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Minireview

The wheat wcs120 gene family. A useful model to understand the
molecular genetics of freezing tolerance in cereals

Fathey Sarhan, Francois OQuellet and Alejandro Vazquez-Tello

Introduction

Sarhan, F,, Ouellet, F. and Vazquez-Tello, A. 1997. The wheat wes120 gene family. A
useful model to understand the molecular genetics of freezing tolerance in cereals. —
Physiol. Plant. 101: 439—445.

Winter, as compared with spring cereals, possess better acclimation mechanisms that
allow them to overwinter and survive freezing temperatures. This difference is geneti-
cally programmed and involves a complex genetic system. To understand the nature
of this system and its regulation by low temperature, genes associated with freezing
tolerance in wheat (Triticum aestivurn L.) were identified and characterized. Among
these, the wesl20 gene family encodes a group of proteins ranging in size from 12 to
200 kDa. As shown by biochemical, immunohistochemical, molecular and genetic
analyses, this gene family is specific to the Poaceae, highly abundant and coordinately
regulated by low temperature. Furthermore, accumulation of WCS protein is directly
correlated with the development of freezing tolerance. These analyses also revealed a
regulatory control of the vernalization process over low temperature gene expression
in winter cereals. Recent studies suggest that the molecular mechanisms controlling
the expression of these genes involve negative regulatory factors that are modulated
by phosphorylation.
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the use of genotypes of the same species that differ in
their capacity to develop FT provides valuable tools to

Low temperature (LT) acclimation allows hardy plants
to develop efficient tolerance mechanisms needed for
winter survival. During this period, numerous biochemi-
cal, physiological and metabolic functions are altered in
plants. These changes are regulated by LT at the gene
expression level. To understand the molecular basis of
adaptation to LT, efforts were focused on identifying
LT-responsive genes. Cold-induced genes and their
products have been isolated and characterized in many
species (Hughes and Dunn 1996). However, the diffi-
culty has been to separate genes associated with meta-
bolic adjustment to LT from those responsible for cold
acclimation and freezing tolerance (FT). In this respect,
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distinguish between stress and acclimation genes.

In wheat and other cereals, the expression of several
genes during cold acclimation was found to be positively
correlated with the capacity of each genotype to develop
FTI. Among these, the wcs120 gene family in wheat en-
codes a group of highly abundant proteins ranging in
size from 12 to 200 kDa. This protein family is coordi-
nately regulated by LT and accumulates to high levels in
freezing-tolerant members of the Poaceae (Houde et al.
1992b, Limin et al. 1995). Although their precise func-
tion is still unknown, their high hydrophilicity, stability
upon boiling, and structural similarity with some dehy-
drins suggest that they may be associated with the pro-
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tection of cells against desiccation or other stresses
caused by freezing. In this review, we will summarize
the general characteristics of this gene family and dis-
cuss their putative function during cold acclimation. We
will also review the recent progress in understanding the
molecular and genetic mechanisms controlling their ex-
pression at LT.

Abbreviations — CA, cold-acclimated; EMSA, electrophoretic
mobility shift assay; FT, freezing tolerance; LEA, late embryo-
genesis abundant; LT, low temperature; LTso, 50% killing tem-
perature; NA, nonacclimated; PDsp, concentration required to
give 50% residual enzymatic activity after freezing and thaw-
ing; WCOR, wheat cold-regulated; WCS, wheat cold specific.

Molecular characterization and biochemical
properties

The WCS120 group of proteins was identified in wheat
using polyclonal antibodies directed against a major
LT-induced protein of 50 kDa encoded by the wesi20
gene (Houde et al. 1992a,b). The WCS120 family con-
sists of five major proteins with molecular masses of
200, 180, 66, 50 and 40 kDa. A prolonged exposure of
the immunoblots revealed the presence of two more im-
munologically-related proteins with molecular masses of
21 and 12 kDa. Sequence analysis of 5 members of this
family has revealed the presence of two repeated do-
mains: a lysine-rich domain (GEKKGVMENIKEK-
LPG) and a glycine-rich domain (TGGTYGQQGHT-
GTT) (Chauvin et al. 1994, Danyluk 1996, Houde et al.
1992a, Ouellet et al. 1993), which vary in number ac-
cording to the molecular mass of the protein. The
WCS120 proteins are rich in glycine and threonine
(>39%), highly hydrophilic, soluble upon boiling and
have a pI above 6.5 (Tab. 1). Another common feature of
this group of proteins is the discrepancy between the cal-
culated and apparent molecular masses on SDS-PAGE,
the apparent molecular masses being much higher than
the calculated ones. This discrepancy is now a common

observation for other stress proteins with skewed amino
acid composition, and may result from the unusually
high binding of SDS by some amino acids (Weretilnyk
and Hanson 1990). The WCS66, WCOR80 and
WCOR726 proteins share, respectively, 89.7, 77.7 and
67.5% identity at the amino acid level with WCS120.
The strong homology between these proteins is due to
the presence of the repeated domains and may explain
the cross-reactivity of the anti-WCS120 antibody. The
WCS120 protein family shares homology with the D11
dehydrin family (Dure 1993). However, apart from the
presence of the repeated elements, the WCS120 family
does not share the other characteristics found in several
members of the D11 family, such as a high content of
charged amino acids, a serine stretch and the N-terminal
conserved sequence DEYGNP (Danyluk 1996). The
WCS120 protein shows the highest identity with DHNS
from barley and its homolog in Triticum durum. A recent
study of dehydrin gene expression during cold acclima-
tion in barley showed that dhn5 is the major cold-in-
duced dehydrin gene (Close et al. 1995). This interesting
observation confirms the finding that the WCS120 fam-
ily is a major group of proteins specifically induced by
LT in tolerant species of the Poaceae. In spite of the
presence of lysine- and glycine-rich repeats in dehydrins
from freezing-tolerant dicotyledonous species, there was
no cross hybridization or reactivity with either wes
c¢DNA or antibodies. This may suggest that FT in mono-
cotyledons and dicotyledons involves different proteins
with similar biochemical properties.

The accumulation of the WCS120 family in more
than 20 genotypes of wheat and other cereals during the
acclimation period is positively correlated with the ca-
pacity of each genotype to develop FT (F. Sarhan, L. P.
Chauvin, A. Limin and B. Fowler, unpublished results).
This correlation supports the suggestion of Houde et al.
(1992b) to use the antibody as a molecular marker to se-
lect for the FT trait in the Poaceae. In fact, the
anti-WCS120 antibody is currently used to assess the

Tab. 1. Characteristics of the wheat wes120 gene family. Molecular mass determined by SDS-PAGE and (calculated from the cDNA

sequence); ND, not determined.

Gene Molecular mass of  Isoelectric No. of repeats Induction Chromosomal Reference and
encoded protein point location  accession number
(kDa) Lysine Glycine
wes200 200 (ND) 6.50 ND ND cold 6AL Ouellet et al. 1993,
Limin et al. 1997
wes180 180 (ND) 6.50 ND ND cold 6DL Houde et al. 1995,
Limin et al. 1997
wes66 66 (46.8) 7.28 7 cold 6BL Chauvin et al. 1994,
Limin et al. 1997, 127516
wesi20 50 (39.0) 7.77 6 cold 6DL Houde et al. 1992a,
Limin et al. 1997; M93342
wcs40 40 (ND) 7.30 ND ND cold ND Houde et al. 1995
wes726 21 (177D 7.04 3 cold, drought ND Danyluk 1996; U73213
wes80 12 (9.6) 8.05 2 cold, drought ND Danyluk 1996; U73212
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segregation of FT in different crosses and to study the in-
heritance of the members of this protein family in wheat
and rye. This antibody is a valuable tool to classify ce-
real cultivars according to their capacity to develop FT.
The method of western blotting is rapid and economical
compared with the invasive, time consuming methods
currently used to evaluate the LT,

Abundance, tissue distribution and cellular
localization

The total WCS120 protein family accumulates to 72 pg
g fresh weight in the winter wheat seedlings (cvs Fred-
rick and Norstar) after 21 days of cold acclimation. This
represents ca 0.9% of the total soluble proteins and a cal-
culated cellular concentration of 1.34 uM (based on an
85% cellular water content). This amount reaches 1% at
49 days of acclimation, a period which coincides with
the maximum FT. The 50- and 66-kDa proteins are the
most abundant and represent 64% of this protein family
(Houde et al. 1995). The significance of the differential
expression and accumulation of the members of this
family is not known. However, the presence of proteins
of variable molecular sizes having a similar antigenicity
and coordinately regulated by LT is novel and suggests
that their function is determined through the common
lysine- and glycine-rich repeated elements within their
structure. It is thus likely that the number of repeats
within each protein, and the amount of proteins synthe-
sized may have an important role in defining their func-
tion during the induction of FT.

The meristematic crown, the most freezing-tolerant
tissue, accumulates more of these proteins than the basal
region of the crown, shoot and roots (Houde et al.
1992b). This observation is consistent with the fact that
winter wheat survival is determined by the capacity of
the crown meristematic tissue to survive the winter
(Tanino and McKersie 1984). Immunocytochemical lo-
calization showed that these proteins accumulate to high
levels in the vascular transition zone with no detectable
expression in mature xylem, in the shoot apical mer-
istem or lateral root primordia (Houde et al. 1995). This
differential tissue expression suggests that sensitive cells
in this region require a higher amount of the WCS120
proteins. The proteins may help alleviate the dehydra-
tion stress associated with freezing, thus resulting in in-
creased tolerance to mechanical damage due to freezing.
The high level of accumulation of the WCS120 proteins
in the vascular tissues may also play a role in maintain-
ing or improving metabolite transport at LT. The supe-
rior growth performance and photosynthetic capacity of
freezing-tolerant plants support this hypothesis (Huner
et al. 1993). Interestingly, the accumulation of this pro-
tein family in the companion cells coincides with the lo-
calization of sucrose synthase (Crespie et al. 1991, Nolte
and Koch 1993). This enzyme, which has greater activ-
ity during cold acclimation, is involved in the regulation
of sucrose-starch interconversion and could thus be a
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key enzyme in the accumulation of sucrose as a cryopro-
tectant during cold acclimation (Guy et al. 1992, Perras
and Sarhan 1984). Although the physiological signifi-
cance of sucrose synthase in transport tissues is unclear,
it is suggesteu that it may provide the UDP-glucose
needed to repair injuries caused by freezing. The pres-
ence of this precursor may promote callose formation
which could reduce the size-exclusion limit of
sieve-plate pores in sieve tubes, leading to their rapid
sealing in case of injury (Nolte and Koch 1993). A paral-
lel can be made with cryptobiotic organisms where de-
hydrins are induced concomitantly with sucrose phos-
phate synthase and sucrose synthase, leading to sucrose
accumulation (Bartels et al. 1993).

Immunogold localization and biochemical fraction-
ation have confirmed that the WCS120 proteins are
present both in the cytoplasm and the nucleoplasm of
cold-acclimated crowns. They are not found in cell
walls, organelles or in dense chromatin. Similarly, the
ABA-induced protein RAB17 (Goday et al. 1994) and
the dehydrins (Close 1996) are localized in the cyto-
plasm and nucleus of several cell types of maize. The
presence of these proteins in high amounts in the nucleus
indicates that they may protect or stabilize the transcrip-
tional machinery from inactivation. However, it remains
unclear how these proteins are targeted to the nucleus
because sequence analysis did not reveal the presence of
a known nuclear signal peptide. The WCS120 protein
family is also devoid of the serine-tract found in RAB
proteins that is believed to be involved in nuclear import
(Goday et al. 1994). On the other hand, it was suggested
that the basic nature of the lysine-rich repeat may play a
role in nuclear import (Danyluk 1996). It is also possible
that the WCS120 proteins could be co-transported to the
nucleus through protein-protein interactions.

In vitro cryoprotection assays indicated that the
WCS120 protein (PDsg of 10 ug ml™' or 0.2 uM) is as ef-
fective as BSA and sucrose (at 250 mM) in protecting
lactate dehydrogenase against freezing denaturation
(Houde et al. 1995). In similar studies, Kazuoka and
Oeda (1994) obtained equivalent cryoprotection with
CORSS, a cold-responsive protein from spinach homel-
ogous to WCS120. Considering the fact that the
WCS120 protein family is expressed only in specific
cells, the WCS120 protein concentration is probably
much higher than the calculated 1.34 uM. Houde et al.
(1995) suggested that these proteins surround vital cellu-
lar proteins and protect them from unfolding or aggre-
gating during freezing or dehydration. A similar expla-
nation was given for the cryoprotective role of BSA in
protecting enzyme preparations during storage at LT
(Tamiya et al. 1985).

Chromosome mapping of the wes120 gene family

Common wheat (Triticum aestivum L.) is a hexaploid
species comprised of three genomes designated A, B and
D (AABBDD, 42 chromosomes). Two of the diploid
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species contributing these genomes are I. monococcum
(A genome) and T tauschii (D genome). The origin of
the B genome is uncertain and could be multispecific
due to interspecific genome hybridization involving
members of a similar taxonomic group (Kimber and
Sears 1987). In order to map the wesl20 gene family to
specific chromosome arms in this complex genome,
Limin et al. (1997) used a combination of Southern and
western analyses on the ditelocentric series in the hexa-
ploid Chinese Spring wheat, in which one homologous
pair of chromosome arms is missing in each line. Using
this approach, wes120, wes200 and wes66 were mapped
to 6DL, 6AL and 6BL, respectively (Tab. 1). Although
the other members of this family are associated with the
group 6 chromosomes, it was not possible to map them
to specific chromosome arms.

Diploid species of the A and D genomes as well as
tetraploid AB species were screened by western analysis
to confirm the genomic origin of these proteins (Limin
et al. 1997). The tetraploid AB genome species were
used to help ascertain the origin of the B genome con-
stituents because the diploid origin of this genome is un-
certain. A 180-kDa protein and a more prominent
200-kDa protein are present in the A genome species,
and a 180-kDa protein is prominent in the D genome
species. A major difference in the tetraploid AB species
is the variable expression of a 66-kDa protein not found
in either of the A or D genome groups. On the basis of
the 14 7. aestivum cultivars examined to date, it is possi-
ble that the B genome progenitor may have expressed
this protein because all hexaploids express the 66-kDa
protein and the other related proteins. Members of the
related dehydrin gene family (dhn3, dhn4 and dhn5) in
Hordeum vulgare, another species belonging to the Trit-
iceae, have also been mapped to homologous chromo-
some 6 in barley (Close and Chandler 1990, Pan et al.
1994). These group 6 chromosomes therefore appear to
be the location of many structural genes involved in LT
and dehydration stress responses (Close 1996, Limin et
al. 1997, Welin et al. 1994).

Gene regulation

Freezing tolerance and accumulation of the WCS120
proteins were evaluated in the chromosome substitution
series in which one pair of specific chromosomes from
Cheyenne (CNN) substitutes for the homologous pair in
Chinese Spring (CS) (Limin et al. 1997). As expected,
protein levels were much higher in the hardy winter cul-
tivar CNN than in the less hardy CS wheat during LT ex-
posure. In the substitution series, only the 5A line
showed a WCS120 protein accumulation higher than the
level observed in CS during cold acclimation. Interest-
ingly, two more wheat LT-responsive genes, wcor410
and wcor719 (Danyluk 1996, Danyluk et al. 1994,
1996), were also found to be regulated by factors on 5A.
This chromosome is most frequently found to have the
greatest effect on cold tolerance (Galiba et al. 1993,
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Roberts 1990, Sutka 1994). In barley, Hayes et al. (1993)
found the largest quantitative trait loci (QTL) for winter
field survival, LTs,, growth habit, and crown fructan
content on the long arm of chromosome 7 (equivalent to
chromosome 5 in wheat). It is possible that barley chro-
mosome 7 acts in the same manner as wheat chromo-
some 5A in that it may influence growth habit and regu-
late the expression of LT-induced genes such as dhnJ,
which is located on the same homologous group 6 chro-
mosome arm of barley as are the wes/20 family genes. It
appears from these analyses that chromosome SA carries
the regulatory gene(s) that control the expression of the
wesI20 gene family and of other LT-responsive genes
correlated with FT. The identification of the regulatory
mechanism(s) will certainly improve our understanding
of how LT regulates gene expression and FT in cereals.

Vernalization control

The wes120 gene family was used to investigate the rela-
tionship between LT gene expression and the vernaliza-
tion response at the molecular level in wheat and rye
(Fowler et al. 1996a). The data showed that spring habit
cultivars that do not have a vernalization response are
unable to maintain LT-induced gene expression in an
up-regulated condition when exposed to 4°C. Conse-
quently, they are unable to achieve levels of FT similar
to those of winter habit cultivars. A close association be-
tween the point of veralization saturation and the start
of a decline in wcsl20 family mRNA and protein levels
indicates that vernalization genes have a regulatory in-
fluence on LT gene expression in winter cereals. These
observations support the hypothesis that the vernaliza-
tion genes play a key role in determining the duration of
expression of the FT-associated genes, which suggests an
explanation for the apparent pleiotropic effect that the
vrnl gene has on both FT and the vernalization response
in wheat (Brule-Babel and Fowler 1988, Roberts 1990,
Sutka 1994). It appears that any factor that delays the
transition from vegetative to reproductive stages, such as
a vernalization or photoperiod requirement for flower-
ing, should be expected to increase the level of expres-
sion of FT genes in cereals exposed to acclimating tem-
peratures (Fowler et al. 1996b).

There is genetic evidence suggesting that vrn/ is ho-
mologous to other spring habit genes in wheat and re-
lated species. This group includes the vernalization
genes vrnl, vrn4 and vrn3 on chromosomes 5A, 5B and
5D of wheat, sh2 on chromosome 7 of barley, and sp/ on
chromosome 5 of rye (Galiba et al. 1995, Laurie et al.
1995, Pan et al. 1994, Plaschke et al. 1993). A close
linkage has been reported between several of these ver-
nalization loci and FT genes (Hayes et al. 1993, Pan et
al. 1994, Roberts 1990), suggesting that at least some of
the genes conditioning LT responses in cereals are
present in clusters (Fowler et al. 1993). While the above
data provide strong support for the hypothesis that the
vernalization genes are pleiotropic, affecting both
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growth habit and FT in wheat and rye, the likelihood of
close genetic linkage of genes conditioning the LT re-
sponses is not ruled out. In fact, the role that vernaliza-
tion genes play in determining FI' may simply be re-
stricted to a regulatory influence on the duration of ex-
pression of LT-induced genes.

Molecular mechanism of gene regulation

To understand the regulatory mechanisms controlling
the expression of the wesi20 gene at LT, the promoter
region was identified and characterized (Ouellet et al.
1995, Vazquez-Tello et al. 1996). Transient expression
experiments indicated that the wcs/20 promoter confers
a LT response to the luciferase reporter gene. Sequence
analysis showed that the core element CANNTG is re-
peated 8 times within the wes!20 promoter. This motif is
also present in the promoter region of several light- and
ABA-responsive genes (Guiltinan et al. 1990, Williams
et al. 1992) and was identified as the preferred binding
site for the basic helix-loop-helix (b-HLH) proteins, a
large family of transcription factors playing a key role in
cell progression and developmental gene regulation (An-
thony-Cahill et al. 1992, Blackwell and Weintraub
1990). Furthermore, the common plant regulatory fac-
tors (CPRFs) and G-box binding factors (GBFs) belong-
ing to the basic leucine zipper (bZIP) class of proteins
interact specifically with this motif (Harter et al. 1994,
Weisshaar et al. 1991). Sequence comparison between
the wes{20 promoter and those of several genes regu-
lated by either LT, drought, salinity or ABA did not re-
veal significant homologous regions, except in the case
of the promoter of the dhn5 gene, the barley homolog of
wes120 (Close et al. 1995). Vazquez-Tello et al. (1996),
using short promoter fragments in Electrophoretic Mo-
bility Shift Assays (EMSA), revealed the presence of
multiple DNA-binding proteins in nuclear extracts from
nonacclimated (NA) plants. In contrast, no DNA-bind-
ing activity was observed in the nuclear extracts from
cold-acclimated (CA) plants. In vitro dephosphorylation
of CA nuclear extracts with alkaline phosphatase prior to
the EMSA restored the binding activity. Moreover, oka-
daic acid (a potent phosphatase inhibitor) markedly
stimulated the in vivo accumulation of the WCS120
family of proteins, suggesting that protein phosphatases
PP1 and/or PP2A negatively regulate the expression of
the wesI20 family. In addition, the endogenous total nu-
clear kinase activity was found to be significantly higher
in the CA nuclear extracts. Western analysis showed that
a PKCy-like protein (84 kDa) is selectively translocated
into the nucleus in response to LT. This work, though
preliminary, provides the first molecular evidence that
the expression of a LT-responsive gene is regulated by
nuclear negative regulatory factors whose DNA-binding
activity is modulated by a phosphorylation/dephospho-
rylation mechanism. The presence of multiple and dis-
tinct cis- and trans-elements suggest a complex mecha-
nism of transcriptional regulation. Based on the avail-
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able data, we propose a hypothetical model describing
how LT regulates gene expression (Fig. 1). At nonaccli-
mating temperatures, repressor factors are not phospho-
rylated or are maintained dephosphorylated by nuclear
protein phosphatases (PP). This state allows them to
bind the wesI20 promoter region, possibly blocking the
assembly of the transcriptional machinery (TM). Fol-
lowing exposure to LT, both Ca’-dependent and
Ca**-independent protein kinases are stimulated (Mon-
roy and Dhindsa 1995; F. Ouellet, A. Vazquez-Tello and
F. Sarhan, unpublished results), leading to the phospho-
rylation and inactivation of the putative repressors. This
would allow the transcriptional machinery to assemble
and begin transcription.

Conclusions

The function of the WCS120 proteins in the develop-
ment of FT is still not clearly defined. However the
physiological, biochemical, molecular and genetic char-

Repression at non-acclimating temperature

Transcription activation at low temperature

Low temperature

R

[TCa2] ncrease |
rotein Kinases
CDPKg, PKC?}

Phosphorylation |
of nuclear factors

Fig. 1. Hypothetical model describing how low temperature reg-
ulates the expression of low temperature-responsive genes. At
nonacclimating temperatures, negative regulatory factors (ovals
and circle, DNA-binding subunits; square and triangle, regula-
tory subunits) are not phosphorylated or are maintained dephos-
phorylated by nuclear phosphatases (PP). This state allows them
to bind to the wes /20 promoter region, thus blocking the assem-
bly of the transcriptional machinery. Following exposure to low
temperature, both Ca**-dependent and Ca**-independent protein
kinases are stimulated leading to the phosphorylation and inacti-
vation of the putative repressors. This allows the transcriptional
machinery (TM) to assemble and begin transcription.
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acterization provides valuable information that contrib-
utes to the understanding of their function and their reg-
ulation. The abundance of these proteins in the crown
vascular transition zone in hardy cereal cultivars indi-
cates a major cryoprotective role during LT acclimation.
Producing transgenic plants that express these proteins
will certainly help to verify their direct role in improving
PT. The wes120 gene has been successfully transferred
to tobacco, strawberry and alfalfa, and the analysis of
these transgenes is in progress. One possible obstacle we
may encounter when transferring genes from one species
to another is correct targeting. It is possible that targeting
a gene product to specific tissues or cell compartments
may require transport systems or a particular microenvi-
ronment that are not present in all plants. These ques-
tions will be addressed after the analysis of transgenic
plants from different species is completed.

The use of integrated molecular and cytogenetic ap-
proaches was very successful in mapping the wcsi20
genes to group 6 of wheat and led to the identification of
the chromosome carrying the major regulatory gene(s).
Chromosome 5A was found to regulate the expression of
the wes120 genes as well as other LT-responsive genes
correlated with FT (e.g. wcor410 and wcor719). This
finding suggests that a major regulatory switch governs
the expression of LT-responsive genes in wheat. The
identification of this genetic system will certainly lead to
a better understanding of how LT regulates this complex
multigenic trait. Efforts can now be focused on the mo-
lecular characterization of this system and on the eluci-
dation of the interaction occurring between this regulator
and the promoter regions of LT-responsive genes. The
data generated from these studies may offer information
leading to the genetic manipulation of FI' in plants. In-
deed, the identification of a major FT' determinant may
allow the development of a single-gene transformation
strategy. This would, without a doubt, simplify the te-
dious task of multiple gene transformation proposed to
improve multigenic traits in agronomically important
Crops.
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