measured to calculate the ion secretion rate into xylem.

Transcription Analysis

For both RT–PCR and real-time PCR analysis, total RNA was extracted

with Trizol reagent (Sigma) and then treated with DNase (RNase Free,

Takara) to eliminate genomic DNA contamination. The cDNA was synthe-

sized from treated RNA by SuperScriptII RNase reverse transcriptase

(Invitrogen). However, the two experiments used different primers, oligo(dT)

primers (Promega) and Radom Hexamer primers (Promega), respectively.

Quantitative real-time PCR was performed using the Power SYBR Green

PCR Master Mix (Applied Biosystems) on a 7500 Real Time PCR System

machine (Applied Biosystems) following the manufacturer’s protocols. The

PCR amplificationwas performed at 95�C for 15 s and 60�C for 1min. Rela-

tive quantitative results were calculated by normalization to 18S rRNA.
444 Molecular Plant 9, 437–446, March 2016 ª The Author 2016.
Yeast Complementation Assay

The coding sequences of KUP7 and AKT1 were constructed into p416-

GPD vector, and transformed into yeast strain R5421 (trk1D, trk2D), in

which two endogenous K+ transporter genes (TRK1, 2) were deleted.

Yeast strain R757 was used as positive control. The yeast complementa-

tion experiment was performed as described previously (Li et al., 2014).

Subcellular Localization Analysis

The coding sequence ofKUP7 fused withGFPwas cloned into Super1300

vector using the enzyme sites SalI and KpnI. The constructs were then

introduced into A. tumefaciens GV3101, and transformed into wild-type

Arabidopsis plants. The homozygous T3 transgenic plants were used for

the detection of KUP7 localization. Arabidopsis seeds were germinated

on 1/2 MS medium for 5 days, then the seedlings were used for GFP fluo-

rescence observation using a spinning disc confocal system (Yokogawa,

Japan) and an Andor iXon charge-coupled device camera (Andor Tech-

nology, Northern Ireland). The excitation wavelength was 488 nm, and

the emission wavelength was between 500 and 530 nm. Fluorescence

intensity scan was performed using ImageJ software.
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Gierth, M., Mäser, P., and Schroeder, J.I. (2005). The potassium

transporter HAK5 functions in K+ deprivation-induced high-affinity K+

uptake and AKT1 K+ channel contribution to K+ uptake kinetics in

Arabidopsis roots. Plant Physiol. 137:1105–1114.

Hirsch, R.E., Lewis, B.D., Spalding, E.P., and Sussman, M.R. (1998). A

role for the AKT1 potassium channel in plant nutrition. Science

280:918–921.

Ivashikina, N., Becker, D., Ache, P., Meyerhoff, O., Felle, H.H., and

Hedrich, R. (2001). K+ channel profile and electrical properties of

Arabidopsis root hairs. FEBS Lett. 508:463–469.

Kim, E.J., Kwak, J.M., Uozumi, N., and Schroeder, J.I. (1998). AtKUP1:

an Arabidopsis gene encoding high-affinity potassium transport

activity. Plant Cell 10:51–62.

Kobayashi, D., Uozumi, N., Hisamatsu, S., and Yamagami, M. (2010).

AtKUP/HAK/KT9, a K+ transporter from Arabidopsis thaliana,

mediates Cs+ uptake in Escherichia coli. Biosci. Biotechnol. Biochem.

74:203–205.

Lagarde, D., Basset, M., Lepetit, M., Conejero, G., Gaymard, F.,

Astruc, S., and Grignon, C. (1996). Tissue-specific expression of

Arabidopsis AKT1 gene is consistent with a role in K+ nutrition. Plant

J. 9:195–203.
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