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Abstract Potato (Solanum tuberosum L.) has a relatively
high requirement for potassium (K+). In the face of the
declining of potato yield and quality as a result of reduction
of soil K+ content, it is necessary to determine how to
improve the tolerance of potatoes to low-K+ stresses. The
protein kinase AtCIPK23 is essential for K+ uptake, and its
overexpression significantly enhances K+ uptake and
tolerance to low-K+ in Arabidopsis. In this research,
AtCIPK23 was transformed into an E3 potato cultivar
successfully. In low-K+ conditions, the transgenic potato
lines had lower levels of leaf chlorosis, higher K+ uptake rate,
increased dry weight and K+ content. The non-transgenic
lines displayed reduced stature while the transgenic lines
exhibited sustained growth. These results indicate that ectopic
expression of AtCIPK23 increases low-K+ tolerance in potato.
This study demonstrated the potential use of the transgenic
approach to increase potato production in low-K+ fields.

Resumen La papa (Solanum tuberosum L.), tiene un
requerimiento relativamente alto de potasio (K+). Encar-
ando la reducción en rendimientos y de la calidad de la
papa como resultado de una reducción en el contenido de
K+ en el suelo, es necesario determinar cómo mejorar la
tolerancia de la papa al agobio por bajo K+. La proteína
kinasa AtCIPK23 es esencial para la absorción de K+, y su
sobreexpresión aumenta significativamente la absorción de

K+ y tolerancia a bajo K+ en Arabidopsis. En esta
investigación, se incorporó AtCIPK23 a una variedad E3
con éxito. Bajo condiciones de bajo K+, las líneas
trangénicas de papa tuvieron niveles más bajos de clorosis
foliar, un nivel más alto de absorción de K+, aumento en
peso seco y del contenido de K+. Las líneas no trangénicas
expresaron altura reducida mientras que las trangénicas
mostraron crecimiento sostenido. Estos resultados indican
que la expresión ectópica de AtCIPK23 aumenta la
tolerancia al bajo K+ en papa. Este estudio demostró el
uso potencial del enfoque trangénico para aumentar la
producción de papa en campos de bajo K+.
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Introduction

Potato (Solanum tuberosum L.) is a major crop world wide,
and its high yield, quality and disease resistance requires
relative high potassium (K+) (Panique et al. 1997). 13.6 kg
crop of potatoes needs 113 gK+ in average for vines and
tubers (Dahnke and Nelson 1993). In previous research, we
found that the amount of K+ affects the contents of water
and starch in potato tuber significantly (Han et al. 2007). As
K+ concentration in soil is depleted by farming and erosion,
and the potato producers are reluctant to buy K+ fertilizer
generally because of its higher price, K+ becomes increas-
ingly depleted in potato soils. A wide range of measures
must be taken to improve soil K+ fertility, at the same time,
to isolate potato lines which can grow under a low-K+

nutrient status is another important way. In previous
research, we found that potato cultivars have genotypic
differences in responses to K+ deficiency and selected some
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low-K+ tolerance lines (Liu et al. 2005). However, the
production of these low-K+ tolerant lines is still limited and
some major cultivars have no low-K+ tolerance. It is
necessary to find other methods to improve the tolerance
of potato to low-K+ stress, such as finding low-K+ tolerance
genes and using molecular biological and transgenic
techniques for breeding new potato cultivars.

Recently, it was reported that a protein kinase, AtCIPK23,
encoded by the LKS1 gene, regulates K+ uptake and confers
low K+ tolerance in Arabidopsis (Xu et al. 2006). This signal
pathway involves two calcium sensors (CBL1 and CBL9)
physically interacting with their target protein kinase
CIPK23, which, in turn, regulates the activity of voltage-
gated K+ channel, AKT1, by phosphorylation (Li et al. 2006;
Xu et al. 2006). Plasma membrane-localized CBL1– and
CBL9–CIPK23 complexes simultaneously regulate K+ trans-
portation in roots and stomatal guard cells, and play essential
roles in the regulation of leaf transpiration and root K+

uptake in Arabidopsis (Cheong et al. 2007).
However, whether CIPK23 can confer low-K+ tolerance

and plays essential roles in enhancement of potato yield is
still unknown. E3 is one of the main potato cultivars
suitable for planting in southwest China. It was bred from
the Potato Research Center in Southern China and has good
taste and tuber-shaped, high yield and resistance of late
blight disease. We selected this potato cultivar to study the
tolerance of transgenic potato lines ectopic expressing
AtCIPK23 against low-K+ stress.

Materials and Methods

Plant Material, Growth Conditions and Plasmid

The E3 potato cultivar plants were propagated using single-
node segments by tissue culture in MS medium containing
3% (w/v) sucrose and 0.6% (w/v) agar. The pH was
adjusted to pH 5.8 before autoclaving and the cultures were
incubated under a 16 h light (100 μmolm−2s−1)/8 h dark
cycle at 24°C in a growth chamber. Microtubers for plant
transformation were induced on the plantlets grown in vitro
as described by Liu et al. (1994).

The binary plasmid vector pBI121 (Jefferson et al. 1987)
used in this study contained a 1.9 kb GUS expression
cassette driven by the CaMV 35S promoter. To make a
binary gene construct, a XbaⅠ-SmaⅠ DNA fragment
carrying the full-length cDNA of AtCIPK23 (accession #
NM102766) was inserted into the pBI121 binary vector at
the XbaⅠ-SmaⅠ sites, located downstream of CaMV 35S
promoter using routine molecular techniques. The pBI121+
AtCIPK23 vector was introduced into the disarmed Agro-
bacterium tumefaciens strain GV3101, and the positive

clone was used for plant transformation. Agrobacterium
tumefaciens strain GV3101 was cultivated in YEB medium
(Vervliet et al. 1975).

Plant Transformation

The resulting Agrobacterium tumefaciens strains containing
plasmid pBI121 with the AtCIPK23 gene were introduced
into potato according to the microtuber transformation
method described by Si et al. (2003). Agrobacterium
tumefaciens GV3101 was cultured overnight at 28°C in
YEB liquid medium supplemented with 50 mg/L kana-
mycin and 50 mg/L rifampicin with shaking at 250 rpm
until A600=0.5~1.0. The bacteria were collected by
centrifugation at 5000×g for 6 min at 4°C and resus-
pended in 20 ml MS liquid medium (containing 3% w/v
sucrose, pH 5.8)

Microtubers of 12–20 weeks old with a diameter of about
5 mm were cut into slices with a thickness of 1 to 2 mm.
Following this, the microtuber slices were immersed in the
aforementioned bacterial suspension for 8–10 min. The tuber
slices were then dried on sterile filter papers before cultivation
in the incubation medium [MS salts, indole-3-acetic acid
(IAA) 0.3 mg/L, gibberellic acid (GA3) 0.2 mg/L, 6-
benzyladenine (6-BA) 0.5 mg/L, sucrose 30 g/L, agar
8 g/L, pH 5.8]. After 36 h of co-cultivation in dark at
24°C, tuber slices were moved onto the shoot regenerat-
ing medium (MS salts, IAA 0.3 mg/L, GA3 0.2 mg/L, 6-
BA 0.5 mg/L, zeatin 1 mg/L, sucrose 30 g/L, agar 8 g/L,
pH 5.8) containing 200 mg/L cefapirin and 50 mg/L
kanamycin to inhibit further growth of Agrobacterium,
and incubated until small shoots were regenerated. When
they were approximately 1 cm tall, regenerated shoots
were excised and selected by rooting in MS medium
containing 50 mg/L kanamycin and 200 mg/L cefapirin.
Surviving plantlets withwell-developed roots were propagated
for further analysis.

PCR Analysis

Total genomic DNA was isolated from young leaves of the
kanamycin resistant plants by the cetyltrimethyl ammonium
bromide (CTAB) method and subjected to PCR analysis for
the presence of transgene. Primers specific for the ampli-
fication of a 676 bp fragment used for detecting the npII
gene were (FnptII) 5′- GCTATGACTGGGCACAACAG-3′
and (RnptII) 5′-ATACCG TAAAGCACGAGGAA-3′. PCR
was carried out using Taqr DNA polymerase (Takara,
Shanghai) with 200 ng potato genomic DNA as a template.
Plasmid DNA from the Agrobacterium carrying pBI121+
AtCIPK23 was used as positive control. PCR reactions for
29 cycles commenced with denaturing at 94°C for 30 s,
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followed by annealing at 57°C for 30 s and extension at
72°C for 1 min.

Southern Blot Analysis

Genomic DNA samples (40 μg per sample) of six transgenic
potato lines T5, T11, T15, T21, T22 and T23 were digested
overnight at 37°C with EcoRI, which did not cut within the
nptⅡ coding sequence. A non-transgenic line was used as a
negative control. After separation on 1% agarose gel, the
DNA fragments were blotted onto a positively charged
Hybond-N nylon membrane (Osmonics Magnacharge nylon
transfer membrane, Amersham Pharmacia Biotec, Little
Chalfont, UK) according to the manufacturer’s recommen-
dations. The sequence generated by PCR using primers (F
nptII and R nptII) was used as the probe in Southern blot
analysis. Probe labeling, hybridization and signal detection
were performed following the DIG Probe synthesis kit
(Roche Diagnostics GmbH, Germany) manufacturer’s
instructions. The membrane was washed under high strin-
gency conditions (65°C) and the hybridized signals were
visualized by exposure of the membrane to Fuji X-ray film at
25°C for 2 h.

RT-PCR Analysis

Total RNA was isolated from leaves by using TRIzol
reagent (Invitrogen, Carlsbad, kCA, USA) and was used for
RT-PCR as templates. Total RNA samples were treated
extensively with RNase-free DNase1 to remove any
contaminating genomic DNA. First-strand cDNA was then
synthesized using MMLV reverse transcriptase (Stratagene,
USA, http://www.stratagene.com) from 1 μg of total RNA
with oligo d (T) 18 primers in a 20 μL reaction volume, and
1 μL of the reaction mixture was subjected to subsequent
PCR in a 50 μL reaction volume. AtCIPK23 (248 bp) 5′-
TTACTTCCAAATCTCGGCTAATGAG-3 ′ and 5 ′-
GTCCCGTGGTAAGGTTCTTGTAAAAC-3′ was ampli-
fied using special primers for 28 cycles according to the
following conditions for each cycle: 94°C for 40 s, 55°C for
40 s, and 72°C for 90 s. This was followed by a final cycle
at 72°C for 5 min to allow completion of the polymeriza-
tion. As a control for equal cDNA amounts in each
reaction, PCR was performed with primers for EF-1α
(293 bp) 5′-CCAGATTGGAAAACGGATATGCT-3′and 5′-
CACCAGTTGGGTCCTTCTTGT-3′.

Test the Phenotypes, Plant Dry Weight and K+ Content
of Seedlings

For low-K+ tolerance assays, the single-node segments of
the plantlets were transferred to the low-K+ MS medium

(LK) and MS medium (control) and treated for 20 days. For
making the LK medium, first of all, a K+-free medium was
prepared (Cheong et al. 2007), then we supplemented with
KCl to get the K+ concentration of 0.5 mM, which was just
2.5% of normal K+ concentration in MS (20 mM KCl). The
phenotypes were observed and the plant dry weight was
measured after drying in the oven at 80°C for 48 h. For
measurement of plant K+ content, the seedlings were rinsed
four to five times with distilled water, treated in a muffle
furnace at 575°C for 5 h and then dissolved in 0.1 M
HNO3. K

+ concentrations of the samples were determined
using an atomic absorption spectrophotometer.

Kinetic K+ Uptake Experiment

Fifteen-day-old test-tube plantlets were pretreated in starva-
tion solution (0.2 mM CaSO4, 5 mM Mes, pH 5.8) at 24°C
for 3 days; the starvation solution was refreshed each day.
Characteristics of kinetic K+ uptake were studied with the
help of the K+ depletion method (Xu et al. 2006). The
solution samples were collected every 2 h (solution
contained 0.2 mM KCl, 0.2 mM CaSO4 and 5 mM Mes,
pH 5.8), and depletion period was for 48 h. In order to
determine evapotranspiration losses, the weight of each
container, together with its labeled solution and plants, was
measured using a top-loading balance. At intervals of 2 h,
the measured loss of water in transpiration was replaced by
the addition of deionized water. Subsequently, K+ concen-
tration was determined, and K+ uptake parameters were
calculated according to Yang et al. (2007).

Result

Potato Transformation and Identification of Transgenic
Lines

The visible shoots emerged in the co-cultivated explants
(Fig. 1A) after 10–12 days of culture in selecting medium
containing 50 mg/L kanamycin (Fig. 1b, c and d). Those
that were rooted in the medium containing 50 mg/L
kanamycin and 200 mg/L cefapirin were regarded as
transgenic candidates compared the controls of E3 which
had no root initiation (Fig. 1e). All of these transgenic lines
were transplanted into pots containing compost. The
transgenic lines exhibited typical cultivar morphology in
the greenhouse (data not shown).

Molecular Analysis of Transgenic Lines

The presence of the transgene in kanamycin-resistant plants
was determined by amplification of a 676 bp DNA

Am. J. Pot Res (2011) 88:153–159 155

http://www.stratagene.com


fragment with nptII-specific primers in a number of
putative transgenic lines (Fig. 2a).

The PCR positive plants were analyzed by Southern
hybridization to identify the integration and copy number of

the transgene. Some transgenic lines showed one or two copy
insertions of the transgene in plants tested and different
banding pattern denoting that they are independent transgenic
lines. One copy of T-DNAwas detected in the transgenic plant
lines T11, T15, T21 and T23, while two copies were detected
in the transgenic lines T5 and T22. (Fig. 2b)

The transgenic lines T5, T11, T15, T21, T22 and T23
showed distinct transgene expression at the transcript level
by semi-quantitative reverse transcription (RT-PCR) using
AtCIPK23 gene-specific primers, while this was not shown
in non-transgenic line (Fig. 2c).

AtCIPK23 Transgenic Lines Showed the Phenotype
of Enhanced Tolerance to Low-K+ Stress

After growing for 20 days in MS media, non-transgenic line
were indistinguishable from the transgenic lines (T15, T21,
T23) (Fig. 3AMS). When grown in LK, the non-transgenic
lines displayed reduced stature and high levels of leaf
chlorosis, but the transgenic lines (T15, T21, T23) retained
normal stature and exhibited significantly lower levels of
leaf chlorosis (Fig. 3ALK). These growth characteristics are
indicative of the low-K+ tolerant phenotypes of the
transgenic lines.

Plant Dry Weight and K+ Content Analysis

We further investigated the plantlet dry weight and K+

content in non-transgenic and transgenic lines T15, T21 and
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T23 after growing for 20 days in MS and LK. The plant dry
weight of the non-transgenic line was indistinguishable
from that of the transgenic lines (T15, T21 and T23) in MS
(Fig. 3BMS). But in LK, the plant dry weight of the non-
transgenic line was significantly lower than that of every
transgenic line (T15, T21 or T23) (Fig. 3BLK). For
example, the T23 in LK displayed 72% of the plant dry
weight of T23 in MS and non-transgenic line in LK
showed only 42% of the plant dry weight compared to that
in MS.

When cultured in MS for 20 days, the K+ content of
plants increased 5% in T23 but decreased 10% and 6% in
T15 and T21 compared with the non-transgenic line
(Fig. 3c). These differences were not significant. But
when cultured in LK for 20 days, the K+ content of plants
of T15, T21 and T23 was 35%, 71% and 50% higher than
that of the non-transgenic line respectively (Fig. 3d).
These differences were significant. These K+ content
analysis results indicate that AtCIPK23 conferred the
transgenic lines increases of K+ accumulation. It may be
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because AtCIPK23 enhances the K+ uptake ability of
transgenic lines when subjected to low-K+ stress.

Kinetic K+ Uptake Analysis

To confirm that AtCIPK23 enhances the K+ uptake ability
of transgenic lines when subjected to low-K+ stress, we
measured the K+ uptake rates of the non-transgenic and
transgenic lines. Three independent transgenic lines showed
higher K+ uptake rates than the non-transgenic line
(Fig. 3e). As shown in Table 1, the T23 had the highest
Vmax, the lowest Km and Cmin for K

+ uptake, while the non-
transgenic line had lowest Vmax, increased Km and Cmin.
Compared with the non-transgenic line, the Vmax of the
transgenic lines showed 53.8%, 19.2% and 15.4% increases
in T23, T21 and T15 respectively, while the Km of these
transgenic lines decreased to 78 μM, 85 μM and 94 μM,
respectively, compared to 108 μM for the non-transgenic
line. These results demonstrate that ectopic expression of
AtCIPK23 resulted in a significant increase in the maxi-
mum K+ uptake rate and K+ affinity. The Cmin for K+

uptake of the transgenic lines T15, T21 and T23 was
decreased to 38 μM, 49 μM and 36 μM, respectively,
compared to 61 μM for the non-transgenic line (Table 1),
indicating that the transgenic lines may initiate K+ uptake at
much lower K+ concentration compared to the non-
transgenic line.

Discussion

Here we report that the AtCIPK23 cDNA was fused to the
promoter CaMV35S and transformed into the E3 potato
cultivar by the Agrobacterium tumeficians-mediated trans-
formation approach. Molecular analyses identified several
transgenic lines with high expression of AtCIPK23. A trial
of the single-node segments in vitro indicated that these
transgenic lines exhibited sustained growth, lower levels of

leaf chlorosis and accumulated higher levels of K+ in LK
medium compared to the non-transgenic line. In K+

depletion experiment, transgenic lines showed higher K+

uptake rates and K+ affinity than non-transgenic line. These
results indicate that the ectopic expression of AtCIPK23 in
potato improves the K+ uptake ability under low-K+

conditions and confers enhanced low-K+ tolerance. This
study demonstrated the potential use of our transgenic
approach in developing new potato cultivars with increased
low-K+ tolerance, minimizing growth defects in low-K+

fields, which would provide a potential agricultural appli-
cation of the transgenic potato lines.

The acquisition of low-K+ tolerance indicates that the
AtCIPK23 can function in potato during low-K+ conditions
and that AtCIPK23 is able to regulate downstream genes
associated with K+ uptake. However, in normal K+

conditions, the transgenic lines did not shown advantages
in K+ accumulation compared with the non-transgenic line.
This could be due to the fact that both non-transgenic and
transgenic lines can absorb enough K+ for normal and
healthy growth, and the fact that absorption of K+ in the
roots is regulated by the demands of plants themselves (Yan
et al. 1997). Therefore, the contribution of AtCIPK23 gene
to the K+ accumulation and K+ -use efficiency was
decreased under the normal external K+ level. Our
researches about the transgenic potato’s yield, quality,
disease resistance and other morphological, physiological,
biochemical parameters are in progress under the strict
control conditions of transgenic security.

Southern blot analysis allowed determination of copy
numbers and the intact integration of the transgene in the
examined plants. Several independent transgenic lines
were obtained with one to two copies of the transgene
integrated into the genome. A low copy of AtCIPK23 in
the transgenic plants was considered as a good result,
because several studies showed the positive correlation
between a high copy number of transgenes and cytosine
methylation-mediated silencing (Matzke and Matzke
1995; Lechtenberg et al. 2003). We selected three in-
dependent lines with single copy transgenes and observed
variations in plant dry weight, plant K+ contents, K+

uptake rate and growth among them. These differences
could be due to slight variations in the expressions level of
AtCIPK23, which might be caused by different positional
or other unknown effects of transgenes.
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Table 1 Comparison of kinetic parameters of K+ uptake by different
lines

Vmax (μmolg−1 FW h−1) Km (μM) Cmin (μM)

E3 26±1 108±6 61±4

T15 30±3 94±8 38±4

T21 31±1 85±2 49±3

T23 40±2 78±6 36±3

Data derived from the experiment results presented in Fig. 3e. All data
presented in the table are expressed as means±SE (n=3)
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