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Potassium in plants accounts for up to 10% dry weight, and participates in different

physiological processes. Under drought stress, plant requires more potassium but

potassium availability in soil solutes is lowered by decreased soil water content. Forming

symbiosis with arbuscular mycorrhizal (AM) fungi not only enlarges exploration range

of plant for mineral nutrients and water in soil, but also improves plant drought

tolerance. However, the regulation of AM fungi on plant root potassium uptake and

translocation from root to shoot was less reported. In current study, the effect of an

AM fungus (Rhizophagus irregularis), potassium application (0, 2, and 8 mM), and

drought stress (30% field capacity) on Lycium barbarum growth and potassium status

was analyzed. Ten weeks after inoculation, R. irregularis colonized more than 58%

roots of L. barbarum seedlings, and increased plant growth as well as potassium

content. Potassium application increased colonization rate of R. irregularis, plant

growth, potassium content, and decreased root/shoot ratio. Drought stress increased

colonization rate of R. irregularis and potassium content. Expression of two putative

potassium channel genes in root, LbKT1 and LbSKOR, was positively correlated with

potassium content in root and leaves, as well as the colonization rate of R. irregularis.

The increased L. barbarum growth, potassium content and genes expression, especially

under drought stress, suggested that R. irregularis could improve potassium uptake of

L. barbarum root and translocation from root to shoot. Whether AM fungi could form a

specific mycorrhizal pathway for plant potassium uptake deserves further studies.

Keywords: arbuscular mycorrhiza fungi, Lycium barbarum, drought, potassium status, potassium channels

INTRODUCTION

Potassium is one of the most important mineral element in plants, which accounts for 2–10% of
plants dry weight, and its concentration in cytoplasm must be maintained in the range of 100–200
mM to ensure enzymes activities (Leigh andWyn Jones, 1984). In plants, potassium participates in
multiple processes such as enzyme activation, membrane transportation, anion neutralization, and
osmoregulation (Wang andWu, 2013; Garcia and Zimmermann, 2014). Although potassium in soil

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
https://doi.org/10.3389/fpls.2017.00440
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2017.00440&domain=pdf&date_stamp=2017-03-29
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:tangmingyl@163.com
https://doi.org/10.3389/fpls.2017.00440
http://journal.frontiersin.org/article/10.3389/fpls.2017.00440/abstract
http://loop.frontiersin.org/people/406599/overview


Zhang et al. AMF Improves Goji Potassium Status

is highly abundant, the majority of potassium in soil was
dehydrated and coordinated to oxygen atoms. Only 0.1–1 mM
potassium was available in soil solute for plants (Maathuis, 2009).
The gap between high demand and low availability of potassium
drove plants to develop high-affinity transport systems for
potassium acquisition by root from soil (Nieves-Cordones et al.,
2014), and cooperate with microorganisms (Egamberdiyeva,
2007; Garcia and Zimmermann, 2014).

Arbuscular mycorrhizal (AM) fungi, from the monophyletic
phylum Glomeromycota, are ubiquitous in different ecosystems
and could infect more than 80% terrestrial plants root to form
mutualistic symbiosis, in which AM fungi acquire up to 20%
photosynthates from plants, and supply mineral nutrients and
water in return (Bago et al., 2000; Parniske, 2008; Smith and
Read, 2008). For potassium, the early study of George et al. (1992)
indicated that the extraradical hyphae of AM symbiosis could
absorb potassium from soil, and provided the evidence that AM
fungi could supply host plant with potassium. The accumulated
potassium in different parts of AM fungus and mycorrhizal root
section suggested that the AM fungi were capable of potassium
absorption and transportation from soil to plant root (Scheloske
et al., 2004; Pallon et al., 2007; Olsson et al., 2008). In plant,
potassium content was highly correlated with phosphate content
(Olsson et al., 2011), and played the major role as a counter-
ion in polyphosphate stabilization (Orlovich and Ashford, 1993;
Kikuchi et al., 2014). Considering the indispensable role of
phosphate in AM symbiosis (Javot et al., 2007), potassium
transportationmay also played a possible role inmaintaining AM
symbiosis.

Drought is the seriously abiotic stress that reduces plant
growth and productivity. Under drought stress, plants need
potassium for stomatal regulation, osmotic adjustment, cell-
membrane integrity and function. As the mobility of potassium
decreased with soil water content, the gap between demand
and acquirement of plant would expanded and resulted in
potassium deficiency (Hu and Schmidhalter, 2005). AM fungi
were reported to improve plant drought tolerance/resistance
via improving water transportation, osmotic adjustment, gas
exchange, and protection against oxidative damage (Ruiz-
Lozano et al., 2012a; Barea et al., 2013), while extra potassium
fertilization was beneficial for all these processes (Anschütz et al.,
2014). Ruiz-Lozano et al. (1995) indicated that the respond
of mycorrhizal plant to drought stress was closely correlated
with plant potassium content. El-Mesbahi et al. (2012) found
potassium supplement could improve root hydraulic properties
only in mycorrhizal maize. Under salinity, which may cause
physiological drought, AM fungi were reported to increase the
potassium content in host plants (Porras-Soriano et al., 2009;
Estrada et al., 2013). However, the regulation of AM fungi
on plant genes in charge of potassium uptake by root and
translocation from root to shoot was less reported.

A large number of genes encoding potassium channels were
cloned, identified, and separated into three families (Shaker,
TPK, and Kir-like) in plants (Wang and Wu, 2013). Within the
Shaker family, genes were classified into five subfamily (AKT1
subfamily, KAT1 subfamily, AKT2 subfamily, AtKC1 subfamily,
and SKOR subfamily) by sequence similarities and common

functional properties. Channels are inward-rectifying from
AKT1 subfamily and KAT1 subfamily, weakly inward-rectifying
from AKT2 subfamily, modulator of other inward-rectifying
channels from AtKC1 subfamily, and outward-rectifying from
SKOR subfamily (Pilot et al., 2003; Gambale and Uozumi,
2006). InArabidopsis thaliana, inward-rectifying AKT1, from the
AKT1 subfamily, played a major role in root potassium uptake
(Lagarde et al., 1996), while outward-rectifying SKOR, from
SKOR subfamily, controlled the release of potassium into xylem
sap, and contributed to the potassium translocation from root to
shoot (Gaymard et al., 1998). In order to illustrate the influence
of AM fungi on plant potassium uptake and translocation, the
transcript of AKT1 and SKOR orthologue genes were analyzed in
current study.

Lycium barbarum L. (Solanaceae) is a perennial ligneous shrub
widely raised in northwest of China, where water deficiency is
the critical factor limited plant growth (Yang et al., 2011). As
a drought-tolerant plant species, L. barbarum produced highly
valued medical fruits (Zhao and Zeng, 1999; Gan et al., 2004;
Luo et al., 2006), and formed symbiosis with AM fungi (Zhang
et al., 2010). Two putative orthologue genes encoding AKT1 and
SKOR were isolated from L. barbarum, and designated as LbKT1
and LbSKOR. The objectives of current study were: (1) to evaluate
the combined effect of potassium application, drought, and AM
fungus on plant growth and potassium status, (2) to analyze
the regulation of AM fungus on the expression of LbKT1 and
LbSKOR under different potassium and water conditions.

MATERIALS AND METHODS

Growth Medium and Plant Material
Growth medium was a mixture of soil and sand (1:1, v/v).
Soil used in current study was collected from the top layer of
Northwest A&F University campus nursery, in Yangling City,
Shaanxi province, China. Soil contained organic matter 11.85
g·kg−1, available nitrogen 41.25 mg·kg−1, available phosphorus
9.63 mg·kg−1 and available potassium 134.62 mg·kg−1. Soil pH
was 7.5 (soil: water = 1.0: 2.5). Soil was ground, passed through
a 2mm sieve, and mixed with thoroughly washed river sand.
Growth medium was autoclaved at 0.11 MPa and 121◦C for 2 h,
then placed 1 week before use.

Seeds of L. barbarum L. (cultivar, Ningqi No. 1) were kindly
offered by Dr. Yajun Wang (Ningxia Academy of Agriculture
and Forestry Sciences). Seeds were first surface sterilized with
5% sodium hypochlorite for 10min and washed three times with
sterile water, and then geminated on moist filter paper in dark at
28◦C. Germinated seeds were cultivated in seedling tray (50mL
for each hole) filled with sterilized sand. Seeds were fertilized
with 10 mL 1/2 Hoagland’s solution (Hoagland and Arnon, 1950)
every week. After 3 weeks, uniformed seedlings were selected and
planted in plastic pot (13 × 11 × 9 cm) containing 1 kg growth
medium. Each port was planted with two seedlings.

AM Fungal Inoculation
Rhizophagus irregularis was provided by the Plant Nutrition
and Resources Institute of Beijing Academy of Agriculture
and Forestry, and propagated in pot culture with Trifolium
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repens using sterile sands prior current experiment. The result
mixture consisting of spores (50 spores g−1), mycelium, and root
fragments were used as AM fungal inoculum.

For AM fungal inoculation, 10 g inoculum was placed in
plastic pot next to the uniformed L. barbarum seedling, while
the non-mycorrhizal treatment received 10 g autoclave inoculum
with microbial wash (1-µm nylon mesh) from the inoculum.

Experimental Design and Growth Condition
The experiment consisted of a randomized block design with
three factors (2 × 2 × 3): (1) AM status, inoculated with R.
irregularis (AM) or not (NM); (2) water status, well-watered
(WW, 80% of field capacity) or drought stressed (DS, 30% of
field capacity); and (3) potassium application, K0 (without KCl
application), K1 (applied with 2mmol KCl), and K2 (applied
with 8 mmol KCl). Soil water content was controlled by weighing
the pots every day. For potassium application, KCl solution was
applied to the corresponding treatment and reached the target
quantity in the fifth day to avoid an osmotic shock. There were
five replicates for each treatment (12 in total), totaling 60 pots
(two seedlings per pot).

The experiment was conducted in greenhouse with 12 h light
per day at the temperature of 25–35◦C and the relative humidity
of 55–78%. Pots were arranged in a randomized complete
block design. After transplantation, seedlings were fertilized
with 10 mL Hoagland’s solution every 10 days. Forty days post
transplantation, potassium application started. Fifty days post
transplantation, water treatment started and lasted for 20 days.

Plant Growth, Mycorrhizal Colonization,
and Potassium Content Analysis
Seventy days after transplantation, seedlings were harvested.
Roots from each treatment were collected and washed with tap
water to remove soil particles. Part of roots were cut into 1 cm
fragments and stained with trypan blue (Phillips and Hayman,
1970). Mycorrhizal colonization was measured by the gridline
intercept method (Giovannetti and Mosse, 1980).

Potassium content in leaves and roots were measured by
atomic absorption spectrometry.

RNA Extraction and First-Strand cDNA
Synthesis
RNAwas extracted from frozen milled leaf and root sample using
the omega E.Z.N.ATM Plant RNA Kit (Omega bio-tek, http://
www.omegabiotek.com/). Quality and quantity of the RNA were
assessed by measuring the A260/A280 ratio with NanoDrop 1000
spectrophotometer (Thermo-scientific, USA). The first-strand
cDNA was synthesized using PrimerScript 1st Stand cDNA
Synthesis Kit (Takara) from 1 µg RNA in the final volume of 15
µL.

Isolation and Computational Analysis of
Putative Genes Encoding Potassium
Channels
Based on the result of de novo transcriptome sequencing of R.
irregularis colonized L. barbarum roots, two novel full-length

cDNA sequences encoding potassium channel protein were
obtained, and designated LbKT1 and LbSKOR. Subsequent PCR
was performed using cDNA from L. barbarum roots (both AM
and NM treatment under WW condition) as template. Purified
PCR products were transformed into the pMD18-T simple vector
(Takara) for sequencing (Sunnybio, www.sunnybio.cn).

The sequence data were subject to similarity analysis using
the BLAST program in NCBI (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). The DNASTAR program was used to analyze the open
reading frame (ORF), and to predict the amino acid sequence.
Signal peptide analysis was performed using SignalP 4.1 (http://
www.cbs.dtu.dk/services/SignalP/). Subcellular localization
was predicted using PSORT Prediction (http://psort.hgc.jp/
form.html). Transmembrane protein structure was predicted
by TMpred (http://www.ch.embnet.org/software/TMPRED_
form.html) and TMHMM server v2.0 (http://www.cbs.dtu.dk/
services/TMHMM/). Conservative domain was predicted by
BLASTP in NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi). A
phylogenetic tree was constructed using the neighbor-joining
(NJ) method in MEGA 5.05 (Tamura et al., 2011).

Quantitative Real-Time PCR (qRT-PCR)
Analysis
qRT-PCR were performed to analyze the transcript accumulation
of LbKT1 and LbSKOR in leaves and roots. Primers used
were listed in Table 1. qRT-PCR amplifications were performed
with SYBR Premix Ex TaqTM II (Perfect Real Time; Takara
Biotechnology Co., Ltd, China) according to the manufacturer’s
instructions. The amplifications were set at 20µL reaction
system including 10µL SYBR Premix Ex TaqTM II, 0.8 µL
forward and reverse primers (10µmol/L), 7.4µL nuclease-free
water, and 1 µL cDNA (1:10 diluted with nuclease-free water).
The reactions were performed on a Bio-Rad CFX96 real-time
PCR instrument and the data were analyzed by using Bio-Rad
CFX Manager software, version 1.1 (Bio-Rad, USA). A melting
curve was recorded at the end of each run to detect primers
generating non-specific PCR products (Ririe et al., 1997). A
fragment of L. barbarum actin gene was used for normalization
(Hu et al., 2017). The relative expression were calculated as
2−1CT (1CT= CTgene of interest − CTactin).

Statistical Analysis
Analysis of variance (ANOVA) and Pearson’s correlation analysis
were performed by the program package Statistica (Version 9.1;
StatSoft Inc., Tulsa, OK, USA). Fisher’s LSD was performed at P
= 0.05 in case of significant impact by factor.

RESULT

Plant Growth, Mycorrhizal Colonization,
and Potassium Content
Seventy days after transplantation, seedlings growth was
recorded (Table 2). Inoculation of R. irregularis and application
of potassium improved both shoot and root growth. Under
each potassium condition, R. irregularis colonized L. barbarum
seedlings had higher shoot and root weight. Compared
with well-watered seedlings, drought stress reduced seedlings
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TABLE 1 | Primers used for gene clone and quantitative real-time PCR (qRT-PCR).

Primer name GenBank accession Primer sequence (5′-3′) Product size (bp)

Clone PCR Primer1-for LbKT1 ATGAATCAGATAACAACGGAAG 1,260

Primer1-rev fragment1 CCAGCAGAAGAACAACACAG

Primer2-for LbKT1 TTAGTTGGCTGTCTCTACC 1,500

Primer2-rev fragment2 GTCTCCATTAGAACTCCT

Primer3-for LbSKOR TGATTACGAGGAGAGCAGA 1,002

Primer3-rev fragment1 TAATATACAAGAGCCCGACG

Primer4-for LbSKOR ATTAGCAGGCAAAGTGTT 1,520

Primer4-rev fragment2 AGCTGTTAGGCTCAAGAC

qRT-PCR LbKT1-for KU523244 TTCCCAAGATCAACGGGTCATCGG 192

LbKT1-rev CTTATCACCATCCCGGATTCGAAG

LbSKOR-for KU523245 CTTTTGATATGATTCTTGGTGCTT 181

LbSKOR-rev CTTTGATATTGTAATCGCAAGTGG

Actin-for HQ415754 TCTACGAGGGTTACGCTTTG 126

Actin-rev TCCCGTTCAGCAGTGGTT

TABLE 2 | Biomass and mycorrhizal colonization of L. barbarum under different treatments.

Treatments Shoot fresh weight (g) Root fresh weight (g) Root/shoot ratio Colonization (%)

DSNMK0 7.17 ± 0.15g 12.40 ± 0.36f 1.73 ± 0.01a 0

DSAMK0 7.43 ± 0.40g 12.67 ± 0.32f 1.71 ± 0.12a 61.60 ± 1.99

DSNMK1 10.07 ± 0.06f 13.40 ± 0.98ef 1.33 ± 0.10bcd 0

DSAMK1 11.70 ± 0.52de 13.47 ± 0.51ef 1.15 ± 0.06efg 62.47 ± 1.85

DSNMK2 11.40 ± 0.44e 14.10 ± 2.41e 1.24 ± 0.22def 0

DSAMK2 12.63 ± 0.35c 14.07 ± 0.15e 1.11 ± 0.03fg 68.71 ± 1.95

WWNMK0 11.37 ± 1.36e 16.13 ± 0.72cd 1.43 ± 0.11b 0

WWAMK0 13.60 ± 0.44b 14.53 ± 0.31e 1.07 ± 0.03g 58.42 ± 2.21

WWNMK1 12.50 ± 0.26cd 17.43 ± 0.29bc 1.40 ± 0.05bc 0

WWAMK1 14.27 ± 0.23ab 15.93 ± 0.21d 1.12 ± 0.03efg 61.06 ± 2.04

WWNMK2 13.83 ± 0.06ab 19.10 ± 0.10a 1.38 ± 0.01bcd 0

WWAMK2 14.53 ± 0.47a 18.37 ± 0.29ab 1.26 ± 0.04cde 64.98 ± 4.86

Pwater s s s s

PAMF s s s na

PK s s s s

Pwater*AMF ns s s na

Pwater*K s s s ns

PAMF*K ns ns ns na

Pwater*AMF*K s ns ns na

Data was shown as mean ± SD; DS, drought stress; WW, well-water; NM, non-mycorrhizal; AM, inoculated with Rhizophagus irregularis; K0, applied with no KCl; K1, applied with 2

mM KCl; K2, applied with 8 mM KCl; s, significant; ns, not significant; na, not applicable; value with different letters indicated significant difference (LSD-test P = 0.05, n = 3).

growth, and reduced the growth promotion by inoculation
of R. irregularis and application of potassium. Colonization
of R. irregularis obviously increased the root/shoot ratio
under well-watered condition, while the potassium application
increased the root/shoot ratio in non-mycorrhizal plants and
decreased the root/shoot ratio in mycorrhizal plants. With 8mM
potassium application, the difference of root/shoot ratio between
mycorrhizal and non-mycorrhizal plants was marginal. Under
drought stress, influence of R. irregularis on root/shoot ratio was
only obvious when 2mM potassium was applied.

No mycorrhizal colonization was observed in non-
mycorrhizal seedlings. More than 58% roots of seedlings were
colonized by R. irregularis, while the colonization was promoted
by potassium application and drought stress. The highest
colonization (68.71 ± 1.95%) was observed in the treatment
under drought stress with 8 mM potassium application.

The potassium content in leaves was higher than that in
roots (Figure 1). Both R. irregularis and potassium application
improved potassium content in leaves and roots. Under drought
stress, improvement of R. irregularis on potassium content in
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FIGURE 1 | Potassium content of L. barbarum roots and leaves under

different treatments. Different letters on columns indicated significant

difference at P < 0.05 (LSD-test, n = 6). DS, drought stress; WW, well-water;

NM, non-mycorrhizal; AM, inoculated with Rhizophagus irregularis; K0, applied

with no KCl; K1, applied with 2mM KCl; K2, applied with 8mM KCl.

leaves and roots was only obvious when 8 mM potassium was
applied.

Analysis of Two Putative Genes Encoding
Shaker Family Potassium Channels
Two novel full-length cDNA encoding Shaker family potassium
channels were obtained, sequenced, designated LbKT1 and
LbSKOR, and deposited in GenBank (LbKT1, KU523244;
LbSKOR, KU523245; Table 3). The open reading frame (ORF)
for LbKT1 was 2661 bp, encoded 886 amino acids, while the
ORF for LbSKOR was 2448 bp, encoded 815 amino acids. The
predicted molecular weight was 99.48 kDa for LbKT1 and 93.68
kDa for LbSKOR. Isoelectric point was 7.04 for LbKT1 and 6.61
for LbSKOR. Both LbKT1 and LbSKOR were predicted to locate
on plasma membrane, and had no signal peptide.

Based on the deduced amino acid sequence, analysis of protein
conserved domain indicated that both LbKT1 and LbSKOR
had six transmembrane domains (S1–S6), one cNMP binding
domain, and one ankyrin repeats domain (Figure 2). Between S5
and S6, there was one P-loop which have the signature sequence
of potassium channel (TxxTxGYGD, green in Figure 2). Based
the constructed phylogenetic tree (Figure 3), LbKT1 belonged
to the inward-rectifying AKT1 subfamily, and LbSKOR was a
member of the outward-rectifying SKOR subfamily.

Expression of LbKT1 and LbSKOR in
Leaves and Roots
In roots, inoculation of R. irregularis, application of potassium,
and water stress improved the expression of LbKT1 and LbSKOR.
Under the same potassium content in soil, mycorrhizal plants
had higher LbKT1 and LbSKOR expression in roots than that in
non-mycorrhizal plants. When 2 and 8 mM KCl were applied,
the LbKT1 and LbSKOR expression in roots under drought stress
was significant higher than that under well-watered condition
(Figure 4). In leaves, inoculation of R. irregularis, application of
potassium, and water stress did not influence the expression of

LbKT1. When 0 and 2 mM potassium was applied, R. irregularis
and drought stress did not influence the expression of LbSKOR
in leaves. When 8 mM potassium was applied, drought stress
increased the LbSKOR expression while R. irregularis decreased
its expression in leaves (Figure 4).

Correlation Analysis
The expression of LbKT1 in roots was highly correlated with
the potassium content of roots and leaves (P < 0.001), and
the correlation coefficient was higher than that of LbSKOR (P
< 0.01; Table 4). Both the expression of LbKT1 and LbSKOR
in roots was highly correlated with the colonization (P <

0.01). The expression of LbSKOR in leaves was correlated with
the potassium content of leaves (P < 0.05). The mycorrhizal
colonization was correlated with the potassium content of roots
(P < 0.05).

DISCUSSION

Establishment of symbiosis was the start point of AM
fungi to promote plant mineral and water absorption and
resistance/tolerance against biotic and abiotic stresses (Smith and
Read, 2008). More than 58% roots of L. barbarum seedlings were
colonized by R. irregularis 70 days after inoculation in current
study. This was consistent with previous survey that L. barbarum
was capable of forming AM (Zhang et al., 2010). In the study of
El-Mesbahi et al. (2012), potassium application increased only
the AM fungi colonized root length, but not the colonization
rate. Similar result was obtained in current study, application of
potassium increased both the colonization rate and the seedling
root growth, which resulted also in the increased AM fungi
colonized root length.

In current study, the seedlings of L. barbarum was fertilized
with Hoagland solution contained full strength phosphate and
nitrogen. Due to the extra application of potassium, the balance
among potassium, phosphate, and nitrogen was modified, and
might increase the demand of L. barbarum for more phosphate
and nitrogen. The relative shortage of phosphate and nitrogen in
the environment, instead of inner nutrient concentration, might
be sensed by plant and would explain the increased colonization
rate of R. irregularis (Bonneau et al., 2013). Drought stress
limited the diffusion of minerals in soil, and further aggregated
the imbalance among potassium, phosphate and nitrogen. This
might be the reason of the highest colonization rate of R.
irregularis in the treatment under drought stress with 8 mM
potassium application (Table 2).

Plant growth is the most obvious trait for the beneficial
effect of AM fungi under abiotic stress (Evelin et al., 2009;
Ruiz-Lozano et al., 2012a,b). In current study, inoculation of
R. irregularis improved the growth of L. barbarum seedlings,
which was consistent with previous studies that focused on the
interactions between AM fungi and the solanaceous plant species
(Yao et al., 2002; Kaya et al., 2009; Boldt et al., 2011). This might
due to the R. irregularis improved mineral absorption (Smith
et al., 2003) and the improved root hydraulic conductivity for
water absorption (El-Mesbahi et al., 2012). Under well-watered
condition, inoculation of R. irregularis obviously reduced the
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TABLE 3 | Physiochemical properties and subcellular localization of LbKT1 and LbSKOR.

Designated

gene name

GenBank

accession

ORF length

(bp)

Protein length

(aa)

Molecular

weight (kDa)

Isoelectric

point

Subcellular location Signal peptide

LbKT1 KU523244 2661 886 99.48 7.04 Plasma membrane NO

LbSKOR KU523244 2448 815 93.68 6.61 Plasma membrane NO

FIGURE 2 | Deduced amino acid sequence of LbKT1 (A) and LbSKOR (B). Continuous line above the sequences indicated the putative trans-membrane

domains (S1–S6), dotted line above the sequences indicated the putative cNMP binding domain, and curve above the sequences indicated the putative ankyrin

repeats domain.

root/shoot ratio (Table 2). This was consistent with previous
studies that the mycorrhizal plants had a lower root/shoot ratio
than their non-mycorrhizal counterparts, and this might due

be to the reliance of plants on AM fungal mycelium (Zhang
et al., 2016). Under drought stress, the effect of R. irregularis
on root/shoot ratio was only obvious when extra potassium
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FIGURE 3 | Phylogenetic tree of plant potassium channels. The tree was constructed with MEGA5 using the neighbor-joining (NJ) method. Values indicated at

the nodes were bootstrap values based on 1,000 replicates.

was applied. This might attribute to the nutrient translocation
strategy that plant cope with water stress (Chaves et al., 2003;
Jaramillo et al., 2013). Facing drought stress, plants investedmore
photosynthates into root growth to absorb water and mineral
nutrients. As plant growth was correlated with potassium uptake
(Rubio et al., 2010; Alemán et al., 2011), potassium application
improved root growth, which satisfied the demand of water and
mineral nutrients absorption. Then, the balance between shoot
and root growth changed, and the influence of R. irregularis
emerged (Egilla et al., 2001).

Under well-watered condition, the potassium application
decreased root/shoot ratio in non-mycorrhizal plants and
increased root/shoot ratio in mycorrhizal plants (Table 2). This
implied that potassium application increased the reliance of
plant on root and decreased the reliance of plant on AM fungal

mycelium. The changed reliance might due to the potassium
stimulated systemic lateral root growth improved water and
mineral nutrients absorption (Drew, 1975). Another possibility
might be the nutrient foraging strategy of L. barbarum, which
relied on root growth rather than AM fungal mycelium (Chen
et al., 2016). Combined with the higher efficiency of root hair in
nutrient absorption (Brown et al., 2013) and substitution of AM
fungalmycelium on root hair (Jakobsen et al., 2005), thismight be
another potential explanation for the changed reliance. Although
the root/shoot ratio in non-mycorrhizal plants was lowered, it
was still higher than that in mycorrhizal plants. This implied that
AM fungal mycelium was better in carbon cost than root hair
in nutrient uptake (Orfanoudakis et al., 2010), and had further
access beyond nutrient depletion zone around root (Jakobsen
et al., 2005).
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Potassium involves in different metabolism processes (Wang
and Wu, 2013; Garcia and Zimmermann, 2014). Inoculation of
R. irregularis increased the potassium content both in leaves and
roots (Figure 1). This was consistent with some studies (Porras-
Soriano et al., 2009; Baslam et al., 2013; Estrada et al., 2013), while
El-Mesbahi et al. (2012) found a reduced potassium content in
mycorrhizal maize shoot. This might due to the different plants
and AM fungi combinations, and condition for plant cultivation.
Although George et al. (1992) indicated that the plant potassium
uptake was increased when the AM fungus had access to the
extra potassium in another compartment, the direct evidence
that AM fungi transport potassium to plant was still rare. Using
particle-induced X-ray emission analysis, a strong accumulation

FIGURE 4 | Relative expression of LbKT1 (A) and LbSKOR (B) in roots and

leaves of Lycium barbarum. Different letters on columns indicated significant

difference at P < 0.05 (LSD-test, n = 6). DS, drought stress; WW, well-water;

NM, non-mycorrhizal; AM, inoculated with Rhizophagus irregularis; K0, applied

with no KCl; K1, applied with 2 mM KCl; K2, applied with 8 mM KCl.

of potassium was documented in different parts of AM fungus
(Pallon et al., 2007; Olsson et al., 2008, 2011), and themycorrhizal
root section (Scheloske et al., 2004). All these observations
suggested that AM fungi are capable of transporting potassium to
plants. The positive correlated potassium and phosphate content
in plants (Olsson et al., 2011), and the suggested role of main
counter-ion for electrochemical polyphosphate stabilization
(Orlovich and Ashford, 1993; Kikuchi et al., 2014) made
potassium an indispensable mineral element for the mycorrhizal
pathway of phosphate transporting. Under drought stress, plant
required more potassium to improve its tolerance/resistance
via optimizing leaf water content, photosynthesis, water-use
efficiency, and antioxidative enzymes activity (Egilla et al., 2001,
2005; Soleimanzadeh et al., 2010). In current study, drought
stress increased potassium concentration in both roots and leaves
(Figure 1). This was consistent with the study of Egilla et al.
(2001). More studies are still needed to illustrate the uptake
of potassium via AM fungi and its specific contribution to the
improved plant drought tolerance/resistance.

Plant potassium channels are multimeric proteins. The
channels from Shaker family had six transmembrane domains,
one pore (P) domain between transmembrane 5 and 6, while
the P domain contained signature motif TxxTxGYGD (Lebaudy
et al., 2007). In current study, two novel full-length cDNA
were obtained and designated LbKT1 and LbSKOR due to their
sequences and domains similarity with genes encoding Shaker
family potassium channels (Figures 2, 3).

In Arabidopsis, AKT1 had been localized to epidermis, cortex
and endodermis (Cao et al., 1995; Lagarde et al., 1996), while
its homolog LKT1 from tomato and OsAKT1 from rice was
localized to root hair, epidermis and endodermis (Hartje et al.,
2000; Golldack et al., 2003). In charge of potassium uptake from
soil, AKT1 was reported respond to a wide range of potassium
concentrations (10 µM–10mM; Wang and Wu, 2013). In
current study, expression of LbKT1 in root was increased by
the potassium application (Figure 4), and positively correlated
with the potassium content in roots and leaves (Table 4). This
suggested that LbKT1, similar to AKT1, LKT1 and OsAKT1,
played the potassium uptake role in L. barbarum. Inoculation
of R. irregularis increased the LbKT1 expression in roots, which
paralleled with the AM fungus improve potassium content,
indicated that R. irregularis provided extra potassium in L.
barbarum roots. The upregulation of LbKT1 in mycorrhizal
roots needs further experiments to pinpoint the specific role
of AM fungi. Drought stress in current study also increased
the expression of LbKT1. This might be the respond of L.

TABLE 4 | Correlation coefficients among potassium content, gene expression, and mycorrhizal colonization.

Expression of LbKT1

in roots

Expression of LbKT1

in leaves

Expression of

LbSKOR in roots

Expression of

LbSKOR in leaves

Colonization

Potassium content of roots 0.82*** −0.11 0.50** 0.32 0.33*

Potassium content of leaves 0.84*** −0.05 0.50** 0.39* 0.27

colonization 0.46** 0.09 0.54*** −0.30 1

*Indicated significance of correlation coefficient at P < 0.05. **Indicated significance of correlation coefficient at P < 0.01. ***Indicated significance of correlation coefficient at P < 0.001.
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barbarum to drought stress by increasing potassium uptake
to lower cellular water potential (Ahmad et al., 2016) and
regulate stomatal conductance (Nieves-Cordones et al., 2012).
Expression of LbKT1 was also detected in L. barbarum leaves.
This was consistent with previous studies that AKT1 was
expressed in Arabidopsis mesophyll cell (Dennison et al., 2001),
while OsAKT1 in rice was detected in mesophyll cell and
cells neighboring the metaxylem vessels (Golldack et al., 2003).
Drought, inoculation of R. irregularis, and potassium application
in current study did not affect the expression of LbKT1 in leaves.
This was contradicted with the study of VvK1.1 in Grapevine
(Cuéllar et al., 2010), in which drought increased the expression
of VvK1.1 in leaves and decreased its expression in roots.
These contradicted expression results might due to the different
strategies that plants cope with drought stress.

SKOR is the potassium channel plays a key role in root-shoot
potassium translocation by secretion of potassium into xylem sap
(Gaymard et al., 1998). In current study, expression of LbSKOR
in roots was positively correlated with the potassium content in
roots and leaves, and the colonization of R. irregularis (Table 4).
This correlation suggested the potassium translocation function
of LbSKOR in L. barbarum and the LbSKOR expression was
increased by the AM fungal colonization, which was consistent
with the study of Estrada et al. (2013). Upregulation of LbSKOR
expression in roots by R. irregularis, especially under drought
stress (Figure 4), suggested an extra potassium supplement by
AM fungus favored the requirement of plant (Pilot et al., 2003),
and confirmed the role of SKOR in potassium homeostasis under
drought stress (Hu et al., 2016). Expression of LbSKOR was also
detected in leaves, and positively correlated with the potassium
content in leaves (Table 4). Similar to its homologs SPORK1
in Samanea saman (Moshelion et al., 2002) and NTORK in
tobacco (Sano et al., 2007), LbSKORmight in charge of potassium
permeability in L. barbarum leaves, while its specific localization
and function needs further study.

In conclusion, our results indicated that the potassium
status of L. barbarum was modulated by R. irregularis, soil

water status, and potassium content in soil. The putative
genes LbKT1 and LbSKOR belonged to the Shaker family
were in charge of potassium uptake and translocation, and
differently regulated by AM fungus, water status and potassium
availability. The improved L. barbarum potassium content by the
colonization of R. irregularis suggested a mycorrhizal potassium
transport pathway (Garcia and Zimmermann, 2014). However,
the transport of potassium in the interface between plant
and AM fungus remains elusive. Since AM fungus specifically
induced genes encoding potassium transporter and channel were
discovered (Guether et al., 2009; personal transcriptome data),
future studies illustrate the function and location of these genes
could reveal the contribution of AM fungus in plant potassium
nutrient.

AUTHOR CONTRIBUTIONS

HZ, WH, and MT designed this experiment. HZ, SW, and
LX carried out the experiment, and gathered the data. HZ
and MT interpreted the results, drafted and revised the
manuscript. HZ and MT final proved the manuscript, and
agreed to be accountable for all aspects of the work in
ensuring that questions related to the accuracy or integrity
of any part of the work are appropriately investigated and
resolved.

ACKNOWLEDGMENTS

This research was supported by the National Natural
Science Foundation of China (41671268 and 31270639,
http://www.nsfc.gov.cn/), and the Shaanxi Science and
Technology Innovation Project Plan (2016KTCL02-07), the
China postdoctoral Science Foundation (2016M592849),
and the Postdoctoral foundation of Shaanxi Province
(2016BSHYDZZ19). We also thank the reviewers
for reviewing the manuscript and offering helpful
suggestions.

REFERENCES

Ahmad, I., Mian, A., and Maathuis, F. J. (2016). Overexpression of the rice AKT1

potassium channel affects potassium nutrition and rice drought tolerance. J.

Exp. Bot. 67, 2689–2698. doi: 10.1093/jxb/erw103

Alemán, F., Nieves-Cordones, M., Martínez, V., and Rubio, F. (2011). Root K+

acquisition in plants: the Arabidopsis thaliana model. Plant Cell Physiol. 52,

1603–1612. doi: 10.1093/pcp/pcr096

Anschütz, U., Becker, D., and Shabala, S. (2014). Going beyond nutrition:

regulation of potassium homoeostasis as a common denominator of

plant adaptive responses to environment. J. Plant Physiol. 171, 670–687.

doi: 10.1016/j.jplph.2014.01.009

Bago, B., Pfeffer, P. E., and Shachar-Hill, Y. (2000). Carbon metabolism

and transport in arbuscular mycorrhizas. Plant Physiol. 124, 949–958.

doi: 10.1104/pp.124.3.949

Barea, J. M., Pozo, M. J., López-Ráez, J. M., Aroca, R., Ruiz-Lozano, J. M., Ferrol,

N., et al. (2013). “Arbuscular mycorrhizas and their significance in promoting

soil-plant systems sustainability against environmental stresses,” in Beneficial

Plant-Microbial Interactions: Ecology and Applications, eds B. Rodelas and J.

Gonzalez-Lopez (Enfield, NH: Science Publishers), 353–387.

Baslam,M., Garmendia, I., and Goicoechea, N. (2013). The arbuscular mycorrhizal

symbiosis can overcome reductions in yield and nutritional quality in

greenhouse-lettuces cultivated at inappropriate growing seasons. Sci. Hortic.

164, 145–154. doi: 10.1016/j.scienta.2013.09.021

Boldt, K., Pors, Y., Haupt, B., Bitterlich, M., Kühn, C., Grimm, B., et al. (2011).

Photochemical processes, carbon assimilation and RNA accumulation of

sucrose transporter genes in tomato arbuscular mycorrhiza. J. Plant Physiol.

168, 1256–1263. doi: 10.1016/j.jplph.2011.01.026

Bonneau, L., Huguet, S., Wipf, D., Pauly, N., and Truong, H. N. (2013). Combined

phosphate and nitrogen limitation generates a nutrient stress transcriptome

favorable for arbuscular mycorrhizal symbiosis in Medicago truncatula. New

Phytol. 199, 188–202. doi: 10.1111/nph.12234

Brown, L. K., George, T. S., Barrett, G. E., Hubbard, S. F., and White, P. J. (2013).

Interactions between root hair length and arbuscular mycorrhizal colonisation

in phosphorus deficient barley (Hordeum vulgare). Plant Soil 372, 195–205.

doi: 10.1007/s11104-013-1718-9

Cao, Y., Ward, J. M., Kelly, W. B., Ichida, A. M., Gaber, R. F., Anderson, J. A., et al.

(1995). Multiple genes, tissue specificity, and expression dependent modulation

contribute to the functional diversity of potassium channels in Arabidopsis

thaliana. Plant Physiol. 109, 1093–1106. doi: 10.1104/pp.109.3.1093

Frontiers in Plant Science | www.frontiersin.org 9 March 2017 | Volume 8 | Article 440

http://www.nsfc.gov.cn/
https://doi.org/10.1093/jxb/erw103
https://doi.org/10.1093/pcp/pcr096
https://doi.org/10.1016/j.jplph.2014.01.009
https://doi.org/10.1104/pp.124.3.949
https://doi.org/10.1016/j.scienta.2013.09.021
https://doi.org/10.1016/j.jplph.2011.01.026
https://doi.org/10.1111/nph.12234
https://doi.org/10.1007/s11104-013-1718-9
https://doi.org/10.1104/pp.109.3.1093
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Zhang et al. AMF Improves Goji Potassium Status

Chaves, M. M., Maroco, J. P., and Pereira, J. S. (2003). Understanding plant

responses to drought—from genes to the whole plant. Funct. Plant Biol. 30,

239–264. doi: 10.1071/FP02076

Chen, W., Koide, R. T., Adams, T. S., DeForest, J. L., Cheng, L., and Eissenstat,

D. M. (2016). Root morphology and mycorrhizal symbioses together shape

nutrient foraging strategies of temperate trees. Proc. Natl. Acad. Sci. U.S.A. 113,

8741–8746. doi: 10.1073/pnas.1601006113

Cuéllar, T., Pascaud, F., Verdeil, J. L., Torregrosa, L., Adam-Blondon, A. F.,

Thibaud, J. B., et al. (2010). A grapevine Shaker inward K+ channel activated

by the calcineurin B-like calcium sensor 1–protein kinase CIPK23 network is

expressed in grape berries under drought stress conditions. Plant J. 61, 58–69.

doi: 10.1111/j.1365-313X.2009.04029.x

Dennison, K. L., Robertson, W. R., Lewis, B. D., Hirsch, R. E., Sussman, M. R.,

and Spalding, E. P. (2001). Functions of AKT1 and AKT2 potassium channels

determined by studies of single and double mutants of Arabidopsis. Plant

Physiol. 127, 1012–1019. doi: 10.1104/pp.010193

Drew, M. C. (1975). Comparison of the effects of a localised supply of

phosphate, nitrate, ammonium and potassium on the growth of the

seminal root system, and the shoot, in barley. New Phytol. 75, 479–490.

doi: 10.1111/j.1469-8137.1975.tb01409.x

Egamberdiyeva, D. (2007). The effect of plant growth promoting bacteria on

growth and nutrient uptake of maize in two different soils. Appl. Soil Ecol. 36,

184–189. doi: 10.1016/j.apsoil.2007.02.005

Egilla, J. N., and Davies, F. T. Jr., Boutton, T. W. (2005). Drought stress

influences leaf water content, photosynthesis, and water-use efficiency of

Hibiscus rosa-sinensis at three potassium concentrations. Photosynthetica 43,

135–140. doi: 10.1007/s11099-005-5140-2

Egilla, J. N., and Davies, F. T. Jr., Drew, M. C. (2001). Effect of potassium on

drought resistance of Hibiscus rosa-sinensis cv. Leprechaun: plant growth, leaf

macro-and micronutrient content and root longevity. Plant Soil 229, 213–224.

doi: 10.1023/A:1004883032383

El-Mesbahi, M. N., Azcón, R., Ruiz-Lozano, J. M., and Aroca, R. (2012). Plant

potassium content modifies the effects of arbuscular mycorrhizal symbiosis

on root hydraulic properties in maize plants. Mycorrhiza 22, 555–564.

doi: 10.1007/s00572-012-0433-3

Estrada, B., Aroca, R., Maathuis, F. J., Barea, J. M., and Ruiz-lozano, J. (2013).

Arbuscular mycorrhizal fungi native from aMediterranean saline area enhance

maize tolerance to salinity through improved ion homeostasis. Plant Cell

Environ. 36, 1771–1782. doi: 10.1111/pce.12082

Evelin, H., Kapoor, R., and Giri, B. (2009). Arbuscular mycorrhizal

fungi in alleviation of salt stress: a review. Ann. Bot. 104, 1263–1280.

doi: 10.1093/aob/mcp251

Gambale, F., and Uozumi, N. (2006). Properties of shaker-type potassium channels

in higher plants. J. Membrane Biol. 210, 1–19. doi: 10.1007/s00232-006-

0856-x

Gan, L., Zhang, S. H., Yang, X. L., and Xu, H. B. (2004). Immunomodulation

and antitumor activity by a polysaccharide–protein complex

from Lycium barbarum. Int. Immunopharmacol. 4, 563–569.

doi: 10.1016/j.intimp.2004.01.023

Garcia, K., and Zimmermann, S. D. (2014). The role of mycorrhizal associations in

plant potassium nutrition. Front. Plant Sci. 5:337. doi: 10.3389/fpls.2014.00337

Gaymard, F., Pilot, G., Lacombe, B., Bouchez, D., Bruneau, D., Boucherez, J.,

et al. (1998). Identification and disruption of a plant shaker like outward

channel involved in K+ release into the xylem sap. Cell 94, 647–655.

doi: 10.1016/S0092-8674(00)81606-2

George, E., Häussler, K. U., Vetterlein, D., Gorgus, E., and Marschner, H. (1992).

Water and nutrient translocation by hyphae of Glomus mosseae. Can. J. Bot. 70,

2130–2137. doi: 10.1139/b92-265

Giovannetti, M., and Mosse, B. (1980). An evaluation of techniques for measuring

vesicular–arbuscular mycorrhizal infection in roots. New Phytol. 84, 489–500.

doi: 10.1111/j.1469-8137.1980.tb04556.x

Golldack, D., Quigley, F., Michalowski, C. B., Kamasani, U. R., and Bohnert, H.

J. (2003). Salinity stress-tolerant and-sensitive rice (Oryza sativa L.) regulate

AKT1-type potassium channel transcripts differently. Plant Mol. Biol. 51,

71–81. doi: 10.1023/A:1020763218045

Guether, M., Balestrini, R., Hannah, M., He, J., Udvardi, M. K., and

Bonfante, P. (2009). Genome-wide reprogramming of regulatory

networks, transport, cell wall and membrane biogenesis during arbuscular

mycorrhizal symbiosis in Lotus japonicus. New Phytol. 182, 200–212.

doi: 10.1111/j.1469-8137.2008.02725.x

Hartje, S., Zimmermann, S., Klonus, D., and Müller-Röber, B. (2000). Functional

characterisation of LKT1, a K+ uptake channel from tomato root hairs,

and comparison with the closely related potato inwardly rectifying K+

channel SKT1 after expression in Xenopus oocytes. Planta 210, 723–731.

doi: 10.1007/s004250050673

Hoagland, D. R., and Arnon, D. I. (1950). “The water-culture method for growing

plants without soil,” inCircular. California Agricultural Experiment Station, 2nd

Edn., (Berkeley, CA: College of Agriculture, University of California), 347.

Hu, J., Ma, Q., Kumar, T., Duan, H. R., Zhang, J. L., Yuan, H. J., et al. (2016).

ZxSKOR is important for salinity and drought tolerance of Zygophyllum

xanthoxylum by maintaining K+ homeostasis. Plant Growth Regul. 80,

195–205. doi: 10.1007/s10725-016-0157-z

Hu, W., Zhang, H., Chen, H., and Tang, M. (2017). Arbuscular mycorrhizas

influence Lycium barbarum tolerance of water stress in a hot environment.

Mycorrhiza doi: 10.1007/s00572-017-0765-0. [Epub ahead of print].

Hu, Y., and Schmidhalter, U. (2005). Drought and salinity: a comparison of their

effects on mineral nutrition of plants. J. Plant Nutr. Soil Sc. 168, 541–549.

doi: 10.1002/jpln.200420516

Jakobsen, I., Chen, B., Munkvold, L., Lundsgaard, T., and Zhu, Y. G. (2005).

Contrasting phosphate acquisition of mycorrhizal fungi with that of root

hairs using the root hairless barley mutant. Plant Cell Environ. 28, 928–938.

doi: 10.1111/j.1365-3040.2005.01345.x

Jaramillo, R. E., Nord, E. A., Chimungu, J. G., Brown, K. M., and Lynch, J. P.

(2013). Root cortical burden influences drought tolerance in maize. Ann. Bot.

112, 429–437. doi: 10.1093/aob/mct069

Javot, H., Penmetsa, R. V., Terzaghi, N., Cook, D. R., and Harrison, M. J.

(2007). A Medicago truncatula phosphate transporter indispensable for the

arbuscular mycorrhizal symbiosis. Proc. Natl. Aca. Sci. U.S.A. 104, 1720–1725.

doi: 10.1073/pnas.0608136104

Kaya, C., Ashraf, M., Sonmez, O., Aydemir, S., Tuna, A. L., and Cullu, M. A. (2009).

The influence of arbuscularmycorrhizal colonisation on key growth parameters

and fruit yield of pepper plants grown at high salinity. Sci. Hortic. 121, 1–6.

doi: 10.1016/j.scienta.2009.01.001

Kikuchi, Y., Hijikata, N., Yokoyama, K., Ohtomo, R., Handa, Y., Kawaguchi,

M., et al. (2014). Polyphosphate accumulation is driven by transcriptome

alterations that lead to near-synchronous and near-equivalent uptake of

inorganic cations in an arbuscular mycorrhizal fungus. New Phytol. 204,

638–649. doi: 10.1111/nph.12937

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

S., et al. (1996). Tissue-specific expression of Arabidopsis AKT1

gene is consistent with a role in K+ nutrition. Plant J. 9, 195–203.

doi: 10.1046/j.1365-313X.1996.09020195.x

Lebaudy, A., Véry, A. A., and Sentenac, H. (2007). K+ channel activity

in plants: genes, regulations and functions. FEBS Lett. 581, 2357–2366.

doi: 10.1016/j.febslet.2007.03.058

Leigh, R. A., and Wyn Jones, R. G. (1984). A hypothesis relating critical potassium

concentrations for growth to the distribution and functions of this ion in the

plant cell. New Phytol. 97, 1–13. doi: 10.1111/j.1469-8137.1984.tb04103.x

Luo, Q., Li, Z., Huang, X., Yan, J., Zhang, S., and Cai, Y. Z. (2006). Lycium barbarum

polysaccharides: protective effects against heat-induced damage of rat testes

and H2O2-induced DNA damage in mouse testicular cells and beneficial effect

on sexual behavior and reproductive function of hemicastrated rats. Life Sci. 79,

613–621. doi: 10.1016/j.lfs.2006.02.012

Maathuis, F. J. (2009). Physiological functions of mineral macronutrients. Curr.

Opin. Plant Biol. 12, 250–258. doi: 10.1016/j.pbi.2009.04.003

Moshelion, M., Becker, D., Czempinski, K., Mueller-Roeber, B., Attali, B.,

Hedrich, R., et al. (2002). Diurnal and circadian regulation of putative

potassium channels in a leaf moving organ. Plant Physiol. 128, 634–642.

doi: 10.1104/pp.010549

Nieves-Cordones, M., Alemán, F., Martínez, V., and Rubio, F. (2014). K+ uptake

in plant roots. The systems involved, their regulation and parallels in other

organisms. J. Plant Physiol. 171, 688–695. doi: 10.1016/j.jplph.2013.09.021

Nieves-Cordones, M., Caballero, F., Martínez, V., and Rubio, F. (2012).

Disruption of the Arabidopsis thaliana inward-rectifier K+ channel AKT1

improves plant responses to water stress. Plant Cell Physiol. 53, 423–432.

doi: 10.1093/pcp/pcr194

Frontiers in Plant Science | www.frontiersin.org 10 March 2017 | Volume 8 | Article 440

https://doi.org/10.1071/FP02076
https://doi.org/10.1073/pnas.1601006113
https://doi.org/10.1111/j.1365-313X.2009.04029.x
https://doi.org/10.1104/pp.010193
https://doi.org/10.1111/j.1469-8137.1975.tb01409.x
https://doi.org/10.1016/j.apsoil.2007.02.005
https://doi.org/10.1007/s11099-005-5140-2
https://doi.org/10.1023/A:1004883032383
https://doi.org/10.1007/s00572-012-0433-3
https://doi.org/10.1111/pce.12082
https://doi.org/10.1093/aob/mcp251
https://doi.org/10.1007/s00232-006-0856-x
https://doi.org/10.1016/j.intimp.2004.01.023
https://doi.org/10.3389/fpls.2014.00337
https://doi.org/10.1016/S0092-8674(00)81606-2
https://doi.org/10.1139/b92-265
https://doi.org/10.1111/j.1469-8137.1980.tb04556.x
https://doi.org/10.1023/A:1020763218045
https://doi.org/10.1111/j.1469-8137.2008.02725.x
https://doi.org/10.1007/s004250050673
https://doi.org/10.1007/s10725-016-0157-z
https://doi.org/10.1007/s00572-017-0765-0
https://doi.org/10.1002/jpln.200420516
https://doi.org/10.1111/j.1365-3040.2005.01345.x
https://doi.org/10.1093/aob/mct069
https://doi.org/10.1073/pnas.0608136104
https://doi.org/10.1016/j.scienta.2009.01.001
https://doi.org/10.1111/nph.12937
https://doi.org/10.1046/j.1365-313X.1996.09020195.x
https://doi.org/10.1016/j.febslet.2007.03.058
https://doi.org/10.1111/j.1469-8137.1984.tb04103.x
https://doi.org/10.1016/j.lfs.2006.02.012
https://doi.org/10.1016/j.pbi.2009.04.003
https://doi.org/10.1104/pp.010549
https://doi.org/10.1016/j.jplph.2013.09.021
https://doi.org/10.1093/pcp/pcr194
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Zhang et al. AMF Improves Goji Potassium Status

Olsson, P. A., Hammer, E. C., Pallon, J., Van Aarle, I. M., and Wallander, H.

(2011). Elemental composition in vesicles of an arbuscular mycorrhizal

fungus, as revealed by PIXE analysis. Fungal Biol. 115, 643–648.

doi: 10.1016/j.funbio.2011.03.008

Olsson, P. A., Hammer, E. C., Wallander, H., and Pallon, J. (2008). Phosphorus

availability influences elemental uptake in the mycorrhizal fungus Glomus

intraradices, as revealed by particle-induced X-ray emission analysis. Appl.

Environ. Microb. 74, 4144–4148. doi: 10.1128/AEM.00376-08

Orfanoudakis, M., Wheeler, C. T., and Hooker, J. E. (2010). Both the arbuscular

mycorrhizal fungus Gigaspora rosea and Frankia increase root system

branching and reduce root hair frequency in Alnus glutinosa. Mycorrhiza 20,

117–126. doi: 10.1007/s00572-009-0271-0

Orlovich, D. A., and Ashford, A. E. (1993). Polyphosphate granules are an artefact

of specimen preparation in the ectomycorrhizal fungus Pisolithus tinctorius.

Protoplasma 173, 91–102. doi: 10.1007/BF01378998

Pallon, J., Wallander, H., Hammer, E., Marrero, N. A., Auzelyte, V., Elfman,

M., et al. (2007). Symbiotic fungi that are essential for plant nutrient uptake

investigated with NMP. Nulear Instrum. Math. Phys. Res. B 260, 149–152.

doi: 10.1016/j.nimb.2007.02.018

Parniske, M. (2008). Arbuscular mycorrhiza: the mother of plant root

endosymbioses. Nat. Rev. Microbiol. 6, 763–775. doi: 10.1038/nrmicro1987

Phillips, J. M., and Hayman, D. S. (1970). Improved procedures for clearing

roots and staining parasitic and vesicular–arbuscular mycorrhizal fungi

for rapid assessment of infection. Trans. Brit. Mycol. Soc. 55, 158–161.

doi: 10.1016/S0007-1536(70)80110-3

Pilot, G., Gaymard, F., Mouline, K., Chérel, I., and Sentenac, H. (2003).

Regulated expression of Arabidopsis Shaker K+ channel genes involved in

K+ uptake and distribution in the plant. Plant Mol. Biol. 51, 773–787.

doi: 10.1023/A:1022597102282

Porras-Soriano, A., Soriano-Martín, M. L., Porras-Piedra, A., and Azcón, R.

(2009). Arbuscular mycorrhizal fungi increased growth, nutrient uptake and

tolerance to salinity in olive trees under nursery conditions. J. Plant Physiol.

166, 1350–1359. doi: 10.1016/j.jplph.2009.02.010

Ririe, K. M., Rasmussen, R. T., and Wittwer, C. T. (1997). Product differentiation

by analysis of DNAmelting curves during the polymerase chain reaction. Anal.

Biochem. 245, 154–160. doi: 10.1006/abio.1996.9916

Rubio, F., Alemán, F., Nieves-Cordones, M., and Martínez, V. (2010). Studies on

Arabidopsis athak5, atakt1 double mutants disclose the range of concentrations

at which AtHAK5, AtAKT1 and unknown systems mediate K uptake. Physiol.

Plant. 139, 220–228. doi: 10.1111/j.1399-3054.2010.01354.x

Ruiz-Lozano, J. M., Azcón, R., and Gomez, M. (1995). Effects of arbuscular-

mycorrhizal glomus species on drought tolerance: physiological and nutritional

plant responses. Appl. Environ. Microb. 61, 456–460.

Ruiz-Lozano, J. M., Porcel, R., Azcón, R., and Aroca, R. (2012b). Regulation by

arbuscular mycorrhizae of the integrated physiological response to salinity in

plants: new challenges in physiological and molecular studies. J. Exp. Bot. 63,

4033–4044. doi: 10.1093/jxb/ers126

Ruiz-Lozano, J. M., Porcel, R., Bárzana, G., Azcón, R., and Aroca, R. (2012a).

“Contribution of arbuscular mycorrhizal symbiosis to plant drought tolerance:

state of the art,” in Plant Responses to Drought Stress, ed R. Aroca (Berlin;

Heidelberg: Springer), 335–362. doi: 10.1007/978-3-642-32653-0_13

Sano, T., Becker, D., Ivashikina, N., Wegner, L. H., Zimmermann, U., Roelfsema,

M. R. G., et al. (2007). Plant cells must pass a K+ threshold to re-enter the cell

cycle. Plant J. 50, 401–413. doi: 10.1111/j.1365-313X.2007.03071.x

Scheloske, S., Maetz, M., Schneider, T., Hildebrandt, U., Bothe, H., and Povh,

B. (2004). Element distribution in mycorrhizal and nonmycorrhizal roots of

the halophyte Aster tripolium determined by proton induced X-ray emission.

Protoplasma 223, 183–189. doi: 10.1007/s00709-003-0027-1

Smith, S., and Read, D. (2008). Mycorrhizal Symbiosis, 3rd Edn. San Diego, CA:

Academic Press.

Smith, S. E., Smith, F. A., and Jakobsen, I. (2003). Mycorrhizal fungi can dominate

phosphate supply to plants irrespective of growth responses. Plant Physiol. 133,

16–20. doi: 10.1104/pp.103.024380

Soleimanzadeh, H., Habibi, D., Ardakani, M. R., Paknejad, F., and Rejali, F.

(2010). Effect of potassium levels on antioxidant enzymes andmalondialdehyde

content under drought stress in sunflower (Helianthus annuus L.). Am. J. Agric.

Biol. Sci. 5, 56–61. doi: 10.3844/ajabssp.2010.56.61

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., and Kumar, S. (2011).

MEGA5: molecular evolutionary genetics analysis using maximum likelihood,

evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28,

2731–2739. doi: 10.1093/molbev/msr121

Wang, Y., and Wu, W. H. (2013). Potassium transport and

signaling in higher plants. Annu. Rev. Plant Biol. 64, 451–476.

doi: 10.1146/annurev-arplant-050312-120153

Yang, B., Qin, C., Bräuning, A., Burchardt, I., and Liu, J. (2011). Rainfall history

for the Hexi Corridor in the arid northwest China during the past 620 years

derived from tree rings. Int. J. Climatol. 31, 1166–1176. doi: 10.1002/joc.2143

Yao, M., Tweddell, R., and Desilets, H. (2002). Effect of two vesicular-arbuscular

mycorrhizal fungi on the growth of micropropagated potato plantlets and on

the extent of disease caused by Rhizoctonia solani. Mycorrhiza 12, 235–242.

doi: 10.1007/s00572-002-0176-7

Zhang, H., Liu, Z., Chen, H., and Tang, M. (2016). Symbiosis of

arbuscular mycorrhizal fungi and Robinia pseudoacacia L. improves

root tensile strength and soil aggregate stability. PLoS ONE 11:e0153378.

doi: 10.1371/journal.pone.0153378

Zhang, H., Tang, M., Chen, H., Wang, Y., and Ban, Y. (2010). Arbuscular

mycorrhizas and dark septate endophytes colonization status inmedicinal plant

Lycium barbarum L. in arid Northwestern China. Afr. J. Microbiol. Res. 4,

1914–1920.

Zhao, K. F., and Zeng, L. F. (1999). Chinese Halophytes (in Chinese). Beijing: China

Science Press.

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Zhang, Wei, Hu, Xiao and Tang. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 11 March 2017 | Volume 8 | Article 440

https://doi.org/10.1016/j.funbio.2011.03.008
https://doi.org/10.1128/AEM.00376-08
https://doi.org/10.1007/s00572-009-0271-0
https://doi.org/10.1007/BF01378998
https://doi.org/10.1016/j.nimb.2007.02.018
https://doi.org/10.1038/nrmicro1987
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1023/A:1022597102282
https://doi.org/10.1016/j.jplph.2009.02.010
https://doi.org/10.1006/abio.1996.9916
https://doi.org/10.1111/j.1399-3054.2010.01354.x
https://doi.org/10.1093/jxb/ers126
https://doi.org/10.1007/978-3-642-32653-0_13
https://doi.org/10.1111/j.1365-313X.2007.03071.x
https://doi.org/10.1007/s00709-003-0027-1
https://doi.org/10.1104/pp.103.024380
https://doi.org/10.3844/ajabssp.2010.56.61
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.1146/annurev-arplant-050312-120153
https://doi.org/10.1002/joc.2143
https://doi.org/10.1007/s00572-002-0176-7
https://doi.org/10.1371/journal.pone.0153378
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	Arbuscular Mycorrhizal Fungus Rhizophagus irregularis Increased Potassium Content and Expression of Genes Encoding Potassium Channels in Lycium barbarum
	Introduction
	Materials and Methods
	Growth Medium and Plant Material
	AM Fungal Inoculation
	Experimental Design and Growth Condition
	Plant Growth, Mycorrhizal Colonization, and Potassium Content Analysis
	RNA Extraction and First-Strand cDNA Synthesis
	Isolation and Computational Analysis of Putative Genes Encoding Potassium Channels
	Quantitative Real-Time PCR (qRT-PCR) Analysis
	Statistical Analysis

	Result
	Plant Growth, Mycorrhizal Colonization, and Potassium Content
	Analysis of Two Putative Genes Encoding Shaker Family Potassium Channels
	Expression of LbKT1 and LbSKOR in Leaves and Roots
	Correlation Analysis

	Discussion
	Author Contributions
	Acknowledgments
	References


