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Molecular cloning and mapping of casein kinase 2
alpha and beta subunit genes in barley

K. Kato, S. Kidou, and H. Miura

Abstract: Casein kinase 2 (CK2) is a ubiquitous, highly pleiotropic, constitutively active, and messenger-independent
Ser/Thr protein kinase. It is found in two different forms: the heterotetrameric CK2, composed of two alpha catalytic
subunits and two beta regulatory subunits, and the monomeric CK2 alpha, consisting of the alpha catalytic subunit. In
the present study, we isolated barley cDNA clones of the CK2 alpha and beta subunit genes, designated HvCK2A and
HvCK2B, respectively. Chromosome assignment, using a set of wheat-barley disomic chromosome addition lines, and
RFLP mapping, using two doubled haploid populations, showed that HvCK2A was duplicated on the short arm of
chromosome 2H and the long arm of chromosome SH (designated HvCK2a-2H and HvCK2a-5H, respectively), and a
single copy of HvCK2B was located on the long arm of chromosome 1H (designated HvCK2b). A PCR-Southern hy-
bridization experiment demonstrated that the HvCK2A sequence originated from the HvCK2a-5H locus, showing that
at least HvCK2a-5H was expressed. The present cDNA sequences and genomic organization of the two subunits will
facilitate further functional analysis of CK2 in barley.

Key words: barley, casein kinase 2, cDNA cloning, RFLP mapping.

Résumé : La cas€ine kinase 2 (CK2) est une protéine kinase Ser/Thr ubiquiste, trés pléiotropique, constitutive et qui ne
dépend pas d’un messager. Elle est retrouvée sous deux formes différentes : (1) un hétérotétramere CK2 formé de deux
sous-unités catalytiques alpha et de deux sous-unités régulatrices béta, et (2) un monomere CK2 alpha formé uniquement
de la sous-unité catalytique alpha. Dans le présent travail, les auteurs ont isolé des clones d’ADNc correspondant aux
génes codant pour les sous-unités CK2A et CK2B chez 'orge, lesquels génes ont été¢ nommés HvCK2A et HvCK2B res-
pectivement. La cartographie chromosomique, & I'aide de lignées d’addition disomiques blé-orge, et la cartographie RFLP,
chez deux populations de lignées haploides doublées, ont montré que AvCK2A est présent en deux exemplaires situés sur
le bras court du chromosome 2H et sur le bras long du chromosome 5H. Ces deux génes ont été désignés respectivement
HvCK2a-2H et HvCK2a-5H. L’unique copie du gene HvCK2B a été assignée au chromosome [H et a été désignée
HyvCK2b. Une hybridation Southern-PCR a révélé que la séquence HvCK2A provenait a ['origine du locus HvCK2a-5H et
que ce locus est exprimé. Ces séquences d’ADNc et I’organisation génomique des deux sous-unités faciliteront une plus
ample analyse fonctionnelle des CK2 chez 'orge.

Mots-clés : orge, caséine kinase 2, clonage d’ADNc, cartographie RFLP.

[Traduit par la Rédaction]

Introduction

Protein kinase CK2 (casein kinase 2; EC 2.7.11.1) is a
serine/threonine phosphotransferase that occurs ubiquitously
in eukaryotes. CK2 is composed of two subunits, the alpha
catalytic and beta regulatory subunits, which form the tetra-
meric structure o»3,. However, both subunits can associate
independently with other proteins, probably to regulate their
functions in the cell (Boldyreff and Issinger 1997; Chen et
al. 1997; Hériché et al. 1997; Willert et al. 1997). In addi-
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tion, the alpha subunit has been isolated as a monomer with
full activity from different species, especially plants (Dobro-
wolska et al. 1992; Ospina et al. 1992; Klimczak and Cash-
more 1994; Espunya and Martinez 1997).

CK2 has been widely studied in several organisms, dem-
onstrating that it is involved in different processes such as
cell proliferation (Seldin and Leder 1995), cell cycle pro-
gression (Hanna et al. 1995; Espunya et al. 1999; Barz et
al. 2003), signal transduction (Chen et al. 1997), and tran-
scriptional control (Liischer et al. 1989). The majority of
the CK2 substrates — more than 300 proteins identified to
date — are nuclear proteins involved in DNA/RNA-
associated functions, or cellular proteins involved in signal
transduction (Meggio and Pinna 2003). In particular, CK2
has been shown to phosphorylate clock proteins in Droso-
phila (Lin et al. 2002; Akten et al. 2003), Newrospora
(Yang et al. 2002), and Arabidopsis (Sugano et al. 1998,
1999; Daniel et al. 2004; Portolés and Mas 2007), suggest-
ing that it is an evolutionarily conserved component of
molecular clocks across several kingdoms. In Arabidopsis,
overexpression of CKB3 and CKB4 shortened the phase of
circadian clock controlled genes and reduced the days to
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flowering under short and long days (CKB3) and short
days (CKB4) (Sugano et al. 1999; Portolés and Mais
2007). In rice (Oryza sativa L.), the heading date QTL
Hd6 encodes the alpha subunit of CK2 (Takahashi et al.
2001). The variant allele of Hd6 in the japonica rice culti-
var Nipponbare has a premature stop codon and encodes a
truncated protein, while the corresponding functional allele
in the indica rice cultivar Kasalath increases the days to
heading under long-day conditions (Yamamoto et al. 2000;
Takahashi et al. 2001).

The genetic control of variation in flowering time has
been extensively studied in the tribe Triticeae (Poaceae).
Major loci affecting photoperiod response have been
mapped in barley (Hordeum vulgare L.). The Ppd-HI locus
on chromosome 2HS controls flowering under long days but
has no effect under short days, while Ppd-H2 on 1HL con-
trols flowering only under short days (Laurie et al. 1995). In
addition, many QTLs controlling photoperiod response have
been reported in barley. The Ppd-H/ locus encodes a mem-
ber of the CCT-domain pseudo-response regulator family, a
class of genes involved in circadian clock functions (Turner
et al. 2005). In addition, Szlcs et al. (2006) reported that the
positional candidate for the photoperiod response effect at
the Vrn-HI locus was a member of the photoreceptor gene
family, Phyvtochrome C. To clone the positional candidate
genes relative to the remaining photoperiod response QTLs,
investigation of additional gene family classes is needed. In
hexaploid wheat (Triticum aestivum L.), a single cDNA
clone of the CK2 alpha subunit was isolated, and its duplica-
tion in each wheat genome was estimated by Southern blot-
ting. A single copy was assigned to the homoeologous group
5 chromosomes, and closely linked to Vrn-Al on the long
arm of wheat chromosome 5A (Kato et al. 2002). However,
the second CK2 alpha subunit locus in wheat remains un-
mapped (Kato et al. 2002). In perennial ryegrass (Lolium
perenne L.), two CK2 alpha subunit genes were mapped
and one of the duplicated loci was coincident with the
phenotypic variation of heading date (Shinozuka et al. 2005).

We investigated the possible role(s) of CK2 in the barley
photoperiod response. The objectives of this study were to
determine the nucleotide sequence of the cDNA clones en-
coding the CK2 alpha and beta subunits, and the genetic
map positions of both of the subunit genes in barley. Based
on the present data, we discuss whether barley CK2 subunit
genes are positional candidates for photoperiod response
QTLs.

Materials and methods

Construction and screening of the cDNA library

A cDNA library was constructed from mRNA prepared
from 5-day-old barley (H. vulgare ‘Minorimugi’) seedlings
using the ZAP-cDNA® Synthesis Kit (Stratagene). Two par-
tial rice cDNA fragments encoding the CK2 alpha subunit
(CK2A) (RefSeq accession no. NP_001058752) and the
CK2 beta subunit (CK2B) (RefSeq acc. no. NP_001065415)
were used as templates to generate each probe. Approxi-
mately 5 X 10* recombinants were screened by plaque hy-
bridization and the hybridizing plaques were isolated. After
3 cycles of plaque purification, in vivo excisions of the
pBluescript SK= vector were performed in the Escherichia
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coli K-12 strain XL1-Blue. The nucleotide sequences of the
isolated ¢cDNA clones were determined using the Thermo
Sequenase Cycle Sequencing Kit (Amersham Pharmacia
Biotech, UK) with M13 universal and reverse primers.

Plant materials for mapping

For the chromosome assignments of the barley CK2A and
CK2B genes, we used T. aestivum ‘Chinese Spring’, H. vul-
gare subsp. vulgare ‘Betzes’, and a set of ‘Chinese Spring’—
‘Betzes™ disomic chromosome addition lines possessing each
of ‘Betzes’ chromosomes 2H to 7H (Islam et al. 1981).

For the genetic mapping study, we screened 4 parental
combinations: Steptoe and Morex, Harrington and TR-306,
Igri and Franka, and Oregon Wolf Barley 95 (OWB-95) and
OWB-96. Based on the parental RFLP data, 2 populations
were chosen for the present mapping study. The first popu-
lation was Steptoe/Morex doubled haploid lines developed
by the North American Barley Genome Mapping Project
(Kleinhofs et al. 1993). The second population was the
OWB doubled haploid lines (Costa et al. 2001). In the
present RFLP mapping, we used 60 lines of the Steptoe/
Morex population and 67 lines of the OWB population.

RFLP assays

DNA was extracted from young leaves of each line using
a modified CTAB method (Murray and Thompson 1980).
Southern hybridization was conducted using the Gene Im-
ages labeling and detection system (Amersham Pharmacia
Biotech, UK).

For the chromosome and chromosome arm assignments,
RFLP assays were conducted by genomic Southern hybrid-
ization using barley CK2A and CK2B c¢DNAs as probe. Ge-
nomic DNA of ‘Chinese Spring’ and ‘Betzes’ and a set of
wheat-barley disomic chromosome (arm) addition lines
(Islam et al. 1981) was digested with Apal, BamHI, Bglll,
Hindlll, EcoRl, EcoRV, Dral, Kpnl, and Xbal.

For genetic mapping, polymorphisms between two combi-
nations of the parents were detected by genomic Southern
hybridization. Genomic DNA of Steptoe, Morex, OWB-95,
and OWB-96 was digested with Apal, BamHI, Bglll, Dral,
EcoRl, EcoRV, Hindlll, Kpnl, Pstl, Xbal, Xhol, Alul, Ddel,
Haelll, Sall, and Scal. Genotypes for each line of the map-
ping populations were scored.

Linkage analysis

To locate barley CK2A and CK2B genes on the known
genetic maps, the genotype data sets of each polymorphism
were added to the previous genotype data sets (Kieinhofs et
al. 1993; Costa et al. 2001). Linkage analysis was conducted
using the “near” and “try” commands of MAPMAKER/
EXP 3 (Lander et al. 1987). The recombination frequencies
were converted to centimorgans (cM) using the Kosambi
mapping function (Kosambi 1944).

PCR-Southern blotting

To determine the original locus of the barley CK2A se-
quence, the following set of primers was developed for am-
plification of the whole putative exon sequence: Hvck2a-F
(5-ATGGCCGCATGAGCGATGC-3") and Hvck2a-R (5'-
TCATTGCGGTCGTGCCCTG-3"). Each 15 uL amplifica-
tion reaction contained 0.75 U of TaKaRa Ex Taq polymer-

© 2008 NRC Canada



210

ase (TaKaRa) and 50 ng of template DNA. Amplification
was performed under the following conditions: 94 °C for
I min followed by 40 cycles of 94 °C for 1 min, 66 °C for
I min 30 s, and 72 °C for 8 min with a final extension of
72 °C for 8 min. Amplification products were separated on
1.0% agarose gel for 0.5 h at 100 V and visualized with
ethidium bromide.

Southern analysis was performed to confirm that the PCR
products were homologous to the CK2A sequence. The
products were separated on 1.0% agarose gel and transferred
to a nylon membrane (Hybond-N+), hybridized with the bar-
ley cDNA of the CK2A gene, and detected using the Gene
Images labeling and detection system (Amersham Pharmacia
Biotech, UK).

Results

c¢DNA cloning of the CK2A and CK2B genes

Plaque hybridization of the barley ¢cDNA library identi-
fied two positive cDNA clones encoding CK2A and two
positive cDNA clones encoding CK2B. The inserts of the
cDNA clones were subcloned into the pBluescript SK- vec-
tor by in vivo excisions and sequenced. Figure 1A shows the
entire nucleotide and deduced amino acid sequences of the
longest cDNA clone encoding CK2A. The protein encoded
by the ORF consists of 382 amino acids and exhibits high
sequence similarity to other plant CK2As (data not shown).
In addition, characteristic domains such as the ATP binding
site, basic stretch (NLS), catalytic loop, and activation seg-
ment are completely conserved. Figure 1B shows the entire
nucleotide and deduced amino acid sequences of the longest
cDNA clone encoding CK2B. The protein encoded by the
OREF consists of 259 amino acids and exhibits 73% sequence
similarity with A. thaliana CK2B (data not shown). Charac-
teristic domains such as the N-terminal extension region,
KEN box, D-box, acidic stretch, zinc finger domain, and
positive regulatory region are completely conserved. We
therefore concluded that these cDNA clones encode barley
CK2A (gene HvCK2A, GenBank acc. no. AB252049) and
CK2B (gene HvCK2B, GenBank acc. no. AB252050).

Molecular mapping of HvCK2A

Chromosome assignments

For each of the 9 restriction enzymes, the Southern hy-
bridization study identified 1 to 4 restriction fragments that
hybridized with HvCK2A in ‘Betzes’. Of these, the 10.0 kb
BamHI, 2.0 kb Bglll, 2.1 kb HindIll, 3.5 kb and 7.5 kb
EcoRlI, 6.6 kb EcoRV, 3.0 kb Dral, 9.5 kb Kpnl, and 2.5 kb
Xbal fragments were assigned to the barley 2H chromosome
(Fig. 2A). The 4.5 kb BamHI, 3.5 kb Bglll, 5.5 kb Drdl,
6.6 kb Kpnl, and 7.5 kb Xbal fragments were assigned to
the barley 5H chromosome (Fig. 2A). We concluded that
the barley genome has duplicate copies of the HvCK2A
gene located on chromosomes 2H and SH.

Genetic mapping on chromosome 2H

Among all the fragments obtained from 10 restriction en-
zymes, the 9.5 kb Dral fragment on the 2H chromosome of
‘Betzes’ was detected in OWB-96 but not in OWB-95. The
18.5 kb Dral fragment was specific to OWB-95. We used
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these two fragments for further genetic mapping. Genotype
data of the doubled haploid lines show that the OWB-96-
specific 9.5 kb Dral fragment and the OWB-95-specific
18.5 kb Dral fragment co-segregate and contribute to a single
locus. Using the “near” command of MAPMAKER with
the threshold of the likelihood value at 3.0, we found that
5 markers (X2.1, Pox, MWG949B, Hotl, Ebmac0684) on
the short arm of chromosome 2H and 3 markers
(ABG356, X2.2, and BmacOl13E) on the long arm of
chromosome 2H showed linkage relationships with the
genotype data of the two fragments. With the “try” com-
mand, the HvCK2A gene was always located in the centro-
meric region, between Ebmac0684 on the short arm and
ABG356 on the long arm, and was designated HvCK2a-2H
(Fig. 3A).

To determine the chromosome arm, the HvCK2A probe
was hybridized to digested total DNA of CS + 2HL and
CS + 2HS. The probe hybridized to two fragments, a 6.6 kb
EcoRI fragment and a 9.5 kb Kpnl fragment. Both fragments
were assigned to the short arm of chromosome 2H (data not
shown). We concluded that HvCK2a-2H is located on the
short arm of chromosome 2H in the following position:
X2.1, Pox, MWG949B, Hotl, Ebmac0684, HvCK2a-2H,
centromere, ABG3356, X2.2, BmagOl13E. Moreover,
HvCK2a-2H was found to be linked to Ebmac0684 by 2.4
cM and to ABG356 by 7.2 cM (Fig. 3A).

Genetic mapping on chromosome 5SH

Using 16 restriction enzymes, 5 polymorphic fragments
were 1dentified between Steptoe and Morex. Steptoe-specific
fragments were the 5.5 kb BamHI and 7.0 kb Xbal frag-
ments. Morex-specific fragments were the 10.0 kb Apal,
9.4 kb BamHI, and 9.4 kb Xbal fragments. In the doubled
haploid lines, all polymorphic fragments co-segregated and
contributed to a single locus. Using the “near” command of
MAPMAKER with the threshold of the likelihood value at
3.0, we identified 26 markers linked to HvCK2A on the
long arm of chromosome 5H. With the “try” command, the
HvCK2A gene on chromosome 5H (designated HvCK2a-5H)
was always located between WG644 and ABG712, 1.0 cM
from each marker (Fig. 3B).

Chromosome assignment of the HvCK2A sequence

To determine which chromosome contains the original
HvCK2A sequence (Fig. 1), PCR-Southern hybridization
was conducted using genomic DNA of ‘Chinese Spring’
and ‘Betzes’ and a set of wheat-barley disomic addition
lines. With the primer set Hvck2a-F and Hvck2a-R, a single
5.7 kb fragment was amplified from the genomic DNA of
‘Chinese Spring’ (Fig. 4A, lane 1) and hybridized with the
HvCK2A probe (Fig. 4B, lane 1). In ‘Betzes’, a single
5.0 kb fragment was amplified (Fig. 4A, lane 2) and hybri-
dized with HvCK2A (Fig. 4B, lane 2). Among the set of
‘Betzes’ chromosome addition lines, a ‘Betzes’-specific
5.0 kb fragment was amplified and hybridized with the
HvCK2A sequence in the 5H chromosome addition line
(Fig. 4A, lane 6; Fig. 4B, lane 6). We concluded that the
present cDNA sequence of HvCK2A originated from the ge-
nomic region encoding the CK2A gene on chromosome 5H.
In comparison with the 1158 bp cDNA sequence between
primers Hvck2a-F and Hvck2a-R, the genomic sequence of
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Fig. 1. The nucleotide and deduced amino acid sequences of barley

cDNAs encoding (A) casein kinase 2 alpha subunit (CK2A; acc.

no. AB252049) and (B) casein kinase 2 beta subunit (CK2B; acc.

no. AB252050). The stop codon is denoted by an asterisk. Charac-
teristic domains of CK2A and CK2B are underlined: (A) ATP
binding site, basic stretch (NLS), catalytic loop, and activation seg-
ment; (B) N-terminal extension region, KEN box and D-box (puta-
tive degradation motifs), acidic stretch, zinc finger domain (dimer

formation), and positive regulatory region (binding to catalytic sub-

unit).

(A)

F 8§ vV N N S8 E K

GGTTCATCTTCAGCTAATCTCTCCCTCC
TCCACCCACCCACCCACCAGCCGGAAACCCTAGCCCGCCCTCGCCGCCGGCGATGGCCGC
ATGAGCGATGCCCCTCCGAGGAAGCGCCCACCAGCCAGCTCCGTAGCTCGAGCCTCCGCC
M s P A P P R K R P P A § 8§ V A R A 8§ A

GCCGCCGTCGTTGTAGCCGCCCTCGCGTCCTCCTTCATCGCCCTGTCCCCTCGCTGCACC
A AV V V A A L A S 8 F | A L 8 P R C T

CCGGCCGCCGCGGGATCCGGGCCCAGCATGTCGAAGGCGAGGGTCTACACCGACGTCAAC
P A A A G S G P S M 8 K A R V Y T D V N

GTGGTGCGCCCCAAGGAGTACTGGGACTACGAGGCGCTCACCGTCCAGTGGGGTGAGCAG
vV V R P K E Y W D Y E A L T V Q W G E Q

GATGACTATGAGGTTGTCAGGAAAGTTGGAAGAGGTAAATATAGTGAAGTGTTTGAAGGC
0D DY E V V R KV GG R G K Y 8§ E V F E G

ATP binding site
TTCAGTGTTAACAATAGCGAGAAATGTGTCATTAAGATACTCAAGCCTGTAAAGAAAAAG
c Vv | K | L K P V K K K

AAGATTAAAAGGGAGATAAAAATACTTCAGAACCTCTGTGGAGGTCCAAATATCATCAAG
K I K R E I K I L Q N L C G G P N | I K

Basic stretch (NLS)
CTGCTTGATATTGTCAGGGATCAACATTCGAAAACTCCCAGCTTGATCTTTGAATATGTC
L L D | vV R D Q@ H 8 K T P § L 1 F E Y V

AACAACACAGATTTTAAAGTGCTCTATCCCACGTTGACAGATTATGATATTCGCTACTAC
N N T D F K V L Y P T L T D Y D | R Y Y

TTATACGAGCTACTAAAGGCATTAGATCACTGCCATTCACAAGGCATTATGCACCGAGAT
L Yy E L L K A £t D H CH S8 Q G I M H R D

GTCAAGCCCCATAATGTTATGATTGATCATGATCTTCGAAAACT TCGCTTGATAGACTGG
V K P H NV M I DHUDILRIKTLRTL I D W
Catalytic site
GGCCTGGCGGAGTTTTACCATCCAGGCAAGGAATACAATGTCCGTGTTGCTTCAAGGTAT
G L AE F Y H P G K E Y NV RV A S R Y

F K GG P E L L VvV D L Q

Activation segment
TTCAAGGGACCTGAACTTCTAGTTGATTTGCAAGATTACGATTATTCTCTGGACATGTGG
D Y DY 8§ L DM W

AGCCTTGGGTGCATGTTTGCTGGGATGATCTTCCGCAAGGAGCCATTCTTCTATGGCCAT
$ L G C M F A G M I F R K E P F F Y G H

GATAACCATGACCAACTTGTGAAAATTGCGAAGGTACTTGGAACAGACAGCCTGAATGCT
DN H D QL V K I A KV L 6 T D S L N A

TACTTAAAGAAGTACCACCTTGAGCTTGACCCTCAGCTTGAACATCTTGTTGGAAGGCAC
¥ L K K Y H L E L b P Q L E H L V G R H

AGTAGAAAACCCTGGTCAAAGTTCATTAATGCTGATAACCAGCATCTAGTATCTCCCGAG
$ R K P W S K F I N A DN QQGH L V 8 P E

GCCATAGATTTTCTCGATAAGCTTCTTCGCTATGATCACCAAGATAGGCTCACTGCTCGT
A 1 D F L D K L L R Y D H Q@ D R L T A R

GAAGCTATGGCGCATCCATACTTCCTTCAAGTGAGAGCAGCGGAGAACAGCAGGGCACGA
E A M A H P Y F L Q V R A A E N S R A R

CCGCAATGACATTGAGTGTGCACCGTGCAAAGTGGAGCAGTTGCTAATTGTTACTGATCA
P Q -

TCACATGATGGAACTGTCACGATGGCAACTTGATCCAACTATCCGTCCTATGCACTGAGA
TGGCGGTTTGAGTCGCTATGCTGTAAGAGCTTGTAACATTGTACTATTTGTAAACTTCAG
AGCACTCTGTTTACTCCAGTGATAGTGGTCGATGAATGTGGTGGCATGCATGCCACCATT
TGTGTAACAGGGTAAGTAAATTGCCTGCATTGGGCAGTCCTAAGACCCAACAGTTTACTT
GTGTTGTTAAGAGTTACAATAGTCAAATGTATGGTCATTTTTTATTGCGATTATTTTGTA
CTGTTTTTGAAACAAAAAAAAAA

28

148

208

268

328

508

568

628

748

808

868

928

988

1048

1108

1168

1228

1288

1348
1408
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1588

‘Betzes’ was 5.0 kb. These results demonstrated that the to-
tal intron is almost four fifths of the genomic coding region
of HvCK2a-5H.
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Fig. 1 (concluded).

(B)

GCTCGTTCCTCCCCCCACCTGCGCACCAAGT TCAAACCCTA
GTCCAGCCTGCGAGCGGCGACGCGTCGCGCCGCGCGGCTGCCGGCAAGCAGGGGCTCCGG
ACCACAGCGGGGGATGAGCGGCGCAGCTACAGGGATCGGGGT TTCGGCGGCGCCGCGGAG
ATGGACCGGAAGCGCATCAAGGAGGCGCTGGAGAAACACACGGAAAGGCCGTCCCCGTCC
M D R K R I K E A L E K HTEIRP S P §

N-terminal region
ACCTCCAGGGGGGCGTCCAGGGAGAAGGAGATGCT CGCCGCCGGCAAGATAACCACCCAG
T 8 R G A 8 R E KE ML A A G K I T T Q

ATCGGCAAGGTCCCCAAAGTCTCCGATGTCGAGGAATTCGAAACTGACAGTGAAGATTCT
I G K VvV P K Vv 8 D V E E F E T D S E D S

GATGTTAGCGGTTCTGAAGGAGAGGACACATCTTGGATTTCATGGTTCTGTAGCTTGCGA
D v §$ 6 8 E 6 E DT 8 W 1 8 W F C 8 L R

GGCAACGAATTCTTCTGTGAGATTGATGATGATTATATACAGGATGATTTCAATCTCTGT
G N E F F C E | D D D Y | Q D D F N L C

GGCCTAAGCAATCAGGTGCCATATTATGATTATGCACTTGATCTCATCCTAGACATTGAG

G L S N Q@ V P Y Y DY A L D L I L D I E
KEN box D-box
TCTTCTAATGGTGATGTATTCACTGAGGAGCAAAATGAATTAATTGAGTCATCTGCAGAG
S S N G D V F T E E QN E L I E S S A E

Acidic stretch
ATGCTGTATGGTTTAATCCATGCACGGTACATCTTAACTAGCAAGGGTCTAGCTGCAATG
M L Y G L | H A R Y i L T 8 K G L A A M

TTAGAAAAGTTCAAGAATTATGATTT TGGCAGATGCCCTCGAGTATACTGCTGTGGCCAG
L E K F K ¥ Y D F 66 R C P R V Y C C G Q

CCCTGTCTTCCAGCAGGGCAATCAGACAT TCCTAGGTCAAGCACAGTGAAGGTGTTTTGT
P C L P AGQ S D I P R S S T V KV F C

Zinc finger domain
CCAAAATGTGAAGACTTACACTATCCAAGGTCCAAGTACCAAGGCAACAT TGATGGAGCA
P K C E D L HY P R S K Y Q G N |I D G A

TACTTTGGTACGACGTTCCCTCATCTCTTCTTGATGACATATCCACACCTGAAGCCACAG
Y F 6 T T F P H L F L M T Y P H L K P Q

AAGCCATCACAGCAATACGTTCCAAGGGTTTTTGGCTTCAAACTTCACAAGCAGTCGTGA
K P 8§ @ Q Y v P R V F G F K L H K Q@ s
Positive regulatory region
CAAACTTTTACCAGCGGGCGCAATTTGTTTTTACCTAGTGTTAGAGATGGAACACCATGG
CCTCAAAATGTTGTGGCCTCTTGATTCGAGTACTCGCGAGCTTGAATCTTGCTGTCAACT
GCTGAGCAACTGTATCTGTTTTGTTGTATGACTGCTGTGTAATCTAGGTTTCTTCACTTG
ATCAAGCTATGCACATTTGCATGTTAAAAAAAAAAAAAAAAAA

Molecular mapping of HvCK2B

Chromosoimne assignments

One to three restriction fragments hybridizing with
HvCK2B were detected in ‘Betzes’ DNA digested by 6 re-
striction enzymes (Fig. 2). The 15.0 kb Apal, 6.6 kb BamHI,
9.4 kb and 3.0 kb BglIl, 5.0 kb and 2.5 kb Dral, and 2.1 kb
and 10 kb Xbal fragments were specific to ‘Betzes’. No
fragment was detected in ‘Betzes’ by Kpnl digestion. From
Southern blotting of each chromosome addition line, no
‘Betzes’ fragment was assigned to chromosome 2H, 3H,
4H, 5H, 6H, or 7H. The data demonstrated the possibility
that HvCK2B is located on chromosome 1H.

Genetic mapping

RFLP assays were conducted with I1 restriction enzymes
to detect polymorphic fragments between Steptoe and
Morex. Of all the fragments detected in Steptoe and Morex
in the present study, only one was polymorphic between the
parental lines. The 15 kb EcoRI fragment was present in
Morex but not in Steptoe. Genotype data of this fragment
were added to the previously reported mapping data. Using
the “near” command of MAPMAKER with the threshold of
the likelihood value at 3.0, we identified 25 markers linked
to HvCK2B on the long arm of chromosome 1H. Using the
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881
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Fig. 2. Chromosome assignment of the casein kinase 2 alpha subunit gene (A) and beta subunit gene (B) in Hordeum vulgare ‘Betzes’.

Genomic DNA from Triticum aestivum ‘Chinese Spring’ (lane 1), ‘Betzes’ (lane 2), and wheat-barley disomic chromosome addition lines
CS + 2H (lane 3), CS + 3H (lane 4), CS + 4H (lane 5), CS + 5H (lane 6), CS + 6H (lane 7), and CS + 7H (lane 8). The molecular weight
(kilobases) is presented on the left side of each panel.

A

Fig. 3. Genetic linkage map of duplicate casein kinase 2 alpha sub-
unit (CK2A) genes on chromosomes 2H and 5H in barley (H. vul-
gare). In the Oregon Wolf Barley mapping population, the CK2A
gene was located between Ebmac0684 on the short arm and
ABG356 on the long arm of barley chromosome 2H, and designated
HvCK2a-2H (A). In wheat—barley 2H chromosome arm disomic ad-
dition lines, the centromere was assigned between HvCK2a-2H and
ABG356 in the present study. In doubled haploid lines of a cross
between Steptoe and Morex, the CK2A gene was located between
WG644 and ABG712 on the long arm of barley chromosome 5H
and designated HvCK2a-5H (B). Black arrows indicate the centro-
mere positions.
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“try” command, we found that HvCK2B co-segregated with
CDOI105B and MWGS800, was located between ABR337
and ABG494, and was linked to ABR337 and ABG494 by
4.0 cM and 6.0 cM, respectively (Fig. 5).

B

Discussion

Three CK2 subunit genes are coincident with heading
time QTLs

CK?2 is essential for photoperiodic regulation of flowering
time, as shown by studies of CKB3 and CKB4, which are
casein kinase 2 regulatory subunits, overexpressed in trans-
genic Arabidopsis plants (Sugano et al. 1999; Portolés and
Mds 2007). In rice, a CK2 alpha subunit encoded by Hd6 is
involved in the photoperiodic flowering response (Takahashi
et al. 2001). These findings demonstrate the importance of
CK2 function in the regulation of flowering in both long-
day and short-day plants. The genetic control of variation in
flowering time has also been extensively studied in the tribe
Triticeae. The objective of the present study was to map the
CK2 subunit genes and compare the positions of these genes
with the reported QTL positions (GrainGenes; http://wheat.
pw.usda.gov/cgi-bin/graingenes/browse.cgi). Conserved ge-
nomic locations for genes involved in vernalization and pho-
toperiodic induction have been identified among species by
comparative genetic studies (Dubcovsky et al. 1998). Com-
parative maps between barley and wheat have demonstrated
that HvCK2a-5H should be orthologous to the wheat locus
tck2a, which has been found to be closely linked to Vrn-Al
on the long arm of wheat chromosome 5A (Kato et al.
2002). In barley, the marked variation of days to heading is
dependent on both vernalization and day length: in doubled
haploid lines derived from the cultivars Dicktoo and Morex,
a heading QTL responsive to vernalization was found on
chromosome 7, at a syntenic region with wheat Vrm-Al
(Pan et al. 1994). The vernalization effect could be due to
allelic variation at the Vrn-HI (Sh2) locus (Pan et al. 1994).
Our data demonstrate the possibility that an alternative pho-
toperiod response effect corresponds to the HvCK2a-5H
gene. The Dicktoo allele is associated with an increase in
the days to heading under long-day conditions when com-
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Fig. 4. PCR-Southern blotting for chromosome assignment of the
HvCK2A sequence. (A) Electrophoresis of PCR products using the
primer set Hvck2a-F (5-ATGGCCGCATGAGCGATGC-3") and
Hvck2a-R (5-TCATTGCGGTCGTGCCCTG-3’). Lane M, molecu-
lar size markers. PCR template was genomic DNA of Triticum aes-
tivum ‘Chinese Spring’ (lane 1) and Hordeum vulgare ‘Betzes’
(lane 2), wheat-barley disomic chromosome addition lines CS + 2H
(lane 3), CS + 3H (lane 4), CS + 4H (lane 5), CS + 5H (lane 6),
CS + 6H (lane 7), CS + 7H (lane 8), and distilled water as a nega-
tive control (lane 9). (B) PCR products hybridized with the
HvCK2A sequence.

pared with the Morex allele (Pan et al. 1994). Similarly, the
functional Hd6 allele of the indica rice cultivar Kasalath in-
creased the days to heading under long-day conditions when
compared with the nonfunctional allele of the japonica rice
cultivar Nipponbare (Yamamoto et al. 2000; Takahashi et al.
2001). In addition, Szlics et al. (2006) reported that the phy-
tochrome gene HvPhyC was also located in this genomic re-
gion, showing the possibility that allelic variation of
HvPhyC contributes to the variation in photoperiod re-
sponse. The parental lines Dicktoo and Morex and the
doubled haploid lines are suitable genetic materials to eluci-
date the functions of HvCK2a-5H and HvPhyC in photoper-
iod responses in barley.

Although there was no HvCK2a-2H transcript in the
present cDNA library from 5-day-old H. vulgare ‘Minori-
mugi’, HvCK2a-2H was coincident with several heading
time QTLs including eps2, QHd HaMo-2H, QHD.dah-2H.1,
QHd.lgDa-2H, QHD.umn-2H.1, QHea.pil-2H.2, and
QHea.pil-2H.3 in the centromeric region of chromosome
2H (Backes et al. 1995; Laurie et al. 1995; Marquez-Cedillo
et al. 2001; Dahleen et al. 2003; Mesfin et al. 2003; Pillen
et al. 2003). All QTLs were identified in field trials. To
clarify whether each QTL controls the photoperiod re-
sponse, the effect on heading date under variable condi-
tions combined with photoperiod and vernalization needs
to be elucidated. HvCK2b was located in the proximal por-
tion of 1HL coincident with several heading date QTLs in-
cluding QHd.DiMo-1H.1 (Pan et al. 1994), QHdHaMo-
1H.I (Marquez-Cedillo et al. 2001), and QHD.umn-1H
(Mesfin et al. 2003). Pan et al. (1994) collected data on
heading dates under variable day length with and without
vernalization. QHd.DiMo-1H.] had a significant effect
under short-day conditions but not under long-day condi-
tions, suggesting that QHd.DiMo-/H.! controls photoperiod
response. To investigate whether HvCK2b is associated
with the photoperiod response at QHd.DiMo-1H.I, Dicktoo
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Fig. 5. Genetic linkage map of the casein kinase 2 beta subunit
gene (HvCK2B) on chromosome 1H of barley (H. vulgare). Using
doubled haploid lines of a cross between Steptoe and Morex,
HvCK2B co-segregated with CDO105B and MWGS800 and was lo-
cated between ABR337 and ABG494 on the long arm of barley
chromosome 1H; it was designated HvCK2b. The black arrowhead
indicates the centromere position.
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and Morex and their doubled haploid lines are again suit-
able genetic materials.

Genomic organization of CK2 alpha and beta subunit
genes

In animal genomes, the CK2 subunits are encoded by a
maximum of 4 genes, e.g., 1 gene for the alpha subunit and
1 for the beta subunit in Caenorhabditis elegans, 2 genes for
the alpha subunits and | gene for the beta subunit in human,
and 2 genes for the alpha subunits and 2 genes for the beta
subunits in yeast. In plant genomes, multiple genes for CK2
subunits have been reported. The Arabidopsis genome has 8
genes coding for CK2 subunits, 4 alpha and 4 beta subunit
genes (Salinas et al. 2006), and the rice genome has at least
6 genes coding for putative CK2 subunits, 4 alpha subunit
genes and 2 beta subunit genes (Rice Annotation Project Da-
tabase; http://rapdb.lab.nig.ac.jp/index.html). In maize, 6
genes coding for CK2 subunits have been identified and
characterized to date (Peracchia et al. 1999; Riera et al.
2001, 2003). As reported here, barley has the smallest num-
ber of genes for CK2 subunits in plants analyzed to date.
Salinas et al. (2006) showed that multiple loci in Arabidop-
sis are located in the self-duplicated region, suggesting that
each duplicated pair of genes could be functionally redun-
dant. No obvious phenotype was identified in single T-DNA
insertional mutant plants for all putatively duplicated CK2
subunit genes in Arabidopsis (Salinas et al. 2006). Barley is
a good model plant for the functional analysis and regula-
tion of CK2 activity in plants. The present study will facili-
tate CK2 activity regulation and functional analysis in barley.
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