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ABSTRACT

Changes in gene expression occur during cold acclimation in
a wide variety of plant species. Here we show that a number of
the polypeptides encoded by cold-regulated (cor) genes of Ara-
bidopsis thaliana L. (Heyn) and wheat share the unusual biochem-
ical property that they remain soluble upon boiling in aqueous
solution. Further, cDNA cloning in conjunction with Southern and
Northern analyses indicate that wheat has a cor gene that is
related to Arabidopsis cor47, a gene encoding a 47 kilodalton
‘boiling-stable’ COR polypeptide. We suggest it is likely that the
boiling-stable COR polypeptides have a fundamental role in plants
acclimating to cold temperatures and discuss the possibility that
they may act as cryoprotectants.

Cold acclimation is a complex response involving a variety
of physical and biochemical changes (18, 20). One of the
hallmarks of cold acclimation is increased freezing tolerance;
in many species of plants, a period of exposure to low,
nonfreezing temperature results in an increased tolerance to
freezing temperatures (18, 20). Biochemical changes that have
been associated with cold acclimation include alterations in
lipid composition, increased sugar and soluble protein con-
tent, and the appearance of new isozymes (18, 20, 24). In
most cases, the precise role that a given biochemical change
has in the cold acclimation process is uncertain. Presumably,
some contribute to the overall fitness of the plant for low
temperature survival while others have specific roles in bring-
ing about increased freezing tolerance. Indeed, it has been
demonstrated that changes in membrane lipid composition
can contribute directly to the freezing tolerance of plant cells
(24, 25). In addition, there is evidence that proline and many
simple sugars (3, 22, 26), as well as certain soluble polypep-
tides from spinach (30), have cryoprotective effects in vitro.
Whether these molecules contribute significantly to freezing
tolerance in vivo, however, remains to be determined.
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The physical and biochemical changes that occur in plants
during cold acclimation could be brought about by preexisting
structures and enzymes that undergo alterations in their prop-
erties at low temperature. It is also possible, as first proposed
by Weiser (31), that cold acclimation involves changes in gene
expression. Indeed, recent studies with a variety of plant
species have demonstrated that changes in gene expression
occur during cold acclimation (11, 27). Little is known,
however, about the nature of cold-regulated (cor) genes. Are
any of the polypeptides encoded by cor genes related at the
structural or functional level? Do plants have related cor genes
that are activated during the cold acclimation process? Do cor
genes have critical roles in freezing tolerance or some other
aspect of low temperature survival? Here we begin to address
these basic questions for cor genes from Arabidopsis and
wheat.

MATERIALS AND METHODS
Plant Material

Arabidopsis thaliana L. (Heyn) cv Landsberg erecta and
the winter wheat Triticum aestivum L. cv Winoka were grown
in controlled environment growth chambers at 21°C either
under constant fluorescent light (Arabidopsis) or a 14/10 h
day/night cycle (wheat); light intensity was approximately 120
wE m~%s™'. Arabidopsis plants (approximately 2 weeks old)
were cold acclimated by transferring them to chambers set at
5°C for 3 d with continuous light. Under these conditions,
the LTso of Arabidopsis decreases from about —3°C (nonac-
climated plants) to about —8°C (cold acclimated plants) (9; S.
J. Gilmour, unpublished results). Wheat seedlings (approxi-
mately 2 weeks old) were cold acclimated by transferring
plants to growth chambers set at either 2 or 7°C for 3 weeks
with a 14/10 h day/night cycle. Under these conditions, the
LTso of of plants decreased from about —5°C (nonacclimated
plants) to either —12°C (when acclimated at 7°C) or —15°C
(when acclimated at 2°C) (W. W. Guo, unpublished data).

RNA and DNA Extraction

Poly(A*) RNA and total DNA were prepared from Arabi-
dopsis and wheat as previously described (9, 13).
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Preparation and Screening of Wheat cDNA Library

Poly(A*) RNA was isolated from leaves of cold acclimated
wheat seedlings and double-stranded cDNA was synthesized
essentially as described by Gubler and Hoffman (10). EcoRI
linkers were added to the cDNAs and the fragments inserted
into the EcoRlI site of lambda ZAP (Stratagene). Recombinant
phage were packaged in vitro using Packagene (Promega) and
transduced into Escherichia coli BB4 (Stratagene). Approxi-
mately 10° primary recombinants were obtained. The library
was amplified once and frozen in SM buffer (SM buffer is
100 mm NaCl, 8 mM MgSO,, 50 mm Tris-HCl [pH 7.5],
0.01% [w/v] gelatin) containing 7% (v/v) DMSO (21).

Plaque lifts were prepared on Nytran membranes
(Schleicher and Schuell) using standard methodologies (1,
21). The cDNA insert from pHH7.2 (13; see text) was 3?P-
labeled by random priming (8). Hybridization was at 60°C in
buffer containing 6 X SSC (1 X SSCis 0.15 M NaCl, 0.015 m
sodium citrate), 0.5% (w/v) SDS, and 0.25% (w/v) nonfat dry
milk. Washes were done at moderate stringency: 2 X SSC,
0.5% (w/v) SDS at 60°C. Phage displaying homology to the
pHH7.2 probe were plaque purified and the cDNA inserts
‘subcloned’ in pBluescript SK™ as described by the supplier
(Stratagene).

Southern and Northern Analysis

Southern and Northern blots were prepared on Nytran
membranes using standard methods (1, 21) as previously
described (13). **P-Labeling of probes and Southern hybridi-
zation and wash conditions were the same as those used in
screening the cDNA library. Northern hybridization and wash
conditions were as described (13).

Detection of Boiling-Stable COR Polypeptides

Poly(A*) RNA was translated in vitro using a rabbit retic-
ulocyte lysate system (Promega) with [**S]methionine as ra-
diolabel. Translation products were diluted with 5 volumes
of 50 mM Tris-HCI (pH 7.0), the samples placed in a boiling
water bath for 10 min, and the insoluble material removed
by centrifugation in an Eppendorf microfuge (15 min). Poly-
peptides that remained soluble were precipitated with 7 vol-
umes of acetone and collected by centrifugation in a micro-
fuge (15 min). The pelleted material was suspended in loading
buffer (10% [v/v] glycerol, 0.01% [w/v] bromphenol blue,
2% [w/v] SDS, 60 mm Tris-HCI [pH 6.9], 100 mMm dithio-
threitol) and fractionated by SDS-PAGE (17).

Hybrid-Arrest Translation Experiments

Hybrid-arrest translations were done as described (15) using
1 ug poly(A*) RNA and 0.5 ug single-stranded DNA. Single-
stranded DNA was prepared from pHH?7.2 (the antisense
strand for the cor47 gene is produced; see text) and the cloning
vector pBluescript SK™ by phage rescue as described by Vieira
and Messing (29).

RESULTS

Cold Acclimation in Arabidopsis and Wheat is Associated
with Accumulation of Transcripts Encoding Boiling-
Stable Polypeptides

We (9, 13, 28) and others (16) have established that Arabi-
dopsis thaliana becomes more frost tolerant when exposed to
low, nonfreezing temperatures and that changes in gene
expression occur with cold acclimation. In particular, we have
observed that mRNAs encoding polypeptides of 160, 47, 24,
and 15 kD consistently accumulate in cold acclimated plants
(9, 28); accumulation of the COR160 and COR47 polypep-
tides were also detected in such plants (9, 28) (the experiments
were not designed to detect the COR24 and COR15 polypep-
tides). As a step toward determining the functions of these
COR polypeptides, we have begun to characterize their phys-
ical properties.

We have found that all four of the major COR polypeptides
share an unusual biochemical property: they remain soluble
upon boiling in aqueous solution. This was shown as follows.
Poly(A*) RNA isolated from both cold acclimated and non-
acclimated plants was translated in vitro and the polypeptide
products were fractionated either directly by SDS-PAGE or
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Figure 1. Accumulation of transcripts encoding boiling-stable poly-
peptides in cold acclimated Arabidopsis and wheat. Poly(A*) RNA
isolated from cold acclimated and nonacclimated Arabidopsis (a) and
wheat (b) was translated in vitro and the polypeptide products were
either fractionated directly by SDS-PAGE (TOTAL) or were first boiled
and treated as described in “Materials and Methods” and then frac-
tionated (BOILED). The TOTAL and BOILED samples represent
approximately 5 and 25 ul of the in vitro translation products,
respectively. Film exposures were for approximately 3 d. The gels in
(a) and (b) were 15 and 10% (w/v) polyacrylamide, respectively.
Lanes in (a) are: NA, nonacclimated; AC acclimated. Lanes in (b) are:
NA, nonacclimated; AC7, acclimated at 7°C; AC2, acclimated at 2°C.
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were first boiled, centrifuged to remove insoluble material,
and then fractionated by SDS-PAGE (Fig. 1a). As anticipated,
the boiling treatment resulted in precipitation of the majority
of the polypeptides translated from the RNA isolated from
either the acclimated or nonacclimated plants. However, the
160, 47, 24, and 15 kD COR polypeptides remained soluble.
In addition, transcripts encoding boiling-stable polypeptides
of about 18, 20, and 21 kD appeared to increase in the
acclimated plants.

The accumulation of cor transcripts encoding boiling-stable
polypeptides is not unique to Arabidopsis; it also occurs in
cold acclimated Triticum aestivum cv Winoka, a cultivar of
winter wheat. Poly(A*) RNA was isolated from cold accli-
mated and nonacclimated plants, the samples were translated
in vitro, and the polypeptides were assayed for boiling-stability
as described above. Again, boiling the in vitro translation
products resulted in precipitation of nearly all of the polypep-
tides in both the acclimated and nonacclimated samples (Fig.
1b). However, as with Arabidopsis, cor mRNAs encoding
boiling-stable polypeptides were found to accumulate in the
cold acclimated plants. In this case, boiling-stable COR poly-
peptides of about 200, 180, 80, 48, 47 (Fig. 1b), and 17 kD
(not shown) were observed.

Identification of a cDNA Clone Encoding the 47 kD
Boiling-Stable COR Polypeptide of Arabidopsis

We previously described the isolation of cDNA clones for
four cor genes from Arabidopsis (13). Hybrid-arrest in vitro
translation experiments indicated that the 47 kD boiling-
stable COR polypeptide was encoded by the transcript repre-
sented by one of these cDNA clones, pHH7.2 (Fig. 2); when
this cDNA clone was used in the arrest reaction, the 47 kD
polypeptide was absent from the boiling-stable polypeptide
profile. Hybrid-select in vitro translation reactions were con-
sistent with this result; pHH7.2 hybridized with an mRNA
encoding a 47 kD polypeptide (not shown). The gene repre-
sented by pHH7.2 was designated cor47.

Wheat has a cor Gene Related to Arabidopsis cor47

Having established that the accumulation of cor mRNAs
encoding boiling-stable polypeptides was a common response
in both Arabidopsis and wheat, we wanted to determine
whether any of the cor genes encoding these polypeptides were
conserved between the two plant species. Therefore, we con-
structed a cDNA library of poly(A*) RNA isolated from cold
acclimated Triticum aestivum cv Winoka and screened it for
clones that would hybridize with Arabidopsis cor47 (the insert
from pHH7.2 was used as the probe). Such clones were
detected, and one, pWG1, was examined further.

Southern analysis indicated that the DNA sequence ho-
mology between pWG1 and pHH7.2 mapped to the middle
region of the pHH?7.2 cDNA insert, primarily to the section
between the Xbal and Kpnl restriction sites (Fig. 3). DNA
sequence analysis of pHH7.2 indicates that this region is
within the coding sequence of the COR47 polypeptide (S. J.
Gilmour, M. F. Thomashow, unpublished data). Northern
analysis was then conducted to determine whether the wheat
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Figure 2. Hybrid-arrest translation assays indicating Arabidopsis
cDNA clone pHH7.2 represents the cor transcript encoding the 47
kD boiling-stable COR polypeptide. Poly(A*) RNA was isolated from
cold acclimated Arabidopsis and either translated in vitro without
hybrid-arrest (AC) or after hybrid-arrest with single-stranded probes
prepared from either pHH7.2 (HA7.2) or the cloning vector pBluescript
SK-~ (HAbs) (Stratagene). Poly(A*) RNA isolated from nonacclimated
Arabidopsis was also translated in vitro without hybrid arrest (NA).
Translation products from each reaction were assayed for boiling-
stable polypeptides as described in “Materials and Methods.” The
amount of radioactivity loaded in lanes AC and HA7.2 was approxi-
mately three times greater than that loaded in lane HAbs. Film
exposure was for approximately 3 d.

gene represented by pWG1 was indeed a cor gene (i.e. was
cold-regulated). The results indicated that it was; transcripts
homologous to pWG1 were only present in cold acclimated
plants (Fig. 4). Interestingly, transcripts of four different
lengths were observed: 3.3, 1.5, 1.4, and 0.8 kb. Whether the
different transcripts originate from the same gene or different
genes remains to be determined. It is also noteworthy that the
lengths of the major transcripts detected with pWG1 in wheat
(1.5 and 1.4 kb) were about the same as that detected with
pHH?7.2 in Arabidopsis (1.4 kb) (13). Thus, the wheat gene
represented by pWG1 may encode a polypeptide(s) similar in
mass to that encoded by Arabidopsis cor47. The observation
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Figure 3. DNA homology between Arabidopsis cor47 and a wheat
gene represented by pWGT1. (a) Agarose gel electrophoresis of re-
striction fragments generated by digesting pHH7 .2 with: E, EcoRl; B,
EcoRl plus BamHI; K, EcoRl plus Kpnl; and X, EcoRl plus Xbal. (b)
Southern blot of the gel depicted in (a) hybridized at moderate
stringency (see “Materials and Methods”) with the cDNA insert con-
tained in pWGH1. (c) Restriction map of the cDNA insert in pHH7.2.
The indicated restriction sites are: E, EcoRl; X, Xbal; K, Kpnl; and B,
BamHl. Distances of restriction sites from the left EcoRl site, given in
basepairs (bp), was determined by DNA sequencing (S. J. Gilmour,
M. F. Thomashow, unpublished results).

of boiling-stable polypeptides of about 47 and 48 kD in the
in vitro translations of RNA isolated from cold acclimated
wheat (Fig. 1b) is consistent with this notion.

DISCUSSION

The data presented indicate that several of the cor tran-
scripts from Arabidopsis and wheat encode polypeptides that
share the unusual biochemical property of remaining soluble
upon boiling in aqueous solution. In addition, the data indi-
cate that at least one wheat cor gene is related to an Arabidop-
sis cor gene, specifically cor47. Given the evolutionary dis-
tance between Arabidopsis and wheat, it is probable that the
accumulation of cor mRNAs encoding boiling-stable polypep-
tides will prove to be a common low temperature response in
plants. Indeed, initial studies indicate that the response also
occurs in both spinach and Solanum acaule (C Lin, unpub-
lished results). It would also seem likely that genes related to
Arabidopsis cor47 will be found in additional plant species.

Future studies will determine whether this is true and whether
any of the other Arabidopsis or wheat cor genes have coun-
terparts in other plants.

The finding that certain cor genes encode boiling-stable
polypeptides is significant in terms of their potential function.
First, it strongly suggests that the expression of these genes in
response to low temperature is not fortuitous. If it were, it
would be improbable that so many would encode polypep-
tides sharing the same unusual property, boiling-stability, and
that such a large proportion of the boiling-stable polypeptides
would be cold-regulated. Further, it would seem unlikely that
wheat would have a gene related to one of the Arabidopsis
cor genes and that it too would be cold-regulated. In our view,
the more likely situation is that the cor genes encoding boiling-
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Figure 4. Northern analysis indicating that pWG1 represents a wheat
cor gene. Poly(A*) RNA was isolated from nonacclimated (NA) and
cold acclimated (AC) wheat. Samples were fractionated on denaturing
formaldehyde-agarose gels and Northem blots prepared and hybrid-
ized with ®P-labeled insert from pWG1. The approximate lengths of
the transcripts are indicated in kilobases (kb).
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stable polypeptides have a fundamental role in plants accli-
mating to cold temperatures and that the boiling-stable nature
of the polypeptides is reflective of their function.

What function(s) might the boiling-stable COR polypep-
tides have? One possibility is suggested by the work of Volger
and Heber (30). These investigators have reported that cold
acclimated spinach synthesizes polypeptides that, on a molar
basis, are greater than 1000 times more effective in protecting
thylakoid membranes against freezing damage (in vitro) than
are known low mol wt cryoprotectants such as sucrose and
glycerol. Intriguingly, these polypeptides appear to have dis-
tinctive features in common with the Arabidopsis and wheat
COR polypeptides described here: notably cold-regulation
(the polypeptides were detected in cold acclimated plants but
not in nonacclimated plants) and heat-stability (they were not
irreversibly denatured by high temperatures). In addition, the
spinach polypeptides were found to be very hydrophilic. Like-
wise, DNA sequence analysis (S. J. Gilmour, M. F. Tho-
mashow, unpublished results) of the Arabidopsis cor cDNA
clone pHH7.2 indicates that the 47 kD boiling-stable COR
polypeptide is very hydrophilic (presumably it is this property
that accounts for COR47 remaining soluble upon boiling).
Given these similarities, the possibility is raised that the
Arabidopsis and wheat COR polypeptides are analogs of the
spinach cryoprotective polypeptides. Current efforts are di-
rected at determining whether the Arabidopsis and wheat
COR polypeptides have cryoprotective properties and whether
they contribute significantly to the freezing tolerance of cold
acclimated plants.

A final point regards the potential relationship between the
boiling-stable COR polypeptides and another family of heat-
stable polypeptides, the late-embryogenesis-abundant (LEA)
proteins (6). LEA proteins, like the boiling-stable COR poly-
peptides, remain soluble upon boiling (4, 14) and are very
hydrophilic (4, 6, 14, 19). They are normally produced late
in embryogenesis just prior to seed desiccation (7) and in
certain cases, they have been shown to be synthesized in plant
seedlings in response to water stress (4, 19). It has been
suggested that the LEA proteins might have a role in desic-
cation and drought tolerance (2, 4, 14). A potential connection
between cold acclimation and tolerance to desiccation and
drought lies in the fact that plant cells become severely
dehydrated during a freeze-thaw cycle (18, 20, 24). Freezing
tolerance must, therefore, include tolerance to dehydration.
In this context it is of interest that drought stress has been
observed to increase the freezing tolerance of wheat (23), rye
(23), and cabbage (5). In addition, we have shown that tran-
scripts for the 47 kD boiling-stable COR polypeptide accu-
mulate in water stressed Arabidopsis (13) and Hahn and
Walbot (12) have reported that a /ea gene of rice, rab21, is
induced in response to low temperature. Taken together, these
results suggest the possibility that freezing and drought toler-
ance involve related genetic mechanisms that include the
action of cor and lea genes. Future studies will be directed at
testing the validity of this notion.
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