
Introduction

Tomato (Solanum lycopersicum L.) is one of the

most important horticultural crops. As many other

crops from temperate climates, it is highly sensi-

tive to chilling temperatures (0–12�C). Several as-

pects of tomato development are negatively

affected by cold. Early in development, cold tem-

peratures inhibit germination (Foolad and Lin

2000, 2001). Vegetative growth is negatively af-

fected due to defects in water status and impair-

ment of photosynthesis (Venema et al. 2005).

However, also reproductive development is

strongly disturbed in all its phases. Thus cold

stress causes homeotic floral transformations

(Lozano et al. 1998), while fruit set decreases due

to poor pollen germination (Fernandez-Munoz

et al. 1995), and ripening fruits suffer the so-

callede chilling injury at temperatures below 12°C

(Jackman et al. 1989).

Exposure of plants to above-freezing tempera-

tures causes plant acclimation to cold (Thomashow

1999); this is a natural defence mechanism to cope

with abiotic stress. Several genes that activate plant

abiotic resistance mechanisms control this physio-

logical adaptation to cold (Yang et al. 2005;

Chinnusamy et al. 2006 ). The CBF/DREB family

of transcription factors control part of the cold re-

sponse in the model plant Arabidopsis (Gilmour

et al. 1998), as their loss-of-function causes lack of

acclimation, while gain-of-function produces re-

sistance to freezing (Jaglo-Ottosen et al. 1998). It

has been shown that Arabidopsis CBF2 is one ma-

jor QTLs for cold tolerance and the interaction be-
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tween cold acclimation and photoperiod

(Alonso-Blanco et al. 2005). The molecular differ-

ences responsible for the observed variation in

cold response lie in the promoter region of

AtCBF2. Heterologous ectopic expression of

Arabidopsis CBF1 in tomato, causes vegetative

resistance to cold and to methyl viologen, a com-

pound causing oxidative stress (Hsieh et al. 2004).

This suggests that CBF1 can induce cold acclima-

tion in tomato. Furthermore, treatment of tomato

plants at 4�C results in a more than 2-3-fold ex-

pression increase in a homologue to potato Ci7

dehydrin and Arabidopsis dehydrin ERD10 in

leaves between 24 and 168 h of cold treatment

(Zhang et al. 2004). Some dehydrins form part of

the CBF regulon, and their expression is activated

upon chilling in many different plant species and

tissues, like citrus leaves (Sanchez-Ballesta et al.

2004) or floral buds of blueberry (Naik et al.

2007). Ectopic expression of dehydrins enhance

cold tolerance in tobacco (Hara et al. 2003), sug-

gesting that dehydrins play a function in plant

stress response.

In order to gain insight into the chilling stress

during post harvest of tomato fruits, we have char-

acterized the transcriptome of ripening tomato

fruits under cold stress in this study.

Materials and methods

Plant material

Tomato plants of the cultivars Micro-Tom (Meiss-

ner et al. 2000) and Demisem (Seminis Vegetable

Seeds Ibérica, S.A.) were grown in a growth

chamber (Sanyo MLR350) under long-day condi-

tions (16 h light at 22�C, and 8 h dark at 15°C).

The photosynthetically active photon flux density

was 250 µEs–1 m–2, and humidity was kept at 50%.

Flowers at full anthesis were hand-pollinated

(Egea-Cortines et al. 1993) and fruits were al-

lowed to develop till the early stages of fruit ripen-

ing, when they were harvested and used to

perform the cold treatment. Tomato fruits at the

breaker stage (USDA, 1985) were harvested from

the chamber and treated as described by Gomez di

Marco et al. (2009). Briefly, they were stored at

6°C (cold treatment), a temperature widely used to

ship and store fresh vegetables (Kader 1992), and

20°C (control) for up to 48 h in the dark. Leaf and

fruit samples were taken from plants after 0, 2, 6,

24 or 48 h of exposure to 6°C or 20°C in the

growth chamber under the long-day light regime.

Sampling was performed during the light period.

RNA extraction

We extracted RNA from 100-mg samples of to-
mato fruits at the breaker stage and from fully de-
veloped leaves at the above-mentioned time

intervals at 6�C and 20�C as described by Davies
et al. (1996). For the sample taking, we pooled 8
fruits and 8 leaves from each treatment. Two inde-
pendent total RNA extractions were performed for
each treatment, to obtain biological replicates. To-
tal RNA was purified using the Nucleospin RNA
Plant Kit (Macherey-Nagel) or a total RNA extrac-
tion kit (RNeasy Plant Mini Kit, QIAGEN) ac-
cording to manufacturers’ instructions.

Differential screen

The RNA extractions from fruits after 0, 2, 6, 24,

and 48 h of treatment at 6°C were pooled and com-

pared to those from pooled fruits kept at 20°C. To

identify genes involved in cold-stress response,

we used a subtractive PCR strategy using the

PCR-Select cDNA Subtraction Kit (Clontech), ac-

cording to the instructions of Diatchenko

et al.(1996), using a random priming (5’-TTTTG

TACAAGCTT(G/A/T/C)10-‘3) approach to syn-

thesize the first strand of cDNA. We used cDNA

obtained from fruits stored at 20°C as tester and

the corresponding 6°C samples as driver, to iden-

tify the genes activated at 6°C. This procedure was

inverted to find genes up-regulated at 20°C.

Products of the differential screen were cloned

into pGEMTeasy (Promega) according to the

manual. All the clones were sequenced and ana-

lyzed using BigDye Terminator v3.1 termination

reagents and an ABI3100 fragment analyzer from

Applied Biosystems. The resulting sequences

were BLASTed against the Solanaceae Genomics

Resource BLAST server (http://www.sgn.cor-

nell.edu/) and the TIGR Tomato Gene Index

(http://www.tigr.org/tigr-scripts/htdig/htsearch).

Those clones for which we did not find any

homologue with an E value below E-10 were

BLASTed against the NCBI server. Confirmation

of the differential expression of the clones ob-

tained was initially performed by dot blot, using

cDNA synthesized from 5 mg of total RNA (Su-

perscriptTMIII Invitrogen), with the random primer

used for the subtractive PCR strategy. cDNA was

labelled with digoxigenin (DIG), using the High

Prime Labelling Kit (Roche Diagnostics) in com-

bination with DIG Luminescent Detection Kit,
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with CSPD as chemiluminescent substrate accord-

ing to the manual. We made dot blots with both

differential pools, probing clones up-regulated at

6°C and 20°C with cDNA from both 6°C and

20°C. The clones that hybridized only to the

cDNA obtained from the corresponding tempera-

ture were further analyzed.

Quantitative PCR

cDNA for quantitative real-time PCR (q-RT-PCR)

was synthesized from 250 ng of total RNA with Su-

perscriptTMIII (Invitrogen). Two cDNA transcrip-

tions from the 2 independent RNA extractions were

performed for each treatment to obtain biological

repetitions. Quantitative PCR was performed in

15-µL aliquots, using the iQTMSYBR Green Kit

(Bio-Rad,California, USA), with 250 nM of for-

ward and reverse primers in a CR-Corbett Re-

search-quantitative PCR machine. From each

cDNA, we performed 2 independent qPCR runs as

technical inter-run repetitions, with 2 intra-run

replicates each. The quality of PCR products was

analyzed both by melting-point analysis

(Manchado-Rojo et al. 2008) and gel electropho-

resis. PCR conditions were as follows: initial de-

naturation at 94°C for 5 min, 35 cycles of 94°C for

30 s, 56°C for 30 s, and 72°C for 60 s. Data were

analysed with the Rotor Gene Analysis Software

v4.6.94, and comparative quantification was per-

formed using the relative expression software tool

(REST) (Pfaffl 2001; Pfaffl et al. 2002). Data were

normalized against ubiquitin (Carbone et al.

2005). Primers used in this study are: ubiquitin

5’-CTTGTTGGGGTAATCCTCAG-‘3 and 5’-A

CGAGAGAACACAAAGCACA-‘3; dehydrin

5’-TCACAAGGAAGAATCGAAAGC-‘3 and

5’-GACACCACC TCCGTCTTGTTATG-‘3; and

Sl-CBF1 5’-TCCGATATACAGGGGAAT CA-‘3

and 5’-CCTCCAAGCAGAATCAGA GA-3’. The

data presented throughout the work are the absolute

gene regulation coefficients, related to the control,

with the corresponding standard errors.

Phylogenetic analysis

We performed phylogenetic analysis of dehydrin

using the CLC sequence viewer program

(www.clcbio.com). We used the clone obtained to

identify other genes of the family using tblastn.

We also added dehydrins from other Solanaceae

(Solanus chilense) and coffee. The phylogenetic

tree was built using default values for UPGMA al-

gorithm with a total of 1000 bootstraps.

Results

Identification of genes affected by cold stress

in tomato fruit

We determined the effect of cold stress on the rip-

ening tomato fruit transcriptome, and as experi-

mental approach to identify genes up- or

down-regulated we performed a subtractive hy-

bridisation with cDNA from breaker fruits stored

at 6°C and 20°C for up to 48 h. Cold stress and the

observed rapid cell death (Gomez di Marco et al.

2009) possibly induces the expression of genes re-

lated to programmed cell death, which includes a

mitochondria-dependent pathway (Jones 2000).

First-strand cDNA was synthesized from total

RNA using a random hexamer primer in order to

include also mitochondrial mRNAs in the differ-

ential screen according to our presumption. We

tested the subtractive screen results by plotting

clones from eight 96-well plates on nylon mem-

branes. About 62% of the 768 genes found in the

differential screen were confirmed to be differen-

tially expressed by hybridization (data not shown).

The confirmed clones were sequenced and

screened for homology at the Solanaceae

Genomics Resource BLAST server and TIGR To-

mato Gene Index. Those that were found not to

show a homology of E–10, were analyzed in the

NCBI Entrez cross-database.

A total of 38 genes with homology to genes in

databases were up-regulated at 6�C, whereas 36

were up-regulated at 20°C. Gene categories found

to be up-regulated at 6°C and at the control tem-

perature belonged to the same types of functional

groups, but the specific genes were different (Fig-

ure 1). Among the genes up-regulated at 6°C in the

screen, there were several genes involved in pro-

tein synthesis, like 25S ribosomal RNA, ribosomal

proteins L10, L27, S11, S13, and a rRNA encoded

homing endonuclease. The genes involved in the

metabolism belonged to the carbohydrate path-

way-like starch phosphorylase (SGN-U148218),

triosephosphate isomerase (SGN-U145276) or

aldo/keto reductase (SGN-U179653). Some mito-

chondrial and chloroplast-encoded genes were

also found, suggesting that mitochondrial (ATP

synthase beta chain SGN-U106411) and

chloroplast transcriptome (Chlorophyll A-B bind-

ing protein SGN-U69362) are affected by cold

(see below). Other gene classes that were activated

by cold included several actins (11 and 58) and

some genes that have been described as related to
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senescence (senescence-associated protein

SGN-U43780) or a ripening-regulated protein

DDTFR18 (Giovannoni et al. 1999). Only one

gene with relation to cold stress response, a Ci7

dehydrin homologue, resulted from our differen-

tial screen to be activated during chilling of ripen-

ing tomato fruits.

Genes found to be highly expressed at 20°C

and not at 6°C included members of the same

types found to be specific for 6°C, i.e. ribosomal

genes (17S and 26S rRNA), ribosomal proteins

(S23, Pr117, L13a, S13 and S19), actin 4, and

other genes with diverse functions. However, as

mentioned above, the specific genes up- or

down-regulated seem to be different.

Dehydrin is activated by cold in tomato leaves

and fruits

Among the genes differentially expressed at 6°C,

we explored quantitative expression of the

dehydrin gene identical to a clone annotated in an

EST collection made from Micro-Tom fruits

(clone FC11CA08) (Yano et al. 2005).

We performed a phylogenetic study of

dehydrins in order to determine the position of the

clone we found, compared to other members of the

dehydrin family (for a review, see Kosova et al.

2007).

The clone identified (FC11CA08-2, renamed

Micro-Tom dehydrin) had the highest degree of

homology with clone pLC3015-p from S. chilense

and C17 from potato (Figure 2). The C17 gene was

isolated from potato as a gene highly expressed

during cold storage (van Berkel et al. 1994). Other

closely related genes included a citrus dehydrin

gene, which is also activated by heat and cold

stress (Porat et al. 2004), and HvDhn8, a

cold-activated dehydrin gene from Hordeum

vulgare (Choi et al. 1999). Also close to the to-

mato clone were ERD10, COR47 from

Arabidopsis and an ERD10 homologue from Bras-

sica (AAR23753). All these genes have been acti-

vated by cold stress in different plants, and

confirmed that FC11CA08-2 should be activated

by cold in tomato. Other dehydrins present in the

phylogenetic analysis, clustered in a different

group, including HvDhn2 or HvDhn6, both acti-

vated by abscisic acid but not by cold (Choi et al.

1999).

In order to substantiate the results of the differ-

ential screen and test the phylogenetic hypothesis,

we analyzed the expression of Micro-Tom

314 J. Weiss, M. Egea-Cortines

Figure 1. Comparison of predicted functional categories of genes found in the subtractive PCR experiment comparing

ripening tomato fruits stored at 20�C and 6�C: (A) forward subtraction (cold-induced); and (B) reverse subtraction

(control).
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dehydrin in leaves by q-RT-PCR (Figure 3a). Co-

inciding with the differential screen result, we ob-

served a 4.8-fold increase after 24 h of cold

treatment and up to 9-fold after 48 h. Fruits stored

at 6�C showed an expression pattern similar to that

observed in leaves with a significant 7.5-fold de-

crease after 48 h (Figure 3b). Although basal ex-

pression in control leaves is significantly higher

(1.7-fold) than in control fruits (data not shown),

the pattern of response to cold is similar in both or-

gans.

Sl-CBF1 is activated by cold in tomato leaves

but not in fruits

The ERD10 gene in Arabidopsis and a C17

homologue from tomato belong to the so-called

CBF regulon; these are genes whose expression is

controlled by C-repeat binding factor (CBF) in re-

sponse to cold (Zhang et al. 2004). No bona fide

cold response transcriptional activators were iden-

tified in the differential screen, but the tomato C17

orthologue was activated by cold, so we tested the

activation of Sl-CBF1 by cold in tomato.
We analyzed the effect of cold on Sl-CBF1 ex-

pression. Cold treatment caused a significant
up-regulation of Sl-CBF1 in leaves of the Mi-
cro-Tom cultivar after 2 h, which was followed by
a strong down-regulation after 48 h (up to 12-fold,
Figure 4a). Micro-Tom has established itself as an

excellent model system in tomato due to its rapid
growth and easy transformation (Smith et al. 1992;
Meissner et al. 2000; Yano et al. 2007). Further-
more, recent studies have shown it is cold sensitive
(Malacrida et al. 2006). In order to confirm that
Sl-CBF1 expression in leaves was similar in nor-
mal-sized tomatoes, we determined the effect of
cold on leaves of Demisem, a normal-sized com-
mercial variety. The expression pattern of
Sl-CBF1 was very similar to the one found in Mi-
cro-Tom (Figure 4b), showing a strong activation
by cold, followed by down-regulation after 48 h.

The previous experiments showed that cold

treatment activates Sl-CBF1 in leaves of Mi-

cro-Tom and Demisem, but we did not recover

Sl-CBF1 within the genes up-regulated by cold in

the differential screen on breaker fruits. We there-

fore analyzed the expression pattern of Sl-CBF1 in

cold-treated versus control Micro-Tom tomato

fruits, but in contrast to what we observed in

leaves, cold did not result in up-regulation of the

Sl-CBF1 transcript (Figure 4c).
We performed the same cold treatment on

breaker fruits of Demisem. Surprisingly, cold
caused a slight but not significant decrease in
Sl-CBF1 expression, which recovered slowly to
control levels (Figure 4d). These results confirmed
the validity of the results obtained in Micro-Tom,
and suggested that tomato fruits did not respond to
cold by activation of Sl-CBF1.
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Figure 2. Phylogenetic analysis of dehydrin genes. The phylogenetic tree was constructed with the CLC Bio Sequence

Viewer program by the UPGMA method. Bootstrapping values (percentage, from 1000 resampled trees) are shown at the

branch points; those below 40 are omitted. The clones used are marked with their NCBI accession numbers: citrus

dehydrin (AY297793); dehydrin from Populus maximowiczii (ABS12346.1); QpDhn3 (CAM98307) from Quercus

petraea; MdDhn (ABG56268) from Malus domestica; HvDhn7 (AAF01695), HvDhn9 (AAF01697), HvDhn2

(AAF01690), HvDhn10 (AAF01698), HvDhn6 (AAF01694), and HvDhn8 (AAF01696) from Hordeum vulgare;

Gmlea2-Dh11 (CAM0668) from Glycine max; HaDhn1 (CAJ19697) from Helianthus tuberosus ; pLC3015-p from

Solanum chilense; Micro-Tom tomato dehydrin (FC11CA082) found in this study; C17 from potato ; ABC68275 from

coffee; BnErd10 (AAR23753) from Brassica napus; and ERD10, COR47, and ERD14 from Arabidopsis.



Discussion

Genes affected by cold are housekeeping genes

Cold stress decreases ripening speed in tomato,
and can cause the so-called chilling injuries. Previ-
ous experiments have shown a set of genes that are
considered as a typical ripening transcriptome fin-
gerprint in tomato (Fei et al. 2004). Direct compar-

ison with the genes we obtained gave only 2 genes
in common between the genes that were active at

20�C and those activated or repressed by ripening.
This discrepancy might be caused by several rea-
sons. First, from a technical perspective, the meth-
odology used to create the cDNA libraries in our
case has been shown to normalize the transcripts
and amplify those that are at low levels during the
PCR reactions (Lukyanov et al. 1997). In contrast,
Fei et al. (2004) used libraries that had not been
normalized or subtracted, so in principle the
mRNA populations compared are different. Sec-
ond, we used breaker fruits as control or zero time,
and at this point the genes associated with ripening
should be already up- or down-regulated and they
might have been eliminated by this procedure.

Cold increases dehydrin mRNA levels in tomato

leaves and fruits

Previous work has shown that vegetative develop-
ment of tomato is strongly affected by cold tem-
peratures. We took a differential screen approach
to identify candidate genes to study cold response

in tomato. One of the clones up-regulated at 6�C
was highly similar to C17, and its expression was
up-regulated by a cold shock. The C17 gene is ac-
tivated by cold in potato tubers (van Berkel et al.
1994). Other genes with high sequence homology
to C17, like ERD10 from Arabidopsis (Kiyosue
et al. 1994) or a citrus dehydrin clone (Porat et al.
2004), have been found by similar procedures.
Among the clones used for the phylogenetic anal-
ysis, one gene from Helianthus activated by light
(HaDhn1) (Natali et al. 2007) behaves like an
outgroup in the tree. The other genes are clustering
in 2 families, and one of them contained the to-
mato clone found in the screen. Within the group,
the closest sequence was a gene from S. chilense,
closely followed by C17 from potato and CdDh3
from coffee. Also close was a gene from
H. vulgare (HvDhn8) that is activated by cold
(Choi et al. 1999). The second group included all
the Brassicaceae genes described as cold-response
genes. The second cluster included other
dehydrins, which are activated by abscisic acid
and in some cases are not activated by cold, like
HvDhn2 or HvDhn7 (Choi et al. 1999). Thus our
data suggest that dehydrins can be phylogeneti-
cally sorted into cold-inducible and
ABA-inducible in distantly related taxa.

Furthermore, heterologous expression of
dehydrins confers increased cold tolerance. Exam-
ples include a dehydrin from Solanum
sogarandinum, which confers chilling tolerance in
cucumber (Yin et al. 2006), or a different clone
from Citrus, which confers resistance in tobacco
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Figure 3. Effect of cold temperatures on expression of a

dehydrin gene in (a) leaves and (b) fruits of Micro-Tom

tomato. Expression is depicted in relation to its level in

untreated leaves at 20�C (considered as zero level). Bars

show standard errors. Statistical significance: * P � 0.05
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(Hara et al. 2003). Recently it has been reported that
ERD10 and ERD14 have unspecific chaperone ac-
tivity (Kovacs et al. 2008), indicating that – as we
found in the differential screen – cold response re-
quires housekeeping functions.

One of the genes that is an activating part of the

cold acclimation is the CBF/DREB transcription

factor (Stockinger et al. 1997). In Arabidopsis, the

dehydrin genes ERD10 and COR47 are target

genes of CBF. In tomato leaves, the dehydrin

homologue Ci7 (TC116013) is up-regulated by

cold 24-168 h after treatment (Zhang et al. 2004).

There is compelling evidence showing that

Sl-CBF1 is a cold-responsive transcription factor.

The fact that tomato fruits do not show any in-

crease in Sl-CBF1 after cold stress, suggests that

the pathway or pathways involved in the signal-

ling between cold and Sl-CBF1 are not fully func-

tional in the fruit, as compared to the leaves, and

the response of tomato dehydrin must be attributed

to other cold-activated pathways to be determined.

Conclusions

Although plant cold response during vegetative

growth has been studied in depth, fewer studies

have addressed transcriptomic response to cold in

fruits (Porat et al. 2004). One dehydrin clone

(FC11CA082) has emerged as a suitable marker to

study cold response in tomato fruits. The fact that

Sl-CBF1 is activated in leaves but not in fruits un-

der the conditions tested here, suggests different

genetic pathways in different organs, bringing a

developmental perspective in a trait thought to be

completely systemic.
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Figure 4. Effect of cold temperatures on expression of Sl-CBF1 in tomato leaves of (a) Micro-Tom, (b) Demisem, and

fruits of (c) Micro-Tom, and (d) Demisem. Expression is depicted in relation to its level in untreated leaves at 20ºC

(considered as zero level). Bars show standard errors. Statistical significance: * P � 0.05.
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