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Abstract

In plants, transient changes in calcium concentrations of cytosol have been observed during stress conditions like
high salt, drought, extreme temperature and mechanical disturbances. Calcium-dependent protein kinases (CDPKs)
play important roles in relaying these calcium signatures into downstream effects. In this study, a stress-responsive
CDPK gene, ZoCDPK1 was isolated from a stress cDNA generated from ginger using rapid amplification of cDNA
ends (RLM-RACE) – PCR technique and characterized its role in stress tolerance. An important aspect seen during
the analysis of the deduced protein is a rare coupling between the presence of a nuclear localization sequence in the
junction domain and consensus sequence in the EF-hand loops of calmodulin-like domain. ZoCDPK1 is abundantly
expressed in rhizome and is rapidly induced by high-salt stress, drought, and jasmonic acid treatment but not by low
temperature stress or abscissic acid treatment. The sub-cellular localization of ZoCDPK1-GFP fusion protein was
studied in transgenic tobacco epidermal cells using confocal laser scanning microscopy. Over-expression of ginger
CDPK1 gene in tobacco conferred tolerance to salinity and drought stress as reflected by the high percentage of
seed germination, higher relative water content, expression of stress responsive genes, higher leaf chlorophyll
content, increased photosynthetic efficiency and other photosynthetic parameters. In addition, transgenic tobacco
subjected to salinity/drought stress exhibited 50% more growth during stress conditions as compared to wild type
plant during normal conditions. T3 transgenic plants are able to grow to maturity, flowers early and set viable seeds
under continuous salinity or drought stress without yield penalty. The ZoCDPK1 up-regulated the expression levels of
stress-related genes RD21A and ERD1 in tobacco plants. These results suggest that ZoCDPK1 functions in the
positive regulation of the signaling pathways that are involved in the response to salinity and drought stress in ginger
and it is likely operating in a DRE/CRT independent manner.

Citation: Vivek PJ, Tuteja N, Soniya EV (2013) CDPK1 from Ginger Promotes Salinity and Drought Stress Tolerance without Yield Penalty by Improving
Growth and Photosynthesis in Nicotiana tabacum. PLoS ONE 8(10): e76392. doi:10.1371/journal.pone.0076392

Editor: Lam-Son Phan Tran, RIKEN Center for Sustainable Resource Science, Japan

Received March 30, 2013; Accepted August 30, 2013; Published October 23, 2013

Copyright: © 2013 Vivek et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The current work was supported by Kerala State Council for Science, Technology and Environment [grant number: 1418/C3/06/KSCSTE]. P. J.
Vivek received fellowship from University Grant Commission (UGC), New Delhi, India [F.No.10-2(5)/2005(ii)-E.U.II]. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing interests: The authors have declared that no competing interests exist.

* E-mail: evsoniya@rgcb.res.in

Introduction

Environmental stresses such as drought, salinity, extreme
temperatures, chemical toxicity and oxidative stress are serious
threats to agriculture and the natural status of the environment
[1]. Most of the physiological processes in plants, including
responses to abiotic stresses and hormones involve a transient
elevation in cytosolic calcium concentrations [2]. Different
calcium sensors recognize specific calcium signatures and
transduce them into downstream effects, including altered
protein phosphorylation and gene expression patterns [3].
Specific responses to different stimuli could be achieved
through variations in the amplitude, duration, location, and

frequency of this Ca2+-spikes. Calcium-dependent (calmodulin-
indepedent) protein kinases (CDPKs) are unique sensor-
responder proteins in higher plants that decodes and translates
the elevation of Ca2+ concentration into enhanced protein
kinase activity and subsequent downstream signaling events
[4].

CDPKs are Ser/Thr protein kinases with molecular mass of
40 to 90 KDa [5]. The basic structural features of CDPKs are
conserved. They have a five domain structure with an amino-
terminal variable domain, a kinase domain, a junction domain
(JD), a regulatory domain (CaM-LD, calmodulin-like domain)
and a carboxy terminal variable domain [6]. The N-terminal
domains of CDPKs vary in length from 40 to 180 amino acids,
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and there is no significant homology in the sequence between
family members itself [6]. The JD between the kinase and
CaM-LD functions as a pseudo-substrate autoinhibitor that
inhibits phosphorylation in the absence of Ca2+ and keeps the
CDPK in a state of low activity [7]. The CaM-LD of CDPKs
consist of two structural domains (termed the N and C “lobes”),
each containing two EF hand helix-loop-helix Ca2+-binding
motifs. Activation of CDPK occurs when Ca2+ levels rise to fill
the two weaker affinity-binding sites in the N-lobe, thereby
triggering a conformational change that leads to release of
autoinhibitory region [8].

Information available from genomic sequencing, as well as
several extensive expressed sequences tag projects, indicates
the presence of multigene families of CDPKs in various plants
[9,10]. Thirty-four CDPK genes were found in Arabidopsis and
31 CDPK genes were found in rice [10-12]. Sequencing
projects in other plants including soybean, tomato, and maize
also indicated the presence of multigene families of CDPKs [6].
In plants, CDPKs are present as both soluble and membrane-
anchored isoforms. CDPKs exhibit multiple locations including
the cytosol, nucleus, plasma membrane, endoplasmic
reticulum, peroxisomes, mitochondrial outer membrane and oil
bodies [13]. In Arabidopsis thaliana 9 of 34 isoforms have been
localized either in the nucleus, cytoplasm or associated with
plasma membrane [14,15]. CDPKs are shown to be involved in
regulating gene expression linked with carbon and nitrogen
metabolism, phospholipid synthesis, defense responses, stress
signaling, ion and water transport, stomatal response,
cytoskeletal organization, fertilization and proteasome
regulation [13,16,17]. Recently involvement of CDPK in flower
morphogenesis is also reported [18]. Dehydration, chilling
temperature, salinity and hormones can all induce specific
changes in the expression of CDPK genes in Arabidopsis, rice,
tobacco and wheat [19-21]. Transcription of AtCPK10 and
AtCPK11 can be rapidly induced by drought and high-salt
stresses [22]. Xu et al. [23] demonstrated that CPK6 functions
as a positive regulator in Arabidopsis responses to salt/drought
stress, whereas CPK3 kinase activity was found to be induced
by salt and other stresses after transient over-expression in
Arabidopsis [24]. Transgenic rice constitutively expressing
OsCDPK7 and OsCDPK13 displayed significantly improved
tolerance to cold, salt and drought stress [25,26]. Since
phytohormones are known to be involved in abiotic stress
responses, CDPK genes have also been found to be regulated
after treatment with various plant hormones. CDPK expression
was found to be regulated after exposure to jasmonic acid (JA),
abscissic acid (ABA), and auxin [27-29]. Recently, maize
CDPK11 (ZmCDPK11) is reported to be a component of JA
signaling and regulated in response to wounding and touch
[30]. Although the participation of CDPKs in different signaling
pathways is relatively well documented, still little is known
about their role in the cross-talk between these pathways,
though the CDPKs cross-talk with MAP kinase signaling is
described [31]. In spite of CDPK’s potential importance, the
physiological functions of a specific CDPK pathway in most of
the plants including ginger are still not clear.

Ginger (Zingiber officinale Rosc, Family: Zingiberaceae) is
an important spice crop of the world. This valuable cash crop is

an herbaceous perennial, the rhizomes of which are used as a
spice. It requires a well distributed rainfall during growing
season and rhizome growth is better on slightly acidic soil and
hence salinity/drought stress early during the growth phase is a
menace. Therefore, improvement of drought and salinity
tolerance in ginger will greatly reduce ginger management cost,
benefiting the environment and ginger industry. Despite
numerous studies involving the physiological aspects of this
large family, a molecular understanding of the stress signaling
mechanisms in Zingiberaceae remains unknown. Here we
report the isolation and characterization of a multiple stress
inducible CDPK from ginger, which apart from having all the
signature features of a typical CDPK also have a bipartite
nuclear localization sequence (NLS) in its junction domain.
Over-expression of ZoCDPK1 in tobacco plant confers salinity
stress tolerance without affecting yield, suggesting a previously
un-described pathway in ginger for manipulating stress
tolerance in this valuable spice.

Materials and Methods

Plant material and stress treatments
Zingiber officinale var. Rio-de-Janeiro was used for the

present study. Ginger rhizomes were collected from the Kerala
Agricultural University, Thiruvananthapuram and maintained in
the greenhouse of Rajiv Gandhi Centre for Biotechnology,
Thiruvananthapuram at 28°C. The different stress treatments
were imposed on four week old plants grown from healthy
rhizomes and third fully expanded leaves were harvested after
stress treatments. Salt stress was given by immersing the
seedling in 400 mM NaCl solution and leaves were harvested
at regular intervals of 0, 3, 6, 9, 12, 15 and 24 h post treatment.
For drought treatment, the seedlings saturated with deionized
water were exposed to the air at room temperature and leaves
were harvested at regular intervals of 0, 3, 6, 9, 12, 15 and 24
h after dehydration. Abscissic acid treatment was given on
young leaves of intact plants by spraying 100 μM solution and
leaves were harvested at regular intervals of 0, 3, 6, 9, 12, 15
and 24 h post treatment. For cold treatment four-week old
plants were placed at 4°C and leaves were harvested at 0, 3, 6,
9, 12, 15 and 24 h post treatment. Jasmonic acid was sprayed
to young leaves of greenhouse plants at a concentration of 100
μM and leaves were collected at regular intervals of 0, 24, 48,
72 and 96 h after treatment. The collected leaf samples were
immediately frozen in liquid nitrogen and stored at -80°C until
use.

RNA isolation and reverse transcription
All samples including leaves, shoots, rhizomes and leaves

after various stress treatments were powdered using liquid
nitrogen with mortar and pestle. From the leaf samples total
RNA was isolated using TRIzol method (Invitrogen, USA)
according to manufacturer’s protocol. Total RNA from rhizome
and petiole were isolated using RNeasy® Plant Mini kit
(QIAGEN Sciences, USA) as per manufacturer’s instructions.
Two micrograms of DNase treated RNA were reverse
transcribed using High Capacity cDNA Reverse Transcription
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kit (Applied Biosystems, USA) following the manufacturer’s
instructions. The cDNAs were then stored at -20°C.

CDPK core fragment production
For core fragment production, salt stress was given on intact

plants by placing them in 400 mM NaCl solution and kept under
250 lux light intensity for 16 h and RNA was isolated using
TRIzol reagent as described earlier. Two micrograms of DNase
treated RNA was reverse transcribed for 60 min at 42°C in a 30
µL reaction volume containing 100 U of M-MLV reverse
transcriptase (Promega, USA), 200 μM of each dNTPs, 0.5 µg
oligo (dT)15 primer, 8 U of RNase inhibitor and 5x buffer for RT.
Oligonucleotide primers, Ik1 (5’-GGIGTIATGCA (T/C)(C/
A)GIGA(T/C)(T/C)TIAA(A/G)AA-3’) and Ik2 (5’-GTIAT(A/
G)AAICCIGAICC(A/G)TCT T(A/G)TC–3’), corresponding to the
amino acid sequences GVMHRDLKPEN (sub-domain VIb) and
DKDGSGYIT (third EF hand), respectively, which are
conserved in CDPKs, were used. A primary PCR was carried
out in a 50 µL reaction mixture containing 1.0 μL of cDNA, 5x
Buffer with MgCl2, 200 μM of each dNTPs, 20 pmol of each
primer, and 3 U of Taq DNA polymerase (Promega, USA). The
cDNA was denatured at 94°C for 3 min followed by 35 cycles
(94°C for 30 sec, 43°C for 30 sec and 72°C for 1 min) and a
final incubation at 72°C for 7 min. The amplified product was
used for the secondary PCR reaction. A second set of primers
Tb1 (5’-CCITAYTAYRTIGCICCIGARGT-3’) and Tb2 (5’-
CCYTTYTKCATCATIGCIA CRAAYTC-3’) which bind within the
conserved regions of the kinase domain and calcium binding
domain were used for a second round PCR using the same
above conditions. The PCR product was analyzed through
agarose gel (1.5%) electrophoresis and further cloned in
pGEM®-T EASY vector (Promega, USA) and sequenced.

5’ and 3’ RACE (Rapid Amplification of cDNA Ends) of
ZoCDPK1

5’ and 3’-RACE ready cDNA synthesis was performed with
First Choice RLM RACE Kit (Ambion, USA) as per
manufacturer’s protocol. For 5’ RACE, 10 μg of total RNA after
CIP treatment, TAP treatment and adapter ligation was reverse
transcribed using a random primer provided by the kit. 5’ RACE
primary PCR was carried out in a 50 µL reaction mixture
containing 1.0 µL of 5’ RACE ready cDNA, 5x Buffer with
MgCl2, 200 μM of each dNTPs, 20 pmol of 5’ RACE outer
primer (5’-GCTGATGGCGATGAATGAACACTG-3’), 20 pmol of
gene specific outer primer CD1AS1 (5’-
ATACAGTATGAACAAGATAACCC-3’), and 3 U of Taq DNA
polymerase (Promega, USA). The cDNA was denatured at
94°C for 3 min followed by 35 cycles (94°C for 30 sec, 60°C for
30 sec and 72°C for 2 min) and a final incubation at 72°C for 7
min. One μL of primary PCR product was used for secondary
PCR using 5’ RACE inner primer (5’-
CGCGGATCCGAACACTGCGTTTGCTGGCTTTGAT-3’) and
gene specific inner primer CD1AS2 (5’-
CATTGGAAGCCTCCTTGGCATTTT-3’) using the same above
conditions. The nested PCR product was cloned into pGEMT-
Easy vector and sequenced. For 3’ RACE, 1 μg of total RNA
was reverse transcribed using 3’ RACE adapter provided by
the kit. 3’ RACE primary PCR was carried out in a 50 µL

reaction mixture containing 1.0 µL of 3’ RACE ready cDNA, 5x
Buffer with MgCl2, 200 μM of each dNTPs, 20 pmol of 3’ RACE
outer primer (5’-GCGAGCACAGAATTAATACGACT-3’), 20
pmol of gene specific outer primer CD1S1 (5’-
GGGGTTATCTTGTTCATACTGCTA-3’), and 3 U of Taq DNA
polymerase (Promega, USA). The cDNA was denatured at
94°C for 3 min followed by 35 cycles (94°C for 30 sec, 60°C for
30 sec and 72°C for 2 min), and a final incubation at 72°C for 7
min. One μL of primary PCR product was used for secondary
PCR using 3’ RACE inner primer (5’-
CGCGGATCCGAATTAATACGACTCACTATAGG-3’) and a
gene specific inner primer CD1S2 (5’-
ATTCTCCGAGGGATGATTGATTT-3’) using the same above
conditions. The nested PCR product was cloned into pGEMT-
Easy vector and sequenced.

Generation of full length cDNA of ZoCDPK1 and
domain analysis

Based on the nucleotide sequence of 5’ and 3’ RACE
products, GSPF (5’-ATGGGAAATTCC TTCGTCTGCTGCG-
3’) and GSPR (5’-AGACTGTTATGACGGATGGTTTGCG-3’)
were designed for the amplification of full length cDNA of
ZoCDPK1. The PCR was carried out in a 50 µL reaction
mixture containing 1.0 µL of cDNA (prepared after salinity
induction), 10x Buffer with MgCl2, 200 μM of each dNTPs, 50x
Advantage 2 Polymerase mix (Clontech, Japan) and 20 pmol
each of GSPF and GSPR. The cDNA was denatured at 95°C
for 1 min followed by 30 cycles (95°C for 30 sec, 68°C for
3min) and a final incubation at 70°C for 10 min. The product
was cloned into pGEMT-Easy vector and sequenced. The
nucleotide and amino acid sequences of ZoCDPK1 were
subjected to analysis using BLASTN, PSI-BLAST and PHI-
BLAST. Sequences of other members of CDPKs were
retrieved from GenBank (www.ncbi.nih.gov/). CDPK sequences
containing NLS in their JD were identified manually analyzing
all entries. Domain analysis was done using PROSITE (http://
expasy.ch/prosite/) and SMART database (http://smart.embl-
heidelberg.de/).

Phylogenetic analysis
The phylogenetic tree was developed using Neighbour

Joining (NJ) method implemented in the MEGA 4 software. All
necessary alignments were performed with ClustalW [32]. The
robustness of the tree topology was assessed by boot strap
analysis with 1000 re sampling replicates.

Quantitative real time PCR
To assay the expression of ZoCDPK1 against various

stresses, quantitative real-time PCR analysis was carried out
on cDNAs prepared after various stress and phytohormone
treatments. The endogenous control used to normalize
variance in the quantity of RNA and the amount of cDNA was
elongation factor 1 α (EF1α) gene, for which the conserved
region was amplified from ginger. The gene EF1α is reported to
be the most stable housekeeping gene during abiotic stress
conditions [33]. Real-time PCR was performed on an optical
96-well plate with an ABI PRISM 7900HT Fast real-time PCR
system (Applied Biosystems) using the primer pairs 5’-
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CCAAGGCCAAGTCCAAGGAA-3’ (forward primer) and 5’-
TTCCC GGAGGACGTTGATG-3’ (reverse primer) for
ZoCDPK1 and 5’-GCTGACTGTGCTGTTCTC ATTATTG-3’
(forward primer) and 5’-CTCGTGTCTGTCCATCCTTTGAAA-3’
(reverse primer) for EF1α. Each reaction contained 12.5 μL of
2X Taqman Universal mastermix (Applied Biosystems, USA),
1.0 μL of cDNA samples and 1.0 μL of Taq assay mix in a final
volume of 25.0 μL. The thermal cycle used was as follows:
50°C for 2 min, 95°C for 10 min followed by 40 cycles of 95°C
for 15 sec and 60°C for 1 min. To study the expression of
stress-inducible genes in transgenic tobacco plants quantitative
real-time PCR studies were carried out in optical 96-well plate
including 12.5 μL 2X SYBR Green Master mix reagent (Applied
Biosystems, USA), 1.0 μL cDNA sample and 0.2 mM of each
gene-specific primers in final volume of 25 μL using the thermal
cycles as follows: 50°C for 2 min, 95°C for 10 min; followed by
40 cycles of 95°C for 15 sec and 60°C for 1 min. Dissociation
curve analysis was performed as follows: 95°C for 15 sec;
60°C for 15 sec. The primers used were 5’-AGG
ATGGCAAGGACTACTGGAT-3’ (RD21A forward primer), 5’-
TGGATTGGCACCTACCTTTA TT-3’ (RD21A reverse primer);
5’-TTAGATGCCATAAATGCTGC-3’ (ERD1 forward primer), 5’-
TTGCCTGGACAGCCCTAATC-3’ (ERD1 reverse primer); 5’-
AGTGGAGCAACTGTGGGA CG-3’ (AP2 forward primer) and
5’-TTCCTTTGAGCCCTTGTCTT-3’ (AP2 reverse primer); 5’-
ATCACTTGGCTCCACTGTTGTTC-3’ (RD29A forward primer),
5’-ACAAAACACACATAA ACATCCAAAGT-3’ (RD29A reverse
primer); 5’-AAGAAAACAGGCGACAAGAT-3’ (DREB1A
forward primer), 5’-ACGAAGCACAAAAAACTAGC-3’ (DREB1A
reverse primer). Three independent experiments, each one in
triplicates, were carried out in each case and relative gene
expression was calculated by the equation 2-ddCt.

Generation of ZoCDPK1-GFP fusion construct and
development of transgenic tobacco lines

The binary vector pMDC85 [34] was used to prepare the
ZoCDPK1 expression construct for tobacco transformation.
The full-length cDNA of ZoCDPK1 was amplified using gene
specific primers (GSPF and GSPR) and TA cloned into
pCR®8/GW/TOPO entry vector (Invitrogen, USA) allowing the
addition of attL1 and attL2 sites on the left and right of the
insert. One entry clone was fully sequenced before subsequent
cloning in the binary Gateway destination vector pMDC85
having compatible attR1 and attR2 sites. The ZoCDPK1 was
cloned in the sense orientation into pMDC85 vector using a
Gateway LR clonase enzyme mix technology (Invitrogen,
USA). The destination vector, pMDC85 allows the expression
of the cDNA under the control of the dual 35S CaMV promoter
and the C-terminus of ZoCDPK1 was fused to the N-terminus
of GFP. The resulting binary vector, pMDC85-ZoCDPK1-GFP
was introduced into the Agrobacterium tumefaciens strain
EHA105, and used for transforming Nicotiana tabaccum var.
petita hybrida leaf disks by the standard Agrobacterium-
mediated transformation [35] method. The transformants were
selected on hygromycin (25 mg/L). Nicotiana tabacum var.
petita hybrid transformed with pMDC85 vector alone was used
as vector control (VC) in all experiments. The seeds (T0 seeds)
were collected and germinated on hygromycin-containing

medium for raising transgenic T1 seedlings. Transgenic
tobacco plants with hygromycin resistance were transferred to
pots containing vermiculate and finally to earthen pots filled
with soil, compost, and sand (1:1:1).

Five independent homozygous ZoCDPK1 over-expression
transgenic lines (CD-1, CD-3, CD-5, CD-6 and CD-7) were
developed. PCR analysis was carried out on T0 and T3
transgenic lines carrying ZoCDPK1. Genomic DNA was
isolated from healthy leaves of four week old plants using
GenElute Plant Genomic DNA isolation kit (Sigma, India) and
amplification done using ginger CDPK1 specific primers as
described earlier. Total protein was isolated from T3 transgenic
plants by TCA-acetone method [36] and twenty micrograms of
protein were electrophoretically separated on 12.5% SDS-
PAGE and transferred onto a nitrocellulose membrane. The
membranes were blocked and thereafter blotted with a GFP
specific monoclonal antibody (Sigma, India) for 3 h at a 1:5000
dilution. After extensive washing, the bound primary antibody
was detected with a horseradish peroxidase-conjugated anti-
mouse IgG secondary antibody using the 3, 3’-
diaminobenzidine (DAB) assay.

Transgenic plant material and stress treatments
To conduct stress treatments, wild type, vector control and

T2 transgenic seeds (T3 generation) of two independent lines
(CD-1 and CD-6) were surface sterilized with 70% ethanol and
sown on 1/2 MS medium supplemented with 200 mM NaCl
(salt stress) or 300 mM Mannitol (drought stress). For vector
control and transgenic seeds, hygromycin was also included in
the medium. The plates were placed in growth chamber (16 h
light/8 h darkness, 24°C). The germination percentages were
measured after 14 days of sowing. In order to monitor the
effect of salinity stress, four week old T3 transgenic (CD-1 and
CD-6), vector control and wild type plants were treated with 0
or 200 mM NaCl/300 mM mannitol every fourth day for four
weeks. Growth characteristics like shoot length, root length,
leaf area and plant dry weight were measured at four weeks
after initiating the treatment. Shoot and root length was
measured on meter scale. Leaf area was measured by a leaf
area meter (Systronics, India). For physiological assessment,
the wild-type, vector control and T3 transgenic plants (CD-1
and CD-6) were grown in growth chamber under 16 h light/8 h
darkness at 24°C. These plants were then subjected to salinity
and water deficit stresses, and four weeks after stress initiation,
data were recorded for relative water content (RWC) and
chlorophyll. The RWC were determined as described by Goel
et al. [37] using the formula, RWC (%) = (FW-DW)/TW-DW) x
100. Chlorophyll content was measured spectrophotometrically
after extraction in 80% acetone [38]. The tolerance indexes of
salinity/drought stress treated plants were calculated using the
data of plant dry weight by the following formula:

TI (%) = (plant dry weight with stress) / (plant dry weight with
water) x 100

Leaf disk assay
Leaf disk senescence assay were carried out on wild and

transgenic plants (T3) to assess its stress tolerance as
described by Tuteja [39] with some modifications. In brief, leaf
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disks of 1.0-cm diameter were excised from healthy and fully
expanded tobacco leaves of similar age from transgenic, vector
control and wild type (WT) plants (45 days old). The disks were
floated in a 6-ml solution of NaCl or Mannitol or water
(experimental control) for 96 h and then used for measuring
chlorophyll a and b spectrophotometrically after extraction in
80% acetone [38]. The treatment was carried out in continuous
white light at 25+2°C. The experiment was repeated at least
three times with different transgenic lines.

Determination of photosynthetic parameters
Gas exchange measurements were done on intact mature

leaves of wild type, vector control and T3 transgenic plants
(CD-1 and CD-6) kept at growth chamber using a Portable
Photosynthesis System (LI-6400XT, Li-COR, U.S.A.). All the
photosynthetic measurements were made at a leaf temperature
of 30±2.0 °C and at a constant CO2 concentration of 400 µmol
mol-1 using a CO2 injector (LI-6400-01, Li-COR, U.S.A.). For
light response curve, the light intensity was varied from 20 to
1800 µmol quanta m-2 s-1 with CO2 assimilation values being
logged for each light. Chlorophyll fluorescence measurements
were made following standard technique as proposed by
Schreiber et al. [40]. The maximum potential photochemical
efficiency defined as the ratio of variable to maximum
fluorescence emitted by chlorophyll (Fv/Fm) was estimated
using a portable chlorophyll fluorometer PAM-2100 (Heinz
Walz, Germany). The plants were dark adapted for 20 minutes
prior to measurement. Maximal fluorescence under light
exposure (Fm’) was obtained by imposing 1 sec saturating
flash to the leaf in order to reduce the entire PS II reaction
centre after attaining steady state fluorescence (Ft). Minimal
fluorescence immediately after light exposure (Fo’) was
determined by imposing dark while a far red light was
simultaneously switched on to oxidize PS II rapidly by drawing
electrons from PS II to PS I.

Yield characteristics
At maturity wild type, vector control and T3 transgenic plants

were harvested and the yield characteristics like time required
for flowering, seed weight were scored as indicator for salinity
and drought stress tolerance.

Statistical analysis
Three independent experiments, each one in triplicates, were

carried out in each case and representative data were shown.
Student’s t-test was used to analyze all the data presented as
the mean + SE (n=3) to compare the obtained parameters from
Transgenic and wild type under normal or stress conditions. A
P value of 0.0001 was considered to be statistically significant.

Onion inner epidermal transformation and confocal
laser-scanning microscopy (CLSM)

The protocol for onion inner epidermal peel preparation and
Agrobacterium-mediated transformation were similar to those
used for tobacco transformation as described by Wydro et al.
[41] with some modifications. Agroinfiltration method of
transient gene expression was carried out on healthy and fresh

onion scales leaves under normal, salinity and drought stress
conditions. The scales were rinsed with water, onion inner
epidermal cell layers were peeled, adequately sliced, and
stained with propidium iodide (PI) and imaged in water on a
glass slide and covered with a cover slip. CLSM was performed
using a Leica TCS NT/SP microscope with excitation/emission
wavelengths 480/510 nm for GFP and 536/617 nm for PI.

Results

Isolation, cloning and sequencing of a CDPK from
ginger

Total RNA was isolated from young leaves of ginger after
salinity stress induction and reverse-transcribed to cDNA. A
cDNA fragment of approximately 600 bp was amplified by RT-
PCR using degenerate oligos based on conserved regions of
other known CDPKs in the database. The full length cDNA was
isolated through RLM-RACE approach with two sets of gene
specific primers designed based on its core sequence. The full
length cDNA, represented as ZoCDPK1 and its accession
number at GenBank was KC544003. The gene is 2074 bp long
and contains an open reading frame of 1629 bp encoding 542
amino acids. It has a 135 bp 5’ UTR with an in-frame stop
codon and a 300 bp 3’ UTR followed by a poly A tail, two
characteristics indicative of a full-length sequence. The 1.6 kb
ORF was amplified by PCR by using gene specific forward and
reverse primers (GSPF and GSPR) from salinity stress induced
cDNA.

The deduced protein of ZoCDPK1 has 542 amino acids with
a predicted molecular mass of 60.81 kD and isoelectric point of
6.77. Within its polypeptide ZoCDPK1 contains a long variable
domain preceding a Ser/Thr protein kinase catalytic domain, an
autoinhibitory function domain, a CaM-LD containing four EF
hand Ca2+-binding motifs and a C-terminal variable domain as
revealed by SMART and PROSITE analysis (Figure 1A). The
N-terminal variable domain, kinase domain, JD, CaM-LD and
C-terminal variable domains consist of 62, 259, 46, 140 and 35
amino acid residues, respectively. The kinase domain contains
subdomains I to XI and 15 invariant amino acid residues for
eukaryotic Ser/Thr protein kinase [42] including a possible
ATP-binding site in the N-terminal region as shown in Figure
1A. ZoCDPK1 showed highest homology with DmCDPK1, a
Datura metel CDPK (78% amino acid identity, GenBank
accession number ABY28389). Other close homologues
include PtCDPK10 (77% identity, XP002318616), from Populus
trichocarpa; AtCPK30 (75% identity, NP177612), an
Arabidopsis thaliana CDPK. The alignment of ZoCDPK1 with
DmCDPK1 and AtCPK30 is shown in the Figure 1A.The
phylogenetic tree based on ZoCDPK1 and all Arabidopsis
CDPKs reported so far (Figure 1B) suggested that ZoCDPK1
was clustered along with AtCPK30, which is an osmotic stress
responsive form.

ZoCDPK1 with a typical core domain arrangement of a Ca2+

regulated kinase, also possess a bipartite nuclear localization
sequence (NLS; PROSITE code PS50079) in its Junction
domain. The sequence of all four Ca2+ binding EF hand loops
(PROSITE code PS00018) in its CaM-LD are conserved
(Figure 2). Further protein-protein and PSI-BLAST searches at
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Figure 1.  Amino acid sequence alignment and
phylogenetic tree of ginger CDPK1.  (A) The amino acid
sequence alignment of Zingiber CDPK1 [GenBank ID:
KC544003] with Datura CDPK, DmCPK1 [GenBank ID:
163658596] and Arabidopsis CDPK, AtCPK30 [GenBank ID:
30699042]. Identical amino acids are indicated by asterisks,
and similar amino acids are marked with single dots and
colons. Catalytic domains (I–XI), Junction domain, and EF
hand loops of CaM-LD domain of ZoCDPK1 are marked. The
15 invariant amino acid residues for eukaryotic Ser/Thr protein
kinase were highlighted. Protein kinase ATP-binding site is
shown by broken lines. Active site is shown in red box. (B)
Phylogenetic analysis of ZoCDPK1 with all Arabidopsis CDPKs
in the database. The tree was constructed using NJ method of
Mega4 software. The numbers on branches showed bootstrap
probabilities determined for 1000 re-samplings. The database
accession numbers are indicated in parantheses after CDPK
gene names.
doi: 10.1371/journal.pone.0076392.g001

NCBI database and subsequent domain analysis revealed that
many other CDPKs from different species showing strong
homology with ZoCDPK1 also have similar type of domain
composition. As indicated in Figure 2, a novel coupling was
noticed between the presence of a bipartite NLS in the junction
domain with presence of consensus in the EF hand loops of
CaM-LD. Multiple sequence alignment revealed that the
position of the NLS in the JD of all these CDPKs were
superimposed (Figure 2A). Canonical bipartite NLS contains (i)
two adjacent basic amino acids (Arg or Lys), (ii) followed by
spacer region of any 10 residues, and (iii) followed by at least
three basic residues (Arg or Lys) in the next five positions [43].
ZoCDPK1 possess a typical Ca2+-binding EF hand loop with a
consensus 12-residue (PROSITE code PS00018), which is
flanked on both sides by a 12-residue α-helical domain. The
calcium ion is co-ordinated in a pentagonal bipyramidal
configuration with six residues in positions 1, 3, 5, 7, 9 and 12
(Figure 2B). The invariant Glu or Asp at position 12 provides
two oxygen for liganding Ca2+ (bidentate ligand).

Expression of ZoCDPK1 in different parts of ginger
To examine the expression pattern of ZoCDPK1 in leaves,

stem and rhizome of ginger, quantitative real time PCR
experiments were conducted on the cDNAs prepared from
respective parts. The qRT-PCR data (Figure 3A) revealed that
ZoCDPK1 transcripts were present in all the tested plant parts
including leaf, stem and rhizome with a very strong expression
was noticed in rhizome.

Expression of ZoCDPK1 was induced by salt, drought
and exogenous JA but not by ABA or cold treatments

To investigate whether ZoCDPK1 expression is regulated by
different stresses, treatments were given to 4-week-old ginger

Figure 2.  Domain analysis of ZoCDPK1.  (A) Multiple
sequence alignment of the JDs of CDPKs containing a bipartite
NLS as a subdomain. The NLS is shown in the black box. The
relative positions of autoinhibitory and CaM-LD binding sub-
domains are indicated. The determinant amino acids for the
bipartite NLS are shaded. (B) Multiple sequence alignment of
Ca2+-binding EF hand loops of the above CDPKs [DX(DNS)
(ILVFYW) (DENSTG)(DNQGHRK)(GP)(LIVMC)
(DENQSTAGC)X(2)(DE)(LIVMFYW]. The residue numbers
important for coordination with Ca2+ in the respective Ca2+-
binding loops are indicated.
doi: 10.1371/journal.pone.0076392.g002
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plants and leaf samples were collected as described in the
Materials and Methods section. Total RNA was isolated,
respective cDNAs were prepared and real-time PCR analysis
was performed with EF1α gene as endogenous control. Time-
course induction of ZoCDPK1 expression by salinity and
drought stresses were analyzed (Figure 3B and C). There was
a basal level of ZoCDPK1 expression at time 0 h, and the
ZoCDPK1 transcripts were increased at 3 h post stress
treatment. It was found that ZoCDPK1 transcripts accumulation
reached its maximum at time point 9 h against salinity stress
and decreased thereafter (Figure 3B). Against drought stress,
maximum expression level of ZoCDPK1 was noticed at 3 h
itself (Figure 3C).

As many drought-inducible genes were shown to be
responsive to exogenous ABA, we also examined the effect
ABA on the expression of ZoCDPK1. Interestingly it was found
that the expression of ZoCDPK1 was progressively decreased
by the exogenous application of 100 μM ABA (Figure 3D). The
effect of low temperature (4°C) on the expression of ZoCDPK1
was also tested. As shown in Figure 3E, ZoCDPK1 was not

Figure 3.  Quantitative real time PCR analysis of ZoCDPK1
transcripts in ginger.  (A) ZoCDPK1 expression was studied
in leaf, stem and rhizome. (B) Total RNA was isolated from
leaves collected at successive intervals of 0, 3, 6, 9, 12, 15 and
24 h post salinity (400 mM NaCl). (C) Total RNA was isolated
from leaves collected at successive intervals of 0, 3, 6, 9, 12,
15 and 24 h post drought (dehydration) treatment. (D) Total
RNA was isolated from leaves collected at successive intervals
of 0, 3, 6, 9, 12, 15 and 24 h post ABA (100 μM). (E) Total RNA
was isolated from leaves collected at successive intervals of 0,
3, 6, 9, 12, 15 and 24 h post low temperature (4°C) treatment.
(F) A time course expression profile of ZoCDPK1 against JA
(100 µM) was studied at regular intervals of 0, 24, 48, 72 and
96 h post treatment. The EF1α gene was used as endogenous
control in all experiments and relative gene expression was
calculated by the equation 2-ddCt. Data are presented as mean +
SE (n=3) and error bars represent SE.
doi: 10.1371/journal.pone.0076392.g003

responsive to low temperature. The marginal up-regulation
during longer period as shown in the Figure 3E may be due to
the overlapping physical stress. JA and methyl jasmonate
(MeJA), collectively termed jasmonates, are regarded as
endogenous regulators that play important roles in stress
responses, plant growth and development [44]. It has been
reported that jasmonate-responsive genes can also be induced
by osmotic stress [45]. Hence the effect of JA on ZoCDPK1
expression was also tested. As shown in the Figure 3F,
ZoCDPK1 expression increased marginally up to 24 h of JA
treatment and rapidly thereafter. Based on all these expression
data, we concluded that the expression of ZoCDPK1 gene is
induced by high salt, drought and JA rather than by cold or
ABA signaling pathway in ginger plants.

ZoCDPK1 over-expression and analysis of transgenic
plants

To evaluate in vivo physiological role of ZoCDPK1, the
complete ORF was over-expressed in tobacco plants by using
Agrobacterium-mediated transformation. For that the full length
cDNA was placed under the control of 2X 35S promoter in
pMDC85 gateway destination vector in such a manner that,
intact GFP (green fluorescent protein) coding sequence was
fused at its C-terminus (Figure 4A). A total of 25 independent
transgenic tobacco lines were generated, grew them to
maturity; and five 5 homozygous transgenic lines over-
expression ZoCDPK1 were developed and confirmed by RT-
PCR analysis (Figure 4B). Two dominant lines, CD-1 and CD-6
were selected and homozygous T3 plants were used for
salinity and drought stress tolerant analysis. The transcription
level of ZoCDPK1 was relatively high in CD-6 compared with
that in CD-1 as revealed by RT-PCR analysis (Figure 4B).
Similarly, the protein level of ZoCDPK1 was also relatively
higher in CD-6 than in CD-1 when detected by Western blotting
using a GFP-tag monoclonal antibody (Figure 4C). In
ZoCDPK1 over-expressing plants, the ZoCDPK1 transcripts
were accumulated at high concentration. The level was
increased further under salinity and drought stress (Figure 4D).
The general differences between wild type plants and plants
transformed with empty vector were not significant for the
studied parameters.

Sub-cellular localization of ZoCDPK1
To investigate the sub-cellular localization of ZoCDPK1

during normal, salinity and drought stress, the ZoCDPK1-GFP
construct was introduced into the onion epidermal cells by
agroinfiltration method of transient transformation. As displayed
in Figure 5, ZoCDPK1-GFP fusion protein was predominantly
localized in the nucleus in all tested conditions. Under normal
condition additional GFP fluorescence were also detected at a
reasonable level in cytosol. Interestingly during salinity and
drought stress conditions, additional signals were detected in
plasma membrane and not in cytosol. To date this is the most
common localization pattern for CDPK isoforms [14]. These
results clearly indicate that the ZoCDPK1 protein possesses
information to direct the nuclear targeting and moreover, the
protein shows differences in localization pattern in response to
stress conditions.
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Figure 4.  Schematic representation of the T-DNA and
molecular analysis of ZoCDPK1-expressing tobacco.  (A)
Gateway recombination reaction between pCR®8/GW/TOPO-
ZoCDPK1 entry vector and pMDC85 destination vector and
resultant T-DNA region of the vector pMDC85-ZoCDPK1-GFP.
RB, right T-DNA border; LB, left T-DNA border; 35S,
cauliflower mosaic virus 35S promoter; nos T, NOS terminator;
Hygr, hygromycin phosphotransferase II gene. (B) RT-PCR
analysis using ZoCDPK1 specific primers and EF1α specific
primers of wild type and five independent T3 transgenic lines.
(C) Western blot analysis of wild type and and transgenic
tobacco (CD-1 and CD-6) lines. Proteins (20 µg per lane) were
fractionated by 12.5% SDS-PAGE and immunobloted with
GFP-specific antibody (D) Quantitative real time PCR analysis
of ZoCDPK1 transcripts in wild type and transgenic tobacco
lines (CD-1 and CD-6) under normal, salinity and drought
conditions. The EF1α gene was used as endogenous control in
all experiments. Relative gene expression was given as the
fold expression change using the equation 2-ddCt. Data are
presented as mean + SE (n=3) and error bars represent SE.
doi: 10.1371/journal.pone.0076392.g004

Transgenic tobacco plants over-expressing ZoCDPK1
show tolerance to excess salinity and drought stress

To test for osmotic stress tolerance, leaf disks from CD-1
and CD-6 transgenic (T3), vector control and WT tobacco
plants were floated separately on 100, 200, 300, 400 and 500
mM NaCl (salinity stress) or 300 mM mannitol (drought stress)
and H2O for 96 h. Stress-induced loss of chlorophyll was lower
in ZoCDPK1 over-expressing lines compared with those from
the WT plants (Figure 6A). The damage caused by stress was
reflected in the degree of bleaching observed in the leaf tissue
after 96 h. It was evident that transgenic plants have a better
ability to tolerate salinity and drought stress. Measurement of
chlorophyll content of the leaf disks from transgenic, vector
control and wild type plants stressed with NaCl or mannitol
(Figure 6B) provided further support for a positive relationship
between the over-expression of ZoCDPK1 and tolerance of
osmotic stress.

Seeds obtained from T2 transgenic plants, vector control and
wild type plants were germinated on 1/2 MS medium with 200
mM NaCl (salt stress) or 300 mM Mannitol (drought stress)
stress. The transgenic seeds were able to germinate in the
presence of 200 mM NaCl or 300 mM mannitol whereas the
wild type and vector control seeds were highly susceptible to
both the stress conditions and failed to germinate (Figure 7A
and B). To assess the stress tolerance of intact ZoCDPK1
over-expressing plants, the green house grown T3 lines (CD-1
and CD-6), vector control and wild type plants were watered
with 200 mM NaCl solution. In the presence of NaCl, the wild
type and vector control plants showed growth retardation,
whereas transgenic plants did not develop any sign of stress
(Figure S1). To elucidate further the role of ZoCDPK1 in stress
tolerance, we examined the effects of ZoCDPK1 over-
expression on the transcript levels of different stress
responsive genes – ERD1 [46], RD21A [47], AP2 [48], RD29A
[49] and DREB1A [50] in leaves under salt stress. The stress
responsive genes, ERD1 and RD21A were up-regulated in the
transgenic plant as compared to wild type and vector control
plants during salinity stress whereas AP2, RD29A and
DREB1A transcripts were slightly down-regulated (Figure 8).

Figure 5.  Sub-cellular localization of ZoCDPK1-GFP fusion
protein.  Transient expression of the ZoCDPK1-GFP in the
plasmolyzed onion epidermal cells. Onion epidermal peels
were incubated in IM sucrose for 10 minute before staining and
visualization. GFP fluorescence, PI fluorescence and merged
images are respectively the first, middle and last panels.
doi: 10.1371/journal.pone.0076392.g005
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Physiological assessment of transgenic plants under
normal, salinity and drought stress

Transformants of the T3 generation were used for the
physiological analysis. T3 plants of both lines (CD-1 and CD-6)
showed, on average, 73% more growth and contained 42%
more chlorophyll per unit leaf area as compared to their wild
type lines at normal conditions itself. A corresponding increase
in shoot length, root length, leaf area, plant dry weight,
chlorophyll a, chlorophyll b and total chlorophyll were observed
between transgenic and wild type or vector control plants under
non-stressed condition (Table 1). The differences were further
pronounced when grown in presence of 200 mM NaCl or 300
mM mannitol. Salinity and drought stress induced reduction in
growth parameters were given on Table 1. When the
transgenic (T3) and wild-type plants were subjected to 200 mM
NaCl, the relative water content (RWC) was 93% and 94% in
CD-1 and CD-6 respectively, while it was only 74% in the wild-
type plant. After four week of drought stress treatment, the
RWC in the transgenic plants varied from 90-91% whereas it
was 69% in the wild-type plants. Tolerance index of T3
transgenics and wild type plants against salinity/drought has
also been calculated using the data of plant dry weight at 0 or

Figure 6.  Leaf disk senescence assay for salinity and
drought tolerance in transgenic tobacco plants (T3).  (A)
Representative pictures to show phenotypic differences in leaf
disks of wild type (WT), vector control (VC) and T3 plants
(CD-1 and CD-6) after incubation in 0, 100, 200, 300, 400 and
500 mM NaCl or 500 mM mannitol solutions. (B)
Representative diagram to show the chlorophyll content from
leaf disks of wild type, vector control and T3 transgenic plants
after incubation in 200 mM NaCl or 300 mM mannitol solutions.
Data are presented as mean + SE (n=3) and error bars
represent SE. Data shows a significant difference of chl.a or
chl.b content between transgenic and wild type controls at
P<0.0001, by Student’s t-test.
doi: 10.1371/journal.pone.0076392.g006

200 mM NaCl/300 mM mannitol. Interestingly, the tolerance
potential of T3 transgenic plants were 81.8% to 82.6%,
whereas, it was just 31.8% to 35.7% in the case of wild type
plants. The yield parameters like time required for flowering,
seed weight/pod are found to be better for the T3 transgenic
lines at 200 mM NaCl or 300 mM mannitol than wild type plants
grown without stress treatments (Table 2). The growth
chamber grown CD-6 transgenic line (T3) also showed an early
flowering when grown on salinity stress in comparison to wild
type plant, which showed growth retardation and early
symptoms of withering (Figure S2).

Figure 7.  Analysis of ZoCDPK1 transgenic (T3) plants
under salinity and drought.  (A) Representative pictures to
show the germination of transgenic (CD-1 and CD-6), vector
control (VC) and wild type (WT) seeds under normal conditions
(non-stress), 200 mM NaCl (salinity) and 300 mM mannitol
(drought). (B) Representative seedlings of WT, VC and T3
homozygous lines (CD-1 and CD-6) taken after 14 days of
germination on normal (non-stress), 200 mM NaCl (Upper) and
300 mM mannitol (Lower) conditions.
doi: 10.1371/journal.pone.0076392.g007

Figure 8.  Quantitative real time PCR analysis of stress
responsive genes in wild type, vector contorl and T3
transgenic plants after induction with 200 mM
NaCl.  Relative gene expression was given as the fold
expression change using the equation 2-ddCt. Data are
presented as mean + SE (n=3) and error bars represent SE.
doi: 10.1371/journal.pone.0076392.g008
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The physiological observations summarized above
suggested that ZoCDPK1 over-expression resulted in improved
plant growth under normal condition itself, which further
enhanced upon stress treatments. Therefore, ZoCDPK1 over-
expression may have caused a concerted stimulation of cellular
and physiological processes that regulate plant vigor. To test
this speculation, we examined several representative
physiological parameters that control plant vigor: (1) light
response curve or net CO2 uptake rate, which reveals
characteristics of the underlying photosynthesis processes
including the light-dependent and light-independent reactions,
the efficiency at which light is utilized by photosynthesis, and
even the rate of O2 uptake; (2) photosynthesis rate, a trait
positively correlated with plant vitality and biomass production;
(3) transpiration rate, a trait generally associated with the rates
of water consumption and transport in the plant; (4) intercellular
CO2 concentration (Ci) and leaf conductance, are the
measures of the rate of passage of carbon dioxide (CO2)
entering, or water vapor exiting through the stomata of a leaf;
and (5) photochemical quantum efficiency (measured as the
chlorophyll fluorescence parameter Fv/Fm [maximum
photochemical efficiency of photosystem II in the dark-adapted
state]), a trait positively correlated with the organization and
vitality of photosystem II. The transgenic plants over-
expressing ZoCDPK1 had significantly higher net CO2 uptake
rate, photosynthesis rates, transpiration rates, leaf
conductance, Ci and Fv/Fm than the wild type or vector control
plants (Figure 9A, B, C, D, E and F respectively) under normal
conditions, which upon stress elicitation manifold to a great
extent. These results suggest that under salinity and drought
stress conditions, the transgenic plants had much better growth
than the control plants at normal/stress conditions.

Discussion

CDPKs have been reported to function in response to
cytoplasmic Ca2+ elevations in many physiological processes in
plants [4]. Considering the status of ginger as one of the
important and value spice, an understanding of the calcium
signaling associated with abiotic stimuli at the molecular level
would undoubtedly have enormous benefits. Although many
studies have shown the involvement of Ca2+-dependent protein
kinases in abiotic stress signal transduction and plant stress
tolerance [3], a CDPK with biological bipartite NLS, and is
having conserved EF-hand residues, that function as positive
transducer in these responses have remained unknown. In this
study the cloning and characterization of multiple-stress
inducible CDPK gene from ginger (ZoCDPK1) with a functional

Table 2. Comparison of flowering time and seed weight of
wild type and T3 transgenic plants (CD-1 and CD-6) grown
under normal (non-stress), salinity (200 mM NaCl) and
drought (300 mM Mannitol) conditions.

Parameter Water grown200 mM NaCl 300 mM mannitol

 Wild type# CD-1 CD-6 CD-1 CD-6
Flowering time
(Days)

128±1.45 107±1.08 109±1.53 107±0.93 108±1.21

Seed weight/pod*
(Milligrams)

156±1.91 162±2.80 164±2.63 164±2.10 163±2.70

Each value represents mean of three replicates ± SE (n = 3). # Wild type plants did

not survived under salinity/drought stress. * The data recorded from plants
harvested at maturity (~150 days).
doi: 10.1371/journal.pone.0076392.t002

Table 1. Comparison of shoot length (SL, cm/plant), root length (RL, cm/plant), leaf area (LA, cm2/plant), plant dry weight
(DW, g/plant), chlorophyll a (Chl a, mg/g fresh weight), chlorophyll b (Chl b, mg/g fresh weight) and total chlorophyll (Total
Chl, mg/g fresh weight) of WT, VC and T3 transgenic plants (CD-1 and CD-6) grown under normal (non-stress), salinity (200
mM NaCl) and drought (300 mM Mannitol) conditions.

Clone Condition Parameters

  SL RL LA DW Chl a Chl b Total Chl
WT Normal 138±1.9 18.3±1.0 132±8.9 22.21±1.3 5.92±0.21 2.42±0.16 8.34±0.3
 Salinity 33±0.8c 6.6±0.7c 37±1.6c 7.06±0.9c 3.36±0.10c 1.44±0.14c 4.80±0.2c

 Drought 27±1.4c 6.4±0.4c 38±6.8c 7.92±1.2c 2.32±0.13c 1.01±0.16c 3.33±0.4c

VC Normal 137±1.7 18.2±1.0 130±7.9 23.10±1.1 5.79±0.33 2.44±0.26 8.24±0.3
 Salinity 33±0.6c 6.7±0.8c 35±1.6c 7.04±1.1c 3.38±0.30c 1.37±0.14c 4.75±0.3c

 Drought 26±1.7c 6.3±0.5c 37±8.6c 7.93±1.0c 2.39±0.23c 1.00±0.13c 3.39±0.4c

CD-1 Normal 238±10.3a 29.3±1.3a 230±7.9a 37.62±1.3a 7.93±0.26a 3.82±0.16a 11.75±0.3a

 Salinity 210±12.6b 26.4±0.8b 202±9.8b 30.84±1.7b 7.20±0.22b 2.75±0.12b 9.95±0.5a

 Drought 207±9.3b 26.1±0.9b 201±7.4b 31.03±1.4b 7.50±0.21b 3.24±0.21a 10.74±0.4a

CD-6 Normal 240±10.9a 31.3±1.2a 234±7.8a 38.74±1.5a 8.41±0.27a 3.48±0.30a 11.89±0.5a

 Salinity 211±13.1b 27.0±1.0b 203±7.9b 31.72±1.7b 7.40±0.27b 2.73±0.27b 10.13±0.3a

 Drought 209±10.4b 27.1±1.3b 202±10.2b 32.01±1.6b 7.11±0.22b 2.78±0.17b 9.89±0.5a

Each value represents mean of three replicates ± SE (n = 3). Data followed by the same letter in the same column are not significantly different at P<0.05 as determined by
Duncan’s multiple range tests.
doi: 10.1371/journal.pone.0076392.t001
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bipartite NLS is discussed in relation to salinity and drought
stress.

Domain analysis of ZoCDPK1; novel coupling between
nuclear localization sequences in the JD and
consensus EF-hand loops in the CaM-LD

The sequence homologies of ginger CDPK, ZoCDPK1 with
different plant CDPKs suggest that the isolated gene encodes
a CDPK. ZoCDPK1 also possess four consensus Ca2+-binding
sites as would expected for a functional canonical CDPK
(Figure 1). ZoCDPK1 shows high homology with AtCPK30, a
salt and drought stress inducible CDPK from Arabidopsis [51];
AtCPK10, an Arabidopsis CDPK involved in dehydration, high
salt and ABA signaling [22,52], and CaCDPK4, a salinity
stress, JA responsive CDPK from Capsicum annuum [53]. In
ZoCDPK1 a novel coupling between the occurrence of an NLS
in the JD with conserved residues in EF hand loop were
noticed. This is a deviation from the earlier report which
discusses that for the functional exposition of NLS in JDs,
some sort of compensatory change in the total kinase like non-
functional EF hand loops required [54]. Such CDPKs are
activated only after binding with protein of importin family and
hence functions in the nucleus only. The presence of four
conserved EF-hands in CaM-LD domain of ZoCDPK1, nullified
the need of importin binding for its activation. Hence a detailed
database search was conducted and we could find some other
CDPKs with similar type of coupling and they also show high
homology with ZoCDPK1 (Figure 2). But the exact reason for
this type of coupling remains to be elusive. Because the
characteristic calcium-dependent structural response in the
CaM-LDs is reported to be associated with the regulatory

Figure 9.  Physiological assessment of transgenic plants
(T3), vector control and wild type plants.  (A) Net CO2

uptake rate measured at a PPFD of 20 and 2000 µmol quanta
m-2 sec-1 and 400 p.p.m. CO2. Effect of salinity and drought
stress on the net photosynthetic rate (B), Transpiration rate (C),
inter-cellular CO2 concentration (D), leaf conductance (E) and
photosynthetic efficiency (F) of transgenic and wild type plants.
doi: 10.1371/journal.pone.0076392.g009

apparatus of canonical CDPKs [55] the principle of activation of
the Zingiber CDPK appears to remain unchanged. Altogether it
may be presumed that ZoCDPK1 is a functional CDPK with
typical Ca2+-binding properties and extra bipartite NLS in its JD
and hence have activity in the nucleus.

Differential expression of ZoCDPK1 gene in ginger
Some CDPK genes are expressed in all plant organs or

tissues, but their mRNAs are especially abundant in given
organs or tissues. The mRNA and protein of VfCPK1, a stress
inducible calcium-dependent protein kinase from Vicia faba,
were expressed in all organ or tissues tested, with its
abundance in epidermal peels and leaves [56]. Similarly
CaCPK1 transcripts and protein from chick pea accumulated in
all the organ samples examined with maximum expression of
transcripts in roots [57]. In the present study, mRNA of
ZoCDPK1 was detected in all tissues examined; however its
expression was more abundant in rhizome than in leaf or stem.
The exact significance of this observation is yet to be
determined, but it suggests a differential regulation of
metabolism, Ca2+ signaling and development between these
tissue types. This observation was supported by the recent
findings from the EST database of ginger, that many signal
transduction genes were expressed at higher levels in
rhizomes than in leaves [58]. Several such genes that are up-
regulated in the rhizome or expressed exclusively in the
rhizome are candidate genes that may be involved in
determining cell fate and tissue differentiation leading to
rhizome development and maintenance [58]. Raíces et al. [59]
reported a temporal correlation between an increase in CDPK
(StCDPK1) activity and the morphological changes associated
with the onset of tuber (modified underground stem like
rhizome) development using in vitro cultured potato stolons.
StCDPK1 expression was shown to be specifically up-
regulated by sucrose and sorbitol; hence osmotic stress
activation of sucrose-phosphate synthase leading to in vitro
tuber induction was discussed. In continuum StCDPK2, a
potato CDPK isoform, phosphorylates StABF1, a tuber
development responsive bZIP transcription factor in vitro [60].

Expression of ZoCDPK1 was induced by osmotic
stress and JA but not by low temperature and ABA
treatments

CDPK genes were shown to be differentially regulated.
Either dehydration or exposure to high concentrations of NaCl
induced both AtCPK10 and AtCPK11 but not by ABA [22].
VfCPK1, a CDPK gene from broad bean, is transcriptionally
regulated by drought, ABA and CaCl2 [56]. Over-expression of
rice OsCDPK7 yielded cold and salt/drought tolerant rice plants
[26] while another rice CDPK, OsCPK12 acts as a positive
regulator of salt tolerance [61]. OsCDPK13 expression was
increased in leaf sheath segments of rice treated with
gibberellin or subjected to cold stress [62]. More over tobacco
CDPKs, NtCDPK2 and NtCDPK3 were shown to be
differentially phosphorylated in vivo as part of a kinase cascade
that regulates abiotic stress response [63]. These results
suggest that CDPK genes are differentially induced at the
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transcription level by various stimuli involved in the abiotic
stress signal cascades.

The ginger CDPK, ZoCDPK1 gene is transcriptionally up-
regulated by salt stress, drought and JA but not by ABA or low
temperature. Upon drought and salt stress, the level of
ZoCDPK1 transcripts started to increase immediately after
stress treatment, became highly induced at 3 h and 9 h
respectively and went back to the basal level at 24 h post-
treatment. As there is no up-regulation of ZoCDPK1 transcripts
by ABA even up to 24 h, it may be possible that ABA is not
involved in the induction of ZoCDPK1 by dehydration. In
Arabidopsis endogenous ABA-induced by water stress
deficiency is detectable by 2 h after dehydration and reaches a
maximum level by 10 h [64], providing further evidence that
ABA is not involved in the induction of ZoCDPK1. Against JA, a
progressive increase in expression of CDPK was noticed in
Solanum tuberosum [27]. Overall these results show that a
change in osmotic potential triggers the rapid induction of
ZoCDPK1.

Many abiotic-stress-inducible genes are controlled by ABA,
but some are not, which indicates that both ABA-dependent
and ABA-independent regulatory systems are involved in
stress-responsive gene expression [65-67]. The salinity stress-
induced upregulation of transcript of PDH45 was reported to
follow an ABA-dependent pathway [68], while MCM6 from pea
followed the ABA-independent pathway [69]. More than that,
the Arabidopsis Ca2+-dependent protein kinase CPK12 acts as
a negatively regulator in ABA signal transduction [70].
DRE/CRT/LTRE is a major cis-acting regulatory element in
ABA-independent gene expression under abiotic stress
conditions [71] and is also found in the promoter region of
genes which are induced by both drought and cold [65,72]. We
found that ZoCDPK1 is induced by drought and salinity but not
by ABA or low temperature (Figure 3B, C, D and E), which
suggests that DRE is not likely to function in their rapid
dehydration-responsive expression.

Ginger CDPK1 has a dynamic localization pattern
In plants CDPKs exhibit multiple locations, including the

cytosol, nucleus, plasma membrane, peroxisomes [14],
endoplasmic reticulum [15], mitochondria [73] and oil bodies
[74]. Similarly many CDPKs with potential mono or bipartite
NLS showed nuclear localization under normal or stressed
conditions. In the case of tomato CDPK, LeCPK1, the nuclear
targeting may result from a potential NLS located close to the
C-terminal of kinase domain [75] whereas in AtCPK11, the
calcium-dependent protein kinase from Arabidopsis, the
nuclear localization is effected by having two potential NLS
[76]. Interestingly, a bipartite NLS is present in its junction
domain for the groundnut CDPK, AhCPK2, and the protein
showed nuclear localization too [54]. Due to the absence of N-
terminal myristoylation sequence and the presence of NLS in
JD, it was presumed that ZoCDPK1 may exist as a soluble
form with possible nuclear localization. The sub-cellular
localization of ZoCDPK1 was investigated under normal and
stress conditions with confocal microscopy in onion epidermal
peel cells. The CLSM images of ZoCDPK1-GFP fusion proteins
confirmed its localization in nucleus and cytosol at normal

conditions. At drought and salinity stress conditions, the fusion
protein localize in nucleus and plasma membrane. Patharkar
and Cushman [77] showed that McCDPK1, a membrane bound
CDPK from ice plant (Mesembryanthemum crystallinum)
localized in the nucleus during salt or dehydration stress and
also phosphorylated CDPK substrate protein 1 (CSP1), which
is a transcription factor belonging to a class of two-component
pseudo-response regulators. In contrast ZoCDPK1 shows
nuclear localization under normal and stressed conditions. In
response to stress ZoCDPK1 additionally localizes to plasma
membrane rather than cytosol, which is the additional location
during normal condition.

Over-expression of ZoCDPK1 changed expression of
ABA-independent genes

The functional analysis of the role of ZoCDPK1 in stress
tolerance was studied by over-expressing ZoCDPK1 in
tobacco. It was found that the fresh weight, retention of green
color, as well as percentage of seed germination were much
better in transgenic lines, as compared with vector control or
wild type tobacco, under normal or stress conditions. The
induction of numerous stress responsive genes is a hallmark of
stress adaptation in plants [78]. Here we observed that
constitutive expression of ZoCDPK1 under the control of 35S
promoter triggered an altered expression of various stress
responsive genes such as ERD1, RD21A, AP2, RD29A and
DREB1A in tobacco. In a similar study, Xu et al. [23] has
reported that over-expression of AtCPK6 activated the
expression level of RD29A, RD29B and RD22.

There are several drought-inducible genes that do not
respond to either cold or ABA treatment, suggesting the
existence of other ABA-independent pathway in the
dehydration stress response [71]. ABA-independent stress-
responsive gene expression is regulated by DREB proteins that
bind to DRE/CRT cis-elements [79]. Transcription factors
belonging to AP2 family and DREB1A specifically bind to the
DRE/CRT sequence and activate the transcription of cold-
inducible genes [50,80]. ERD1 (EARLY RESPONSIVE TO
DEHYDRATION 1), which encodes a Clp protease regulatory
subunit; ClpD is reported to be up-regulated in response to
drought, high salinity but not with cold or ABA treatment [81].
The RD29A gene expression is induced by high salinity,
dehydration, low temperature [49]. In addition to this, several
drought and high salinity stress-inducible genes such as RD19
and RD21 that encode different cysteine proteases [47] are
induced through the ABA-independent pathway [81]. Neither of
their mRNA synthesis was responsive to cold stress. The over-
expression of ZoCDPK1 in tobacco up-regulated ERD1 and
RD21A transcripts whereas AP2, RD29A and DREB1A
transcripts were almost unaffected. This result confirms the
earlier observation from gene expression studies that,
DRE/CRT is not likely to function in the dehydration response
of ZoCDPK1 under salinity/drought stress.

ZoCDPK1 over-expressing plants shows increased
growth and photosynthesis and set viable seeds
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without yield penalty under normal, salinity stress and
drought stress

The ZoCDPK1 over-expressing T3 plants showed increased
amounts of shoot length, root length, fresh weight, dry weight,
net chlorophyll content, relative water content, and relative
humidity in comparison to vector control and wild type plants
under normal condition, salinity and drought stress. Moreover
the T3 transgenic plants showed early flowering (17%
reduction in flowering time) with almost equal seed weight
under salinity/drought stress in comparison with wild types
grown without stress. Since it is well known that photosynthesis
and the electron transport system are adversely affected under
salinity and drought stress [82], to assess the ability of the
transgenic plants to ameliorate salt and drought effects on
photosynthesis, various physiological parameters are
measured. Significant difference were observed in the net CO2

uptake rate, photosynthetic rate, Ci, leaf conductance,
chlorophyll fluorescence parameter Fv/Fm and transpiration
rate between transgenic, vector control and wild type plants.
These results indicate a substantial protection of photosystem
especially PSII during salinity and drought stress in transgenic
plants. Hence the ZoCDPK1 over-expressing plants have
greater adaptability and efficiency to capture maximum
available light towards driving more photosynthesis. Since the
T3 seedlings were able to grow, flower, and sets viable seeds
under high salinity stress, the introduced trait is stable and
functional in transgenic plants. However, the exact mechanism
of ZoCDPK1 mediated tolerance of salinity and drought stress
is not understood. Based on the properties of ZoCDPK1, we
suggest there may be two site of action of this kinase: 1)
ZoCDPK1 might interacts with some transcription factors of
NAC mediated ABA-independent pathway in the nucleus which
directly involved in stress adaptation, 2) ZoCDPK1 might
interacts with enzymes associated with photosynthetic
regulation which resulted in enhanced growth and yield.

Conclusions

Our finding revealed that ZoCDPK1 gene from ginger could
be a positive regulator involved in the adaptation of ginger
against salt and drought and is a valuable candidate gene for

crop improvement in the area of abiotic stress tolerance.
Moreover salinity and drought tolerance of ZoCDPK1 over-
expression plants likely through non-DRE/CRT mediated ABA-
independent pathway. The interesting coupling between
presence of NLS in the JD and conserved residues in the EF-
hands of CDPK noticed in this study will provide an excellent
start point to investigate further the role of NLS in the activation
of CDPKs. The predominant occurrence of ZoCDPK1 in
nucleus during stress/normal conditions justifies the
requirement of a functional NLS in ZoCDPK1. Overall, this
study will contribute to our better understanding of CDPK
signaling and abiotic stress regulation in higher plants.

Supporting Information

Figure S1.  Salinity stress tolerant phenotype of wild type,
vector control and T3 transgenic plants grown in green
house. Wild type (WT), vector control (VC) and T3 tobacco
(lines CD-1 and CD-6) in soil pots supplied with 200 mM NaCl
solution and picture taken after six weeks of stress elicitation.
(TIF)

Figure S2.  Early flowering of growth chamber grown CD-6
transgenic plant (T3) in comparison to wild type under
salinity stress. Wild type and CD-6 tobacco line were in soil
pots supplied with 200 mM NaCl solution.
(TIF)
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