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The Arabidopsis CBF cold response pathway has a central role in
cold acclimation, the process whereby plants increase in freezing
tolerance in response to low nonfreezing temperatures. Here we
examined the changes that occur in the Arabidopsis metabolome
in response to low temperature and assessed the role of the CBF
cold response pathway in bringing about these modifications. Of
434 metabolites monitored by GC–time-of-flight MS, 325 (75%)
were found to increase in Arabidopsis Wassilewskija-2 (Ws-2)
plants in response to low temperature. Of these 325 metabolites,
256 (79%) also increased in nonacclimated Ws-2 plants in response
to overexpression of C-repeat�dehydration responsive element-
binding factor (CBF)3. Extensive cold-induced changes also oc-
curred in the metabolome of Arabidopsis Cape Verde Islands-1
(Cvi-1) plants, which were found to be less freezing tolerant than
Ws-2 plants. However, low-temperature-induced expression of
CBF1, CBF2, CBF3, and CBF-targeted genes was much lower in Cvi-1
than in Ws-2 plants, and the low-temperature metabolome of Cvi-1
plants was depleted in metabolites affected by CBF3 overexpres-
sion. Taken together, the results indicate that the metabolome of
Arabidopsis is extensively reconfigured in response to low tem-
perature, and that the CBF cold response pathway has a prominent
role in this process.

Many plants have the ability to sense low temperature and
respond by activating mechanisms that lead to an increase

in freezing tolerance, an adaptive process known as cold accli-
mation (1, 2). At present, the best-understood genetic system
with a role in cold acclimation is the Arabidopsis CBF cold
response pathway (3). Exposing Arabidopsis plants to low tem-
perature results in rapid induction of a small family of genes
encoding transcriptional activators known either as C-repeat
(CRT)�dehydration responsive element (DRE)-binding factor
(CBF)1, -2, and -3 (4–6) or DREB1b, -c, and -a, respectively (7).
These genes encode transcription factors that belong to the
AP2�ERF domain family of DNA-binding proteins (8). The
CBF1–3 proteins recognize a cis-acting regulatory element
known as the CRT�DRE present in the promoters of many
cold-inducible genes, including COR15a and COR78�RD29a (4,
9, 10). Expression of the �100 genes that comprise the CBF
regulon, i.e., those cold-regulated genes that are responsive to
CBF expression (refs. 11–13; J. Vogel and M.F.T., unpublished
data), then brings about an increase in freezing tolerance. This
increase in freezing tolerance involves the action of multiple
mechanisms, including the production of cryoprotective
polypeptides, such as COR15a (14), and synthesis of low mo-
lecular-weight cryoprotectants, including proline and raffinose
(15, 16).

Genetic studies suggest that the CBF cold response pathway
is not the only system that contributes to freezing tolerance. The
eskimo1 mutant of Arabidopsis (17) is constitutively more freez-
ing tolerant than wild-type plants, yet the COR genes are not
expressed, indicating that the mutation affects a pathway outside
the CBF cold response pathway. Similarly, ada2 mutants of
Arabidopsis (ADA2 encodes a transcriptional adaptor protein)

(18) are constitutively more freezing tolerant than wild-type
plants, but again, COR genes are not constitutively expressed
(19). These results suggest that in wild-type plants grown at warm
temperature, the ADA2 protein is involved in inhibiting expres-
sion of a freezing tolerance pathway that is distinct from the CBF
cold response pathway.

Transcript profiling experiments using DNA microarrays have
shown that extensive changes occur in the transcriptome of
Arabidopsis in response to low temperature (11–13, 20, 21).
Further, the results indicate that the CBF cold response pathway
has a significant role in bringing about these changes. Fowler and
Thomashow (12) surveyed expression of �8,000 Arabidopsis
genes and found that transcripts for �4% (306) of the genes were
responsive to low temperature, with 3% (218) being up-
regulated and 1% (88) being down-regulated. Of the cold-
responsive genes, 12% could be assigned to the CBF regulon.
However, at least 28% of the cold-responsive genes were not
affected by expression of the CBF transcription factors, including
15 encoding known or putative transcription factors. It was
therefore concluded that cold acclimation is associated with the
activation of multiple low-temperature regulatory pathways.
Similar conclusions have been reached by others also studying
the Arabidopsis low-temperature transcriptome (11–13, 20).

Here, our objectives were to explore on a large scale the
changes that occur in the metabolome of Arabidopsis in response
to low temperature and to determine the extent to which these
changes involve action of the CBF cold response pathway. The
experiments included a comparison of the metabolite profiles of
two Arabidopsis ecotypes, Wassilewskija-2 (Ws-2) and Cape
Verde Islands-1 (Cvi-1); the former was found to be more
freezing tolerant than the latter. Taken together, the results
indicate that cold acclimation is associated with extensive
changes in the metabolome, and that these changes can be largely
mimicked by constitutive overexpression of CBF3. In addition,
the results indicate that, upon exposure to low temperature,
CBF1, -2, and -3 and CBF-targeted genes are expressed at higher
levels in Arabidopsis Ws-2 plants, as compared with Cvi-1 plants,
and that the low-temperature metabolome of Cvi-1 plants is
depleted in metabolites controlled by the CBF regulon. We
conclude that the metabolome of Arabidopsis is extensively
reconfigured in response to low temperature, and that the CBF
cold response pathway has a prominent role in this process.

Materials and Methods
Plant Materials and Growth. Arabidopsis thaliana ecotypes Ws-2
and Cvi-1, collected from Russia and the Cape Verde Islands,
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respectively (obtained from the Arabidopsis Biological Resource
Center at Ohio State University, Columbus), and transgenic
plants constitutively overexpressing CBF3 in the Ws-2 back-
ground (A28 and A30) (16) were used in this study. For the
metabolome experiments, plants were gown in potted soil (seeds
were stratified at 4°C for 4 days before sowing) in controlled
environment chambers with illumination of 150 �mol�m�2�s�1

from cool white lights. Plants were grown either under a short
day (8-h light, 20°C�16-h dark, 16°C) or long day (16-h light,
20°C�8-h dark, 16°C) photoperiod. Plants were cold-acclimated
at 4°C for 14 days with illumination of 60–80 �mol�m�2�s�1 and
photoperiod corresponding to that used for warm conditions.
For the gene expression experiments, plants were grown on
Gamborg’s B-5 medium, pH 5.7, solidified with 0.8% phytagar
(Invitrogen). Plates were incubated at 24°C under continuous
illumination of 100 �mol�m�2�s�1.

Metabolite Extraction and Detection. Tissue samples were prepared
by homogenizing individual plants in liquid nitrogen with a
Retsch mixer mill MM200 (Haan, Germany). Metabolites were
extracted from 25–30 mg of each tissue sample with 1 ml of
chloroform�methanol�water solution (2:5:2) for 5 min at 4°C.
After this, 500 �l of water was added to partition against the
chloroform, and the samples were centrifuged for 2 min at 14,000
� g. An aliquot of the aqueous phase was lyophilized for later
analysis. Replicate samples were used in lieu of an internal
standard for metabolite recovery. For nonacclimated and cold-
acclimated wild-type plant samples, 24 individual plants for each
condition were analyzed. For the CBF3-overexpressing lines and
the corresponding wild-type control (nonacclimated) samples,
12 individual plants for each were analyzed. Metabolites were
detected by GC–time-of-f light MS, as described (22, 23).

Data Analysis. Metabolite levels were normalized to milligrams of
fresh weight of plant tissue. A given metabolite was judged to
increase in response to cold acclimation if the ratio of the
average peak areas for the metabolite in samples produced from
cold-acclimated and nonacclimated plants (harvested at both
dawn and dusk) was �1 with a t test P value of �0.001. A given
metabolite was judged to increase in response to CBF3 overex-
pression if the ratio between the average peak areas for the
metabolite in samples produced from the CBF3-overexpressing
transgenic plants and nonacclimated Ws-2 plants (harvested at
dusk) was �1 with a t test P value of �0.001. Microsoft EXCEL
Version 5.0 and ACCESS were used for statistical analysis and
other calculations.

Whole-Plant Freeze Tests. Nonacclimated Arabidopsis Ws-2 and
Cvi-1 plants were grown for 45 days at 20°C. Cold-acclimated
plants were grown for 41 days at 20°C followed by 14 days cold
acclimation at 4°C. Plants were frozen at �5°C in the dark for
3 h, after which ice chips were added to promote ice formation.
Plants were incubated an additional 3 days at �5°C and then
were allowed to thaw at 4°C for 12 h and recover for 5 days in
the original growth conditions. Three independent experiments
were conducted by testing �100 plants for each ecotype.

RNA Gel Blot Hybridization Analysis. Total RNA was extracted, and
Northern transfers were prepared, hybridized, and washed at
high stringency as described (4). Gene-specific probes for
CBF1-3 (5) and PAL2 (24) were as described. A cDNA clone for
AtGolS3 (15) was obtained from the Arabidopsis Biological
Resource Center at Ohio State University. Probes for CHS (25),
25S rRNA (26), COR78, COR15a, P5CS, and SuSy (16) were as
described. Probes were labeled with 32P by using the Random
Primers DNA Labeling System (Invitrogen) as directed by the
manufacturer. Membranes were exposed either to x-ray film or
to a PhosphorImager (Molecular Dynamics) plate that was then

visualized by scanning the plate in a Fluor-S MultiImager
(Bio-Rad). Quantification was performed by using QUANTITY
ONE software, Version 4.2.2 (Bio-Rad).

Results
Cold Acclimation in Arabidopsis Ws-2 Plants Is Associated with Exten-
sive Changes in the Metabolome. Changes in metabolite levels
associated with cold acclimation in Arabidopsis Ws-2 plants were
assessed on a large scale by using GC–time-of-f light MS. In the
analysis, a total of 434 low-molecular-weight carbohydrates,
amines, organic acids, and other polar molecules were moni-
tored. When using a rigorous statistical cutoff (P � 0.001), the
results indicated that the metabolome of Ws-2 plants was
extensively altered in response to low temperature. Of the 434
metabolites monitored, 325 (75%) were found to increase in
cold-acclimated plants (Fig. 1A and Table 1, which is published
as supporting information on the PNAS web site). The increases
observed varied from �2- to �25-fold, with 114 (35%) increas-
ing at least 5-fold (Fig. 1 B and C).

Of the metabolites that increased with cold acclimation, 75

Fig. 1. Effect of low temperature on the metabolome of Arabidopsis Ws-2
plants. (A) Total metabolites that increased in response to low temperature.
(B) Metabolites that increased �25-fold (n � 26). (C) Metabolites that in-
creased between 5- and 25-fold (n � 88).
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were identified; the others were categorized according to class
(i.e., carbohydrate, organic acid, etc.) or were unknown (Table
1). Several of the identified metabolites had previously been
shown to increase in Arabidopsis plants upon exposure to low
temperature, including the amino acid proline and the sugars
glucose, fructose, inositol, galactinol, raffinose, and sucrose (15,
16, 27, 28). To our knowledge, however, the majority of the
identified metabolites had not previously been shown to increase
in Arabidopsis. This includes trehalose, putrescine, and ascor-
bate, which have potential roles in cold tolerance (see Discus-
sion). In addition, the increases observed in ornithine and
citrulline, precursors to polyamine biosynthesis, suggest up-
regulation of the urea cycle. Furthermore, increases in �-keto-
glutarate, fumarate, malate, and citrate, precursors to amino acid
biosynthesis, suggest up-regulation of the citric acid cycle.

Nonacclimated Plants Expressing the CBF Regulon Have a Metabolome
Resembling That of Cold-Acclimated Plants. To explore the extent to
which the low-temperature metabolome of Arabidopsis is con-
ditioned by the CBF cold response pathway, we compared the
metabolomes of nonacclimated and cold-acclimated wild-type
Arabidopsis Ws-2 plants with the metabolome of nonacclimated
transgenic Arabidopsis Ws-2 plants overexpressing CBF3 (trans-
genic lines A28 and A30). The results indicated that expression
of the CBF regulon brought about extensive changes in the
metabolome similar to those that occurred in response to low
temperature. Of the 325 metabolites that were identified as
increasing in response to low temperature, 256 (79%) were also
found to increase in response to overexpression of CBF3 (P �
0.001) (Table 1). Moreover, of the 114 metabolites that increased
�5-fold in response to low temperature, 102 (90%) also in-
creased in response to CBF3 overexpression (Table 1). These
results indicated that the metabolome of nonacclimated CBF3-
overexpressing plants was similar to that of cold-acclimated
plants. To test this further, the levels of the 434 metabolites in
the nonacclimated CBF3-overexpressing plants were compared
with those in nonacclimated and cold-acclimated Ws-2 plants,
and the results were subjected to hierarchical clustering (Fig. 2).

The analysis indicated that the metabolome of the nonaccli-
mated CBF3-overexpressing plants more closely resembled the
metabolome of cold-acclimated wild-type plants than the
metabolome of nonacclimated wild-type plants.

Arabidopsis Cvi-1 Plants Are Less Freezing Tolerant Than Ws-2 Plants
and Have a Metabolome Depleted in Metabolites Regulated by the
CBF Cold Response Pathway. The Arabidopsis Cvi-1 ecotype is less
freezing tolerant than the Landsberg ecotype (J. Salinas, per-
sonal communication). Likewise, we found that Cvi-1 plants
were less freezing tolerant than Ws-2 plants. Whereas cold-
acclimated Ws-2 plants were able to survive freezing at �5°C for
3 days, Cvi-1 plants treated in an equivalent manner were not
(Fig. 7, which is published as supporting information on the
PNAS web site). This finding prompted us to determine whether
the metabolomes of Ws-2 and Cvi-1 plants were configured
differently in response to low temperature. To test this, the
metabolite profiles of nonacclimated and cold-acclimated Cvi-1
plants were determined and compared with those of Ws-2 plants.
The results indicated that, as with Ws-2 plants, extensive changes
occurred in the metabolome of Cvi-1 plants upon exposure to
low temperature. Of the 434 metabolites that were monitored,
269 (62%) were found to increase in cold-treated Cvi-1 plants
(Fig. 3A and Table 2, which is published as supporting informa-
tion on the PNAS web site), with 6 increasing at least 25-fold and

Fig. 2. The metabolome of nonacclimated CBF3-overexpressing plants re-
sembles that of cold-acclimated wild-type Arabidopsis plants. Plants were
grown at 20°C (NA) and, where indicated, were cold-acclimated at 4°C for 14
days (CA). Ws-2A plants were grown under a short-day photoperiod; plants
from Ws-2B- and CBF3-overexpressing transgenic lines A28 and A30 were
grown under a long-day photoperiod. Plant material was harvested just
before the end of the photoperiod. The mean log-transformed values of the
peak area of each metabolite from the individual samples were calculated and
used to generate a hierarchical cluster of the various treatments by using a
Pearson correlation included in the GENESPRING software package (Silicon Ge-
netics, Redwood City, CA).

Fig. 3. Effect of low temperature on the metabolome of Arabidopsis Cvi-1
plants. (A) Total metabolites that increased in response to low temperature.
(B) Metabolites that increased �25-fold (n � 6). (C) Metabolites that increased
between 5- and 25-fold (n � 47).
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47 increasing at least 5-fold (Fig. 3 B and C). A comparison of
these results with those for Ws-2 plants (Fig. 1 and Table 1)
indicated there was considerable overlap in the changes that
occurred with cold acclimation in the Cvi-1 and Ws-2 plants. Of
the 269 metabolites that increased in response to low tempera-
ture in the Cvi-1 plants, 244 (91%) also increased in cold-treated
Ws-2 plants.

Although it was true that most of the metabolites that
increased in response to low temperature in Ws-2 plants also
increased in Cvi-1 plants, it was also true that there were
considerable quantitative differences in the low-temperature
metabolomes of these two ecotypes. Of the 325 metabolites that
increased in Ws-2 plants upon cold treatment, 96 (30%) accu-
mulated to lower levels in Cvi-1 plants (Table 3, which is
published as supporting information on the PNAS web site).
Moreover, many of the metabolites that accumulated in response
to CBF3 overexpression accumulated to lower levels in the Cvi-1
plants. Galactinol and raffinose, sugars that are synthesized
through the action of the CBF-targeted gene AtGolS3, as well as
melibiose, fructose, glucose, inositol, and sucrose, sugars asso-
ciated with the raffinose pathway, were all at lower levels in Cvi-1
plants as compared with Ws-2 plants (Fig. 4). In addition, proline
levels, which are determined in part by expression of the
CBF-targeted P5CS2 gene, were twice as high in Ws-2 plants
compared with Cvi-1 plants (Table 3). More broadly, of the 96
metabolites that increased less in Cvi-1 plants than in Ws-2
plants, 80 (83%) increased in response to CBF3 overexpression.
Moreover, of the 26 metabolites that increased 25-fold or more
in response to low temperature in Ws-2 plants, 19 accumulated
to a greater level in Ws-2 than in Cvi-1 plants (Fig. 5A), and of
these, all but one, compound cho81, increased in response to
CBF3 overexpression. Similarly, a comparison of the 20 metab-
olites that increased the most in Ws-2 plants in response to low
temperature with the 20 metabolites that increased the most in
response to CBF3 overexpression indicated that 14 metabolites
were common to the two treatments, all of which increased less in
Cvi-1 than in Ws-2 plants in response to low temperature
(Fig. 5B).

Arabidopsis Cvi-1 Plants Have a Weak CBF Locus. The results pre-
sented above suggested there might be differences in the CBF
cold response pathways of Cvi-1 and Ws-2 plants. To test this, we
asked whether the CBF1–3 genes were expressed differently in
Cvi-1 plants as compared with Ws-2 plants. Northern analysis
indicated they were. Transcripts for the CBF1, -2, and -3 genes
were found to accumulate to much lower levels in cold-treated

Cvi-1 plants than in cold-treated Ws-2 plants (Fig. 6A). In
addition, transcripts for the known CBF-targeted genes
COR15a, COR78, and AtGolS3 (12, 15, 29, 30) accumulated to
much lower levels in cold-treated Cvi-1 than in cold-treated
Ws-2 plants (Fig. 6B). In contrast, the transcript levels for three
cold-regulated genes that are not CBF targets, those encoding
sucrose synthase (SuSy), phenylalanine ammonia lyase (PAL2),
and chalcone synthase (ChS) (11, 12), were similar in cold-
treated Cvi-1 and Ws-2 plants, indicating that not all cold-
regulated gene expression was at low levels in the Cvi-1 ecotype
(Fig. 6C). Taken together, these results indicate that the CBF1–3
loci were weakly expressed in Cvi-1 plants, resulting in corre-
sponding low-level expression of CBF-targeted genes.

Discussion
It has long been known that biochemical changes occur with cold
acclimation (31), including the accumulation of certain sugars
and amino acids, of which some, such as sucrose and proline,
have cryoprotective activities (32–34). However, the degree to
which the metabolome is altered in response to low temperature
has been a matter for speculation. This is due primarily to the
limitations in methodologies that have been available for me-
tabolite analysis. The recent development of highly sensitive
metabolite profiling technologies now makes such comprehen-
sive analysis possible (35, 36).

Here we used GC–time-of-f light MS to detail the changes that
occur in the metabolome of Arabidopsis in response to low
temperature and to assess the extent to which the low-
temperature metabolome is configured by the action of the CBF
cold response pathway. The results reveal in unparalleled fashion
that cold acclimation is associated with extensive changes in the
plant metabolite profile. Of the 434 metabolites that were
monitored, 325 (75%) increased in level in response to low
temperature in Arabidopsis Ws-2 plants, 114 (35%) of which
increased at least 5-fold. Furthermore, the results indicate that
the CBF cold response pathway has a prominent role in deter-
mining the composition of the low-temperature metabolome. Of
the 325 metabolites that increased in response to low tempera-
ture, 256 (79%) also increased in transgenic Arabidopsis plants
overexpressing CBF3. Moreover, when the metabolite profiles
for nonacclimated and cold-acclimated wild-type plants were
compared with nonacclimated CBF3-overexpressing plants and
the data subjected to hierarchical clustering, the results indicated
that the metabolome of nonacclimated CBF3-overexpressing
plants was more similar to that of cold-acclimated than to that
of nonacclimated wild-type plants. Similar results would likely be

Fig. 4. Cold-acclimated Arabidopsis Cvi-1 plants are deficient in metabolites associated with the raffinose biosynthetic pathway. (A) The raffinose biosynthetic
pathway (www.genome.ad.jp�kegg�pathway.html). Substrates and products are in plain text, and enzymes are in italics. (B) Box and Whisker plots showing
accumulation of the raffinose pathway metabolites in cold-acclimated Ws-2 and Cvi-1 plants. The top and bottom of each box represent the 25th and 75th
percentiles, the center line indicates the median, and the extents of the whiskers show the extent of the data (except for outliers). Outliers are indicated by crosses
and are defined as data points that are distant from either the 25th or 75th percentiles by �1.5 times the interquartile range. The black dot indicates absence
of outliers. For each metabolite, the maximal measured peak area was normalized to a value of 100.
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obtained with plants overexpressing CBF1 or CBF2, because a
survey of transcript levels for �8,000 Arabidopsis genes revealed
no obvious differences between plants overexpressing CBF1, -2,
or -3 (37).

A comparison of the metabolomes of Ws-2 and Cvi-1 plants,
the former of which was found to be more freezing tolerant than
the latter, indicated there was considerable overlap in the
metabolite changes that occurred in these two ecotypes in
response to low temperature. However, quantitative differences
were evident indicating natural variation for this ‘‘trait’’ among
Arabidopsis ecotypes. In addition, the results provided further
evidence for the CBF cold response pathway having an impor-
tant role in shaping the low-temperature metabolome. This
follows from the findings that CBF1, -2, and -3 and representa-
tive CBF-target genes were expressed at much lower levels in
cold-treated Cvi-1 than in cold-treated Ws-2 plants, and that the
low-temperature metabolome of the Cvi-1 plants had reduced
levels of many of the metabolites that fall under the control of

the CBF cold response pathway. Although it remains to be
tested, it seems likely that the ‘‘weak’’ expression of the CBF cold
response pathway and reduced levels of metabolites affected by
CBF3 expression observed in the Cvi-1 plants, as compared with
the Ws-2 plants, contributes to the differences in freezing
tolerance observed between the two ecotypes.

The metabolome profiling experiments resulted in the iden-
tification of a large number of metabolites (�50) that increased
with cold acclimation that, to our knowledge, had not been
shown to do so before in Arabidopsis. It seems likely that at least
some of these, including trehalose, putrescine, and ascorbate,
contribute to cold tolerance. Trehalose is known to be an
important stress protectant in a variety of organisms, including
bacteria, yeast, and invertebrates (38, 39). In vivo studies suggest
that trehalose is able to protect membranes and proteins from
deleterious alterations that can occur due to dehydration or
oxidative stress (32, 40). Putrescine is found in many organisms,
including plants, where its levels have been shown to increase in

Fig. 5. Cold-acclimated Arabidopsis Cvi-1 plants are deficient in metabolites that increase markedly in cold-acclimated Ws-2 plants and accumulate in
nonacclimated transgenic Arabidopsis Ws-2 plants overexpressing CBF3. (A) Box and Whisker plots showing accumulation in cold-acclimated Ws-2 and Cvi-1
plants of 19 metabolites that increased �25-fold in cold-acclimated Ws-2 plants. Plot specifics are as described in the legend to Fig. 5. The bold text indicates
that the metabolite was not increased by CBF3 overexpression. (B) Venn diagram showing commonalities in metabolites that increased most in cold-acclimated
Ws-2 plants, increased most in nonacclimated CBF3-overexpressing Ws-2 plants, and increased more in cold-acclimated Ws-2 plants relative to Cvi-1 plants.

Fig. 6. Reduced cold-induced expression of CBF cold-response pathway genes in Arabidopsis Cvi-1 plants relative to Ws-2 plants. Transcript levels of CBF genes
(A), CBF target genes (B), and CBF independent cold-regulated genes (C).

Cook et al. PNAS � October 19, 2004 � vol. 101 � no. 42 � 15247

PL
A

N
T

BI
O

LO
G

Y
SE

E
CO

M
M

EN
TA

RY



response to multiple abiotic stresses, including low temperature
(41, 42). A number of observations indicate a role for putrescine
in plant stress tolerance, such as its exogenous application
decreasing membrane leakage caused by low temperature in
tomato (43) and mutants of Arabidopsis (ADC2) that are defi-
cient in endogenous putrescine being more sensitive to abiotic
stresses (42). Finally, ascorbate is an abundant antioxidant in
plants, providing protection against reactive oxygen species that
are produced in a variety of ways, including exposure of plants
to low temperature (44).

At present, only a few of the changes that occur in the
Arabidopsis metabolome in response to low temperature can be
ascribed to the activities of specific genes and enzymes. The
increases in free proline and the levels of sugars associated with
the raffinose pathway involve increased expression of the CBF-
targeted genes P5CS2 and AtGolS3, respectively (15, 16). Pre-
sumably other changes that occur involve the �100 identified
cold-inducible genes that encode enzymes involved in amino
acid, carbohydrate, lipid, nucleotide, and secondary metabolism
(11–13; J.V. and M.F.T., unpublished data). Integrating the
results of previous transcriptome analyses with the metabolome
results presented here, however, is substantially limited by the
fact that only �22% of the metabolites monitored in this study

were identified; most could be assigned only to a chemical
category (carbohydrate, amine, etc.) or were completely un-
known. This situation does not impact the general conclusions
that we draw here about the low-temperature metabolome and
the role of the CBF cold response pathway in configuring it.
However, it limits the assigning of metabolites to specific met-
abolic pathways. Indeed, 84 of the 114 metabolites that increased
�5-fold in response to low temperature in Ws-2 plants fell into
the unidentifiable class, 20 of which increased �25-fold. Future
identification of these metabolites will increase our understand-
ing of how metabolism is reprogrammed in Arabidopsis at low
temperature and may lead to the identification of novel metab-
olites with roles in stress tolerance.
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