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Abstract Rapid amplification of cDNA ends was per-
formed to isolate cold-regulated CbCOR15 (EF208112)
from Chorispora bungeana. This alpine species is distrib-
uted in subnival areas. Transcripts were detected in the
leaves, but not the roots, of plants acclimated to cold
temperatures. Expression was induced at high levels at both
4°C and −4°C. In comparing its deduced protein sequence
to that of AtCOR15a (cold-regulated 15a in Arabidopsis
thaliana), the N terminus had less homology than the C
terminus while still containing a region analogous to the
chloroplast-targeted signal peptide of AtCOR15a. We also
introduced CbCOR15, with the CaMV 35S promoter, into
tobacco. Second-generation (T1) plants had significantly
increased tolerance to chilling, as determined by their
electrolyte leakage, chlorophyll content, and relative water
content. Further freezing-stress experiments showed that
the tolerance of transgenic lines was significantly greater
than that of the nontransgenics. Although the degree of
chilling and freezing tolerance in the transgenic plants was
not directly correlated with the accumulated levels of

CbCOR15, we could conclude that this gene confers cold
tolerance.
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Cold or freezing temperatures are among the most
significant abiotic stresses, restricting the habitats of sessile
plants and reducing crop productivity. Acclimating plants to
the cold via gradual exposure to low but nonfreezing
temperatures elicits complex physiological and molecular
responses that allow for survival (Sakai and Larcher 1987).
Many adaptive mechanisms are regulated by alterations in
gene expression (Guy 1990; Thomashow 1993, 2001). Of
the numerous low temperature-responsive genes that have
been isolated and characterized, the most well-characterized
gene family has been designated as cold-responsive or cold-
regulated (COR). These COR genes are highly induced
during cold acclimation, and their expression is regulated
by a specific signal transduction pathway (Thomashow
1998, 1999). A functional cis-acting element occurs in the
Arabidopsis COR gene, i.e., a CCGAC core motif known
as a C repeat/dehydration responsive element (CRT/DRE)
sequence (Baker et al. 1994; Yamaguchi-Shinozaki and
Shinozaki 1994). Constitutive expression of CRT/DRE
binding protein genes (CBF/DREB1) is induced within
15 min of exposure to low, nonfreezing temperatures, along
with the expression of CRT/DRE-controlled COR genes
(Gilmour et al. 1998; Jaglo-Ottosen et al. 1998; Liu et al.
1998; Dhanaraj et al. 2005). Among these, AtCOR15a
encodes a chloroplast-targeted Cor15a protein and is
processed to the mature polypeptide during import,
Cor15am. This decreases the incidence of freeze-induced
lamellar-to-hexagonal II phase transitions by altering the
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intrinsic curvature of the inner membrane of the chloroplast
envelope (Steponkus et al. 1998). Constitutive expression
of AtCOR15a, using the cauliflower mosaic virus (CaMV)
35S promoter, enhances freezing tolerance in Arabidopsis
(Artus et al. 1996). Likewise, induced expression of the
wheat Wcor15 gene positively contributes to the develop-
ment of such tolerance in plants (Takumi et al. 2003;
Shimamura et al. 2006).

Chorispora bungeana is a representative alpine subnival
perennial herb in the Brassicaceae family. Growing in the
freeze–thaw tundra at glacier borders where other flowering
plants cannot, it survives thin air, high radiation, strong wind,
frequent temperature fluctuations, and freezing (Ayitu et al.
1998; An et al. 2000). Such alpine plants, however, do not
have special morphological characteristics that ensure sur-
vival. Therefore, molecular mechanisms presumably account
for their adaptation to a freezing environment. As a candidate
species, C. bungeana is valuable to the identification of
stress-related genes for future cloning and research that can
elaborate the mechanism for cold resistance.

Although cloning, molecular characterization, and expres-
sion of COR have not been studied previously in any alpine
subnival plant, similar genes have been isolated and studied
in Arabidopsis (Gilmour et al. 1992; Nordin et al. 1993;
Thomashow 1990, 1993), wheat, and barley (Cattivelli and
Bartels 1990; Chauvin et al. 1993; Tsvetanov et al. 2000).
Here, we isolated a novel COR gene from C. bungeana and
employed a transgenic approach to investigate the function-
ing of CbCOR15 in protection against cold stress.

Materials and Methods

Cloning of CbCOR15 from C. bungeana

Total RNA was extracted with TRIzol reagent (Invitrogen)
from the leaves of C. bungeana after plants were treated at
2°C for 1 day (cold stress). Two degenerate primers, P1 (5′-
GYTCGTCGYCGTYKCTCARCGC-3′) and P2 (5′-
CCCTCYRCGAACTCSGCCGC-3′) (where Y is C and T,
K is G and T, R is A and G, and S is G and C), were used in
a reverse transcription polymerase chain reaction (RT-PCR)
to obtain a fragment of partial CbCOR15. Those primers
correspond to the highly conserved amino acid sequences
for COR15a of Arabidopsis (NM180040), Capsella bursa
(AY437888), and Brassica napus (S68726). Amplifications
were performed at 94°C for 4 min, followed by 30 cycles of
amplification (94°C for 40 s, 45°C for 40 s, and 72°C for
40 s). Afterward, 5′ and 3′ rapid amplification of cDNA
ends were conducted with a Gene Racer kit (Invitrogen) to
produce full-length CbCOR15 cDNA. CbCOR15 was
sequenced for both strands on an ABI 377 Sequencer
(Perkin–Elmer, USA). These sequence data were then

compared with known sequences in NCBI databases using
the BLAST search website (Altschul et al. 1997). Amino
acid sequence analysis and multiple alignments were
performed with DNAMAN software. Signal sequence
predictions used the IpSORT Program (Bannai et al. 2002;
http://hc.ims.u-tokyo.ac.jp/iPSORT/). Predictions of hy-
dropathy profiles and secondary structure were carried out
by ProtScale and SOPMA, respectively. Those bioinfor-
matics tools are found at www.expasy.org (Walker and
Croteau 2000; Jaakola et al. 2001).

Semiquantitative RT-PCR Analysis

To investigate tissue-specific expression patterns of
CbCOR15, total RNA was extracted from leaves and roots
after plants were exposed to 2°C for 1 day. Cold stress-
related expression was examined from leaves sampled daily
from plants treated over a 7-day period at either 4°C or
−4°C. All extractions were done with TRIzol reagent
(Invitrogen). For RT-PCR, the specific primers P3 (5′-
GAGAAAGATGGCAACATCCTCG-3′) and P4 (5′-
TGGTGGCATCCTTAGCATCTC-3′) were used to obtain
a fragment of partial CbCOR15. Primers P5 (5′-GGAGCT
GAGAGATTCCGTTGC-3′) and P6 (5′-GAAGCATTTC
CTGTGGACAATCGA-3′), designed according to the
conserved regions of the C. bungeana housekeeping gene
(ACTIN; Accession No. AY825363), were used as an
internal control to verify equal loading of RNA. Pre-
amplification (three runs per sample) was performed at
94°C for 4 min, followed by 25 cycles of amplification
(94°C for 40 s, 52°C for 40 s, and 72°C for 60 s). PCR
products were separated on 1% agarose gels stained with
ethidium bromide. Band intensity of the PCR products was
quantified by Quantity One-4.6, Gene Tools software (Bio-
Rad). Relative mRNA expression was calculated as the
amount of CbCOR15⁄amount of ACTIN.

Tobacco Nuclear Transformation and Confirmation

The CbCOR15 cDNA coding region was amplified with
Pfu DNA polymerase (Promega) and gene-specific primers
containing the XbaI (5′-GCGTCTAGAATGGCGATGT
CATTT-3′) or SacI (5′-GCTGAGCTCCTACTTGGTGGC-
3′) restriction sites. Conditions were 94°C for 4 min; then
30 cycles of 94°C for 1 min, 47°C for 1 min, and 72°C for
1 min; followed by a final extension at 72°C for 10 min.
The amplified CbCOR15 fragment was digested with XbaI/
SacI and ligated into the corresponding sites of pBI121 by
replacing GUS. This produced plasmid pBI-CbCOR15, in
which the CaMV 35S promoter drives expression of
CbCOR15 cDNA.

The plasmid pBI-CbCOR15 was introduced into the
tobacco genome by Agrobacterium-infection method. This
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plasmid was first introduced into Agrobacterium
tumefaciens LBA4404 by direct transformation (Hofgen
and Willmitzer 1988). Afterward, leaf discs of tobacco
(Nicotiana tabacum cv. Xanthi) infected with LBA4404
(Maniatis et al. 1982) were transferred to a shoot-induction
medium (MS (Murashige and Skoog 1962) plus
0.01 mg L−1 NAA and 2.0 mg L−1 6-BA) that contained
100 mg L−1 kanamycin and 200 mg L−1 carbenicillin.
These discs were incubated in the dark for 2 days at 25°C
before being transferred to a root-induction medium (half-
strength MS with 100 mg L−1 kanamycin and 200 mg L−1

carbenicillin). Putative transgenic plants were placed in
greenhouse pots after 2 weeks of hardening, and were self-
pollinated to produce a T1 generation.

Transformants were verified with Primers P3 and P4,
amplifying total DNA from both transgenic and non-
transgenic plants according to the CTAB method
(Doyle and Doyle 1990). These reactions consisted of
30 cycles with 40 s at 94°C for denaturing, 40 s at 52°C
for annealing, and 40 s at 72°C for extension. PCR
products were analyzed by electrophoresis on a 1%
agarose gel.

Determining the Expression Content of CbCOR15
in Transgenic Tobacco by Real-time Quantitative RT-PCR

The expression content of the transferred genes in regen-
erated tobacco was confirmed by real-time quantitative RT-
PCR. Total RNA was extracted from transgenic and
nontransgenic plants with TRIzol reagent (Invitrogen).
Primers P3 and P4 were used for RT-PCR to obtain a
partial fragment of CbCOR15. As an internal reference, we
used primers P7 (5′-GGAAAGTCCTACCAGCATTG-3′)
and P8 (5′-ATCTATTGTCTCCCACGAAG-3′) for amplifi-
cation of the GAPDH gene (Accession No. AJ133422).

Real-time RT-PCR was conducted three times for each
sample with SYBR Premix Ex Taq (TaKaRa) on a
Multicolor Real-Time PCR Detection System (Bio-Rad)
according to the manufacturer’s recommendations.

Preparation of Plant Materials
for Chilling- and Freezing-Stress Treatments

Transgenic (T1) and nontransgenic plants were placed on
MS medium in controlled-environment chambers at 25°C,
under a 16-h photoperiod from cool-white fluorescent
illumination (110 to 120 umol m−2s−1). Six-week-old
seedlings were used. For our chilling-stress experiments,
they were transferred to a cold chamber maintained for
7 days at 2°C. To introduce freezing stress, the seedlings
were exposed for 1 h to 0°C, −2°C, −4°C, or −6°C. For
trials that monitored the effect of freezing over time, plants
were exposed to −2°C, and leaf samples were collected at

0.5, 1, 2, 4, 6, and 8 h. All treatments were conducted under
the same conditions of photo-intensity and photoperiod.

Measurement of Electrolyte Leakage

Leaves were rinsed with distilled deionized water to remove
possible surface ion contamination. Discs were removed
with a 6-mm paper punch (four from each of three replicate
samples). They were then incubated for 10 h in a small
amount of distilled water. Conductivity of the leachate was
measured with a conductivity detector (DDS SJ-308A,
China). All the electrolytes were released from these tissues
by autoclaving at 121°C for 15 min to completely lyse the
plant cell walls and then cooling the samples at room
temperature. Electrolyte conductivities of boiled solutions
were recorded as “absolute conductivity.” The percentage
of electrolyte leakage (EL) was calculated as initial
conductivity/absolute conductivity. The midpoint in the
transition of EL, EL50, was considered the killing temper-
ature, i.e., the temperature at which leakage of 50% of all
electrolytes occurred.

Measurement of Chlorophyll Content

Four leaf discs (6 mm diam.) were punched and incubated in
80% chilled acetone for 24 h. Chlorophyll concentration was
calculated by the following formula: Chl content mgL�1

� � ¼
20:3 OD645 � 4:67OD663. To prevent light-induced pigment
degradation, all procedures were carried out in the dark,
using only a dim green light.

Measurement of Relative Water Content

Water status in the leaves was determined as follows:
relative water content ¼ FW� DWð Þ= TW� DWð Þ � 100,
where FW is the fresh weight of the leaf discs, TW is the
disc turgid weight after soaking in water for 4 h at room
temperature, and DW is the disc dry weight after being
oven-dried at 85°C for 24 h (Weatherley 1950).

Results

Cloning, Sequencing, and Characterization of CbCOR15

The full-length CbCOR15 cDNA of alpine C. bungeana
comprises 612–423 bp in the open reading frame (ORF),
83 bp in the 5′-untranslated region (UTR), and 106 bp in
the 3′-UTR with a poly (A) tail (Fig. 1a). The ORF encodes
a polypeptide of 140 amino acids, for which the calculated
isoelectric point and molecular mass are predicted to be
5.20 and 14.9 kDa, respectively (pI/Mw Tool at www.
expasy.org). Here, the predicted polypeptide, designated
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CbCor15, had high lysine (15.71 mol%) and alanine
(11.43 mol%) contents but was devoid of cysteine,
tryptophan, histidine, and proline residues. The hydropathy
profile of the CbCor15 protein indicated that the N-terminal
one third had both hydrophobic and hydrophilic regions but
that the remaining two thirds of the polypeptide were
primarily hydrophilic (Fig. 2). The predicted secondary
structure of that protein (Fig. 3) consisted of 82.86% alpha
helix, 8.57% random coil, 2.86% beta turns, and 5.71%
extended strands. The random coil- and alpha helix-
constituted domain comprised the main part of the
secondary structure. Furthermore, the C-terminal two thirds
of the polypeptide was entirely alpha helix. Our iPSORT
analysis also predicted a putative chloroplastic transit
peptide in the N-terminal (Bannai et al. 2002). The
sequence of the N-terminal one third had a serine-plus-
threonine content of 21.1 mol% but contained glutamic and
aspartic acid residues of only 1.9 mol%. These results
correspond well with the theory that chloroplast transit
peptides generally have a high content of serine and
threonine residues and low numbers of acidic amino acid
residues (Lin and Thomashow 1992).

These cDNA and predicted amino acid sequences have
been submitted to the NCBI GenBank with the Accession

Number EF208112. Multiple alignment with other plant
species (Fig. 1b) showed that the CbCor15 protein is most
homologous to Arabis pumila ApCOR15a (70.71%), C.
bursa-pastoris CBCOR15 (66.67%) (Liu et al. 2004),
Arabidopsis AtCOR15b (65.25%), Arabidopsis AtCOR15a
(63.57%), and B. napus BN115 (61.97%) (White et al.
1994). From the above-sequence analyses, we were able to
identify many characteristics that CbCOR15 has in com-
mon with other COR15s, thereby demonstrating that our
gene is a novel member of the COR15 family.

Expression Patterns for CbCOR15 in Different Tissues
and under Cold Stress

After 1 day of cold-stress treatment at 2°C, CbCOR15
expression was detected in Chorispora leaves, but not the
roots (Fig. 4a). Therefore, we concluded that this gene is
leaf-tissue-specific.

We also examined whether CbCOR15 expression is
correlated with tolerance to low temperatures (4°C or −4°C),
using a time-course trial and RT-PCR. Although CbCOR15
transcripts were undetectable at Time Zero, transcript levels at
each temperature increased markedly after 1 day of treatment
(Fig. 4b, c). At 4°C, transcripts were highest on day 6, while
at –4°C, the maximum was reached on day 4. Expression at
either temperature was then maintained at elevated levels up
to day 7.

Confirmation of Nuclear Transgenic Plants by PCR

We generated transgenic tobacco that overexpressed
CbCOR15 at a normal growing temperature by placing its
coding sequence under the control of the CaMV 35S
promoter. The construct was transformed into plants by
the floral dip method. In all, 38 independent transgenic
plants were recovered in a kanamycin-containing medium.
Using specific primers P3 and P4 and basing our conclusion
on the expected 262-bp amplification product, we con-
firmed that 32 lines were true transformants, whereas gels
for nontransgenic plants showed no bands (Fig. 5).

Fig. 1 a Full-length cDNA sequence and deduced amino acid sequence
of CbCOR15. b Alignment of C. bungeana CbCOR15 (GenBank
Accession No. EF208112) with COR15s from other plant species.
Boxes in black represent 100% similarity; gray, 86% conserved amino
acids. Genes included AtCOR15a (NP_181782 Arabidopsis),
AtCOR15b (AAA32774 Arabidopsis), BN115 (AAA66068 B. napus),
CBCOR15 (AAR99417 C. bursa-pastoris), ApCOR15a (AAS98217 A.
pumila), and ABF60663 (B. rapa subsp. pekinensis)

Fig. 2 Hydropathy profile of CbCOR15. Numbers on abscissa
indicate amino acid residues; those on ordinate, hydrophobicity
values. Negative values indicate hydrophilic regions
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CbCOR15 Expression in Transgenic Tobacco
via Real-Time Quantitative RT-PCR

Real-time quantitative RT-PCR was used to analyze
CbCOR15 expression in tobacco leaves. All tested trans-
genic lines (eight selected from 32 total) had verified
expression while the nontransgenics did not. However,
although all confirmed plants were kanamycin-resistant,
their degree of expression was not uniform. For example,
plants in Lines A5, A6, A9, and A11 showed high
transcript levels whereas those in Lines A8 and A15 had
weak expression. We selected Lines A5 (high) and A15
(weak) for further study (Fig. 6).

Chilling Test

We confirmed that constitutive expression of CbCOR15
conferred resistance to chilling stress by measuring electro-
lyte leakage, chlorophyll content, and relative water content
in two transgenic lines and one nontransgenic line. After

exposure to 2°C for 7 days, EL values increased in all
plants, although they were significantly lower in the
transgenics (P<0.05) (Fig. 7). Leakage from transgenic
lines then increased to 21.4% and 23.8% compared with
35.9% from the nontransgenic line. Chlorophyll contents
and relative water content (RWC) decreased in all plants,
but values for transgenics were significantly higher (P<
0.05) (Figs. 8, 9). After chilling stress, RWC in the
nontransgenic line decreased by 25.5% versus 13.0% and
11.9% for the transgenics. Chlorophyll content in those
transgenic plants declined by 18.1% and 21.9%, which was
significantly less than the 44.4% drop in nontransgenics.
These results suggested that the CbCOR15 product func-
tions in protecting the plasma membrane, preventing water
loss and crystallization of cellular components under
chilling stress.

Freezing Test

Nontransgenic lines exposed to −4°C for 1 day did not
survive, but transgenics under the same conditions did. To
correlate CbCOR15 expression with freezing tolerance, we
measured electrolyte leakage to estimate the cellular
damage from freeze-induced membrane lesions in leaves.
Plants were treated for 1 h at 0°C, −2°C, −4°C, or −6°C.
Leakage increased in all plants afterward, although the
extent of that phenomenon differed at each temperature
point (Fig. 10). The EL50 was approximately −2.1°C for
leaves from nontransgenic plants compared with approxi-
mately −4°C for transgenic tissues. EL rose to 46.8% at
−2°C for the nontransgenic leaves, which was significantly
more than in the transgenics, where values increased to
21.4% and 22.4% (P<0.05) (Fig. 10a). These results

Fig. 5 Verification of transformants from T0-regenerated tobacco
plants by PCR. M DL2000 Marker; NT nontransgenic line (negative
control); PL plasmid pBI-CbCOR15 (positive control); 1–11, trans-
genic lines

Fig. 4 Expression patterns of CbCOR15. a Tissue-specific expression
after 1 day of treatment at 2°C; leaves (L), roots (R). b, c Expression
profiles under cold stress. Total RNAwas isolated at 0, 1, 2, 3, 4, 5, 6,
and 7 days after treatment at 4°C (b) or −4°C (c). ACTIN served as
internal control (lower panel)

Fig. 3 Prediction of secondary
structure for CbCOR15. Helix,
sheet, turn, and coil are indicat-
ed with blue, red, green, and
peachblow lines, respectively
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demonstrated that nontransgenic plants exhibited severe
freezing damage following exposure to −2°C for 1 h;
transgenic plants showed only slight damage.

In further testing, leaf samples were collected at
different time points during this −2°C stress period.
Throughout treatment, transgenic plants had lower EL
values (Fig. 10b). Furthermore, the EL of nontransgenics
increased significantly, to 46.8%, after only 1 h while that
of the transgenic lines rose to 48.5% and 54.3% after 4 h.
Altogether, these results indicated that freezing tolerance
was greater in the transgenic plants. This is consistent with
reports that overexpression of analogous COR15 genes

enhances freezing tolerance in other species (Lin and
Thomashow 1992; Steponkus et al. 1998; Shimamura et
al. 2006).

Under normal conditions, no difference in EL, chlorophyll
content, and RWC was found between transgenic and
nontransgenic tobacco. However, when treated with chilling
or freezing, those two genetic sources differed significantly.
Meanwhile, the difference was only slight between the two
transgenic lines with high and weak expressions. Our
findings suggested that the degree of chilling or freezing
tolerance in transgenic tobacco was not directly correlated
with the level of CbCOR15 accumulation.

Fig. 9 Relative water content analysis in transgenic (A5 and A15) and
nontransgenic (NT) tobacco lines before and after chilling stress. Each
value represents mean of measurements from three plants; error bars
indicate SE

Fig. 8 Chlorophyll content analysis in transgenic (A5 and A15) and
nontransgenic (NT) tobacco lines before and after chilling stress. Each
value represents mean of measurements from three plants; error bars
indicate SE

Fig. 7 Electrolyte leakage analysis in transgenic (A5 and A15) and
nontransgenic (NT) tobacco lines before and after chilling stress. Each
value represents mean of measurements from three plants; error bars
indicate SE

Fig. 6 Real-time quantitative RT-PCR analysis of CbCOR15 expres-
sion in transgenic (Lines A5, A6, A7, A8, A9, A11, A15, and A16) and
nontransgenic (NT) plants. Each value represents mean of measure-
ments from three plants; error bars indicate SE
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Discussion

The COR gene has been described from many plants, but
its cloning and molecular characterization have not been
reported for any cryophyte species. Here, we isolated a
novel cold-responsive gene, CbCOR15, from C. bungeana,
a rare alpine subnival plant and a valuable species for
research targeting the mechanism of cold-hardiness and
stress-responsive genes (An et al. 2000; Fu et al. 2006). The
deduced protein CbCor15 has an amino acid sequence that
is highly conserved with that of A. pumila ApCOR15a,
Arabidopsis AtCOR15a, Arabidopsis AtCOR15b, B. napus
BN115, and C. bursa-pastoris CBCOR15. This similarity
indicates that CbCOR15 belongs to the COR15 gene
family, members of which are frequently expressed in
vegetative tissues in response to low-temperature environ-
mental stresses (Artus et al. 1996; Thomashow 1999;
Takumi et al. 2003).

The COR15a gene encodes a small, plastid-targeted
polypeptide that is processed to a mature form, COR15am,
by cleavage of the N-terminal chloroplast-targeting signal

peptide. This form is almost exclusively localized to the
chloroplast stroma and increases freezing tolerance by
protecting organelle membranes, altering the lamellar-to-
hexagonal II phase transition temperature (Steponkus et al.
1998). Overexpression of many COR proteins, such as
Arabidopsis COR15a or wheat WCOR15 in Arabidopsis or
tobacco, improves the freezing tolerance of protoplasts and
whole plants (Artus et al. 1996; Shimamura et al. 2006).
Our sequence analyses showed that the CbCor15 protein is
highly hydrophilic, especially the C-terminal two thirds of
the polypeptide. As with other COR genes, this property
may increase tolerance to cold stress by transgenic plants
(Thomashow 1998).

In addition, our CbCor15 amino acid sequence analysis
indicated that the N-terminal has several features in
common with transit peptides that target proteins to the
stromal compartment of chloroplasts. CbCOR15 expression
was detected only in the leaves after 1 day of treatment at
2°C, thereby demonstrating that this gene is leaf-tissue-
specific and suggesting that it is localized to the chloroplast
stroma just as AtCOR15a is (Nakayama et al. 2007).
Expression was induced at both 4°C and −4°C and was
maintained at high levels for at least 7 days. We, therefore,
can infer that CbCOR15 is a cold-induced gene, playing an
important role in the ability of C. bungeana to tolerate
freezing stress.

In our bioassay, we transformed CbCOR15 into the
tobacco nuclear genome. All transgenic lines showed
greater chilling/freezing tolerance than the nontransgenics.
When chilled, the transgenic T1 plants had less electrolyte
leakage, a higher chlorophyll content, and greater relative
water content. This suggests that the CbCOR15 gene
product functions in plasma membrane protection prevents
water loss and crystallization of cellular components and
increases chilling tolerance. Our results also demonstrated
that freezing tolerance is significantly increased in trans-
genic plants, which is consistent with previous reports
(Steponkus et al. 1998; Shimamura et al. 2006). Although
overexpression leads to greater tolerance, this result differs
from those that suggest that transformation of a single
functional gene, e.g., COR15a appears to have little effect
on crop freezing tolerance (Artus et al. 1996). We conclude
CbCOR15 plays an important role in conferring cold/
freezing tolerance in transgenic tobacco plants, similar to
the functioning of AtCOR15a and Wcor15 (Steponkus et al.
1998; Thomashow 1999; Takumi et al. 2003; Shimamura et
al. 2006).

Finally, electrolyte leakage, chlorophyll content, and
RWC did not differ between transgenic lines—high versus
weak expression—indicating that the extent of tolerance is
not directly correlated with CbCOR15 accumulations. This
suggests that freezing tolerance is a multigenic trait,
resulting from several factors. Therefore, the effective

Fig. 10 Freezing tolerance of leaf tissues from transgenic (A5 and
A15) and nontransgenic (NT) tobacco lines. a Electrolyte leakage from
plants after incubation at different temperatures for 1 h. b Electrolyte
leakage from plants after incubation at −2°C for different time periods.
Each value represents mean of measurements from three plants; error
bars indicate SE
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threshold for such tolerance is apparently attained only
through the collective action and cumulative effect of
individual COR/LEA proteins, each with its own limited
influence (Artus et al. 1996; Shimamura et al. 2006).
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