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ABSTRACT

We have isolated, sequenced, and expressed a cold-specific
cDNA clone, Wcs120, that specifically hybridizes to a major mRNA
species of approximately 1650 nucleotides from cold-acclimated
wheat (Triticum aestivum L.). The accumulation of this mRNA was
induced in less than 24 hours of cold treatment, and remained at
a high steady-state level during the entire period of cold acclima-
tion in the two freezing-tolerant genotypes of wheat tested. The
expression of Wcs720 was transient in a less-tolerant genotype
even though the genomic organization of the Wcs720 and the
relative copy number were the same in the three genotypes. The
mRNA level decreased rapidly during deacclimation and was not
induced by heat shock, drought, or abscisic acid. The Wcs120
cDNA contains a long open reading frame encoding a protein of
390 amino acids. The encoded protein is boiling stable, highly
hydrophilic, and has a compositional bias for glycine (26.7%),
threonine (16.7%), and histidine (10.8%), although cysteine, phen-
ylalanine, and tryptophan were absent. The WCS120 protein con-
tains two repeated domains. Domain A has the consensus amino
acid sequence GEKKGVMENIKEKLPGGHGDHQQ, which is re-
peated 6 times, whereas domain B has the sequence
TGGTYGQQGHTGTT, which is repeated 11 times. The two do-
mains were also found in barley dehydrins and rice abscisic acid-
induced protein families. The expression of this cDNA in Esche-
richia coli, using the T, RNA polymerase promoter, produced a
protein of 50 kilodaltons with an isoelectric point of 7.3, and this
product comigrated with a major protein synthesized in vivo and
in vitro during cold acclimation.

Cold-tolerant plants require a growth period at low tem-
perature to trigger the appropriate genes needed for subse-
quent winter survival. During this period of cold acclimation,
numerous biochemical, physiological, and metabolic func-
tions are altered in plants. Previous biochemical and molec-
ular analyses have demonstrated differential gene expression
and the synthesis of a specific subset of proteins during cold
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acclimation in several species (2, 3, 5-7, 10, 14-16, 20). Using
differential hybridization, several cold-regulated cDNAs
have been recovered. Accumulation of the corresponding
mRNAs for some of these cDNAs is also regulated by water
stress and/or ABA (14, 15), whereas others are specifically
regulated by low temperature (16).

Desiccation often accompanies cold acclimation and freez-
ing stress (10). Therefore, it is not surprising that genes
responsive to water deficit and ABA are also induced during
cold acclimation. Members of such a gene family, Rab,? have
been shown to be induced by drought and ABA in rice (17),
and by cold in maize (3). Similarly, a set of genes encoding
proteins called dehydrins are induced by drought in barley
and maize (4). LEA proteins are also synthesized by many
plants during embryogenesis while the embryo is undergoing
desiccation (1). These desiccation-induced proteins, LEA and
RAB, are also induced by ABA. These are extremely hydro-
philic proteins and are thought to provide protection to
cellular constituents during desiccation stress (1). However,
there is no evidence that LEA and dehydrins are induced or
regulated by cold.

Using genotypes of wheat differing in their capacity to
develop freezing tolerance, we have demonstrated (5, 6, 20)
a correlation between the level of synthesis of a specific set
of proteins and the capacity of each genotype to develop
freezing tolerance. To understand the function of these pro-
teins and the molecular basis for freezing tolerance, we began
the isolation and analysis of the genes involved in the cold
acclimation of wheat. Here we report the analysis of a cDNA
clone, Wcs120, representing an abundant cold-induced
mRNA. This mRNA is specifically induced by low tempera-
ture. The level remains high during cold acclimation in two
freezing-tolerant wheat (Triticum aestivum L.) varieties but
declines in a less tolerant spring variety. The possible function
of the gene product is also discussed.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Spring wheat (Triticum aestivum L. cv Glenlea) and winter
wheat (T. aestivum L. cv Fredrick and cv Norstar) were grown

2 Abbreviations: Rab, rice abscisic acid-induced; LEA, late embry-
ogenesis abundant; LTso, 50% killing temperature; ORF, open reading
frame; kb, kilobase; IPTG, isopropyl-8-p-thiogalactopyranoside.
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under controlled environments. They were cold-acclimated
as previously described (6). For ABA treatment, 7-d-old seed-
lings were watered daily with Hoagland solution containing
10~° M ABA (Sigma) for 4 d under normal growth conditions
(24/20°C, day/night with a 15-h light period, 450 pmol.
m~2.s7"). As expected, ABA-treated plants showed a reduced
growth rate compared with the control, indicating that ABA
elicited the proper physiological response. Water stress was
induced by withholding water until the plants became visibly
wilted. Heat-shock was performed by incubating seedlings at
40°C for 3 h. This treatment was sufficient to induce typical
heat-shock proteins as described in our previous work (5).
Deacclimation was performed by returning the cold-accli-
mated (36 d at 4°C) plants to normal growth conditions for
lor5d.

Construction and Screening of the cDNA Library

Poly(A)* RNA was isolated from cold-acclimated winter
wheat Norstar (6). A cDNA library was constructed in lambda
ZAPII (Stratagene) using EcoRI-Not] linkers from Pharmacia,
and transformed into Escherichia coli strain XL1 blue. The
cDNA library was screened with *’P-labeled cDNA probes
prepared from poly(A)* RNA isolated from cold-acclimated
and nonacclimated wheat plants. The colonies showing an
increased hybridization signal with cold-acclimated cDNA
probes were selected and purified. The screening of the
library and all the recombinant DNA techniques were per-
formed as described (25). A clone, p2.1, like the majority of
the clones, did not display differential hybridization during
cold acclimation and was used to control the equal loading
of RNA on the northern blots.

Northern and Southern Blot Analysis

Poly(A)* RNA (4 pg) samples were mixed with ethidium
bromide before electrophoresis on formaldehyde agarose
gels, as suggested (24). After electrophoresis, RNA or DNA
was transferred to nitrocellulose membranes (BAS-85,
Schleicher & Schuell) in 20 X SSC. The filters were air-dried
then baked for 1 h at 80°C prior to hybridization with the
32P-labeled pWcs120 insert (22). Filters were washed at 55°C
with several buffer changes of decreasing SSC concentration
(5 to 0.1X) and then autoradiographed on Kodak XRP films
with intensifying screens (DuPont, Cronex Lightning plus) at
—80°C.

Genomic DNA was prepared from shoots of 8-d-old seed-
lings as previously described (23), and DNA samples (10 pg)
were digested with appropriate restriction endonucleases
prior to electrophoresis. Slot blotting was performed as rec-
ommended by the manufacturer of the apparatus (Schleicher
& Schuell).

DNA Sequence Analysis

Plasmid DNA was prepared, and deletion subclones were
generated using Exonuclease III and VII, as described (29).
Plasmids were sequenced by the dideoxynucleotide chain-
termination method (26).

A computer-aided search of protein sequences was carried
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out with the Genetic Computer Group’s Sequence Analysis
Software package, version 6.0, with a Vax computer (Uni-
versity of Montreal). The database was searched with the
TFASTA program.

Expression of Wcs120 in E. coli

Plasmid pWcs120 was mutated using polymerase chain
reaction to introduce a Ndel restriction site at the ATG start
codon and a BamHI site just after the stop codon. For this
purpose, two oligonucleotides were synthesized using the
Gene Assembler from Pharmacia. The first oligonucleotide,
5'-AGTGAGGAtCcCAGCGCcAtATGGAGAAC-3', was
homologous to the coding strand of Wcs120 with the excep-
tion of four nucleotides (lowercase) to introduce BamHI and
Ndel sites. The second oligonucleotide, 5’-GTTGTCCG-
GTGgAtcCTTAAAC-3’, was complementary to the coding
strand with the exception of three nucleotides to produce a
BamHI site. Amplification using the Tagl DNA polymerase
(Perking-Elmer Cetus corporation) and subcloning into pUC9
and pET vectors was performed (18). The inserted, amplified
fragment was then digested with Ndel and BamHI and ligated
into Ndel-BamHI-digested plasmid pET11a. This placed the
entire coding frame, including the start methionine codon,
directly downstream of the T, promoter to allow a high level
of expression in E. coli. Expression was performed in BL21
(DE3). At an Ao of 0.6, 1 mm IPTG was added to the
bacterial suspension, and 3 h later the bacteria were collected
by centrifugation and resuspended in 0.1 volume of electro-
phoresis buffer for analysis.

Protein Purification and Analysis

To purify the expressed protein, bacterial cells were sus-
pended in 5 to 10% of the culture volume of 50 mm Tris (pH
8.0), 10 mm EDTA. After one freeze-thaw cycle, the cells
were disrupted by sonication and the lysate was centrifuged
at 15,0008 for 15 min. The supernatant was boiled for 20
min and then centrifuged at 15,0008 for 20 min to eliminate
insoluble proteins. The boiling-stable proteins were precipi-
tated from the supernatant with ice-cold acetone and col-
lected by centrifugation. The proteins were solubilized in
electrophoresis buffer and separated on a 10% preparative
polyacrylamide gel (13). The expressed protein was excised
and electroeluted for 3 h. The eluted protein was then pre-
cipitated with acetone and analyzed by two-dimensional gel
electrophoresis as previously described.

To compare the E. coli-expressed protein with that synthe-
sized in vitro, Poly(A)* RNA from cold-acclimated and non-
acclimated wheat were translated in a wheat germ system
and analyzed by two-dimensional gel electrophoresis as pre-
viously described (6).

RESULTS

Isolation of a Cold-Specific cDNA Encoding a 50-kD
Protein

cDNAs corresponding to cold-regulated mRNAs were iso-
lated by differential screening and confirmed by northern
blot analysis. One clone, representing approximately 0.1% of
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the library based on reprobing with the purified insert, was
chosen for further characterization. This 1.5-kb clone was
designated Wcs120 for wheat cold-specific gene. Northern
analysis (Fig. 1) showed that Wes120 hybridized preferentially
to mRNA induced during cold acclimation of the three wheat
genotypes tested. In nonacclimated plants, this mRNA was
barely detectable during normal growth (NA7 and NA:;). The
size of the major mRNA species was estimated at 1.65 kb
and that of the cDNA insert was 1522 base pairs. Other
mRNA species, ranging in size from 0.8 to 5 kb, shared some
homology with the cloned cDNA. After washing at higher
stringency (68°C, 0.1 X SSC), only the 1.65-kb and a minor
1.85-kb mRNA band hybridized.

In two freezing-tolerant genotypes, Fredrick and Norstar
(LTso of —16 and —19°C, respectively), the Wcs120 mRNA
increased to its highest level after only 24 h of cold acclima-
tion at 4°C and remained at a high level throughout the
required cold-acclimation period (36 d) (Figs. 1B and C: A,,
A,, and Aje). The abundance of mRNA during the acclimation
period was genotype-dependent, because in the less freezing-
tolerant genotype Glenlea (LTso of —8°C), transcripts declined
sharply during the later part of the acclimation period, i.e.
after 36 d (Fig. 1A: Ay, Ae, Ase). After 1 d of cold treatment,
the Wcs120 levels were over 20 times that of the nonaccli-
mated control plants for all three genotypes. When cold-
acclimated plants were deacclimated at 24°C, message abun-
dance declined to the level of control plants (Fig. 1: D,, Ds).
After 24 h at 24°C, before the plants showed any significant
loss in their freezing tolerance, the level of mRNA was
already markedly decreased. These results indicated that the
accumulation of Wcs120 mRNA was up-regulated by low
temperature and that message levels correlated with the
capacity of each genotype to develop and maintain freezing
tolerance.
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Figure 2. Northern blot analysis of mRNA hybridized with Wcs120
after different treatments. Poly(A)* RNAs (4 ug) isolated from plants
grown as described in “Materials and Methods” were separated and
probed as described in Figure 1. ABA, Plants treated with ABA for
4 d; DR, water-stressed plants visibly wilted; HS, plants treated at
40°C for 3 h. Other symbols as in Figure 1. Exposure was for 20 h.

Specificity of the Induction of Wcs720 mRNA

To determine if the Wcs120 mRNA accumulation was spe-
cifically regulated by low temperature, we measured it after
water stress, heat-shock, and the application of exogenous
ABA, a hormone known to enhance cold tolerance in callus
and cell suspension cultures (10, 19, 21) and to a limited
degree in intact plants (15). Wes120 mRNA was not induced
by these factors (Fig. 2; note that the exposure time is 10
times longer than for Fig. 1). To confirm this observation, it
was of interest to determine whether ABA is in fact taken up
by the plants in quantities sufficient to elicit the typical
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Figure 1. Northern blot analysis of mRNA hybridized with Wcs120 during cold acclimation and deacclimation of wheat. Poly(A)* RNAs (4
ug) isolated from nonacclimated, cold-acclimated, and deacclimated wheat plants were separated by agarose gel electrophoresis in the
presence of formaldehyde and then transfered to nitrocellulose membranes. The blots were probed with *’P-labeled cDNA insert from
plasmid pWcs120. The final wash was at 55°C in 0.1 X SSC containing 0.1% SDS. Bands were visualized by autoradiography. A control probe
(p2.1) was used to verify the equal RNA loading on the gel. NA; and NA,,, Control plants (nonacclimated) grown for 7 and 12 d; As, As, and
Ase, plants cold acclimated for 1, 6, and 36 d; D, and Ds, plants deacclimated for 1 and 5 d. The plants used in the deacclimation experiment
had been cold acclimated for 36 d. A, Glenlea; B, Fredrick; C, Norstar. Exposure was for 2 h.
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1 CGAGTGAGGAGCTCAGCGCAAGATGGAGAACCAGGCACACA

(1) M E N QA EHEHIAGTETIKTKSG
61  CATCATGGAGAAGATCAAGGAGAAGCTCCCCGGCGGCCACGGCGACCACAAGGAGACCGC
(14) 1 _M E K I K E K L P G G B GDEKGET A
121  TGGTACCCACGGGCACCCCGGCACGGCGACGCA'

TGGTGCCCCGGCCACTGGTGGTGCCT:
(34)G?BGIPGTITIGAPA[!GGAY
GGGCAGCAGGGTCACGCTGGAACCACCGGCACGGGGTTGCA!

181 [of TGGCGCCCACGCCGGCGA
(54) [] § a G H A G T T! G T G L BE G A EHBAG E
241 GAAGAAGGGCGTCATGGAGAACATCAAGGACAAGCTCCCTGGTGGCCACCAGGACCACCA

481 GGCGAGAAGAAGGGCGTCATGGAGAACATCAAGGAGAAGCTCCCTGGTGGCCA
(15) 6 T 6 K K K G V M E N I K E K L P G G H
541  CGGTGACCACCAGCAGACCGGTGGTACCTACGGGCAGCAGGGACACACCGGCACGGCGAC
(174) 6 D B O Q T Y G Q Q0 G H T G T AT
601  GCATGGCACCCCGG CACCTATGAGCAGCACGGACACACCGGGATGACCGG
(194) HBH G T P A T Y E Q H G H T G M G

661  CACAGGGACACACGGCACT
(214) T G T H G T
721 cc

GCGAGAAGAAAGGCGTCATGGAGAACATCAAGGACAAGCT

GGTGGCACCTACGGGCAGCAGGGACACAC
781 3GCACGGCGACACAGGGCACCCCGGCCGGCCGCGGCACCTATGAGCAGCATGGACACAC

[

(254) G T Q G T P A H T
841  CGGGATGACCGGCGCGGGGACACACAGCACTGGCGAGAAGAAGGGCGTCATGGAGAACAT
(274)_eur]cacrnsrg]gggg;:!:
901  CAAGGAAAAGCTCCCTGGTGGCCACAGTGACCACCAGCAGACCGGTGGAGCCTACGGGCA
(294) K E K L P G G H S D H O Qf G _A G
961  GCAGGGACACACCGGCACGCGACACATGGCACCCCTGCCGGCGGGCACCTACGGGCAGCA
(314) [} G T R]E M A[P L » A T_Y Q B
1021  TGGACACGCTGGAGTGATCGGCACGGAGACGCATGGCACCACG CCGGCGGCACCCA
(334) "8 A GV IlGTETEGTTAITS T §
1081 SAGCAC! GGCTCCGACGGGATCGG
(354) G _Q ® ITGTT'GTGTIGSDGIL

GAGAAGAAGAGCCTCATGGACAAGATCAAGGA!

1141 C TAAGCTGCCTGGACAGCACTGAGCCCG
£ K K S L M D K I K D KL P G Q H

1201  GTCTGCCCGCGGCCGCTACCCTTGCAGAATAATAACCCCACCGTGTATAAGTTAATTGAG

1261  TCTAGTTCACCTAGCTCACTTGGTCGTTGGAGGAGAGAATGTATTATGTATCTTGGTTTA

1321 AGTTTTCACGGACAACAGTGTGTTCACAGTTTTCTTCTGTTTACACTCTGTAGTGCAAAT

1381 TCGTTTAAGTTTTCACGGACAAC. AC TTTCTTCTGTTTACACTCTGTAG

1441 TGCAAATTTCGTTTTTGTTCTTTTTTTTTTTGTCCATCTTATCCAAGAGACAGACGCAGC

1501 GAAAAAAAAAAAAAAAAARAAA

Figure 3. Nucleotide and deduced amino acid sequence of
Wcs120. The DNA sequence was obtained on both strands by the
chain termination method. Domain A (repeated 6 times) is under-
lined, and domain B (repeated 11 times) is boxed. GenBank Acces-
sion No.: M93342.

physiological response. The quantitative analysis indicates
that the treatment of wheat plants with 10~ M ABA results
in an increase in endogenous ABA content of more than 10-
fold, to a level observed with water-stressed wheat plants
(8). In addition, using a dehydrin antibody kindly provided
by Dr. T. Close, we detected several dehydrins in the dehy-
drated and ABA-treated wheat plants. Heat-shocked plants
showed the typical induction of heat shock proteins, as we
have shown in our previous in vitro RNA translation study
(5). These results suggested that the Wcs120 mRNA was cold-
specific. It is also induced very early during low temperature
exposure, because an increased level of mRNA was detectable
after 3 h of growth at 4°C (results not shown).

Nucleotide Sequence of Wcs720 and Its Predicted Amino
Acid Sequence

The nucleotide sequence of the Wcs120 cDNA clone con-
tains a long ORF of 390 amino acids with an ATG codon at
nucleotide 23 and the poly(A) tail starting 306 nucleotides
downstream from the stop codon (Fig. 3). The calculated
molecular mass of the polypeptide is 39,022 D with an
isoelectric point of 7.77. The predicted protein has a compo-

Plant Physiol. Vol. 99, 1992

sitional bias for Gly (26.7%), Thr (16.7%), and His (10.8%).
These three amino acids account for 54% of the polypep-
tide, whereas Cys, Phe, and Trp are absent. The predicted
protein contains two repeated domains. The A repeat is
basic and has the consensus sequence GEKKGVMENI-
KEKLPGGHGDHQQ, which is repeated six times in the ORF
(underlined, Fig. 3). The B repeat (boxed) contains 14 amino
acids (consensus sequence TGGTYGQQGHTGTT) and is re-
peated 11 times.

A computer search revealed that repeats A and B are found
in the dehydrin and RAB protein families, with the exception
that the B repeat was not found in dehydrins 8 and 9 (4).
Outside these repeats, very little homology was found be-
tween WCS120 and these two protein families with the
exception that all the predicted polypeptides start with ME
and, at the carboxy tail, share a stretch of 18 highly conserved
amino acids ending with QH. These similarities suggest that
WCS120 could share a function with the dehydrins and RAB
families. On the other hand, the conserved sequence
S5GSSSSSSS, found in all RAB and dehydrin proteins, was
conspicuously absent in WCS5120.

Identification of the Polypeptide Encoded by Wcs120

To identify the encoded protein, the Wcs120 ORF was
expressed in E. coli. The protein was purified from E. coli
(Fig. 4) and compared with the in vitro translation products
of RNA isolated from nonacclimated and cold-acclimated
plants (Fig. 5). The protein synthesized by bacteria was
boiling stable and co-migrated with a 50-kD protein produced
by mRNAs isolated from the cold-acclimated plants. The
protein produced in the bacteria also co-migrated with a
protein that accumulated in vivo during cold acclimation,
suggesting that little or no posttranslational modifications
were occurring in the intact plants and that, in both species,
the first initiation codon, at position 23, was probably used.
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Figure 4. SDS-PAGE analysis of proteins present in E. coli trans-
formed with plasmid pEWcs120. Lane 1, non-transformed; lane 2,
transformed and induced with 1 mm IPTG; lane 3, nontransformed
boiled extract; lane 4, transformed and induced boiled extract; lane
5, induced purified protein. The proteins were analyzed on a 10%
polyacrylamide gel and visualized by staining with Coomassie blue
R-250. The arrow indicates the presence of the 50-kD protein in
pEWCcs120-transformed cells induced with IPTG. The molecular
mass markers are shown on the right side (kD).
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Figure 5. Two-dimensional gel electrophoretic analysis. A, In vitro
translation products of mRNAs isolated from control (nonaccli-
mated) winter wheat Fredrick. B, In vitro translation products of
mRNA:s isolated from cold-acclimated winter wheat Fredrick. Circle
indicates the 50 kD-protein induced during cold acclimation. C,
Purified protein expressed in E. coli transformed with pEWcs120.
The protein had identical molecular weight and isoelectric point as
that synthesized in vitro and in vivo.

A discrepancy between the calculated and apparent molecu-
lar masses on SDS-PAGE was observed (39 versus 50 kD).
This discrepancy likely results from the avid binding of SDS,
as suggested for other plant stress proteins with skewed
amino acid composition (28).

Genomic Organization and Relative Gene Copy Number
in the Three Genotypes

Genomic DNA from the three genotypes was purified and
digested with several restriction enzymes to determine if the

Figure 6. Southern blot analysis of wheat genomic DNA. Wheat
DNA (10 ug) from three genotypes was digested with 12 different
restriction enzymes, separated on agarose gel electrophoresis,
transfered to nitrocellulose, and then probed with Wcs120. Lane 1,
Apal; lane 2, Kpnl; lane 3, Sacl; lane 4, Hindlll; lane 5, Pstl; lane 6,
Pvull; lane 7, BamHI; lane 8, EcoRl; lane 9, Xbal; lane 10, Sall; lane
11, Xhol; and lane 12, Smal. A, Glenlea; B, Fredrick; C, Norstar.
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general organization was the same in the winter and spring
varieties. Because all DNA fragments detected were present
in the three genotypes, it appears that there were no major
differences in this organization (Fig. 6). Because cultivated
wheat is hexaploid, multiple bands are expected for enzyme
sites outside the coding region (lanes 1, 4, 5, 6, 7, 8, 9, 10,
11). Three strong hybridizing fragments were detected after
digestion with 12 enzymes, indicating that wheat contains
only 3 loci corresponding to Wcs120. The other weakly hy-
bridizing bands may correspond to other members of the
putative gene family that were detected on northern blots
(see Figs. 1 and 2). The relative gene copy number, as
measured by slot blots, was the same in the three genotypes
(not shown).

DISCUSSION

Cold acclimation is associated with complex physiological
changes and is mediated by alterations in the mRNAs and
proteins present in cold-treated cells. A number of proteins
and mRNAs have been identified that change in abundance
during cold treatment (6, 10, 14, 20, 21). The isolation of
cDNA clones regulated by low temperature has been reported
in alfalfa (15, 16), Arabidopsis (12), and barley (2, 7). In
addition, one maize gene of known function, Adh-1, encoding
alcohol dehydrogenase, has been shown to be induced in
maize roots and rice shoots and roots (3). However, this
change may be more related to the sudden drop in tempera-
ture (cold shock) rather than to the process of cold acclima-
tion, because it is known that both maize and rice are rela-
tively cold sensitive and do not acclimate.

We have previously shown that cold acclimation of wheat
is associated with the de novo synthesis of several polypep-
tides and the accumulation of their mRNAs. This induction
was positively correlated with the capacity of plants and
tissues to develop freezing tolerance (5, 6, 20). To elucidate
which genes are induced, we constructed a cDNA library
from cold-acclimated plants and screened it to isolate a cDNA
induced in acclimated plants. A cDNA clone containing the
entire ORF of a protein produced in large quantity during
cold acclimation was obtained.

Northern analysis indicated that accumulation of the
mRNA was associated with the induction of freezing toler-
ance and regulated specifically by low temperature. Its in-
duction and repression were very rapid in response to tem-
perature shifts. Higher levels of mRNA were detected as early
as 3 h after low temperature exposure and declined rapidly
upon deacclimation. The high level of accumulation and the
continued presence of this mRNA during cold acclimation
suggested that a constant level was required for the accu-
mulation of a sufficient amount of the 50-kD protein for the
development of freezing tolerance. This assumption is sup-
ported by the decrease in mRNA accumulation during the
later part of the acclimation period in the spring genotype
Glenlea, a variety with less capacity to develop freezing
tolerance. This lower capacity could also be explained by a
different genomic organization or gene copy number that
could lead to a lower expression of the appropriate tran-
scripts. Based on both Southern and slot blot analyses (data
not shown), however, the relative gene copy number and
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gene organization proved to be the same for all three geno-
types. Thus, the difference in tolerance is more likely the
result of differences in gene regulation involving either tran-
scription or mRNA stability. A comparable level of mRNA
was present in all three genotypes after 1 d of cold acclima-
tion, suggesting that the cold induction of initial mRNA
accumulation is similar. After 36 d of cold acclimation, how-
ever, the less tolerant variety Glenlea had 10-fold less mRNA.
These results are consistent with our earlier observations that
in vivo- or in vitro-synthesized proteins specific to cold accli-
mation were less abundant at the end of the acclimation
period in the spring variety Glenlea than in the winter
varieties (6, 20). It is of a great importance to explain, at the
molecular level, how the differential maintenance of mRNAs
is regulated. Understanding this question may also give a
clue to how low temperature regulates gene expression and
results in the increase in freezing tolerance.

A computer search of data banks revealed no similarities
with any gene of known function or with cold-induced genes
found in other cereals such as barley (2, 7) or in Arabidopsis
(12). Cross-hybridization of Wcs120 with the alfalfa clones
obtained by Mohapatra et al. (15, 16) also showed that these
clones were different. On the other hand, the WCS120 poly-
peptide contains two repeated domains that are highly con-
served among the RAB and dehydrin families. With northern
analysis, however, we did not detect any induction of Wcs120
(or related mRNAs) from water-stressed or ABA-treated
plants. This could result from the periodic nucleotide mis-
matches between Wcs120 and the Rab and dehydrin genes,
even in the most conserved regions. Sequence analysis also
showed that the WCS120 lacked the serine-rich sequence
that characterize the RAB and dehydrin proteins. However,
the presence of these repeats in the three protein families
indicate a common feature or function. A high proportion of
hydrophilic residues is present in all three protein families,
as is the case for LEA proteins present in maturing embryos
(1), and for cold-induced proteins found in other plants (2,
7, 12), in insects (30), and in E. coli (9). The absence of
hydrophobic regions indicated that these proteins are prob-
ably not membrane-bound.

It has been reported for wheat and Arabidopsis that several
polypeptides induced or accumulated during cold treatment
remain soluble during boiling in aqueous solution (5, 14).
This property was previously observed for LEA proteins and
dehydrins (4, 11). The large number of hydrophilic residues
probably confers a very flexible backbone and this is likely
responsible for the boiling stability of these proteins, includ-
ing the 50-kD protein identified in our work, because they
would not have to renature after boiling. The high Gly
content (26%) of the 50-kD protein may confer a high flexi-
bility and mobility to the protein as found in several Gly-rich
proteins such as elastin. The small size of the Gly molecule
and its short side chain gives it a unique function in the
structure of several proteins. It facilitates the formation of
intramolecular hydrogen bonding and thus gives the protein
a random coil conformation. This property allows the protein
to stretch, bend, and expand in all directions, a property that
could be useful to protect cellular structures against freezing
or severe dehydration. Physicochemical characterization of
this protein should help to verify this assumption. The sig-
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nificance of these properties is still unclear but the high
hydrophilicity may also be important in hydrogen bonding
to the lattice of nascent ice crystals, thus modifying the
structure or propagation of ice crystals, which may reduce
intracellular freezing damage during winter. The high hydro-
philicity of these proteins may also be important in trapping
enough water inside the cell to prevent local dehydration
that may occur during freezing or water stress (10, 27).

Drought stress was shown to increase the freezing tolerance
(10). This suggests that some features must be common
between the proteins induced during these different stresses.

The absence of the serine-rich repeat and the specific
induction of Wcs120 mRNA early during cold acclimation,
before any increase in osmotic pressure, cell dehydration, or
ABA content occurs (data not shown), suggested that the
Wcs120 gene was regulated differently from the Rab and
dehydrin families. The molecular mass of the WCS120 pro-
tein is much higher than the known RAB and dehydrin
protein masses. The striking recurrence of the common re-
peats in WCS120, RAB, and dehydrin proteins suggests that
survival at low temperature and during water stress requires
large amounts of these unusual proteins. The production of
antibodies to WCS120 for immunohistochemical analysis and
physiological studies is in progress. We also plan a more
detailed physicochemical characterization of the purified pro-
tein to better understand its possible function. Preparation of
transgenic plants with sense and antisense expression vectors
should help in better defining the role of this protein during
cold acclimation.

ACKNOWLEDGMENTS

The authors are grateful to Marc Desforges for technical assistance
in sequencing the Wcs120 cDNA, to Dr. Virginia Walbot for critically
reading the manuscript and making useful suggestions, and to Dr. T.
Close for providing the anti-dehydrin antibody.

LITERATURE CITED

1. Baker J, Steele C, Dure L III (1988) Sequence and characteriza-
tion of 6 Lea proteins and their genes from cotton. Plant Mol
Biol 11: 277-291

2. Cattivelli L, Bartels D (1990) Molecular cloning and character-
ization of cold-regulated genes in barley. Plant Physiol 93:
1504-1510

3. Christie PJ, Hahn M, Walbot V (1991) Low-temperature accu-
mulation of alcohol dehydrogenase I mRNA and protein ac-
tivity in maize and rice seedlings. Plant Physiol 95: 699-706

4. Close TJ, Kortt AA, Chandler PM (1989) A cDNA-based com-
parison of dehydration-induced proteins (dehydrins) in barley
and corn. Plant Mol Biol 13: 95-108

5. Danyluk J, Rassart E, Sarhan F (1991) Gene expression during
cold and heat shock in wheat. Biochem Cell Biol 69: 383-391

6. Danyluk J, Sarhan F (1990) Differential mRNA transcription
during the induction of freezing tolerance in spring and winter
wheat. Plant Cell Physiol 31: 609-619

7. Dunn MA, Hughes MA, Pearce RS, Jack PL (1990) Molecular
characterization of a barley gene induced by cold treatment. ]
Exp Bot 41: 1405-1413

8. Gagné Y (1991) Role de l'acide absicissique lors de 'acclimata-
tion au froid chez le blé. MSc Thesis, Université du Québec a
Montréal

9. Goldstein J, Pollitt NS, Inouyé M (1990) Major cold shock

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

1387

protein of Escherichia coli. Proc Natl Acad Sci USA 87:
283-287

Guy CL (1990) Cold acclimation and freezing stress tolerance:
role of protein metabolism. Annu Rev Plant Physiol Plant Mol
Biol 41: 187-223

Jacobsen JV, Shaw DC (1989) Heat-stable proteins and abscisic
acid action in barley aleurone cells. Plant Physio' 91:
1520-1526

Kurkela S, Franck M (1990) Cloning and characterization of a
cold- and ABA-inducible Arabidopsis gene. Plant Mol Biol 15:
137-144

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227:
680-685

Lin C, Guo WW, Everson E, Thomashow MF (1990) Cold
acclimation in Arabidopsis and wheat. Plant Physiol 94:
1078-1083

Mohapatra SS, Poole R], Dhindsa RS (1988) Abscisic acid-
regulated gene expression in relation to freezing tolerance in
alfalfa. Plant Physiol 87: 468-473

Mohapatra SS, Wolfraim L, Poole RJ, Dhindsa RS (1989)
Molecular cloning and relationship to freezing tolerance of
cold-acclimation-specific genes of alfalfa. Plant Physiol 89:
375-380

Mundy J, Chua N-H (1988) Abscisic acid and water-stress
induce the expression of a novel rice gene. EMBO ] 7:
2279-2286

Nicolas O, Laliberté JF (1991) The use of PCR for the cloning
of large cDNA fragments of the turnip mosaic virus. J Virol
Methods 32: 57-66

Orr W, Keller WA, Singh J (1986) Induction of freezing toler-
ance in an embryonic cell suspension culture of Brassica napus
by abscisic acid at room temperature. ] Plant Physiol 126:
23-32

Perras M, Sarhan F (1989) Synthesis of freezing tolerance
proteins in leaves, crown, and roots during cold acclimation
of wheat. Plant Physiol 89: 577-585

Reaney MJT, Gusta LV (1987) Factors influencing the induction
of freezing tolerance by abscisic acid in cell suspension cultures
of Bromus inermis Leyss and Medicago sativa L. Plant Physiol
83: 423-427

Rocher-Chambonnet C, Berreur P, Houde M, Tiveron MC,
Lepesant JA, Brégégere F (1987) Cloning and partial charac-
terization of the xanthine dehydrogenase gene of Calliphora
vicina, a distant relative of Drosophila melanogaster. Gene 59:
201-212

Rogers SO, Bendich AJ (1988) Extraction of DNA from plant
tissues. In SB Gelvin, RA Schilperoort, DPS Verma, eds, Plant
Mol Biol Manual. Kluwer Academic, Dordrecht, The Nether-
lands, pp 1-10

Rosen KM, Villa-Komaroff L (1990) An alternative method for
the visualization of RNA in formaldehyde agarose gels. Focus
12: 23-24

Sambrook J, Fritsch EF, Maniatis T (1989). Molecular Cloning:
A Laboratory Manual, Ed 2. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with
chain-terminating inhibitors. Proc Natl Acad Sci USA 74:
5463-5467

Steponkus PL, Lynch DV (1989) Freeze/thaw-induced desta-
bilization of the plasma membrane and the effects of cold
acclimation. ] Bioenerg Biomembr 21: 21-41

Weretilnyk EA, Hanson AD (1990) Molecular cloning of a plant
betaine-aldehyde dehydrogenase, an enzyme implicated in
adaptation to salinity and drought. Proc Natl Acad Sci USA
87: 2745-2749

Yanish-Perron C, Vieira J, Messing J (1985) Improved M13
phage cloning vectors and host strains: nucleotide sequences
of M13mp18 and pUC19 vectors. Gene 33: 103-119

Zachariassen KE (1985) Physiology of cold tolerance in insects.
Physiol Rev 65: 799-832



