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Large deletions in the CBF gene cluster at the Fr-B2 locus are
associated with reduced frost tolerance in wheat
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Abstract Wheat plants which are exposed to periods of
low temperatures (cold acclimation) exhibit increased sur-
vival rates when they are subsequently exposed to freezing
temperatures. This process is associated with large-scale
changes in the transcriptome which are modulated by a
set of tandemly duplicated C-repeat Binding Factor (CBF)
transcription factors located at the Frost Resistance-2 (Fr-2)
locus. While Arabidopsis has three tandemly duplicated
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CBF genes, the CBF family in wheat has undergone an
expansion and at least 15 CBF genes have been identified,
11 of which are present at the Fr-2 loci on homeologous
group 5 chromosomes. We report here the discovery of
three large deletions which eliminate 6, 9, and all 11 CBF
genes from the Fr-B2 locus in tetraploid and hexaploid
wheat. In wild emmer wheat, the Fr-B2 deletions were
found only among the accessions from the southern sub-
populations. Among cultivated wheats, the Fr-B2 deletions
were more common among varieties with a spring growth
habit than among those with a winter growth habit. Rep-
licated freezing tolerance experiments showed that both
the deletion of nine CBF genes in tetraploid wheat and the
complete Fr-B2 deletion in hexaploid wheat were associ-
ated with significant reductions in survival after exposure
to freezing temperatures. Our results suggest that selection
for the wild-type Fr-B2 allele may be beneficial for breed-
ers selecting for varieties with improved frost tolerance.

Introduction

Wheat is one of the world’s most important crops, provid-
ing approximately one-fifth of all calories consumed glob-
ally. Hexaploid bread wheat (Triticum aestivum)—which
accounts for 95 % of all wheat grown—has been adapted
to grow in environments spanning latitudes from 65°N
to 45°S, a range which encompasses large variations in
temperature during the growing season (Dubcovsky and
Dvorak 2007). Due to their longer growing season, fall-
sown wheat varieties (winter wheat) are generally higher
yielding than those sown in spring (spring wheat). How-
ever, to achieve this greater yield potential winter wheat
varieties must be able to withstand freezing temperatures
during the winter.
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Variation in a plant’s freezing tolerance is closely associ-
ated with cold acclimation, the process by which extended
exposure to gradually decreasing, but non-freezing tem-
peratures, results in improved cold tolerance and survival
rates when the plants are subsequently exposed to freezing
temperatures (Thomashow 2010). During cold acclimation,
plants undergo large-scale changes in their transcriptome,
which in turn activates the production of an array of pro-
teins to aid the plant’s survival during subsequent freezing
stress (Kocsy et al. 2010; Winfield et al. 2010).

Despite these large changes in global gene expression
patterns, it appears that a relatively small number of loci
account for a large proportion of the observed variance in
cold tolerance between wheat varieties (Vagujfalvi et al.
2000). Chromosome substitution experiments using the
cold-hardy variety Cheyenne as a donor and the cold-sus-
ceptible variety Chinese Spring as a recipient showed that
transferring chromosomes 5A, 5D and, to a lesser extent, 5B
conferred the greatest improvements in freezing tolerance
(Sutka 1981; Veisz and Sutka 1989; Toth et al. 2003). Using
these same chromosome substitution lines, it was shown
that chromosome 5A substitutions also conferred stronger
induction of CORI4b, a central cold-responsive gene con-
tributing to the protection of chloroplasts during exposure
to freezing temperatures (Vagujfalvi et al. 2000). This gene,
as well as numerous other cold-responsive genes, harbors
a CRT-DRE box within its promoter, a conserved binding
domain for the CBF (C-repeat Binding Factor) family of
transcription factors. One such gene, TmCBF3, was mapped
to the same region as the QTL for differential CORI4b
expression—designated the Fr-2 (Frost resistance-2)
locus—suggesting that the strong effect this locus has on
cold tolerance can be attributed to the CBF genes (Vaguj-
falvi et al. 2003). Furthermore, several different CBF genes
which also map to the Fr-2 locus were shown to exhibit sig-
nificantly higher expression in cold-hardy plants than cold-
sensitive ones (Vagujfalvi et al. 2005).

An in-depth study of the CBF gene family in 7. mono-
coccum identified 15 CBF genes, 11 of which were present
as a cluster at the Fr-2 locus on chromosome 5A™ (Miller
et al. 2006). A subsequent high-density mapping study of
this region suggested that the CBF12, CBF14 and CBF15
genes were most likely to account for the observed differ-
ences in cold tolerance within the specific T. monococcum
mapping population used in this study (Knox et al. 2008).
The CBF genes are a family of AP2/ERF transcription fac-
tors and have been studied in greatest depth in Arabidop-
sis. They play a crucial role in the co-ordination of cold
response and their expression is induced within 15 min of
exposure to cold temperatures, which is closely followed
by the up-regulation of cold-responsive genes around 2 h
later (Thomashow 2010). This so-called CBF regulon has
been estimated to represent a significant proportion of
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cold-inducible genes; for example, 28 % of all cold-induc-
ible genes were also up-regulated in Arabidopsis CBF2
over-expression transgenic plants (Vogel et al. 2005). These
include genes coding for enzymes that make cryoprotec-
tive and other membrane-stabilizing proteins, which help to
prevent cellular damage when plants are subjected to the
extreme dehydration associated with freezing stress.

In Arabidopsis, the transgenic constitutive over-expres-
sion of the CBF genes results in an increase in freezing tol-
erance even without prior cold acclimation (Gilmour et al.
2004; Jaglo-Ottosen et al. 1998; Liu et al. 1998), but this
also results in a slow-growing dwarf phenotype, as a con-
sequence of interactions between CBF genes and the gib-
berellin biosynthetic pathway (Achard et al. 2008). This
suppression of growth illustrates the negative pleiotropic
effects associated with expressing a transcriptome designed
for cold response in warm environments.

While Arabidopsis has three closely related CBF genes
tandemly arrayed in a cluster on chromosome four (Gil-
mour et al. 1998; Medina et al. 1999; Stockinger et al. 1997),
wheat and other temperate cereals have undergone an expan-
sion in this family. In hexaploid wheat, for example, there are
at least 15 CBF genes in each of the three wheat genomes,
including 11 at each of the three Fr-2 loci (Badawi et al.
2007). In barley, variation in CBF copy number was found at
the Fr-H2 locus and this variation was associated with differ-
ences in freezing tolerance (Knox et al. 2010). The presence
of natural variation within each of the wheat homeologous
Fr-2 loci is illustrated by the clear differences in frost toler-
ance conferred by the inter-varietal chromosome substitution
lines involving all three homeologous group 5 chromosomes,
where the substitution of chromosome 5A confers the larg-
est increases in frost tolerance and chromosome 5B the least
(Sutka 1981; Veisz and Sutka 1989).

In the current study, we describe the discovery of dele-
tions of multiple CBF genes from the Fr-B2 locus on chro-
mosome 5B in tetraploid and hexaploid wheat and report
their distribution among accessions with different growth
habit, as well as their effect on frost tolerance in controlled
freezing experiments. In both tetraploid and hexaploid
wheat varieties, deletions at the Fr-B2 locus are more com-
monly found in lines with a spring rather than winter growth
habit and are associated with reduced freezing tolerance. We
discuss the potential applications of our results for breeding
programs aimed toward increasing wheat freezing tolerance.

Materials and methods

Screening for deletions at the Fr-B2 locus and growth habit

To determine the presence or absence of each CBF gene,
homeolog-specific PCR reactions were carried out using
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the primers listed in Supplementary Materials, Table S1.
All PCR reaction volumes were 20 l and included 0.2 pM
of both forward and reverse primers, 5 % DMSO and 0.75
U of Taq polymerase. Reactions were carried out in an
ABI9700 thermocycler using a touchdown PCR protocol
consisting of an initial incubation at 94 °C for 2 min, fol-
lowed by 10 cycles of touchdown PCR 94 °C 20 s, 63 °C
30 s (—0.5 °Cleycle), 72 °C 1 min/kb, followed by 25
cycles of standard PCR using an annealing temperature of
58 °C. The expected amplified PCR product size for each
reaction is listed in Supplementary Materials, Table S1.

For tetraploid lines, growth habit was determined using
PCR markers to screen for spring and winter alleles of
VRN-AI (Fu et al. 2005). In hexaploid lines, growth habit
was determined using PCR markers for the genes VRN-A1,
VRN-B1, VRN-DI (Fu et al. 2005) and VRN-B3 (Yan et al.
2006), and information from the National Plant Germplasm
System (http://www.ars-grin.gov/npgs/).

Plant materials

To develop sister lines for the nine-gene deletion at the Fr-
B2 locus in tetraploid wheat, we crossed the durum vari-
eties Durelle (no Fr-B2 deletion, wild-type photoperiod-
sensitive allele) and Kronos (Fr-B2 deletion, Ppd-Ala
photoperiod-insensitive allele) and then backcrossed the
F, hybrid to Kronos for three generations. Selection for
the photoperiod-sensitive allele at each generation was car-
ried out using the Ppd markers described by Wilhelm et al.
(2009) and the Fr-B2 deletion was selected using the PCR
markers described above. The three Fr-A2 genes (CBF-
Al2, CBF-Al4 and CBF-Al5) analyzed in this study were
sequenced using the primers described in Supplementary
Materials, Table S1. For all three genes, sequences were
identical in both parental lines.

Two different BC;F; plants heterozygous for these two
loci were self-pollinated and two sets of homozygous pho-
toperiod-sensitive BC,;F, sister lines (~94 % identical) with
and without the Fr-B2 deletion were selected. These plants
were self-pollinated to generate sufficient BC;F; seeds,
which were used in the freezing tolerance experiments.
These lines all carry the dominant VRN-AI allele confer-
ring a spring growth habit, so before exposure to freez-
ing temperatures, plants were maintained under short-day
conditions (8 h light/day) to prevent VRN-I up-regulation,
which, through its role in inducing reproductive devel-
opment, contributes to the down-regulation of the cold-
responsive genes (Dhillon et al. 2010).

Frost tolerance tests

Four survival tests at different freezing temperatures were
carried out in Martonvasar, Hungary, to determine freezing

tolerance of the tetraploid sister lines. These included two
preliminary tests at —9 and —8 °C to determine optimum
freezing temperatures for this material and two tests at
—7 °C using different cold acclimation conditions. Two
additional freezing tests, one using the same tetraploid
sister lines and another using a set of 103 hexaploid lines,
were performed at Washington State University (WSU),
Washington, USA at —6 °C using different cold acclima-
tion protocols as described below.

Martonvdsdr, Hungary: Germinated seedlings were pot-
ted in wooden boxes using a randomized block design. Two
different cold acclimation schemes (A and B) were used
that differed mainly in the duration of their initial growth
and pre-hardening phases. In scheme B, this period was
shortened and a short-day photoperiod was maintained
throughout the acclimation process to slow reproductive
development before the freezing test. The two cold accli-
mation schemes are described in detail below.

Scheme A: Plants were grown for 20 days in a PGR-15
growth chamber (Conviron, Manitoba, Canada) at 20/15 °C
(day/night), 75 % relative humidity under short-day (SD)
conditions (8 h light and 16 h dark) using a light inten-
sity of 260 wmol m~2 s~!. Temperatures were reduced
to 15/10 °C for 22 days for pre-hardening, maintain-
ing all other growth parameters. Temperatures were then
decreased by 2 °C per day to 4/4 °C and the length of the
light period was increased to 16 h (long days, LD). This
cold-hardening period was maintained for 18 days and was
followed by a second period of cold hardening of —2 °C
for 6 h, +2 °C for 7 h, then —2 °C for a further 17 h and
—4 °C for 22 h before temperatures were reduced to the
target freezing temperature (—9 °C) in the growth chamber
(C812, Conviron). The freezing temperatures were applied
for 24 h and in darkness. After freezing, the temperature
was gradually increased by 2 °C per hour to 16 °C. At
this point, leaves were removed and the plants were left to
undergo a 2-week recovery period at 17/16 °C. The evalu-
ation of survival rates was carried out as described previ-
ously (Knox et al. 2008).

Scheme B: The initial growth phase (20/15 °C) was
shortened from 20 to 7 days and the pre-hardening phase
(15/10 °C) from 22 to 14 days. As in scheme A, tempera-
tures were reduced by 2 °C per day to 4/4 °C for cold hard-
ening and maintained for 12 days, but in this scheme plants
were kept under SD conditions until the final 7 days of
cold hardening, when lighting was adjusted to LD condi-
tions. The second cold-hardening phase was as described in
scheme A, which was applied before plants were exposed
to the target temperature (—8 °C). Recovery and scoring
were also as described in scheme A.

Two —7 °C freezing tests were subsequently carried out
to discriminate survival rates between genotypes, one using
scheme A and the other using scheme B.
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WSU, USA: Two additional freezing tests (one in tetra-
ploid and the other one in hexaploid wheat) were per-
formed in the frost tolerance facility at WSU using their
standard protocols. Since this protocol resulted in low sur-
vival rates in a preliminary experiment at —7 °C, the freez-
ing temperature was changed to —6 °C. The cold acclima-
tion procedure used at WSU was more similar to scheme B
described above, in that the plants were maintained under
SD during the cold acclimation period. Plants were germi-
nated in soil-less potting mix (Sunshine Mix #1/LC1, Sun-
Gro Horticulture, Seba Beach, CA) in plastic cell-packs,
six cells per pack and with 20 seedlings of a single geno-
type per cell, under a SD regime (8 h light, 16 h dark) at
22/15 °C for 7 days in a PGR-15 growth chamber. During
cold acclimation, plants were exposed to a constant tem-
perature of 4 °C for 5 weeks and maintained under short-
day conditions. For the freezing test, plants were moved
into an LU113 programmable temperature cabinet (ESPEC
NA, Hudsonville MI). Emergence of the 20 seedlings was
recorded and plants were cut to a height of 1”. The plant-
ing mix was drenched with ice water containing 10 mg/L
Snowmax® (a commercial product that results in uniform
ice nucleation at about —3 °C) and a layer of crushed ice
was placed on the soil surface. The temperature of the
programmable chamber was lowered to —3 °C for 16 h to
allow the heat produced during ice formation to dissipate.
The temperature was decreased to —6 °C at a rate of 4 °C
per hour. Soil temperatures were traced with sensors bur-
ied within each pot. After the 16 h at —3 °C, temperature
changes in the air and the soil were very similar, and in
45 min both reached the target temperature of —6 °C. The
target temperature was maintained for one additional hour
and then increased to 4 °C at a rate of 4 °C per hour. The
tray was then returned to a growth chamber set to an SD
regime. The chamber was set to a constant temperature of
4 °C for the first 24 h, before temperatures were increased
to 22/15 °C thereafter. Survival was scored 3 weeks after
the date of freezing.

The survival rate of hexaploid wheat lines was deter-
mined using the same conditions as described above with
the exception that the cold acclimation period was con-
ducted under a LD (18 h light/6 h dark) regime, instead of
SD. For these tests, survival was calculated as the average
of four biological replicates for each variety, with each rep-
licate consisting of 20 seedlings.

Statistical analysis

Since less than 3 % of the plants survived the freezing tests
at —8 °C (3 survived out of 216 tested) and —9 °C (2 sur-
vived out of 85 tested), results from these experiments were
excluded from the statistical analyses. Survival data for the
other three tests were analyzed using a factorial ANOVA.
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The model included genotype (two sets of sister lines with
and without the nine-gene Fr-B2 deletion), experiment
(two —7 °C experiments and one —6 °C experiment), gen-
otype x experiment interaction, and blocks nested within
experiments. The differences between the lines with and
without the nine-gene Fr-B2 deletion were tested using a
simple statistical contrast. ANOVA assumptions for this
analysis were validated using Levene’s test for homogene-
ity of variances (P > 0.05) and the Shapiro—Wilk test for
normality of residuals (P > 0.05).

The differences in survival in the hexaploid lines were
tested using the non-parametric Wilcoxon two-sample test
because the Shapiro—Wilk test for normality of residuals
was not met for this data, even after transformation. Com-
parisons were made between winter and spring lines carry-
ing the wild-type Fr-B2 allele and between lines with and
without the Fr-B2 deletion allele. This last comparison was
performed only for the hexaploid spring lines because we
identified only a single winter line carrying the deletion at
the Fr-B2 locus among the lines tested for frost tolerance.
All statistical tests were performed using SAS 9.3 (SAS
Institute, Cary, NC).

Results

A deletion of nine genes at the Fr-B2 locus
on chromosome 5B in tetraploid wheat

A previous high-density mapping study identified CBFI2,
CBF14 and CBF15—three adjacent genes in the center of
the Fr-B2 locus (Fig. 1)—as being critical in accounting for
the differences in frost tolerance in 7. monococcum (Knox
et al. 2008). To characterize the natural allelic variation in
these genes in tetraploid wheat, we developed homeolog-
specific primers (Supplementary materials, Table S1) to
sequence the A and B genomic copies of these three genes.
We were able to amplify and sequence both genomic cop-
ies of these three genes from the winter durum wheat vari-
ety Durelle, demonstrating that all six primer pairs were
functional and genome specific. However, when using Kro-
nos genomic DNA as a template, we were able to amplify
only the A genome copies of all three genes. We designed
a second B genome-specific primer pair for each of these
genes (Supplementary materials, Table S1), but as with
the previous primer pairs, while we were able to amplify
the B genome copies of CBF12, CBFI14 and CBFI15 from
Durelle, we were unable to do so from Kronos. The lack of
amplification of the B genome copies of these genes using
multiple primer pairs, different sources of Kronos genomic
DNA and positive and negative control PCR reactions led
us to the conclusion that the CBF12, CBF14 and CBF15
genes were deleted from chromosome 5B of Kronos.
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Fig.1 The CBF gene cluster on chromosome 5B of wheat, show-
ing the gene order in the proximal cluster as proposed by Miller et al.
(2006) (see “Discussion” for further details on alternative gene orders
at this locus). Also shown are the regions of the CBF cluster included
in the 6-, 9- and 11-gene deletions identified in this study

The deletion of three adjacent genes was suggestive
of a larger deletion within this region, so we attempted to
amplify the other genes at the Fr-B2 locus to determine
if they too were included in this deleted region. Taking a
similar approach, B genome-specific primer pairs were
designed to amplify the remaining eight genes of this clus-
ter (Supplementary materials, Table S1), and while all eight
CBF genes from the B genome were amplified in Durelle,
in Kronos, we were able to amplify only CBF-B9 and
CBF-B17.

To provide further evidence for the Fr-B2 deletion,
we made use of a transcriptome recently assembled from
488.9 M 100 bp paired-end reads generated from Kronos
tissue samples (Krasileva et al. 2013). The A and B home-
ologs of all 11 CBF genes at the Fr-2 loci were used as que-
ries in a BLAST analysis against the assembled transcrip-
tome contigs. Although the tissues used to construct the
RNAseq libraries were not exposed to cold, 5,973 paired-
end reads showed identity to 7 of the 11 CBF genes indicat-
ing an adequate basal transcription level to study genome

representation (Table 1). For the CBF genes located outside
the Fr-B2 deletion (CBF9 and CBF17), we detected tran-
scripts from both the A and B genomes (>99.3 % identity,
Table 1). In contrast, all other 953 paired-end reads were
assembled into contigs that were >99.5 % identical to the
Fr-A2 genes (Table 1). Visual examination of the read pile-
up confirmed that none of the assembled reads included B
genome haplotypes (Table 1).

Taken together, the PCR amplification patterns of the
11 CBF genes from genomic DNA and the RNAseq results
indicate that Kronos carries a deletion of 9 of the 11 genes
in the CBF cluster at the Fr-B2 locus (Fig. 1).

Distribution of Fr-B2 deletions among tetraploid wheat
populations

To screen for this deletion among populations of domesti-
cated and wild wheats, we used a subset of the B genome-
specific PCR markers targeted to the different regions of
the Fr-B2 locus—one from the proximal cluster (CBF-B4),
one from the central cluster (CBF-BI2) and one from the
distal cluster (CBF-B10). Amplification of CBF-B9 was
included as a positive control, since it lay outside of the
identified deleted region.

Wild emmer (T. turgidum ssp. dicoccoides): The pro-
genitor of domesticated durum wheat, wild emmer, can
be divided into two distinct sub-populations within the
Fertile Crescent; a northern sub-population arising from
the area surrounding Iraq, Iran and Turkey and a south-
ern sub-population centered on Syria, Lebanon and Israel
(Luo et al. 2007). We screened 30 wild emmer varieties and
identified 6 which carried the deletion of nine CBF genes
at the Fr-B2 locus, while 14 lines carried the wild-type
allele without the deletion (Table 2). However, there were

Table 1 BLAST analysis using CBF genes to query the Kronos transcriptome (Krasileva et al. 2013)

Gene A Genome (Fr-A2) B Genome (Fr-B2)

Contig % 1d. Reads Contig % 1d Reads
CBF-17 UCW_Tt_k51_contig_5419 100 636 UCW_Tt_k31_contig_34427 99.6 64
CBF-9 UCW_Tt_k61_contig_1703 99.4 3,112 UCW_Tt_k55_contig_19370 100 1,204
CBF-4 UCW_Tt_k45_contig_47704 99.8 166 - - -
CBF-2 - - - - -
CBF-14 UCW_Tt_k45_contig_73235 100 310 - - -
CBF-15 - - - - - -
CBF-12 - - - - - -
CBF-16 - - - - - -
CBF-13 UCW_Tt_k31_contig_66792 100 55 - - -
CBF-3 UCW_Tt_k61_contig_45414 100 221 - - -
CBF-10 UCW_Tt_k45_contig_13157 99.6 205 - - -

Reads indicate the number of 100 bp paired-end reads stringently mapped to each contig.

transcriptome contig

«

represents no hit found with >99 % identity to any
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Table 2 Distribution of the nine-gene and six-gene Fr-B2 deletions in T. turgidum ssp. dicoccoides (wild emmer) and 7. turgidum ssp. dicoccum

(domesticated emmer)

Wheat Fr-B2 locus N Varieties®
T. turgidum ssp. Nine-gene deletion 6 UH 20, UH 23, UH 27, UH 29, UH 32, UH 33
dicoccoides Six-gene deletion 10 UH 5, UH 7, UH 8, UH9, UH 11, UH 17, UH 19, UH 24, UH 28, UH
40
Wild type 14 UH 1, UH 41, UH 42, UH 43, UH 44, P1 428017, PI 428020, PI 428028,
P1 428036, PI1 428041, P1 428047, PI 428055, PI 428058, PI 428061
T. turgidum ssp. Deletion 0
dicoccum Wild type 57 PI 355498, Cltr 17675, P1 94640, P1 254180, PI 254158, P1347230,

Cltr 17676, P1182743, P1 319868, P1 319869, PI 352329, P1 470737,
PI 470739, PI1 606325, PI 94626, PI 94627, P1 352352, PI 355454, P1
352347, P1 352357, P1 352367, P1 355496, P1 113961, PI 174108, PI
591868, IDG 8634, IDG 8649, IDG 8727, MG 3428, MG 3429, MG
3430, MG 4376, MG 4382, MG 5269, MG 5270, MG 5273, MG 5274,
MG 5275, MG 5276, MG 5282, MG 5306, MG 5307, MG 5312, MG
5314, MG 5315, MG 5340, MG 5366, MG 5389, MG 5390, MG 5398,
MG 5399/3, MG 5463, MG 5465, MG 5466, MG 5567, MG 28056,
MG 28057

4 PI and Cltr germplasms correspond to Germplasm Resources Information Network (GRIN) numbers. Other numbers correspond to ‘Location—
Genotype’ identification numbers from the University of Haifa (UH) wheat germplasm collection (Nevo and Beiles 1989; Peleg et al. 2005) and
to varieties from the University of Bologna 7. dicoccum collection (MG and IDG), seeds of which were kindly provided by Dr. Marco Macca-

ferri (University of Bologna, Italy)

also an additional set of ten lines, from which we were
able to amplify the CBF-B10 gene, indicating this was not
included in the deleted region in these lines. Further PCRs
were carried out using the B genome-specific primers for
the other genes in this cluster, which revealed that all these
ten lines carried a deletion of six CBF genes, rather than
the nine originally identified (Fig. 1).

The distribution of these lines revealed that all those car-
rying deletions of either six or nine CBF genes originate
from the southern sub-population, in regions close to the
Mediterranean Sea. The only accession from this region
that did not show the Fr-B2 deletion was the one collected
from Mt. Hermon (University of Haifa code 1 (UH1)).
However, this accession was collected at 1,300 m altitude
from an area on the northern border of the southern sub-
population where the average growing season temperature
is 11 °C, much cooler than the surrounding regions (Fig. 2,
Nevo and Beiles 1989). In all other cases, those lines car-
rying the Fr-B2 wild-type allele originated from the north-
ern sub-population of wild emmer, including varieties from
Turkey and Iraq.

Domesticated emmer (T. turgidum ssp. dicoccum): Cur-
rent evidence suggests that the most likely site for the
initial domestication of emmer wheat was the northern
sub-population of wild emmer, which was followed by its
transfer to southern sub-populations (Luo et al. 2007). We
screened 57 varieties of domesticated emmer from sources
including Georgia, Iran, Turkey, Ethiopia and India, but
found no lines carrying any deletion within the Fr-B2 locus
(Table 2).

@ Springer

Cultivated durum (T. turgidum ssp. durum): We screened
a total of 91 durum varieties from different parts of the
world and found that the nine-gene Fr-B2 deletion was
present in approximately half of those lines with a spring
growth habit (37 out of 73, 50.7 %, Table 3). In durum
wheat varieties with a winter growth habit, the nine-gene
CBF deletion was less common, present in 7 of the 18 lines
we screened (38.9 %, Table 3). We found no domesticated
durum line carrying the six-gene CBF deletion.

Synthetic wheats: To expand the diversity of the D
genome in the common wheat germplasm, several breed-
ing programs undertook the creation of a large number of
synthetic wheat-hexaploid varieties derived from crossing
modern tetraploid (AABB) durum varieties with differ-
ent accessions of Aegilops tauschii, the wild diploid donor
of the D genome (Warburton et al. 2006). We screened a
small collection of ten synthetic wheat lines to determine
the extent to which the nine-gene Fr-B2 deletion had been
incorporated into these wheats via the tetraploid parent.
Of the ten synthetic wheats we screened, we identified
the nine-gene Fr-B2 deletion in one accession, W7984
(Table 4). The source of the AB genomes for this line was
the durum variety “Altar 84, which also carries this dele-
tion (Table 3).

A deletion of 11 CBF genes on chromosome 5B
in hexaploid wheat

To determine if deletions at the Fr-B2 locus were also
present in hexaploid wheat (T. aestivum), we screened a
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Fig. 2 Geographic location

of T. dicoccoides accessions
carrying deletions of six (empty
triangles) or nine (empty
circles) CBF genes from the
Fr-B2 locus and wild-type Fr-
B2 allele without the deletion
(filled circles). a Mt. Hermon
(see main text for discussion of
this accession). b One accession
from Maras, Turkey. ¢ Eight
accessions from Diyarbakir,
Turkey. d Four accessions from
Iraq. All accessions from Tur-
key and Iraq have the wild-type
Fr-B2 allele with no deletion of
any CBF genes

Republic

Israal

=
Damascus

Syrian Arab

Syrian Arab
Republic

Table 3 Distribution of the nine-gene Fr-B2 deletion among spring and winter cultivated durum varieties (7. turgidum ssp. durum)

Growth habit Fr-B2 allele N Location  Varieties
Spring Deletion 37 Italy Ofanto, Messapia, L35, Colosseo, Cirillo, Capelli, Appulo, Appio, Adamello, Valforte,
Valnova, Varano, Russello SG7
Mexico Aconchi 89, Altar 84, Mexicali 75, Anhinga, Croc 1, Flamingo:Dr, Jori 69, Scoter,
Tehuacan 60
Tunisia Khiar, Inrat 69, Karim
USA WB881, Kronos, Colorado, Rugby, Waskana, Tacna
France Neodur, Exeldur, Durfort
Canada AC Navigator, AC Pathfinder
Austria Grandur
Wild type 36 Italy Latino, Duilio, Ciccio, Valbelice, San Carlo, Trinakria, Vitron?, Zenit, Iumillo
USA Ben, Belzer, Plaza, Lloyd, Maier, Monroe, Munich, Renville, Lakota, Langdon, Edmore,
Vic, Mindum, Leeds, Wells
Canada AC Avonlea, AC Melita, AC Morse, Hercules, Kyle, Medora, Plenty, Sceptre, Wakooma
France Nefer
Austria Helidur
Israel Gaza
Winter Deletion 7 USA VAOSWD—le, VAO5WD-10, VAOSWD-16, XVAD99147-1, Produra

Italy Karel, Saragolla
VAO05WD-42, VAOSWD-40, VAOSWD-31, XVAD99068-14
Astrodur, Extradur, Goldur, Frankodur, Semperdur, Topdur

Wild type 11 USA
Austria

France Durelle

# Vitron origin is Italy—Spain

b Winter durum varieties with VA or XVA identification numbers were kindly provided by Dr. Carl Griffey (Virginia Tech University, USA)

collection of 45 varieties previously used as parental lines
of RIL populations by the Wheat Coordinated Agricul-
tural Project (WheatCAP, Table 5). In 3 of these 45 lines
(IDO556, RSI5 and PI 610751), we failed to amplify not
only CBF-B4, CBF-B12 and CBF-BI10, but also CBF-B9,
suggestive of a larger deletion also including the CBF-B9
gene. An additional B genome-specific primer pair was
designed to the CBF-B9 gene (Supplementary materi-
als, Table S1), which successfully amplified this gene in
all other hexaploid varieties, but again failed to amplify

a product in these three lines. Using the other B genome-
specific primers listed in Table S1, we tested for the pres-
ence of all 11 genes at the Fr-B2 locus. For each gene,
primers were confirmed to be functional in the other hexa-
ploid varieties. We found that, in addition to the nine CBF
genes deleted in tetraploid wheat varieties, both CBF-B9
and CBF-B17 were also deleted in these three lines. These
observations led us to the conclusion that these three hexa-
ploid varieties carry a complete deletion of the Fr-B2 locus
encompassing all 11 CBF genes on chromosome 5B. All
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Table 4 Distribution of the nine-gene Fr-B2 deletion among syn-
thetic wheats

Name Source of AB genomes Fr-B2 allele
RL5402% TetraCantach Wild type
RL5403% TetraCantach Wild type
RL5405% TetraCantach Wild type
RL5406% TetraCantach Wild type
62052_4* T. durum “Croc-1” Wild type
62056_4% T. durum “Croc-1” Wild type
161725_0* T. durum “Ceta” Wild type
Sear’s synthetic® Unknown Wild type
W7984° Altar84 Deleted
PI1610750°¢ T. durum “Croc-1” Wild type

2 Akhunov et al. (2010)
b Sorrells et al. (2011)
¢ Mujeeb-Kazi et al. (2000)

three of these varieties have a spring growth habit, while
none of the 29 varieties with a winter growth habit in this
collection carried any deletion at the Fr-B2 locus (Table 5).

Pedigrees of the three lines carrying the complete Fr-
B2 deletion (IDO556, RSI5 and PI 610751) were traced
back to their founding landraces. Where possible, ancestors
of these lines were obtained from the US National Small
Grains Collection or from the wheat germplasm bank at
CIMMYT. Analyses to determine the presence of the CBF
genes within these lines by PCR allowed us to trace the
deletion of 11 CBF genes to the early founder lines Federa-
tion, Sonora 64 and Yaqui 50, which have been widely used
in wheat breeding in the USA.

We also screened for this deletion within a set of 103
hexaploid wheat varieties, which were previously char-
acterized for frost tolerance tests (Table 6, see “Materials
and methods”). Combining these results with those from
the WheatCAP population (Table 5), the current study
describes the screening of 148 common wheat varieties
for the 11-gene Fr-B2 deletion. We found this deletion to

be present in 22 % (22 out of 99) of the tested common
wheat varieties with a spring growth habit, but in only 2 %
(1 out of 49) of the tested varieties with a winter growth
habit. These results suggest that the 11-gene Fr-B2 deletion
is approximately tenfold more abundant in spring than in
winter varieties of common wheat.

Deletions at the Fr-B2 locus are associated with reduced
freezing tolerance in wheat

To test the effect of the nine-gene deletion in the Fr-B2
locus of tetraploid wheat on freezing tolerance, we selected
two sets of BC;F; sister lines homozygous for the presence
and absence of the Fr-B2 deletion in a photoperiod-sensi-
tive background (see “Materials and methods”). Sequenc-
ing revealed no polymorphisms between the parental
plants used to generate these lines in the three genes ana-
lyzed at the Fr-A2 locus in this study (CBF-A12, CBF-Al4
and CBF-Al)5). These lines carried the dominant VRN-A1
allele conferring a spring growth habit. Since it is known
that VRN-1 expression and the subsequent transition to the
reproductive stage can negatively affect the induction of the
CBF and cold-induced genes (Dhillon et al. 2010), plants
were maintained under short-day conditions (8 h light/16 h
dark) before exposure to the target freezing temperature
to preclude the induction of VRN-I and to minimize the
effects of the transition to the reproductive growth phase.
Apical meristems from a small sample of representative
plants were harvested and observed 1 day before freezing
to confirm that the plant apices remained at the vegetative
stage of development (data not shown).

We carried out two initial freezing tolerance experiments
at —8 and —9 °C using two different cold acclimation
schemes to optimize the best temperature to differentiate
the wild-type and Fr-B2 nine-gene deletion genotypes (see
“Materials and methods”). After exposure to these tempera-
tures, survival rates were very low and the only plants to
survive this treatment were those carrying the wild-type
Fr-B2 allele. At —8 °C, 3 out of 138 plants with all CBF

Table 5 Growth habit and

I Growth habit Fr-B2 allele N Varieties
distribution of the 11-gene
gr-lek?fiuS Seleti;’“ among Spring Deletion 3 IDO556, RSIS, PI610751
IR
e Wheat CAP volleotion Wild type 13 UC1110, Zak, McNeal, Thatcher, P1 658244, Louise,
(http://maswheat.ucdavis.edu/ Penawawa, GRN*5/ND614-A, Reeder/Bw-277 “R”,
Magi)ing /in dex h.tm) ” Redder/Bw-277 “S”, Weebill 1, Jupateco 73S, Express
Winter Deletion 0
Wild type 29 Rio Blanco, IDO444, OS9 (Stephens), Finch, Eltan,

NY18/CC 40-1, Platte, CO940610, TAM 105, Jagger,
Heyne, KSOIHW163-4, Harry, Wesley, 2174, SS550,
Pioneer 26R46, P91193, P92201, Cayuga, Caledonia,
Pioneer 25R26, Foster, USG3209, Jaypee, McCor-
mick, Pioneer 26R61, Kanqueen, Clark’s Cream
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Table 6 Growth habit and distribution of the 11-gene Fr-B2 deletion among the hexaploid wheats used in frost tolerance tests

Growth habit Fr-B2 allele N Origin

Varieties

Fr-A2 Haplotype-S°

Fr-A2 Haplotype-T

Spring Deletion 19  Australia

Mexico

USA

India

Wild type 64  Australia

Mexico

USA

Argentina

Canada

Kenya

Germany

Russia
Japan

Other
countries

India
USA

Deletion 1
Wild type 19

Winter

Germany

Sweden
Argentina

Other
countries

Bobin (PI 106120), Dundee (PI 89424), Gular
(PI 113489), Insignia (PI 210975), Thew (PI
41087)

Borlaug M95%, Cajeme 71 (PI 412955), Son-
ora 64 (Cltr 13930), Yaqui 50 (PI 210890),
Yaqui 54 (Cltr 13218)

Prospur (Cltr 17408), Probrand 775 (PI
601334)

NP876 (PI 322271)

Baart (PI 5078), Cleveland (PI 89191), Club-
head (PI 116224), Eden (PI 224658), Falcon
(P1292578), Florence (PI 38349), Gabo
(PI 155431), Gluclub (PI 67326), Onas (PI
46796), Steinwedel (PI 41081), Yandilla
King (PI 42120)

Bluebird ‘S’ (PI 519318), Gabo 55 (PI
583713), Inia 66 (P1 412973), Kentana 48
(Cltr 12980)

Fielder (Cltr 17268), Hope (Cltr 8178), Spring
field (Cltr 14589), Sterling (Cltr 17859),
Tadinia (PI 494096), Thatcher (PI 168659),
Timstein (Cltr 12347), Yecora Rojo (Cltr
17414)

Barleta (Cltr 8398), Chino (Cltr 12601), Klein
157 (PI 161825), Klein Lucero (Cltr 14047),
Tezanos Pintos Precoz (PI 345731)

Marquis (Cltr 3641), Prelude (Cltr 4323)

Kenya 324 (PI 283840), Kenya 58 (Cltr
12471), Kenta C 9906 (PI 351682), Kenya
(PI 192099)

Peragis (PI 184582), Derenburger Silber (PI
422410)

Ladoga (Cltr 4795)
Aka-Daruma (PI 325843)

Napo 63, Colombia (PI 337711), Gehun, India
(PI 116066), Americano 44D, Uruguay (PI
191937), Sol, Sweden (Cltr 6009)

C591 (PI 180965)
Oro (Cltr 8220), Goldcoin (Cltr 4156)

Merlin (PI 351584)

Kronen (PI 278526), Pansar I1I (PI 52322)

Klein Atlas (PI 344459), Klein Rendidor (PI
351622)

Golden drop, Australia (P1 92399); Wil-
helmina, Netherlands (Cltr 11389)

Federation (PI 41080), Gallipoli (PI 55857),
Hard Federation (PI 41079), Ranee (PI
67875)

Lerma Rojo (Cltr 13651)

Indian F (PI 93986)
Currawa (P142105), AUS 90168 (P 422410)

Lerma 52 (P1210887), Lerma Rojo 64 (Cltr
13929), Lerma Rojo 64A (PI 342642), Siete
Cerros 62 (P1338921), Sonora 64A (PI
320109), Yaktana 54A (P1351913)

Little Club (Cltr 4066), Turkey (Cltr 5757, this

particular Turkey accession carries the spring
allele VRN-BI)

Fife (PI 283820), Red Fife (P1 348919), White
Fife (Cltr 4412)

Heines Kolben (Cltr 11772)

Lutescens 62 (PI 74489)
Aka-komugi (PI 45234)

Chile 1B, Chile (PI 320098), Frontana, Brazil
(Cltr 12470), Mentana, Italy (Cltr 12448),
Noe, France (Cltr 5015), Red Egyptian,
South Africa (Cltr 12345), Squarehead, UK
(PI151694)

Fultz (PI 5493), Kanred (Cltr 5146), Hus-
sar (Cltr 4843), Mediterranean (Cltr 3332),
Turkey Red (PI 565343)

Heines IV (PI 180583), Heines VII (PI
201195), Tadorna (PI 338011)

Norin 10, Japan (PI 156641); Blaue Dame Rus-
sia (P1278451)

4 Borlaug M95 from CIMMYT

® Fr-A2 haplotype data based on CBF genes CBF-A12, CBF-Al4 and CBF-A15 (10 SNP + 2 indels) from Zhu et al. (2013)
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Table 7 Survival rates of BC;F; sister lines carrying the wild-type Fr-B2 allele (Wild type) and the nine-gene deletion at the Fr-B2 locus (Dele-

tion) in response to freezing temperatures

—6°C —7 °C (Scheme A) —7 °C (Scheme B) Overall

Deletion Wild type Deletion Wild type Deletion Wild type Deletion Wild type
n 92 105 43 44 51 74 186 222
Survival rate (%) 33 % 18.4 % 74.0 % 87.5 % 39.1 % 44.8 % 44.3 % 54.7 %
Experimental conditions are described in “Materials and methods”
genes present survived, whereas all 78 plants with the CBF 60 - n=19
deletion were killed. Similarly, only 2 out of 44 plants with
all CBF genes present survived freezing at —9 °C, while all 50

41 plants with the CBF deletion were killed. Since no plant
carrying the Fr-B2 deletion survived exposures to freez-
ing temperatures of —8 or —9 °C, subsequent experiments
were performed at —7 °C (two tests) and —6 °C (two tests).

Analysis of the survival data using a factorial ANOVA
including experiments and genotypes as factors showed
significant differences in survival between experiment
(P < 0.0001) and between genotypes (P = 0.0026). The
frost tolerance results by individual line are presented in
Supplementary Materials Table S2. The lack of significant
interaction between experiments and genotypes (P = 0.10)
indicated that the results among the three experiments were
consistent and that, therefore, they could be combined in
a single statistical analysis (main effects). The complete
ANOVA model explained 91 % of the variation in survival,
indicating that the selected model provided an adequate
description of the major factors affecting survival in these
experiments.

The planned contrast between the Fr-B2 alleles for
survival to freezing temperatures was highly significant
(P = 0.008). The average survival across experiments was
54.7 % for lines with the wild-type Fr-B2 allele and 44.3 %
for the lines carrying the nine-gene deletion at the Fr-B2
locus (Table 7). Thus, the deletion of these nine CBF genes
was associated with an average reduction in survival of
10.4 %.

To test the effect of the larger 11-gene Fr-B2 deletion in
hexaploid wheat, we took advantage of a set of 103 hexa-
ploid wheat accessions (Table 6 and Supplementary Materi-
als Table S3.) previously characterized for frost tolerance at
WSU (see “Materials and methods”). Among all lines with
the wild-type Fr-B2 allele, those with a winter growth habit
showed a fivefold higher survival rate than the lines with a
spring growth habit (51.5 £ 5.9 vs. 9.5 &+ 1.3 %, Wilcoxon
two-sample test P < 0.0001, Fig. 3). This is consistent with
previous studies which have demonstrated that wheat varie-
ties with a spring growth habit exhibit reduced frost toler-
ance than those with a winter growth habit (Dhillon et al.
2010; Fowler and Limin 2004).
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Fig. 3 Survival rates of hexaploid lines with a spring and win-
ter growth habit following exposure to —6 °C in artificial freezing
experiments. Lines are separated into those carrying the wild-type Fr-
B2 allele (WT) and those carrying the 11-gene deletion at this locus
(deletion)

Within the 83 spring lines, those carrying the Fr-B2 dele-
tion (19 accessions, 4.1 £ 2.1 % survival) showed a sig-
nificant reduction in frost tolerance compared to those with
the wild-type Fr-B2 allele (64 accessions, 11.1 = 1.4 %
survival, Wilcoxon two-sample test P = 0.0023, Fig. 3).
Among the 20 winter hexaploid lines tested for frost tol-
erance, only 1 carried the Fr-B2 deletion and, therefore,
we were unable to perform any statistical tests within the
winter class. However, it is worth noting that the survival
rate of this single line carrying the Fr-B2 deletion was more
than two standard deviations below the average survival of
the winter lines without the deletion (within the lower 10 %
percentile, Fig. 3).

Since the Fr-A2 locus is known to have a large effect
on frost tolerance, we performed an additional statistical
test to determine if the observed differences in frost toler-
ance between the two Fr-B2 alleles were affected by an
unbalanced distribution of Fr-A2 alleles between the two
Fr-B2 classes. We obtained haplotype data for the Fr-A2
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locus from a related study characterizing variation at the
Fr-A2 locus (Zhu et al. 2013, submitted) and performed
independent ANOVAs for Fr-B2 and growth habit within
each of the two Fr-A2 haplotype classes. Significant dif-
ferences between the presence and absence of the Fr-B2
deletion were detected both among the 38 accessions car-
rying the tolerant Fr-A2 “T” haplotype (P = 0.036) and
among the 65 accessions carrying the Fr-A2 “S” haplo-
type (P = 0.011, Table 6). This result confirmed that the
observed differences in frost survival detected at the Fr-B2
locus were not an artifact generated by an unbalanced dis-
tribution of Fr-A2 alleles within the Fr-B2 classes.

Discussion

Whereas Arabidopsis has three CBF genes present as a
tandem cluster, wheat and other members of the Pooideae
family have undergone a large expansion of this gene fam-
ily, with 11 genes at the Fr-2 locus, 8 of which are Poo-
ideae specific (Badawi et al. 2007; Miller et al. 2006; Skin-
ner et al. 2005). This expansion has been dated to coincide
with a period of global cooling during the Eocene—Oligo-
cene transition approximately 33 MYA (Sandve and Fjell-
heim 2010), and it has been proposed that the increase in
the number of CBF genes and diversity at this locus may
have occurred as a result of selection pressure for improved
frost tolerance by this period of lower temperatures. This
hypothesis is supported by the finding that copy number
variation exists among the CBF genes in both wheat and
barley and that this is associated with differences in freez-
ing tolerance (Knox et al. 2010).

In the current study, we describe the characterization
and distribution of large deletions within the Fr-B2 locus
on chromosome 5B in both hexaploid and tetraploid wheat.
In hexaploid wheat, we identified some varieties which car-
ried a deletion of all 11 genes from the Fr-B2 locus (Fig. 1,
Tables 5, 6), while in tetraploid wheat two Fr-B2 deletions
were identified, one including 9 of the 11 CBF genes and
the other one restricted to T. dicoccoides, including only 6
of these genes (Fig. 1). The exclusion of CBF-B9 and CBF-
BI7 from both deleted regions in tetraploid wheat pro-
vides indirect evidence supporting one of the two alterna-
tive orders previously proposed for the four proximal CBF
genes at the Fr-2 locus. During the original mapping of
this locus, the Fr-A™2 CBF region in T. monococcum was
divided by recombination into three clusters (Fig. 1), but
the orientation of the four linked CBF genes in the proxi-
mal cluster (which were all present in a single BAC clone)
could not be established due to the lack of recombination
among these genes. A CBF-17-CBF-9—-CBF-4-CBF-2
order was initially proposed to maximize the physical prox-
imity of the more similar paralogs (Miller et al. 2006), but

the alternative order (CBF-2—-CBF-4—CBF-9—CBF-17) was
later favored by Knox et al. (2008) to be consistent with the
CBF gene order found in barley (Francia et al. 2007). If we
assume that these large deletions within the Fr-B2 cluster
arise from distinct single deletion events, the most likely
order of the proximal cluster is CBF17-CBF9-CBF4-
CBF?2 as initially suggested by Miller et al. (2006) and as
presented in Fig. 1. However, with the available informa-
tion we cannot rule out the possibility of two independ-
ent deletions in this region and a gene order similar to that
observed in barley (Francia et al. 2007).

It is interesting to note that all three deletions identified
in this study span the entire central CBF cluster, which con-
sists of the genes CBF12, CBFI4 and CBFI5. A high-res-
olution QTL mapping study in diploid wheat T. monococ-
cum mapped the differences in frost tolerance to a region of
the Fr-A"2 locus including these three genes (Knox et al.
2008). With the available information, it is not possible
to determine whether these three deletions arose indepen-
dently, or as a result of additional deletions occurring in a
line already carrying a smaller deletion. The occurrence of
deletions in a region including multiple copies of related
genes is not unexpected. In addition, the large wheat
genome is subject to very high rates of deletions, whose
deleterious effects are buffered by polyploidy (Dubcovsky
and Dvorak 2007). Sequencing the distal and proximal bor-
ders of each of these deletions may reveal whether these
are common and thus provide information to clarify the ori-
gin of these different deletions.

Associations between segregation for deletions at the
Fr-B2 locus and freezing tolerance

The importance of genes present on chromosome 5 in
improving wheat frost tolerance was first demonstrated
using chromosome substitution lines, where the transfer of
chromosomes 5A, 5B and 5D from the cold-hardy variety
Cheyenne to the cold-susceptible Chinese Spring resulted
in the greatest increases in cold tolerance among the dif-
ferent homeologous groups (Sutka 1981; Veisz and Sutka
1989). Within homeologous group 5, the substitution of
chromosome 5A had the largest effect on frost tolerance,
while the substitution of chromosome 5B had the smallest
effect (Sutka 1981; Veisz and Sutka 1989). However, nei-
ther Cheyenne nor Chinese Spring, the donor and recipi-
ent genotypes used in the chromosome substitution experi-
ments described above, carries any of the Fr-B2 deletions
described in the current study. Therefore, it is not possible
to compare the relative effect of the Fr-B2 deletion with the
effect of allelic differences at the Fr-A2 and Fr-D2 loci.
The impact of the chromosome substitutions on frost tol-
erance was later found to be associated with the presence
of the vernalization gene VRN-I and the frost tolerance
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locus Fr-2, which were mapped ~30 cM apart on the long
arms of homeologous group 5 chromosomes (Végujfalvi
et al. 2000, 2003, 2005). It was initially thought that an
additional frost tolerance locus existed which was closely
linked to VRN-1 (Fr-1), but it is now generally accepted
that this is a pleiotropic effect of the earlier initiation of
flowering caused by the dominant VRN-1I alleles (Dhillon
et al. 2010). Differences in frost tolerance in the SA and 5D
chromosomes in hexaploid wheat were also associated with
differences at their respective Fr-2 loci (Baga et al. 2007;
Snape et al. 1997). Although the frost tolerance locus on
chromosome 5B was originally published as Fr-BI (Toth
et al. 2003), the name was later corrected to Fr-B2 in the
2004 supplement of the Catalogue of Gene Symbols for
Wheat (Mclntosh et al. 2004).

We show here that the deletions at the Fr-B2 locus on
chromosome 5B are associated with highly significant
reductions in survival rates following exposure to freez-
ing temperatures both in tetraploid (Table 7) and hexaploid
wheat (Fig. 3). In tetraploid wheat, plants carrying the dele-
tion exhibited an average reduction in survival of 10.4 %
in comparison to wild-type lines, following exposure to
temperatures of —6 and —7 °C. The effect on freezing
tolerance associated with this large deletion would likely
be larger were it not for the redundancy provided by the
homeologous CBF genes on chromosome 5A in tetraploid
wheat. In hexaploid wheat, the negative effect of the Fr-B2
deletion on frost tolerance was also observed in a survey of
103 hexaploid wheat lines. Among the lines with a spring
growth habit, those carrying the deletion of all 11 CBF
genes from the Fr-B2 locus showed a significant reduc-
tion in frost tolerance (P = 0.0023, Fig. 3). The difference
between Fr-B2 alleles was even larger among winter lines
(Fig. 3), but we were unable to confirm this statistically
since this frost tolerance test included a single winter line
carrying the Fr-B2 deletion.

The presence of large deletions in the tetraploid and
hexaploid wheat varieties has likely been favored by the
redundancy provided by polyploidy. So far, no such dele-
tions have been reported in diploid 7. monococcum or bar-
ley, suggesting that deletions of multiple CBF genes may
have a detrimental effect on the plant’s ability to adapt to
environmental changes. Instead, observed differences in
frost tolerance between varieties of diploid species could
be accounted for by mutations within individual CBF genes
(Knox et al. 2008) or by copy number variation (Knox et al.
2010).

It is important to point out that the tight linkage among
CBF genes present in the Fr2 loci makes it very difficult
to establish causal relationships between observed changes
in some CBF genes and frost tolerance. Therefore, SNPs,
deletions or copy number variants of specific CBF genes
should be considered markers of a particular haplotype for
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the complete Fr2 locus, rather than as evidence of a causal
relationship between an observed polymorphisms and the
frost tolerance phenotype.

Distribution of the Fr-B2 deletions

The distribution of the Fr-B2 alleles in tetraploid and hexa-
ploid wheat shows some correlation with both geographic
distribution and growth habit. Among the wild emmer
wheat accessions screened in this study (7. turgidum ssp.
dicoccoides), the distribution of the Fr-B2 alleles closely
matches the distribution of the two sub-populations, origi-
nally characterized using AFLP markers (Ozkan et al.
2002). The northern sub-population is found in the region
including Turkey, Iraq and Iran, and is characterized by
higher altitude and colder average temperatures than the
southern sub-population, which is centered on Israel,
Lebanon and Syria and lies closer to the Mediterranean
Sea (Ozkan et al. 2002). Our analysis of a small sample
of wild emmer populations shows that none of the varie-
ties originating from the northern sub-population carry
any deletion at the Fr-B2 locus. In contrast, all accessions
from the southern sub-population, with the exception of the
one located at the northern border of the distribution, carry
either the six-gene or nine-gene Fr-B2 deletion (Fig. 2).
This exception is an accession from Mt. Hermon, collected
at 1,300 m of elevation and with a much lower average
growing temperature than the surrounding region (Fig. 2).
Strong evidence exists to suggest that domesticated emmer
(T. turgidum ssp. dicoccum) originated from the northern
sub-population of wild emmer (Luo et al. 2007). Therefore,
it is not surprising that all 57 accessions of domesticated
emmer screened in this study carry the Fr-B2 wild-type
allele without any CBF deletion (Table 2). These results do
not rule out the possibility that this deletion may be present
in a small proportion of domesticated emmer.

In cultivated durum wheat (T turgidum ssp. durum),
we found the nine-gene Fr-B2 deletion to be widespread
among varieties with a spring growth habit from diverse
parts of the world (Table 3), where the deletion was present
in 50.7 % of the varieties we screened. Among the smaller
number of winter durum wheats that we analyzed, the dele-
tion was less common and present in just 38.9 % of the
varieties. Winter wheats are sown in the fall and are gener-
ally exposed to freezing temperatures during the winter and
thus require improved frost tolerance. In contrast, spring-
sown varieties are planted later in the growing season to
avoid exposure to these freezing temperatures. Although in
some Mediterranean regions spring wheats are sometimes
sown in the fall to take advantage of winter precipitation,
these regions usually have milder winters than the regions
where true winter wheat varieties are grown. Therefore,
it is reasonable to assume that winter wheat varieties are
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subject to a stronger selection pressure for freezing toler-
ance than spring varieties. This selection pressure is dis-
tributed between the genes present at both Fr-A2 and Fr-
B2 loci in tetraploid wheat and also at Fr-D2 in hexaploid
wheat (plus other loci affecting frost tolerance) and, there-
fore, the correlation between the Fr-B2 deletion and growth
habit is not expected to be perfect.

A higher frequency of the Fr-B2 deletion among acces-
sions with a spring growth habit was also observed in the
148 bread wheat varieties (7. aestivum) analyzed in this
study (Tables 5, 6). The complete deletion of all 11 CBF
genes from the Fr-B2 locus was identified in 22 % of
spring varieties, but in only 2 % of winter varieties. We
traced the origins of this deletion in three modern common
wheat varieties and found that the deletion of all 11 CBF
genes at the Fr-B2 locus was already present in some of
the founders of the modern US wheat breeding programs. It
is tempting to speculate that the very low frequency of the
Fr-B2 deletion observed among cultivated winter varieties
of common and durum wheat might reflect the selection for
the wild-type Fr-B2 allele by winter wheat breeders when
targeting improved frost tolerance.

We also analyzed ten synthetic wheat varieties to deter-
mine whether the nine-gene deletion at the Fr-B2 locus had
been incorporated into hexaploid wheat via the tetraploid
donor (Table 4). We identified one synthetic variety carry-
ing this deletion, the tetraploid parent of which, Altar84,
also carries this deletion (Table 3). This result demonstrates
an additional possible means by which deletions at the
Fr-B2 locus could be incorporated into modern common
wheat varieties. Winter wheat breeding programs interested
in utilizing synthetic wheat and improving freezing toler-
ance will benefit from a preliminary screening of synthetic
accessions for those that do not carry deletions at the Fr-B2
locus.

The lower frequency of deletions at the Fr-B2 locus in
T. dicoccoides varieties from the northern sub-population
or from high altitude, as well as in modern wheat varieties
with a winter growth habit relative to those with a spring
growth habit, suggests that the wild-type Fr-B2 allele has
been favored by selection for increased frost tolerance.
This hypothesis is further supported by the demonstration
in both tetraploid and hexaploid wheat that lines carrying
deletions at the Fr-B2 locus exhibit reduced frost toler-
ance in comparison to those lines carrying the wild-type
Fr-B2 allele (Table 7; Fig. 3). Although the results from
experiments carried out in hexaploid wheat will require
validation using segregating populations or sister lines,
the analysis of freezing tolerance in these 83 spring lines,
in combination with the results from replicated freezing
experiments using tetraploid sister lines, suggest that dele-
tions at the Fr-B2 locus have a negative impact on frost
tolerance in wheat.

It is also possible that deletions in the Fr-B2 locus may
confer some advantage to accessions grown in warmer con-
ditions, although this hypothesis is more difficult to test. It
is known that the activation of the cold-induced CBF regu-
lon comprises the induction of hundreds of genes (Fowler
and Thomashow 2002) and the synthesis of many different
proteins which are required to protect the cell from freez-
ing injury. Therefore, it is not unreasonable to assume that
there is an energy cost to a plant in maintaining the acti-
vation of the CBF regulon. This idea is supported by the
slow-growing, dwarf phenotype of Arabidopsis transgenic
lines over-expressing CBF-2 when grown under warm
conditions (Achard et al. 2008). It would be interesting to
study isogenic lines of spring wheat with and without the
Fr-B2 deletion, to determine whether these deletions confer
an increase in fitness in warmer regions where the plants
are not exposed to freezing temperatures.

Conclusions and practical applications

In summary, this study describes the discovery of large
deletions spanning the CBF gene cluster at the Fr-B2 locus
and shows that that Fr-B2 deletions are more common
among wild emmer accessions from the southern sub-pop-
ulation in the Fertile Crescent than among those from the
northern sub-populations, and that, in cultivated durum and
bread wheats, deletions are more common among spring
varieties rather than those with a winter growth habit. Since
the ancestral expansion of the CBF gene family in the Trit-
iceae has been linked to an improved ability to respond
to low temperatures, we hypothesize that the deletions
described in the current work might be associated with
reduced fitness in regions where the plants are exposed to
freezing temperatures.

This study also shows that Fr-B2 deletions in tetraploid
and hexaploid wheat are associated with decreased sur-
vival rates after exposure to freezing temperatures. These
increases in frost tolerance are likely sufficient to justify the
selection of the Fr-B2 wild-type allele in wheat breeding
programs interested in improving frost tolerance. Although
direct selection for frost tolerance has likely been sufficient
to maintain a low frequency of the Fr-B2 deletion among
modern commercial winter wheat varieties, the information
provided in this study will allow breeders to use molecu-
lar markers to select for the wild-type Fr-B2 alleles in the
parental lines used in crosses and during the early stages of
their breeding programs.

Acknowledgments This project was supported by the National
Research Initiative grants number 2008-35100-04562 and 2011-
68002-30029 from the USDA National Institute of Food and Agricul-
ture and by the Howard Hughes Medical Institute and the Gordon and
Betty Moore Foundation. Dr. Gabor Galiba’s group acknowledges

@ Springer



2696

Theor Appl Genet (2013) 126:2683-2697

support from the Hungarian Research Fund ‘OTKA’ No K75528 and
CNK80781 and from the National Development Agency (TAMOP-
4.2.2/B-10/1-2010-0025, University of Pannonia).

References

Achard P, Gong F, Cheminant S, Alioua M, Hedden P, Genschik P
(2008) The cold-inducible CBFI factor-dependent signaling
pathway modulates the accumulation of the growth-repressing
DELLA proteins via its effect on gibberellin metabolism. Plant
Cell 20:2117-2129

Akhunov ED, Akhunova AR, Anderson OD, Anderson JA, Blake N,
Clegg MT, Coleman-Derr D, Conley EJ, Crossman CC, Deal KR,
Dubcovsky J, Gill BS, Gu YQ, Hadam J, Heo H, Huo N, Lazo
GR, Luo M-C, Ma YQ, Matthews DE, McGuire PE, Morrell PL,
Qualset CO, Renfro J, Tabanao D, Talbert LE, Tian C, Toleno
DM, Warburton ML, You FM, Zhang W, Dvorak J (2010) Nucle-
otide diversity maps reveal variation in diversity among wheat
genomes and chromosomes. BMC Genom 11:702

Badawi M, Danyluk J, Boucho B, Houde M, Sarhan F (2007) The
CBF gene family in hexaploid wheat and its relationship to the
phylogenetic complexity of cereal CBFs. Mol Genet Genom
277:533-554

Béaga M, Chodaparambil SV, Limin AE, Pecar M, Fowler DB, Chib-
bar RN (2007) Identification of quantitative trait loci and associ-
ated candidate genes for low-temperature tolerance in cold-hardy
winter wheat. Funct Integr Genom 7:53-68

Dhillon T, Pearce SP, Stockinger EJ, Distelfeld A, Li C, Knox AK,
Vashegyi I, Véagujfalvi A, Galiba G, Dubcovsky J (2010) Regula-
tion of freezing tolerance and flowering in temperate cereals: the
VRN-1 connection. Plant Physiol 153:1846-1858

Dubcovsky J, Dvorak J (2007) Genome plasticity a key factor in
the success of polyploid wheat under domestication. Science
316:1862-1866

Fowler DB, Limin AE (2004) Interactions among factors regulating
phenological development and acclimation rate determine low-
temperature tolerance in wheat. Ann Bot 94:717-724

Fowler S, Thomashow MF (2002) Arabidopsis transcriptome profil-
ing indicates that multiple regulatory pathways are activated dur-
ing cold acclimation in addition to the CBF cold response path-
way. Plant Cell 14:1675-1690

Francia E, Barabaschi D, Tondelli A, Laido G, Rizza F, Stanca AM,
Busconi M, Fogher C, Stockinger EJ, Pecchioni N (2007) Fine
mapping of a HvCBF gene cluster at the frost resistance locus Fr-
H?2 in barley. Theor Appl Genet 115:1083-1091

Fu DL, Szucs P, Yan LL, Helguera M, Skinner JS, von Zitzewitz J,
Hayes PM, Dubcovsky J (2005) Large deletions within the first
intron in VRN-1 are associated with spring growth habit in barley
and wheat. Mol Genet Genom 273:54—65

Gilmour SJ, Zarka DG, Stockinger EJ, Salazar MP, Houghton JM,
Thomashow MF (1998) Low temperature regulation of the Arabi-
dopsis 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 tran-
scriptional activators CBFI, CBF2, and CBF3 have matching
functional activities. Plant Mol Biol 54:767-781

Jaglo-Ottosen KR, Gilmour SJ, Zarka DG, Schabenberger O,
Thomashow MF (1998) Arabidopsis CBFI1 overexpression
induces COR genes and enhances freezing tolerance. Science
280:104-106

Knox AK, Li C, Vagijfalvi A, Galilba G, Stockinger EJ, Dubcovsky
J (2008) Identification of candidate CBF genes for the frost tol-
erance locus Fr-A"2 in Triticum monococcum. Plant Mol Biol
67:257-270

@ Springer

Knox AK, Dhillon T, Cheng H, Tondelli A, Pecchioni N, Stockinger
EJ (2010) CBF gene copy number variation at Frost Resistance-2
is associated with levels of freezing tolerance in temperate-cli-
mate cereals. Theor Appl Genet 121:21-35

Kocsy G, Athmer B, Perovic D, Himmelbach A, Sziics A, Vashegyi
I, Schweizer P, Galiba G, Stein N (2010) Regulation of gene
expression by chromosome 5A during cold hardening in wheat.
Mol Genet Genom 283:351-363

Krasileva KV, Buffalo V, Bailey P, Pearce S, Soria M, Tabbita F, Uauy
C, Consortium IWGS, Dubcovsky J (2013) Separating home-
ologs by phasing in the tetraploid wheat transcriptome. Genome
Biology 14:R66. doi:10.1186/gb-2013-14-6-166

Liu Q, Kasuga M, Sakuma Y, Abe H, Miura S, Yamaguchi-Shinozaki
K, Shinozaki K (1998) Two transcription factors, DREB1 and
DREB2, with an EREBP/AP2 DNA binding domain separate
two cellular signal transduction pathways in drought- and low-
temperature-responsive gene expression, respectively, in Arabi-
dopsis. Plant Cell 10:1391-1406

Luo MC, Yang ZL, You FM, Kawahara T, Waines JG, Dvorak J (2007)
The structure of wild and domesticated emmer wheat popula-
tions, gene flow between them, and the site of emmer domestica-
tion. Theor Appl Genet 114:947-959

Mclntosh R, Devos K, Dubcovsky J, Rogers W (2004) Catalogue of
gene symbols for wheat

Medina J, Bargues M, Terol J, Perez-Alonso M, Salinas J (1999) The
Arabidopsis CBF gene family is composed of three genes encod-
ing AP2 domain-containing proteins whose expression is regu-
lated by low temperature but not by abscisic acid or dehydration.
Plant Physiol 119:463-469

Miller AK, Galiba G, Dubcovsky J (2006) A cluster of 11 CBF tran-
scription factors is located at the frost tolerance locus Fr-A"2 in
Triticum monococcum. Mol Genet Genom 275:193-203

Mujeeb-Kazi A, Gilchrist LI, Villareal RL, Delgado R (2000) Regis-
tration of ten wheat germplasm lines resistant to Septoria tritici
leaf blotch. Crop Sci 40:590-591

Nevo E, Beiles A (1989) Genetic diversity of wild emmer wheat in
Israel and Turkey—structure, evolution and applications in breed-
ing. Theor Appl Genet 77:421-455

Ozkan H, Brandolini A, Schafer-Pregl R, Salamini F (2002) AFLP
analysis of a collection of tetraploid wheats indicates the origin
of emmer and hard wheat domestication in southeast Turkey. Mol
Biol Evol 19:1797-1801

Peleg Z, Fahima T, Abbo S, Krugman T, Nevo E, Yakir D, Saranga
Y (2005) Genetic diversity for drought resistance in wild emmer
wheat and its ecogeographical associations. Plant Cell Environ
28:176-191

Sandve SR, Fjellheim S (2010) Did gene family expansions during
the Eocene—Oligocene boundary climate cooling play a role in
Pooideae adaptation to cool climates? Mol Ecol 19:2075-2088

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

Snape JW, Semikhodskii A, Fish L, Sarma RN, Quarrie SA, Galiba G,
Sutka J (1997) Mapping frost tolerance loci in wheat and compar-
ative mapping with other cereals. Acta Agron Hung 45:265-270

Sorrells ME, Gustafson JP, Somers D, Chao S, Benscher D, Guedira-
Brown G, Huttner E, Kilian A, McGuire PE, Ross K, Tanaka J,
Wenzl P, Williams K, Qualset CO (2011) Reconstruction of the
Synthetic W7984 x Opata M85 wheat reference population.
Genome 54:875-882

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 response


http://dx.doi.org/10.1186/gb-2013-14-6-r66

Theor Appl Genet (2013) 126:2683-2697

2697

to low temperature and water deficit. Proc Natl Acad Sci USA
94:1035-1040

Sutka J (1981) Genetic studies of frost resistance in wheat. Theor
Appl Genet 59:145-152

Thomashow MF (2010) Molecular basis of plant cold acclimation:
insights gained from studying the CBF cold response pathway.
Plant Physiol 154:571-577

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

Vagtjfalvi A, Crosatti C, Galiba G, Dubcovsky J, Cattivelli L (2000)
Two loci on wheat chromosome SA regulate the differential cold-
dependent expression of the corl4b gene in frost-tolerant and
frost-sensitive genotypes. Mol Gen Genet 263:194-200

Vigijfalvi A, Galiba G, Cattivelli L, Dubcovsky J (2003) The cold-
regulated transcriptional activator CBF3 is linked to the frost-
tolerance locus Fr-A2 on wheat chromosome 5A. Mol Genet
Genom 269:60-67

Vigdjfalvi A, Aprile A, Miller A, Dubcovsky J, Delugu G, Galiba G,
Cattivelli L (2005) The expression of several CBF genes at the
Fr-A2 locus is linked to frost resistance in wheat. Mol Genet
Genom 274:506-514

Veisz O, Sutka J (1989) The relationships of hardening period and the
expression of frost resistance in chromosome substitution lines of
wheat. Euphytica 43:41-45

Vogel JT, Zarka DG, Van Buskirk HA, Fowler SG, Thomashow MF
(2005) Roles of the CBF2 and ZAT]2 transcription factors in con-
figuring the low temperature transcriptome of Arabidopsis. Plant
J41:195-211

Warburton ML, Crossa J, Franco J, Kazi M, Trethowan R, Rajaram
S, Pfeiffer W, Zhang P, Dreisigacker S, van Ginkel M (2006)
Bringing wild relatives back into the family: recovering genetic
diversity in CIMMYT improved wheat germplasm. Euphytica
149:289-301

Wilhelm EP, Turner AS, Laurie DA (2009) Photoperiod insensitive
Ppd-Ala mutations in tetraploid wheat (Triticum durum Desf.).
Theor Appl Genet 118:285-294

Winfield MO, Lu C, Wilson ID, Coghill JA, Edwards KJ (2010) Plant
responses to cold: transcriptome analysis of wheat. Plant Bio-
technol J 8:749-771

Yan L, Fu D, Li C, Blechl A, Tranquilli G, Bonafede M, Sanchez A,
Valarik M, Yasuda S, Dubcovsky J (2006) The wheat and barley
vernalization gene VRN3 is an orthologue of FT. Proc Natl Acad
Sci USA 103:19581-19586

Zhu J, Pearce S, Burke A, See DR, Skinner DZ, Dubcovsky J, Gar-
land-Campbell K (2013) Copy number variation at VRN-A1 and
central Fr-A2 loci are associated with frost tolerance in hexaploid
wheat (submitted)

@ Springer



	Large deletions in the CBF gene cluster at the Fr-B2 locus are associated with reduced frost tolerance in wheat
	Abstract 
	Introduction
	Materials and methods
	Screening for deletions at the Fr-B2 locus and growth habit
	Plant materials
	Frost tolerance tests
	Statistical analysis

	Results
	A deletion of nine genes at the Fr-B2 locus on chromosome 5B in tetraploid wheat
	Distribution of Fr-B2 deletions among tetraploid wheat populations
	A deletion of 11 CBF genes on chromosome 5B in hexaploid wheat
	Deletions at the Fr-B2 locus are associated with reduced freezing tolerance in wheat

	Discussion
	Associations between segregation for deletions at the Fr-B2 locus and freezing tolerance
	Distribution of the Fr-B2 deletions

	Conclusions and practical applications
	Acknowledgments 
	References


