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Abstract Genes encoding wheat prolamins belong to
complicated multi-gene families in the wheat genome. To
understand the structural complexity of storage protein
loci, we sequenced and analyzed orthologous regions
containing both gliadin and LMW-glutenin genes from the
A and B genomes of a tetraploid wheat species, Triticum
turgidum ssp. durum. Despite their physical proximity to
one another, the gliadin genes and LMW-glutenin genes
are organized quite differently. The gliadin genes are found
to be more clustered than the LMW-glutenin genes which
are separated from each other by much larger distances.
The separation of the LMW-glutenin genes is the result of
both the insertion of large blocks of repetitive DNA owing
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to the rapid amplification of retrotransposons and the
presence of genetic loci interspersed between them. Se-
quence comparisons of the orthologous regions reveal that
gene movement could be one of the major factors con-
tributing to the violation of microcolinearity between the
homoeologous A and B genomes in wheat. The rapid se-
quence rearrangements and differential insertion of repet-
itive DNA has caused the gene islands to be not conserved
in compared regions. In addition, we demonstrated that the
i-type LMW-glutenin originated from a deletion of 33-bps
in the 5” coding region of the m-type gene. Our results
show that multiple rounds of segmental duplication of
prolamin genes have driven the amplification of the
w-gliadin genes in the region; such segmental duplication
could greatly increase the repetitive DNA content in the
genome depending on the amount of repetitive DNA
present in the original duplicate region.
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Introduction

Prolamins, rich in proline and glutamine, are major grass
seed storage proteins present in the endosperm of the grain
(Shewry and Tatham 1990). Wheat prolamins can be di-
vided into two major groups, glutenins and gliadins,
according to their polymerization properties. Polymeric
glutenins, consisting of the high molecular weight (HMW)
glutenin and low molecular weight (LMW) glutenin, are
held together by intermolecular disulphide bonds and form
gluten polymers, whereas gliadins, consisting of the
o-, y- and w-gliadins, are mainly monomeric proteins. The
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gliadins associate with glutenin polymers in the presence of
water through non-covalent interactions, with the resulting
gluten dough possessing the visco-elastic characteristics
important for many of wheat’s end-use products. There-
fore, the bread-making quality of wheat flour is largely
determined by the complex relationships of different pro-
lamin components present in the endosperm of the grain
(Shewry and Halford 2002).

Because of the importance of prolamins in determining
wheat quality, research has been directed towards charac-
terizing and understanding the genomic organization of
prolamin genes. The HMW-glutenins are mapped to the
Glu-1 loci on the long arm of the homoeologous group 1
chromosomes, while the LMW-glutenins are mapped to the
Glu-3 loci on the short arm of the same chromosomes
(Payne et al. 1982; Cassidy et al. 1998). Tightly linked to
the Glu-3 are the Gli-1 and Gli-3 loci that encode the y- and
w-gliadins, respectively (Garcia-Olmedo et al. 1982; Singh
and Shepherd 1988; Dubcovsky et al. 1997; Metakovsky
et al. 1997). The a-gliadin genes are located at the Gli-2
loci of the short arm of the homoeologous group 6 chro-
mosomes (Anderson et al. 1984). One of the challenges in
characterizing wheat prolamin genes is the fact that these
genes are members of multi-gene families present in each
of the three homoeologous A, B, and D genomes of
hexaploid wheat. The HMW-glutenin belongs to the
smallest prolamin gene family and contains only two
copies, named x-type and y-type, in each homoeologous
genome (Payne et al. 1982). The «-gliadins are the most
abundant, with the estimated number up to 150 different
copies (Anderson et al. 1997). The LMW-glutenin gene
family contains 30—40 members (Sabelli and Shewry 1991;
Cassidy et al. 1998), while the two remaining families, the
y-gliadins and the w-gliadins, contain 16-39 and 15-18
copies (Sabelli and Shewry 1991), respectively. The fact
that such a large number of prolamin genes are located in
just few major chromosomal regions suggests that prolamin
genes are physically closely linked or clustered. However,
little is known about the physical spacing between tightly
linked prolamin loci.

Recent genomics studies have provided new tools to
elucidate the complex prolamin gene families. A large
number of EST collections derived from developing seed
cDNA libraries have allowed identification of new classes
of prolamin genes and novel seed storage proteins
(Anderson et al. 2001; Nagy et al. 2005). The employment
of large insert BAC libraries can permit us to study the
complex structural organization of prolamin gene families
(Gu et al. 2004a; Johal et al. 2004; Ozdemir and Cloutier
2005). Characterization of wheat BAC clones using a o-
gliadin gene probe revealed that positive BAC clones carry
anywhere from one to five copies of the a-gliadin genes per
BAC (Gu et al. 2004a). In contrast, when the BAC clones
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were used to characterize the LMW-glutenins, no single
BAC clone was found to carry more than one copy of the
LMW-glutenin gene, suggesting that the seven copies of
LMW-glutenin genes in Ae. tauschii, the D genome donor
of hexaploid wheat, are likely to be separated by more than
a BAC insert’s length (Johal et al. 2004).

Comparative sequence analysis of large orthologous
genomic regions from closely related genomes provides an
important view of sequence changes that have occurred in
recent evolutionary history. To further understand genomic
complexity of prolamin genes, comparative analysis on the
orthologous regions spanning the two paralogous HMW-
glutenin genes from the A, B and D genomes of wheat
indicated that distances separating the two genes are vari-
able from 50 to 180 kb in three genomes (Gu et al. 2004b,
2006). In addition, although gene colinearity is generally
retained, the intergenic regions consisting of large blocks
of nested retroelements are not colinear, suggesting that the
insertion of the repetitive DNA occurred after the differ-
entiation of these three genomes between 2.5 and
4.5 million years ago (MYA) (Huang et al. 2002; Gu et al.
2004b; Kong et al. 2004). A detailed sequence comparison
of the Glu-3 regions of closely related A genome of a
tetraploid wheat (T. rurgidum ssp. durum) and A™ genome
of T. monococcum also revealed a dynamic sequence
change at LMW-glutenin region (Wicker et al. 2003). To
date, a detail sequence analysis on Gli-I and Gli-3 locus
regions has not been reported, and little is known about the
genomic organization of the LMW-glutenin locus region in
other homoeologous wheat genomes and its physical rela-
tionship to the Gli-1 and Gli-3 locus regions.

In this study, we sequenced two large-insert BAC clones
containing both gliadin and LMW-glutenin genes from the
A and B genomes of 7. durum wheat. Our results revealed
that the gliadin and LMW-glutenin genes are clustered
immediately adjacent to one another. In addition, non-
prolamin genes are present in the same region and are
interspersed between them. We were able to identify a
series of sequence duplication events that resulted in an
increased copy number of prolamin genes. Furthermore,
comparison of the orthologous prolamin gene-containing
regions from the A and B genome of 7. durum allowed us
to further examine dynamic sequence evolution in the two
homoeologous wheat genomes.

Materials and methods
BAC selection and sequencing
A half million clone BAC library of tetraploid durum

wheat, T. turgidum ssp. durum (2n = 4x =28, AABB),
cultivar “Langdon” was screened with a probe mixture
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containing the coding sequences of both LMW-glutenin
and y-gliadin according to the method described by Kong
et al. (2004). A total of 148 positive BAC clones were
retrieved from the screening. Positive BAC clones were
fingerprinted to assemble BAC contigs as described pre-
viously (Gu et al. 2004a). Positive BAC clones were also
hybridized with LMW-glutenin and y-gliadin probes sep-
arately to search for clones carrying both probe sequences.
BAC clones 790010 and 1144H03 showed hybridization
with both probes and are overlapping clones associated in
the same contig with BAC107G22 previously characterized
by Wicker et al. (2003). BAC790010 has a larger insert
size (~158 kb) as compared to the insert of BAC1144H03
(-116 kb) and low-pass shotgun sequencing of
BAC790010 identified the presence of both LMW-glute-
nin and gliadin gene sequences from the A genome. To
search for BAC clones containing LMW-glutenin gene
from the B genome, a set of primers reported for specific
detection of the B genome LMW-glutenin gene was used to
screen all positive clones (Gale et al. 2003). Using the
primer set, BAC419P13 provided a PCR product derived
from the LMW-glutenin in the B genome (data not shown).
Further characterization of this BAC clone by Southern
hybridization and shotgun sequencing indicated that it
represents a region orthologous with BAC790010 and
BAC107G22. Therefore, BAC790010 and BAC419P13
were selected for sequence completion.

The sequencing of the two Triticum turgidum BAC
clones was carried out as described previously (Kong et al.
2004). In brief, shotgun sequencing libraries for selected
BAC clones were first constructed with randomly sheared
BAC DNA isolated with a Large Construct Kit (Qiagen).
The sheared DNA was blunt ended by incubation with a
mung bean exonuclease (BioLab) and dephosphorylated
using a shrimp alkaline phosphatase (USB). Single “A” tails
were added by incubating with Tag polymerase in the
presence of dNTPs. The resulting DNA was fractionated in
agarose gel and a fraction of DNA with size of 3-5 kb was
selected for purification using Gel Extraction Kit (Qiagen).
The DNA was ligated into pCR4TOPO vectors and trans-
formed into DH10B electroMAX cells (Invitrogen). Inserts
of plasmid DNA were sequenced from both directions with
T7 and T3 primers using BigDye terminator chemistry
(Applied Biosystems) on an ABI3730xI capillary sequencer.

Sequence analysis

For sequence assembly, a target of ~10-fold coverage was
chosen. The sequence data generated from each BAC clone
was used to assemble continuous contigs using the Laser-
gene 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

accurate consensus sequence reads possible. Phrap assem-
bly engine (http://www.phrap.org) was also used for contig
assembly. In some cases, assemblies with two different
programs helped resolve gap regions and the order of
contig. 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 Biosystems) was used in the
sequencing reaction to resolve the problem of potential
secondary structures caused by high G/C content in the gap
regions. In the regions where low sequence coverage was
observed, primers were designed to amplify the regions
from BAC DNA to improve the sequence coverage by
sequencing the PCR products. The accuracy of the se-
quence assembly was also verified by comparing digestion
pattern of BAC DNA with HindIIl, EcoRI, and Notl with
the predicted restriction pattern of the computer-assembled
sequence. The contiguous sequences from BAC790010
and BAC419P13 were deposited in the NCBI database with
Accession Nos. of EF426564 and EF426565, respectively.

For annotation, the contiguous sequence of BAC insert
was searched against the Triticeae Repeat Sequence
Database (TREP) at the GrainGenes web site at http://
wheat.pw.usda.gov/ITMI/Repeats/ to identify known
repetitive DNA. The long terminal repeat sequences of
LTR retrotransposable elements were delineated using
Dotter analysis and BLAST search. For the sequence un-
masked with repetitive DNA, a homology search was
performed against NCBI non-redundant and dbEST data-
bases using BLASTN, BLASTX, and TBLASTX algo-
rithms. FGENESH (http://www .softberry.com/
nucleo.html) and GENESCAN (http://genemark.mit.edu/
GENESCAN.htm) were used for gene prediction. Se-
quences identified as candidate genes by the gene-finding
programs were further investigated to determine if they are
actually gene sequence by a homology search of predicted
exons against protein database using BLASTX. They were
considered likely genes only if a match with an expect
value of <¢™'° was found in the database.

Southern hybridization

For Southern hybridization of BAC clones, the HindIII-
digested BAC DNA was size fragmented in 1% agarose gel
and then blotted onto Hybond N+ membranes (Amersham,
Piscataway, NJ). Probes were labeled with **P isotope
using the DECAprimell DNA labeling Kit (Ambion,
Austin, Texas). After hybridization for 16 h in a solution
containing 0.5 M sodium phosphate (pH 7.2), 7% SDS, and
1% bovine serum albumin (BSA), the blot was washed
three times in 0.2x SSC (Ix SSC is 0.15 M NaCl and
0.015 M sodium citrate) plus 0.1% SDS. The images were
detected by phosphorimaging.
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PCR-based mapping of BAC clones to specific
chromosomes

To map BAC clones to specific wheat chromosomes, PCR
primers were designed from the junction regions between two
repetitive DNA elements. Because the insertion of a specific
repetitive DNA element into another element is unique, the
primers targeting the junction region will be specific for the
region present in a BAC clone, and such primers can be used to
map sequenced BAC clones onto specific chromosomes using
chromosome deletion/substitution lines available for wheat
(Devos et al. 2005). To map BAC790010 and BAC419P13,
two primers sets, 790010F-TTAATTGCAAGGAACTA
CTACAC and 790010R-AAATTATAGATACGTTGGAG
ACAT, and 419P13F-CAACGTAGACAAGGGTAAAA
ATGG and 419P13R-ACGGTAGGTGTTGCGGTTAGTA,
were designed, respectively, using the strategy described
above. These two primer sets were used to amplify products
from DNA templates extracted from 7. durum cultivar
“Langdon” and Langdon substitution lines, LDN1D(1A) and
LDN1D(1B). BAC DNA templates were used as controls in
the PCR.

For PCR amplification of specific m-type and i-type
LMW-glutenin genes, LMW-glutenin sequences from the
sequenced BACs and retrieved from GenBank (AB062862,
AB062861,  AY585350,  AYS585355, AYS585349,
AB062877, and AB062878) representing both types of
genes were used for Clustal W analyses. Primers were
designed based on the sequence around the deletion region.
Forward primer LMW-i-F-GCCGTTGCGCAAATTTCA
CAGC is specific for the i-type and LMW-m-F-
CAAGTGCCATTGCACAAATGGAG for the m-type
LMW-glutenin genes. The reverse primer LMW-R1-GGA
GGAATACCTTGCATGGGT is derived from a conversed
region and can be used for both types of LMW-glutenin.

Results

Identification and characterization of wheat BACs
carrying both gliadin and LMW-glutenin genes

To discern the structural organization of the genomic re-
gions containing prolamin genes, a half million clone BAC
library of tetraploid 7. durum wheat was screened with a
probe mixture containing both LMW-glutenin and y-glia-
din coding sequences (Cenci et al. 2003). Among 148
positive clones, two BAC clones (BAC790010 and
BAC1144H03) hybridized to both the LMW-glutenin and
y-gliadin probes. Positive BACs were also fingerprinted for
contig assembly according to the method described previ-
ously for characterization of BAC clones containing
o-gliadin genes (Gu et al. 2004a). BAC790010 and
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BAC1144H03 are overlapping clones associated in a contig
that consists of 13 BAC clones (Fig. 1A). Southern
hybridization results indicated that in this contig, six BACs
(Fig. 1B, Lanes 1-6) hybridized to the y-gliadin probes,
while five BACs (Fig. 1B, Lanes 9-13) strongly hybridized
to LMW-glutenin probe only. Based on Southern hybrid-
izations and further sequence analysis (see below), it is
likely that the contig contains at least five y-gliadin and two
LMW-glutenin genes (Fig. 1A and B). The contig includes
BAC107G22, which has been previously characterized by
Wicker et al. (2003). BAC107G22 from the A genome of
T. durum wheat contains a LMW-glutenin gene and an
allelic region of the Pm3 locus that confers race-specific
resistance in hexaploid wheat to the powdery mildew
fungal pathogen (Blumeria graminis f. sp. tritici) (Wicker
et al. 2003; Srichumpa et al. 2005; Yahiaoui et al. 2006).
Therefore, the identified contig represents a region that
contains at least three genetic loci, Gli-1, Glu-3, and Pm3
from the A genome of T. durum (Fig. 1A). BAC790010
was selected for sequencing because it contains two
y-gliadin genes and an additional LMW-glutenin gene
(Fig. 1A). This BAC will also identify junction sequences
between same types of prolamin genes and between dif-
ferent types of prolamin genes (y-gliadin and LMW-
glutenin) for understanding the genomic organization of
regions containing multiple prolamin genes.

In a search for LMW-glutenin genes from the B gen-
ome, BAC419P13 and BAC317N07 were identified using a
set of primers specific for the B genome LMW-glutenin
genes (Gale et al. 2003). These are also the only positive
BAC clones that overlapped each other. Further charac-
terization indicated that BAC419P13 has a larger insert that
hybridized not only with the LMW-glutenin and w-gliadin
probes, but also the Pm3-related sequence probe (data not
shown), suggesting that BAC419P13 represent an orthol-
ogous Gli-1/3-Glu-3-Pm3 region from the B genome of
T. durum.

To confirm that BAC790010 and BAC419P13 are
derived from the A and B genomes, respectively, we
employed a PCR method developed by Devos et al. (2005)
to map BAC clones using specific primers designed from
repeat boundary/junction regions. The primer set derived
from BAC790010 amplified a product from Langdon and
from a substitution line, LDN1D(1B), with the 1A chro-
mosome substituted by the homoeologous chromosome
from the D genome (Joppa and Williams 1988), but did not
produce a PCR product in the substitution line,
LDNID(1A) (Fig. 1C, left panel). Meanwhile, the other
primer set, derived from BAC419P13, produced a PCR
product from Langdon and LDNID(1A), but failed to
amplify a product in LDNID(1B) line (Fig. 1C, right
panel). These results verified the chromosomal locations of
BAC790010 and BAC419P13.
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Fig. 1 Characterization of BAC clones containing LMW-glutenin
and gliadin genes. (A) A BAC contig spans three genetic loci. BAC
clones positive for y-gliadin and/or LMW-glutenin probes were
fingerprinted for contig assembly according to the method described
previously (Gu et al. 2004a). BAC790010 and BAC1144H03 were
hybridized with both the probes and associated in the same contig,
Contig5. BAC790010 also overlaps with BAC107G22 containing
LMW-glutenin and putative RGL-like resistance genes (Wicker et al.
2003). Both BACs sequenced previously and in this study were
colored with gray in the contig. The LMW-glutenin, y-gliadin, and
putative RGL-like resistance genes are labeled with different shapes
as indicated, and their relative positions and numbers of copy in the
BAC:s are estimated according to the Southern hybridization (see B)
and BAC sequencing results. (B) Southern hybridization of BAC
clones in the contig. BAC DNA was digested with HindIII restriction
enzyme. The restriction fragments were separated by agarose gel
electrophoresis. Duplicate gels were blotted onto Hybond N+
membranes and hybridized with either the y-gliadin (left panel) or

BAC 419P13

LMW-glutenin (right panel) probes. BAC DNA in each lane is as
follow: Lane 1, 865A04; lane 2, 930M22; lane 3, 1185B11; lane 4,
1140K04; lane 5, 548020; lane 6, 1108C02; lane 7, 1144HO03; lane 8,
790010; lane 9, 107G22; lane 10, 403L21; lane 11, 1164N12; lane
12, 216M03; lane 13, 032E20. Positions for DNA size standard
markers are provided. Positive bands for each probe are indicated
with solid triangles. The positive y-gliadin band in lanes 6, 7, and 8
consisted of two 1.82-kb fragments, each containing one y-gliadin
gene based on the BAC sequence analysis. (C) Mapping sequenced
BAC clones onto specific chromosomes. Primers designed from
repetitive DNA junction regions present in BAC790010 (left panel)
and BAC419P13 (right panel) were used in PCRs using DNA
templates extracted from 7. durum cultivar “Langdon” (lanes 1 and
5), two Langdon substitution lines, LDN1D(1A) (lanes 2 and 6), and
LDN1D(1B) (lanes 3 and 7). BAC790010 (lane 4) and BAC419P13
(lane 8) were used as positive controls. DNA size standard (lane M)
was used to determine the size of amplified PCR products
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Sequence organization of BAC clones

BAC790010 and BAC419P13 were completely sequenced
and annotated using a combination of various BLAST
searches and bioinformatic analyses. The A genome BAC
clone, BAC790010, is 158 kb in size and contains 13
genes (Table 1), which are mainly located in two gene
islands. The first gene island contains 8 genes (Genel-
Gene8) within a 30-kb region, with a gene density of one
gene per 3.8 kb, the highest gene density yet reported in
wheat. The second gene island contains four putative genes
(Gene9—Genel2) in a 26-kb region with a gene density of
one gene per 6.5 kb. The two gene islands are separated
from each other by a ~19-kb repetitive DNA region
(Fig. 2). The 3" end of the BAC insert consists mainly of
repetitive DNA and overlaps BAC107G22 by a region of
35 kb (Fig. 2). The available sequence from BAC107G22

allowed us to extend the repetitive region and resolve the
complex structure of the nested repetitive DNA elements
(Supplement 1). This large block of repetitive DNA region
(=100 kb) separates the two LMW genes (Genel2 and
Genel4) residing on different BACs. A pseudogene frag-
ment (Genel3) of 111 bp that has 70% homology with the
protein sequence encoded by the last exon of a Glabra2-
like gene is located inside a gypsy retrotransposon, Fati-
mah-p (Supplement 1). This pseudogene sequence was
previously identified in BAC107G22 and suggested to have
been acquired by the gypsy retrotransposon (Wicker et al.
2003).

BAC419P13 from the B genome is about 140 kb in
length. A total of 12 genes were identified in the 140-kb
region with an average gene density of one gene per
11.7 kb (Fig. 2). However, it is worthy to note that several
of the prolamin genes are actually pseudogenes (GeneZ20,

Table 1 Genes annotated in the

prolamin regions of T. durum A Gene ID  Homology Wheat EST or TC Accession No.  E-value

and B genomes Genel y-gliadin CJ636615 0
Gene?2 y-gliadin CJ636615 0
Gene3*  y-gliadin-like CD919876 1.5 x 107
Gene4 Cyclophilin-like protein AY217751 0
Gene5*  y-gliadin-like TC264062 1.7 x 1073
Gene6 LMW-gliadin BQ246780 0
Gene7 Unknown BJ475212 2.0 x 10712
Gene8 GPI-anchored protein CD884053 6.0 x 107178
Gene9 UDP-glycosyltransferase CA022816 1.0x 1079
Genel0  Unknown CJ547130 9.0 x 10712
Genell Unknown CD909262 0
Genel2* LMW-glutenin BJ240283 1.0 x 107114
Genel3 TdHox-1, Glabra2-like protein CNO012212 4.0 x 1077
Genel4  LMW-glutenin BQ246479 1.0 x 107134
Genel5  TdLRR-1A, disease resistance protein BE591368 8.0 x 107148
Genel6  TdHG-1, unknown BE467896 6.0 x 1078
Genel7 TdHG-2, unknown BQ788997 2.0x% 1072
Genel8  TdHG-3, unknown CA728026 1.0 x 1071
Genel9 TdRGL-1A, Pm3 resistance gene analog ~ CA501286 1.0 x 10713
Gene20®  w-gliadin CJ635927 9.0 x 107
Gene2l  w-gliadin CA71869 3.0x 10713
Gene22*  w-gliadin CJ635927 2.0 x 107%
Gene23  w-gliadin CJ635927 4.0 x 107120
Gene24"  w-gliadin CJ635927 9.0 x 10797
Gene25*  w-gliadin CJ635927 1.0 x 10712
Gene26*  w-gliadin CJ635927 8.0 x 107196
Gene27*  w-gliadin CJ635927 6.0 x 1078
Gene28 GPI-anchored protein BJ257152 0
Gene29 TdLRR-1B, disease resistance protein BMO068675 2.0 x 1078
Gene30 LMW-glutenin BE293791 0

* Prolamin pseudogenes caused  Gepe3]  TRGL-1B, Pm3 resistance gene analog ~ TC273661 1.8 x 107130

by sequence rearrangements
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Fig. 2 Structural organization in the orthologous prolamin gene-
containing regions from the A and B genomes of T. turgidum.
BAC107G22 that overlaps with BAC790010 was sequenced and
annotated by Wicker et al. (2003). Different types of genes
represented by different color boxes are labeled with numbers and
their relative positions are indicated along the contiguous sequences
of the BAC clones from 7. turgidum. The arrows below the gene
numbers indicate the transcriptional orientation for each correspond-

Gene22, Gene24, and Gene27) (see below). The gene
density based on intact genes would be much lower in this
region. The total amount of repetitive DNA in BAC419P13
is about 70 kb, accounting for approximate 51% of the
sequenced region. The repetitive DNA content in this re-
gion is considerably lower than the average 80% repetitive
DNA content reported in most other sequenced wheat
BACs (SanMiguel et al. 2002; Wicker et al. 2003; Gu et
al. 2004b; Isidore et al. 2005). This may be attributed to the
observation that large blocks of nested retrotransposons
(>40 kb) were not identified; instead, regions with one or
two genes separated by relatively small blocks of repetitive
DNA (=20 kb) were often present (Fig. 2).

Comparison of orthologous Gli-1/3-Glu-3-Pm3 regions
between the A and B genomes of T. durum

Combining the sequences of BAC790010 and BAC107G22
through their overlapping sequences yields a region of
approximately 265 kb in length (Fig. 2). BAC107G22
contains a single LMW-glutenin gene, TdGIuA3-
1(Genel4), which is followed by a marker, SFR159. The
presence of unique SFR159 immediately downstream of a
LMW-glutenin gene was used by Wicker et al. (2003) to
verify the orthologous relationship of BAC107G22 from the
A genome of T. durum wheat with a region from the A™
genome of T. monococcum. We found that in the B genome
region of BAC419P13, a segment following the LMW-
glutenin (Gene30) has an 85% sequence identity over a 0.8-
kb region with the SFR159 from the A genome (Fig. 2),
further supporting that the two LMW-glutenin locus regions
from the A and B genomes are orthologous. Colinear genes

ing gene. The predicted identity of each gene is showed in Table 1.
Boxes filled with dark gray represent regions containing repetitive
DNA. The box filled with line pattern represents a region with few
nested repetitive elements as described by Wicker et al. (2003).
Orthologous genes from the A and B genomes are connected with a
dash line. The RFLP marker SFR159 was indicated with a crossed
box

between the two genomes also include a GPI-anchored
protein gene (Gene8 and Gene28) and an RGL-related Pm3
resistance gene analog (Genel9 and Gene31). The TdLRR-1
pseudogene (Genel5) in the A genome was identified in the
B genome (Gene29); its position with respect to the LMW-
glutenin gene (Gene30) was inverted (Fig. 2). Taken to-
gether, the data suggests that the B genome region from
BAC419P13 is orthologous to the A genome region repre-
sented by BAC790010 and BAC107G22.

Despite some conservation of the above genes, violation
of gene colinearity is present in the orthologous regions
from the A and B genomes. In addition to the duplicate
copies of the LMW-glutenin genes in the A genome and
the inversion of the TdLRR-I pseudogene, Genel6,
Genel7, and Genel8 are missing in the B genome
BAC419P13. Gene9-Genel I are also present only in the A
genome. The acquisition of the Glabra2-like gene fragment
(Genel3) by the gypsy retrotransposon occurred only in the
A genome. Furthermore, large number of repetitive DNA
elements have differentially inserted into intergenic re-
gions, which significantly expanded the distance between
certain genes in the A genome. Because of this, and along
with considerable violation of gene colinearity, the gene
island containing Gene28-31 in the B genome appear to
correspond to several regions in the A genome (Fig. 2),
suggesting that gene islands might not be conserved among
the homoeologous wheat genomes.

More strikingly, we found that upstream of the GPI-an-
chored protein gene (Gene8 and Gene28), there are eight
w-gliadin genes (Gene20-27) (see discussion) in the B
genome, while in the A genome multiple y-gliadin and
y-gliadin-like genes are mainly present. Although the
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y-gliadins encoded by Gli-1 and the w-gliadins encoded by
Gli-3 are evolutionarily more closely related to each other
than either are to other prolamin genes (Sabelli and Shewry
1991; Hsia and Anderson 2001), it is more likely that
considerable sequence changes have occurred after the split
of the two homoeologous wheat genomes and caused
rearrangements of prolamin genes in these genomic regions.

Prolamin and non-prolamin genes in the sequenced
regions

Our data indicated several prolamin genes can be physi-
cally associated within a BAC insert size. BAC790010
from the A genome contains six prolamin gene sequences.
The first two (Genel and Gene2) are both y-gliadin genes
and are 7.7-kb apart and share 98% identity. In addition to
the two typical y-gliadin genes, sequence analyses revealed
the presence of gliadin-related genes in the sequenced re-
gion. A BLASTXx search identified Gene3, which is a gli-
adin-related gene since the E value against y-gliadins is
only 6.0 x 107", We named Gene3 a gliadin-like gene. A
strong match of Gene3 to a y-gliadin related EST,
CD919876, was identified with an E value of 1.5 x 10™°
(Table 1). However, it is likely that Gene3 is a pseudogene
or gene fragment since a correct translational initiation site
was not identified and mutations have caused translational
disruption of the coding region. Similarly, Gene5 is another
inactive gliadin-like gene. Gene6 encodes a gliadin product
that lacks a prominent repeat domain. Such genes related to
wheat prolamin genes have already been identified and
termed low molecular weight gliadins (LMW-gliadin)
(Anderson et al. 2001). Given the presence of the two
gliadin-like genes and one LMW-gliadin gene in this
sequenced region, we might expect much more gliadin-
related gene sequences in the wheat genome.

In BAC419P13 of the B genome, there are a total of 9
prolamin genes and gene fragments. Eight of them
(Gene20-Gene27) belong to the w-gliadin gene family
(Table 1). Gene2l and Gene23 are likely to be intact genes
since they are both translatable into two proteins with 444
and 439 amino acids, respectively. They share a 98% se-
quence identity with each other at the nucleotide level. The
other six w-gliadin genes are likely inactive caused by
different types of sequence changes. Although Gene26 has
a full-length w-gliadin gene sequence and shares a ~96%
nucleotide identity with Gene2l and Gene23, it contains
multiple in-frame premature stop codons in the coding
region. Gene25, which contains both the start codon at the
5" end and a stop codon at the 3" end, is only 390-bp in
length, missing a large portion of the w-gliadin repeat in
the coding region. Four w-gliadin genes (Gene20, Gene22,
Gene24, and Gene27) are clearly fragments since they only
contain a ~100-bp segment of the coding sequence from
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the 3’ end of the gene. Their similar structures suggest that
these gene fragments are paralogous and that a deletion to
an ancestor w-gliadin gene occurred before the duplication
of these gene fragments.

In contrast to gliadins, only one LMW-glutenin gene
was found in each sequenced BAC. Although in the region
of the A genome, there is second LMW-glutenin gene
(Geneld), it is located in different BAC and more than
100 kb apart from the first LMW-glutenin gene (Genel2)
(Fig. 2). It appears that LMW-glutenin genes are not
clustered like those of gliadin genes.

Previously, it was not clear if the prolamin gene regions
are devoid of non-prolamin genes. We identified several
non-prolamin genes in the sequenced genomic regions
(Fig. 2 and Table 1). These include genes encoding a cy-
clophilin-like protein (Gene4), a UDP-glycosyltransferase
(Gene9), GPI-anchored proteins (Gene8 and Gene28), and
putative genes (Gene7, GenelO and Genell) encoding
unknown proteins (Table 1). These non-prolamin genes are
interspersed between the two different types of prolamin
genes (Fig. 2). For example, between y-gliadin and LMW-
glutenin genes in the A genome, there are six non-prolamin
genes (Gene4, 7, 8, 9, 10, 11). Two non-prolamin genes are
present between w-gliadin and LMW-glutenin genes in the
B genome (Gene28 and 29). The insertion of non-prolamin
genes can also occur between the same types of prolamin
genes. For instance, in the gliadin region of the A genome,
a full-length cyclophilin gene (Gene4) resides between two
gliadin-like genes (between Gene3 and Gene)).

A deletion in the m-type LMW-glutenin resulted
in the i-type gene in the A genome

The two LMW-glutenin genes (Genel4 and Gene30) are
clearly orthologous due to the presence of SFR159 marker
in the same position following the two genes. The two
genes share more than 90% nucleotide identity at the 5” and
3’ coding regions. The middle regions are less conserved
(~80% identity) likely due to the frequent indel events in
the repetitive domain region of the LMW-glutenin genes
(data not shown). In the A genome, the first LMW-glutenin
gene (Genel2) shows 94% nucleotide identity with its
paralogous gene (Genel4). However, it does not have the
SFR159 marker following the 3" end (Fig. 2) and its coding
region contains three premature stop codons. Because of a
higher sequence identify, it is likely that the duplication of
the paralogous genes (Genel2 and Genel4) occurred after
the separation of the orthologous genes (Genel4 and
Gene30) in A and B genomes.

LMW-glutenins can be grouped into three different
types (m, s, and i) based on the first amino acid residue of
the mature protein—methionine, serine, or isoleucine,
respectively (D’Ovidio and Masci 2004). It is proposed that
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Signal peptide

M K T F L I

Glu-3B(m-type)
Glu-3A(i-type)

M K T F

F A L L A V A A T S A
JATGAAGACCTTCCTCRTCTTTGCCCTCCTCGC
ATGAAGACCTTCCTC!TCTTTGCCCTCCTCGC CTTGCGGCG!CAAGTGCC!TTGC!CAA 60
L V F A LL AL AAMA ASA A VADQ

TTGCGGCGRCAAGTGCCATTGCACAANAY

—» Start of mature peptide

M E N S H I

Glu-3B(m-type) E@GAGAATAGCCACATCCCTGGTTTGGAGAGACC A

Glu-3A(i-type)
I

Fig. 3 Alignment of m-type and i-type LMW-glutenin sequences.
The sequences from the 5 coding regions of the LMW-glutenin genes
from the A genome (Genel4) and A genomes (Gene30) were aligned
with Clustral W program. The dash lines represent gap regions

the s-type LMW-glutenin with the N-terminal sequence of
SHIPGL probably originates through differential gene
processing on the m-type LMW-glutenin due to the pres-
ence of an asparagine residue (N) at the N-terminal region
(MENSHIPGL) (D’Ovidio and Masci 2004). The evolution
of i-type LMW-glutenin genes is not clear. Analysis of the
translated product of Gene30 shows that the N-terminal
sequence after the signal peptide is _“MENSHIPGL”_
(Fig. 3), indicating that it belongs to the m-type LMW-
glutenin, while both Genel2 and Genel4 are the i-type
LMW-glutenin since their amino acid sequences after the
signal peptide are ISQQQQ (Fig. 3). The result suggests
that the orthologous genes from the A and B genomes
encode different types of LMW-glutenins. This allowed us
to have a more direct comparison to understand the evo-
lutionary relationship between the two LMW-glutenin
genes. When the 5" end sequences of the LMW-glutenin
genes from the A and B genomes were aligned (Fig. 3), a
sequence of 33 bps flanking by a short direct repeat (AT) in
the B genome LMW-glutenin was absent in the A genome
immediately following the signal peptide sequence. This
sequence change caused a codon change from a M to I and
a removal of 11 amino acids in the LMW-glutenin gene
from the A genome (Fig. 3).

The result from Fig. 3 suggests that the i-type LMW-
glutenin gene in the A genome resulted from a deletion
event in the m-type gene. If multiple LMW-glutenin genes
existed prior to this indel event, we might expect that the
m-type LWM-glutenin gene(s) are present in the A genome
and the indel only occurred to a specific Glu-3 locus re-
gion. To test this hypothesis, forward primers specific for
the m-type and i-type LMW-glutenin genes were designed,
and the reverse primer is derived from a conserved region
of LMW-glutenin genes from the A, B and D genomes of
wheat (see Materials and methods). The primer set specific
for the i-type LMW-glutenin gene only produced a prod-
uct(s) from genomic DNA containing the A genome of
wheat (Fig. 4). It failed to amplify products from either the
S or D genomes of different diploid wheats. In addition,

between two sequences. The translated peptide sequences are
indicated either above or below the corresponding coding sequence.
The signal peptide sequence and the start of mature peptide are
labeled

using Chinese Spring and its group 1 nulli-tetrasomic lines,
a PCR product was amplified with Chinese Spring,
NIBTI1A (Fig. 4, lane 7) and N1DT1A (Fig 4, lane 8), but
no product was detected with N1ATIB (Fig. 4, lane 6).
Taken together, it is likely that the deletion event occurred
in the diploid A genome before wheat polyploidization.
When the primer set specific for the m-type LMW-
glutenin gene was used, we detected PCR products from all
the wheat genomic DNA examined in this experiment,
indicating that the m-type LMW-glutenin genes are present
in all three wheat genomes. This also suggests that the
sequence change was a deletion event since it is unlikely
that the same insertion would occur to the three wheat
genomes. Multiple PCR bands from some genomic DNA
were anticipated; even single band in the gel could be
derived from PCR products of different LMW-glutenin
genes, since primers were designed from the conserved

m-type i-type
LMW-glutenin LMW-glutenin
A A
r r N

<
M1 234 5 67 81 234567 8M bps

2000
1650
1000
850

— D G G = T G — -

Fig. 4 PCR amplification of specific m-type and i-type LMW-
glutenin genes in different wheat genomes. Primer sets specific for m-
type and i-type LMW-glutenin genes were used in PCRs with
genomic DNA extracted from different wheats. Lane 1, diploid T.
urartu (AA genome); lane 2, diploid Ae. speltoides (SS genome); lane
3, diploid Ae. tauschii (DD genome); lane 4, tetraploid 7. turgidum
durum wheat (AABB genome); lane 5, Hexaploid T. aestivum
Chinese Spring wheat; lane 6, CSN1AT1B (Chinese Spring nulli-
somic 1A, tetrasomic 1B); lane 7, CSN1BT1A); lane 8, CSN1DT1A.
Lane M, 1-kb Plus DNA Ladder (Invitrogen)
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regions for LMW-glutenin genes. The fact that both the
primer sets amplify products from the diploid A genome
suggests that both types of LMW-glutenin genes are
present in the A genome (Fig. 4). The deletion event
resulting in the conversion of m-type to i-type genes might
only happened to one of the m-type LMW-glutenin genes
in the diploid A genome. This result provides an expla-
nation for the previous finding that the i-type LMW-
glutenins in hexaploid wheats are A genome specific
(Zhang et al. 2004; Ikeda et al. 2006).

Gene duplication

Prolamin genes exist in multiple copies, suggesting gene
duplication was an active process during their evolution. In
BAC 790010, the two y-gliadin genes (Genel and Gene2)
shared ~98% sequence identity. Analysis of the flanking
sequences revealed that a 3.5-kb segment containing the
y-gliadin gene and a repetitive region consisting of two

fragments of LTR retrotransposons, Erika and Sabrina
were also a part of the duplication event. Detailed analysis
of the two paralogous regions identified a 235-bp segment
that repeated three times in the duplicated region. Such
structure suggests that a cross-over between D1 and D3
through homologous recombination resulted in the dupli-
cation of the complete ~7.5 kb region, and the D2 region in
the middle is likely to be a derivative of this event
(Fig. 5A).

The multiple w-gliadin genes in the B genome also
appear to have been derived from gene duplication events.
Given that four of the w-gliadin gene fragments (Gene20,
Gene22, Gene24, and Gene27) all contain only the last
100 bps from the 3’ end of the gene, and considering the
patterns of duplication and insertion of repetitive DNA
elements, we propose a model that involves at least 4
rounds of duplications, resulting in 8 w-gliadin genes in the
sequenced BAC region (Fig. 5B). The first duplication
occurred in an ancestor locus containing two w-gliadin

Fig. 5 Model for the evolution (A)
. . D1 - D3

of prolamin gene-containing S ° : N 2 kb
regions by duplication. (A) § Sabrina N
Duplication of a gliadin- X
containing region through D1 —» D3

- | X
recombination, D1, D2, and D3 NGZEN sabrina \
are repeat regions sharing 95% l Duplication by cross-over
senes re indicated by biack o g 2 i

N . . N n : N

boxes, with transcription § Sabrina § Sabrina N

orientation indicated by an
arrow. The partial Erika and
Sabrina retroelements are (B)
labeled in the color boxes. (B)
Multiple duplication events in
the w-gliadin gene region. Both
w-gliadin genes and gene
fragments are indicated with
black boxes with different
length and their gene numbers
corresponding to the
designation in Fig. 2 are
provided. Putative transcription
orientation of each gene or gene
fragment is indicated by an
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are labeled with different color
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genes, one an intact copy and the other a 100-bp gene
fragment. The first duplication resulted in four w-gliadin
genes; two fragments and two that are intact. The second
duplication occurred after the deletion of one of the intact
genes and insertion of a WIS retroelement between the two
w-gliadin genes (Gene20 and Gene 21). After the second
duplication, a CACTA element inserted in front of the WIS
element into one of the duplicated regions. Hence, the
region involved in the third duplication contained two
w-gliadin genes separated by a 15-kb repetitive DNA
region. The fourth duplication involved a region containing
only one w-gliadin gene. After this duplication, a deletion
occurred, leading to another fragmented version of the
original intact w-gliadin gene, Gene25 (see previous dis-
cussion). During the evolution of this w-gliadin gene
region, three retroelements (Jela, Fatima, and WIS) have
inserted upstream of Gene27. Taken together, frequent
sequence duplication, along with insertion of retroele-
ments, might have reshaped this region. Basically, in
addition of the increase of the w-gliadin genes, the size of
the segment has also been expanded from ~10 kb to a
much larger ~110 kb.

Discussion

In this study, we performed a detailed sequence compari-
son of the orthologous regions harboring four important
genetic loci, Gli-1, Gli-3, Glu-3, and Pm3, from the A and
B genomes of 7. durum wheat. This analysis not only re-
veals the dynamics of sequence rearrangements in the or-
thologous regions from two homoeologous wheat genomes,
but also provides insight into the molecular mechanisms
underlying the evolution of the prolamin genes. Further-
more, this study reveals the extent of the physical linkage
between the gliadin genes and LMW-glutenin genes, and
the unexpected presence of non-prolamin genes within
different types of prolamin gene loci.

Clustering of prolamin genes in wheat genomes

Despite the genetic evidence prior to this study that indi-
cated Gli-1, Gli-3, and Glu-3 loci were tightly linked, the
genomic organization and physical spacing between any
two prolamin loci had not been well characterized at the
sequence level. In this study, sequencing large-insert BAC
clones revealed that in the B genome, there are eight
w-gliadin genes/gene fragments in a ~100 kb region. Such
a tightly linked organization for w-gliadin genes has not
been previously reported. Gene clustering also holds true
for the y-gliadin genes (Fig. 1A). We showed that the
clustering of the w-gliadin genes is the consequence of
multiple rounds of segmental duplications (Fig. 5B).

Gene duplication can occur at different levels. While
whole genome duplication can result in duplicate copies of
all the genes in the genome, smaller scale duplications only
involve individual genes or genomic segments (Lawton-
Rauh 2003; Moore and Purugganan 2005). Multiple seg-
mental duplications that result in a high density of dupli-
cate genes has been described; however, it is usually
difficult to delineate the segmental region involved in each
duplications (Yuan et al. 2002; Zhang et al. 2005).
Therefore, the approach to understanding the mechanism of
gene family evolution is to construct phylogenies for the
gene families based on sequence identities (Cannon et al.
2004). In our study, evidence based on the four w-gliadin
gene fragments derived from the same deletion event and
the repetitive DNA insertion patterns helped identify four
rounds of segmental duplication events in this region,
resulting in eight copies of w-gliadin sequences. Multiple
duplications suggest that the genomic region containing
these w-gliadin sequences might be a hot spot for seg-
mental duplication. Interestingly, the Pm3 resistant locus
carrying multiple copies of the Pm3 genes resides in the
nearby region (Yahiaoui et al. 2006). However, large gene
families such as MADS-box and NBS-LRR resistance gene
clusters are often present at multiple genomic locations on
different chromosomes, suggesting that single-gene and
whole-genome duplications both contribute to the diversity
of plant species (Baumgarten et al. 2003; Moore and Pu-
rugganan 2005; Rijpkema et al. 2007). Wheat prolamin
gene families are primarily localized in three genomic re-
gions, two on chromosome groupl and one on chromo-
some group 6. It is likely that whole-genome duplication
did not significantly contribute to the increase of prolamin
genes, whereas, segmental duplication is the major force
in the evolution of prolamin gene families in the wheat
genome.

In contrast to the clustering of the gliadin genes, LMW-
glutenin genes are often separated from each other by much
larger distances. The two paralogous A genome LMW-
glutenin genes (Genel2 and Genel4) are approximately
100 kb apart (Fig. 2 and Supplement 1). The study on the
Glu-3 region from the A™ genome of T. monococcum
showed that the three paralogous LMW-glutenin genes
resided on three different BAC clones and the two LMW-
glutenin genes, TmGlu-A3-2 and TmGlu-A3-3, are sepa-
rated by 150 kb (Wicker et al. 2003). Previous studies on
LMW-glutenin genes from the D genome of Ae. tauschii
also indicated that all seven of the LMW-glutenin genes in
the genome are located on seven different BACs (Johal
et al. 2004), again implying a large distance between any
two LMW-glutenin genes. It has been shown that the rapid
amplification of retrotransposable elements in the wheat
genomes can greatly increase the size of intergenic regions
(SanMiguel et al. 2002; Wicker et al. 2003; Gu et al.
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2006). In this study, we found that the intergenic region
between two paralogous LMW-glutenin genes (Genel2
and Genel4) was significantly expanded by the insertion of
large blocks of nested repetitive DNA since the gene
duplication. It is possible that rapid amplification of
repetitive DNA might have also increased the intergenic
regions between some gliadin genes. We realized that both
sequenced BACs carry only portions of the gliadin gene
families, and our Southern hybridization experiment re-
vealed that almost half of the gliadin BACs (approximately
34 BAC clones) contained single gliadin gene (data not
shown). Previous analyses on the o-gliadin family indi-
cated that 70% of end sequences of the x-gliadin positive
BAC:s are repetitive DNA (Gu et al. 2004b).

Structural organization of prolamin genes in wheat
genome

Wheat prolamin genes are unique to Triticeae species,
suggesting their recent evolutionary history. Model species
such as rice will not provide insights about the creation and
evolution of species-specific genes. We also could not
identify orthologous regions in the rice genome based on
sequence comparison. Direct sequencing of the wheat
BACs provided an important view of structural organiza-
tion of the genomic regions containing multiple prolamin
genes. One interesting finding in this study is the identifi-
cation of several LMW-gliadin gene and y-gliadin-like
genes in the sequenced A genome region. While the LMW-
gliadin genes are known to be expressed in the endosperm
and are usually lacking a prominent repeat domain
(Anderson et al. 2001), the y-gliadin-like genes have not
been characterized. Our sequence data now revealed that at
least some are mapped near the Gli-I locus. The evolu-
tionary relationship among the LMW-gliadins, y-gliadin-
like genes, and typical y-gliadin genes, such as Genel and
Gene2, is not clear. However, it appears that they are
similar enough to the gliadins to be included as member of
the gliadin family of genes (Anderson et al. 2001). Despite
the fact that the p-gliadin-like genes identified here are
likely pseudogenes or inactive, it is possible that these
types of genes are active in other genomic regions or dif-
ferent Triticeae genomes. Furthermore, the discovery of
new types of prolamin related sequences in the prolamin
regions suggests that prolamin superfamily might be more
complex than originally thought (Shewry and Tatham
1990).

Another notable finding is that prolamin genes are
interspersed with non-prolamin genes (Fig. 2). This struc-
tural organization provides further assistance for explain-
ing the previous observation that fingerprinting and
subsequent assembly of prolamin BAC clones did not
result in large contigs spanning the entire locus region;
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instead multiple contigs and singletons were produced,
likely owing to the large distance separating the prolamin
genes (Gu et al. 2004a; Ozdemir and Cloutier 2005).
Similar result was obtained in this study when both the
gliadin and LMW-glutenin positive BAC clones were fin-
gerprinted and assembled together (data not shown). The
mosaic organization of prolamin and non-prolamin genes
also makes it difficult to determine the size of the genomic
regions spanning the prolamin gene loci within the wheat
genomes. For example, we only analyzed two orthologous
prolamin regions from the A and the B genomes. Other
prolamin genes closely linked to the studied regions are
likely present in each wheat genomes. It would be inter-
esting to examine if the genomic organization of the other
prolamin regions are similar to the analyzed BACs, and
what are the physical distances between different types of
prolamin genes in other regions?

Rapid sequence changes in homoeologous wheat
genomes

Our results provided further support to the notion that the
intergenic regions between wheat homoeologous genome
are not conserved (Gu et al. 2004b; Chantret et al. 2005).
Transposable elements comprise of over 75% of the wheat
genome with a size of 17 Gb (Li et al. 2004; Paux et al.
2006) and the majority of retrotransposable elements in-
serted into their current positions within the last ~2 million
years (SanMiguel et al. 1998, 2002; Ma et al. 2004;
Brunner et al. 2005). In addition, transposable elements
have the tendency to insert into similar elements. There-
fore, large and complex structures with multiple tiers of
nested insertions can be formed in the intergenic regions
within a short revolutionary history, resulting in differential
expansion in local genomic regions (Gu et al. 2004b). In
this study, we found that the two LMW-glutenin genes in
the A genome are separated by more than 100 kb of
repetitive DNA, while this local expansion is not present in
the orthologous region from the B genome (Fig. 2 and
Supplement 1).

While retroelement amplification is the primary means
by which repetitive DNA causes large-scale genome
expansion, segmental duplication also contributes to the
increase of repetitive DNA content in the genome. Two of
the four segmental duplications in the B genome involved
regions containing repetitive DNA (Fig. 3B). The repeti-
tive DNA contributed by the segmental duplication ac-
counts for 30% of the total repetitive DNA in BAC419P13.
The segmental duplication in the A genome BAC790010
also involved a region containing a gliadin gene and 3.5 kb
of repetitive DNA (Fig. 3A). Wicker et al. (2003) de-
scribed a segmental duplication of a 54-kb region of mostly
repetitive DNA which is present in the A™ genome of
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T. monococcum. The frequent segmental duplication events
must contribute to the rapid increase of repetitive DNA in
the wheat genome evolution.

Detailed comparative analyses on the orthologous re-
gions between wheat homoeologous genomes have been
conducted only in the HMW-glutenin and the Hardness
locus regions (Gu et al. 2004b; Chantret et al. 2005). It
appears that gene colinearity is maintained in the HMW-
glutenin region, while loss of two genes caused by a
deletion event occurred in the Hardness region. However,
in the orthologous regions studied here violations of gene
colinearity seem more frequent. In addition to the possible
rearrangement of Gli-1 and GIi-3 in the genomes, gene
duplication (Genel2 and Genel4) and inversion (between
Gene29 and Gene30) also caused disruption of microco-
linearity in the compared region. Moreover, seven genes
appear to be specific for the A genome of 7. durum wheat
since they are not present in the B genome of 7. durum
(Fig. 2) or A™ genome of T. monococcum (Wicker et al.
2003). The significant violation of gene colinearity in the
region could be explained by the notion that different
genomic regions are subjected to different rate of sequence
arrangements. In wheat, it has been demonstrated that the
rate of evolution in genomic regions is correlated to the
recombination rate along the chromosomes (Akhunov et al.
2003). The distal regions with higher recombination rates
tend to have more sequence arrangements. However, recent
studies indicate that almost 20% of predicted genes have
moved to different locations from their original genomic
locations in maize (Bruggmann et al. 2006). One of the
well-characterized mechanisms for gene movement is
mediated by Mutator-like transposons such as PACK-
MULEs in rice (Jiang et al. 2004) and Helitrons in maize
(Lai et al. 2005; Morgante et al. 2005; Morgante 2006).
Nevertheless, because of the rapid sequence rearrange-
ments, differential amplification/deletion of transposable
elements, and their active roles in shuffling genomic se-
quences, we might expect that many gene islands, like
those in the compared regions (Fig. 2), are not conserved
between the homoeologous wheat genomes.

The homoeologous wheat genomes, which diverged
from a common ancestor only 3—4 million years ago
(Huang et al. 2002), are not as conserved as previously
thought owing largely to the differential insertion of
transposable elements (Gu et al. 2004b; Chantret et al.
2005). The result from the present study further supports
the rapid sequence changes after the split of wheat ge-
nomes. The knowledge on the great sequence divergence
could have practical usefulness in designing effective
strategies to tackle the wheat’s large and complex genome.
Because of the limited sequence conservation between
homoeologous wheat genomes, it might be possible to
conduct global fingerprinting of polyploid wheat genome

for constructing separating physical maps for individual
subgenomes, although such strategy needs experimental
validation by detailed analyses on multiple orthologous
regions from the wheat genomes.
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