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Abstract Common wheat (2n = 6x = 42, genome formula
AABBDD) accumulates benzoxazinones (Bxs) as defen-
sive compounds. There are five Bx biosynthetic genes
(TaBxI1-TaBx5), and their homoeologous alleles are located
on all three homoeologous chromosomes of the A, B and D
genomes. Here the molecular structures of the TaBx3 and
TaBx4 loci, both of which are located on chromosomes 5A,
5B and 5D, were revealed by sequencing transformation-
competent artificial chromosome (TAC) clones. In all
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homoeologous chromosomes, TaBx3 existed downstream
of TaBx4 in a tail-to-head manner, and the two genes were
separated from each other by 9.0 kb in 5A, 7.3 kb in 5B and
11.3 kb in 5D. Among the three homoeologs of TaBx3 and
TaBx4, the promoter sequences were less conserved than
the coding sequences. The promoter sequences of TaBx3
and TaBx4 were highly similar to those of their respective
orthologs in the diploid progenitors of common wheat, but
were not similar to those of the maize orthologs. Sequence
similarity was found between the TaBx3 and TaBx4 coding
sequences, but not between their promoter sequences
despite their similar transcription pattern at the seedling
stage. Some putative cis-elements were found to be shared
by all TaBx3 and TaBx4 promoter regions. These results
imply that stage-specific transcription of TaBx3 and TaBx4
is not controlled by global sequence similarity of their pro-
moters but by some essential cis-elements. The promoter
activity measured by transient assays in wheat protoplasts
was similar among the three homoeologs of TaBx3 and
TaBx4 in spite of their differential transcript levels in wheat
seedlings.

Introduction

Benzoxazinones (Bxs) are major secondary metabolites in
gramineous plants, including common wheat (Triticum aes-
tivum), rye (Secale cereale) and maize (Zea mays). They
are considered to play important roles in the chemical
defense in plants against insect pests and pathogens (Nie-
meyer 1988; Sicker et al. 2000). Representative Bxs are
2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA) and its 7-
methoxy derivative (DIMBOA), and they are stored in vac-
uoles in the form of 2-O-f-glucosides, DIBOA-Glc and
DIMBOA-Glc.

@ Springer


http://dx.doi.org/10.1007/s00122-007-0675-1

374

Theor Appl Genet (2008) 116:373-381

OH
~ Lo ,
| Indole-3-glycerol phosphate |-+ \/\ I oFoe
N
TaBx1A | TaBx1B || TaBx1D :
Indole  |eee- f \

/\

Indolin-2-one ~ |----

/\

3-Hydroxyindolin-2-ohe ~ |-+---

TaBx4A § TaBx4B | TaBx4D

HBOA  |oeees :
TaBx5A § TaBx58 § TaBx5D
4 A~
DIBOA ~ |-e:-- \\

Fig. 1 Bx biosynthetic pathway showing the enzymatic reactions con-
trolled by the TaBx1-TaBx5 genes in the A, B and D genomes of com-
mon wheat

The biosynthetic pathway of DIBOA branches off from
the tryptophan pathway at indole-3-glycerol phosphate
(Frey et al. 1997, 2000; Melanson et al. 1997). Five sequen-
tial reactions from indole-3-glycerol phosphate lead to the
formation of DIBOA (Fig. 1). The genes involved have
been isolated in maize (ZmBxI-ZmBx5 genes; Frey et al.
1995, 1997), wild barley, Hordeum lechleri, (HIBxI—
HIBx5; Griin et al. 2005), and common wheat (TaBxIA-
TaBx5A, TaBx1B-TaBx5B, and TaBxID-TaBx5D; Nomura
et al. 2002, 2003, 2005; Fig. 1). Of the five biosynthetic
genes, the Bx2—-Bx5 genes encode cytochrome P450 mono-
oxygenases belonging to a CYP71C subfamily.

Common wheat (2n=06x=42, genome formula
AABBDD) is an allohexaploid that was formed through
successive chromosome doubling of hybrids involving
three ancestral diploid species (2n = 14), T. urartu (AA),
Aegilops speltoides (SS =~ BB), and Ae. tauschii (DD)
(Huang et al. 2002b; Feldman and Levy 2005). Nomura
etal. (2002, 2003) demonstrated that the five Bx biosyn-
thetic genes are all present in the three diploid progenitors.
It has been demonstrated that Bxs increase in amount to a
maximum soon after germination and then decrease to a
constant level in wheat (Nakagawa et al. 1995), maize (Ebi-
sui et al. 1998) and rye (Sue et al. 2000). A similar pattern
of Bx increase and decrease was observed in the three dip-
loid progenitors of common wheat (Nomura et al. 2005).
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Although the transcript levels of each homoeolog of the
TaBx1-TaBx5 genes differ among the three genomes of
common wheat and among the three diploid species, the
highest transcription was observed at the seedling stage in
all of them, which fully accorded with the Bx content
changes (Nomura et al. 2005). These facts led us to hypoth-
esize that the high transient level of transcription of the Bx
biosynthetic genes in the juvenile stage of growth is con-
trolled by a transcriptional mechanism that is common to
the five Bx biosynthetic genes in all three genomes. In fact,
it has been demonstrated that genes involved in a particular
metabolic pathway are co-regulated (Gachon et al. 2005;
Kato et al. 2007), and that functionally related genes are
clustered on a chromosome, as well as being co-expressed
(Ren et al. 2005; Zhan et al. 2006). In maize, the ZmBxI—
ZmBx5 genes are clustered on the short arm of chromosome
4 (Frey et al. 1995, 1997). In common wheat, the five TaBx
genes are separately located on the homoeologous group-4
and group-5 chromosomes, and TaBx/ and TaBx2 exist in
the same chromosomal bin on the group-4 chromosomes,
while TaBx3-TaBx5 exist in the same chromosomal bin on
the group-5 chromosomes (Nomura et al. 2003).

The Bx biosynthetic genes have been isolated from sev-
eral plant species, but no molecular mechanism for their
transcriptional regulation has been elucidated. The wheat
TaBx3 and TaBx4 genes, whose loci are thought to exist
very closely to each other (Nomura et al. 2007), are excel-
lent targets for studying the transcriptional co-regulation of
the Bx biosynthetic genes. In this study, first we isolated
genomic clones containing both the TaBx3 and TaBx4
genes from the A, B and D genomes of common wheat and
sequenced them to reveal the molecular structures of those
loci. Then, we analyzed the promoter sequences of the
TaBx3 and TaBx4 alleles and also the orthologous
sequences in the three diploid progenitors of common
wheat.

Materials and methods
Plant materials

A common wheat (7. aestivum, 2n = 6x =42, genome for-
mula AABBDD) cultivar, Chinese Spring (CS) was germi-
nated and grown as described by Nomura et al. (2002), and
5-day-old shoots were used for preparation of the protop-
lasts. Diploid progenitors (2n = 2x = 14) of common wheat,
T. urartu (accession KU199-6, genome formula AA), Ae.
speltoides (KU5727, SS), and Ae. tauschii (KU20-9, DD),
were used for cloning the promoter sequences of the TaBx3
and TaBx4 orthologs by genomic PCR. All seed stocks
used in this study were obtained from the National BioRe-
source Project-Wheat, Japan (http://www.nbrp.jp).
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Isolation of TAC clones carrying the TaBx3 and TaBx4 loci
of common wheat

Genomic clones carrying the TaBx3 and TaBx4 loci were
screened from a transformation-competent artificial chro-
mosome (TAC) library of CS by the pooled PCR method
(Liu et al. 2000). The first screening was conducted with
primer sets specific to each of the TaBx4A, TaBx4B and
TaBx4D sequences. Forward (F) and reverse (R) primers
were as follows: Bx4A-F (5'-TCGATACTAAGATTATT
TGTGTCA-3') and Bx4com-R1 (5'-CCTCCTTGATGGT
CGCCTTG-3") for TAC clone TaBx3A/TaBx4A; Bx4B-F
(5'-TAAGGGAGTCCACACCCCAC-3’) and Bx4B-R
(5'-GGCACTCAACTAACAGACCAT-3') for TaBx3B/
TaBx4B; Bx4D-F (5'-ATGTAGGTAAATAATCGATAG
CC-3") and Bxd4com-R1 for TaBx3D/TaBx4D. After the
second screening by colony hybridization with the
32P_labeled TaBx4A cDNA probe, positive clones were
isolated for each of the three genomes. A shotgun library
was constructed for each TAC clone and sequenced. Gene
prediction was performed using the program “Rice Genome
Automated Annotation System (RiceGAAS)” (http://Rice-
GAAS.dna.affrc.go.jp).

Cloning of the promoter sequences of the TaBx3 and TaBx4
orthologs in diploid progenitors

Total DNA was isolated from 10-day-old shoots of T.
urartu, Ae. speltoides and Ae. tauschii by the CTAB
method. Genomic PCR was performed in a 50-pl reaction
mixture containing 50 ng of template DNA, each primer at
0.5 M, 0.2mM dNTPs, 1.5 mM MgSO,, 1x reaction
buffer, and 1 U of KOD-plus DNA polymerase (Toyobo).
After an initial incubation for 2 min at 94°C, 35 cycles of
amplification were performed (30 s at 96°C, 30 s at 64°C
and 1 min at 68°C). Primers were designed based on the
nucleotide sequences of the TAC clones isolated from CS
to amplify sequences containing the 5’-upstream region and
part of the coding region. Forward (F) and reverse (R)
primers were as follows: Bx3A-proF (5'-CTAGCATTGTC
CTGTTTGATTG-3') and Bx3-comR1 (5'-TGCTGCTTG
CCGAATCTTGTT-3") for the TaBx3A ortholog of T.
urartu; Bx3B-proF (5'-CTAGCATTGTCCTGTTTGGT
TG-3") and Bx3-comR1 for the TaBx3B ortholog of Ae.
speltoides; Bx3D-proF (5'-CTAGCATTTGTCCTGTTTT-
ATTG-3") and Bx3-comR1 for the TaBx3D ortholog of Ae.
tauschii; Bx4A-proF (5'-GAAACATCCTCCATGTTGGA
CT-3’) and Bx4-comR2 (5'-GAACGGTGAGTAGTA
GTGCTTCT-3') for the TaBx4A ortholog of T. urartu;
Bx4B-proF  (5'-GAAACATCCTCCATGTGGGACT-3')
and Bx4B-R2 (5'-GGAGCTGCTGCTTGCATTTTG-3")
for the TaBx4B ortholog of Ae. speltoides; and Bx4D-proF
(5'-GAAACATCCTCCATGTGGGATT-3’) and Bx4-comR2

for the TaBx4D ortholog of Ae. tauschii. After 5'-phosphor-
ylation, the PCR products were ligated into the Hincll site
of pUC118 and sequenced.

Alignment of the three homoeologs and search for putative
cis-regulatory elements within the promoter regions

The sequences of the three homoeologs of each of the
TaBx3 and TaBx4 genes were aligned using ClustalW. The
nucleotide identities between the homoeologs and ortho-
logs of the TaBx3 and TaBx4 genes were calculated based
on pairwise alignments using the program BioEdit. The
promoter regions of respective homoeologs and orthologs
were analyzed using the PlantCARE (http://bioinformat-
ics.psb.ugent.be/webtools/plantcare/html/; Lescot et al. 2002)
to search for putative cis-regulatory elements.

Plasmid construction

The reporter plasmid pPluc (An et al. 2003), which has a
cauliflower mosaic virus (CaMV) 35S promoter, a firefly
(Photinus pyralis) luciferase (LUC) gene and a nopaline
synthase (NOS) terminator, was digested with HindIII and
Sall, treated with T4 DNA polymerase, and self-ligated to
produce a 35S-less pPluc vector. The 5'-upstream regions
of the TaBx3A (—1025 to —1: nucleotide positions rela-
tive to the translation start site), TaBx3B (—1039 to —1),
TaBx3D (—901 to —1), TaBx4A (—1756 to —1), TaBx4B
(—1845 to —1) and TaBx4D (—1913 to —1) were respec-
tively amplified by PCR using the TAC clones as tem-
plate. The PCR products were 5'-phosphorylated and
ligated into the blunt-ended HindlIII site of the 35S-less
pPluc vector. The phRluc plasmid (An et al. 2003), which
comprises a CaMV35S promoter, a sea pansy (Renilla
reniformis) LUC gene and a NOS terminator, was used as
an internal standard in the protoplast transformation. The
CaMV35S-sGFP (S65T)-NOS plasmid (Chiu et al. 1996)
was used to check the transformation efficiency of the
wheat protoplasts.

Preparation of wheat protoplasts

Protoplasts were prepared from 5-day-old shoots of CS as
described by Sarhan and Cesar (1988) with some modifica-
tions. All operations were done at room temperature unless
otherwise noted. The upper 5 cm part of the shoots was cut
into 1 mm slices with a razor blade. Approximately 0.5 g of
the sliced tissue was put in 10 ml of enzyme solution (2%
Cellulase Onozuka RS, 0.5% Macerozyme R10, 5 mM
MES, 1 mM NaH,PO,, 0.6 M sorbitol, 5 mM CaCl,, 2 mM
MgCl,, 2 mM MnCl,, 1 mM arginine, 1 mM DTT, 0.1%
PVP, 2 mM glutathione, and 2 mM ascorbate) in a Petri
dish (9-cm diameter). After 5-min vacuum infiltration, the
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Fig. 3 Exon-intron structures of the TaBx3 and TaBx4 genes in A, B
and D genomes of common wheat. Exons and introns are represented
by black and white boxes, respectively. ATG, TAA and (A),, represent
translation start codon, stop codon and poly-adenylate addition site,

tissue was digested for 3 h at 28°C in the dark. Then, pro-
toplasts were released by shaking at 80 rpm for 1 min, and
cell debris was removed by filtering through a nylon filter
(60-um pore size). Protoplasts were washed three times
with washing solution (enzyme solution without enzymes
and PVP), and resuspended in MaCaM solution (Dubouzet
et al. 2005). The yield and quality of the protoplasts were
checked under a microscope with a haemocytometer.

Transient-expression assay in protoplasts

Protoplast transformation and measurements of LUC activ-
ity were performed according to Dubouzet et al. (2005)
with some modifications. Plasmid DNAs were purified with
a QIAGEN Plasmid Maxi Kit (Qiagen). Approximately
1 x 10° protoplasts in 200 pl of MaCaM solution were
mixed gently with 20 pl of plasmid solution containing
40 pg of reporter plasmid and 1 ng of phRluc plasmid, and
then 220 pl of PEG solution was added to the mixed solu-
tion. After 20-min incubation at 28°C, the protoplast sus-
pension was mixed with 800 pl of W5 solution, and then
protoplasts were spun down, washed once with 1 ml of W5
solution, and resuspended in 1.2 ml of W5 solution. The
protoplasts were transferred into a 12-well plastic plate and
incubated for 24 h at 25°C in the dark without shaking.
After the incubation, protoplasts were collected and
homogenized in 100 pl of Passive Lysis buffer. Cell resi-
dues were removed by centrifugation (15,000 rpm, 5 min),
and 10 pl of the supernatant was mixed with 50 pl of LUC
Assay Reagent II to measure Pp-LUC activity, followed by
the measurement of Rr-LUC activity by adding 50 pl of
Stop & Glo reagent. Four independent transformations
were conducted for each experiment, and each experiment
was repeated three times using newly isolated protoplasts.
Relative Pp-LUC activities (compared to Rr-LUC activities)
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respectively. The size difference in the first exon and the third exon of
the three homoeologs is due to the difference in the length of the 5'- and
3'-untranslated regions

were calculated to correct for transformation efficiency, and
the mean of the 12 replicates was calculated.

Results

Molecular structure of the TaBx3 and TaBx4 loci in com-
mon wheat

We isolated three genomic clones from the TAC library of
CS using the TaBx4 cDNA as a probe. As speculated by
Nomura et al. (2007), both the TaBx3 and TaBx4 genes
were included in all three TAC clones. The nucleotide
sequences of these genes in the three clones corresponded
respectively to the TaBx3 and TaBx4 cDNA sequences in
the three genomes of common wheat (GenBank accession
no. AB298184 for TAC clone TaBx3A/TaBx4A,
AB298185 for TaBx3B/TaBx4B and AB298186 for
TaBx3D/TaBx4D). The insert sizes of TaBx3A/TaBx4A,
TaBx3B/TaBx4B and TaBx3D/TaBx4D were 58,073,
63,149 and 57,580 bp, respectively. In addition, the pres-
ence of the ankyrin repeat protein gene, an LTR retrotrans-
poson and a non-LTR retrotransposon in the TAC clones
was predicted by the RiceGAAS program (Fig. 2). In all
three clones TaBx3 was located downstream of TaBx4 in a
tail-to-head manner. The two genes were separated by
8,974, 7,255 and 11,309 bp in the A, B and D genomes,
respectively (Fig. 3).

The exon-intron structures of TaBx3 and TaBx4 were
conserved among the three homoeologs (Fig. 3). Both
genes comprised three exons and two introns in conserved
positions. The maize orthologs ZmBx3 and ZmBx4 have
two introns and one intron, respectively (Frey et al. 1997).
Since the ZmBx4 intron corresponds to the second intron of
TaBx4, the first intron of TaBx4 may have arisen after the
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Fig. 4 Promoter activity of the A, B and D-genome homoeologs of the
TaBx3 and TaBx4 genes. The Pp-LUC reporter was transiently ex-
pressed in wheat protoplasts under the control of the promoter of each
homoeolog. The Pp-LUC activity was normalized by the Rr-LUC activ-
ity (internal standard), setting the relative activity for the promoter-less
pPluc construct (Cont) at 1.0. Four independent transformations were
conducted for each experiment, and the experiment was repeated three
times using newly isolated protoplasts. The results are expressed as the
mean £ SD (n = 12). The difference in promoter activity between the
homoeologs was tested using Student’s 7 test. * Significant at the 0.05
level; ** significant at the 0.01 level; NS not significant

differentiation of wheat and maize or the corresponding
intron may have been lost in maize.

Promoter activity of the 5'-upstream regions of the TaBx3
and TaBx4 genes

The promoter activity of the 5'-upstream regions was mea-
sured using a transient expression system with firefly LUC
as a reporter. First we used particle bombardment to intro-
duce the reporter plasmids into 5-day-old shoots of CS, but
no LUC activity was detected. Since the same experiment
was successful when the CaMV35S promoter was fused
(data not shown), the failure seemed to be due to a lack of
transcription of the TaBx genes in the epidermis, as shown
by RNA in situ hybridization for the ZmBx4 gene in maize
(Frey et al. 1995). Then we introduced the reporter plas-
mids into mesophyll protoplasts prepared from 5-day-old
shoots of CS to successfully detect the LUC activity
(Fig. 4). This suggested that the 5'-upstream regions of all
three homoeologs of TaBx3 and TaBx4 possessed promoter
activity. The transformation efficiency of the wheat protop-
lasts (about 70%) was estimated by fluorescence micros-
copy after introducing the GFP expression plasmid
CaMV35S-sGFP (S65T)-NOS.

The promoter activity increased in the order of TaBx3D,
TaBx3A, and TaBx3B (Fig. 4). The promoter activities of

Table 1 Nucleotide identity (%) between the coding regions of the A,
B and D-genome homoeologs of the TaBx3 and TaBx4 genes and their
orthologs in maize

B D Maize

TaBx3

A 96.3 96.5 77.3
B - 95.8 77.6
D - - 77.3
TaBx4

A 96.7 96.1 78.9
B - 96.6 79.1
D - - 78.6

TaBx4A and TaBx4B were the same, and were slightly
higher than that of TaBx4D. On average, the promoter
activity of the TaBx3 homoeologs was approximately twice
as high as that of the TaBx4 homoeologs.

Sequence diversity in coding sequences and promoter
regions of the TaBx3 and TaBx4 genes

The coding regions of the three TaBx3 homoeologs shared
a nucleotide sequence with 95.8-96.5% identity and those
of the three TaBx4 homoeologs shared a nucleotide
sequence with 96.1-96.7% identity (Table 1). The nucleo-
tide sequences of the 5'-upstream regions from the transla-
tion start site of the TaBx3 homoeologs were able to be
aligned within —1025 to —1 (TaBx3A), —1039 to —1
(TaBx3B), and —901 to —1 (TaBx3D) (Supplemental
Fig.5). For the TaBx4 homoeologs, the 5'-upstream
regions, —3693 to —1 (TaBx4A), —4455 to —1 (TaBx4B),
and —4532 to —1 (TaBx4D) could be aligned, but there
were long inserts with 16-bp terminal inverted repeats in
TaBx4B (612bp: —2586 to —1975) and in TaBx4D
(616 bp: —2596 to —1981). Therefore, shorter sequences,
—1756 to —1 (TaBx4A), —1845 to —1 (TaBx4B) and
—1913 to —1 (TaBx4D) were used for further analyses of
the TaBx4 homoeologs (Supplemental Fig. 6). In the pro-
moter regions, the nucleotide identity of the three homoeo-
logs was lower than that in coding regions, 74.0-88.2%
identity for TaBx3 and 74.1-89.0% for TaBx4 (Table 2).
The nucleotide identity in the coding region between the
respective TaBx3 homoeologs and the maize ortholog
ZmBx3 was 77.3-77.6% and that between the respective
TaBx4 homoeologs and the maize ortholog ZmBx4 was
78.6-79.1% (Table 1), but no significant alignment was
possible in the promoter region between the TaBx3/TaBx4
homoeologs and ZmBx3/ZmBx4 orthologs (Table 2).

We isolated the corresponding promoter sequences from
the three diploid progenitors of common wheat, 7. urartu
(AA), Ae. speltoides (SS) and Ae. tauschii (DD) (GenBank

@ Springer
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Table 2 Nucleotide identity

(%) between the promoter re- B D T.urartu Ae. speltoides Ae. tauschii Maize
homocologs o the Tuprtand 79
TaBx4 genes and their orthologs A 88.2 76.3 97.1 85.8 76.3 NS
in the three diploid progenitors B - 74.0 87.6 86.4 74.5 NS
and maize D - - 75.2 72.1 99.6 NS
T. urartu - - - 85.2 75.7 NS
Ae. speltoides - - - - 72.1 NS
Ae. tauschii - - - - - NS
B D T. urartu Ae. speltoides Ae. tauschii Maize
TaBx4
A 74.1 76.6 98.9 71.4 76.7 NS
B - 89.0 74.2 83.1 89.2 NS
D - - 76.7 83.5 99.4 NS
T. urartu - - - 71.6 76.7 NS
o Ae. speltoides - - - - 83.6 NS
NS stands for no significant Ae. tauschii B B B B B NS

alignment

accession nos. AB297462 to AB297467), to examine to
what extent the sequence similarity is preserved among the
orthologs in common wheat and its diploid progenitors.
The TaBx3 and TaBx4 promoters of common wheat
showed high levels of nucleotide identity with the promot-
ers of orthologous genes of the diploid species, 72.1-99.6%
for TaBx3 and 71.4-99.4% for TaBx4 (Table 2). For both
TaBx3 and TaBx4, the nucleotide identity was the lowest
between the B genome of common wheat and the S genome
of Ae. speltoides.

We also examined the sequence similarity between the
TaBx3 and TaBx4 genes, which are considered to have
originated by gene duplication, as in maize (Frey et al.
1997). In the coding regions, the 7TaBx3 homoeologs
retained 74.9-75.3% nucleotide identity with the corre-
sponding TaBx4 homoeologs, but in the promoter regions
no significant sequence similarity was found between the
two genes.

Cis-regulatory elements in the TaBx3 and TaBx4 promoters

Common cis-regulatory elements were searched for in the
promoter regions of all homoeologs of the 7aBx3 and
TaBx4 genes of common wheat and the diploid progenitors
using the PlantCARE program. In addition to TATA- and
CAAT-boxes, all TaBx3 and TaBx4 homoeologs in com-
mon wheat and their orthologs in diploid progenitors had
three putative cis-regulatory elements in common (Table 3,
Supplemental Figs. 5, 6). They were the G-box and the
GAG-motif, both of which are elements mainly involved in
light responsiveness, and the MBS, a MYB transcription-
factor binding site. In addition to these elements, Box 4,
Skn-1-like motif and W box were shared by all TaBx3
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homoeologs and orthologs, of which Box 4 was specific to
TaBx3 (Supplemental Table 4). In all TaBx4 homoeologs
and orthologs, C-repeat/DRE, CAT-box, CATT-motif,
GCC box, OCT and Circadian were present in common
(Supplemental Table 5). GCC box was specifically found in
TaBx4. Box 4 in TaBx3 and CATT-motif in TaBx4 are
related to the light responsiveness, and W box in TaBx3 and
GCC box in TaBx4 are the elements involved in the wound-
ing and pathogen responsiveness. In these TaBx genes the
loss of one element seems to be compensated by the other
element with a similar function.

Discussion

Comparisons of the nucleotide sequences among the three
homoeologs of the TaBx genes revealed that the sequence
similarity was lower in promoter regions than in coding
regions. The TaBx genes of common wheat and their maize
orthologs had fairly similar nucleotide sequences in their
coding regions, but not in their promoters. However, the
TaBx promoters retained sequence similarity to their ortho-
logs of the diploid wheat species. These facts suggest that
the promoter sequences of the TaBx homoeologs and ortho-
logs have drastically diverged during the separation of
wheat and maize. This is not beyond expectation because
nucleotides change more frequently in promoter regions
than in coding regions (Wray etal. 2003) and because
wheat and maize separated about 60 MYA (Huang et al.
2002a) while the diploid progenitors of wheat radiated
about 2.5-4.5 MYA (Huang et al. 2002b). Such a rapid
change in the promoter sequences was also observed
between the TaBx3 and TaBx4 genes, which are supposed
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to have evolved by duplication, as hypothesized from the
deduction that the four maize P450 genes for Bx biosynthe-
sis, ZmBx2—-ZmBx5, have evolved by duplication (Frey
et al. 1997). The TaBx3 genes shared the coding sequences
with about 75% nucleotide identity with the corresponding
TaBx4 genes from the same genomes. On the other hand,
there was no sequence similarity in the promoter sequence
between the TaBx3 and TaBx4 genes, although both genes
are transcribed at high levels specifically at the seedling
stage (Nomura et al. 2005). These results imply the pres-
ence of some essential cis-regulatory elements in the pro-
moter regions, rather than their overall sequence similarity,
for the regulation of the TaBx3 and TaBx4 transcription.
This also accords with a previous report that the overall
substitution and insertion/deletion frequencies are generally
higher in promoter sequences than in coding sequences
because most nucleotide changes in promoter regions do
not affect transcription (Wray et al. 2003).

It has been described that orthologous genes usually
retain the same cis-regulatory elements (Rombauts et al.
2003). The transient, high-level transcription in seedlings
was observed for all homoeologs of the five Bx biosynthetic
genes of common wheat and their orthologs of the ancestral
tetraploid wheat and diploid species (Nomura et al. 2005).
This fact implies the presence of some underlying unified
regulatory mechanisms for regulating the transcription of
the homoeologs and orthologs of the five Bx biosynthetic
genes. In addition to the TATA- and CAAT-boxes, three
putative cis-regulatory elements, MBS, G-box and GAG-
motif, were common to all 7aBx3 and TaBx4 homoeologs
and orthologs. These three elements were also present in
maize, within a 2 kb 5'-upstream region of ZmBx4 (Gen-
Bank accession no. X81828). The 379-bp sequence of the
5'-upstream region of ZmBx3 (Y11404) contained the G-
box. It is well known that the expression of multiple biosyn-
thetic genes for a secondary metabolite is often regulated by
a common transcription factor; e.g., MYB transcription fac-
tors regulate most of the genes involved in the biosynthesis
of anthocyanin (Gantet and Memelink 2002; Vom Endt
et al. 2002). Since MYB transcription factors function in the
regulation of a wide range of plant genes, including genes
for secondary metabolism, development, signal transduction
and disease resistance (Jin and Martin 1999), one of them
might be a common transcription factor in Bx biosynthesis.
Another mechanism might be involved in the co-expression
of the TaBx3 and TaBx4 genes. Zhan et al. (2006) demon-
strated that neighboring genes are more frequently co-
expressed than expected by chance. They suggested the
presence of chromosomal domain-level regulation of neigh-
boring genes with the same chromatin status. The same reg-
ulatory mechanism may be functioning in the co-expression
of the TaBx3 and TaBx4 genes, whose loci were found to be
adjacent in the present study.
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Although the B-genome homoeologs of TaBx3 and
TaBx4 are preferentially transcribed in 5-day-old shoots
(Nomura et al. 2005), there was only a slight difference in
promoter activity among the three homoeologs (Fig. 4).
Although we cannot exclude the possibility of the differen-
tial regulation of transcription between wheat seedlings and
protoplasts, this discrepancy between the transcript levels
and the promoter activity may be explained differently in
terms that the transgenes in naked plasmids, not integrated
into a chromosome and without forming a chromatin struc-
ture, were transcribed in the transient expression system
used in the present study. It has been reported that the gene
silencing of particular homoeologs in common wheat is
associated with an epigenetic mechanism (Bottley et al.
2006; Shitsukawa et al. 2007), suggesting the involvement
of chromatin structure in the transcriptional regulation of
wheat homoeologs. A similar mechanism may be involved
in the regulation of the TaBx homoeologs.
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