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A major quantitative trait locus for cold-responsive gene expression is linked

to frost-resistance gene Fr-42 in common wheat

Yoichi Motomura?), Fuminori Kobayashi?, Julio C. M. Iehisa? and Shigeo Takumi*!

V' Graduate School of Agricultural Science, Kobe University, 1-1 Rokkodai, Nada, Kobe, Hyogo 657-8501, Japan
2 Plant Genome Research Unit, National Institute of Agrobiological Sciences, 2-1-2 Kannondai, Tsukuba, Ibaraki 305-8602, Japan

Low temperature induces expression of Cor (cold-responsive)/Lea (late embryogenesis-abundant) gene fam-
ily members through C-repeat binding factor (CBF) transcription factors in common wheat. However, the
relationship between the genetic loci controlling cold-responsive gene expression and freezing tolerance is
unclear. In expression quantitative trait locus (eQTL) analysis, accumulated transcripts of Cor/Lea and CBF
genes were quantified in recombinant inbred lines derived from a cross between two common wheat cultivars
with different levels of freezing tolerance. Four eQTLs controlling five cold-responsive genes were found,
and the major eQTL with the greatest effect was located on the long arm of chromosome 5A. At least the
1D and 5A eQTLs played important roles in development of freezing tolerance in common wheat. The chro-
mosomal location of the SA eQTL, controlling four cold-responsive genes, coincided with a region homoeol-
ogous to a frost-tolerance locus (Fr-4"2) reported as a CBF cluster region in einkorn wheat. The 5A eQTL
plays a significant role through Cor/Lea gene expression in cold acclimation of wheat. In addition, our results
suggest that one or more CBF copies at the Fr-2 region positively regulate other copies, which might amplify
the positive effects of the CBF cluster on downstream Cor/Lea gene activation.

Key Words: Triticum aestivum L., cold acclimation, freezing tolerance, recombinant inbred lines, transcript

accumulation.

Introduction

Natural genetic variations provide useful traits for crop
breeding. Diversity at the molecular level usually far ex-
ceeds phenotypic variation, described as phenotypic buffer-
ing or robustness (Delker and Quint 2011, Fu et al. 2009).
Expression-level polymorphisms, which are natural varia-
tions in gene expression between accessions, are considered
more sensitive to molecular diversity than phenotypic differ-
ences. Quantitative trait loci (QTLs) controlling differences
in transcript accumulation are generally called expression
QTLs (eQTLs) (Hansen et al. 2008). Most expression level
polymorphisms are regulated in trans or in cis by multiple
eQTLs (Delker and Quint 2011). Mapping of eQTLs is an
efficient approach to identify genetic loci controlling com-
plex crop traits such as seed development and disease resis-
tance (Chen et al. 2010a, 2010b, Jordan et al. 2007).
Freezing tolerance, one of these complex traits, is acquired
through the cold acclimation process in many overwintering
plants from temperate regions (Skinner 2009, Thomashow
1999). A large number of genes with various functions are
induced during cold acclimation (Laudencia-Chingcuanco et
al. 2011, Rabbani et al. 2003, Seki et al. 2002). In particular,
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cold-responsive (Cor)/late-embryogenesis-abundant (Lea)
genes are transcriptionally activated in cold acclimation, and
the accumulated COR/LEA proteins lead to protection of the
integrity of cell structures and functions from freezing dam-
age (Kosova et al. 2010, Thomashow 1999). Most Cor/Lea
genes, including Wit10, Wdhni3 and Wcorli4, show differ-
ential expression levels in two wheat cultivars with contrast-
ing levels of freezing tolerance under low temperature con-
ditions (Kobayashi et al. 2004, Laudencia-Chingcuanco et
al. 2011, Ohno et al. 2001, 2003, Tsvetanov et al. 2000). A
functional cis-acting element, i.e., the CCGAC core motif
known as a CRT (C-repeat)/DRE (dehydration-responsive
element) sequence, is involved in cold-responsive transcrip-
tional activation of the wheat Cor/Lea genes as well as
Arabidopsis COR154/RD294 (Baker et al. 1994, Kobayashi
et al. 2008a, Takumi et al. 2003, Yamaguchi-Shinozaki and
Shinozaki 1994). A family of transcription factors called
CRT-binding factors (CBFs) or DRE-binding proteins
(DREB:) regulates Cor/Lea gene expression through bind-
ing CRT/DRE elements in both Arabidopsis and wheat
(Kobayashi ef al. 2008a, Takumi et al. 2008, Thomashow
1999). Overexpression of the wheat CBF/DERB transcrip-
tion factors increases freezing tolerance of transgenic plants
(Kobayashi et al. 2008a, Morran ef al. 2011, Takumi et al.
2008). The CBF regulon controls one of the important
regulatory pathways in development of freezing tolerance in
wheat (Winfield ez al. 2010).
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The wheat frost-resistance QTLs that are the most signif-
icant for freezing tolerance are Fr-1, which map to the long
arm of chromosomes 5A and 5D (Galiba et al. 1995, Snape
et al. 1997). Fr-1 loci affect the expression of several CBF
genes located in the Fr-2 region (Kobayashi ef al. 2005,
Vagujfalvi et al. 2005). The map position of the wheat CBF'
gene cluster and an eQTL of Coril4b correspond to the Fr-
A™2 locus on chromosome 5A of einkorn wheat, Triticum
monococcum (Miller et al. 2006, Vagujfalvi et al. 2003).
Similarly, in barley, Hordeum vulgare, multiple CBF copies
constitute a gene cluster around a frost tolerance QTL, Fr-
H?2, on chromosome 5H (Francia et al. 2007, Fricano et al.
2009, Skinner et al. 2005, 2006). In the clustered CBF cop-
ies, TmCBF 12 and HvCbf14 are candidates for wheat Fr-4"2
and barley Fr-H2, respectively (Fricano et al. 2009, Knox et
al. 2008). In common wheat, Triticum aestivum L., chromo-
some S5A regulates freezing tolerance (Kocsy et al. 2010)
and two loci on chromosome 5A determine the cultivar dif-
ference in cold-responsive expression of Cori4b (Vagujfalvi
et al. 2000). QTLs involved in freezing tolerance were re-
cently analyzed using 107 doubled haploid (DH) lines be-
tween Norster and Winter Manitou; a major QTL was found
on chromosome 5A and weaker QTLs on chromosome 1D
(Baga et al. 2007). At the SA QTL, two CBF genes, Cbfi4
and Cbf15, co-localize, indicating that the major QTL on
chromosome 5A coincides with Fr-4A2 (Baga et al. 2007).
However, the relationship between the Fr loci and cold-
responsive gene expression patterns remains unclear.

Two common wheat cultivars, 7. aestivum ‘Chinese
Spring’ (CS) and ‘Mironovskaya 808’ (M808), show differ-
ences in freezing tolerance; M808 is much more tolerant to
freezing stress than CS (Kume ef al. 2005, Ohno et al. 2001).
In addition, a correlation between Cor/Lea gene expression
patterns and freezing tolerance has been reported in the two
cultivars (Kobayashi ef al. 2004, Ohno et al. 2001, Takumi
et al. 2003). Recently, a genetic linkage map was constructed
using recombinant inbred lines (RILs) obtained from a cross
between M808 and CS (Kobayashi et al. 2010). Here, we at-
tempted to map eQTLs for wheat cold-responsive gene ex-
pression using the M808/CS RIL map and discussed the rela-
tionship between the identified eQTLs and freezing tolerance.

Materials and Methods

Plant materials

Two common wheat cultivars, M808 and CS, were used
as parental accessions for the mapping population. The map-
ping population of 210 RILs was established at the F; gener-
ation by the single-seed descent method from an F, family
derived from M808 and CS (Kobayashi et al. 2010). M80S,
reported to be one of the hardiest wheat cultivars (Veisz and
Sutka 1990), was bred in the Mironovska Institute, Ukraine.
Therefore, CS and M808 were used as freezing-sensitive and
-tolerant cultivars, respectively (Ohno et al. 2001).

For seed germination, seeds from each line were imbibed
in tap water for 5 h and kept overnight at 4°C. Imbibed seeds

were placed in glass Petri dishes (90 mm in diameter and
20 mm in depth) containing a filter paper (82 mm diameter)
wetted with distilled water, then incubated for 24 h at 20°C
in darkness. Synchronously germinated seeds were trans-
ferred to pots containing soil and incubated at 23°C under
short-day conditions (12/12 h light/darkness).

Quantitative RT-PCR analysis

To analyze gene expression patterns, 7-d-old seedlings
were transferred to 4°C and grown for various time periods.
Total RNA was extracted from leaves using Sepasol-RNA 1
(Nacalai Tesque, Kyoto, Japan). First-strand cDNA was syn-
thesized from DNase I-treated mRNA samples with oligo-
dT primers using the high-fidelity ReverTra Ace reverse
transcriptase (Toyobo, Osaka, Japan).

The transcript accumulation of each gene was detected by
quantitative RT-PCR using a LightCycler 480 Real-Time
PCR System (Roche Diagnostics, Mannheim, Germany)
with the following gene-specific primer sets: 5'-CAGAGCC
TCCCAGTTAGCAATG-3' and 5'-CAGACGCTCATCAA
GGAAGGAA-3' for Wit10, 5'-GGCGAGAAGAAGGGCG

TCAT-3' and 5-GTGGTGGCTGTGGTGGCAT-3" for
Wdhni3, 5'-TTCTTCTTCCGTGCTGCTCG-3' and 5'-
TTTGCTCACATCCTCGACCG-3" for Wcorl4, 5'-

AGTGGGTGTGCGGAGGTGC-3" and 5'-GTCGGCGAA
GTTGAGGCAG-3' for WCBF2, 5'-AGTGGGTGTGCGA
GGTGCG-3' and 5'-GTCGGCGAAGTTGAGGCAG-3' for
TaCBF12, 5'-CATACGCCCTCACCAGTTT-3' and 5'-
CTCCGTCTCGCCACTACAG-3" for TaCBFI5 and 5'-
GGCTGGTTTTGCTGGTGACGAT-3' and 5'-AATGAAG
GAAGGCTGGAAGA-3' for Actin. The Actin gene was
used as an internal control. The rate of amplification was
monitored using THUNDERBIRD SYBR ¢qPCR mix
(Toyobo) according to the manufacturer’s protocol. The rel-
ative expression level was calculated as 2724t where ACt is
the difference in number of PCR cycles required to reach the
log phase of amplification of the target gene relative to
Actin; representative values were expressed relative to the
transcript levels in CS samples obtained at O h.

OTL mapping

A linkage map of M808 and CS was previously con-
structed using 210 RILs (Kobayashi ef al. 2010). The link-
age map currently shows 410 loci of simple sequence repeat
(SSR) markers and the total map length is 2,814.5 cM with
an average spacing of 6.9 cM between markers. QTL analy-
sis was carried out by composite interval mapping using
Windows QTL Cartographer ver. 2.5 software (Wang ef al.
2007) with the forward and backward method. An log-
likelihood (LOD) score threshold of 2.5 was determined by
computing 1,000 permutations. The percentage of phenotyp-
ic variation explained by a QTL for a trait and any additive
effect were also estimated using the software.

Bioassay conditions for freezing tolerance
To assay freezing tolerance, 7-d-old seedlings grown at
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23°C were frozen at —10 £ 1°C for 6 h in the dark after 4°C
treatment for 5 days under short-day conditions (12/12h
light/darkness). More than 20 frozen seedlings for each line
were thawed overnight at 4°C and transferred back to 23°C
conditions. At 2 weeks after transfer, the number of surviv-
ing seedlings was recorded. The experiment was performed
3-5times and the data were statistically analyzed by Stu-
dent’s #-test.

Results

Time-course expression analysis of wheat cold-responsive
genes

Expression patterns of six cold-responsive genes, includ-
ing three CBF transcription factor genes and three Cor/Lea
genes, were quantitatively compared between wheat culti-
vars M808 and CS. Transcripts of two transcription factor
genes, WCBF?2 and TaCBF12, were detected at low levels
under unstressed conditions, and their levels increased with-
in 3 h after exposure of wheat seedlings to low temperature
(Fig. 1). The transcript levels reached a high plateau by 3 h
or 6 h and then gradually decreased over 24 h in both M808
and CS. The transcript levels of WCBF2 and TaCBF12 were
higher in M808 than in CS until 24 h of low-temperature
treatment. The transient increase of TaCBF15 transcripts
was similarly observed only in M808 but not in CS. Tran-
scripts of Wit10, Wdhnl3 and Wcorl4 were observed at low
levels under non-stress conditions, and their levels gradually
increased in M808 and CS until 24 h or 72 h of low temper-
ature treatment. Transcript accumulation levels of the Cor/
Lea genes were higher in M808 than in CS. Significant dif-
ferences (P <0.05) of the transcript levels between M808
and CS were respectively observed 3 h and 72 h after expo-
sure to low temperature in the three CBF genes and three
Cor/Lea genes.

Identification of QTLs controlling cold-responsive gene
expression

Total RNA was isolated from seedling leaves of 210 lines
of the M808 x CS RIL population 3 h and 72 h after expo-
sure to low temperature. Levels of accumulated transcripts
of the three CBF transcription factor genes and the three
Cor/Lea genes were respectively using RNA samples of
seedlings treated at low temperature for 3 h and 72 h, respec-
tively. The RILs showed a continuous distribution of es-
timated values for the six cold-responsive genes (Fig. 2).
Correlation coefficients among the estimated values were
compared (Table 1). Significantly positive correlations were
observed among the expression levels of the three CBF tran-
scription factor genes. Significant correlations were also de-
tected between the Wit10 transcript levels and two other
Cor/Lea transcript levels, whereas no correlation was found
between the Wcorl4 and Wdhnl3 transcript levels. The tran-
script level of TaCBF'15 showed significantly positive corre-
lations with the three Cor/Lea transcript levels and the
WCBF2 and TaCBF12 transcript levels were significantly
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Fig.1. Expression profiles of six cold-responsive genes during cold
acclimation in leaves of M808 and CS as revealed by real-time RT-
PCR analysis. Total RNA was extracted from seedling leaves under
low-temperature conditions. Actin was used as internal control. Each
transcript level is represented as the value relative to that of the CS
level at 0 h; values are means with standard deviation.
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Fig.2. Frequency distribution of the number of RILs at each relative
accumulation level of the Wdhnli3 transcript. Each transcript level is
represented as the value relative to that of the CS level at 72 h.

correlated to those of Wit10 and Wdhnli3.
Using the genetic map between M808 and CS
(Kobayashi et al. 2010), eQTLs for four of the five cold-
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responsive genes (excluding TaCBF15) were detected based
on transcript accumulation data for the 210 RILs. For the
five cold-responsive genes found on chromosomes 1D, 2A,
4B and 5A, seven eQTLs showed significant LOD scores
>2.5 (P <0.05) (Fig. 3). An eQTL for WCBF2 was found on
chromosome 5A and an eQTL for 7aCBF12 was found on
chromosome 2A. Three eQTLs for the three Cor/Lea genes
were assigned to a similar chromosomal position on chro-
mosome 5A. Chromosomes 1D and 4B included a single

eQTL for Wit10 and Wcorl4, respectively. A major eQTL
with an LOD score of 14.1 was located on the long arm of
chromosome 5A and contributed 24.5% of the variation in
the Wdhn13 transcript accumulation levels (Table 2). eQTLs
at a similar position on chromosome 5A explained 5.6, 6.4
and 10.9% of the variation in the Witi0, Wcorl4 and
WCBF?2 transcript levels, respectively. The SSR markers
Xbarc330 and Xwmc327 flanked these eQTLs at 9.4 cM
intervals (Fig. 3). Other eQTLs on chromosomes 1D, 2A
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Tablel. Correlation coefficients (R? values) among transcript accumulation of six cold-responsive genes in RILs of M808 and CS

WCBF2 TaCBF12 TaCBF15 Wit10 Wdhnli3
TaCBFI12 0.07221%***
TaCBF15 0.10777*** 0.12063***
Wit10 0.02497* 0.05427*** 0.03022*
Wdhnl3 0.06276*** 0.03060* 0.02921* 0.03047*
Weorl4 0.01183 0.00990 0.02520* 0.45736%** 0.00696

The Pearson coefficient values were calculated based on the relative values of the transcript accumulation levels in the RILs. Significant correla-

tions are indicated by asterisks (* P <0.05, *** P <0.001).

Table2. Characteristics of identified eQTLs for five cold-responsive genes of common wheat

Gene Chromosome Vicinity marker Position (cM) LOD Additive effect Contribution (%)
WCBF2 S5A Xbarc330 49.8 5.86 -581 10.9
TaCBFI12 2A Xwmc644 83.6 2.67 2.39 5.6
TaCBFI12 2A Xgwm448 78.6 2.63 2.1 53
Wit10 SA Xbarc330 49.8 3.03 —5243 5.6
Wit10 1D Xcfd27 101 2.82 5106 53
Wdhnl3 S5A Xbarc330 49.8 14.1 -51.2 24.5
Weorl4 SA Xbarc330 49.8 2.79 —3467 6.4
Weorl4 4B Xhbg406 48.8 3.26 -3410 6.1

and 4B contributed 5.3 to 6.1% of total variation in cold-
responsive gene expression.

The mean values for the transcript levels of RILs carrying
the M808 or CS allele at each eQTL showed that RIL groups
carrying the M80S allele at the SA or 4B eQTL accumulated
more abundant transcripts of Wit10, Wdhni3, Wcorl4 and
WCBF?2 than the other RIL groups (Table 3). Similarly, the
RIL groups carrying the CS-type 1D or 2A eQTL showed
higher accumulation of Wit10 and TaCBF12 transcripts.
These results indicated that the M80S alleles at eQTLs on
chromosomes 4B and 5A and the CS alleles at eQTLs on
chromosomes 1D and 2A contributed to abundant accumula-
tion of CBF and Cor/Lea gene transcripts in leaves under
low-temperature conditions.

Effects of the identified eQTLs on freezing tolerance and
cold-responsive gene expression

To evaluate the effect of the eQTLs for Cor/Lea genes on
freezing tolerance, four of the 210 RILs were chosen based
on their genotypes at the 1D, 4B and 5A eQTLs. RIL13, 20
and 33 were presumed to contain a highly accumulated
allele for a Cor/Lea transcript at each of the three eQTLs
(Fig. 4). RIL22 did not seem to contain any highly accumu-
lated allele transcripts at these eQTLs, while M808 appeared
to have two alleles with highly abundant transcripts and CS
had one. M808, RIL13 and RIL33 showed significantly
higher levels of freezing tolerance after cold acclimation
than CS, whereas no significant difference in freezing toler-
ance was observed among CS, RIL20 and RIL22 (Fig. 4).
These bioassay results for freezing tolerance indicated that
the 1D and 5A eQTLs played important roles in develop-
ment of freezing tolerance, and the M808 allele of the SA
eQTL contributed to the high freezing tolerance of M80S.

Table3. Differences in the relative expression of five cold-responsive
genes in RILs with the M808 and CS alleles at the identified eQTLs

Putative ~ Number of Mean value
+
Gene eQTL allele RILs (Mean + sFandard
deviation)
WCBF2 SA*** MS808 63 1806 +2453
CS 69 492 +£562
TaCBFI12  2A* MS808 102 3.8+£4.6
CS 88 6.1£9.8
2A MS808 49 3.8+42
CS 42 53+7.1
Wit10 5A MS808 63 24780 + 24364
CS 69 17743 £ 18249
1D* MS808 81 18017 + 18398
CS 84 26486 + 26409
Wdhnli3 SAHH* MS808 63 130+ 125
CS 69 3636
Wecorl4 SA* MS808 63 13734 + 15285
CS 69 8629+ 9336
4B* MS808 94 13520 £ 16266
CS 105 8539+ 10455

Student’s #-test was used for statistical significance of the allelic dif-
ference (* P <0.05, *** P<0.001).

To study the effects of the 1D, 4B and 5A eQTLs on CBF
and Cor/Lea gene expression during cold acclimation, seven
RILs were chosen based on their genotypes at these eQTLs.
The seven RILs were classified by allele type at SSR mark-
ers flanking the eQTLs (Fig. 5). Transcript levels of the four
cold-responsive genes WCBF2, TaCBF12, Witl0 and
Wdhnl3 among the seven RILs were compared by real-time
RT-PCR analysis using seedling leaves treated at low
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Fig.4. Freezing tolerance levels of the selected RILs after cold accli-
mation. Survival rates after —10°C treatment for 6 h are represented as
means with standard deviations from three to five independent experi-
ments. Postulated genotypes at the three eQTLs in the four RILs and
parental cultivars are shown below the graph and alleles with positive
effects are shaded. Student’s 7 test was used to test for statistical signif-
icance (* P<0.05, ** P<0.01) compared with CS.

temperature for O h, 3h, 6 h, 1 d and 3 d. No obvious differ-
ences were observed in the gene expression levels among
the RILs under untreated conditions (data not shown). At 1
and 3d after low-temperature treatment, all four genes
showed clear differences among lines in their expression
levels (Fig. 5). Expression of the four cold-responsive genes
was significantly higher in the RILs carrying the M808 al-
lele at the eQTL on chromosome 5A (RIL23 and RIL33)
than in the others. In RIL13, carrying the CS allele at the 1D
eQTL, WCBF2, TaCBF12 and Witi10 showed significantly
higher expression after 1 and 3 d of low-temperature treat-
ment than RIL22 and RIL48, with no alleles corresponding
to high transcript accumulation at the three eQTLs. The
Wdhnl3 expression level after 1 d of cold treatment was also
significantly higher in RIL13 than in RIL22. The levels of
expression of the four genes in RIL27 with the M808 allele
at the 4B eQTL were significantly higher than in RIL22 after
3 d of low-temperature treatment, whereas no significant dif-
ferences were detected in their expression in RIL20, which
carried the same allele at the 4B eQTL. Thus, the 4B eQTL
did not necessarily contribute to expression of the cold-
responsive genes except for Wcorl4. Thus, both the M808
allele at the 5A eQTL and the CS allele at the 1D eQTL con-
tributed to the high expression levels of the cold-responsive
genes in seedling leaves during cold acclimation. The effect
on transcript accumulation was higher for the M80S allele at
the 5A eQTL than for the CS allele at the 1D eQTL.
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Fig.5. Expression of four cold-responsive genes in the selected RILs
after 1d and 3 d of low-temperature treatment. Transcript accumula-
tion in the seven RILs was quantified as mean values with standard de-
viations relative to the Actin transcript by real-time RT-PCR. Putative
genotypes at the three eQTLs in the seven RILs are shown below the
graph and alleles with positive effects are shaded. Student’s 7 test was
used to test for statistical significance (* P <0.05, ** P<0.01, *** P<
0.001) compared with RIL22.

Discussion

Freezing tolerance is one of the most important traits for
wheat breeding. We identified wheat loci controlling cold-
responsive genes during cold acclimation on four wheat
chromosomes, 1D, 2A, 4B and 5A, using real-time RT-PCR
analysis. Previous reports showed that M808, one of the
hardiest wheat cultivars (Veisz and Sutka 1990), exhibits a
clear contrast with CS in level of freezing tolerance after
cold acclimation (Kobayashi et al. 2004, Kume et al. 2005,
Ohno et al. 2001). During cold acclimation, transcripts of
several Cor/Lea genes accumulated more abundantly in seed-
ling leaves of M808 than CS. However, our eQTL analysis
showed that CS alleles on 1D and 2A contributed to abun-
dant accumulation of cold-responsive gene transcripts in the
leaves under low-temperature conditions. Cold induction of
Cor/Lea gene expression is directly regulated by transcrip-
tion factor genes including CBFs, WDREB2, Wabi5 and
Wlip19 (Egawa ef al. 2006, Kobayashi et al. 2008a, 2008b,
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2008c, Kume et al. 2005, Takumi et al. 2008). WDREB2 and
Wlip19 have been assigned to homoeologous group 1 chro-
mosomes (Egawa et al. 2006, Kobayashi et al. 2008c) and
Wabi5 to homoeologous group 5 chromosomes in hexaploid
wheat genomes (Kobayashi ef al. 2008b). In barley, a hypo-
thetical gene order has been proposed for each of the seven
chromosomes based on conserved synteny among barley,
Brachypodium, rice and sorghum (Mayer et al. 2011). Due
to the conserved synteny between wheat and barley (Carollo
et al. 2005), chromosomal localization of wheat genes can
be assumed in silico. This so-called genome zipper analysis
revealed the putative location of WDREBZ2, for which the
barley ortholog is HvDRFI1 (AK249060.1) (Egawa et al.
2006), at a similar position to Xcfd27 on the long arm of
chromosome 1D (Supplemental Fig. 1). Thus, the chromo-
somal position of WDREB?2 seems to be proximal to the 1D
eQTL. The barley Wliip19 ortholog is NIASHv1140N16 in
the full-length cDNA database (Matsumoto ef al. 2011) and
Wlip19 was putatively assigned to the short arm of chromo-
some 1D (Supplemental Fig. 1). Since Witi10 was assigned
to homoeologous group 2 chromosomes (Ohno et al. 2001),
another unknown gene on chromosome 1D might act in
trans as a positive regulator of the downstream Cor/Lea
genes. The chromosomal location of the 1D eQTL we iden-
tified seems to coincide with a freezing tolerance QTL on
chromosome 1D identified using the DH lines of two winter
wheat cultivars (Béaga ef al. 2007). These results suggested
that the 1D QTL might act as a positive regulator of the Cor/
Lea gene expression during cold acclimation in common
wheat.

The 5A eQTL identified in the present study showed
large effects on the cold-responsive gene expression, partic-
ularly on the Wdhni3 transcript accumulation, and contrib-
uted to development of freezing tolerance during cold accli-
mation, implying that the eQTL on chromosome SAL plays
a significant role through the Cor/Lea gene expression in
wheat cold acclimation. The chromosomal region of the SA
eQTL corresponded to that of Fr-4"2 (Fig.3), which was
identified as a frost-tolerance locus in einkorn wheat
(Vagujfalvi et al. 2003). In addition, the SA eQTL location
coincided with a freezing tolerance QTL on chromosome 5A
previously reported using doubled haploid lines of two win-
ter wheat cultivars (Béga ef al. 2007). Genome zipper analy-
sis showed that Wabi5 is proximal to the CBF cluster on
chromosome 5AL, indicating distinct localization to the SA
eQTL (Supplemental Fig. 2). In einkorn wheat, two loci on
chromosome 5A are associated with Corl4b expression
(Vagujfalvi et al. 2000); one is closely linked to Fr-A1 and
the other to the RFLP marker Xpsr911 35 cM proximal to
the Fr-Al locus. Fr-Al (formerly Frl) is a major QTL for
frost and freezing tolerance in common wheat and is located
near Vrn-A1 (Galiba et al. 1995, Sutka and Snape 1989). Un-
til now, Fr-A1 has been considered a single locus related to
freezing tolerance on chromosome 5A of common wheat
(Sutka 2001), although Fr-DI (formerly Fr2) on chromo-
some 5D explains the cultivar difference in frost tolerance

between CS and Cheyenne (Snape et al. 1997, Sutka 2001).
Our eQTL study showed that the SA eQTL are tightly linked
to the homoeologous locus (Fr-42) of Fr-A™2 but not to Fr-
Al/Vrn-Al (Fig. 3), strongly suggesting that the cultivar dif-
ference in freezing tolerance after cold acclimation is gener-
ated by allelic differences at the Fr-42 locus between M808
and CS. Therefore, Fr-A2 is one of two loci involved in
freezing tolerance on chromosome 5A of both common
wheat and einkorn wheat.

In einkorn wheat and barley, a CBF gene cluster with
more than 10 copies was located on the Fr-A"2 and Fr-H2
regions, respectively (Francia et al. 2007, Miller et al. 2006,
Skinner et al. 2005, Vagujfalvi et al. 2003). Einkorn wheat
orthologs of TaCBFI2 and TaCBF15 are localized at the
Fr-Am2 chromosomal region (Miller et al. 2006). Three ho-
moeologous copies of WCBF?2, reported as TaCBFIVb-A20,
TaCBFIVb-B20 and TaCBFIVb-D20, were found in the Fr-
2 regions of common wheat (Badawi ef al. 2007). The 5A
eQTL identified in the present study regulated not only the
Cor/Lea genes in trans but also the CBF copies in cis. It was
also reported that allelic difference of Fr-H2 affects the ex-
pression levels of CBF genes at Fr-H?2 in barley (Stockinger
et al. 2007). These results suggest that one or some of the
CBF copies at the Fr-2 region positively regulate other cop-
ies, which might amplify the positive effects of the CBF
cluster on the downstream Cor/Lea gene activation. In our
eQTL analysis, homoeologous copies of the cold-responsive
genes were examined without any distinction, and thus sum
of transcripts of three homoeologs in the A, B and D ge-
nomes was used for the eQTL identification. It was possible
that the amplification effects at the SA eQTL might affect
other CBF copies around the homoeologous Fr-B2 and Fr-
D2 regions as well as Fr-A2 in the hexaploid wheat ge-
nomes.

MS8O08 is a winter-type wheat cultivar, which means it
contains recessive alleles at all three Vrn-1 loci on homoeol-
ogous group 5 chromosomes. On the other hand, CS carries
a dominant allele at Vrn-D1 and recessive alleles at Vrn-A1
and Vrn-BI (Fu et al. 2005). Fr-1 is either tightly linked to
Vrn-1 or is tightly associated with the pleiotropic effects of
Vrn-1; chromosomal relationship between Fr-1 and Vrn-1 is
unknown in wheat and barley (Casao ef al. 2011, Galiba et
al. 1995, 2009, Snape ef al. 1997). The winter-type allele of
the Fr-A1/Vrn-Al region shows both a frost-tolerant and
vernalization-requiring phenotype and allelic linkage at Fr-
Al and Vrn-Al guarantees winter survival in winter-type
wheat (Galiba ef al. 2009, Kobayashi et al. 2005, Sutka
2001, Thomashow 1999). Thus, M808 and CS are consid-
ered to carry the same freezing-tolerant allele at the Fr-A1
locus, which may have resulted in our failure to detect any
eQTL at the Fr-A1 region. In doubled haploid lines from a
cross between two winter wheat cultivars with all three re-
cessive vrn-1 alleles, only Fr-A2 was detected as a major
freezing tolerance QTL on chromosome 5A (Baga ef al.
2007). On the other hand, an allelic difference between
M808 and CS is present at V'rn-D1. If the phenotypes of Vin-
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D1 and Fr-DI are due to pleiotropic effects of the same
gene, an eQTL for cold-responsive genes should be ob-
served at the Vrn-D1/Fr-D1 region. However, we found no
eQTL on chromosome 5D. This result supported the alterna-
tive hypothesis that Fr-1 is independent but tightly linked to
Vrn-1. Our previous study using Japanese wheat cultivars
showed that allelic linkage between Fr-1 and Vrn-1 loci was
not observed in the D-genome of common wheat (Ishibashi
et al. 2007). In barley, two QTLs for low-temperature toler-
ance, Fr-HI and Fr-H2, were found on the long arm of chro-
mosome SH (Francia et al. 2004) and the Vin-HI/Fr-HI
genotype affects both the expression of CBF genes at Fr-H2
and low-temperature tolerance (Chen et al. 2009, Stockinger
et al. 2007). Thus, the barley Vin-HI1/Fr-HI and Fr-H2 re-
gions function to develop freezing tolerance through Cor/
Lea gene expression during cold acclimation. In contrast to
barley, the functions of Vin-A1/Fr-Al and Vin-D1/Fr-D1 in
regulation of cold-responsive gene expression remains un-
clear. Our eQTL analysis of cold-responsive gene expres-
sion using RILs between M808 and CS was useful for iden-
tification of some freezing tolerance-related loci, including
Fr-A2. To elucidate the function of Vrn-41/Fr-A1l in com-
mon wheat, mapping populations should be generated from
other cross combinations with contrasting alleles of Vin-A1.

eQTL analysis requires marker genes with expression
patterns associated with development of specific traits. In
wheat breeding, complex traits such as drought stress and
Fusarium tolerance are important targets. Marker genes with
transcript accumulation showing clear cultivar differences
after stress treatment should be selected to conduct eQTL
analysis for these traits. Our study demonstrates the useful-
ness of eQTL analysis in identifying genetic loci controlling
complex traits in common wheat. The two eQTLs on chro-
mosomes 1D and 5A correspond to QTLs for freezing toler-
ance (Baga ef al. 2007), indicating the usefulness of eQTL
analysis.
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