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Abstract Although cold acclimation in cereals involves
the expression of many cold-regulated genes, genetic
studies have shown that only very few chromosomal
regions carry loci that play an important role in frost
tolerance. To investigate the genetic relationship be-
tween frost tolerance and the expression of cold-regu-
lated genes, the expression and regulation of the wheat
homolog of the barley cold-regulated gene cori4b was
studied at various temperatures in frost-sensitive and
frost-tolerant wheat genotypes. At 18/15 °C (day/night
temperatures) frost-tolerant plants accumulated corl4b
mRNAs and expressed COR14b proteins, whereas the
sensitive plants did not. This result indicates that the
threshold temperature for induction of the wheat corl4b
homolog is higher in frost-resistant plants, and allowed
us to use this polymorphism in a mapping approach.
Studies made with chromosome substitution lines
showed that the polymorphism for the threshold in-
duction temperature of the wheat cori4b homolog is
controlled by a locus(i) located on chromosome 5A of
wheat, while the corl4b gene was mapped in Triticum
monococcum on the long arm of chromosome 2A™. The
analysis of single chromosome recombinant lines derived
from a cross between Chinese Spring/Triticum spelta SA
and Chinese Spring/Cheyenne S5A identified two loci
with additive effects that are involved in the genetic
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control of cori4b mRNA accumulation. The first locus
was tightly linked to the marker psr911, while the second
one was located between the marker Xpsr2021 and Frost
resistance 1 (Frl).
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Introduction

Cold is an important abiotic stress with which plants
must cope. Frost-tolerant plants can survive exposure to
low temperatures without serious damage. To achieve
the full genetic potential of frost tolerance, tolerant
plants must be hardened to cold. Under natural condi-
tions, hardening takes place when the temperature
gradually decreases to about 0 °C over several weeks.
Under controlled environmental conditions temperature
slightly above 0 °C and photoperiods of 8-12 h are
considered to be optimal for cold hardening (Fowler
et al. 1983).

Although frost tolerance in wheat is a polygenic trait,
certain chromosomes are known to carry genes that play
an important role. Thus, when the SA chromosome of
the frost-sensitive variety Chinese Spring (CS) is re-
placed by the corresponding chromosome of the frost-
resistant variety Cheyenne (CNN), the frost tolerance of
CS is greatly increased (Sutka 1981; Veisz and Sutka
1989). Conversely, when the SA chromosome of CS was
replaced by the corresponding chromosome from a
highly frost-sensitive Triticum spelta (TSP) accession,
the frost resistance of the recipient CS decreased (Galiba
et al. 1995). Major genes influencing frost tolerance
(Frl) and vernalization requirement (Vrn-A1) have been
mapped on the long arm of chromosome 5A using sin-
gle-chromosome recombinant lines developed from a
cross between the substitution lines CS/CNN 5A and
CS/TSP 5A (Galiba et al. 1995). The Vrn-Al locus has
been found to form a homoeologous series with Vrn-Bl
(formerly Vrn2) on chromosome 5B, Vin-DI (formerly



Vrn3) on chromosome 5D (Snape et al. 1997) and Vrn-
A™1 on the long arm of chromosome 5A™L in the dip-
loid wheat Triticum monococcum (Dubcovsky et al.
1998).

Messenger RNAs corresponding to the cold-regu-
lated gene cori4b (formerly pt59) accumulate in barley
leaves when plants are exposed to low temperatures.
The expression of corl4b is strictly regulated by cold
(Cattivelli and Bartels 1990), although it is enhanced by
light-dependent factor(s) (Crosatti et al. 1995, 1999). A
polyclonal antibody raised against the COR14b protein
expressed in vitro cross-reacts with two barley poly-
peptides with slightly different relative molecular
weights, referred to as COR14a and COR14b, both of
which are cold-regulated and imported into the chlo-
roplasts (Crosatti et al. 1996). Further studies have
demonstrated that the cori4b gene codes for the
COR14b protein, while COR14a represents an immu-
nologically related polypeptide encoded by a homolo-
gous gene (Crosatti et al. 1999). Several lines of
evidence suggest a relationship between the accumula-
tion of the CORI14 proteins and frost resistance. In
particular, it has been demonstrated in barley that the
threshold temperature for induction of CORIl14a is
lower in frost-sensitive than in frost-tolerant cultivars
(Crosatti et al. 1995, 1996), and, when evaluated under
field conditions, winter barley accumulated more
COR14a and CORI14b than spring varieties (Giorni
et al. 1999).

A gene homologous to cori4b is expressed in re-
sponse to low temperature in other monocots including
wheat (Cattivelli and Bartels 1990). In this work we re-
port on the regulation of the wheat cor/4b homolog, the
localization of the cori4b gene, and the approximate
map positions of two genes that regulate the tempera-
ture-dependent expression of wheat cori4b.

Materials and methods

Plant material

Four frost-resistant wheat (Triticum aestivum) genotypes (Chey-
enne, Mironovskaya 808, Albidum 11 and Ulyanovka), three frost-
sensitive wheat genotypes (Chinese Spring, Saratovskaya 29 and
Sakha 8), and a Triticum spelta accession were tested. Two chro-
mosome substitution lines (Chinese Spring/Cheyenne 5A and
Chinese Spring/Triticum spelta 5A), as well as nine single-chro-
mosome recombinant lines, developed from the cross between
Chinese Spring/Triticum spelta SA and Chinese Spring/Cheyenne
SA (Galiba et al. 1995), were used to investigate the regulation of
the wheat corl4b homolog. The cori4b gene was mapped using an
F, population obtained from a cross between a cultivated
T. monococcum (DV92) and a wild T. monococcum ssp. aegilopoides
(G3116) (Dubcovsky et al. 1996). T. monococcum was selected for
mapping instead of T. aestivum because of its higher level of
polymorphism compared to bread wheat.

Plant growth and development

Seeds were germinated on moist filter paper at room temperature
for 2 days. The young seedlings were transferred into perforated

195

plastic boxes containing modified Hoagland solution (Nagy and
Galiba 1995). The seedlings were grown in half-strength nutrient
solution in a plant growth chamber (Conviron, Ontario, Canada).
Plants were grown for 2 weeks with 16 h light (260 pmol/s m?) at
18 °C and 8 h dark at 13 °C, and subsequently cold hardened at
2°C on a 16 h light (260 pmol/s m?)/8 h dark regime. Alterna-
tively, plants were grown with 16 h light (as above) at 25 °C and
8 h dark at 20 °C for 6 days. For the kinetic analysis of the in-
duction of COR14 protein, plants were hardened for 1, 2, 3, and 4
weeks. Treatment with abscisic acid (ABA) was carried out at
18 °C/13 °C, using 1.5 x 10™* M ABA. Osmotic stress was induced
in plants grown at 18 °C/13 °C by treatment with 21% (w/v) PEG
(MW 3350).

Protein extraction and Western analysis

Frozen leaves were ground to a fine powder in liquid nitrogen.
Proteins were precipitated with 10% (w/v) trichloroacetic acid
containing 0.07% (v/v) B-mercaptoethanol, dissolved in acetone,
and washed three times with 0.07% (v/v) B-mercaptoethanol dis-
solved in acetone. Exactly 5 mg of dried powder was solubilized
using 280 pl of loading buffer [4% (w/v) SDS, 12% (v/v) glycerol,
50 mM TRIS-HCI pH 6.8, 2% (v/v) B-mercaptoethanol, 0.01% (w/
v) bromophenol blue]. The samples were boiled for 2 min, centri-
fuged for 5 min at 10,000 xg, and 30 pl aliquots of the supernatant
were loaded onto a 10% Tricine-SDS polyacrylamide gel overlaid
with a 4% stacking gel according to Schagger and von Jagow
(1987). Proteins were electroblotted onto a nitrocellulose mem-
brane (BA83, Schleicher and Schuell) according to Szewczyk and
Kozloff (1985) and probed with the polyclonal COR14 antibody
(Crosatti et al. 1995). The Amersham ECL plus kit was used for
detection after Crosatti et al. (1999). Besides the COR14 proteins,
the COR 14 antibody recognizes an additional polypeptide of about
29 kDa, whose expression was not affected by cold. This anony-
mous protein was used as a loading control as described by Crosatti
et al. (1999).

Northern analysis and RFLP mapping

Frozen shoots were ground to a fine powder in liquid nitrogen, and
re-suspended in 0.05 M TRIS buffer (pH 9.00) containing 0.1 M
NacCl, 0.01 M EDTA, and 2% (w/v) SDS. Homogenates were ex-
tracted three times with phenol-chloroform and the poly(A)*
RNAs were isolated on oligodT-cellulose columns. Equal amounts
of the isolated poly(A)* RNAs were fractionated by electropho-
resis on formaldehyde-agarose gels and then blotted to nylon
membranes (Bio-Rad Zeta-probe). A cDNA fragment corre-
sponding to the whole cori4b gene (Cattivelli and Bartels 1990;
Accession No. M60732) were radioactively labelled with
[0-*P]dCTP by the oligo-labelling method of Feinberg and
Vogelstein (1984) and used for hybridisation. Filters were hybrid-
ised in a solution containing 6x SSC, 5x Denhardt’s solution, 10%
SDS and 100 pg/ml salmon sperm DNA (Sambrook et al. 1989).
Hybridization was carried out overnight at 65 °C. Filters were
washed three times at 65 °C in 2x SSC, 0.1% SDS, and exposed to
Kodak Scientific films at =70 °C. To control for the integrity and
the amount of poly(A)™ RNA loaded in each lane, the filter were
hybridized with a-**P-labeled oligo dT (20mer, Capel et al. 1997).
Hybridization signals were evaluated by densitometric scanning of
the films and plotted with Bio-Rad Molecular Analyst software
(ver. 1.5).

The corl4b cDNA clone was used as a probe to screen for
polymorphism between the parental lines of the T. monococcum
mapping population. An RFLP polymorphism was detected with
the restriction enzyme Xbal and analyzed in 74 F, individuals. The
locus was incorporated in the most likely location on existing maps
(Dubcovsky et al. 1996) using the TRY command of the computer
program Mapmaker/EXP 3.0 (Lander et al. 1987; Lincoln et al.
1992).
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Results

Threshold induction temperature for accumulation
of corl4b mRNA

The accumulation of cor/4b mRNAs is temperature
dependent, although a strong genotype X temperature
interaction was observed. When four highly frost-
resistant and four frost-sensitive wheat genotypes were
grown at 18/13 °C, all the frost-resistant cultivars accu-
mulated corl4b-homologous mRNAs to some extent.
Cheyenne and Mironovskaya accumulated very similar
amounts of cor/4b mRNAs, while plants of the cultivars
Albidum and Ulyanovka grown under identical con-
ditions accumulated, respectively, two and three times
more mRNA than Cheyenne (Fig. 1A). Three
frost-sensitive genotypes (Chinese Spring, T. spelta and
Saratovskaya) accumulated cor/4b-homologous mRNAs
at very low levels (detectable only after long exposure) at
18/13 °C; however, the susceptible genotype Sakha 8
accumulated cor/4b mRNA to the same level as Chey-
enne. All genotypes studied showed up-regulation of
corl4b mRNAs when hardened at 2 °C for 6 days. All
the resistant genotypes expressed about the same amount
of mRNA, although variations were detected between
the sensitive varieties. In particular, the amount of
corl4b-homologous mRNAs detected in 7. spelta was 40
to 50% lower (evaluated after normalization on the basis
of three independent experiments) than in other samples
grown at 2 °C. No gene activation was detected in any of
the genotypes when the plants were grown at 25/20 °C.
The wheat cor14b homolog can therefore be considered a
cold-regulated gene, although the threshold temperature
for gene activation differs among wheat cultivars.

A Western analysis was carried out with a resistant
(Cheyenne) and a susceptible (Chinese Spring) genotype
grown at 18/13 °C and then cold hardened at 2 °C for 1,
2, 3 or 4 weeks to detect the accumulation of the
COR14b protein (Fig. 2). The expression of corl4b

Fig. 1A Accumulation of
corl4b mRNA in frost-resistant
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mRNA at 18/13 °C in the resistant genotype is followed
by accumulation of the corresponding protein (control
samples in Fig. 2). When plants were subsequently
hardened at 2 °C, the protein in the resistant cultivar
Cheyenne accumulated faster and to a higher level than
in the susceptible variety Chinese Spring. No signal was
detected in protein samples from wheat plants grown at
25/20 °C (data not shown). Due to the polyclonal origin
of the antibody some additional bands are detected; the
presence of these polypeptides was found not to be
related to cold acclimation, and they can therefore be
used as internal standards in the experiment.

Localization of regulatory loci controlling
the accumulation of corl4b-related mRNAs

The difference in threshold induction temperature
observed between Cheyenne and Chinese Spring allowed
us to map this polymorphism using CS/CNN substitu-
tion lines. The outcome of the previous experiment, as
well as published data obtained with barley (Crosatti
et al. 1996), suggested a general association between
threshold induction temperature polymorphism and
frost resistance. Because previous studies have shown
that loci on the long arm of the chromosome 5A play a
major role in frost resistance (Veisz and Sutka 1989;
Galiba et al. 1995), the CS/CNN 5A substitution line
was considered. The accumulation of corl/4b-homolo-
gous mRNA was compared in the parental and the
substitution lines under various conditions of tempera-
ture and stress. When the chromosome 5A from the
frost-tolerant cultivar Cheyenne was introduced into the
Chinese Spring background, the accumulation of cori4b
mRNAs at 18/13 °C reached 25-35% of the level found
in Cheyenne (Fig. 3). During hardening at 2 °C, Chey-
enne, Chinese Spring and CS/CNN 5A plants expressed
about the same amounts of the mRNA; while the levels
of corl4b accumulation in 7. spelta and CS/TSP 5A at
2 °C were much lower (about 20-30%, and 40-50%
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(R) and frost-sensitive (S) wheat
genotypes grown at different
temperatures. The resistant
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genotypes were: R1, Cheyenne; A

R2, Mironovskaya 808; R3,

Albidum 11; R4, Ulyanovka.

The sensitive genotypes were: 18/13°C

S1, Chinese Spring; S2, Triti-

25/20°C

cum spelta; S3, Saratovskaya

29; S4, Sakha 8. B The integrity

and the amount of poly(A) ™"

RNA loaded in each lane was
assessed by hybridization with B
o->2P-labeled oligo dT (20mer)




Fig. 2 Accumulation kinetics
of the COR14b protein in
Cheyenne (frost resistant) and
Chinese Spring (frost suscepti-
ble). Total protein extracts were
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isolated from plants grown at
18/13 °C (control) and subse-
quently cold hardened at 2 °C
for 1, 2, 3 or 4 weeks, fraction-
ated by Tricine-SDS-PAGE
and probed with an anti-
COR14 antibody. Besides the
COR14b protein, the antibody
cross-reacts with an additional
polypeptide of about 29 kDa
whose expression was not af-
fected by cold. This anonymous
protein served as an internal

Standard

COR14B
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respectively, as determined on the basis of three inde-
pendent experiments) than the amount found in Chey-
enne under the same conditions.

Plants grown at 18/13 °C were treated with ABA
or PEG to evaluate the effects of the hormone and of
osmotic stress on the expression of the wheat corl4b
homolog. Although treated plants showed a severe
reduction in growth rate compared with untreated ones,
no accumulation of cor/4b mRNA was detected in any
of the tested genotypes. On the contrary, Cheyenne and
CS/CNN 5A plants exposed to PEG or ABA showed a
level of corl4b mRNA expression lower than that found
in untreated samples (Fig. 3). These results suggest that
the accumulation of cor/4b mRNAs is dependent on low
temperature and not on ABA accumulation or osmotic
stress. It is noteworthy that the ability to activate the
low-temperature-dependent signal-transduction path-
way differs among Cheyenne, Chinese Spring and
T. spelta, and a large part of the polymorphism for the
accumulation of cori4b homologous mRNA is con-
trolled by gene(s) on chromosome 5A.

Fig. 3A, B Northern analysis T
of parental and 5A substitution

lines grown under different

conditions. Treatments with >
ABA and PEG were carried out >
as described in Materials and [£)

Cheyenne

Chinese Spring

The difference between CS/CNN 5A and CS/TSP 5A
prompted us to use the SA single-chromosome recom-
binant lines for the mapping of the locus(i) controlling
the accumulation of corl4b homologous mRNA. A se-
lection of nine single-recombinant lines with different
allele compositions in the region surrounding the loci
Vim-A1 and Frl on the long arm of chromosome 5A,
plus the corresponding parents, were grown at 18/13 °C
and tested for the accumulation of cori4b mRNA
(Fig. 4). Only three recombinant lines showed a phe-
notype equivalent to the parental plants. Genotypes 56.1
and 46.1 accumulated as much cori4b mRNA as CS/
CNN 5A, while the genotype 34.3, like CS/TSP 5A, gave
no signal. All the other single-chromosome recombinant
lines accumulated cor/4b mRNAs to a level intermediate
between those of the two parents. Quantification of the
hybridization signals was carried out on the basis of
three independent experiments. The expression of corl4b
mRNA in the genotypes 56-1 and 58-3 ranged between
90 and 100% of the level found in CS/CNN 5A, while
the signals detected in the genotypes 7-3, 32-5, 4-4, 12-4,

methods. CNN, Cheyenne; CS,
Chinese Spring; TSP, Triticum
spelta. A Poly(A)" RNAs were
fractionated on a formalde-
hyde-agarose gel and probed
with radioactively labeled
corl4b cDNA. B The integrity

and amounts of poly(A) " RNA

transferred to the filter were 18/13°C

2°C

assessed by hybridization with
o->2P-labeled oligo dT (20mer)
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Fig. 4A, B Northern analysis
of the parental and single-
chromosome recombinant lines

grown at 18/13 °C. CNN, Distance Marker

Q
g
&g§7

recombinant lines

Cheyenne; CS, Chinese Spring; (cM) 3 325 343 44 561 124 58-3 461 386
TSP, Triticum spelta. The ge- centromere

nomic constitution of the each psrB85 T [+ T T T c c [~ T T c
recombinant line is given in the

table, according to Galiba et al. 6| psrB89 T c T T T c c c T T c
(1995, 1997). The RFLP probes

representing TSP and CNN IPSI'91 1(Regl) T(r) C(R) T() T(r) Ti(r) CR) CR) C(R) T(r) C(R) T(r)
alleles are indiced by T and C, |P5'537 T c T T T c c T c c T
respectively; nd, allele not de- Xpsr2021 T c Cc T T T c nd nd nd nd
termined. A two-locus model 9| (Rcg2) (r:) (R.) (R} ([R) () () (R) () (R) (R) (R)
(Rcgl and Reg2, upper case 2] Fr1 T c T c T T c T na T nd
letters indicate the alleles deriv-

ing from CS/CNN 5A) de- 4s|:"'1' gz & £ 6 ¥ T & T T T €
scribing the regulation of sl psr80s T c T T c c T ! c T c
corl4b is shown in parentheses sl Xspr370 T [+ T T Cc Cc T T [ T Cc
(see the text for details).

A Poly(A)* RNAs were frac- 50' Xspri64 T ¢ T T c ¢ & ¥ ¢ T ¢
tionated on agarose gels and B-amy-A1 T c T T T c T T T T c

probed with radioactively la-

beled cori4b cDNA. B The
integrity and amounts of
poly(A)* RNA loaded on the
filter were assessed by hybrid-

ization with a-32P-labeled oligo
dT

58-3 and 38-6 varied between 15 and 40% of the amount
found in the resistant parent.

The data on corl4b mRNA accumulation were an-
alyzed on the basis of the molecular map available for
the cross between CS/CNN 5A and CS/TSP 5A (Galiba
et al. 1995, 1997; Snape et al. 1997) and shown in
Fig. 4. Genotypes 46.1 and 56.1, which showed the
same level of mRNA accumulation as the frost-resistant
parent, shared CS/CNN 5A alleles in the genomic re-
gion encompassed by psrB89 and Fri. The genotype
34.3 — with only TSP alleles between psrB89 and Frl,
did not reveal any signal, like CS/TSP 5A. Genotypes
with recombination events in the psrB89—Frl region (i.e.
the recombinant lines 7.3, 32.5, 4.4, 12.4, 58.3, and 38.6
in Fig. 4) showed an intermediate phenotype. This
suggests that two loci (Regulator for cor genes, Rcg)
with additive effect are involved in the genetic control of
the polymorphism detected between the two parents.
The first locus (Rcgl) is tightly linked to the marker
psr911, while the second one (Rcg2) can be located be-
tween the marker Xpsr2021 and the Frl locus. A two-
locus model describing the regulation of cori4b is
shown in Fig. 4. This hypothesis is compatible with the
results obtained from all single-chromosome recombi-
nant lines.

The difference in accumulation of corl4b-homolo-
gous mRNA could be due either to polymorphism in the
sequence of the gene itself (i.e. different cis-active ele-
ments or different mRNA stabilisation signals) or to a
regulatory locus (i.e. a trams-acting factor controlling
gene expression or a protein controlling mRNA stability)
(Dunn et al. 1994). In order to distinguish between these
two types of hypothesis the wheat cor/4b homolog was
mapped in the Triticum A genome. A single Xba I RFLP
band was detected by Southern analysis using the corl4b
cDNA as probe; the corresponding locus was localised
on the long arm of chromosome 2A™ of Triticum
monococcum within the 15-cM interval between the
RFLP markers XksuE3 and Xmwg649. This interval is
approximately 10 cM from the centromere (Dubcovsky
et al. 1996). Based on these results, the polymorphism
affecting the accumulation of cori4b-homologous
mRNA can be attributed to different alleles of a regu-
latory locus(i) on chromosome SA.

Discussion

In barley the expression of the nuclear gene corl4b
(formerly pt59), which codes for a protein localised in



the chloroplast, is controlled by temperature and light
through an ABA-independent pathway (Crosatti et al.
1999). Based on Southern analysis, a single corl4b-ho-
mologous sequence exists in wheat. A single RFLP
fragment was detected in the Triticum A genome using
corl4b as probe; moreover, the corresponding wheat
gene has recently been cloned and it was found to share
87% sequence homology at the amino acid level with the
barley homolog (Tsvetanov et al. 1998).

The data here reported demonstrate that the wheat
corl4b-homologous mRNAs accumulate in response to
low temperature, but not to treatment with exogenous
ABA or to osmotic stress induced by PEG. Neither the
corl4b-homologous mRNA nor the corresponding
protein were present at 25/20 °C, while at 18/13 °C a
clear polymorphism was detected within the genotypes
tested, such that only some of them (mainly the frost-
resistant varieties) accumulated cor/4b mRNA.

The introduction of the 5SA chromosome from the
frost-tolerant variety Cheyenne into the frost-sensitive
Chinese Spring resulted in an increase in the threshold
temperature for induction of the wheat cori4b gene. On
the other hand, when the 5A chromosome of Chinese
Spring was replaced by the corresponding one from
T. spelta — an extremely cold sensitive genotype — no
mRNA accumulation was detected at 18/13 °C and
lower amounts of corl4b mRNA were found at 2 °C
(Fig. 3). Since the wheat cori4b gene was mapped on the
long arm of chromosome 2A™, these findings indicate
that chromosome 5A carries a locus(i) involved in the
regulation of the corl4b gene. Allelic differences at the
corl4b regulatory locus(i) lead to different kinetics of
accumulation of the corresponding protein when plants
are exposed to cold. The level of this cold-regulated
protein increased more slowly in the sensitive genotypes
than in the tolerant ones during the course of the
hardening process (Fig. 2). By testing the frost tolerance
of these genotypes at different times, we found that
Cheyenne becomes frost tolerant earlier in the hardening
process and reached maximum tolerance after 11 days of
cold hardening. The frost-sensitive Chinese Spring
started to increase its frost tolerance after 11 days and
reached the maximum only around the 40'" day of cold
hardening (Vagujfalvi et al. 1999). These differences in
the kinetics of cold hardening paralleled the accumula-
tion of the protein encoded by the wheat corl4b gene.

Several characters related to frost resistance in wheat
have been mapped on the long arm of chromosome
SA (Galiba et al. 1994, 1997), together with other
stress-related genes (Dubcovsky et al. 1995). Single-
chromosome recombinant lines with different allelic
compositions in this region were therefore investigated.
The results suggest the presence of two regulatory loci
(Rcg). The Rcgl locus was found to be linked to the
psr911 marker and is thus rather distant from Fr/, while
Rcg2 was mapped between Xpsr2021 and Frl (Fig. 4).
The genetic linkage between Rcg2 and Frl could explain
the general association between frost resistance and ac-
cumulation of cor genes/proteins described in wheat
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(Houde et al. 1992; Fowler et al. 1996), as well as in
barley (Crosatti et al. 1996; Pearce et al. 1996). Never-
theless, recombination could also take place between Frl
and one of the two Reg loci. The cultivar Sakha 8 could
be considered a possible example of such recombination.
This is an Egyptian spring variety (Schmalz and Al
Najres 1994), with high salt tolerance (Trivedi et al.
1991), which showed some accumulation of cori4b
mRNAs when grown at 18/13 °C (Fig. 1A).

The fact that the single-chromosome recombinant
genotype 46-1 has both the loci mediating the high-level
expression of the corl4b gene at 18/13 °C associated
with the 7. spelta allele at the Frl locus (Fig. 4) dem-
onstrates that Fr/ is not the regulatory gene that con-
trols the expression of cori4b. On the other hand,
increasing experimental evidence suggests that the ex-
pression of cor genes is required for the acquisition of
frost resistance. Transgenic Arabidopsis plants that over-
express a transcription factor (CBFI) which controls the
expression of an array of cor genes show enhanced frost
tolerance (Jaglo-Ottosen et al. 1998); while a barley al-
bino mutant that cannot acclimate to cold showed a ten-
fold reduction in expression of many cor genes including
corl4b (Grossi et al. 1998; Crosatti et al. 1999).

A genetic analysis of cold tolerance in wheat, pub-
lished by Roberts (1990), suggested that two loci on the
chromosome 5A are involved in cold hardening, one of
them is tightly linked to Vrn-AI (and could therefore
correspond to Frl), while the other locus is associated
with a gene controlling the length of the leaves of
hardened plants. The map position of this latter locus is
not known; nevertheless, the results of the present work
demonstrate that loci on chromosome 5A, other than
Frl, are involved in the control of the molecular basis of
cold acclimation. Our previous results showed that the
threshold induction temperature of cori4b differs be-
tween frost-tolerant and frost-sensitive genotypes in
barley also (Crosatti et al. 1996). Because of the high
degree of synteny among the Triticeac homeologous
group 5 in the Vrn-AI-Frl region (Galiba et al. 1995;
Dubcovsky et al. 1996), orthologous loci controlling the
expression of cor genes are likely to be present in all
Triticeae genomes.
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