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Abstract Due to the adverse effects of cold temperatures
on winter wheat, frost tolerance is an important trait for
breeding programs in regions with severe winters. Frost
tolerance locus Fr-A"2 was recently discovered in dip-
loid wheat (Triticumm monococcum L.). This locus was
mapped as a QTL on chromosome 5A™ in the same
region as a QTL for the level of transcription of the cold-
regulated gene CORI4b at 15°C. A CBF transcription
factor was mapped in the center of these two overlap-
ping QTLs. However, since the CBF gene family in
wheat has numerous members, it was possible that
multiple CBF genes were present at Fr-A"'2. To inves-
tigate this possibility we initiated a systematic charac-
terization of the CBF family in T. monococcum. Here we
report the molecular characterization of thirteen
TmCBF genes. Nine of them were numbered according
to the closest barley HvCBF gene, and the other four
that have no clear barley orthologues were assigned
numbers TmCBFI5 to TmCBFI8. TmCBF5 and
TmCBFI18 were mapped on 7. monococcum chromo-
somes 7A™ and 6A™, respectively, and are thus not
candidates for the Fr-4"2 gene. The remaining eleven
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TmCBF genes are clustered at the Fr-4"2 locus within
five different Bacterial Artificial Chromosome (BAC)
clones. These BACs were mapped using a high-density
map and recombination events were found between
most BACs. Lines carrying these recombination events
will be useful to identify which of the CBF genes is
responsible for the differences in frost tolerance between
the T. monococcum parental lines at the Fr-4"2 locus.
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Introduction

Frost tolerance is an important objective for wheat
breeding programs in regions with severe winters, where
low temperatures can result in severe yield reductions.
The damage resulting from freezing temperatures to
wheat plants can be reduced by exposing them to a
period of cold acclimation at low non-freezing temper-
atures. During cold acclimation cold-responsive path-
ways are activated, preparing plants for more severe
levels of cold (Sakai and Larcher 1985). Understanding
the genetics of cold acclimation and frost tolerance can
help breeders to better select frost tolerant wheat vari-
eties.

Wheat chromosomes from homoeologous group five
include critical genes for cold tolerance (Law et al. 1976;
Sutka and Snape 1989; Roberts 1990; Sutka 1994
Dubcovsky et al. 1998; Vagujfalvi et al. 2003) in addition
to several genes related to other abiotic stresses (Dub-
covsky et al. 1995). Particularly relevant to cold toler-
ance are the vernalization (VRN) and frost tolerance
(Fr) genes. VRN genes are responsible for the require-
ment of a long exposure to low temperatures (several
weeks at 4°C) to initiate flowering, whereas the Fr genes
affect the ability to survive freezing temperatures inde-
pendently of flowering regulation.

VRN-1 and VRN-2 are the main vernalization genes
in wheat and barley. 'RN-1 is a meristem identity gene
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up-regulated by vernalization (Yan et al. 2003) whereas
VRN-2 is a transcription factor down-regulated by ver-
nalization and epistatic to VRN-I (Yan et al. 2004).
VRN-1 loci have been mapped in the central region of
the long arm on chromosomes 5A, 5B, and 5D in wheat,
as well as on chromosome 5H in barley, whereas VV'RN-2
loci are present on chromosome 5A, 4B, and 4D in
wheat and 4H in barley. The increased frost tolerance
associated with the VRN-1 and VRN-2 alleles for winter
growth habit (Doll et al. 1989; Hayes et al. 1997;
Vagujfalvi et al. 2003; Francia et al. 2004) is likely
associated with the protection of the sensitive floral
meristem from low temperatures by preventing the
transition from vegetative to reproductive apexes during
the winter (Fowler et al. 2001).

We recently discovered a new locus for frost tolerance
on chromosome 5A™ of diploid wheat (Triticumm mono-
coccum L.). This locus, named Fr-A"2, was mapped
30 cM proximal to VRN-1 (Vagujfalvi et al. 2003). This
same chromosome region was found to affect frost tol-
erance on chromosome 5B of common wheat (To6th
et al. 2003) and chromosome 5H of barley (Francia et al.
2004). Although the 5B locus was originally published as
Fr-Bl1, the authors later corrected the name to Fr-B2 in
the 2004 supplement of the Catalogue of Gene Symbols
for Wheat (Mclntosh et al. 2004). Finally, the QTL for
frost tolerance on the long arm of chromosome 5D
(Snape et al. 2001) was mapped on an intermediate
location between VRN-DI and the 5D chromosome re-
gion orthologous to Fr-2. The authors indicated that this
population might have a bimodal distribution for the
frost response suggesting the possibility that the ob-
served QTL may be a combination of the effects of two
loci on chromosome 5D. An additional locus for frost
tolerance, designated Fr-I, has been reported to be
tightly but not completely linked to VRN-AI in hexa-
ploid wheat (Galiba et al. 1995; Sutka et al. 1999).

The parental lines of T. monococcum used to map the
Fr-A"2 locus also showed a differential regulation of the
cold-regulated gene CORI14b at 15°C. The CORI14b gene
is likely involved in the protection of the chloroplast
membranes from freezing temperatures (Crosatti et al.
1999). At this temperature the tolerant parent showed
high levels of CORI4b transcripts whereas the suscep-
tible parent showed almost undetectable levels. Char-
acterization of CORI4b transcription levels at 15°C in
the mapping population revealed an expression QTL for
CORI4b that completely overlapped with the Fr-4"2
QTL for frost survival at —13°C. This result suggested
that the frost tolerance at Fr-4"2 was mediated by dif-
ferential regulation of the expression of the COR genes
(Vagujfalvi et al. 2003). The same result was observed in
the Fr-H2 locus in barley, shown by a highly significant
QTL for the accumulation of COR14b and other cold
induced proteins that perfectly overlapped the QTL for
frost tolerance (Francia et al. 2004).

COR genes in Arabidopsis are regulated by CBF
transcriptional activators (reviewed in Thomashow
2001). CBF genes have also been identified in monocot

species including rye (Jaglo et al. 2001), rice (Dubouzet
et al. 2003), barley (Choi et al. 2002; Xue 2002; Francia
et al. 2004; Skinner et al. 2005), and wheat (Jaglo et al.
2001; Kobayashi et al. 2005). Therefore, it was not
surprising to find that wheat and barley CBF ortho-
logues were mapped at the peak of the Fr-4™2 and Fr-
H2 QTLs (Vagujfalvi et al. 2003; Francia et al. 2004).
This association suggests that CBF transcriptional acti-
vators may play a major role in the determination of
frost tolerance in cereals. However, testing this
hypothesis is complicated by the presence of multiple
CBF copies in wheat as revealed by multiple RFLP
bands co-segregating at the Fr-4"2 locus and additional
bands from unlinked loci (Vagujfalvi et al. 2003).

Therefore, a more detailed characterization of the
cereal CBF genes is necessary to determine which of the
multiple CBF genes is (are) responsible for the observed
differences in frost tolerance at the Fr-4™2 locus. The
goals of this study were to: (1) sequence most of the CBF
genes present in T. monococcum and compare their se-
quences with previously characterized CBF genes from
other plant species, (2) map these genes to determine
which ones are located at the Fr-4"2 locus and determine
their physical organization, and finally (3) screen a large
mapping population from the same cross used to map Fr-
A2 to identify lines with recombination events between
the different CBF genes present at this locus.

Materials and methods

Bacterial artificial chromosome clone selection
and contig construction

High density filters for the BAC library from 7. mono-
coccum L. accession DV92 (Lijavetzky et al. 1999) were
screened with two probes from barley, BCBFI (Acces-
sion No. BF631103) and BCBF3, kindly provided by
Patrick Hayes (Oregon State University). BCBF3 was
obtained from barley variety Dicktoo, and is allelic to
BCBF3 from Morex (Accession No. AF298231; Choi
et al. 2002). The BCBF3 probe was previously used in
the RFLP mapping of several bands to the Fr-4"2 locus
(Vagujfalvi et al. 2003). The translated sequences of the
BCBFI and BCBF3 probes are 77 and 98% identical to
the HvCBF4A and HvCBF3 proteins used for the
phylogenetic studies (Skinner et al. 2005).

Triticum monococcum genes with approximately 80%
similarity to the barley probes were detected under the
hybridization conditions used in the BAC library
screening. Radioactively labeled probes were prepared
by the random-primer method (Feinberg and Vogelstein
1983) and hybridization was carried out overnight at
65°C. BAC membranes were washed with a 0.5 x SSC-
0.1% SDS buffer for 30 min at 65°C and exposed to
Kodak Scientific film. Positive BAC clones were finger-
printed with HindIII, and the contigs were confirmed by
hybridization of the fingerprint’s Southern blots with the
two BCBF probes.



Cloning

HindIII fingerprinting bands from BAC clones 119P22
(5.2 kb), 284115 (1.8 and 6.0 kb), 289H4 (3.0 kb),
511C10 (2.0 and 4.5 kb) and 584E14 (2.2 kb) that
hybridized to the BCBF probes were cloned. BAC DNA
for cloning was prepared using the QIAGEN (Valencia,
CA, USA) Large-Construct Kit. Excised bands indi-
cated above were purified using the QIAGEN QIAquick
gel extraction kit. Fifty nanograms of each fragment
were ligated with fifty nanograms of HindIIl digested
pBluescript II (Strategene, La Jolla, CA, USA) and
3 units of T4 ligase (New England Biolabs, Beverly,
MA, USA) overnight at 4°C. Two microliters of the
ligation reaction were chemically transformed into
DHI10B competent E. coli cells (Invitrogen, Carlsbad,
CA, USA). Positive clones were selected with lacZ blue-
white color selection and verified by HindIII digestion,
Southern blot, and hybridization with BCBF3.

Subclone and BAC sequencing

Subclones were sequenced at the University of California
DNA Sequencing Facility in the Department of Biologi-
cal Sciences (Davis, CA, USA). Sequencing was done with
ABI BigDye Terminator Version 3.1 Cycle Sequencing
chemistry on an ABI 3730 Capillary Electrophoresis
Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA). Initial sequencing used pBluescript cloning site
primers M13(—21) and M13-R. Based on sequencing re-
sults, primers were developed using the WEB program
Primer3 (Rozen and Skaletsky 2000) and sequencing was
repeated until entire inserts were sequenced.

BAC clones 21C6 and 60J11 were sequenced at Pur-
due University in the laboratory of Philip SanMiguel as
previously described (Dubcovsky et al. 2001). Base
calling and quality assessment were done using PHRED
(Ewing and Green 1998), assembled by PHRAP, and
edited with CONSED (Gordon et al. 1998). Gaps were
filled by primer walking. Difficult regions were se-
quenced using proprietary methods by MTR Scientific
(Ijamsville, MD, USA).

Restriction maps of 21C6 and 60J11 were constructed
to experimentally validate the computer sequence
assembly. This experimental confirmation is important in
the Triticeae species because of the abundance of similar
retroelements within the same BAC. BACs were indi-
vidually digested with 8 bp specificity restriction enzymes
Ascl, Notl, Pacl, Pmel, and Swal. All possible single and
double digestions were analyzed. Restriction fragments
were separated by pulse field electrophoresis in 0.8% (w/
v) agarose gels (14°C, 16 h, 6 V/s, pulse 5-15 s).

Comparison of CBF proteins from different species

CBF genes within subclones were annotated using NCBI
BLASTN and TBLASTX (Altschul et al. 1997). BACs
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were annotated using a combination of BLASTN and
TBLASTX through NCBI and the TREP (Triticeae
Repeats) database. T. monococcum CBF proteins more
than 77% identical to previously published barley CBF
proteins were assigned the same identification number as
Skinner et al. (2005), whereas those with no clear barley
homologues were assigned consecutive numbers to those
used in the barley study.

For the cluster analyses, the T. monococcum CBF
proteins were compared with previously published CBF
proteins from barley, wheat and rice (Skinner et al.
2005). Preliminary studies including all sequences re-
vealed some pairs of closely related proteins. To simplify
the analysis only one member of these clusters was re-
tained in the analysis used for Fig. 2. In the final analysis
we included barley proteins HvCBF1, 2A, 3, 4A, 5, 6, 7,
9, 10A, 11, 12, 13, and 14, but excluded closely related
proteins HvCBF2B, 4B, 4D, and 10B, and pseudogenes
HvCBF8A, B, and C (Skinner et al. 2005). We also in-
cluded eight rice proteins designated OsDREBI1A to H
(Skinner et al. 2005) and excluded OsDREBII and Os-
DREBI11J, which were closely related to OsDREB1A and
OsDREBID (Skinner et al. 2005). Finally two T. aes-
tivum (TaCBF6 and TaCBF11) and one T. monococcum
accessions (7mCBF7) that had no close homologues
among our 7. monococcum sequences were also included
in the comparison. 7. aestivum proteins TaCBF2, 5, 9,
and 14 (Skinner et al. 2005) were 83-99% similar to the
T. monococcum CBF proteins with the same numbers
and were excluded in the final cluster analysis. GenBank
accession numbers for the T. monococcum CBF genes
can be found in Table 2, whereas all others are available
in Skinner et al. (2005). Previously published wheat
(AF376136) and rye (AF370730) CBF protein sequences
(Jaglo et al. 2001) were very similar to TmCBFI14 and
TmCBF9 sequences from this study, respectively, and
were excluded from the final cluster analysis. Protein
alignments were made using CLUSTALW (Thompson
et al. 1994). Cluster analysis of the CBF proteins was
conducted using MEGA Version 2.1 (Kumar et al. 2001)
using the Unweighted Pair Group Method using
Arithmetic Averages (UPGMA) and the pairwise dele-
tion option. A bootstrap consensus tree was made using
1,000 replications.

Mapping

Markers for each of the seven BACs including CBF
genes were mapped in the 74 F, plants from the cross
DV92 (spring, frost susceptible) x G3116 (winter, frost
tolerant) previously used to construct the 7. monococ-
cum RFLP map (Dubcovsky et al. 1996), and in the SSD
lines derived from that population that were previously
used to map the Fr-A™2 locus (Vagujfalvi et al. 2003).
Primers for the CAPS markers used to map the seven
BAC clones including CBF genes are listed in Table 1.
Two markers were developed for 21C6 in order to orient
the BAC within the genetic map. A larger population of
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Table 1 Primers for the CAPS markers used to map the seven BAC clones including different CBF genes

BAC Forward (5" — 3') Reverse (5" — 3') CAPS enzyme
21C6a GATGGCTGGATGGGTCTCTA CAGAAATAGGTGCCGTTGGT Msil

21C6b GATGCACGGTTTCCTCTGAT TTCAACGGTTGCATCCAATA Mboll

60J11 AATCCAAGCTGAGCCTAGCA TACCGTCAGGAGAACCCAAC Hphl

289H4 GGCGGCTCAGGAAGTCAC ACGCTTAAAAGCGCAAACAC EcoRV
S11C10 GACTGCTGCCTTCTCTTTGC TGATGCTGGAGGTTCAAGTG Mnll

284115 GCCACGCATATTGCCTTATT AAGAAGTGGTCAGGCCAGTG Avall

584E14 CGATGCAAAGTGTGCAATTC GGCTTGTGATCGAGGTTTGT Hpy991
119P22 CAGCCAGCACTTACACCAAA AAAATGCACCCCAAAACAAG Sau961

300 F, plants from the same cross was screened with
RFLP probes ESI14 and WG530, flanking the Fr-A"2
locus (Vagujfalvi et al. 2003). Plants with recombination
events between these two markers were further charac-
terized with the CAPS markers for the different CBF
genes previously mapped on chromosome 5A™.

Results
Selection of CBF-containing BAC clones

Screening of the T. monococcum BAC library with bar-
ley BCBFI (BF631103) and BCBF3 (AF298231) probes
resulted in twenty positive clones. These 20 clones were
organized into seven contigs based on their HindIII
fingerprints and on the hybridization of the Southern
blots of these fingerprints with the CBF probes. The
representative BAC clones from each contig used for
subcloning and sequencing are indicated in Fig. 1.
Hybridization intensities of specific bands varied be-
tween the hybridizations with BCBFI and BCBF3
probes, notably a more intense hybridization signal was
observed when the 119P22 BAC fingerprint was
hybridized with the BCBFI probe (data not shown).
However, no band was unique to one probe. Based on

Fig. 1 Southern blot of HindIII 21C6 S84E14 A 6oI1l

the fingerprinting results, seventeen fragments that
hybridized with the CBF probes were selected for
sequencing.

Bacterial artificial chromosome sequencing

Triticum monococcum BAC clones 21C6 and 60J11
showed four and six HindlII fragments hybridizing with
the CBF probes, respectively, (Fig. 1), and were com-
pletely sequenced. Annotation of the BAC sequences
revealed three CBF genes and one CBF pseudogene in
TmBAC 21C6 (AY951944, 190 kb, 72% annotated as
repetitive elements) and four CBF genes and two CBF
pseudogenes in TmBAC 60J11 (AY951945, 117.5 kb,
53% annotated as repetitive elements). The TmBAC
21C6 pseudogene is an incomplete CBF gene with a
degenerated nuclear localization sequence (NLS) and an
AP2 domain truncated by a frame shift mutation. The
first TmBAC 60J11 pseudogene shows similarity to the
last 360 bp of other CBF genes after the AP2 domain,
but the predicted protein is interrupted by several stop
codons. The second CBF pseudogene from TmBAC
60J11 shows similarity to the end of the AP2 domain
specific to CBF, but again is disrupted by several stop
codons and has many frame-shift mutations.

A 284H4 A 119P22 284115 511C10

fingerprint of seven contigs of
T. monococcum BAC clones — -

with BCBF3 probe. Marker is 3 .;. PR “I =

Lambda digested with HindIII.
Arrows indicate fragments o e
containing putative CBF genes. = [W8%
The largest fragment in
TmBAC 60J11 represents two
bands. Unlabeled lanes
represent overlapping BAC — |
clones to those selected in this
study

.y

T




In addition to the CBF genes and pseudogenes,
TmBAC 60J11 contains three additional genes. The
translated protein from the first gene, located proximal
to TmCBF17, showed 81% similarity (72% identity) to
rice protein BAD46702.1, annotated as a putative
single-strand DNA endonuclease-1le. This gene includes
an XPG domain that is known in humans to be in-
volved in nucleotide excision repair. The translated
protein from the second gene, adjacent to the previous
one, showed 78% similarity (67% identity) to rice
protein BAD44792.1, which has an SPX domain in-
volved in vacuolar polyphosphate accumulation and
an Aral Arabinose efflux permease domain generally
involved in carbohydrate transport and metabolism
(Wang et al. 2004). The third gene, located between
TmCBF2 and TmCBF4 is a short protein, 95% similar
to a putative wheat powder tolerance protein
(AAP94873.1) but with no clear orthologues in the
complete rice genome.

The rice genes BAD46702.1 and BAD44792.1 are
located within the same fosmid clone OSJNOa273B05
(AP006859) on rice chromosome 9 and are adjacent
to three CBF genes DREBIH (OSJNOa273B05.9,
BAD46703), DREBIA (OSJNOa273B05.11, AF300970)
and DREBIB incorrectly annotated as a pseudogene
(OSJNOa273B05.10). The XPG, SPX and CBF genes
are located in the same order in wheat and rice indi-
cating that these two regions are orthologous. This
agrees with the general colinearity of this region of
wheat chromosome 5 with a large segment of rice
chromosome 9 (Linkiewicz et al. 2004).

CBF sequences and comparisons

Bacterial artificial chromosomes 511C10 and 284115
have two HindIll fragments that showed a strong
hybridization with the BCBF3 probe. The two bands
from BAC 511C10 corresponded to two CBF genes
whereas the two bands from BAC 284115 corresponded
to a single CBF gene with an internal HindIII restriction
site. BAC clones 289H4, 584E14, and 119P22 each
contain one CBF gene. Thus, together with the seven
genes from the shotgun sequenced BAC clones, a total
of 13 CBF genes were found in T. monococcum.

Triticum monococcum CBF genes were named
according to the most similar barley CBF gene (identity
>77%). Consecutive numbers were assigned to the
other T. monococcum CBF proteins (7TmCBF15 to
TmCBF18) following the last numbers assigned to
HvCBF14 by Skinner et al. (2005). These TmCBF genes
were originally given different names based on their
location in different BAC clones (Miller 2005 and
Vagujfalvi et al. 2005). However, to facilitate future
comparative studies we adjusted the wheat CBF
nomenclature to match the most similar barley HvCBF
proteins (Skinner et al. 2005). The correspondence be-
tween the old 7TmCBF nomenclature and the one used in
this study is presented in Table 2.
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All the TmCBF proteins sequenced in this study
contain a putative Nuclear Localization Sequence
(NLS) followed by an AP2 DNA binding domain
flanked by the CBF characteristic K(K/R)PAG-
RxKFXxETRHP and DSA(W/A)(R/L) conserved amino
acid sequences (Jaglo et al. 2001). Conservation in
regions outside of the NLS and AP2 domain is low,
even among genes located within the same BAC clone.
Some areas of the C-terminal domain are conserved,
notably several clusters of hydrophobic residues and
the characteristic LWSY motif found at the end of
most CBF proteins (Dubouzet et al. 2003; Wang et al.
2005).

The cluster analysis of 13 barley, eight rice, and 16
wheat CBF proteins presented in Fig. 2 suggests the
existence of three major groups (accession numbers in
Table 2 and in Skinner et al. 2005). The cluster indicated
by an “A”’, which corresponds to the HvCBF3-subgroup
(Skinner et al. 2005), includes OsDREBIA and H, five
pairs of related wheat and barley CBF proteins (CBF3,
10, 12, and 13) and four 7. monococcum proteins
(TmCBF15, 16, 17, and 18) that do not have current
orthologues in barley. The “B” cluster, corresponding to
the HvCBF4-subgroup (Skinner et al. 2005), includes
only one rice CBF protein (OsDREB1B) and four pairs
of related wheat and barley CBF proteins (CBF2, 4, 9,
and 14). The “C” cluster was supported by lower
bootstrap values (90%) than the previous two groups.
This cluster corresponds to the HvCBF1-subgroup
(Skinner et al. 2005) and includes the rice CBF proteins
(OsDREBIC, E, and G), two pairs of related wheat-
barley CBF proteins (5 and 11) and the HvCBF1 pro-
tein, for which no close homologues have yet been
identified in wheat.

Groups A and B also can be differentiated by the
sequence of the region directly after the AP2 domain.
Group A has the conserved sequence A(W/E)LL(A/
S)VPX(A/S) whereas Group B has the conserved se-
quence AWRMXP(V/L)(L/H)A. Group C containing
TmCBF5 and TaCBF11, does not have a conserved
motif among all of its members in this region (data not
shown). These two groups appeared as separated clus-
ters in Neighbor Joining trees generated from the same
multiple sequence alignment (data not shown) and in the
Minimum Evolution tree published by Skinner et al.
(2005)

Mapping of CBF genes

CAPS markers for each of the seven BAC clones were
designed and mapped in the DV92 (spring) x G3116
(winter) T. monococcum F, mapping population (74 F,
plants), and in the SSD population derived from the 74
F, lines that was used to map the Fr-A"2 locus.
TmCBF5 was mapped to chromosome 7A™ between loci
Xmwg530 and XksuD91 (Dubcovsky et al. 1996), and
TmCBFI8 was mapped to chromosome 6A™ between
loci Xgwm617 and Xabg652 (Dubcovsky et al. 1996),
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Fig. 2 Bootstrap consensus UPGMA
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thus these genes are not linked to the frost tolerance To define the relative order of the five BACs mapped
locus Fr-A™2. The remaining CBF genes were all map- at the Fr-A"'2 locus, we first screened an additional 300
ped at the Fr-A"2 locus on chromosome 5A™ (Fig. 3).  F, plants with RFLP probes ESI14 and WG530, which



Table 2 Nomenclature of T. monococcum CBF genes and Gen-
Bank accession numbers

T. monococcum Original TmCBF New TmCBF GenBank

BAC nomenclature nomenclature accession No.
21C6 1A 15 AY951944
1B 12 AY951944
1C 16 AY951944
60J11 2A 17 AY951945
2B 9 AY951945
2C 4 AY951945
2D 2 AY951945
289H4 3 18 AY951946
511C10 4A 3 AY951949
4B 10 AY951950
284115 5 13 AY951951
584E14 6 5 AY951947
119P22 7 14 AY951948

The original nomenclature used by Miller (2005) and Vagujfalvi
et al. (2005) reflected the BAC location of the different TmCBF
genes. The new proposed nomenclature uses the numbering of the
closest barley homologue according to Skinner et al. (2005)

flank the Fr-A"2 locus (Vagujfalvi et al. 2003). The 72
plants with recombination events within this region plus
those identified previously in the original F, and SSD
populations were analyzed with the CAPS markers for
the BACs previously mapped on chromosome 5A™.
Recombination was found between all BACs except
between 119P22 and 21C6 that were completely linked
in this mapping population. A second PCR marker was
developed near TmCBFI6 that was linked to BAC
511C10, thus a recombination event was detected within
the 21C6 BAC. This allowed us to determine the order
of the BAC clones and to orient BAC 21C6 within the
genetic map. BAC 60J11 was oriented to maximize the
proximity of TmCBF2, 4, 9, and 14 that were related
based on their protein sequences (Fig. 2).

The lines showing recombination events within this
region were self-pollinated and the F; seed was screened
with the PCR markers to select homozygous re-
combinant plants. Seeds from these lines will be in-
creased in the future to test their frost tolerance and
their COR14b transcription levels at 15°C.

Discussion

A cluster of CBF genes was mapped to the frost toler-
ance locus Fr-A"2 suggesting that the differences in frost
tolerance and in the regulation of CORI4b between the
parental lines might be due to differences in one or more
of these CBF genes. The detailed characterization of the
TmCBF family presented here provides an insight into
the complexity of the CBF gene family in wheat.

Organization of CBF genes in T. monococcum

The 13 TmCBF genes found in T. monococcum are not
randomly distributed. Eleven of these genes are clustered
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at the Fr-A"2 frost tolerance locus. The presence of
clusters of CBF genes has been also observed in other
species. The three CBF genes in Arabidopsis are orga-
nized as a tandem array on chromosome four, suggest-
ing that local duplication events resulted in this CBF
cluster (Shinwari et al. 1998; Gilmour et al. 1998).
Likewise, in rice, three CBF genes are located within the
same fosmid (AP006859). In barley, at least HvCBF3
and HvCBF4 were mapped at the Fr-H2 locus (Choi
et al. 2002; Francia et al. 2004). HvCBF§ was mapped
approximately 20 cM distal to the Fr-H2 locus by
Francia et al. (2004), but was later identified as a
pseudogene by Skinner et al. (2005).

Based on the cluster analyses, we have identified three
subgroups of closely related CBF proteins (Fig. 2) that
correspond with similar subgroups previously identified
in barley (Skinner et al. 2005). Subgroup A (equivalent
to the HvCBF3 subgroup) includes more than half of the
wheat CBF proteins. Within subgroup A, proteins
TmCBF3, 10, and 13 form a tight group supported by
high bootstrap values (100) with high levels of sequence
identity (70-79%) (Fig. 2). These three genes are in
tandem at the distal end of the CBF cluster (Fig. 3).
Since TmCBF3 is more closely related to 7TmCBF13
(Fig. 2), we have oriented BAC 511C10 to parallel this
relationship. 7TmCBF18, another member of subgroup A
was mapped on chromosome 6A™, suggesting a rela-
tively old duplication from a CBF member from Group
A. Group B, including proteins TmCBF2, 4, 9, and 14 is
clearly separated from the other CBF proteins, and its
members are physically clustered together. We have
oriented BAC 60J11 to reflect this relationship. The
TmCBFS5 gene, from the C subgroup, was mapped on
chromosome 7A™. The chromosome location of the
other wheat gene from this group (TaCBFII) is cur-
rently not known.

The presence of close rice and 7. monococcum or-
thologues within each of the three major CBF protein
groups suggests that the duplication that originated
these major CBF groups occurred before the divergence
between wheat and rice, more than 50 million years ago.
This hypothesis was also supported by the mapping of
several wheat CBF genes in regions orthologous with
rice. Rice fosmid clone AP006859 is located in a region
of rice chromosome 9 colinear with the Fr-4"2 region in
wheat chromosome 5 that also contains CBF genes Os-
DREBIA and OsDREBIH (Fig. 2), both belonging to
group A. In addition, this fosmid contains OsDREBIB
(annotated erroneously as a pseudogene) the only rice
member from group B. Therefore, members of the A and
B groups were likely adjacent before the wheat and rice
divergence. Rice fosmid clone AP006859 also includes
genes XPG and SPX in the same order as is found on
TmBAC 60J11 confirming that this region in rice is or-
thologous to Fr-A"2 in diploid wheat. Unfortunately,
this region of the rice genome has a gap adjacent to
AP006859 and we cannot currently tell if other rice CBF
genes are located in this region. Genes from group C
also map in colinear regions between rice chromosome 6
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Fig. 3 Hypothesized organization of CBF genes at the Fr-A"2
locus. Black rectangles indicate BAC clones that were completely
sequenced. Asterisks indicate location of CAPS markers. Upward
facing triangles indicate the orientation of CBF genes in unknown.
The locations of CBF genes within each BAC are also unknown

(OsDREBIC) and wheat chromosome 7A™ (TmCBF5)
(Hossain et al. 2004).

Despite growing data about CBF genes in many plant
species, it is still not possible to determine from sequence
comparison alone which genes are responsible for frost
tolerance. In fact, it has been shown that some CBF
genes with high sequence similarity to cold-responsive
CBF genes do not respond to cold stress, and some do
not respond to any stresses at all. For example, TmCBF>5
is most similar to HvCBF5 and OsDREBIC (Dubouzet
et al. 2003) as shown in Fig. 2. OsDREBIC is not cold-
responsive, rather is constitutively expressed (Dubouzet
et al. 2003). This is in contrast to the expression data for
HvCBFI from the same Subgroup C, which is strongly
up-regulated due to cold and unresponsive to other
stresses (Xue 2003).

The CBFI1, 2, and 3 transcriptional activators in
Arabidopsis have redundant functional activities (Gil-
mour et al. 2004). However, the sequence divergence
among the three Arabidopsis CBF genes is minimal
compared with the CBF sequence divergence in the
temperate cereals. Therefore, it is also possible that the
wheat and barely CBF genes may show more diverse
functional activities. The recombinant lines developed in
this study will be a valuable tool to explore these dif-
ferences.

Regulation of CBF genes

Some progress has been made toward the characteriza-
tion of CBF genes and the CBF pathway in Arabidopsis.
The AtCBF genes transcriptionally activate COR and
other cold-responsive genes by binding to the CRT/
DRE present in their promoters (Stockinger et al. 1997;
Liu et al. 1998; Gilmour et al. 1998; Shinwari et al.
1998). AtCBF3 is partially regulated by another tran-

except in the sequenced BAC clones. TmBAC 21C6 is ordered
based on markers at TmCBFI12 and TmCBF16. Capital Al and B
letters refer to groups of related sequences based on Fig. 2.
TmBAC60J11 was oriented to maximize the proximity of the CBF
genes from group B

scription factor, Inducer of CBF Expression 1, (ICEI),
which binds to MYC recognition sites in A¢tCBF pro-
moters (Chinnusamy et al. 2003). /CE! also has a min-
imal effect on the expression of ArCBFI and 2. It is
thought that /CEI binds more specifically to AtCBF3
due to the presence of five MYC recognition sequences
in the promoter, as compared with one MYC site in
AtCBFI and 2 (Shinwari et al. 1998). Analysis of the
available promoter sequences indicates that the TmCBF
genes also contain MYC recognition sequences in their
promoters, and some appear to have more than others
(e.g. TmCBFI10 has nine MYC sites in the 800 bp up-
stream region, while 7TmCBFI17 has only one MYC site
in the same region). However, without complete up-
stream gene sequence for all the TmCBF genes, it would
be premature to speculate as to the preference of the
ICEl protein to any of the TmCBF genes. Other factors
have also been shown to affect CBF expression including
ZATI12 (Vogel et al. 2005) and VRN (Danyluk et al.
2003), so there is the possibility that a varying and
complex mode of CBF activation exists.

We used the sequence information from the T.
monococcum CBF genes to design specific primers for
eight T. aestivum CBF genes (TaCBF3, 9, 10, 13, 14, 15,
16, and 17) located at the Fr-2 locus (Vagujfalvi et al.
2005). Real-time RT-PCR experiments showed that all
these genes except TaCBF9 were induced by cold.
Transcript levels of TaCBFI4 and TaCBFI15 were the
highest whereas transcript levels of TaCBFI7 were the
lowest during exposure to cold. Interestingly, transcript
levels of TaCBF14, 15, and 16 were more than fourfold
higher in lines carrying the Fr-A2 allele from a frost
tolerant variety than in those carrying the allele from a
frost susceptible line. These results suggest that the
amount of some CBF mRNAs might be a critical factor
for determining the level of frost tolerance in wheat
(Vagujfalvi et al. 2005). Future studies using the re-



combinant lines created in this study will help to further
examine the action of the different 7mCBF genes located
at the Fr-A"2 locus.

Other factors affecting frost tolerance in wheat

Initial studies on the control of CORI4b expression
detected the presence of two loci, Regulator of COR
genes 1 and 2 (Rcgl and Rcg2) on chromosome 5A of
hexaploid wheat (Vagujfalvi et al. 2000). Rcgl was
linked to RFLP locus Xpsr911, 35 cM proximal to the
vernalization gene VRN-AI (Yan et al. 2003). Fr-A"2
was also mapped linked to Xspr911, and thus Rcgl was
re-designated Fr-A"2 (Vagujfalvi et al. 2003). Rcg2 was
mapped closely linked to the VRN-A1I and Fr-A1 (Ga-
liba et al. 1995) loci, but no CBF genes were found in
this region, suggesting that Rcg2 regulates CORI4b gene
expression in these hexaploid recombinant lines by a
different mechanism than Fr-42. We currently do not
know if the differential regulation of CORI4b at the
Rcg2 locus is the result of VRN-A1, Fr-Al, or a different
gene located in this region.

The vernalization requirement observed in the winter
varieties prevents the transition from vegetative to
reproductive apices during the winter, protecting the
sensitive floral meristem from the harmful effects of cold
(Fowler et al. 2001). Lines carrying alleles for winter
growth habit in barley and diploid wheat mapping
populations segregating for the VRN-I and VRN-2
vernalization genes, respectively, showed increased tol-
erance to freezing temperatures relative to the lines
carrying the alleles for spring growth habit (Vagujfalvi
et al. 2003; Francia et al. 2004). In the T. monococcum
study, allelic variation at both the Fr-4"2 and the VRN-
2 loci was associated with frost tolerance, but only the
Fr-A"2 locus was associated with the differential
CORI4b transcript accumulation at 15°C (Vagujfalvi
et al. 2003). Similarly, in the barley study, QTLs for frost
tolerance were detected at the VRN-HI and the Fr-H2
loci, but only the QTL for Fr-H?2 overlapped a QTL for
differential accumulation of CORI14b protein in leaf
samples collected from the field at the beginning of the
winter (Francia et al. 2004). These results suggest that
the mechanisms conferring frost tolerance at the Fr-2
and the VRN gene regions might involve different reg-
ulatory mechanisms, namely differential activation of
the cold machinery regulated by the Fr-2 locus and
protection of the floral meristem regulated by the VRN
loci.

However, later during the vernalization process there
seems to be a link between these two mechanisms. When
winter hexaploid lines were grown at constant vernali-
zation temperatures (4°C), a significant decrease in the
cold induced wheat genes Wesl9 and Wesi20 was ob-
served by the time the vernalization requirement was
satisfied and the VRN-I gene started to be transcribed
(3542 days). In the isogenic spring lines where the
VRN-1 gene was constitutively expressed, Wesl9 and
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Wes120 showed lower and more uniform transcription
profiles (Danyluk et al. 2003). Kobayashi et al. (2005)
also reported that wheat NILs with Vrn-1 alleles have a
lower WCORI5 expression and that the Vrn-1 NILs
have lower up-regulation of WCBF2 (an orthologue of
TmCBF2). However, these authors only tested WCBEF2
and their results may differ for other CBF genes. Cur-
rently it is not possible to determine if the effects de-
scribed above are the result of variation at the VRN-A1
locus or at the closely linked Fr-A1 locus.

Galiba et al. (19995) reported the separation of the Fr-
Al and the VRN-AI loci based on one recombinant
plant showing winter growth habit and frost suscepti-
bility. Using RFLP data they mapped Fr-A1 2 cM distal
to VRN-AI. In a later study, however, the same authors
concluded that Fr-A1 is proximal to VRN-AI based on
the analysis of deletion lines (Sutka et al. 1999). Al-
though the critical deletion lines did show a significant
difference (13%) in frost survival, it is not possible to
rule out the possibility that the larger deletions present
in the susceptible lines also included important genes
that reduced the general adaptability of the plants and
made them more susceptible to frost. Therefore, addi-
tional studies will be necessary to confirm the existence
of Fr-1 as a separate locus from VRN-1.

Concluding remarks

The determination of the sequence and chromosome
location of the majority of the members of the CBF gene
family in diploid wheat provides the foundation to study
the contribution of the individual CBF genes to the
observed differential frost tolerance phenotypes. Based
on these sequences it is now possible to design CBF
specific primers to determine the differential expression
of each of these under different environmental condi-
tions and study the allelic variation in these transcription
profiles in frost tolerant and frost susceptible lines
(Vagujfalvi et al. 2005). These gene specific primers can
be used to characterize the allelic variation at each of
these genes to study their association to varying levels of
cold stress in different regions of the world.

The recombinant lines we have isolated in this study
will be useful tools to determine which of the CBF genes
present at the Fr-A™2 locus is responsible for the dif-
ferences in frost tolerance observed in diploid wheat
(Vagujfalvi et al. 2003). A detailed characterization of
the frost tolerance response of these recombinant lines
will be necessary to identify the critical CBF genes within
the Fr-A"2 locus. These recombinant lines are also
segregating for vernalization requirement, so they will
also be a useful tool to characterize the relationship
between frost tolerance and vernalization.

Acknowledgment The project was supported by the National Re-
search Initiative of the USDA Cooperative State Research, Edu-
cation and Extension Service, grant number 2004-01783, NSF-
Plant Genome grant DBI-0321462, and by the Hungarian Wheat
Spike Consortia NKFP 406404.



202

References

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller
W, Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs. Nucleic Acids
Res 25:3389-3402

Chinnusamy V, Ohta M, Kanrar S, Lee BH, Hong X, Agarwal M,
Zhu JK (2003) ICE1: a regulator of cold-induced transcriptome
and freezing tolerance in Arabidopsis. Genes Dev 17:1043-1054

Choi DW, Rodriguez EM, Close TJ (2002) Barley Chf3 gene
identification, expression pattern and map location. Plant
Physiol 129:1781-1787

Crosatti C, Polverino de Laureto P, Bassi R, Cattivelli L (1999)
The interaction between cold and light controls the expression
of the cold-regulated barley gene corl/4b and the accumulation
of the corresponding protein. Plant Physiol 119:671-680

Danyluk J, Kane NA, Breton G, Limin AE, Fowler DB, Sarhan F
(2003) TaVRT-1, a putative transcription factor associated with
vegetative to reproductive transition in cereals. Plant Physiol
132:1849-1860

Doll H, Haahr V, Sogaard B (1989) Relationship between vernal-
ization requirement and winter hardiness in doubled haploids of
barley. Euphytica 42:209-213

Dubcovsky J, Lou MC, Dvorak J (1995) Linkage relationships
among stress-induced genes in wheat. Theor Appl Genet
91:795-801

Dubcovsky J, Luo MC, Zhong GY, Bransteiter R, Desai A, Kilian
A, Kleinhofs A, Dvorak J (1996) Genetic map of diploid wheat,
Triticum monococcum L., and its comparison with maps of
Hordeum vulgare L. Genetics 143:983-999

Dubcovsky J, Lijavetsky D, Appendino L, Tranquilli G (1998)
Comparative RFLP mapping of Triticum monococcum genes
controlling vernalization requirement. Theor Appl Genet
97:968-975

Dubcovsky J, Ramakrishna W, SanMiguel PJ, Busso CS, Yan L,
Shiloff BA, Bennetzen JL (2001) Comparative sequence analysis
of colinear barley and rice bacterial artificial chromosomes.
Plant Physiol 125:1342-1353

Dubouzet JG, Sakuma Y, Ito Y, Kasuga M, Dubouzet EG, Miura
S, Seki M, Shinozaki K, Yamaguchi-Shinozaki K (2003) Os-
DREB genes in rice, Oryza sativa L., encode transcription
activators that function in drought-, high-salt- and cold-
responsive gene expression. Plant J 33:751-763

Ewing B, Green P (1998) Base-calling of automated sequencer traces
using PHRED: II. Error probabilities. Genome Res 8:186-194

Feinberg AP, Vogelstein P (1983) A technique for radiolabeling
DNA restriction endonuclease fragments to high specific
activity. Anal Biochem 132:6-13

Francia E, Rizza F, Cattivelli L, Stanca AM, Galiba G, Téth B,
Hayes PM, Skinner JS, Pecchioni N (2004) Two loci on chro-
mosome SH determine low-temperature tolerance in a ‘Nure’
(winter) x ‘Tremois’ (spring) barley map. Theor Appl Genet
108:670-680

Fowler DB, Breton G, Limin AE, Mahfoozi S, Sarhan F (2001)
Photoperiod and temperature interactions regulate low-tem-
perature-induced gene expression in barley. Plant Physiol
127:1676-1681

Galiba G, Quarrie SA, Sutka J, Morgounov A, Snape JW (1995)
RFLP mapping of the vernalization (Vrnl) and frost resistance
(Frl) genes on chromosome 5A of wheat. Theor Appl Genet
90:1174-1179

Gilmour SJ, Zarka DG, Stockinger EJ, Salazar MP, Houghton
JM, Thomashow MF (1998) Low temperature regulation of the
Arabidopsis CBF family of AP2 transcriptional activators as an
early step in cold-induced COR gene expression. Plant J
16:433-442

Gilmour SJ, Fowler SG, Thomashow MF (2004) Arabidopsis
transcriptional activators CBF1, CBF2, and CBF3 have
matching functional activities. Pl Mol Biol 54:767-781

Gordon D, Abajian C, Green P (1998) CONSED: a graphical tool
for sequencing finishing. Genome Res 8:195-202

Hayes PM, Chen FQ, Corey A, Pan A, Chen THH, Baird E,
Powell W, Thomas W, Waugh R, Bedo Z, Karsai I, Blake T,
Oberthur L (1997) The Dicktoo x Morex population: a model
for dissecting components of winterhardiness in barley. In: Li
PH, Chen THH (eds) Plant cold hardiness. Plenum Press, New
York, pp 77-87

Hossain KG, Kalavacharla V, Lazo GR, Hegstad J, Wentz MJ,
Kianian PM, Simons K, Gehlhar S, Rust JL, Syamala RR,
Obeori K, Bhamidimarri S, Karunadharma P, Chao S,
Anderson OD, Qi LL, Echalier B, Gill BS, Linkiewicz AM,
Ratnasiri A, Dubcovsky J, Akhunov ED, Dvorak J, Mif-
tahudin, Ross K, Gustafson JP, Radhawa HS, Dilbirligi M,
Gill KS, Peng JH, Lapitan NL, Greene RA, Bermudez-
Kandianis CE, Sorrells ME, Feril O, Pathan MS, Nguyen
HT, Gonzalez-Hernandez JL, Conley EJ, Anderson JA, Choi
DW, Fenton D, Close TJ, McGuire PE, Qualset CO, Kianian
SF (2004) A chromosome bin map of 2148 expressed se-
quence tag loci of wheat homoeologous group 7. Genetics
168:687-699

Jaglo KR, Kleff S, Amundsen KL, Zhang X, Haake V, Zhang JZ,
Deits T, Thomashow MF (2001) Components of the Arabid-
opsis C-repeat/dehydration-responsive element binding factor
cold-response pathway are conserved in Brassica napus and
other plant species. Plant Physiol 127:910-917

Kobayashi F, Takumi S, Kume S, Ishibashi M, Ohno R, Murai K,
Nakamura C (2005) Regulation by Vin-1/Fr-1 chromosomal
intervals of CBF-mediated Cor/Lea gene expression and freez-
ing tolerance in common wheat. J Exp Bot 56:887-895

Kumar S, Tamura K, Jakobsen I, Nei M (2001) MEGAZ2: molec-
ular evolutionary genetics analysis software. Bioinformatics
17:1244-1245

Law C, Worland A, Giorgi B (1976) The genetic control of ear-
emergence time by chromosomes SA and 5D of wheat. Heredity
36:49-58

Lijavetzky D, Muzzi G, Wicker T, Keller B, Wing R, Dubcovsky J
(1999) Construction and characterization of a bacterial artificial
chromosome (BAC) library for the A genome of wheat. Gen-
ome 42:1176-1182

Linkiewicz AM, Qi LL, Gill BS, Echalier B, Chao S, Lazo GR,
Hummel DD, Anderson OD, Akhunov ED, Dvorak J, Pa-
than MS, Nguyen HT, Peng JH, Lapitan NL, Miftahudin,
Gustafson JP, La Rota CM, Sorrells ME, Hossain KG,
Kalavacharla V, Kianian SF, Sandhu D, Bondareva SN, Gill
KS, Conley EJ, Anderson JA, Fenton RD, Close TJ,
McGuire PE, Qualset CO, Dubcovsky J (2004) A 2500-loci
bin map of wheat homoeologous group 5 provides insights
on gene distribution and colinearity with rice. Genetics
168:665-676

Liu Q, Kasuga M, Sakuma Y, Abe H, Miura S, Yamaguchi-
Shinozaki K, Shinozaki K (1998) Two transcription factors,
DREBI and DREB2, with an EREBP/AP2 DNA binding do-
main separate two cellular signal transduction pathways in
drought- and low-temperature-responsive gene expression,
respectively, in Arabidopsis. Plant Cell 10:1391-1406

Mclntosh RA, Devos KM, Dubcovsky J, Rogers WJ (2004) Cat-
alogue of gene symbols for wheat: 2004 supplement. Wheat
Information Service. http://wheat.pw.usda.gov/ggpages/wgc/
2004upd.html

Miller AK (2005) Characterization of the CBF family of tran-
scription factors in diploid wheat. MS Thesis, University of
California, Davis, CA, 57pp

Roberts D (1990) Identification of a locus on chromosome-5A of
wheat involved in control of cold hardiness, vernalization, leaf
length, rosette growth habit, and height of hardened plants.
Genome 33:247-259

Rozen S, Skaletsky H (2000) Primer3 on the WWW for general
users and for biologist programmers. In: Krawetz S, Misener S
(eds) Bioinformatics methods and protocols: methods in
molecular biology. Humana Press, Totowa, NJ, pp 365-386

Sakai A, Larcher V (1985) Frost survival of plants. Responses and
adaptation to freezing stress. Ecological studies, vol 62.
Springer-Verlag. Berlin, Heidelberg, New York



Shinwari Z, Nakashima K, Miura S, Kasuga M, Seki M, Yam-
aguchi-Shinozaki K, Shinozaki K (1998) An Arabidopsis gene
family encoding DRE/CRT binding proteins involved in low-
temperature-responsive gene expression. Biochem Biophys Res
Comm 250:161-170

Skinner JS, von Zitzewitz J, Sziics P, Marquez-Cedillo L, Filichkin
T, Amundsen K, Stockinger EJ, Thomashow MF, Chen THH,
Hayes PM (2005) Structural, functional, and phylogenetic
characterization of a large CBF gene family in barley. Plant
Mol Bio 59:533-551

Snape JW, Sarma RN, Quarrie SA, Fish LJ, Galiba G, Sutka J
(2001) Mapping genes for flowering time and frost tolerance in
cereals using precise genetic stocks. Euphytica 120:309-315

Stockinger EJ, Gilmour SJ, Thomashow MF (1997) Arabidopsis
thaliana CBF1 encodes an AP2 domain-containing transcrip-
tional activator that binds to the C-repeat/DRE, a cis-acting
DNA regulatory element that stimulates transcription in re-
sponse to low temperature and water deficit. Proc Nat Acad Sci
USA 94:1035-1040

Sutka J, Snape JW (1989) Location of a gene for frost resistance on
chromosome 5A of wheat. Euphytica 42:41-44

Sutka J (1994) Genetic control of frost resistance in wheat (7riti-
cum aestivum L.). Euphytica 77:277-282

Sutka J, Galiba G, Vagujfalvi A, Gill BS, Snape JW (1999) Physical
mapping of the VRN-A1 and Frl genes on chromosome 5SA of
wheat using deletion lines. Theor Appl Genet 99:199-202

Thomashow MF (2001) So what’s new in the field of plant cold
acclimation? Lots! Plant Physiol 125:89-93

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W:
improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, positions-specific gap
penalties and weight matrix choice. Nucl Acids Res 22:4673—
4680

Toth B, Galiba G, Fehér E, Sutka J, Snape JW (2003) Mapping
genes affecting flowering time and frost resistance on chromo-
some 5B of wheat. Theor Appl Genet 107:509-514

Vagujfalvi A, Crosatti C, Galiba G, Dubcovsky J, Cattivelli L
(2000) Two loci on wheat chromosome 5A regulate the differ-
ential cold-dependent expression of the cori4b gene in frost-
tolerant and frost-sensitive genotypes. Mol Gen Genet
263:194-200

203

Vagujfalvi A, Galiba G, Cattivelli L, Dubcovsky J (2003) The cold-
regulated transcriptional activator Chf3 is linked to the frost-
tolerance locus Fr-A2 on wheat chromosome 5A. Mol Gen
Genomics 269:60-67

Vagujfalvi A, Aprile A, Miller AK, Dubcovsky J, Delugu G, Ga-
liba G, Cattivelli L (2005) The expression of several Cbf genes
at the Fr-A2 locus is linked to frost resistance in wheat. Mol
Gen Genomics 274:506-514

Vogel JT, Zarka DG, Van Buskirk HA, Fowler SG, Thomashow
MF (2005) Roles of CBF2 and ZAT12 transcription factors in
configuring the low temperature transcriptome of Arabidopsis.
Plant J 41:196-211

Wang Y, Ribot C, Rezzonico E, Poirier Y (2004) Structure and
expression profile of the Arabidopsis PHO! gene family indi-
cates a broad role in inorganic phosphate homeostasis. Plant
Physiol 135:400-411

Wang Z, Triezenberg SJ, Thomashow MF, Stockinger EJ (2005)
Multiple hydrophobic motifs in Arabidopsis CBF1 COOH-
terminus provide functional redundancy in trans-activation.
Plant Mol Biol 58:543-559

Xue GP (2002) Characterisation of the DNA-binding profile of
barley HvCBF1 using an enzymatic method for rapid, quanti-
tative and high-throughput analysis of the DNA-binding
activity. Nucl Acids Res 30:¢77

Xue GP (2003) The DNA-binding activity of an AP2 transcrip-
tional activator HvCBF2 involved in regulation of low-tem-
perature responsive genes in barley is modulated by
temperature. Plant J 33:373-383

Yan L, Loukoianov A, Tranquilli G, Helguera M, Fahima T,
Dubcovsky J (2003) Positional cloning of wheat vernalization
gene Vrnl. Proc Natl Acad Sci USA 100:6263-6268

Yan L, Loukoianov A, Blechl A, Tranquilli G, Ramakrishna W,
SanMiguel PJ, Bennetzen JL, Echenique V, Dubcovsky J
(2004). The wheat Vrn2 gene is a flowering repressor down-
regulated by vernalization. Science 303:1640-1644



	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6
	Sec7
	Sec8
	Sec9
	Sec10
	Tab1
	Fig1
	Sec11
	Sec12
	Fig2
	Sec13
	Sec14
	Tab2
	Sec15
	Fig3
	Sec16
	Sec17
	Ack
	Bib
	CR1
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR21
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR40
	CR41
	CR42
	CR43
	CR44
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53
	CR54
	CR56
	CR57
	CR58
	CR59

