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The main aim of this study was to investigate the role of potassium TPK channel (OsTPKa) from rice
in regulation of salinity and drought stresses, potassium deficiency. In order to elevate the expression
level of gene encoding two-pore potassium channel OsTPKa, the stable agrobacterium mediated transfor-
mation of plants was performed.

The elevation of OsTPKa expression level in transformed plants leads to improvement of salt and
drought tolerance of transformed plants was found during experiments. In conditions of potassium defi-
ciency or salt stress the plants with elevated OsTPKa expression level exhibit better growth rates,
decreasing of sodium accumulation in plant tissues.
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potassium vacuolar channels.

In conditions of continuous world
population growth the one of the major task of
mankind is to reduce water scarcity and land
management optimization for agricultural
use. The high demand for food in the future
only increase. Taking into account these
circumstances, the food production must
increase by increasing the crop productivity
and employment of marginal lands for the
agricultural development [1, 2]. The one
of possible way to increase agricultural
productivity is growing crops on soils affected
by salinity [3]. The salt toxicity is the one of
the main factor limiting the productivity of
agricultural crops. The creation of tolerant
plants to high salinity and water stress
could significantly improve agricultural
productivity, particularly in deserted areas
and lands that suffered salinization through
irrigation.

Rice is the one of most important
agricultural crops. It should be noted that it is
very sensitive tosalinity. The yield losses occur
due to excessive salinity or water shortage. In
this context, improving the salt and drought
tolerance of this crop is very important for the
future agricultural development.

There are several mechanisms of drought
and salt tolerance improvement. One of the
crucial mechanism to achieve this goal is to
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maintain high cytosolic concentrations of K™ to
Na* [4, 5]. In order to increase the K* content
in the cytosol, the K" homeostasis in plants
should be improved. The one of possible way
to improve the K* homeostasis is increasing
the K* accumulation level in vacuoles. The
application of proteins responsible for K*
transportincell couldincrease theintracellular
K" content. It worth to mention the potassium
channels of TPK family.

The TPK-channels are involved in a
wide range of physiological processes. They
are responsible for the K* homeostasis,
turgor pressure generation. The TPKs are
participated in many types of plant response to
abiotic stresses. For example, it was shown that
AtTPK1 is involved in the stomata movement
[6]. NtTPKla is sensitive to the action of
spermidine and spermine, and the level of
gene transcripts of this channel increased by
hyperosmotic conditions [7]. It was shown that
gene expression of poplar TPK-channel in the
tobacco cells could increase their resistance
to salt stress [8]. Rice genome encodes three
different isoforms TPK channels [9]. The rice
TPK channels (OsTPKa and OsTPKDb) exhibit
different vacuolar localization. OsTPKa
is targeted to the tonoplast of central lytic
vacuole. OsTPKb is localized on tonoplast
of protein storage vacuoles [10]. In order to
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increase the salt- and drought tolerance of rice
plants, we have increased the level of OsTPKa
gene expression.

Materials and Methods

Plant material and growing conditions.
Mature seeds of japonica rice cultivar
Nipponbare were used for plant transformation
and all further experiments. Rice seeds
were germinated in sterile conditions, at
28 °C, 100% relative humidity and kept in
darkness for five days. Seedlings produced
from the seeds were then transferred to a
hydroponic nutrient solution (1.25 mM KNOg;
0.5 mM Ca(NOj),, 0.5 mM MgSO,; 42.5 n
MFe-EDTA; 0.625 mM KH,PO,; 0.16 uM
CuSOy; 0.38 M ZnSO,4; 1.8 pM MnSO,4; 45 nM
H;BO,; 0.015 pM (NH,),MO0,0,,; 0.01 pM
CoCl,, pH 5.5-6.0). Every 7 days changed
to fresh medium. 3 weeks after germination
of the plants exposed to different Na', K*
and water stress. Non-stressed plants were
grown in parallel and harvested at the same
time and served as a control. To measure the
growth rate and the content of Na® and K*
seedlings under 4 weeks cultivated another
2 weeks in the control and experimental media.
In order to model salt stress conditions the
NaCl to final concentration 50 mM was added.
For the modeling of K" free environment,
the KNO; and KH,PO, were replaced by the
corresponding salts with Na*. The water stress
was achieved by addition to the liquid nutrient
solution polyethylene glycol 4000 (PEG 4000,
Fluka, Switzerland) to final concentration
20%.

OsTPKa cloning and transgenic rice plants
generation. OsTPKa sequence was found in
EMBL GenBank accession number: OsTPKa
NM 001057833. The OsTPKa cDNA clone
was received from Rice Genome Resource
Center — RGRC, Japan. The coding sequence
of OsTPKa was cloned into the binary vector
pGreen0029 (http://www.pgreen.ac.uk).
The coding sequence OsTPKa was amplified
by PCR with primers: OsTPKaXhol for
GCCTCGAGATGGATGACAACAGCATT,
OsTPKaSmal rev GCCCCGGGCTGAGCAGAT
TGTGCTAG. PCR was performed in a 50 ml
reaction mixture containing 1xPhusion HF
PCR buffer, 200 mM dNTP, 3% DMSO,
1 ml Phusion polymerase (Finzymes, Espoo,
Finland), 20 ng of DNA. The PCR amplification
profile had the following parameters: 98 °C
30 s; 36 cycles of 98 s 10 °C, 72°C 30 s; 72 °C
10 min. The PCR amplified OsTPKa-fragment
was inserted into the 35S-CaMV promoter

cassette plasmid pART7 [11] by restriction
enzymes Xhol and Smal (NEB)andligation T4-
DNA ligase (NEB, Hitchin, UK). The promoter
cassette containing the coding sequence of
OsTPKa was cloned into the binary vector
pGreen0029, carrying the resistance gene to
hygromycin A, using restriction enzyme Notl
and ligation T4-DNA ligase. Agrobacterial
transformation of rice was carried out
according to the procedure described in [12].
The seeds (T1) from independent TO-lines
were germinated on medium containing
hygromycin A. The plants resistant to
hygromycin A, were selected for further
experiments. All hygromycin A resistant
plants were analyzed by PCR using primer pair
to the promoter sequence and OsTPKa: 35S _for
GCATGGGGATGAGGTTTTTA and OsTPKa
rev CTGAGCAGATTGTGCTAG. Each PCR
was conducted in 50 ml of reaction mixture
containing 1xTaq PCR buffer, 200 mM dNTP,
0.5 ml of Tag-polymerase (Promega, USA) and
200 ng of genomic DNA. PCR amplification
program had the following parameters:
4 min 95 °C; 40 cycles of 95 °C 30 s,
55°C30s, 72°C60s; 72 °C 10 min. The plant
lines that have passed through embryogenesis
with sensitivity to hygromycin A were used as
a control.

The genomic DNA extraction from plants.
The total DNA was extracted from rice and
barley plants according to the CTAB method
with some modification[13, 14]. Plant material
up to 100 mg was ground to fine powder in
liquid nitrogen. Ground tissues were quickly
mixed with pre-warmed 450 pl of CTAB buffer
(2% CTAB, 1.4 M NaCl, 100 mM Tris-HCL
(pH 8) and 20 mM Na-EDTA) and incubated
at 65 °C for 50 min. After vortexing the
mixture, 300 pl of chloroform:isoamylalcohol
solution (24:1) was added. The mixture was
vigorously shaken and centrifuged for 5 min
in microfuge. The top aqueous layer was
transferred to clean sterilized eppendorf tubes
and DNA was precipitated by adding 2 volumes
of 96% ethanol and 4% 3 M NaAc (pH 5.2).
The mixture was vortexed and left at room
temperature for 30 minutes to precipitate the
DNA. The mixture was then centrifuged for
10 min at 13000 rpm to obtain the DNA pellet.
Finally, the pellet was rinsed in 70% ethanol,
dried for 10 min and resuspended in 100 ul TE
buffer.

Transcriptional analysis of plants. Total
RNA was isolated from rice tissues of using
Qiagen RNeasy kit (Qiagen, Germany)
according to the manufacturer’s instructions.
1 mg of total RNA was used for subsequent
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cDNA synthesis. The c¢DNA synthesis
was done by application of SuperScript
III First-Strand Synthesis System for
RT-PCR (Invitrogen, USA) according to
manufacturer’s instructions. The level of
OsTPKa expression was measured by Real-
time PCR. The SYBR Green master mix
(Applied Biosystems, USA) and corresponding
device ABI-7900 sequence detection system
(Applied Biosystems, USA) were used to
perform Real-time PCR. There are specific
primer pairs to OsTPKa: OsTPKlaSybr
for CAAGGCCCCCCTGAAAAG and
OsTPK1aSybr rev CTTGGCCTCATCTCCTTG
AATAA; and to OsEFla (elongation factor
la): OsEFasybr for CAAGGCCCGTTACGA
TGAAAT and OsEFasybr rev GGTTGTAGC
CGACCTTCTTCAG were used in Real-time
PCR. The expression level of housekeeping
OsEF1la gene was taken as control [13].
Estimation of plant relative growth rate.
The transformed and control plants aged 3
weeks were transferred ondifferent cultivation
mediums for 2 weeks. We used 5 to 6 plants
for each line and for each type of stress. The
relative growth rate determined in accordance
to [15]. The calculation of relative growth
rate was conducted according to following
formula: (In (FW2) -In (FW1) / (t2-t1), where
FW — fresh eight of plant tissue, and t1 and
t2 — start and end times of growth period
(14 days). The 4 plants were weighted for the
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each t1 and t2 times for each type of stress.
No significant differences between control
and transformed plants growed on standard
hydroponic nutrient solution were found. The
experiments had three biological replications.
The data were presented by average values and
+ standard deviation (SD).

Determination of Na' content in plant
tissues. After two weeks of plant cultivation
on different types of liquid medium, the
4 plants for each type of stress and control
conditions were collected. Consequently,
the plants were divided into stem and root
parts. The roots were washed twice in ice cold
solution of 20 mM CaCl, for 10 min. The dry
and fresh weights of plant tissue samples were
determined. Dried samples were grinded. Ion
extraction was performed in 5 ml of 20 mM
CaCl, for 24 hours [16, 17]. The concentration
of Na + was evaluated by flame photometry
(Sherwood Scientific Ltd, UK). Experiments
were repeated three times. The data were
presented by average values and + standard
deviation (SD).

Results and Discussion

During the experiments the plant
transformation by callus induction in
mature grains of rice was performed. The
transformants were selected by resistance
to hygromycin A. After PCR analysis of
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Fig. 1. PCR analysis of primary rice transformants with primers specific
to CDS of OsTPKa and CaMV 35S promoter:

1, 19 — negative control,water;

2—-18, 20—-36 — genomic DNA from independent transformed rice lines;
M — molecular marker. The lines marked by asterisks were selected for further analysis
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hygromycin A resistant transformants the
12 independent lines were selected (Fig. 1).
In order to evaluate the functionality of
the obtained transgenic plants the OsTPKa
expression analysis by RT Real-time PCR
was conducted. The expression analysis of
transgenic plants, the 8 plant lines exhibited
the OsTPKa expression level significantly
higher than in control plants (Fiig. 2). The level
of OsTPKa transcripts in transformed plants
was significantly higher than in control plants
(40 to 100 times). In order to conduct further
research the 4 plant lines (2, 4, 6, 8) with
relatively similar levels of OsTPKa expression
were chosen.

Together with control plants the selected
transgenic plants were transferred on liquid
hydroponic mediums for the modeling of salt
stress by addition of NaCl (50 mM), water
stress by addition of PEG 4000 to a final
concentration of 20%, creating K™ deficiency.
The experimental data demonstrate that all
these tested types of stresses, significantly
reduce the growth rate of both control and
transgenic plants (Fig. 3). Whatever, analysis
of the relative growth rate of tested shows
that elevation of OsTPKa expression level
could improves the plant growth in high
NaCl conditions (Fig. 3). Interestingly, it was
almost no differences in relative growth rates
for transgenic and control plants cultivated on
K" free hydroponic medium (Fig. 3). A small
variation that was observed for this type of
stress was not significant. The transgenic
plants cultivated in water stress conditions
(20% PEG 4000) exhibit greater tolerance
in comparison with control line. Moreover,
the difference in the relative growth rates in
plants overexpressing OsTPKa was higher
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Fig. 2. Estimation of OsTPKa expression level
in rice transformants by RT Real-time PCR:
C — nontransformed control; OsTPKa
1,2,3,4,5,6,7,8 — transformed rice lines

than in experiments with salt stress conditions
(Fig. 3).

The main aim of our experiments was to
investigate how the overexpression of gene
encoding OsTPKa potassium channel can
affect Na* accumulation and K* homeostasis
in plants. The Na' content analysis in plant
demonstrates reduction of accumulation level
of this cytotoxic ion in tissues of OsTPKa
overexpressing plants in comparison control
(Fig. 4). The Na* content of was measured
as for aerial parts as well as for root system.
According to our observation the shoot Na'
content in transgenic plants was significantly
lower tocontrols (Fig. 4,A). Thesimilar pattern
was observed for the root Na* content. In most
cases the tissue Na' content was lower in
OsTPKa overexpressing plants in comparison
with controls. It worth to note, that relatively
high Na" accumulation level was detected in
root tissues of transgenic plants cultivated
on K* free medium (Fig. 4, B). This imbalance
in the Na* contents between roots and shoots
can be explained by involving compensatory
mechanisms of plants to maintain adequate
osmotic status. There are several works that
show the Na™ accumulation in plant tissues in
K" deficiency conditions [17, 18]. Moreover, it
should also be noted that the Na™ accumulation
was observed in root system, but not in the
shoots, where the active photosynthesis. The
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Fig. 3. Estimation of relative growth rate of
trasformants and control plants in different stress

conditions:
C — nontransformed control plants;
OsTPKaox — OsTPKa overexpressing plants.

Control — standard hydroponic nutrient solution;
0 K — K" free nutrient solution (K" deficiency);
50 MM NaCl — nutrient solution with additional
50 mM NaCl (salt stress);
20% PEG — nutrient solution with additional PEG
4000 to final concentration 20% (drought stress).
Here and further:

* — P <0,05in comparison with control. All the
experiments were subjected to unpaired two-tailed
t-tests to identify significance at the P < 0.05 level
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Fig. 4. Estimation of Na' content in tissues
of transformed and control plants subjected to
salt stress and K* deficiency:

C — nontransformed control plants;
OsTPKaox — OsTPKa overexpressing plants.
Control — standard hydroponic nutrient solution;
0 K" 50 MM NaCl — K free nutrient solution with
additional 50 MM NaCl (K' deficiency and salt
stress);
0 K" — K" free nutrient solution (K* deficiency):
A — Na' content in shoots;
B — Na' content in roots
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IIIBUIIEHHA CTIHKOCTI POCJINH
PHUCY IO COJIBOBOI'O TA BOJHOTI'O
CTPECY HAJTEKCIIPECICIO TEHA,
IO KOZIY€ KAJIIEBUM KAHAJI OsTPKa
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Meroo poboTu OyJo IIiABUINEHHS COJie- Ta
MOCYXOCTilAIKOCTi POCJMH PHCY B3a HJOIOMOTOIO
Hagekcrupecii rema ommoro i3 TPK-kamamis, a
came OsTPKa. IIsoro 6ya0 JOCATHEHO METOILOM
arpobtaxTepiaJbHOL TpanchopMmaIii pocauH
TeHOM, II0 KOAYE KaJieBUii ABOIOPOBUU KaHAJ
OsTPKa. ¥V xomi mpoBeleHHA EeKCIEPUMEHTIB
BUSABJIEHO, IO ITiIBUINEHHA PiBHS eKcIIpecii rena
IOTO KaHaly B TpaHC(OPMOBAHUX POCIUHAX
PUCY TOJIITIIITY€E TOKA3HNKY CTIHKOCTi 0 BUCOKUX
KOHIIeHTPAIill coJieii, BOJHOTO CTPecy Ta Ae(iiuTy
K'. Pocaunm, axi manm mnigBumeHni# piBeHb
excrnpecii OsTPKa, pmgemoHcTpyBanim Kpamiuii
PiBeHBb pPOCTY, 3MEHIIIEHHSA HAKOIWYEeHHS iO0HIiB
Na' y cBoix TKaHMHAX 332 YMOB COJIBOBOTO CTPECY
Ta gedinury K*.

Knwmouwosi cnosa: HameKcIpecis reHa, 110 KOIYE
raiiesusi kaHaa OsTPKa, Oriza sativa, colboBUL
cTpec, BOTHUM cTpec, neilluT Kajir, BaKyoJaapHi
KaJieBi KaHaju.

IIOBBINIEHUE YCTONYNBOCTHU
PACTEHUM PUCA K COJIEBOMY
1 BOJTHOMY CTPECCY C IIOMOIIIBIO
HAJDKCIIPECCUU T'EHA, KOJIUPYIOIIIETO
KAJIMEBBIN KAHAJI OsTPKa
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ITesnbio paboTHI GBLIO TTOBBIIIIEHWE COJIE- U 3a-
CYXOYCTOMUYMBOCTH PACTEHUII PHUCaA C IIOMOIIBIO
HagsKcmpecuu reda oxuoro m3 TPK-kamamios, a
umerHHo OsTPKa. 9To 6bLI0 JOCTUTHYTO METOAOM
arpobaxkTepuaabHOIl TpaHchoOpPMAIlMU PACTEHUH
TeHOM, KOAUWPYIOIIMM KaJueBbI ABYXIOPOBBIN
kanas OsTPKa. B xozme npoBeieHIsI 9KCIIePUMEH-
TOB OBLJIO YCTAHOBJIEHO, YTO ITOBBIIIIEHNE YPOBHSA
9KCIIPpEeCCHU TeHa STOT0 KaHaja B TpaHC(HOpPMU-
POBaHHBIX paCTeHHUAX VJIyUIIaeT TIOKasaTeJan
YCTOMUYMBOCTU K BBICOKMM KOHIIEHTPAIIUAM CO-
JIeil, BODHOMY CTpeccy U Aepuiury K*. Pacrenus
c mOBBINIeHHBIM ypoBHeM sKcupeccun OsTPKa
JIEeMOHCTPUPOBAJIU JYUIlIMe II0OKa3aTeJu POCTa,
yMeHbIIIeHre HakomIeHusa Na* B cBOMX TKaHAX B
VCJIOBHAX COJIEBOTO cTpecca u gedumura K.

Knrwouesnvie cnosa: HagpKcIpeccusa reda, KOAUpPY-
fortero kaauesblii kanan OsTPKa, Oriza sativa,
COJIeBOII CcTpecc, BOOHBIN cTpece, eUuIiuT Kaius,
BaAKyOJSPHBIE KaJneBble KaHAJbI.
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