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Abstract The casein kinase CK2 is one of the mgor
multifunctional protein kinases in cells that is expressed
ubiquitously and is essential for survival. The a-subunit
of CK2 isthought to be involved in light-regulated gene
expression and rhythmic expression of genes by circadian
rhythm in plants. The rice chromosome-3 region contain-
ing the photoperiod-response Hd6 gene, an orthol ogue of
the CK2a genes of Arabidopsis and maize, isin synteny
with the wheat chromosome-5A Vrn-Al region. This evi-
dence proposes two possibilities, first the wheat Wrn-Al
is an orthologue of the rice CK2a, and second the wheat
CK2a which has not yet been identified is located inde-
pendently but tightly linked to Wn-Al. To clarify whether
the wheat CK2a gene is conserved in the Wn-Al region
and to elucidate the above two possihilities, we attempted
to isolate this gene from the wheat cDNA library and to
map it on the chromosome-5A region that is syntenous
to the rice Hd6 region. The isolated cDNA clone showed
an extremely high homology with the Arabidopsis CK2a
gene. Using this clone as a probe genomic Southern-blot
analyses of the aneuploid lines available in Chinese
Spring assigned the wheat homologue of CK2a to the
long arm of chromosome 5A. Furthermore, a linkage
analysis using an F, population having recombination
in the Vrn-Al region revealed that the wheat CK2aq,
designated as tck2a, is tightly linked to Vrn-Al by
11cM
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Introduction

The casein kinase CK2 (formerly casein kinase 11), one
of the major multifunctional protein kinasesin cells, is a
serine/threonine kinase that is expressed ubiquitously
and is essential for survival (Padmanabha et al. 1990). It
is involved in the control of DNA replication and tran-
scription, RNA processing and translation, cell metabo-
lism, and motility of cells (Litchfield and Luscher 1993).
The activity of CK2 isnot directly affected by any second
messenger, but it can be stimulated or inhibited by extra-
cellular signals (Tuazon and Traugh 1991).

CK2 is composed of two a-subunits (o and a’) and
two regulatory B-subunits (Tuazon and Traugh 1991).
The CK2a-subunit itself has some catalytic activity,
while the 3-subunit has been found to stimulate the cata-
lytic activity of the a-subunit, stabilize the a-subunit,
and change the substrate specificity of the a-subunit in
vitro. Their primary and quaternary structures are highly
conserved and are readily evident in the structure of CK2
genes from a variety of organisms (Wirkner et al. 1992).
All CK2s have several biochemical characteristics in
common; a high sensitivity to polyanions such as hepa-
rin, the ability to use GTP as well as ATP as phosphoryl
donors, a preference for acidic substrates such as phos-
vitin and casein, and being stimulated by polyamines
(Pinna 1990).

Light signals that induce changes in growth and
development stimulate phosphorylation in plant cells.
Since CK2 has an ability to phosphorylate transcription
factors that bind to the promoter regions of light-regulat-
ed genes in vitro, this enzyme is thought to be involved
in light-regulated gene expression in plants (Klimczak et
al. 1995). The study using transformed Arabidopsis with
an antisense construct of the CK2a-subunit gene sug-
gested the possihility that CK2 might serve one of several
negative and quantitative effectors in light-regulated
gene expression (Lee et al. 1999).

On the other hand, a wide rage of processes in plants
including expression of certain genes is regulated by
endogenous circadian rhythms. Two Myb-related genes,
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circadian clock-associated 1 (CCA1) and the late elongated
hypocotyl (LHY), have been identified as potential clock
genes in Arabidopsis thaliana (Schaffer et al. 1998;
Wang and Tobin 1998).

Overexpression of the CKB3 protein, a regulatory
[B-subunit of CK2 that can interact with the CCAL1 protein,
cause an increased CK2 activity and shorter periods of
rhythmic expression of CCA1 and LHY. This overexpres-
sion aso alters the flowering time of Arabidopsis grown
under both long-day and short-day photoperiods (Sugano
et al. 1999).

Inrice, Hd6, one of the quantitative trait loci on chro-
mosome 3 controlling heading date by photosensitivity
(Yamamoto et al. 2000), encodes casein kinase Il o
(Takahashi et al. 2001). Recently, we have demonstrated
that the 2.2-cM rice Hd6 region is in synteny with the
6.7-cM wheat Virn-Al region by the colinearity of four
common RFLP markers (Kato et al. 1999a). Wrn-Al on
chromosome 5A determines the spring/winter growth
habit or vernalization requirement, and appears to be the
primary determinant in controlling flowering time (Law
1966; Law et a. 1976; Kato et al. 1999b). These lines of
evidence suggest two possihilities: first, the wheat Vin-Al
is an orthologue of the rice CK2a, and second, the wheat
CK2a islocated independently but tightly linked to Virn-Al.
To clarify whether the wheat CK2a gene which has not
yet been identified is conserved in the Wwn-Al region,
and to elucidate the above two possihilities, we isolated
this gene from the wheat cDNA library and mapped it on
the choromosome-5A region that is syntenous to the rice
Hd6 region.

Materials and methods

cDNA cloning of the wheat CK2a gene

The CK2a-specific probe based on the A. thaliana CK2a, acces-
sion number D10246 (Mizoguchi et a. 1993), was obtained by
PCR from Arabidopsis cDNA libraries (ZAPII, mRNA from
7-day old seedlings) using primers Atck2aF (5 -ATGTCGAAA-
GCTCGT-GTGTACACC-3) and Atck2aR (5 -GAAGCTTACGC-
AGCTCAT GGTCAA-3). Amplified PCR fragments (499 bp)
were labeled by random oligonucleotide priming and used to
screen the wheat cDNA library constructed from mRNA from
7-day old seedlings of Chinese Spring. Approximately 5 x 104
recombinants were screened by plaques hybridization and the
hybridizing plague were isolated. After three cycles of plague
purification, in vivo excisions of the pBluescript SK- vector were
performed in the Escherichia coli K-12 strain XL-1 Blue. The
nucleotide sequences of the inserts were determined using the
Thermo Sequenase Cycle Sequencing Kit (Amersham Pharmacia
Biotech UK) with M13 universal and reverse primers.

Plant materials for mapping of CK2a

Triticum aestivum cv Chinese Spring (CS) and its nullisomic-tetra-
somic derivatives NSAT5B, NSBT5A and N5SDT5B (Sears 1954)
were analyzed for assigning CK2a to wheat chromosome 5A. In
addition, three deletion stocks, 23, q36 and ql14, for chromosome
5A of wheat, produced in the background of CS (Ogihara et al.
1994) using the gametocidal genes Gcla or Gelb (Tsujimoto and
Noda 1989), were analyzed to assign CK2a to the long arm of
wheat chromosome 5A.

F1: SCR-14 x CS (Cappelle-Desprez 5A)
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— H Xrgs1912
VAT Il =
| ] \Xfba 068
QEet.ocs-5A.1 D
| 20cM
_5AL_
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Fig. 1 Graphical genotype of the F; plant of the cross between
SCR-14 and CS (Cappelle-Desprez 5A) based on the linkage map
(Kato et a. 1998, 1999a). Black and white regions represent
segments of chromosomes derived from T. spelta and Cappelle-
Desprez, respectively. Three loci controlling ear emergence time,
Virn-Al, QEet.ocs-5A.1 and QEet.ocs-5A.2, are represented on the
left side (Kato et al. 1999, c)

For the mapping of Wn-Al and CK2a, 457 F,.; and F, progenies
from a cross between SCR-14 and CS (Cappelle-Desprez 5A)
were used in this study (Fig. 1). SCR-14 was chosen from a homo-
zygous population of 118 single-chromosome recombinant lines
(SCRs) for chromosome 5A,, which were developed from the cross
between single-chromosome substitution lines for 5A: CS
(Cappelle-Desprez 5A) and CS (Triticum spelta 5A) (Kato et al.
1998). Chromosome 5A of wheat carries at least three loci con-
trolling flowering time (Kato et a. 1999b, c). Among these loci,
Virn-Al and QEet.ocs-5A.1 are the main determinants of genetic
variation for ear emergence time under long-day photoperiod
conditions without vernalization treatment (Kato et al. 1999c).
SCR-14 had been found to carry the Cappelle-Desprez allele at
QEet.ocs-5A.1 and the rn-Al allele from T. spelta (Fig. 1).

RFLP assays

DNA was extracted from young leaves of each line and/or
individuals using amodified CTAB method (Murray and Thompson
1980).

To assign the CK2a clone isolated in this experiment to wheat
chromosome 5A, RFLP assays were conducted by Southern
hybridization with the DNAs of CS, CS N5AT5B, CS N5ATS5D,
CS 023, 936 and g14 lines digested with Apal, Bglll, BamHI and
EcoRI, using Gene Images labeling and detection systems
(Amersham Pharmacia Biotech, UK).

For the primary screening of the recombinant lines from the F,
population of 457 lines, two flanking RFLP markers, Xrgs1912
and Xfba068, of Wrn-Al (Kato et al. 1999a) were used. Southern
hybridization was done with DNA of each F,.; line digested with
Dral. Then, for the mapping of the wheat CK2a gene, six candidate
RFLP markers closely linked to Wn-Al from genetic maps of



Fig. 2 The nucleotide and

deduced amino-acid sequences 19
of tck2a encoding the wheat 79
casein kinase 2 a-subunit 139
(CK2a) The position at which 199

the stop codon (TAG) is

GAATTCGGCACGAGGAAA
CAATATCCCCAAAAACATGTTTCTCAGGAAAACCAAATCGTACTTGTTGAAACCCTAGCG
CCATCTCGCCGCCGGGATGTCCGCTTGACGGACGCGCCACCGAGAAAGCACCAAACTCCT
CCGAGCCCTCCCCTCTCTCTGATCCGTCGCCCGCCCGCGGGATCCGGATCGTCTTCAGCC

ATGTCAAAGGCCAGGGTCTACGCCGACGTTAACGTGGTGCGCCCCAAGGAGTACTGGGAT
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) ) M S K A RV Y ADVNUVUVRUPI KTETYWD 20
encountered in the CDNA is 259 TACGAGGCCCTCGCCGTCCAGTGGGGTGAGCAGGATGACTATGAAGT TGTGCGGAAAGTT
indicated by an asterisk. The Y EA LAV Q WGEQQDUDYEUVVRKYV 40
nucleotide sequence data of
tck2a appear in the DDBJ, 319 GGAAGGGGCARATACAGTGAAGTCTTTGAAGGTATCAACGTCAACAATAATGAGAAATGT
EMBL and GenBank database G R G K Y S EV FEGTINUVNTNTDNTE K C 60
under the accession number 379 GTTATTAAGATCCTGAAGCCTGTGAAGAAGAAGAAGATCAAAAGAGAGATCAAAATACTA
AB052133 V I K I L K P V KXKZ KX I KU RTETITE KTITL 80
439 CAGAATCTCTGTGGAGGTCCAAATATTGTGAAGCTGCTTGATATTGTCAGGGATCAGCAT
Q NL ¢ G G P NIV KTILTLTDTIUVRDQ H 100
499 TCAAAAACACCAAGCTTGATCTTTGAATACATCAATAACACAGATTTCAAAGTGCTATAT
S K TP S L I FEJYTINUDNTUDTFTIEKUVILY 120
559 CCGACATTGACAGATTATGACATTCGCTACTATATCTATGAGTTACTGAAGGCTTTGGAT
P T L T D JYDTI®RYVYTIVYZETLTLTZ KA AL D 140
619 TACTGCCATTCACAAGGCATTATGCACCGAGATGTGAAGCCTCACAATGTTATGATAGAT
Y c HS Q G I M HR DV K P HNUVMTI D 160
679 CATGAGCTTCGAAAACTCCGGTTAATAGACTGGGGCCTTGCTGAATTCTACCATCCTGGA
H E L REKTUILRTUILTIODUWGTULA ATETF Y H P G 180
739 AAGGAGTATAACGTTCGTGTTGCATCAAGGTACTTCAAGGGACCTGAGCTTCTTGTTGAC
K E Y NV RVAST RTYTFI KTGTPETLTL V D 200
799 TTGCAAGATTACGACTACTCTTTGGACATGTGGAGTCTTGGCTGCATGTTTGCTGGAATG
L 9 DY DY S L DMTWSTIL GO CMTFAG M 220
859 ATATTCCGCAAGGAACCATTTTTTTATGGCCATGACAACCATGATCAACTTGTTAAAATT
I F R KEPF F Y G HDDNUHUDQTUL V K I 240
919 GAAAAGGTACTTGGAACAGATGGGCTAAATGTTTATTTGAACAAGTACAGAATTGAGCTT
E KVULGTUDGTILNUVZYTLNIZEKTZYU®RTITEL 260
979 GACCCTCAGCTTGAAGCCCTCGTTGGAAGGCACAGCAGAARACCCTGGTCGAAGTTTATC
D P QLEUA ATILUVGT RUHST RTIEKTPWS K F I 280
1039 AATGCAGACAACCAGCATCTAGTATCCCCTGAGGCCATAGATTTCCTTGATAAGCTTCTG
N A DN QO HUL V S P E A I DF UL DK L L 300
1099 CGCTATGATCACCAGGATAGGCTCACCGCACGTGAAGCTATGGCACATCCATACTTCCTC
R ¥ DH QD RTILTA AT RTEA AMMAEHTUPTYF L 320
1159 CAGGTGAGGGCTGCCGAAAACAGCAGGACTCGTGCGCAATAGCAATAGCAAGACTGTTGC
Q VRAATETNTGST RTRAQ * 333
1219 TGACATTGAACGAGCAGCGCTTGACGAAGCTGCATCCTTGTAGCGACTTTGTCATGTATT
1279 ATGACTCGATAATGGTTGGGTCAGCTGGGAAAGGTAAGAGCCTGTGTGGTGTGTGCCTCT
1339 CATCGACGAGGCGGAARAGAACTGTGATTTGCTCCTGTTGTTTGTGTATGGAAACCTGAT
1399 TGATTGAAACTTCGCAAACACTTTTCATGTAACCTGTTTGGTAACATTGTACGACTCTGC
1459 TTGTAAAGAATATCTTTGGTAAATTGCTTTGGATTCAAAATTCTGTTTAGTCACTGGATT
1519 ATTAGCTTGTTAAAAAAAAAAAAAAAA

wheat (Dubcovsky et al. 1998) and barley (Kleinhofs et a. 1993)
were employed together with previously mapped markers (Kato et
al. 1999a). Polymorphism was identified by southern hybridization
with the DNAs of CS (Cappelle-Desprez 5A) and CS (T. spelta
5A) digested with 11 restriction enzymes, Apal, BamHI, Bglll,
Dral, EcoRI, EcoRV, Hindlll, Kpnl, Pstl, Xbal and Xhol. RFLP
markers detected between these two substitution lines were used
for genotyping of the screened F, lines that have recombination
between Xrgs1912 and Xfba068. RFL P assays were conducted using
DNA extracted from the young leaves of F; and/or F, progeny.

Identification of the \rn-Al alele types

To determine allele types at irn-Al, the heading date of the recom-
binants identified in Southern-blotting experiments were evaluated
and 12-30 F; plants derived from each self-pollinated F, line were
raised in a growth chamber where the temperature was kept at
20 = 2 °C with a 16-h long-day photoperiod. The evaluation was
triplicated. In this experiment, three different phenotypes of head-

ing date were expected with a1 : 2 : 1 ratio involving homozygous
F, lines of which all F; plants show an earlier heading due to the
Wrn-Al alele from SCR-14, heterozygous lines that produce a mix-
ture of earlier and later F; plants, and homozygous lines with a later
heading by the vrn-Al alele from CS (Cappelle-Desprez 5A).

Data analysis

The recombination frequencies were converted to centiMorgans
(cM) using the Kosambi mapping function (Kosambi 1944).

Results and discussion
cDNA cloning of the wheat CK2a gene

Plaque hybridization of a wheat cDNA library identified
eight positive cDNA clones. The cDNA inserts were
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Fig. 3 Alignment of amino-acid sequences for CK2a from wheat,
A. thaliana (Mizoguchi et al. 1993), H. sapiens (Devilat and
Carvallo 1993), X. laevis (Jedlicki et al. 1992), C. elegans (Hu and
Rubin 1990) and S. cerevisiae (Chen et al. 1988). Each amino-acid
sequence is represented by the standard single-letter code. Gaps
(-) are introduced to obtain maximum similarity and the positions
at which stop codons are encountered in cDNA are indicated by
asterisks. The white box indicates the putative ATP binding site
(amino acid 40-63) and the shaded box indicates the putative
serine/thereonine Protein Kinase active site (amino acids 147-159)

subcloned into the pBluescript SK- vector by in vivo
excisions, and sequenced. The sequence analysis revealed
that these cDNA clones encode identical amino-acid
sequences. The entire nucleotide and deduced amino-acid
sequences of the longest cDNA clone among the eight
clones are shown in Fig. 2. This clone consists of 1,545
bases with part of the poly (A) tail (a stretch of 16 ade-
nine residues) and contains an open reading frame (ORF)
that starts at base 199 and ends with the TAG stop codon
at base 1,198. Thus the ORF of 999-bp was predicted to
encode a polypeptide of 333 amino acids.

An alignment of the deduced amino-acid sequences of
CK2a from wheat (T. aestivum in the present study), A.
thaliana (Mizoguchi et a. 1993), Homo sapiens Devilat
and Carvallo 1993), Xenopus laevis (Jedlicki et a. 1992),
Caenorhabditis elegans (Hu and Rubin 1990) and
Saccharomyces cerevisiae (Chen-Wu et al. 1988) isillus-
trated in Fig. 3. The 333 amino-acids-long of the wheat
CK2a-subunit showed a 90.4% amino-acid identity to
that of Arabidopsis CK2a. On the other hand, the wheat
CK2a showed relatively low degrees of similarity to the
other reported CK2 a in animals and yeast. It shares a

T.aestivum M----- SKARVYADVNVVRPKEYWDYEALAVQWG-EQDDYE GRGKYSEVFEGINVNNNEKCVIKILKPVKKKKIKREIKILONLC-—~--=====—
A.thariana M-—--- SKARVYTEVNVIRPKDYWDYESLIVQWG~EQDDYE GRGKYSEVFEGINVNSKEKCIIKILKPVKKKKIRREIKILONLC == ======—
H.sapiens MSGPVPSRARVYTDVNTHRPREYWDYESHVVEWG-NQDDYQL GRGKYSEVFEAINITNNEKVVVKILKPVKKKKIKREIKILENLR- -——-
X.laevis MSGPVPSRARVYTDVNTHRPRDYWDYESHVVEWG-NQDDYQLVRKLGRGKYSEVFEAINITNNEKVVVKILKPVKKKKIKREIKILENLR- ————
C.elegans MP-PIPSRARVYAEVNPSRPREYWDYEAHMIEWG-QIDDYQLV] GRGKYSEVFEGFKMSTDEK ILKPVKKKKIKREIKILENLR~~-~=~==—~
S.cerevisiae MKCRVWSEARVYTNINKQRTEEYWDYENTVIDWSTNTKDYEIENKVGRGKYSEVFQGVKLDSKVKIVIKMLKPVKKKKIKREIKILTDLSNEKVPPTTLP
T.aestivum =  ————mr———m e m e m GGPNIVKLLDIVRDQHSKTPSLIFEYINNTDFKVLYPTLTDYDIRYYIYELLKALDYCHSQ
A.thariana ~ ————————————————— -GGPNIVKLLDVVRDQHSKTPSLIFEYVNSTDFKVLYPTLTDYDIRYYIYELLKALDFCHSQ

H.sapiens = ———————————————————————— -GGPNIITLADIVKDPVSRTPALVFEHVNNTDFKQLYQTFTDYDIRFYMYEILKALDYCHSM

X.laevis = ————mmmmmmm —GGPNIITLADIVKDPVSRTPALVFEHVNNTDFKQLYQTLTDYDIRFYMYEILKALDYCHSM

C.elegans = =  —=— == mmmm e GGTNIITLLDVVKDPISRTPALIFEHVNNSDFKQLYQTLSDYDIRYYLYELLKALDFCHSQGL
S.cerevisiae FORKDQYYTNQKEDVLKFIRPYIFDQPHNGHANIIHLFDIIKDPISKTPALVFEYVDNVDFRILYPKLTDLEIRFYMFELLKALDYCHSMG
T.aestivum DHELRKLRLIDWGLAEFYHPGKEYNVRVASRYFKGPELLVDLQDYDYSLDMWSLGCMFAGMIFRKEPFFYGHDNHDQLVK IEKVLGTDGLNVYLNKY
A.thariana DHELRKLRLIDWGLAEFYHPGKEYNVRVVSRYFKGPELLVDLQDYDYSLDMWSLGCMFAGLLFRKEPFFYGHDNQDQLVK IAKGVGTDELNAYLNKY
H.sapiens DHEHRKLRLIDWGLAEFYHPGQEYNVRVASRYFKGPELLVDYQMYDYSLDMWSLGCMLASMIFRKEPFFHGHDNYDQLVRIAKVLGTEDLYGYIDKY
X.laevis DHEHRKLRLIDWGLAEFYHPGQEYNVRVASRYFKGPELLVDYQMYDYSLDMWSLGCMLASMIFRKEPFFHGHDNYDQLVRIAKVLGTEDLYDYIDKY
C.elegans DAEKRELRLIDWGLAEFYHPRQDYNVRVASRYFKGPELLVDYQCYDYSLDMWSLGCMLASMIFRKEPFFHGHDNYDQLVRIAKVLGTDELYEYIARY
S.cerevisiae DHKNKKLRLIDWGLAEFYHVNMEYNVRVASRFFKGPELLVDYRMYDYSLDLWSFGTMLASMIFKREPFFHGT SNTDQLVKIVKVLGTSDFEKYLLKY
T.aestivum RIELDPQLEALVGRHSRKPWSKFINADNQHLVSPEAI~DFLDKLLRYDHQDRLTAREAMAHPYFLQVRAAENSRTRAQ*

A.thariana QLELDPQLEALVGRHSRKPWSKFINADNQHLVSPEAI-DFLDKLLRYDHQDRLTAKEAMAHAYFAQVRAAETSRMRSQ*

H.sapiens NIELDPRFNDILGRHSRKRWERFVHRENQHLVSPEAL-~DFLDKLLRYDHQSRLTAREAMEHPYFYTVVKDQARMGSSSMPGGSTPVSSANVMSGISSVPT
X.laevis NIELDPRFNDILGRHSRKRWERFVHSENQHLVSPEAL-DFLDKLLRYDHQTRLTAREAMDHPYFYPIVKDQSRMAALICPVAAHPSVAPV*
C.elegans HIDLDPRFNDILGRHSRKRWERFIHAENQHLVTPEAL-DFLDKLLRYDHAERLTAQEAMGHEYFRPVVEAHARANGTEQADGQGASNSASSQSSDAKIDG
S.cerevisiae EITLPREFYD-MDQYIRKPWHRFINDGNKHLSGNDEIIDLIDNLLRYDHQERLTAKEAMGHPWFAPIREQIEK*

T.aestivum

A.thariana 90.4 %

H.sapiens PSPLGPLAGSPVIAAANPLGMPVPAAAGAQQ* 77.3 %

X.laevis 75.1 %

C.elegans A* 73.5 %

S.cerevisiae 64.6 %

77.3%, 75.1%, 73.5%, and 64.6% amino-acid identify with
that of H. sapiens, X. laevis, C. elegans and S. cerevisiae,
respectively. However, two regions, one the ATP binding
site (residues 40-63 of wheat CK2a), and the other
the serine/threonine protein kinase active site (residues
147-159 of wheat CKZ2a), were highly conserved
amongst all the aligned CK2a's including wheat. Hence,
we identified this cDNA clone as awheat CK2a gene and
designated it as tck2a (Triticum casein kinase 2 alpha).

Chromosome assignment of tck2a

As the rice Hd6 (CK2a) region is in synteny with the
wheat Vrn-Al region (Kato et a. 1999a), we focused on
the group-5 chromosomes to assign the locus of tck2a.
Genomic Southern-blot analysis was conducted using the
tck2a clone as a probe and DNAs extracted from CS and
nullisomic-tetrasomic lines for group-5 chromosomes.
When DNASs were digested with BamHI, tck2a hybrid-
ized to six fragments in CS indcating that the CK2a gene
is present as two copies in each of the A, B and D geno-
mes (Fig. 4). One of fragments of approximately 14 kb
was absent in the nullisomic line and increased in expres-
sion in the tetrasomic line for chromosome 5A. Thus the
presence of the tck2a orthologue on chromosome 5A
was revealed. This homologue, designated as tck2a, was
further assigned to the long arm in a similar analysis of
three deletion lines lacking a part of the long arm.
Furthermore, the presence of one tck2a homoeolocus on
each of the group-5 chromosomes was confirmed by
Southern analysis of nullisomic-tetrasomic lines of CS.
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Fig. 4 Southern-hybridization pattern of BamHI-digested Chinese
Spring (CS), CS nullisomic 5A tetrasomic 5B, CS g23, CS 36,
CS q14, CS nullisomic 5B tetrasomic 5A and CS nullisomic 5D
tetrasomic 5B probed with wheat casein Kinase 20 (tck2a) identified
in the present study. Arrows on the right hand demonstrate
the bands assigned to wheat chromosomes 5AL, and 5B and 5D,
respectively

The two main fragments with about 4.4 kb were not
polymorphic and were not mapped.

Linkage analysis between Wwn-Al and tck2a

Among 457 F,.; lines screened, 35 were found to be
recombinants for the chromosomal region between
Xrgs1912 and Xfba068. This also indicated that the map
distance between these flanking markers of Vrn-Al was
4.2 cM, which is smaller than our previous study using
118 SCRs (Kato et al. 1999a). These 35 recombinant F,.5
lines were used for further mapping study of Wwn-Al and
tck2a.

Under the long-day photoperiod condition, there was
a 20-day difference for heading time between the early
SCR-14 and the late CS (Cappelle-Desprex 5A). In the
F; progeny test, the expected three phenotypes of head-
ing time were clearly visible: fixed lines of early heading
such as SCR-14, segregating lines of both types and
fixed lines of late heading such as CS (Cappelle-Desprez
5A). Therefore, it was easy to assess the genotype at
Virn-Al of each F, plant. The fixed lines of early heading
were considered to be homozygous for the Wrn-Al allele
from SCR-14 or T. spelta 5A, the segregating lines were
identified as heterozygous Vrn-Alvrn-Al and fixed lines
of the late heading as homozygous for the vrn-Al allele
from Cappelle-Desprez 5A. The number of F, lines clas-
sified into these three groups were 6, 19 and 10, support-
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Fig. 5 Linkage maps of the region of wheat chromosome 5A
showing the locations of Virn-Al and the wheat casein Kinase 2 o
gene (tck2a). The left vertical bar represents an RFLP linkage
map constructed from the 118 single-chromosome recombinant
lines developed from the cross between Chinese Spring (CS)
(Cappelle-Desprez 5A) and CS (T. spelta 5A) (Kato et al., 1998,
1999a). The right vertical bar represents the linkage map con-
structed in the present study. The map distance (cM) were calcu-
lated by the Kosambi function (Kosambi 1944) and are shown on
the left side

ing the segregation of asingle factor (x2=1.17, 0.50 < P
<0.75).

By means of both Vrn-Al and RFLP markers, Virn-Al
was located between Xbcd450 and Xpsr426. The genetic
distances between Wrn-Al and Xbcd450, and Xpsr426,
were 0.2 cM and 1.0 cM, respectively (Fig. 5).

Only one RFLP band of tck2a-Al was identified in
the BamHI digest of genomic DNAs from CS (Cappelle-
Desprez 5A) and CS (T. spelta 5A), which was a domi-
nant marker present in Cappelle-Desprez. To identify
the genotype at the tck2a-Al locus in the 35 recombi-
nant F, s we followed two steps. First, in Southern anal-
ysis using DNA from bulked leaves of 20 F; progenies
per each F, line and digested with BamHI, we classified
35 F, linesinto 26 of the Cappelle-Desprez type having
the RFLP band of tck2a-Al, and nine of the T. spelta
type lacking the band. The former 26 F, lines were
expected to include both of the homozygous and hetero-
zygous Cappelle-Desprez types as the RFLP band was a
dominant marker. So, in subsequent analysis of South-
ern hybridization using DNAs from five F, individuals
per line, the genotypes of the 26 F, lines were deter-
mined as homozygous for Cappelle-Desprez or hetero-
zygous. As a result, tck2a was mapped within the mark-
er interval between Xpsr426 and Xfba068. The genetic
distances between tck2a and Xpsr426, and Xfba068,
were 0.1 cM and 1.5 cM, respectively. Consequently
tck2a was found to be linked tightly with Virn-Al that by
1.1cM (Fig. 5).
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Of the six candidate RFLP markers that had been
found to link closely to Vrn-Al in genetic maps of wheat
(Dubcovsky et al. 1998; Kato et al. 1999a) and barley
(Kleinhofs et al. 1993), CDO465 (Xcdo465), WG644
(Xwg644) and CD0504 (Xcdo504) were mapped in this
genomic region, within the marker interval between
(Xrgsl1912, Xrgr2632) and Xfba068. Other three candi-
date markers lacked polymorphism between the parental
two lines. We mapped a casein kinase 2a locus in the
Wrn-Al region that is separate from Wrn-Al. Of the other
minor three RFLP bands, two were located on 5D and
one on 5B, indicating a homoeologous relationship
(Fig. 4). For intensively hybridizing bands of about
4.4 kb, however, nullisomic-tetrasomic analysis could
not map this second kinase locus on particular group-5
chromosomes when digested with BamHI. Thus, we can
not exclude the possibility that a second casein kinase 2a
locus is in the same region and could be synonymous
with \rn-Al. It needs more mapping study to confirm
this possihility.

Adaptability of wheat to diverse environments is
mainly due to exploitation of genes controlling heading
time. The genetic control of heading time in wheat is
extremely complex being determined by the vernalization
requirement, the photoperiod response, and earliness per se
genes. The vernalization genes determine the sensitivity
of the plant to cold temperatures and differentiate vernal-
ization-insensitive spring wheats from vernalization-
sensitive winter wheats that require an extended period of
cool (4-8 °C) temperature before flora primordia are
initiated. In hexaploid wheat, Vrn-Al on chromosome 5A
is the most effective and gives complete insensitivity to
vernalization (Law et al. 1976). A series of Wrn genes
homoeologous to Vin-Al have been mapped on the group-5
chromosomes of the Triticeae; Vin-B1 on 5B (Mclntosh
et a. 1998), Vin-D1 on 5D (Law et al. 1976; Nelson et al.
1995), rn-H1 on the barley 5H chromosome (Takahashi
and Yasuda 1971; Laurie et al. 1995) and Wn-R1 on the
rye 5R chromosome (Plaschke et a. 1993). This genomic
region is considered as one of the well-conserved regions
in the Triticeae. In addition, the colinearity of the wheat
chromosome-5A Wrn-Al region with the rice chromo-
some-3 Hd6 region was proven using common RFLP
markers (Kato et al. 1999a). A close linkage of Wn-Al
and Frl1, amajor frost resistance gene, was demonstrated
(Gdliba et a. 1995). Therefore, the Vin region in the
Triticeae and the Hd6 region in rice are suggested to be of
great importance for adaptation and evolution in cereals.

To our knowledge, tck2a is the first CK2a gene of
wheat. The present study demonstrated that tck2a, ortho-
logous to the rice heading QTL Hd6, is located on the
syntenic wheat genomic region and tightly linked to
Wirn-Al. Further, because of a high homology of the
deduced amino-acid sequences between tck2a and the
Arabidopsis CK2a (Fig. 3), it is reasonable to assume
that tck2a is also photoperiod responsive. However, there
is no heading-time QTL(s) or gene(s) linked to Wrn
so-far reported in the Triticeae. Therefore, the effect of
tck2a on heading time in Triticeae needs further study.
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