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Abstract

Two overlapping bacterial artificial chromosome (BAC) clones from the B genome of the tetraploid wheat Triticum
turgidum were identified, each of which contains one of the two high-molecular-weight (HMW) glutenin genes,
comprising the complex Glu-B1 locus. The complete sequence (285 506 bp of DNA) of this chromosomal region
was determined. The two paralogous x-type (Glu-1-1) and y-type (Glu-1-2) HMW-glutenin genes of the complex
Glu-B1 locus were found to be separated by ca. 168 000 bp instead of the 51 000 bp separation previously reported
for the orthologous Glu-D1 locus of Aegilops tauschii, the D-genome donor of hexaploid wheat. This difference in
intergene spacing is due almost entirely to be the insertion of clusters of nested retrotransposons. Otherwise, the
orientation and order of the HMW glutenins and adjacent genes were identical in the two genomes. A comparison
of these orthologous regions indicates modes and patterns of sequence divergence, with implications for the overall
Triticeae genome structure and evolution. A duplicate globulin gene, found 5 of each HMW-glutenin gene, assists
to tentatively define the original duplication event leading to the paralogous x- and y-type HMW-glutenin genes.
The intergenic regions of the two loci are composed of different patterns and classes of retrotransposons, indicating
that insertion times of these retroelements were after the divergence of the two wheat genomes. In addition, a
putative receptor kinase gene near the y-type HMW-glutenin gene at the Glu-BI locus is likely active as it matches
recently reported ESTs from germinating barley endosperm. The presence of four genes represented only in the
Triticeae endosperm ESTs suggests an endosperm-specific chromosome domain.

Abbreviations: BAC, bacterial artificial chromosome; HMW, high-molecular-weight

Introduction degree of conservation of gene content and order

among the homoeologous chromosomes (Devos ez al.,

Bread wheats are hexaploid with the three homoeolog-
ous genomes designated A, B, and D. The A genome
was contributed by Triticum urartu and the B genome
by an unknown close relative of Aegilops speltoides
(Dvorak, 1998). About 8000 years ago, the D genome
was added from A. tauschii (syn. T. tauschii) to the AB
genome tetraploid 7. turgidum (Feldman et al., 1995).
Genetic and marker mapping have confirmed the high

1995; Nelson et al., 1995). The lack of homoeolog-
ous pairing during meiosis is due to the suppression
of such pairings by the Phl and Ph2 genes (McFad-
den and Sears, 1946). The mode of action of these
genes is not known, but must involve discrimination
among homoeologues. Knowledge of the DNA struc-
ture of such homoeologues would contribute both an
understanding of the mechanisms of homologue and
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non-homoeologue pairing, and give insights into the
general evolution of the Triticeae genomes since their
divergences. In addition, the duplication of the gene
complement within such recent allopolyploid plants
allows studies of the diversity with orthologous loci
and insights into the evolutionary fate of duplicated
loci.

Although colinearity of genes is touted as suffi-
cient to consider the grasses a ‘single genetic system’
(Devos and Gale, 2000), and although a few studies
have shown regions of high micro-colinearity between
wheat and rice (Roberts et al., 1999; Yan et al.,
2003), numerous exceptions have been recently dis-
cussed (Bennetzen, 2000; Gaut, 2002; Feuillet and
Keller, 2002). Estimates suggest that the grass family
originated roughly 77 million years ago. It has been
well documented that grass genomes are evolution-
ary labile in many respects, including genome size
and chromosome numbers (Arumuganathan and Earle,
1991; Gaut, 2002). Comparative sequence analyses of
several orthologous regions of distantly related grass
genomes, mainly from rice, maize, sorghum, barley,
and wheat, has begun to reveal the potential complica-
tions of using rice as a model for map-based isolation
of genes from other grass genomes (for review, see
Feuillet and Keller, 2002). First, the sizes of ortholog-
ous intergenic regions vary significantly, up to several
hundred kilobases, and the sequences in these regions
are not conserved. Second, the occurrence of a diverse
array of sequence rearrangements including gene in-
versions, duplications, deletions, and translocations
often disturb the gene colinearity among grass gen-
omes. Despite these limitations, these studies offer
us a first view of the structure and evolution of grass
genomes at the molecular level.

Comparisons of orthologous and paralogous re-
gions of the wheat genomes will provide insights into
the early stages of plant chromosome differentiation,
and particularly into polyploid genome evolution. A
recent comparison of orthologous regions of the A
genome of tetraploid wheat and the A™ genome of
diploid 7. monococcum that diverged roughly a mil-
lion years ago has shown a rapid genome divergence
in the intergenic regions (Wicker et al., 2003a). A sim-
ilar comparison between wheat and barley orthologous
regions (10-14 million years divergence time) has
shown no similarity between the intergenic regions of
these two genera (Ramakrishna et al., 2002; Gu et al.,
2003). No study has been reported on the comparison
of the orthologous regions between the different gen-
omes of polyploid wheat that diverged 2.5—4.5 million

years ago (Huang et al., 2002) and that, therefore, rep-
resents an intermediate degree of divergence relative to
the two comparisons described above. We present here
a comparison between orthologous regions including
the high-molecular-weight (HMW) glutenins (Shewry
et al., 1992) of the wheat B and D genomes.

The Glu-1 loci encoding the HMW-glutenin pro-
tein subunits are essential for wheat flour quality and
the subject of genetic engineering for improving qual-
ity (Blechl and Anderson, 1996; Rooke et al., 1999;
Vasil and Anderson, 1997). The complex Glu-1 locus
is composed of two paralogous x-type and y-type
HMW-glutenin genes on each of the homoeologous
group 1 chromosomes of wheat and near relatives.
Thus, in the allopolyploid wheats, there are four and
six HMW-glutenin genes in tetraploid (7. turgidums
durum) and hexaploid (7. aestivum; bread) wheats.
Previously, the DNA sequence of a 102 kb region
surrounding the Glu-D1 locus was reported from A.
tauschii (Anderson et al., 2003). The present re-
port compares the Glu-BI locus from T. turgidum
to the Glu-DI locus and to the partial Glu-BI locus
sequences from hexaploid wheat (Anderson et al.,
2002), and discusses the dynamics of locus evolution.

Materials and methods

BAC selection

We recently constructed and characterized a large in-
sert BAC library of a line of durum wheat, T. turgidum
ssp. durum, cv. Langdon, a tetraploid species consist-
ing of A and B genomes (Cenci et al., 2003), where a
segment of chromosome 6BS from the wild tetraploid
T. turgidum ssp. dicoccoides has been substituted into
the selected Langdon line. A set of 28 high-density
filters printed with the full complement of the BAC lib-
rary clones was screened with a HMW glutenin probe
consisting of a 2.2 kb HindlIll coding fragment from
HMW-glutenin clone Dx5B (Anderson et al., 2002).
A total of 23 positive BAC clones were identified
from the screening. Purified BAC DNAs were digested
with restriction enzymes HindIll and EcoRI, trans-
ferred onto nylon membranes, and hybridized with
the HMW-glutenin probe. The Southern hybridization
data indicated that there was no single BAC harbor-
ing both the x-type and y-type HMW-glutenin genes
(see later discussion). To determine if sequences of
BAC clones containing x-type HMW glutenin over-
lapped with those of y-type HMW-glutenin BAC



clones, Hindlll-restricted fragment bands for each
BAC clones were called and edited manually. Bands
were collected and used to perform contig assembly
in the program FPC 4.7 (Soderlund et al., 2000). Two
overlapping BACs (107M7 and 1126E20) were selec-
ted to sequence the HMW-glutenin region spanning
the Glu-B1 locus.

BAC sequencing

The sequencing of the two Triticum turgidum BAC
clones was carried out as described previously (Ander-
son et al., 2003). In brief, shotgun sequencing libraries
for selected BAC clones were first constructed with
randomly sheared BAC DNA isolated with a Large
Construct Kit (Qiagen), in which an exonuclease treat-
ment was included to remove Escherichia coli ge-
nomic DNA contamination. The sheared fragments
were blunt-ended with a mung bean exonuclease treat-
ment (BioLab) and dephosphorylated with a shrimp
alkaline phosphatase treatment (USB). Single ‘A’ tails
were added by incubating with Taq polymerase in the
presence of dNTPs. The resulting DNA, with fragment
sizes ranging from 2 to 5 kb, was gel-purified and then
ligated into pCR4TOPO vectors with a TA cloning kit
(Invitrogen). The ligation mixture was directly used to
transform DH10B electroMAX cells (Invitrogen). The
plasmid DNA from single colonies was purified using
the PerfectPrep Direct Bind Kits (Eppendorf) for se-
quencing reactions. Inserts were sequenced from both
directions with T7 and T3 primers by BigDye termin-
ator chemistry (Applied Biosystems) on an ABI3700
capillary sequencer.

Sequence analysis

Sequence data were quality-analyzed with the PHRED
software package (version 0.000925.c) with a cutoff
of phred 15, below which all sequences were re-
moved from further analysis. Vector sequence was
removed using the CROSS_MATCH software (ver-
sion 0.990329) with minmatch 5 and minscore 15.
Sequences less than 300 bp in length, identified
chimeric clones, and short segments of vector se-
quence frequently found on the ends of sequence
files were all removed. The sequence data generated
from each BAC clone was used to assemble con-
tinuous contigs with the Lasergene SeqMan module
(DNAStar) (www.DNAStar.com). In this module, a
high-stringency parameter for base calling and quality
assessment was selected to generate the most accur-
ate consensus sequence reads possible. For BAC clone

57

107M12, quality reads were generated by sequencing
about 3000 inserts and then used for sequence assem-
bling with a criteria of a 40 bp window size and a
96% match requirement. The initial assembling of the
sequences resulted in 14 contigs with 13 gaps. Close
inspection of the sequences at these gaps indicated
that the failure to join the neighboring contigs together
was often caused by the presence of G/C-rich areas in
these regions, which lead to sequencing reaction ter-
mination. For gap filling, a primer-walking procedure
was employed to sequence clones whose sequences
are located at the ends of different contigs, and the
dGTP BigDye terminator chemistry (Applied Biosys-
tems) was used in the sequencing reaction to resolve
the problem of potential secondary structures caused
by high G/C content in the gap regions. For BAC clone
1126E20, sequences from 2000 shotgun library clones
were used in the assembly, which gave rise to five con-
tigs with four gaps. The gaps were filled by the same
method described above.

For annotation, the assembled sequence of the
two conjoined B genome BACs was compared
with the previous annotations for the ortholog-
ous regions from the barley BAC (AY268139, Gu
et al., 2003) and D genome BAC (AF497474,
Anderson et al., 2003). In addition, a homo-
logy search was performed against NCBI non-
redundant and dbEST databases with BLASTN,
BLASTX, and TBLASTX algorithms. FGENESH
(http://www.softberry.com/berry.phtml) and GENES-
CAN  (http://genemark.mit.edu/GENESCAN.html)
were used for gene prediction. Mobile elements
were identified with NCBI BLAST searches, with
DNAStar MegAlign dotplot analysis, and by com-
parison with the Triticeae Repeat Sequence Data-
base (TREP) at the GrainGenes web site at
(http://wheat.pw.usda.gov/ITMI/Repeats/). The defin-
ition and naming of new retrotransposons followed the
system described by SanMiguel et al. (2002).

Results and discussion

Glu-B1 BAC clones

From the complete BAC library screening, 23 clones
were identified with the HMW-glutenin probe. South-
ern analyses revealed that these clones could be di-
vided into four groups based on their EcoRI and
HindIII digestion patterns (Figure 1). As indicated in
Figure 1, almost all the BAC clones contained one
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Figure 1. Southern analysis to size fragments containing HMW-glutenin sequences. A wheat tetraploid BAC library was screened for members
containing HMW-glutenin sequences. Positive BACs were restricted separately with EcoRI and HindIll, the fragments separated by gel electro-
phoresis, and probed with a HMW-glutenin sequence. BAC clones are numerically named in the corresponding lanes. Group 1 contains BAC
clones 1-6, Group 2 contains BAC clones 7-12, Group 3 contains BAC clones 13-17, and Group 4 contains BAC clones 18-23. Molecular
markers were loaded in every seventh lane. The sizes of the hybridized HMW-glutenin bands are given.

of four different sizes of EcoRI fragments contain-
ing HMW-glutenin sequences, with the exception of
two BAC clones, one (Clone 6) with smaller and the
other (Clone 19) with larger than expected sizes. The
smaller EcoRI band is likely due to only part of HMW-
glutenin gene at one end of the BAC, as evidenced
by the missing of the 0.7 kb HindIIl fragment in the
same clone (Figure 1). The larger EcoRI band might
be caused by the loss of EcoRI site during the pro-
cess of cloning. Since each Glu-1 locus contains one
x-type and one y-type HMW-glutenin gene (Shewry
et al., 1992), and since the tetraploid library should in-
clude both the Glu-A1 and Glu-B1 loci, it was assumed
that the four EcoRI fragments or five HindIIl frag-
ments in Figure 1 represent the two orthologous Glu-1
loci. Since no BAC contained two fragments with
both enzymes, and thus two HMW-glutenin genes,
the spacing of the paralogous HMW-glutenin genes
in both loci must be generally longer than possible
to find within a single BAC. To determine if these
BAC:s were of overlapping sequences, contig analysis
was performed using agarose gel-separated restriction

fragments and analysis with the FPC software for con-
tig assembly (Soderlund et al., 2000). The analysis
reported two contigs, containing 12 and 11 BACs, re-
spectively. Contig 1 contained BACs of Group 1 and
Group 4, while Contig 2 was composed of BACs of the
other two groups (data not shown). Previously, it has
been reported that the allelic genes from the B-genome
of the hexaploid bread wheat cultivar Cheyenne are
15.8 kb (Halford et al., 1987) and 20.4 kb (Anderson
et al., 2002), and the Glu-Al genes of cv Cheyenne
are within 6.2 and 6.8 kb EcoRI fragments (Anderson
et al., 2002). Based on the size of the four EcoRI
HMW-glutenin fragments (6.1 kb, 7.0 kb, 14.6 kb,
and 19.7 kb, Figure 1), and along with our previous
results based on D genome substitution lines in Lang-
don (Cenci et al., 2003), Contig 1 with the 14.6 kb
and 19.7 kb fragments represents the Glu-BI locus,
and therefore Contig 2 represents the Glu-Al locus.
Thus, Contig 1 was chosen for sequencing, and clone
14 (BAC library address 107M7) was selected for ini-
tial sequence since it overlaps with all the BAC clones
containing the 14.6 kb EcoRI fragment and the 1.9
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Figure 2. Organization of the HMW-glutenin Glu-BI locus. The 285506 bp region of the Glu-BI locus in tetraploid wheat cv. Langdon is
arrayed linearly and the major features indicated. Transposon clusters are indicated by blue lines enclosing those regions. The nomenclature
for new transposable elements was according to the method described by SanMiguel et al. (2002). In the names of retroelements, P at the end
means a partial retroelement with deletions of portions of LTR and/or coding region. Regions given the same name suggest that a retroelement

sequence was interrupted, likely by the insertion of other retroelements.

and 0.7 kb HindIII fragments as indicated by the con-
tig assembly. This BAC contained a large insert size
(186 kb) as revealed by CHEF gel (data not shown).
The final assembled BAC 107M7 sequence
covered 186803 bp with 16x coverage. Once clone
107M7 was sequenced, the potentially overlapping
BACs were sequenced at both ends and those se-
quences compared to the sequence of clone 14. One
end of clones 2, 4, 5, and 6 were found to overlap with
the sequence of clone 14. The end of clone 4 (BAC
library address 1126E20) was at position 151021 bp
of the sequenced clone 14 and represented the smallest
overlap (35782 bp), and was chosen for sequencing
to yield a contiguous DNA sequence between the

two HMW-glutenin genes. The two overlapping BAC
sequences were combined into one contiguous se-
quence of 285 506 bp and is deposited in GenBank as
accession number AY368673.

Analysis of the Glu-B1 region

The general structure of the contiguous 285 kb Glu-B1
region is shown in Figure 2. Six genes are identified
as located in three gene-containing regions; each has
three, two, or one gene. In the first region at the 5
end, the three genes are clustered (gene cluster region),
so are the two genes in the third region in the middle
of the contiguous sequence (as shown). The globulin
gene in the second region, originally belonging to the
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same gene cluster with the x-type HMW-glutenin gene
(see discussion later), was interrupted by multiple in-
sertions of retrotransposons at two sites in the coding
region, forming clusters of retrotransposons within
the gene sequence (Figure 2 and see later discus-
sion). In addition, five retrotransposons were identified
between this globulin and the x-type HMW-glutenin
genes. Consequently, the 80 kb space from this dis-
rupted globulin gene to the x-type HMW glutenin is
more like an intergenic region since retrotransposons
account for 92% of the sequence. Sequences separat-
ing these gene-containing regions (intergenic region)
are mainly composed of blocks of retrotransposons.
We identified a total of 24 intact, solo, or partial
retrotransposon elements (see later discussion), which
comprise ca. 70% of the sequenced region. The level
of retrotransposons in the Glu-BI is similar to those
reported for the Vrn and Lri0 regions of the diploid
wheat T. monococcum (70%; Wicker et al., 2001; San-
Miguel et al., 2002), but is much higher than that in
the 106 kb Lr21 region in the diploid wheat genome,
A. tauschii, in which a 46 kb region containing seven
coding sequences is retroelement-free (Brooks et al.,
2002). Nevertheless, the gene organization in the Glu-
B region generally supports the notion that genes are
clustered in islands rather than distributed randomly
in the genome and that retrotransposable elements are
the dominant sequence type in the intergenic regions
(Bennetzen, 2000).

Storage protein genes

Analysis of the contiguous sequence from the two
BACs confirmed the presence of two HMW-glutenin
genes. The start codons for these two genes were
found at 14 638 bp and 182 711 bp of the 285 506 bp of
contiguous sequence from two overlapping BACs for
y- and x-type genes, respectively. The two genes are
thus ca. 168 073 bp apart, significantly more than the
51893 bp between the Dy-type and Dx-type HMW-
glutenin genes of the D genome (Anderson et al.,
2003). In both cases, most of the intervening se-
quences are composed of retrotransposon blocks, with
the B-genome block about 3 times the size as in the
D genome (see below). When the translated By and
Bx peptide sequences were compared to its corres-
ponding orthologue of the Dy and Dx in A. tauschii,
high sequence conservation was found at the 5" and 3’
non-repetitive regions, and the divergence observed in
the middle repetitive regions were mostly caused by
the difference in the number of the repetitive motifs

(data not shown). Similar results have been repor-
ted when orthologous HMW glutenins were compared
(Anderson et al., 2002).

The third seed-specific storage protein gene (Glo-
B2) starts at position 9958 bp and is the orthologous
globulin gene described in the wheat D genome (Fig-
ure 3; Anderson et al., 2003) and the barley genome
(Gu et al., 2003). Outside of the Triticeae, this gene
has closest matches to a single-copy rice 19 kDa -
globulin gene (Shorrosh et al., 1992; X63990; e~2%),
and a rice 26 kDa seed globulin (Nakase et al.,
1996; JC4784; e_26). A blast search of ESTs in
GenBank finds matches to a maize globulin-like EST
(AF371278; 4e=%7; Woo et al., 2001) and large num-
bers of exact to near exact Triticeae ESTs only from
seed and endosperm libraries.

In the D genome, a region just 5’ to the Dx gene
includes a 401 bp portion similar to the Glo-D2 pro-
moter, the start codon, and 15 bp into the signal
peptide region, but the remainder of the sequence is
suggested to be a series of rearrangements and short
transpositions 5" and 3’ to the remainder of the re-
cognizable gene sequence (Anderson et al., 2003).
In the B genome, remnants of an ancient globulin
gene (Y Glo-B2) are more intact, and Figure 3 shows
the derived amino acid sequence of this gene after
splicing out transposon insertions. As expected, the
orthologous Glo-B2 and Glo-D2 sequences are more
similar than to the paralogous inactive gene. There
are 32 amino acid residue substitutions in compar-
ison of the Glo-B2 gene product with the paralogous
amino acid sequence of the yGlo-B2 gene, while a
total of thirteen substitutions were identified in the
orthologous Glo-D2 gene product. In the ¥ Glo-B2 in-
active globulin gene, the translation initiation codon
(ATG) was mutated into a threonine codon (ACA)
and two point mutations resulted in two in-frame stop
codons in the coding regions. In addition, two inser-
tion/deletion events (indels) occurred only in the inact-
ive globulin gene (Figure 3). These sequence changes
in the inactive globulin gene could be associated with
the multiple insertions of retrotransposons, by which
sequence rearrangements can occur (Feschotte et al.,
2002). Hence, we performed a detailed examination
on the regions flanking the insertion sites. Sequence
rearrangements were not found in these regions, sug-
gesting that these sequence changes are independent
of the retroelement insertions.

The inactive globulin gene is still detectable in the
Triticeae genomes examined as yet, although in the
case of the D genome the obliteration was near com-
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plete (Anderson et al., 2003). If the gene was further
along in its disappearance, evidence for a multigene
duplication would have been lost. Duplicate genes
arise at a high rate, ca. 0.01 per gene per million years
(Lynch and Conery, 2000). Most are silenced within a
few million years with a calculated average half-life of
4 million years. The duplication of this globulin, along
with the HMW glutenin, likely occurred after the di-
vergence of the wheat and barley genomes, since the
barley orthologous region contains only one copy each
of the globulin and D-hordein (HMW-glutenin ortho-
logue) gene (Gu et al., 2003). Given the recent report
that rye possesses two copies of the HMW-glutenin
genes (De Bustos ef al., 2001), the duplication event
might happen before the separation of the wheat and
rye from their common ancestor, which is estimated to
be about 7 million years (Huang et al., 2002).

Non-storage protein genes

From position 2989 bp to 6654 bp, the two gene-
finding programs (GENESCAN and FGENESH) pre-
dicted the same number of exons that encode a
leucine-rich repeat receptor kinase protein. This pu-
tative leucine-rich repeat receptor kinase (Figure 2) is
similar to the A2 class (Wang et al., 1998) of the Xa21
gene family of rice (Song et al., 1997) that confers res-
istance to the bacterial pathogen Xanthomonas oryzae
pv. oryzae. In the available D-genome sequence, the
leucine-rich repeat receptor kinase gene is at the end
of the clone and it is not known if in addition to the
leucine-rich repeat segment, the gene also contained
a kinase domain (Anderson et al., 2003). A kinase
domain was found to be present in the leucine-rich
repeat receptor kinase gene identified in the ortho-
logous D-hordein region in barley (Gu et al., 2003).
Until recently, no evidence of the activity of this gene
was found within Triticeae ESTs. A recent submis-
sion of barley ESTs from germinating seed endosperm
has given two matches to two ESTs at significant

confidence (BQ466381, CA015492; eo), suggesting
the leucine-rich repeat receptor kinase gene in barley
is transcriptionally active. Whether or not the ortho-
logous genes in any of the wheat genomes represent
functional components remains to be determined.

From 185490 bp, BLASTX reveals a sequence
matching a rice serine/threonine protein kinase-like
sequence (BAB89770; 6e~%%) and several Arabidop-
sis serine/threonine protein kinases. A BLAST search
against the Triticeace EST database failed to recover
any sequences that showed best matches to the kinase
gene sequence. The most significant match is to a bar-
ley EST from a developing spike library (BJ251833;
e 12). A BLASTX search with this EST, in turn,
showed the best match to the kinase-like protein in
rice (BAB89770; 2e~%3). It is possible that current
EST sequencing efforts have limitations in recovering
transcripts that are rare or only expressed under certain
conditions. The orthologous sequences of this putat-
ive protein kinase gene are present in the A. fauschii
D genome (Anderson et al., 2003) and the barley
D-hordein region (Gu et al., 2003). Sequence com-
parison revealed that the sequence in the B genome is
98% and 92% identical to those in the D and barley
genomes, respectively. The high sequence conserva-
tion among different genomes is suggestive of the
potential, but as yet unidentified, role of this protein
kinase in plants.

In the 285 kb Glu-BI region, we identified a
total of five genes that appear to be intact. Although
the expression of the serine/threonine protein kinase
gene has yet to be determined, the clustering of the
other four consecutive genes from three different gene
classes (receptor kinase, globulin, and HMW glu-
tenin), all matched to ESTs from endosperm/seed
cDNA libraries, suggesting an endosperm-specific
chromosome domain. There are several examples of
clusters of gene with related function in eukaryotes.
For example, defense-related genes in barley and other
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species (Hulbert et al., 2001; Wei et al., 2002). Other
known examples include the multigene storage protein
loci, such as the loci for the wheat LMW glutenins, y -
gliadins, and w-gliadins on the group 1 chromosomes,
and «-gliadins on the group 6 chromosomes. The
apparent clustering of three different classes of endo-
sperm active genes may have its roots in the potential
coordinate control of multiple genes, possibly through
the creation of chromosome domains competent for
specific stimuli and/or developmental activation.

Repetitive DNAs

As shown in Figure 2, retrotransposable elements are
the most dominant components in the sequenced re-
gion. Among the 24 retroelements identified, the WIS
long-terminal-repeat (LTR) retrotransposons are the
most abundant, accounting for about 20% of the con-
tig sequence. WIS belongs to the Ty/-copia type of
retrotransposable elements and is different from, but
closely related to ANGELA, and BARE-1 retroele-
ments (SanMiguel et al., 2002). Interestingly, the most
abundant element in the orthologous HMW-glutenin
region from the A. fauschii D genome is ANGELA,
which makes up 25% of the 102 kb sequence. No
WIS element was identified in the Glu-DI region of
the D genome (Anderson et al., 2003). Much higher
proportion of ANGELA elements were also found in
the Vrn and Lr10 regions in the 7. monococcum A™
genome (Wicker et al., 2001; SanMiguel et al., 2002).
It is possible that the wheat B genome contains more
of the WIS-type subgroup, whereas the D and A™ gen-
omes possess a majority of ANGELA-type elements.
Alternatively, the high percentage of specific types of
retroelements in these regions may represent a local
activity of these retrotransposons, although this can-
not be fully examined until large genomic segments
of various regions from different wheat genomes have
been sequenced and compared.

In addition to the six copies of WIS elements, there
are twelve other LTR retroelements identified in the
Glu-BI region, including three copies of FATIMA,
two copies of each LAURA and WILMA. All 12 of
these elements belong to the Ty3-gypsy retrotranspo-
sons. The LAURA retrotransposon, with 5 kb LTRs,
was recently identified in the wheat A™ genome (Yan
et al., 2003) and is related to the barley BAGY-1
element (Panstruga et al., 1998). Aside from these
LTR retrotransposons, there are also identified seven
non-LTR retrotransposons (Far-1, Vowyli-1, Maabyu-
1, Maaby-1, Agobab-1, Ibos-1, and Ruwe-1). Non-
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Figure 4. Comparison of two orthologous 20 kb regions including
the Bx gene. A dot plot compares the tetraploid Bx region to the
same region from hexaploid wheat. A comparison window of 30 bp
and 70% identity was used. The light block in the middle of the
diagonal is composed of uncharacterized repeat sequences, and the
heavy block structure at the right end is caused by the repeat domain
in the HMW-glutenin genes. The Bx HMW-glutenin gene regions
of the hexaploid and tetraploid wheat are indicated by line A and B,
respectively.

LTR retrotransposons are ubiquitous in plant genomes,
however, they are not easy to identify due to the lack of
distinct LTRs. The borders of the Far-1 and Vowyli-1
were identified because of their independent insertions
into the Wilma-1p retroelement at different sites. All
the other four non-LTR elements were inserted into
the region between the inactive globulin and the x-type
HMW-glutenin genes. Their insertion sites were delin-
eated by comparing the orthologous regions of the B
and D genomes.

Both LTR and non-LTR retrotransposons are clas-
sified as Class I repetitive elements, which replicate
via an mRNA intermediate that is reverse transcribed
into extrachromosomal DNA and integrated some-
where else in the genome. By contrast, Class II re-
petitive elements are DNA-mediated elements, whose
movements involve excision from one site and integra-
tion into the different site of the genome. One Class 11
repetitive element is the CACTA transposon (Pereira
et al., 1986). Recently, it has been shown that CACTA
transposons belong to a diverse family of high-copy
elements in Triticeae (Wicker et al., 2003b), implying
that their roles in wheat genome evolution could be
significant. In the Glu-BI region, we identified three
CACTA elements (Sogi-1, Houdib-1, and Aviap-1),
which constitute ca. 2.5% of the contig sequence.
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Figure 5. Conservation and divergences of intergenic regions flanking HMW-glutenin genes. The linear DNA sequence of the Glu-1 region is
diagrammed along with segments of the Glu-BI and Glu-DI regions with the proposed nesting organization of transposons. A. Linear order of
Glu-BI1 region. Sections to be further discussed are indicated by Roman numerals (I-IV). Two hexanucleotide sequences of putative duplication
borders at an ancestral Glu-1 locus is given above. Arrows indicate directions of transcription. Genes are numbered as follows: 1, the receptor
kinase gene; 2a and 2b, the two duplicated copies of globulin genes, 3a and 3b; the y-type and x-type copies of the HMW glutenin genes; and
4, the serine/threonine protein kinase gene. B and C. Paralogous regions containing globulin and HMW-glutenin genes are shown. D. Region
containing the disrupted globulin gene and Dx (Glu-DI-1) genes are shown. Dash line stands for a deletion even that occurred in the globulin
gene and the sequence before the Dy genes. E and F. Remnant of ancient retrotransposons 3’ to the y-type HMW-glutenin genes. The position of
the WILMA (Wilma-1p) and SABRINA (S-3p, short for Sabrina-3p) retrotransposons existing prior to Glu-B1 and Glu-D1 divergence is shown
along with retrotransposon insertions subsequent to divergence. Boxes above the Wilma-1p and Sabrina-3p elements indicated retrotransposon
insertions at the points indicated by lines. Base positions at fragments ends are indicated. G and H. Divergence of sequences 3’ to the protein
kinase gene. The approximate structure of DNA sequence from the protein kinase gene to the end of known sequence is indicated.
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Comparing sequences from different germplasm
sources of the B genome

Comparing closely related regions gives a picture of
the earliest steps in sequence divergence. A 20.4 kb
region of the B-genome was previously reported for
the Bx7 gene from the bread wheat cultivar Cheyenne
(Anderson et al., 2002), including 16 035 bp 5’ to the
Bx-coding sequence. A pair-wise comparison of two
available Bx region sequences is shown in Figure 4.
The only major break in the diagonal is a 404 bp region
probably caused by a transposon-related insertion into
the hexaploid B genome since the region is bordered
by an 8 bp duplication signature.

A total of 137 differences distinguish the two se-
quences. Of the 115 single-base changes, 76% are
transitions, consistent with the 75% rate found in other
organisms (Li, 1997). Of the 22 indels, eight occur
in short homogenous runs of a single base, and five
involve 3-9 bp duplications that could be remnants of
insertions and subsequent movement of transposable
elements.

Both the tetraploid and hexaploid wheats are relat-
ively young polyploids: T. turgidum evolved roughly
400000 years ago, whereas T. aestivum has only ex-
isted for 8000—10000 years (Feldman et al., 1995).
The sequence variations between the two B genomes
in these different wheat species may reflect evolu-
tionary events that have occurred since the formation
of the hexaploid wheat. However, we have to con-
sider that haplotypes are present in the B genomes of
the tetraploid species prior to the polyploidization of
the hexaploid wheat. These haplotypes will contribute
to the variations observed in the different germplasm
sources of the B genome.

Comparison of the paralogous regions in the Glu-B1
sequence

Genetic studies had shown that the genes encoding
x-type and y-type HMW glutenins are tightly linked
and indeed, there has never been a confirmed re-
combination event between them (Lafiandra et al.,
1993). Sequence analysis of the Glu-DI region re-
vealed that a region containing each of the globulin
and HMW-glutenin gene was duplicated, giving rise
to the presence of the two paralogous copies of the
HMW-glutenin genes in the wheat genome. This du-
plication event could be responsible for the physical
and biochemical properties of wheat flour that make it
suitable for food processing. To further understand this
important duplication event, we closely examine the
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Figure 6. Comparison of reconstructed conserved sequences
between the globulin and HMW-glutenin genes. The paralogous
region between the ancestral globulin and HMW-glutenin genes
is compared after splicing out recognizable transposon insertions.
Arrows indicate unidentified events, like transposable element dele-
tions or insertions, occurred in the compared regions. The dot plot
used a window of 30 bp and a 70% minimum match.

paralogous sequences in the Glu-BI region and found
that a 6 bp imperfect repeat defines the boundary of
the paralogous sequence containing x-type HMW glu-
tenin when compared to the region containing the y-
type HMW-glutenin gene (Figure 5A). Although it is
not established that the imperfect repeat is associated
with the duplication event, this suggests that the region
containing the x-type HMW glutenin was duplicated
from that containing the y-type HMW glutenin. For
the ease of comparisons between the paralogues in
the same genome and among orthologues from dif-
ferent wheat genomes, several regions are defined in
Figure 5A. Regions I and III are the paralogous se-
quences, Region II is the sequence separating I and
III, and Region IV is the intergenic sequence after the
serine/threonine protein kinase.

As indicated in Figure 5C, Region I is likely con-
served since both globulin and HMW-glutenin genes
are active and only one Stowaway MITE was inserted
into this region. In contrast, the Region III contains
11 transposable element insertions, which added a
total of 75 kb of sequence to the region compared
to the paralogous region I (Figure 5B). This implies
that these insertion events occurred after the duplic-
ation of the HMW-glutenin gene. To inspect other
sequence rearrangements in these paralogous regions,
we removed the sequences contributed by these re-
petitive DNAs and then conducted pair-wise dot-plot
analysis as shown in Figure 6. After removal of the
repetitive sequences, Regions I and III have a similar
size of about 7.2 kb, suggesting its original duplic-
ated size. The dot-plot analysis also revealed that there
were two indels with sizes of over 400 bp in these



regions. Although indels are ubiquitous in plant gen-
omes, the mechanism underlying these events has not
been clearly understood. Recent studies suggested ille-
gitimate recombination might be primarily responsible
for the removal of nonessential DNA and is a major
factor in the evolution of plant genomes (Devos et al.,
2002; Wicker et al., 2003a). It has also been reported
that many of the small indels between wheat and bar-
ley (60%) are flanked by direct repeats (Ramakrishna
et al., 2002).

As shown in Figure 6, the block structure is where
the repetitive motif of the HMW-glutenin repeat do-
mains find multiple matches. The coding regions of
By (2163 bp) and Bx (2475 bp) HMW-glutenin genes
vary in length by 312 bp. These differences are mainly
caused by multiple indels that have occurred in the
repetitive motifs of these genes. The indels in the re-
petitive motifs are usually small in size, ranging from
3 to 45 bp. Otherwise, the 5’ and 3’ non-repetitive re-
gions are highly conserved at the nucleotide level (data
not shown). It has been suggested that the repetitive
motifs represent supervariable domains that lead to
frequent sequence rearrangements among the HMW-
glutenin genes (Anderson et al., 2002). Irrespective of
these changes, both genes are actively transcribed dur-
ing endosperm development, suggesting a selection
advantage to keep several copies of the gene expressed
in polyploid wheats. It is also possible that the do-
mestication of wheat continually selects for these gene
variants controlling grain quality. In comparison with
the HMW-glutenin genes, the two globulin genes con-
tain fewer sequence changes at the DNA level: there
are only three indels in the compared coding regions
and the two sequences are about 88% identical when
the retroelements inserted in the inactive globulin gene
are removed and not taken into account.

Comparison to the orthologous Glu-D1 region

Several reports have shown that there is less conser-
vation of intergenic DNA sequences than the gene-
coding sequences when comparing several combin-
ations of the major cereals — barley, maize, rice,
sorghum, and diploid wheat (Chen et al., 1997; Tik-
honov et al., 1999; Dubcovsky et al., 2001; Ra-
makrishna et al., 2002; SanMiguel et al., 2002;
Wicker et al., 2003a; Gu et al., 2003). Even among
the Triticeae, intergenic sequences showed almost
complete divergence when orthologous regions were
compared: barley vs. diploid wheat, . monococcum
(SanMiguel et al., 2002), and barley vs. diploid wheat,
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A. tauschii (Gu et al., 2003). However, barley and
wheat, which have diverged about 11 million years
ago (Huang et al., 2002), are among the most diverged
members of the Triticeae. To examine more closely
related Triticeae, we compared the complete sequence
of the Glu-B1 region with the previously reported Glu-
D1 region. Sequence conservation was observed in the
gene-containing regions (see above discussion).

We then compared the intergenic regions, which
were mainly composed of repetitive DNAs. The only
repetitive sequences that are shared by both B and D
genomes were found in Region II (Figure 5E and F). In
this intergenic region of both genomes, a partial Wilma
element (Wilma- 1p) is immediately followed by a par-
tial Sabrina element (Sabrina-3p). This structure was
likely created by a deletion event that removed the se-
quences of the 3’ end of the Wilma and 5’ end of the
Sabrina elements. The colinearity of these repetitive
elements was confirmed by the exact sequences flank-
ing each of the structures in the B and D genomes.
In addition to these remnants of retrotransposons, a
Stowaway MITE (Bureau and Wessler, 1994) was also
found to be held in common, as identified by their
same insertion sites. The presence of these elements
in both the B and D genomes implies that their in-
sertion times were before the divergence of the wheat
ancestral genomes. Meanwhile, Figure SE and F also
indicate the insertion of several other repetitive ele-
ments into each Region II of the B and D genomes.
Because of the lack of colinearity of these retroele-
ments, acquisition of these elements likely occurred
after the separation of the wheat genomes.

Region IV represents another intergenic region.
There are ca. 40 and 100 kb sequences in this re-
gion from the Glu-DI and Glu-BI locus, respectively.
No collinearity of the eight retrotransposons in the
Glu-D1 region was found with any of the eleven ret-
roelements in the Glu-BI region (Figure 5G and H),
again suggesting that the insertion of these elements
into their present locations occurred after the separa-
tion of the wheat genomes. Taken together, repetitive
DNAs, which comprise 80% of the total sequence,
are primarily responsible for the significant sequence
divergence of the orthologous HMW-glutenin regions
from the wheat B and D genomes.

One of the striking findings from the comparison of
the orthologous regions is the difference between the
two inactive globulin genes in the B and D genomes.
While a deletion event in the D genome obliterated
most of the globulin coding sequence, insertions of
five retrotransposons expanded the globulin gene in
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Figure 7. Comparison of gene order and separation of the HMW-glutenin genes within the Glu-BI (T. turgidum) and Glu-D1 (A. tauschii) loci.
Boxes indicate gene-coding regions. Genes are labeled with numerical numbers and the corresponding name of each gene is given as indicated.
a and b means that the gene is duplicated in the sequenced region. Arrowheads indicate direction of potential transcription.

the B genome from 800 bp to over 40000 bp (Fig-
ure 5B and D). The latter suggests that once a gene
is tagged by a retrotransposable element, multiple in-
sertions of retroelements will be possible in the gene
region, which could lead to retrotransposon-nested
structures or clustering as shown in Figure 5B. Con-
sequently, the sequence originally belonging to a gene
region now becomes more like an intergenic region.
In addition, the observed difference in sequence re-
arrangement also implies that different mechanisms
were involved in the inactivation of the globulin genes
in the B and D genomes. However, it is also possible
that the inactivation was initially caused by the same
mechanism, probably because of the relaxation of se-
lection on the second copy of the globulin gene, and
that since then, evolution has reshaped these regions
independently.

Gene spacing and synteny

An important aspect of comparisons among related
genomes is to provide information on issues such as
gene colinearity after significant evolutionary diver-
gence. The order and spacing of genes within the
Glu-BI and Glu-DI regions is diagrammed in Fig-
ure 7. The order of the genes is conserved, though
the spacing is not, as also indicated in Figure 7.
The two conserved islands with intact genes, the re-
ceptor kinase/globulin/y-type HMW glutenin and the
x-type HMW glutenin/protein kinase islands, remain
arranged closely. The main difference is the intergenic
region that separates the two conserved gene islands.
It is 51 kb in the D genome, while it is 168 kb in
the B genome. Generally, retrotransposons appear to

be relatively sequestered away from genes and mainly
responsible for the difference in the intergenic regions
(Kumar and Bennetzen, 1999). However, in the case
of the inactive globulin gene region of the B genome
as discussed above, the acquisition of retroelement se-
quences contributed significantly to the size difference
of the intergenic regions between the two gene islands
in the B and D genomes.

Gene density estimates for the Triticeae based on
limited data from several reported BAC sequences
vary greatly, on the order of 1 gene per 5-45 kb, val-
ues that are at least 12 times higher than would be
expected for a random gene distribution. This could
be partially explained by the fact that these sequenced
regions were targeted towards those containing genes
under study and thus may represent the gene-rich
regions. However, high gene densities found in sev-
eral sequenced regions appeared to be associated with
large numbers of gene duplication events. The overall
gene density in the barley 261 kb Mla locus region
sequenced by Wei ef al. (2002) is one gene per 8.1 kb,
and 4.6 kb if only the gene-rich islands are considered.
Similarly, Brooks et al. (2002) reported an overall
gene density of one gene per 8.9 kb at the 106 kb
Lr21 locus in the A. tauschii D genome. Both the
Mla and Lr21 loci are located on the chromosome
segments containing R gene clustering as a result of
frequent R gene duplication (Ellis et al., 2000). In
maize, 22 of the 23 members of the 22 kDa «-zein
gene family are within a 168 kb segment of the maize
genome and these family members are likely derived
from several rounds of duplication events (Song et al.,
2001). Gene duplication and subsequent divergence
is probably one of the most important processes un-



derlying the evolution of gene function (Lynch and
Conery, 2000; Bancroft, 2001). To date, the mechan-
ism that determines regions of duplication is not well
understood. Recently, Akhunov et al. (2003) repor-
ted that relative gene density and recombination rates
increased with the relative distance away from the
centromere. In addition, multi-gene loci tended to be
more frequent in distal, high-recombination regions,
suggesting a direct relationship between gene fam-
ily multiplicity, recombination frequency, and gene
density.

The presence of the conservation of gene order
allows cross-species comparisons and would allow
leveraging advances in one species to be applied
more readily to other (Schmidt, 2000). Such micro-
colinearity is widespread in plants (Bancroft, 2001;
Oh et al., 2002), although exceptions have often been
noted in distantly related species (for a detailed re-
view, Bennetzen, 2000; Gaut, 2002). Wheat genomes,
which have radiated about 2.5-4.5 million years, are
considered to be closely related (Huang et al., 2002).
However, in the orthologous HMW-glutenin regions
of the wheat D and B genomes, the intergenic re-
gions are almost completely diverged, while the gene
order and orientation are conserved. Of course, this
comparison represents a small portion of the large
wheat genome. Local variation along the chromo-
somes in the rate of genome evolution is possible.
Recently, Wicker et al. (2003a) reported a comparison
of part of the low-molecular-weight (LMW)-glutenin
loci of the wheat tetraploid A and diploid A™ gen-
omes, which diverged about 1 to 3 million years ago.
It was found that differential amplification of the glut-
enin loci contributed to the rapid genome divergence
observed in the compared regions. Another similar
comparison including 340 kb of orthologous regions
in the Vrn2 region showed that 75% of the intergenic
regions were non-orthologous retroelements between
the tetraploid A and the diploid A™ genomes (J. Dub-
covsky and P. SanMiguel, unpublished data). These
results indicate a fast differentiation of the intergenic
regions in the wheat species. It has been suggested that
grass genomes including wheat evolved much more
rapidly than we thought (Song et al., 2002; Wicker
et al., 2003a). However, the evolution, structure, and
function of wheat genome will be better understood
when large numbers of orthologous regions from poly-
ploid wheats and their diploid ancestral genomes are
thoroughly compared.
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