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RESEARCH ARTICLE

Arabidopsis casein kinase 1-like 8 enhances NaCl tolerance, early flowering, and the
expression of flowering-related genes
Ji-hong Zhanga, He-long Suna , Xiao-ying Zhaob and Xuan-ming Liub

aSchool of Chemical Engineering, Xiangtan University, Xiangtan, People’s Republic of China; bCollege of Biology, Hunan University, Changsha,
People’s Republic of China

ABSTRACT
Members of the casein kinase 1 (CK1) family are evolutionarily conserved eukaryotic protein kinases
involved in various cellular, physiological, and developmental processes in yeast. However, the
biological roles of CK1 members in plants are poorly understood. Here, we report that an
Arabidopsis CK1 member named casein kinase 1-like 8 (CKL8) was ubiquitously expressed in all
plant organs, mainly in the stems of seedlings according to quantitative real-time PCR. Western
blotting showed a remarkable expression of the AtCKL8 gene in transgenic plants induced by high
salinity. A histochemical assay of AtCKL8 promoter::GUS expression revealed that the AtCKL8
promoter is very active in both seedlings and adult plants subjected to the salinity stress, while no
GUS activity was detectable in all the transgenic plants grown under normal conditions. In a
subcellular distribution analysis, the AtCKL8-GFP fusion protein was localized mainly in the cell
membrane. AtCKL8-overexpressing transgenic plants showed an insensitivity to high salinity and an
early flowering phenotype. Overall, these findings suggest that AtCKL8 plays a positive role in NaCl
signaling and improves salt stress tolerance in transgenic Arabidopsis.
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Introduction

The casein kinase (CK1) family is an evolutionarily conserved
eukaryotic Ser/Thr protein kinase family composed of a
highly similar catalytic domain and a variable domain mostly
located at the C terminus (Gross & Anderson 1998; Vielhaber
& Virshup 2001).

Biological function of CK members in plants is not well
known although these evolutionarily conserved enzymes are
expected to play important roles in various physiological
and developmental processes such as light signaling, circa-
dian rhythms, hormone responses, cell cycle control, salicylic
acid-mediated defense, abiotic stress responses, and flowering
time (Espunya et al. 1999; Hardtke et al. 2000; Hidalgo et al.
2001; Riera et al. 2004; Portolés & Más 2007; Moreno-
Romero et al. 2008), which are demonstrated in other eukary-
otic organisms.

Salt stress is a major abiotic stress that inhibits crop
growth (Munns & Tester 2008). Higher plants have evolved
diverse and elaborate mechanisms to protect themselves
from salt stress through a series of physiological and morpho-
logical changes, such as Salt Overly Sensitive regulatory path-
way and the mitogen-activated protein kinase cascade (Zhu
2002; Goyal et al. 2005; Verslues & Juenger 2011). Core sets
of transcription factor family genes are differentially
expressed in response to elevated external salinity (Golldack
et al. 2011), including AP2/ERF (Kasuga et al. 1999), basic
helix–loop–helix (Jiang et al. 2009), and NAC (Tran et al.
2004) families.

Arabidopsis encodes 14 CK1-like (CKL) members from 13
genes which differentially localize to the cytoplasm, nucleus,
ER, or vesicle-like punctate structures (Lee et al. 2005). The
recombinant OsCKI1 protein encoding a CK1 member in

rice localizes to the nucleus, perhaps suggesting OsCKI1
involvement in the regulation of gene transcription, which
was induced upon brassinosteroid treatment (Liu et al.
2003). The role of CKL6, in addition to associating with punc-
tuates structures, partitions to the cortical microtubules and
plays a role in polarized cell expansion (Ben-Nissan et al.
2008). The result is shown that CKL6 phosphorylates
Ser413/420 of tubulin β, and overexpression of CKL6 can
alter the cortical microtubule organization during interphase
(Ben-Nissan et al. 2008). CK2 alpha subunits positively regu-
late response to hormone abscisic acid (ABA), salt (NaCl)
stress and lateral root development in an overlapping manner
(Mulekar & Huq 2015). CKL3 was involved in abiotic stress,
such as hormone, salt, and osmotic stress (Wang et al. 2011).
CKL2 participate in ABA signaling in higher plant and play a
positive regulatory role (Cui et al. 2014). Arabidopsis CKL3
and CKL4 were identified as key regulators in blue light sig-
naling via phosphorylating the receptor cryptochrome 2 (Tan
et al. 2013). Arabidopsis CKL8 regulated ethylene synthesis by
phosphorylating ACS; expression of tomato CKL8 in fruits
results in the delayed ripening of tomatoes (Tan & Xue 2014).

Overexpression of one of the CK2 regulatory subunits
(CKβ3) in Arabidopsis leads to early flowering under short-
day conditions (Sugano et al. 1999). The involvement of
CK2 in regulating circadian clock and photoperiod pathway
is better understood. Both α and β subunits regulate the cir-
cadian clock by phosphorylating the central clock com-
ponents, CCA1 and LHY (Sugano et al. 1999; Daniel et al.
2004). Overexpression of two of the CK2 regulatory subunits
(CKB3 and CKB4) in Arabidopsis leads to defect in circadian
clock and altered flowering under both long- and short-day
conditions (Sugano et al. 1999; Perales et al. 2006). The
CKB4 level is also regulated post-translationally by the
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circadian clock, resulting in altered flowering time (Perales
et al. 2006). CK2 alpha subunits also redundantly regulate
the flowering time under both short- and long-day conditions
(Mulekar et al. 2012; Mulekar & Huq 2012).

In this study, we isolated an Arabidopsis T-DNA insertion
mutant line, Salk_054509 and Salk_025753c. We sought to
further investigate the biological roles of AtCKL8 in stress
response by overexpressing the gene in Arabidposis. We gen-
erated transgenic plants ectopically expressing the AtCKL8
gene, and these plants had enhanced salt-tolerance pheno-
types. The results obtained suggest that AtCKL8 may be
involved in NaCl signal transduction pathways, and be
induced to express in response to salt stress in AtCKL8-over-
expressing transgenic Arabidopsis plants. Our data showed
that AtCKL8 promoted Arabidopsis flowering under LD con-
ditions, which was probably due to enhanced expression of
flowering-related genes.

Materials and methods

Plant materials and growth conditions

Arabidopsis thaliana T-DNA insertion mutants,
SALK_054509 and SALK_025753c, were obtained as hetero-
zygous T3 populations from the Arabidopsis Biological
Research Center (ABRC, Columbus, OH). All the seeds
(including WT (Columbia-0 (Col-0), mutants, or overexpres-
sing transgenic plants) were surface sterilized and vernalized
at 4°C for two days before placed on half strength Murashige
and Skoog (1/2 MS) medium (Murashige & Skoog 1962) soli-
dified with 0.8% agar. One or two-weeks-old seedlings were
transferred from plates into plastic pots filled with compost
soil. Arabidopsis plants were grown aseptically in a growth
chamber (22°C, ∼120 μmol photos m−2s−1 under a 16-h
light/8-h darkness photocycle).

RNA extraction

Total RNAs were separately extracted from different
A. thaliana tissues using Trizol reagent (Invitrogen, USA)
(Sambrook & Russell 2001). Total RNAs of 14-days-old seed-
lings from different tissues, or total RNAs of leaves detached
from 20-days-old plants were subjected to DNase treatment
by using DNA-free kit (Ambion, GrandIsland, NY). All the
samples were separately harvested frozen in liquid nitrogen
and stored at −80°C until use.

Plasmids construction and plant transformation

All plasmid constructs were generated by using GATE-
WAYTM cloning technology (Invitrogen, GrandIsland, NY).
The construction of various DNA cloning vectors and fluor-
escent fusion proteins under the control of the cauliflower
mosaic virus 35S promoter is described elsewhere (Lee et al.
2005; Ben-Nissan et al. 2008).

A transcriptional fusion of the AtCKL8 promoter to a GUS
reporter gene was made as follows: We performed PCR on the
Arabidopsis (Columbia-0) genomic DNA with 35S-Promo-
ter-F and 35S-Promoter-R primers in order to amplify the
5′ flanking DNA sequences between −1008 and +76 bp of
the AtCKL8 gene. The 1.1-kb PCR fragment was cloned
into the pCAMBIA-1301 binary vector, thereby creating the
pCAMBIA-1301-CKL8 plasmid. For creation of the

AtCKL8-GFP chimeric construct (35S-GW-GFP-AtCKL8),
primers 35S-Gw-GFP-F and 35S-Gw-GFP-R were used to
PCR amplify the AtCKL8 coding region. Following GATE-
WAYTM cloning technology, the PCR product was cloned
into a 35S-GW-GFP binary vector that contained a GFP
reporter gene. Primers used for plasmids’ construction were
listed in Table 1. All the plasmids constructed above were ver-
ified by DNA sequencing. All the plasmids constructed were
then transformed into Agrobacterium tumefaciens strain
GV3101 and introduced into Arabidopsis plants (Col-0) by
the floral dip method, respectively, to generate transgenic
plants (Clough & Bent 1998). Transgenic plants were selected
on MS medium supplemented with 30 mg/L kanamycin. In
order to better characterize their phenotype, we selected
three T2 homozygous lines carrying a single copy transgene
in Arabidopsis.

AtCKL8 gene expression analysis

For the qRT-PCR analysis of the gene expression of AtCKL8
in Arabidopsis, cDNA was synthesized from 10 μg total RNA
using the PrimeScriptTM RT Master Mix (Perfect Real Time)
(Takara Dalian of China) with oligo dT primer. All the
samples were prepared to a final volume of 10 μl. qPCR-
PCR was performed on an MxPro-Mx3000P Real-Time
Thermal Cycling System using 2×SYBR Fast qPCR Mix
(Takara) as the fluorescence probe reaction system, according
to the manufacturer’s instructions. All the primers of the
related genes were designed based on the sequences down-
loaded from the TAIR database (http://www.arabidopsis.
org/). Gene-specific primer pairs used here were listed in
Table 1. PCR amplification was carried out in 96-well optical
reaction plates heated for 10 min 95°C to activate the hot start
Taq DNA polymerase, followed by 40 cycles as follows: 95°C
for 45 s, 56°C for 45 s, and 72°C for 45 s, followed by 72°C for
10 min (Park et al. 2008). Expression levels were normalized
to ACTIN2 expression levels. All RT-PCR experiments were
carried out at least in triplicates.

Stress treatments, phenotypic, and morphometric
analysis of transgenic Arabidopsis plants

To examine the osmotic tolerance of AtCKL8-overexpressing
transgenic plants, salt stress and mannitol treatment were
used to assess the tolerance and investigate the role of
AtCKL8 during osmotic stress. For NaCl tolerance stress,
six-days-old seedlings were transferred to 1/2 MS medium
supplemented with various NaCl concentrations (0, 30, 50,
70, and 100 mM) for 14 days. The root lengths of wild-type
and transgenic lines were analyzed. For morphometric analy-
sis, seven-days-old seedlings were transferred to soil, and
three-weeks-old plants were treated wtih 300 mM NaCl or
400 mM mannitol for six days (Park et al. 2008). The effects
of different adversity stresses on seedling growth were deter-
mined by comparing the morphological variations in photo-
graphs taken using a digital camera.

Western-blot analysis

Total plant proteins for western-blot analysis were extracted
from two-weeks-old plants of 35S:CKL8 transgenic plants.
Protein concentration was determined by the method of
Bradford (1976). Fifteen micrograms of total protein was
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loaded per well for SDS-PAGE. The proteins were electro-
phoretically transferred to Hybond-C membranes (Amer-
sham) using the Trans-Blot Cell (Bio-Rad). Anti-GFP
antibodies (Invitrogen) were used for western-blot analyses.
For analyses of AtCKL8 protein being induced by western
blots, protein was extracted from two-weeks-old rosettes of
AtCKL8-overexpressing transgenic plants which were treated
with 100 mM NaCl or by soaking roots for different times (0,
48, 72, 96, and 120 h).

Transient expression of AtCKL8-GFP in onion
epidermal cells

To determine the subcellular localization of the AtCKL8-GFP
fusion protein, the constructed vector 35S-GW-AtCKL8-GFP
was then co-introduced into onion epidermal cells via gene
gun transformation (Wang et al. 2011; Alinsug et al. 2012).
The green fluorescence, which demonstrated the location of
the expressed gene, was observed by confocal laser scanning
microscopy (Olympus).

Analysis of AtCKL8 promoter-GUS expression

The AtCKL8 promoter-GUS construct (pCAMBIA-1301)
was transformed into Agrobacterium tumefaciens strain
GV3101 and introduced into Arabidopsis plants by the floral
dip method (Clough & Bent 1998). Transformants were
selected as described previously (Kim et al. 2003). Histochem-
ical GUS assays of the transgenic plants were performed
according to the protocol described by Jefferson et al. (1987).

Results

Isolation and characterization of AtCKL8 mutants in
Arabidopsis

To investigate the biological roles of AtCKL8, we isolated
mutants with a T-DNA insertion in the AtCKL8 gene from
the SALK collection. Two homozygous T-DNA insertion
lines (Salk_025753c and Salk_054509), named ckl8-1 and
ckl8-2, respectively, were screened and identified. The pos-
itions of the T-DNA insertions in the AtCKL8 gene are indi-
cated in Figure 1(a).

Our quantitative PCR results revealed that three of the five
plants expressed much higher levels of AtCKL8 than those of
the wild-type and the other T-DNA insertion mutant plants
(Figure 1(b)). Of the three lines of AtCKL8-overexpressing
transgenic plants, we selected line 3 for subsequent studies.
The AtCKL8 gene expression profiles in two T-DNA inser-
tion mutant plants were much lower than those in wild-
type plants, which confirms that they were T-DNA mutants.

The Arabidopsis CKL8 gene promotes flowering time
under long-day (LD) conditions

The possible role of AtCKL8 in plant development was inves-
tigated using an overexpression approach. Early flowering
was observed in all of the overexpressing transgenic plants
obtained under LD conditions (Figure 2(a)). To determine
the flowering phenotype of each of the plants, we measured
the rosette leaf number (LN) at the time of bolting. The aver-
age LN values were significantly lower in overexpressing
transgenic plants (6.0) than in controls (9.2) (Figure 2(b)).

Overexpression of AtCKL8 upregulates the expression
of FT and GI genes, but does not markedly affect the
expression of endogenous ZTL or FKF genes

To gain a deeper understanding of AtCKL8 function in the
early flowering phenotype, the expression of the flowering-
related genes, namely FLOWER LOCUS T (FT) , ZEITLUPE
(ZTL), FLAVIN-BINDING KELCH REPEAT F-BOX (FKF)
and GIGAS (GI), was examined in the T-DNAmutant plants,
AtCKL8-overexpressing lines, and wild-type plants under LD
conditions (Figure 3). Under LD growth conditions, we
observed higher levels of GI and FT expression in the trans-
genic lines compared with the wild-type and T-DNA inser-
tion mutant plants. There were no significant differences in
the transcription of endogenous ZTL and FKF expression in
the transgenic lines compared with the wild-type and T-
DNA insertion mutant plants (Figure 3). These results indi-
cated that overexpression of AtCKL8 led to upregulated
expression of flowering-related genes under LD conditions.

Table 1. Primers used for PCR and qPCR analysis.

Genes Forward (5′-3′) Reverse (5′-3′)
Actin2 CACTGTGCCAATCTACGAGGGT CACAAACGAGGGCTGGAAGAGC
FT CAACCCTCACCTCCGAGAATAT TGCCAAAGGTTGTTCCAGTTGT
ZTL ATGAAGAGGGAGGTCTTTTTCC GAGTCAACCGCAATCTATTCATC
GI GGATAGTCAAAGTGTTGGTGGAAC TCATTCCGTTCTTCTCTGTTGTT
FKF TTCCGTTAGAGGTTGGGATG TTATGTTTGAACACAGGATACGAGA
35S-Gw-GFP GGGGACAAGTTTGTACAAAAAAGCA GGCTTCATGGATCGTGTGGTGGTAAGT GGGGACCACTTTGTACAAGAAAGCTGG

GTCTCACTTCCTCTTTCCATTCCCTATG
35S-Promoter GGGGACAAGTTTGTACAAAAAAGCAGGCTTCCTTATGTTCTCGCGAATATCC GGGGACCACTTTGTACAAGAAAGCTGG GTCCTAGAAAAAGTTCACCAAATG

Figure 1. Molecular characterization of ckl-8. (a) The genome structure of ckl-8
alleles. The gray and black boxes, black horizontal thick and red horizontal thick
lines indicate the 5′- or 3′-untranslated region, exon, intron and promoter
region, respectively. (b) Expression of AtCKL8 transcript was determined in
wild-type, T-DNA insertion mutant and AtCKL8-overexpressing transgenic plants
by quantitative PCR. Lines 1 to 3 are AtCKL8-overexpressing transgenic lines.
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Overexpression of AtCKL8 enhances tolerance to salt
stress

To clarify the role of AtCKL8 under salt stress, wild-type,
T-DNA insertion mutant plants, and AtCKL8-overexpressing
plants were subjected to salinity treatments. The germination
efficiencies and root growth of all seeds were investigated. As
shown in Figure 4(a), wild-type seeds germinated poorly on
the third day. However, the germination rate of all seeds
was approximately 100% on the seventh day. In 30 mM
NaCl, the germination of all seeds was promoted slightly
(Figure 4(b)). Increasing the salt concentration to 100 mM
had little effect on the germination of seeds from AtCKL8-
overexpressing transgenic lines, whereas it had a greater
inhibitory effect on the germination of seeds from the WT
and T-DNA insertion mutant plants (Figure 4(c)). After cul-
turing in normal 1/2 MS medium for six days, the seedlings
were transferred to MS medium with 0, 30, 50, 70, and 100
mM NaCl for 14 days. Root length did not differ significantly
between WT plants and transgenic lines in normal 1/2 MS

medium (Figure 4(d)). In 30 mM NaCl, the root growth of
all seedlings was accelerated slightly. In 100 mM NaCl, the
root growth of all of seedlings was significantly retarded.
With the 50, 70, and 100 mM NaCl treatments, the roots of
the AtCKL8-overexpressing transgenic plants were slightly
longer than those of the WT and T-DNA insertion mutant
plants (Figure 4(b)). This indicated that the AtCKL8-overex-
pressing transgenic plants were more tolerant of salt stress
than WT Arabidopsis and T-DNA insertion mutant plants.

Overexpression of AtCKL8 increased protein
expression under salinity treatment

To reveal the expression patterns of AtCKL8, we initially
determined the relative levels of AtCKL8 gene transcripts
using RT-PCR of total RNA extracted from various organs
of eight-days-old Arabidopsis wild-type plants (Col-0),
including the leaf, petiole, stem, flower, and root. AtCKL8
was expressed in all organs at relatively low levels but at

Figure 2. Phenotypical analysis of all transgenic plants. (a) Flowering time phenotype of control, T-DNA insertion mutant, and AtCKL8-overexpressing transgenic
plants are as described above. (b) Bar graph showing the average number of rosette leaves under LD (16-h light/8-h dark) conditions. Mean values ± SD are
given (n≥ 30). The different letters represent significant differences according to Duncan’s multiple range test at P < .05.

Figure 3. Comparison of various flowering-related genes’ transcription levels in wild-type, T-DNA insertion mutant, and At-CKL8 overexpressing transgenic plants by
quantitative RT-PCR. Each sample was tested in triplicate, and data represent the means (± SD). The different letters represent significant differences according to
Duncan’s multiple range test at P < .05.
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relatively higher levels in the stem, which was consistent with
the Genevestigator database (Figure 5(a)). Western-blot
analysis indicated that the expression of the AtCKL8 protein
was induced by 100 mM NaCl in AtCKL8-overexpressing
transgenic plants (Figure 5(b)). In response to NaCl stress,
expression of the AtCKL8 protein increased gradually, peak-
ing at 96 h and then decreased at 120 h. In comparison, there
was only a very weak signal at 0 h. Therefore, we concluded
that AtCKL8 protein expression was induced under salt stress
conditions.

AtCKL8-overexpressing transgenic plants show
tolerance to NaCl stress

To gain insight into the function of AtCKL8, we investigated
the mechanism of increased tolerance to NaCl and mannitol
in AtCKL8-overexpressing transgenic plants. We used two
types of osmotic stress to determine whether AtCKL8 overex-
pression provided protection in Arabidopsis. First, three-
weeks-old plants grown in soil were watered at three-day
intervals with 300 mM NaCl and 400 mM mannitol for six
days. After the NaCl treatment, the AtCKL8-overexpressing
transgenic plants grew robustly, while the wild-type and T-
DNA insertion mutant plants showed clear signs of wilting,
with chlorotic leaves (Figure 6(c)). Compared with the
untreated controls, none of the plants subjected to mannitol
treatment showed obvious phenotypic changes (Figure 6
(b)). Therefore, phenotypic differences observed under salt
stress were apparent, suggesting that AtCKL8 plays a relevant
role in the salt stress response.

Expression patterns analysis of AtCKL8 during
Arabidopsis growth and development

To examine the spatial and developmental expression pat-
terns of AtCKL8 in more detail, 1.1 kb of the genomic
sequence upstream of the AtCKL8 open reading frame
(ORF; −1008 to +76 bp from the first ATG) was fused to

the GUS reporter gene, and the resulting construct was trans-
fected into wild-type Arabidopsis plants.

Histochemical staining for GUS suggested that AtCKL8 is
expressed in all tissues after salt stress treatment (Figure 7).
During seedling development in 100 mM NaCl MS medium,
GUS expression was detected in the leaf veins, leaf primordia,
and roots of 10-days-old seedlings (Figure 7(a)). In the repro-
ductive organs of mature plants exposed to 300 mM NaCl for
two days, strong GUS expression was observed in stigmas and
anthers of flowers (Figure 7(b)). AtCKL8 promoter activity
was also detected in the receptacle of the silique during
petal abscission and in the veins of petals (Figure 7(c)). In
immature seeds, high GUS expression was observed in the
placentae of silique (Figure 7(d)). Moreover, histochemical
GUS assays in transgenic plants indicated little AtCKL8 pro-
moter activity in all organs under normal growth conditions
(data not shown).

The AtCKL8-GFP fusion protein localizes to the cell
membrane

To identify subcellular localization of the AtCKL8 protein,
its ORF was introduced into the pCAMBIA 1304-GFP vec-
tor upstream of GFP gene to create an AtCKL8-GFP trans-
lational fusion construct under control of the cauliflower
mosaic virus 35S promoter. The AtCKL8-GFP fusion plas-
mid was co-expressed in onion epidermal cells using a par-
ticle bombardment assay. Gene expression was assessed by
fluorescence from the GFP marker and observed under a
confocal microscope. These results indicated that the
AtCKL8-GFP fusion protein was targeted mainly to cell
membranes, and partially to the cell nucleus in onion epi-
dermal cells (Figure 8).

Discussion

Salt stress results in both ionic and osmotic stresses, which
lead to secondary stresses, such as oxidative stress and

Figure 4. Seed germination of wild-type (Col-0), T-DNA insertion mutant, and AtCKL8-overexpressing transgenic plants in response to NaCl: germination rates in half-
strength MS medium containing 0 (a), 30 (b) or 100 mM NaCl (c) over time. (d) Effects of salt on the root length of WT, T-DNA insertion mutant, and AtCKL8-over-
expressing transgenic plants. After all of the seeds had germinated for 6 days in 1/2 MS medium, the seedlings were transferred to new 1/2 MS solid agar plates
supplemented with 0, 30, 50, 70, or 100 mM NaCl for 14 days. Mean values ± SD are given (n≥ 30). The different letters represent significant differences according to
Duncan’s multiple range test at P < .05.
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nutrient-deficiency stress. It negatively affects photosynthesis,
energy production, lipid metabolism, membranes integrity,
and enzyme activity (Chinnusamy et al. 2006; Sahi et al.
2006).

The expression of floral integrators (e.g. FT and SOC1)
and their upstream regulators (e.g. CO and FLC) is a critical
molecular marker for the flowering time phenotype under
both LD and short-day conditions (Imaizumi & Kay 2006;
Kim et al. 2009). Although the role of the Arabidopsis CK2
alpha subunits in regulating flowering time has been estab-
lished, only the CK2 alpha triple mutant, and not the alpha
single mutants, displayed the late flowering phenotype
under both LD and short-day conditions (Mulekar et al.
2012, Mulekar & Huq 2015). Involvement of the Arabidopsis
CKL8 gene in controlling flowering time has not yet been
reported. The data showed that AtCKL8-overexpressing
transgenic plants flowered earlier than did the wild-type
and single-mutant plants under LD conditions, suggesting

that AtCKL8 is involved in the photoperiod pathway (Figure
2).The level of FT mRNA largely determines the flowering
time (Li et al. 2015). FKF and GI are also circadian clock com-
ponents (Sawa et al. 2007; Baudry et al. 2010). We observed
increased FT and GI expression in AtCKL8-overexpressing
transgenic plants compared with wild-type and T-DNA
insertion mutant plants under LD conditions (Figure 3), sup-
porting the hypothesis that the AtCKL8 gene modulates flow-
ering time via the photoperiod pathway. However, no visible
phenotype was observed in our T-DNA insertion mutants,
which might indicate functional redundancy because Arabi-
dopsis encoded 14 CKL gene members.

In this study, we found that AtCKL8 is a member of the
Arabidopsis CK1 kinase family, that is constitutively
expressed in various organs and expressed at very low levels
in all tissues (Figure 5). The AtCKL8-overexpressing trans-
genic plants expressed significantly more protein when sub-
jected to high-salt stress (Figure 5). Consistent with these
notions, members of the CK1 family are constitutively active
and can be isolated as active enzymes from many different
organisms, tissues, and cell lines (Tuazon & Traugh 1991).
Each isoform also appears to exhibit different expression pat-
terns at the cellular and tissue levels, indicating that CKL
members likely perform non-redundant biological functions
(Lee 2009). CKL6 is ubiquitously expressed in various tissues
at a relatively low level not detectable by conventional North-
ern analysis (Ben-Nissan et al. 2010). OsCKL1 expressed con-
stitutively and ubiquitously in various tissues but was also
inducible by brassinolide or ABA treatment (Ben-Nissan
et al. 2010). We found that AtCKL8-overexpressing trans-
genic plants showed greater tolerance for salt stress in
terms of these physiological and morphological parameters
(Figures 4 and 6). In the AtCKL8 promoter::GUS expression
analysis, high-salt stress also induced AtCKL8 promoter
activity (Figure 7). The consistent relationship between the
transcript accumulation and GUS expression for AtCKL8
strongly suggests that NaCl plays a predominant role in the
regulation of AtCKL8 gene expression. From these results,
we inferred that AtCKL8 participates in salt stress signaling
pathways. However, more studies are required to determine
the exact mechanism by evaluating the different AtCKL8
protein functions.

In Arabidopsis, at least five CKL members, including
CKL6, were localized in punctuate particles, the identities of
which are not yet known. Lee et al. (2005) found that the
CKL1, CKL6, CKL8, CKL10, and CKL13 isoforms exhibited
a predominantly punctuate fluorescence pattern at the cell
periphery. However, CKL2 is localized in the cytoplasm and

Figure 5. Expression analysis of the AtCKL-8 gene. (a) mRNA expression of the AtCKL8 gene in different tissues and organs from wild-type Arabidopsis plants by RT-
PCR. The values are shown as means ± standard error of three independent experiments, each with at least three replicates. Total RNA was extracted from the leaves
of WT plants. (b) Western-blot analysis. Total leaf protein was extracted from AtCKL8 transgenic lines after treatment with 100 mM NaCl for 0–120 h, separated by
SDS-PAGE, and then subjected to immuno-blotting using an anti-GFP antibody.

Figure 6. Adversity stress response of wild-type (WT), T-DNA insertion mutant,
and AtCKL8-overexpressing transgenic plants. All plants were grown in compost
soil under greenhouse conditions for 3 weeks. (a) control, (b) 300 mM NaCl, and
(c) 400 mM mannitol. Photographs were taken after six days of treatment.
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nucleus (Lee et al. 2005). In yeast and humans, CKL isoforms
have variable domains at either the N or C terminus (Gross &
Anderson 1998). In Arabidopsis, all CKL isoforms appeared
to contain C-terminal extensions with variable lengths of
∼20–180 amino acid residues. The multiple and dynamic
subcellular locations of CKL6 are likely a key mechanism
enabling this kinase to serve various biological functions in
plants (Lee 2009). The subcellular localization of CKL8
showed that AtCKL8 was localized mostly at the cell mem-
branes and partially in the nucleus (Figure 8), confirming
the previous research results.
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