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In an attempt to improve stress tolerance of tomato (Lycopersicon esculentum) plants, an expression vector containing an
Arabidopsis C-repeat/dehydration responsive element binding factor 1 (CBF1) cDNA driven by a cauliflower mosaic virus 355
promoter was transferred into tomato plants. Transgenic expression of CBF1 was proved by northern- and western-blot
analyses. The degree of chilling tolerance of transgenic T, and T, plants was found to be significantly greater than that of
wild-type tomato plants as measured by survival rate, chlorophyll fluorescence value, and radical elongation. The transgenic
tomato plants exhibited patterns of growth retardation; however, they resumed normal growth after GA, (gibberellic acid)
treatment. More importantly, GA;-treated transgenic plants still exhibited a greater degree of chilling tolerance compared
with wild-type plants. Subtractive hybridization was performed to isolate the responsive genes of heterologous Arabidopsis
CBF1 in transgenic tomato plants. CATALASE1 (CAT1) was obtained and showed activation in transgenic tomato plants. The
CAT1 gene and catalase activity were also highly induced in the transgenic tomato plants. The level of H,O, in the transgenic
plants was lower than that in the wild-type plants under either normal or cold conditions. The transgenic plants also
exhibited considerable tolerance against oxidative damage induced by methyl viologen. Results from the current study
suggest that heterologous CBF1 expression in transgenic tomato plants may induce several oxidative-stress responsive genes

to protect from chilling stress.

Many tropical and subtropical crops, e.g. tomato
(Lycopersicon esculentum), bell pepper (Capsicum an-
nuum), and avocado (Persea americana), are sensitive
to cold (Saltveit and Morris, 1990). Because of the
susceptibility to chilling, the growing season of the
crops is limited, and the quality of produce is af-
fected. On the other hand, plants originating in the
temperate zone are generally more tolerant to cold and
have protective processes, such as cold acclimation
(Thomashow, 1999). It has been demonstrated that the
ability to cold acclimate is related to specific signal
transduction pathways resulting in the activation of
many cold-regulated (COR) genes (Thomashow, 1998).

The COR genes, including RD29A (COR?7S),
COR1ba, KIN1, and COR6.6 of Arabidopsis, are in-
ducible in response to cold treatment, ABA, and
water-deficit stress (Thomashow, 1998). The C-repeat
(CRT) and dehydration responsive element (DRE)-
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related motifs have been reported in the promoter
sequences of these genes (Horvath et al., 1993; Nor-
din et al., 1993; Baker et al., 1994; Wang et al., 1995).
The CRT/DRE binding factor 1 (CBF1) has been iso-
lated using a yeast (Saccharomyces cerevisiae) one-
hybrid system (Stockinger et al., 1997). Overexpres-
sion of CBF1 can induce COR gene expression and
result in increased tolerance to freezing temperature
treatment without cold-acclimation (Jaglo-Ottosen et
al., 1998). Arabidopsis CBF1 is also heterologously
effective in canola (Brassica napus) plants, improving
freezing tolerance and activating the expression of
COR homologous genes at nonacclimating tempera-
ture (Jaglo et al., 2001). In addition, Arabidopsis DRE
binding factor genes, DREBIA and DREB2A, contain-
ing the EREBP/AP2 DNA-binding domain (Stock-
inger et al.,, 1997; Liu et al., 1998) operate in two
cellular signal transduction pathways, ie. in re-
sponse to low-temperature and water deficit, respec-
tively (Liu et al.,, 1998). Results from these studies
suggest that these newly identified gene products
including, CBF1, DREB1A, and DREB2A, play a role
as a main switch in the control of stress responses.
The availability of low-temperature-regulated
genes from wheat (Triticum aestivum) has been in-
valuable in studies of freezing stress in the Gra-
mineae family (Sarhan et al., 1997). It has been shown
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that the wheat WCS120/COR39 gene, containing sev-
eral CCGAC sequences like CRT/DREs in its pro-
moter, is cold inducible in those monocotyledonous
and dicotyledonous plants tested (Ouellet et al.,
1998). Studies using chilling-tolerant and chilling-
sensitive species have revealed that all tested cereal
plants contain homologs of the low-temperature-
regulated wheat genes in their genomes (Sarhan et
al., 1997). The CBF1 homologs have recently been
isolated from wheat, rye (Secale cereale), canola, and
tomato (Jaglo et al., 2001). COR homologs are also
identified in these plant species except for tomato,
showed responsiveness to their CBF1 homologs
(Jaglo et al., 2001), and were found to be cold respon-
sive. Tomato is generally considered a chilling-
sensitive plant (Saltveit and Mangrich, 1998). Genetic
engineering technology has already been effectively
used as a relatively fast, precise, and often cost-
effective means of improving stress-tolerance in cer-
tain plant species (Holmberg and Bulow, 1998; Bajaj
etal., 1999; Zhang et al., 2000; Zhang and Blumwald,
2001). It would be interesting to evaluate the effect
of overexpressing CBF1 protein in a chilling-
sensitive plant. In this study, we show that consti-
tutive expression of the heterologous Arabidopsis
CBF1 gene in transgenic tomato plants can effec-
tively regulate genes involved with stress re-
sponses, such as CATALASE1, and confers stress
tolerance to the transgenic tomato.

RESULTS

Identification of Transgenic Tomato Plants That
Overexpress CBF1

To evaluate the effect of overexpression of CBF
in tomato plants, an Arabidopsis CBF1 and the
marker gene B-glucuronidase (GUS) were transferred
into the tomato genome using Agrobacterium tume-
faciens-mediated transformation. After selection on
kanamycin-containing medium, the putative trans-
genic tomato plants were further identified by GUS
histochemical staining assays to screen for transgenic
tomato plants expressing the transgenes. Twenty-two
independent lines were obtained, and Southern-blot
analysis showed that 35S:CBF1 transgene was inte-
grated into the genome of the transformed plants
(data not shown). Northern-blot analysis was per-
formed to evaluate the 355:CBF1 transgene expres-
sion in three transgenic tomato lines (Fig. 1A). CBF1
and GUS RNA transcripts were detected only in the
transgenic lines (Fig. 1A), whereas the amount of
B-TUBULIN RNA was similar in the transgenic and
wild-type tomato plants (Fig. 1A). These plants were
further characterized by western-blot analysis of pro-
tein extracts from the leaf tissues with polyclonal
antibodies raised against the recombinant CBF1 pro-
tein (Fig. 1B). The antibodies recognized a protein of
approximately 25-kD molecular mass in the samples
from the transgenic tomato plants, whereas there was
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Figure 1. RNA and protein analyses of the transgenic plants overex-
pressing CBF1. A, Total RNA (10 pg) was extracted from wild type
(WT; lane 1) and three lines of transgenic tomatoes overexpressing
CBF1 (C5, C15, and C21). cDNA probes used were *?P-labeled
Arabidopsis CBF1, GUS, tomato CATALASE 1 (CATI), and
B-TUBULIN. B, Detection of the CBF1 protein by western-blot anal-
ysis in leaf protein extracts (20 ug per lane) of WT and the transgenic
tomato plants (C5, C15, and C21).

no signal in the wild-type plants. These results indi-
cated that the transgene was successfully expressed
transcriptionally and translationally in the transgenic
plants. However, using Arabidopsis COR47, KIN1,
and COR15a cDNA as probes, we did not detect any
corresponding COR homologous gene expression in
wild-type or transgenic tomato plants even in low-
stringent hybridization conditions (data not shown).
Neither did we observe any accumulation in trans-
genic tomato plants of the tomato dehydrin TAS14
(data not shown). Tomato dehydrin TAS14 is respon-
sive to salinity, ABA, and mannitol (Godoy et al.,
1990, 1994; Parra et al., 1996).

Transgenic Tomatoes Exhibited Enhanced Chilling
Tolerance But Not Freezing Tolerance

Because overexpression of CBF1 in Arabidopsis
confers freezing tolerance, we were interested to
know whether CBF1 has a similar effect on transgenic
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tomato plants. We found that neither transgenic nor
wild-type plants were able to survive —2°C for 2 d
followed recovery at 24°C. However, the transgenic
plants exhibited enhanced chilling tolerance com-
pared with wild-type plants. Photosynthesis effi-
ciency as measured by light-induced chlorophyll flu-
orescence (F,/F,,) and ion leakage was measured to
reflect the level of cellular damage after chilling treat-
ment at various temperature (0°C, 2°C, 4°C, 6°C, or
24°C) for 7 d. The F,/F,, ratio decreased in the wild-
type plants after 3 d at 2°C and 0°C, however, the
transgenic plants appeared to be less affected (Fig.
2A). Cold stress also caused severe ion leakage in the
wild-type plants, whereas the transgenic plants were
much less affected (Fig. 2B).

After treatment at 0°C for 1 d, leaves of the wild-
type plants became wilted and curled. However, af-
ter recovery at 24°C from chilling treatment, young
leaves of the wild-type plants resumed vigorous
growth. To estimate the survival rate after cold treat-
ment, we decide to extend the time of low-
temperature treatment (0°C) to 7 d, then returned the
plants to 24°C for recovery. The transgenic tomatoes
were more tolerant to the chilling treatment without
showing severe stress symptoms, whereas virtually
all leaves of the wild-type plants became wilted and
curled (Fig. 3). All of the wild-type plants eventually
died, whereas 83.3%, 80%, and 75% of C5, C15, and
C21 plants survived, respectively (Fig. 3).
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Figure 2. Overexpression of CBF1 enhances tomato chilling toler-
ance. Tomato T, plants were exposed to various temperatures (24°C,
6°C, 4°C, 2°C, and 0°C) for 7 d and a photoperiod of 16 h. F/F,
values (A) and percent leakage of ions (B) were measured. Results
were obtained from an average of five measurements with less than
5% sD.
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Figure 3. Transgenic tomato plants overexpressing CBFI display
high level of tolerance to chilling stresses. A wild-type (WT) plant and
three transgenic plants (C5, C15, and C21) were incubated at 0°C for
2 d. The photograph shows whole plants. Leaves of C5, C15, and
C21 did not significantly curl and wilt, a sign of tolerance shown in
the photograph. For survival rate test, WT, C5, C15, and C21 were
incubated at 0°C for 7 d and returned to 24°C for 5 d. Numbers of
surviving plants per total number of tested plants are indicated at the
top of the image.

CBF1 Transgenic Tomatoes Exhibited Dwarf Phenotype
That Can Be Overcome by Exogenous GA; Treatment

When comparing the phenotypes of the transgenic
tomato plants with those of the wild-type plants,
severe growth retardation of the transgenic tomato
plants was observed. All transgenic plants were con-
siderably shorter than the wild-type plants (Fig. 4A).
The average height of various transgenic plants was
less than 50% of that of the wild-type plant, due to
shorter internodes in the transgenic plants. We also
observed a significant reduction of the number of
fruit and seed set in transgenic plants under normal
condition. Because gibberellin (GA) content has been
shown to correlate with internode length (Ross et al.,
1989), we were interested to know whether applica-
tion of GA could overcome the dwarf phenotype of
the transgenic plants. Application of GA; to the
transgenic tomatoes permitted essentially normal
height growth (Fig. 4A). These results suggested that
the heterologous CBF1 protein may affect the genes
for hormone production that are involved in growth.

Chilling Tolerance of Transgenic Tomato Plants Is Not
Affected by Exogenous GA; Treatment

After GA; treatment, plants were incubated at 0°C
for various times (1, 3, 5, and 7 d), and ion leakage
and F,/F,, value were measured (Fig. 4, B and C).
After recovery from chilling (0°C), the percent leak-
age of ions and F,/F,, value were less affected in
transgenic tomato plants, despite GA; treatment,
than wild type (Fig. 4, B and C). There was no dis-
cernible effect of GA; treatment on any of the stress-
resistance parameters tested, regardless of genotype
(Fig. 4, B and C). The results showed that chilling
tolerance of transgenic tomato plants was not af-
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Figure 4. Growth retardation of CBFT transgenic plants can be re-
covered by treatment with exogenous GA,, without affecting chilling
tolerance. The average height (A) of each line grown for 60 d was
measured. Three-week-old wild-type and transgenic T, tomato plants
were treated with GA, or buffer (control) three times within T week, and
the height was measured after treatment for 39 d. After GA, treatment,
whole plants were incubated at 0°C for 1, 3, 5, and 7 d, and then the
F/F., values (B) and percent leakage of ions (C) were measured. After
incubation at 0°C for various time, the wild-type and transgenic to-
mato plants were transferred to room temperature for another 5 d. The
results are an average of seven measurements with less than 5% sp.

fected by application of exogenous GA;. Moreover,
after recovered from 5 d of storage at 2°C, the radical
growth of wild-type seedlings was significantly re-
duced compared with those without cold treatment
(Fig. 5). However, the T, CBF1 transgenic seedlings
were able to ameliorate the growth inhibition result-
ing from chilling treatment with or without GA; pre-
treatment (Fig. 5). These results also showed that chill-
ing tolerance of transgenic tomato T, seedlings was
not affected by the application of exogenous GA;.

Constitutive Activation of Catalase Gene in
Transgenic Tomatoes

Overexpression of CBF1 can induce expression of
COR genes in Arabidopsis (Jaglo-Ottosen et al., 1998).
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To see whether overexpression of CBF1 could induce
the expression of COR homologs in tomato, we per-
formed northern-blot analysis of the transgenic
plants by employing Arabidopsis COR genes as
probes. RNA transcripts from transgenic tomato
plants did not cross-hybridize to the Arabidopsis
COR47, KIN1, and COR15a even in low-stringent hy-
bridization conditions (data not shown). These re-
sults suggested that the increased tolerance against
chilling stress may not attributable to the expression
of known COR gene homologs in transgenic tomato.
To determine which tomato genes may be induced by
CBF1 protein, a subtractive hybridization experiment
was performed. We isolated several cDNAs that ac-
cumulated either to a greater or to a lesser amount in
the transgenic plants compared with the wild type
(data not shown). The identities of these cDNA clones
were revealed by BLAST searching the GenBank data-
base; no known COR homologs were among the
cDNAs we isolated, whereas, the CATALASE1 (acces-
sion no. M93719) gene transcript was the most prom-
inent. Northern-blot analysis using the tomato CAT1
cDNA as a probe showed that the level of CAT1 RNA
transcripts was about 2-fold greater in the three trans-
genic tomato lines than in wild-type plants in the
unstressed condition (Figs. 1A and 6A). Arabidopsis
CBF1 was only expressed in the three transgenic
tomato lines, and transgene expression did not per-
turb the expression of B-TUBULIN (Fig. 1A). These
results indicated that the expression of CBF1 in trans-
genic plants influenced the expression of CAT1 gene
either directly or indirectly.

Expression of the CAT1 Gene and Catalase Activity
Were Maintained at High Levels in Chilling-Stressed
Transgenic Tomato Plants

Northern blot was performed to examine the re-
sponse of tomato CATI toward low-temperature
treatment. The amount of CAT1 transcript was sig-
nificantly reduced in both the wild-type and trans-
genic plants, but remained high in transgenic plants
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Figure 5. Overexpression of CBF1 conferred chilling tolerance in the
transgenic tomato T, seedlings. Chilling tolerance was expressed by
radical elongation assay as described in “Materials and Methods.”
The results are an average of 10 to 15 measurements with less than
5% sD.
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Figure 6. Constitutive expression of CBFT increases CAT1 and GST-
like transcripts and CAT activity and reduces the H,O, concentration
in the transgenic plants. Total RNA (10 ug) was extracted from leaves
of wild-type and transgenic tomato plant C15 line grown at 24°C (N)
and was exposed to chilling for 3 d (C), respectively. The northern
blots were hybridized with the probes for CATT and B-TUBULIN (A).
The activities of CAT (B) and H,O, concentration (C) in the trans-
genic tomato plants are shown. Tomato plants were grown at 24°C
growth condition (control) and exposed to 0°C for 7 d (chilling),
respectively. The hydrogen peroxide concentration was also mea-
sured in the same condition.

Hydrogen peroxide conc. (mol/g FW)

under chilling stress (Fig. 6A). We also measured the
level of CAT activity in crude leaf extracts, from the
transgenic and wild-type plants under normal and
chilling conditions (Fig. 6B). The results were consis-
tent with those of northern-blot analysis of CAT1
transcripts. CAT activities decreased after chilling
stress both in the transgenic and wild-type plants,
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however, the enzyme activities in the transgenic
plants were still higher than that of the wild-type
plants under the same condition (Fig. 6B). Because
CAT activity was affected, we also determined the
H,O, content in the transgenic tomato plants. The
amount of H,O, in the transgenic plants was signif-
icantly lower than that in the wild-type plants under
normal or chilling conditions (Fig. 6C). The mRNA
expression patterns of CAT1 gene were similar in the
three transgenic tomato plant lines under chilling
stress (data not shown).

Enhanced Tolerance to Oxidative Stress in
Transgenic Tomatoes

Because the catalase activity and H,O, content in
the transgenic plants were altered, we investigated
the response of transgenic plants to methyl viologen,
an oxidative stress-inducing agent. Methyl viologen
treatment caused about 50% reduction in the F,/F,,
value in the wild-type plants, whereas the transgenic
plants suffered a lesser loss (Fig. 7A). The damage
caused by methyl viologen was also reflected by the
degree of bleaching of the tissues. The total chloro-
phyll content decreased up to 60% in the wild type by
methyl viologen treatment, but the loss in the trans-
genic plants was less than 30% (Fig. 7B).

A .

H Control
|0 PQ2days

e e
o

Fv/Fm

e o
[CIS

WT C5 C15 C21

—h n [4] £ [41]
o o o o o
T 1

Chlorophyll (mg/g FW)

o

WT C5 C15 c21

Figure 7. Improved tolerance of CBF1 transgenic tomato plants un-
der methyl viologen-induced oxidative stress condition. Five leaf
discs were incubated in water or 10 um methyl viologen for 2 d.
Light-activated fluorescence (A) and loss of chlorophyll (B) in trans-
genic and wild-type tomato plants were measured after treatment.
The results are an average of five measurements with less than 5% sp.
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DISCUSSION

In this study, we have demonstrated that the con-
stitutive expression of CBF1 in tomato increased the
degree of tolerance to chilling (Figs. 2, 3, 4, and 5),
which is an interesting and unique feature because
tomato is generally considered a chilling-sensitive
plant and does not cold-acclimate like Arabidopsis.
Although CBF1 or DREBIA confers increased freez-
ing tolerance to transgenic Arabidopsis, the trans-
genic tomato plants were not able to survive subzero
temperature (data not shown). This is probably be-
cause of the lack of expression of known COR ho-
mologs in transgenic tomatoes, which have been
shown to be associated with freezing tolerance in
Arabidopsis (Jaglo-Ottosen et al., 1998; Liu et al.,
1998; Kasuga et al., 1999). Indeed, we did not detect
any transcripts in the transgenic plants using the
Arabidopsis COR47, COR15a, and KINI as probes
even in low stringent hybridization conditions (data
not shown). So far, we cannot rule out the possibility
that there are homologs of other COR genes in the
tomato genome. COR proteins are quite hydrophilic
and are believed to function by acting as a molecular
shield for plant cells against freezing and drought
stress (Thomashow, 1998). It has recently been shown
that overexpression of the Arabidopsis CBF3 mimics
multiple biochemical changes associated with cold
acclimation (Gilmour et al., 2000). Moreover, several
novel genes controlled by the DREB1A protein have
been cloned (Seki et al., 2001). These results suggest
that the cold acclimation phenomenon may be con-
ferred by multiple defense systems. Using known
Arabidopsis COR cDNAs as probes on CBF1 trans-
genic tomato did not hybridize to any transcripts in
tomato; this may imply that the CBFI transgenic
tomato plants are tolerant to chilling and oxidative
stresses through the induction of alternative tomato
protein(s) that function as stress protectant(s).

The suppression-subtractive hybridization tech-
nique allowed us to isolate differentially expressed
genes from CBF1 transgenic tomato. Our results sug-
gest that the heterologous transcriptional activator
CBF1 protein can regulate the expression of certain
tomato genes. By identifying these genes, we attempt
to provide a molecular basis to explain why CBF1
conferred chilling- and oxidative-stress tolerance to
tomato. In our study, up-regulation of CAT1 expres-
sion in the transgenic tomato plants was observed
(Figs. 1A and 6A). Moreover, the level of catalase
activity was also increased in the transgenic plants
(Fig. 6B). In addition, the H,O, content was lower in
the transgenic plants (Fig. 6C). Catalase is believed to
scavenge the H,O, that is produced when plants
respond to environmental and physiological stress
(Scandalios et al., 1997). In maize (Zea mays), CAT1
expression is induced by osmotic stress through two
alternative signal transduction pathways, an ABA-
signaling pathway and an ABA-independent path-
way, mediated by two different DNA binding fac-
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tors, CAT1 binding factor 1 and 2, respectively (Guan
et al., 2000). Tomato CAT1, maize CAT3, and rice
(Oryza sativa) CAT-A belong to class II catalase and
are expressed mainly in vascular tissues (Dat et al.,
2000). It had been reported that the CAT3 gene ex-
pression and its enzymatic activities are increased
during acclimation in chilling-sensitive maize. The
improvement of chilling tolerance conferred by accli-
mation in maize is correlated with the up-regulation
of the CAT3 gene (Anderson et al., 1994; Prasad, 1997;
Dat et al., 2000). Transgenic tomato plants overex-
pressing antisense CAT1 were more sensitive to oxi-
dative stress and chilling injury (Kerdnaimongkol
and Woodson, 1999), suggesting CAT1 plays an im-
portant role in protecting the plant from oxidative
and chilling stresses. Taken together, these results
suggest that the enhancement of stress tolerance in
transgenic tomato expressing CBF1 may be partially,
if not solely, due to the induction of the CATALASE1
gene.

CBF1 contains a conserved DNA-binding AP2 do-
main, which is known to be involved in floral mor-
phogenesis (Ohme-Takagi and Shinshi, 1995; Oka-
muro et al., 1997; Gilmour et al., 1998; Medina et al.,
1999). The AP2 domain has been shown to be present
in many plant genes, such as EREBP, APETALA?2,
AINTEGUMENTA, and TINY (Shinozaki and Yama-
guchi-Shinozaki, 2000). EREBP proteins can bind to
the ethylene-responsive element (GCC box), and
DREB/CBEF proteins bind to the common sequence of
PuCCGNC (Liu et al., 1998). Based on DNA sequence
analysis, we suggest that a putative CRT/DRE bind-
ing site may exist on the maize CAT3 and rice CAT-A
promoter. The TGGCCGAC sequence in the rice
CAT-A promoter and the GGCCCGAC sequence in
the maize CAT3 promoter are very similar to the
TGGCCGAC sequence in the Arabidopsis COR15a
promoter, which is recognized by the CBF1 protein
(Thomashow, 1999). The Arabidopsis CAT3 gene was
recently found to be induced by cold, drought, and
the overexpression of DREB1A, a member of CBF
family (Seki et al., 2001). Although the promoter
sequence of tomato CAT1 is not currently available,
the up-regulation of CATI in transgenic tomato
plants may be due to the existence of a CRT/DRE
sequence in the promoter that was recognized by
Arabidopsis CBF1. However, more evidence is
needed to determine whether the heterologous CBF1
activates CAT1 directly or indirectly.

One interesting feature of the CBFI1 transgenic
plants is the dwarf phenotype (Fig. 4A). Similar
growth retardation was also observed in transgenic
Arabidopsis plants overexpressing DREB1A (Kasuga
et al., 1999). The transgenic tomato plants exhibited
an apparent dwarfism along with a reduction in fruit
set and seed number per fruit. The dwarf phenotype
was due to shorter internodes of the transgenic to-
matoes compared with those of the wild-type plants.
However, these phenomena could be reversed by
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GA; treatment (Fig. 4A), suggesting that either hy-
peraccumulation of CBF1 protein in the transgenics
or overexpression of CBFI may be interfering with
GA biosynthesis in the transgenic plants. Preliminary
results also shown that application of GA; to the
transgenic tomatoes increased the number of fruit
and seed of GA;-treated transgenic plants to a level
similar to that of the wild-type plants (T.-H. Hsieh,
Y.-y. Charng, and M.-T. Chan, unpublished data).
The chilling tolerance of transgenic tomato plants
was not affected by GA; treatment (Figs. 4 and 5),
suggesting that the dwarf phenotype is not corre-
lated with the ability to tolerate chilling stress. The
benefit of using an inducible promoter to drive
DREB1A has been demonstrated (Kasuga et al., 1999).
By replacing the cauliflower mosaic virus 35S pro-
moter with inducible promoter such as RD29A in
transgenic Arabidopsis, enhanced stress tolerance
was achieved without a penalty on plant growth
(Kasuga et al., 1999). Therefore, the observed growth
retardation and the reduction of fruit and seed pro-
duction in the transgenic tomatoes may be similarly
preventable by replacing the constitutive 35S pro-
moter with stress-inducible promoter.

This study has demonstrated that a heterologous
CBF1 gene could significantly enhance chilling- and
oxidative-stress tolerance in tomato plants. A tomato
CBF homolog has been recently discovered by
searching the expressed sequence tag database (Jaglo
etal., 2001). However, the function of the tomato CBF
is not known. It may play a role similar to the Ara-
bidopsis CBF1 and DREB genes in regulating a suite
of stress-related genes during acclimation. Although
tomato is generally considered as a subtropical plant
that does not cold-acclimate, cold hardening of to-
mato seedlings is a commonly practiced cultivating
process. Because no known COR homologous genes
have been reported in tomato, this may explain why
tomato is not a plant tolerant of freezing. It would be
of interest to know whether overexpression of the
tomato CBF homolog in Arabidopsis or tomato could
also yield results similar to the overexpression of
Arabidopsis CBF1 in these plants. We believed that a
similar approach may be applicable to other impor-
tant crops to improve tolerance against stressful con-
ditions. This may be accomplished by transferring
several (e.g. 3—4) key regulatory genes, rather than a
large number of stress-related genes under inducible
promoters. Overall, the engineering of stress-tolerant
crops by incorporating (a) master switch gene(s) like
CBF1 may be an efficient approach to minimize stress
damage.

MATERIALS AND METHODS
Plant Materials

Arabidopsis ecotype Columbia was grown in controlled environment
chambers at 24°C, 50% relative humidity, with a 24-h photoperiod (about
120 umol m~2 s™'). Seeds of tomato (Lycopersicon esculentum [L.] Miller cv
CL5915-93D,4-1-0-3), kindly provided by Asian Vegetable Research and
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Development Center (Tainan, Taiwan), were soaked at 32°C for 1 h, surface-
sterilized for 10 min with 1% (w/v) NaOCl, washed twice with sterile water
for 5 min, and subsequently germinated on Murashige and Skoog medium
with a 16-h photoperiod at 26°C.

DNA Construct

A CBF1 gene was isolated by reverse transcriptase-PCR from 3-week-old
Arabidopsis leaves as described previously (Chan and Yu, 1998). Two
primers covering the whole CBF1 coding region were chosen to amplify a
640-bp DNA fragment. The 5’ primer (5'-ACGCGTCGACATGAACTCA-
TTTTCAGCTTTT-3') and the 3’ primer (5'-CGAGCTCTTAGTAACTC-
CAAAGCGACA-3") were located at the translation initiation site (ATG) and
the stop site (TAA) of the CBF1 coding region, respectively. A pfu DNA
polymerase (Promega, Madison, WI) was used to amplify the DNA frag-
ment to minimize the chance of sequence mutation. The 640-bp PCR product
was cloned into the T7Blue(R) vector (Novagen, Madison, WI) to form
pT7Blue-CBF1, and the DNA sequence was determined by a PRISM 373
automatic DNA sequencing system (ABI, Sunnyvale, CA). The CBF1 cDNA
was then cloned into pJD301 (Luehrsen et al., 1992) by removing its lucif-
erase gene to form the intermediate vector. The fragment containing a
cauliflower mosaic virus 35S promoter, tobacco mosaic virus () leader, a
CBF1 gene, and a nos poly(A) was excised by digesting with BamHI and Bg/II
from the intermediate vector and cloned into the BamHI site of pCAMBIA
2301 (Center for the Application of Molecular Biology of International
Agriculture, Black Mountain, Australia) to form pJLM1. The pPCAMBIA 2301
vector contains two other selectable markers, GUS and NPTII genes driven
by two separate 35S promoters. Plasmid was transformed into Agrobacterium
tumefaciens strain LBA4404 cells by electroporation.

Production of Transgenic Tomato Plants

Cotyledons of 7- to 10-d-old tomato seedlings were used for transforma-
tion. Individual cotyledons were cross-cut into two pieces and precultured
upside down on KCMS medium (Fillatti et al., 1987) containing 100 um
acetosyringone for 1 d. The subsequent plant transformation procedure was
performed as described (Fillatti et al., 1987).

Analysis of Transgenic Tomato Plants

To identify positive transgenic lines for Southern analysis, genomic DNA
from rooted putative transformants growing on Murashige and Skoog me-
dium with 100 mg L™' kanamycin sulfate were extracted as described
previously (Chan et al., 1993). Total RNA isolation as well as DNA and
northern-blot analyses were performed as described (Chan et al., 1994). The
GUS DNA isolated from the BamHI-Sacl restriction fragment of plasmid
pBI221 (CLONTECH Laboratories, Palo Alto, CA) and the CBF1 gene iso-
lated from pT7Blue-CBF1 were used as probes. Tomato S-TUBULIN cDNA
fragment was isolated by reverse transcriptase-PCR from 3-month-old
tomato plant leaves. The 5’ primer (5'-CCCGGGCACACTTGATCCCATT-
CGT-3', Smal site underlined) and the 3’ primer (5-CCCGGGCAT-
TCTGTCTGGGTACTCT-3', Smal site underlined) were chosen to amplify
the 539-bp B-TUBULIN partial cDNA fragment. The PCR fragments were
cloned into pT7Blue(R) and the DNA sequences were determined by an ABI
PRISM 373 automatic DNA sequencing system. CATI (accession no.
M93719) was isolated from subtractive hybridization and excised from
pT7Blue(R) vector as probes. These fragments were labeled with
[a-*?P]dCTP using the random primer method (Feinberg and Vogelstein,
1983). The GUS histochemical staining assay was performed according to
previously described methods (Chan et al., 1993). Tomato seeds produced
from transgenic tomato plants were collected, and selection procedures
were performed as described above.

Analysis of Transgenic Plants under Cold and
Oxidative Stress Conditions

To evaluate cold tolerance, the transgenic T; and wild-type plants were
placed into cold conditions under 16/8-h light (about 120 pmol m~2s ') for
various times (1, 3, 5, and 7 d), leaves were excised from the wild-type, and
the transgenic tomato plants were immersed in deionized water and sub-
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jected to ion leakage determination with a conductivity meter. The sample
was then autoclaved to destroy the cells and release all ions. The value
obtained after autoclaving was designated as 100% electrolyte leakage.
Survival rate was defined as the number of healthy plants after incubation
at 0°C for 7 d and transfer to room temperature for 5 d divided by the total
number of plants treated in this manner. Pictures were also taken to record
the phenotypes.

Chlorophyll fluorescence values of methyl viologen-treated leaf discs and
whole leaves of chilling-treated tomato plants were measured using a
pulse-activated modulation fluorimeter (Walz, Effeltrich, Germany) accord-
ing to the method described by Obershall et al. (2000). The amount of H,0,
was assayed as previously described by O’Kane et al. (1996).

GA; and Cold Treatment of Wild-Type and Transgenic
Tomato Plants

Wild-type and 3-week-old transgenic T, tomato plants were sprayed with
5 uL L™ GA; three times for 1 week. After GA, treatment, whole plants
were incubated at 0°C for 1, 3, 5, and 7 d, and then chlorophyll fluorescence
was tested. Total chlorophyll in leaf tissue was measured according to
previously described methods (Deak et al., 1999).

The T, seeds chilling tolerance test of homozygous transgenic lines and
wild-type tomato plants was performed basically according to the method
of Rab and Saltveit (1996) with some modification. T, seeds were soaked
overnight at 25°C and transferred to three layers of wet paper towel be-
tween two 19- X 19.5-cm glass plates that were oriented according to the
protocol. For GA; pretreatment, the transgenic and wild-type germinated
seeds were soaked in water containing 5 pL L™! GA5 at 25°C for 2 d before
cold treatment. The cold treatment was set at 2°C for 5 d in the dark, and
transferred to 25°C for 3 d under 16/8-h light (about 120 wmol m~2s™?) for
radical regrowth after cold treatment. The subsequent radical elongation
was measured and recorded at the end of the 3-d regrowth period.

Protein Extractions, Western-Blot Analysis, and
Enzyme Assays

Whole leaves of the transgenic and wild-type tomato plants were used
for enzyme extractions and analyses. The protein extraction and activity
assay of catalase enzyme were carried out as described by Pinhero et al.
(1997). The western-blot analysis was performed as previously described
(Chan et al., 1994). To prepare anti-Arabidopsis CBF1 antibodies, the CBF1
cDNA isolated from pT7Blue-CBF1 was subcloned into the pET24b vector
containing His tag (Novagen) and then transformed into Escherichia coli
BL21 (DE3). The expressed recombinant protein was purified with a His tag
affinity column (Novagen). The overexpression and purification of the CBF1
protein were performed as previously described (Kanaya et al., 1999). CBF1
polyclonal antibodies were raised in rabbits according to standard
procedure.

Subtractive Hybridization

Poly(A™) RNA (0.7 ug) extracted from wild-type and transgenic tomato
plants was used to perform subtractive hybridization according to the
CLONTECH PCR select cDNA subtraction kit manual. Amplified PCR
products were cloned into pT7Blue(R) vector (Novagen). Next, DNA se-
quence was determined by an ABI PRISM 373 automatic DNA sequencing
system.
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