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To study genome evolution in wheat, we have sequenced and compared two large physical contigs of 285 and 142 kb cov-
ering orthologous low molecular weight (LMW) glutenin loci on chromosome 1AS of a diploid wheat species (

 

Triticum
monococcum

 

 subsp 

 

monococcum

 

) and a tetraploid wheat species (

 

Triticum turgidum

 

 subsp 

 

durum

 

). Sequence conserva-
tion between the two species was restricted to small regions containing the orthologous LMW glutenin genes, whereas

 

�

 

90% of the compared sequences were not conserved. Dramatic sequence rearrangements occurred in the regions rich in
repetitive elements. Dating of long terminal repeat retrotransposon insertions revealed different insertion events occurring
during the last 5.5 million years in both species. These insertions are partially responsible for the lack of homology between
the intergenic regions. In addition, the gene space was conserved only partially, because different predicted genes were
identified on both contigs. Duplications and deletions of large fragments that might be attributable to illegitimate recombi-
nation also have contributed to the differentiation of this region in both species. The striking differences in the intergenic
landscape between the A and A

 

m

 

 genomes that diverged 1 to 3 million years ago provide evidence for a dynamic and rapid
genome evolution in wheat species.

 

INTRODUCTION

 

Within the Triticeae tribe, the grass genus 

 

Triticum

 

 includes
diploid, tetraploid, and hexaploid species. Bread wheat (

 

Triti-
cum aestivum

 

; 2

 

n

 

 

 

�

 

 42, AABBDD) is allohexaploid and carries
three different subgenomes, A, B, and D. There are two differ-
ent A genomes in the wheat species: the A

 

u

 

 genome in 

 

Triticum
urartu

 

 and the closely related A

 

m

 

 genome in 

 

Triticum monococ-
cum

 

 (Dvorak et al., 1988). Modern hexaploid wheat resulted
from two independent hybridization events. The first combined
the A

 

u

 

 genome of the wild diploid wheat 

 

T. urartu

 

 and the B ge-
nome of an unknown species (Feldman et al., 1995; Huang et
al., 2002a). This resulted in the tetraploid ancestor of modern

 

Triticum

 

 species, 

 

Triticum turgidum

 

. The cultivated 

 

T. turgidum

 

subsp 

 

durum

 

 is derived from this tetraploid ancestor. 

 

T. turgi-
dum

 

 and the diploid donor of the D genome (

 

Aegilops tauschii

 

)
hybridized 

 

�

 

8000 years ago, resulting in hexaploid wheat
(Feldman et al., 1995).

Wheat belongs to the grass family Poaceae, and members of
this family display a high variability in genome size, for exam-
ple, 450 Mb for rice, 2500 Mb for maize, 5000 Mb for barley,
and 16,000 Mb for hexaploid wheat (Arumuganathan and Earle,
1991). This genome size variation is caused partly by differ-

ences in the ploidy level, but it is attributable mainly to differ-
ences in the amount of repetitive DNA (Flavell et al., 1974). In
maize and wheat, genes were found to be organized in gene is-
lands or as single genes separated by large regions of nested
repetitive elements (reviewed by Feuillet and Keller, 2002). In
addition to expressed genes, gene fragments have been found
in several sequenced regions in grass genomes (Feuillet and
Keller, 1999; Feuillet et al., 2001; Ramakrishna et al., 2002b). Il-
legitimate recombination and double-strand break repair mech-
anisms that introduce filler sequences into chromosomes might
be responsible for genome restructuring and the formation of
truncated genes (Ramakrishna et al., 2002b). The large genome
size of wheat is attributable partially to the presence of a large
amount of nested long terminal repeat (LTR) retrotransposons,
very similar to the situation in maize (SanMiguel et al., 1996;
Wicker et al., 2001; Ramakrishna et al., 2002a). The increase of
genome size caused by retrotransposons as well as trans-
posons (Wicker et al., 2003) is counteracted by mechanisms
that reduce genome size. These include unequal inter- or intra-
retroelement recombination events and deletions of apparently
random fragments of repetitive elements (reviewed by Bennetzen,
2002). The conflicting mechanisms of genome expansion and
reduction result in a dynamic process of genome evolution
(Petrov, 2001; Bennetzen, 2002). The balance between these
opposing forces might result in a stable genome size that can
vary among species.

Molecular mechanisms of genome evolution can be identi-
fied by comparative analysis of the genomes of related species.
Large-scale comparative studies have focused on sorghum
and maize as well as barley and wheat, which are estimated to
have diverged 16 and 11 million years ago, respectively. Analy-
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sis in rice, maize, and sorghum revealed a mosaic genome
structure at orthologous loci, with conserved sequences inter-
spersed with nonconserved sequences and gene amplification,
gene movement, and retrotransposition accounting for most of
the changes (Bennetzen and Ramakrishna, 2002; Song et al.,
2002). A comparison between wheat and barley revealed that
almost all of the intergenic regions are completely different,
indicating that 11 million years is sufficient time to erase ho-
mology outside of the gene space (Ramakrishna et al., 2002a;
SanMiguel et al., 2002).

The genus 

 

Triticum

 

 is ideally suited for comparative studies
of genomes that diverged relatively recently. A number of
closely related diploid and polyploid species are available, and
the individual genomes as well as the evolutionary time scale of
their divergence have been studied in detail (Dvorak and
Zhang, 1992; Allaby et al., 1999; Huang et al., 2002a, 2002b).
Based on the evolution of the 

 

Acc-1

 

 gene, 

 

T. urartu

 

 (donor of the
A genome of 

 

T. durum

 

 and 

 

T. aestivum

 

) and 

 

T. monococcum

 

(donor of the A

 

m

 

 genome) were estimated to have diverged only
0.5 to 1 million years ago (Huang et al., 2002a). The genome of 

 

T.
monococcum

 

 has been used successfully as a model for the A
genome of hexaploid wheat, confirming the close relationship
between the A

 

u

 

 and the A

 

m

 

 genomes (Stein et al., 2000).
To study genome evolution in wheat at the molecular level,

we have identified orthologous loci from A genomes of 

 

T.
monococcum

 

 and 

 

T. durum

 

. Comparison of 285 kb from 

 

T.
monococcum

 

 with 142 kb from 

 

T. durum

 

 showed very little se-
quence conservation between the two species. Only part of the

gene space is conserved, and the intergenic regions show ex-
tensive rearrangements. In addition to retrotransposon and
transposon insertions, comparisons of insertion and deletion
(InDel) patterns in a large (54-kb) duplication revealed a high
frequency of illegitimate recombination events that have shaped
the wheat genomes.

 

RESULTS

Identification of Orthologous Loci on Chromosome 1AS of 
Two Wheat Species

 

Orthologous genomic sequences of the A

 

m

 

 and A

 

u

 

 genomes
were isolated from BAC libraries of 

 

T. monococcum

 

 cv DV92
(Lijavetzky et al., 1999) and the tetraploid wheat 

 

T. durum

 

 cv
Langdon (A. Cenci, N. Chantret, Xy. Kong, Y. Gu, D.D. Anderson,
T. Fahima, A. Distelfeld, and J. Dubcovsky, unpublished data).
A BAC contig of 420 kb was established after screening of the

 

T. monococcum

 

 BAC library with a probe corresponding to the
coding region of a LMW glutenin gene, 

 

TaGlu-1D-1

 

 (Colot et
al., 1989) (Figure 1). The LMW glutenin genes encode wheat
storage proteins and belong to a gene family located on the
short arm of group 1 chromosomes (McIntosh et al., 1998). Hy-
bridization experiments identified three LMW glutenin genes
(

 

TmGlu-A3-1

 

,

 

 -2

 

, and -

 

3

 

) (Figure 1) on the 420-kb contig. Low-
pass shotgun sequencing of BAC 453N11 identified a 2-kb
shotgun insert (453N11-159, hereafter called 

 

SFR159

 

) that has
a low copy number and shows no homology with any known

Figure 1. Genetic and Physical Maps of Orthologous LMW Glutenin Loci in Diploid, Tetraploid, and Hexaploid Wheat Species.

BAC libraries from T. monococcum and T. durum were screened with a probe corresponding to the coding region of the TaGlu-1D-1 gene and with
SFR159, a shotgun clone of T. monococcum BAC453N11, respectively. The positions of probes on the contigs are indicated. The black dot repre-
sents the centromere position. Shaded areas indicate BAC clones that were chosen for complete sequencing. cM, centimorgan.
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sequence in the database. 

 

SFR159

 

 identifies three loci in 

 

T.
monococcum

 

 cv DV92 (Figures 1 and 2). Hybridization experi-
ments showed that the three fragments are present on the 420-
kb contig and are located close to each of the three LMW glu-
tenin genes (Figure 1). Hybridization of 

 

SFR159

 

 to genomic
DNA of Langdon/Chinese Spring substitution lines showed the
presence of a unique locus for 

 

SFR159

 

 on chromosome 1A of

 

T. durum

 

 cv Langdon (Figure 2). The screening of the 

 

T. durum

 

BAC library using 

 

SFR159

 

 as a probe yielded four BAC clones
that form a single contig of 

 

�

 

180 kb (Figure 1).
The orthologous relationship between the 

 

T. monococcum

 

and 

 

T. durum

 

 contigs was confirmed by genetic mapping in
hexaploid wheat. High-resolution mapping was performed us-
ing three low-copy-number probes: 

 

SFR159

 

, 

 

453N11-UP

 

 from

 

T. monococcum

 

, and 

 

107G22-Pro

 

 from 

 

T. durum

 

 (Figure 1). In-
terestingly, although 

 

SFR159

 

 identified one polymorphic locus
on chromosome 1A of both parents of the mapping population,
Chul and Frisal, the 1A locus of 

 

453N11-UP

 

 (a second locus
was mapped on chromosome 1B) was present only in Chul and

 

107G22-Pro

 

 was present only on chromosome 1A in Frisal, in-
dicating the existence of intervarietal differences at this locus in
hexaploid wheat. 

 

453N11-UP-1A

 

 and 

 

107G22-Pro

 

 both mapped

at the same position 0.1 centimorgan proximal to 

 

SFR159

 

 on
chromosome 1A (Figure 1). The orthologous contigs were char-
acterized further by low-pass shotgun sequencing of BAC
237I6 (

 

TmGlu-A3-1

 

 locus) and by complete sequencing of the
region of 

 

T. monococcum

 

 BAC clones 426K20, 18B1, and
453N11 (

 

TmGlu-A3-2

 

 and 

 

TmGlu-A3-3

 

 loci) and of 

 

T. durum

 

BAC 107G22.

 

Genes and Pseudogenes on the 

 

T. monococcum

 

 and 

 

T. 
durum

 

 Contigs

 

The sequenced 

 

T. monococcum

 

 contig covers a region of
285,444 bp (Figure 3A). The contig contains five putative
genes, two pseudogenes (see supplemental data online), and

 

�

 

83% repetitive DNA. More than 54 kb are present in dupli-
cate, with an overall sequence identity of 97.7%. The two dupli-
cated units each contain one LMW glutenin gene (

 

TmGlu-A3-2

 

and 

 

TmGlu-A3-3

 

), separated from each other by 

 

�

 

150 kb (Fig-
ure 3A). The coding sequences of these two genes are 99.4%
identical. 

 

SFR159

 

 is located 

 

�

 

2 kb upstream of both glutenin
genes. The relationship between these two genes and the third
locus on the 

 

T. monococcum

 

 BAC contig, which also contains
both a LMW glutenin gene (

 

TmGlu-A3-1

 

) and 

 

SFR159

 

 (Figure
1), was investigated by partial sequencing of the 

 

TmGlu-A3-1

 

gene and 

 

SFR159

 

 from BAC237I6. These sequences are 96 to
97% identical to the corresponding regions of the 

 

TmGlu-A3-2

 

and 

 

TmGlu3-A3-3

 

 loci, confirming that the three LMW glutenin
loci are paralogs.

A third putative gene, the sulfotransferase-like gene 

 

TmSTF-1

 

,
is only partially covered, because only the 5

 

�

 

 region is present
at the right end of the contig. Two hypothetical genes (

 

TmHG-1

 

and 

 

TmHG-2

 

) were predicted by the RiceGAAS annotation sys-
tem (Sakata et al., 2002), and corresponding ESTs were found
(see supplemental data online). Close to the right end of the
contig and upstream of 

 

TmSTF-1

 

, two pseudogenes were
found: 

 

TmRGL-1

 

 belongs to the NBS-LRR resistance gene an-
alog type, and 

 

TmPIK-1

 

 shows similarity to a phosphatidylino-
sitol-3 kinase gene from soybean.

The sequence of 

 

T. durum

 

 BAC 107G22 has a size of
142,018 bp. The 75 kb on the right side of the 

 

T. durum

 

 BAC
are poor in nested repetitive elements and contain six of seven
predicted genes (Figure 3B). Two putative genes (

 

TdGlu-A3-1

 

and TdRGL-1) and a pseudogene (TdLRR-1) were identified by
BLASTX (Basic Local Alignment Search Tool) (Figure 3B; see
also supplemental data online). The LMW glutenin gene (TdGlu-
A3-1) lies in the center of the T. durum sequence. Very similar
to the T. monococcum contig, the region corresponding to
SFR159 is found 2 kb upstream of the gene. TdRGL-1 is similar
to TmRGL-1 (see below), and only its 5� region is covered by
the contig. Approximately 12 kb upstream of TdGlu-A3-1, a
truncated Leu-rich repeat (LRR) of 250 amino acids (TdLRR-1;
Figure 3B) was identified that shows similarity to the LRR do-
mains of NBS-LRR resistance gene analogs. Three hypotheti-
cal genes (TdHG-1, TdHG-2, and TdHG-3) were predicted in a
16-kb region between TdGlu-A3-1 and TdRGL-1 (Figure 3B).
Finally, a pseudogene of 111 bp that has 70% homology with
the protein sequence encoded by the last exon of a gene that
encodes a Glabra2-like1 protein, TdHbox-1 (Figure 3B, gene 8),

Figure 2. Determination of the Copy Number and Chromosomal Loca-
tion of SFR159 in Chinese Spring and T. durum cv Langdon by DNA Gel
Blot Hybridization of HindIII-Digested Genomic DNA of Chinese Spring
Nullitetrasomic Lines and of Langdon/Chinese Spring Substitution
Lines.

TaCS represents the hexaploid wheat line Chinese Spring, TdLDN rep-
resents the tetraploid T. durum cv Langdon, and TmDV92 represents
diploid T. monococcum line DV92. N1A/T1B, N1B/T1A, and N1D/T1B
are nullitetrasomic lines of Chinese Spring. LDN-CS-1D(1A) and LDN-
CS-1D(1B) are Langdon/Chinese Spring disomic substitution lines in
which chromosome 1D of Chinese Spring replaces chromosome 1A or
1B of Langdon. Arrowheads at left indicate the SFR159 loci missing in
the Chinese Spring nullitetrasomic line N1A/T1B (CS 1A) and in the sub-
stitution line LDN-CS-1D(1A) (LDN 1A). These loci are attributed to chro-
mosome 1A of Chinese Spring (CS 1A) and to chromosome 1A of T. du-
rum cv Langdon (LDN 1A), respectively. The T. durum fragment is
present on Langdon BAC 107G22. Arrowheads at right indicate the
three loci detected by SFR159 in T. monococcum line DV92 (Tm 1A).
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was found inside a gypsy retrotransposon, Fatima_107G22-2
(Wicker et al., 2001). It is likely that it has been acquired by
Fatima_107G22-2. Acquisition of segments of cellular genes by
LTR retrotransposons has been described previously (Jin and
Bennetzen, 1994; Elrouby and Bureau, 2001).

Thus, only two genes (Glu-A3 and RGL-1) are conserved be-
tween T. monococcum and T. durum in the studied region,
whereas the other genes are different, indicating rapid changes
in overall gene organization in the two species.

Intergenic Regions

More than 230 kb (80% of the sequence) starting at the left
end of the T. monococcum contig and the first 67 kb from the
left end of the T. durum contig show a pattern of nested re-
petitive elements (Figure 3A). In T. monococcum, in addition
to 25 LTR retrotransposons and four large foldback elements
that we refer to as large inverted-repeat transposable ele-
ments (LITEs; Apollo_453N11-1, Rhea_426K20-1, Rhea_
453N11-1, and Zeus_426K20-1), we also identified 8 class-II
transposons and 10 non-LTR retrotransposons. Except for
Emil_453N11-1, whose ends are truncated, all identified class-
II transposons have terminal inverted repeats with a conserved

CACTA motif. This makes them similar to the previously de-
scribed TAT-1 element from T. aestivum (Feuillet et al., 2001).
Five of the CACTA transposons encode proteins similar to
known transposases, whereas the other three do not appear
to have any coding capacity. Two of these deletion derivatives
are small (892 and 1367 bp). We refer to these elements as
small nonautonomous CACTA (SNAC) transposons. All identi-
fied CACTA transposons, except for Mandrake_426K20-1,
were found nested into retrotransposons or other CACTA
elements. On the T. durum contig, only one CACTA element
was found in the region rich in nested repetitive elements,
whereas six were found in the gene-rich 75-kb region at the
right end, which contains only one non-LTR retrotransposon
(Karin_107G22-1) and a highly degenerated fragment of a copia
retrotransposon. Five of the class-II elements are of the CACTA
type, one of which encodes a putative transposase (Isaac_
107G22-1), whereas the other four are SNAC transposons
(SNAC_107G22-1, -2, -3, and -4). The sixth transposon is simi-
lar to Mutator elements (Joseph_107G22-1). A detailed char-
acterization of the identified class-II elements is provided by
Wicker et al. (2003).

The last 50 kb at the right end of the T. monococcum contig
have a sequence composition that differs from the rest of the

Figure 3. Sequence Organization of the T. monococcum and T. durum LMW Glutenin Contigs.

(A) T. monococcum sequence contig. a, b, and c indicate regions in which no repetitive elements were identified.
(B) T. durum sequence contig.
The left end of the contigs is distal on chromosome 1AS. Positions of genes, pseudogenes, and probes used for genetic mapping are indicated above
the maps. Transcriptional orientations are indicated with horizontal arrows. The details shown in Figure 6 are indicated with boxes. Colored boxes
and black boxes represent gene and pseudogene predictions supported by BLASTX homologies. Genes and pseudogenes are marked as follows: 1,
TmGlu-A3-2 (red box); 2, TmHG-1; 3, TmGlu-A3-3 (red box); 4, TmHG-2; 5, TmPIK-1; 6, TmRGL-1 (green box); 7, TmSTF-1; 8, TdHbox-1; 9, TmGlu-A3-1
(red box); 10, TdLRR-1; 11, TdHG-1; 12, TdHG-2; 13, TdHG-3; and 14, TdRGL-1 (green box). RFLP, restriction fragment length polymorphism.
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contig. The TmSTF-1 gene, the TmPIK-1 and TmRGL-1 pseudo-
genes, and TmHG-2 form a “gene-enriched island” with only a
few and highly degraded repetitive elements. In addition, this
gene-rich region contains four miniature inverted-repeat trans-
posable elements. For �18 kb of the 50-kb sequence, no obvi-
ous structures or similarities to known sequences could be
identified. Similarly, on the T. durum contig, �25 kb of se-
quence in the 75-kb region with few nested elements have no
obvious structures or similarities to known sequences.

Evolution of Paralogous Loci: Duplications and Deletions 
Have Shaped the TmGlu-A3 Loci

The T. monococcum sequence is characterized by the pres-
ence of a 54-kb tandem duplication containing the LMW glute-
nin genes. Interestingly, sequence conservation is not distrib-
uted equally over the entire duplicated sequence: the first 32 kb
show an overall sequence identity of 96.9% and contain 79 In-
Dels of 1 to 50 bp, whereas the next 22 kb (which contain the
glutenin gene) are 98.8% identical and contain only 27 InDels
of 1 to 33 bp.

Comparison of the two duplicated sequences allowed the re-
construction of the evolutionary events that have shaped this
region since the duplication. In addition to the glutenin gene,
the ancestor locus must have contained numerous repetitive
elements, including two copies of Sabrina (Shirasu et al., 2000),
the retrotransposons Heidi, Paula, and Wham-1 (SanMiguel et
al., 2002), two CACTA transposons, and two foldback ele-
ments, all of which are still present in the duplicated units. The
duplicated sequences then were subjected independently to
several insertions and deletions (Figure 4). The duplications and
insertions postulated by the model in Figure 4 increased the
size of the two loci by �65 kb (not including the initial 54-kb
duplication). This increase in size was counteracted partially by
six deletions (two intraelement recombination events and four
random deletions) that resulted in the loss of at least 24 kb.
Further indication of DNA loss through the deletion of random
fragments was found close to the left end of the T. monococ-
cum contig (positions 230,084 and 234,862; Figure 5A). As-
suming a size of 8 kb for each of the four affected elements
(Figure 5A), at least 16 kb must have been removed from this
region in two deletion events. A similar pattern of repetitive ele-
ments truncated by two deletions was found close to the left
end of the T. monococcum contig (data not shown).

In total, 8 of the 10 large deletions in repetitive elements de-
tected on the T. monococcum contig did not correspond to
unequal crossover events between LTR sequences. Their
breakpoints were searched for the presence of short direct re-
peats in their flanking sequences that can indicate illegitimate
recombination events (Devos et al., 2002). Two breakpoints
were flanked by a 2-bp direct repeat, and one was flanked by
a 3-bp repeat. Two other breakpoints were flanked by a 6-bp
direct repeat that carried one mismatch, and two (7 and 4 bp)
carried a mismatch and were separated from one another by
1 and 2 bp, respectively. Additionally, among the 28 InDels of
�3 bp that were revealed by comparison of the 54-kb tandem
duplication units, 50% were associated with perfect short re-
peats (Figure 5B). The proportion increased to 82% (23 of 28)

when repeats with one mismatch or 1 bp away from the InDel
border were included. Four InDels consisted of different num-
bers of repeat units of simple sequence repeats and therefore
might have originated from template slippage during DNA
replication. Direct repeats could not be identified for only 1 of
the 28 InDels. Four of the 28 analyzed InDels were duplica-
tions of 9 to 27 bp. In all four cases, the duplicated unit itself
terminated in short direct repeats with sizes of 2, 3, 4, and 4
bp. Interestingly, both units of the 4.5-kb duplication (Figure
4, step 4) and of a 320-bp direct repeat upstream of TmRGL-1
also were flanked by 4-bp direct repeats. Therefore, illegiti-
mate recombination also could be responsible for the duplica-
tion of large fragments.

Comparison of Orthologous Regions: Sequence 
Conservation between T. monococcum and T. durum
Is Very Limited

Sequences conserved between the T. monococcum and T. du-
rum contigs are restricted to the regions that contain the glute-
nin and RGL genes, whereas the rest of the two contigs (�90%
of the total sequence) shows no conservation at all. In the glu-
tenin region, the T. durum sequence is 96% identical to the
TmGlu-A3-2 and TmGlu-A3-3 loci. A region of �4.5 kb that in-
cludes the 1-kb coding sequence of the glutenin gene shows
no major deletions or insertions in any of the three loci (Figure
6). All three genes appear to be functional.

A solo-LTR of a Wilma retrotransposon was found at identi-
cal positions, 1.1 kb downstream of all three genes, indicating
that this element inserted before the divergence of T. mono-
coccum and T. urartu. Comparison of our sequences with a
LMW glutenin gene isolated from chromosome 1D of T. aesti-
vum (TaGlu-1D-1) showed 90% identity with each of the three
loci over its entire length of 3165 bp. This sequence, however,
is not interrupted by a Wilma element downstream of the glute-
nin gene (Figure 6), suggesting that the insertion of Wilma oc-
curred only in the A genome lineage.

At greater distances from the glutenin gene, more differences
can be found between T. monococcum and T. durum. The left
border of the conserved region is marked in T. monococcum by
a Wham-1 retrotransposon that has inserted into Wilma_
426K20-1 and in T. durum by a WIS_107G22-2 single LTR in-
terrupting Wilma_107G22-1 (Figure 6). Upstream of the glutenin
gene, conservation of sequences between the TdGlu-A3-1 lo-
cus and the TmGlu-A3-2 locus is interrupted by the insertion of
a foldback element (Zeus_426K20-1) followed by �35 kb of
nested insertions of a non-LTR retrotransposon (Paula) and
three LTR retrotransposons of the BARE-1 superfamily (Angela_
426K20-4, Angela_426K20-5, and WIS_426K20-1) (Figure 6).
After this interruption is a region of �4 kb that includes a small
CACTA transposon (Mandrake_107G22-1 and Mandrake_
426K20-1) that again shows 96% identity (Figure 6). In total,
12.4 kb surrounding the glutenin gene are conserved between
the TdGlu-A3-1 and TmGlu-A3-2 loci. The size of the con-
served region between the TdGlu-A3-1 and TmGlu-A3-3 loci is
�8 kb, because the TmGlu-A3-3 locus is truncated by a dele-
tion upstream of the glutenin gene (Figure 4, step 5).

Both contigs contain an NBS-LRR resistance-like gene close
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to their right ends. These genes are 85% identical in their cod-
ing regions, whereas their 5� untranslated regions are com-
pletely different. Although the region between the LMW glute-
nin and the RGL genes shows no sequence conservation

between the two species, the two genes are found at similar lo-
cations in both contigs (65 kb in T. monococcum and 75 kb in
T. durum) (Figures 3A and 3B). In this region, both contigs con-
tain different hypothetical genes and large regions in which no

Figure 4. Model for the Evolution of the TmGlu-A3-2 and TmGlu-A3-3 Loci after the 54-kb Duplication in T. monococcum.

Nested repetitive elements are depicted raised above the elements into which they inserted (i.e., the CACTA element C1 has inserted into the CACTA
element C2, producing the two fragments C2.1 and C2.2). Regions affected by deletions are indicated with braces. Step 1. A fragment of at least 54
kb is duplicated, creating the two paralogous loci TmGlu-A3-2 and TmGlu-A3-3. Step 2. A foldback element (Zeus_426K20-1) inserted �1 kb up-
stream of the coding region of the TmGlu-A3-2 gene and a CACTA transposon (SNAC_107G22-1) inserted 15 kb downstream of the gene. Two An-
gela elements inserted close to the left end of the contig. Step 3. The insertions were followed by three deletions (D1, D2, and D3). D1 was an unequal
crossover event that resulted in a single LTR (Angela_426K20-1), whereas D2 and D3 were deletions of random fragments. Step 4. A small duplication
of �4.5 kb resulted in a complex pattern of fragments of repetitive elements. Step 5. The insertions of two CACTA transposons, two LTR retrotrans-
posons (WIS_453N11-1 and Daniela_453N11-1), and the unclassified XG_453N11-1 element increased the size of the TmGlu-A3-3 locus by �40 kb.
At the same stage, a random deletion affected the flanking region of the originally duplicated fragment (D4), resulting in the truncated
Sabrina_453N11-1 and a small 39-bp fragment of the Paula_453N11-1 element. Step 6. Two additional deletions (D5 and D6) affected two retrotrans-
posons. D5 was a deletion of a random fragment within the internal domain of Daniela_453N11-1, and D6 was an unequal crossover between the two
LTRs of WIS_453N11-1. MITE, miniature inverted-repeat transposable element.
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repetitive elements are found (Figures 3A and 3B). Therefore,
the absence of sequence conservation here cannot be ex-
plained solely by insertions of repetitive elements.

The Glu-A3 Loci from T. monococcum and T. durum 
Diverged �1 to 3 Million Years Ago

Because of the mechanism of reverse transcription, the two
LTRs of a retrotransposon are identical at the time of insertion
into the genome. Therefore, the number of base substitutions
between the two LTRs can be used to estimate the time of ret-
rotransposon insertion (SanMiguel et al., 1998, 2002). Insertion
times were estimated for 11 retrotransposons with intact LTRs
using the average base substitution rate calculated from the
grass adh1-adh2 region of 6.5 � 10�9 per site per year (Gaut et
al., 1996). Our results show that all 11 elements inserted into
the genome within the last 5.5 million years (Figure 6; see also
supplemental data online). The estimated insertion times are
consistent with the insertion order established from the posi-
tions of the individual elements in the nested structures
(younger elements are inserted into older elements). The solo-
LTR of Wilma (downstream of the glutenin gene; Figure 6) is the
only retrotransposon conserved between the two species. Be-
cause the loci were identical at the time of their divergence, we
also applied the dating method to the conserved Wilma LTR of
the two species. According to this estimate, the T. monococ-
cum and T. durum loci diverged �2.9 million years ago. Very

similar values also were obtained when the entire region (8 kb)
that is conserved in T. durum and in both T. monococcum Glu-A3
loci was used (3 to 3.13 million years ago) (Table 1). The same
8-kb region also was used to date the large 54-kb duplication in
T. monococcum (1.23 million years ago; Table 1).

Our estimate for the A genome species divergence time dif-
fers from recently published data that wheat species carrying
the A genome radiated during the last 0.5 to 1 million years
(Huang et al., 2002a). A possible explanation for this discrep-
ancy is that different haplotypes were present already in the an-
cestor population of the A genome species from which all other
A genomes evolved. A second explanation is that different re-
gions of the genome might evolve at different rates, resulting in
differences in their estimated divergence times. LTRs in ret-
rotransposons as well as other noncoding sequences show
high mutation frequencies in CG/CNG sites because of the 5�

methylation of deoxycytidines (SanMiguel et al., 1998). In the
LTR sequences used to date retrotransposon insertions, 65%
of the transitions occurred in CG/CNG sites. This number does
not differ significantly from the observed 60% of transitions in
CG/CNG sites in the 8-kb region used to date the T. monococ-
cum duplication as well as the T. monococcum/T. durum diver-
gence (data not shown). Thus, it is likely that the relative dating
of this sequence versus LTR sequences is accurate but that the
absolute dates are overestimated.

Interestingly, 6 of the 11 dated retrotransposon insertions
were predicted to have occurred before the divergence of the
T. monococcum and T. durum loci (Figure 6; see also supple-
mental data online), but none of the 6 elements is conserved
between the two species. It is likely that the absence of the old-
est dated retroelements is caused by deletions that occurred in
one of the two species. In T. monococcum, a breakpoint of
such a putative deletion was identified (indicated by a vertical
arrow in Figure 6). As a consequence of this large deletion, se-
quences that are not covered by the T. durum BAC were
shifted into the window of observation provided by the T.
monococcum contig. However, given the possible differences
in evolution rates between the LTR sequences and other se-
quences (SanMiguel et al., 1998), in our case the 8-kb frag-
ment, we cannot exclude the possibility that some of the non-
conserved retroelements inserted only after the species
divergence.

DISCUSSION

Mechanisms of Genome Divergence at the Glu-A3/SFR159 
Loci in Wheat

The characterization of orthologous LMW Glu-A3/SFR159 loci
from T. monococcum and T. durum and the subsequent analy-
sis of large sequence stretches from both loci revealed a com-
plex evolution of this region. Several mechanisms acted on the
orthologous Glu-A3/SFR159 loci and resulted in a different ge-
nome landscape. The first differences were caused by a differ-
ential amplification of the glutenin loci. In T. monococcum,
large duplication events resulted in the presence of three loci of
the glutenin gene associated with the low-copy probe SFR159,
whereas only one locus of a LMW glutenin in T. durum was as-

Figure 5. Patterns of DNA Deletions in Wheat.

(A) Truncated repetitive elements resulting from random fragment dele-
tions. The deleted regions are indicated with braces. One deletion af-
fected Sabrina_453N11-2 and the 3� region of Emil_453N11-1 as well as
the sequences located between them. A second, independent event af-
fected the 5� region of Emil_453N11-1 as well as a non-LTR retrotrans-
poson (Karin_453N11-1) and Angela_453N11-1, which is nested inside
Karin_453N11-1.
(B) Direct repeat structures in short InDels from the 54-kb duplication in
T. monococcum. InDels were characterized by the alignment of the two
duplicated units. Direct repeat structures that could serve as templates
for illegitimate recombination are highlighted with boxes.
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sociated with SFR159. Other LMW glutenin genes are present
on chromosome 1A of T. durum (our unpublished results), but
none of them is linked to SFR159. This finding indicates that
different duplication events have occurred at the LMW glutenin
locus in the T. urartu lineage compared with the T. monococ-
cum lineage or that further deletion events may have eliminated
the SFR159 region from the duplicated units. Our estimate of
the TmGlu-A2 and TmGlu-A3 date of divergence favors the first
hypothesis. To confirm this hypothesis, we performed restric-
tion fragment length polymorphism (RFLP) analysis of SFR159
in different accessions of T. monococcum and T. urartu and in
wild tetraploid wheat (Triticum dicoccoides; AABB). The find-
ings of this analysis indicated that the triplicate pattern of
SFR159 in cv DV92 is present in some, but not all, T. monococ-
cum accessions. Moreover, we found that variation exists
among T. monococcum and T. urartu genomes at this locus
(our unpublished results).

In addition to differential gene amplification, transposable el-
ement insertions and subsequent deletions contributed to the
differentiation of the regions studied. The duplicated fragments
in T. monococcum include large stretches of transposable ele-
ments that were subsequently enlarged differentially by inser-
tions of additional repetitive elements. Deletions and small du-
plication processes that act on these regions contributed

further to the divergence of part of the duplicated sequence,
whereas the glutenin gene regions were less affected by large-
scale rearrangements. In T. durum, the distal side of the Wilma
LTR/LMW-glutenin/SFR159 region is bordered by a region rich
in retroelements with no similarity to those found at similar po-
sitions in T. monococcum. This finding indicates that similar
mechanisms of transposable element insertions and deletions
occurred independently in both species, resulting in large dif-
ferences in the nongenic space. Previous studies, including re-
cent work on small genomic fragments of high molecular
weight glutenins in the Triticeae, have shown that retroelement

Figure 6. Comparison between the Glu-A3 Loci of T. monococcum and T. durum and the TaGlu-1D-1 Locus from the D Genome of Hexaploid
Wheat.

The depicted regions of the T. monococcum and T. durum sequence contigs correspond to details 1, 2, and 3 in Figure 3. Regions conserved be-
tween T. monococcum and T. durum are indicated by light blue areas. Regions conserved between T. monococcum, T. durum, and the TaGlu-1D-1
locus are indicated by pink areas. Repetitive elements nested into other elements are depicted raised above the elements into which they inserted.
The estimated insertion times of the repetitive elements (in million years) are shown inside the elements. The vertical arrow indicates the breakpoint of
a large deletion in T. monococcum. MITE, miniature inverted-repeat transposable element.

Table 1. Estimated Divergence Time of the Two T. monococcum LMW 
Glutenin Loci Glu-A3-2 and Glu-A3-3 and the T. durum LMW Glutenin 
Glu-A3-1 Locus

LMW Glutenin

Base
Pairs
Aligned Substitutions

Million
Years
Ago SD

TmGlu-A3-2/TmGlu-A3-3 7280 115 1.23 0.11
TdGlu-A3-1/TmGlu-A3-2 7361 277 3.00 0.18
TdGlu-A3-1/TmGlu-A3-3 7331 290 3.13 0.18
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insertions are a major mechanism of divergence of paralogous
and orthologous intergenic regions (Anderson et al., 2002). This
notion is demonstrated here on a much larger scale. In addition
and in contrast to previous studies in the Triticeae, a large num-
ber of class-II elements also participated in the divergence of
intergenic regions. They contribute �24 and 21% to the total
sequence of our T. monococcum and T. durum contigs, re-
spectively. These numbers do not necessarily reflect the global
contribution of class-II elements to the entire wheat genome.
However, they suggest that these elements may occur more
frequently in the Triticeae genomes than was assumed previ-
ously. The observed high density of class-II elements may have
contributed to an increased instability of the region, and some
of the numerous small InDels identified on the T. monococcum
contig could be footprints generated upon the excision of
transposons from the genome.

In both species, a large region proximal to the glutenin genes
with a low content of nested repetitive elements was identified.
A pseudogene and a partial gene of the same RGL family were
the only similar gene sequences identified between the two
species in this region. The presence of different sets of pre-
dicted genes and the lack of similarity in the rest of the region
indicate large rearrangements. The mosaic structure of con-
served and nonconserved genes is similar to the observations
in a comparative study of the zein locus of maize and ortholo-
gous regions in sorghum and rice (Song et al., 2002). Gene
movement and translocations (Song et al., 2002), as well as
large-scale deletions that occurred independently in T. mono-
coccum and T. durum, likely are responsible for the actual
structure of the Glu-A3 regions.

Genome Expansion and Contraction through
Illegitimate Recombination

In addition to the insertions of repetitive elements, duplications
can contribute to genome expansion. At the LMW glutenin lo-
cus on chromosome 1D, the detection of multiple loci by most
RFLP probes suggested that gene duplication events have oc-
curred throughout this chromosomal region (Spielmeyer et al.,
2000). We found large duplication events leading to the three
identified glutenin loci in T. monococcum and duplications of
smaller fragments (from a few base pairs up to 4.5 kb). Our
data indicate that, in addition to unequal recombination, illegiti-
mate recombination (Devos et al., 2002) is a possible molecular
mechanism that generates duplications. Illegitimate recombi-
nation requires only a few base pairs of sequence identity and
therefore could explain the apparently random distribution,
size, and sequence composition of the duplicated units.

The increase in genome size through duplications and inser-
tions of repetitive elements is counteracted partially by the loss
of DNA (Bennetzen, 2002). In addition to the loss of DNA through
intraelement crossover that results in solo-LTRs, as reported
previously in the Triticeae (reviewed by Bennetzen, 2002), a
second type of deletion was observed. It affected large random
fragments of repetitive DNA, and in one case, it probably re-
sulted in the truncation of the TdLRR-1 pseudogene. In previ-
ous studies of Triticeae genomes, extensive deletions were re-
ported that are not associated with intraelement crossover or

intrastrand interelement recombination (Wicker et al., 2001;
SanMiguel et al., 2002). In the T. durum and T. monococcum
sequences studied here, the major deletion events that might
be attributable to illegitimate recombination clearly outnumber
the deletions caused by intraelement recombination. These
data are consistent with findings in Arabidopsis, in which illegit-
imate recombination also is believed to be primarily responsible
for the removal of nonessential DNA (Devos et al., 2002). There-
fore, we suggest that illegitimate recombination is a major fac-
tor in the evolution of the wheat genome. We speculate that it is
of importance in the creation of new genetic “raw material”
through duplications of random fragments as well as in coun-
teracting the increase in genome size through deletions.

The Intergenic Regions of the Wheat Genome Evolve
Very Rapidly

Most of the studies on microcolinearity between genomes of
grass species have been performed on species that diverged
�10 million years ago (Bennetzen and Ramakrishna, 2002;
Ramakrishna et al., 2002a; SanMiguel et al., 2002; Song et al.,
2002). They have shown that insertions of new elements, dele-
tions, and in some cases gene translocation and amplification
may eliminate any similarity in intergenic regions. We found that
similarities in the Triticum intergenic regions already were elimi-
nated within 1 to 3 million years, which is at least three times
more rapid than has been suggested previously (SanMiguel et
al., 2002). This is likely the case in the entire wheat genome, al-
though the ratio between conserved and nonconserved regions
might show variations. In our case, only 8% of the analyzed re-
gion was conserved, including the gene space. In another
study, comparison of a 340-kb colinear region of T. monococ-
cum chromosome 5AmL with T. durum chromosome 5A in the
Vrn-2 region revealed 100 kb of colinear sequence (97.3%
identical). After excluding five conserved gene regions (16 kb),
the conserved segments represented 26% of the intergenic re-
gions of the T. monococcum sequence (J. Dubcovsky and P.
SanMiguel, unpublished data), which indicates extensive and
rapid changes in these regions as well. The various InDels of
DNA that took place after the large 54-kb duplication in T.
monococcum demonstrate that the wheat genome has under-
gone dramatic changes even in “recent” evolutionary times
(�1.2 million years ago).

These data imply that significant differences can be ex-
pected even between different wheat varieties. Analysis of
orthologous regions in different species usually relies on the
assumption that the genotypes chosen for the analysis repre-
sent the entire species. However, exceptional haplotype varia-
tion was reported recently at orthologous bz loci in maize (Fu
and Dooner, 2002), and in wheat, RFLP studies have detected
the existence of different haplotypes in diploid wild wheat spe-
cies that were transmitted to different genotypes of hexaploid
wheat (Scherrer et al., 2002). We have found similar evidence
for polymorphic haplotypes at the SFR159 loci in different T.
monococcum, T. urartu, and T. dicoccoides accessions (our
unpublished results), and we are currently investigating the
presence of these haplotypes in hexaploid wheat.

We have shown that similarities in A genome intergenic re-



Dynamic Genome Evolution in Wheat 1195

gions are eliminated already within 1 to 3 million years. Given
that the diploid Triticum/Aegilops species (A, B, and D genome
species) radiated 5 to 6.9 million years ago (Allaby et al., 1999),
we expect that the three genomes that form the polyploid
wheat genome are highly differentiated in their intergenic re-
gions by differential insertion and deletion events. This diver-
gence probably is responsible for the size difference of the
three genomes (Kellogg, 1998) and is increased by the elimina-
tion of low-copy sequences and retrotransposition events that
occur during polyploidization (Ozkan et al., 2001). Additional
studies of orthologous loci in diploid, tetraploid, and hexaploid
wheat as well as in other Triticeae species are required to gain
a better overview of their genomes and to determine whether
our observations can be generalized.

METHODS

Plant Material

Genetic mapping was performed on an F2 population of 1340 plants
from the cross between Triticum aestivum lines Chul and Frisal. For re-
striction fragment length polymorphism studies, leaf material was har-
vested from diploid, tetraploid, and hexaploid wheat lines. Diploid Triti-
cum monococcum subsp monococcum line DV92 (Am genome) and
tetraploid Triticum turgidum subsp durum cv Langdon (AB genome)
were used. The copy numbers and chromosomal locations of restriction
fragment length polymorphism probes were determined by DNA gel blot
hybridization using aneuploid nullitetrasomic lines of hexaploid wheat,
Chinese Spring (Sears, 1966), and Langdon/Chinese Spring substitution
lines in which chromosomes of Langdon were substituted by the Chi-
nese Spring D genome homologs (Joppa and Williams, 1988).

Restriction Fragment Length Polymorphism Analysis

Isolation of genomic DNA, DNA gel blot hybridization, labeling experi-
ments, and linkage analysis were performed as described by Stein et al.
(2000). Twenty micrograms of genomic DNA was used for hexaploid
wheat lines, 13 �g was used for tetraploid lines, and 7 �g was used for
diploid lines.

BAC Library Screening and BAC Analysis

Screening of the T. monococcum (Lijavetzky et al., 1999) and the T. du-
rum BAC library (http://agronomy.ucdavis.edu/Dubcovsky/BAC-library/
BAC_Langdon.htm) was performed by hybridization as described by
Stein et al. (2000). BAC DNA preparation for fingerprint analysis and BAC
end sequencing were performed as described previously (Stein et al.,
2000). BAC clones were assembled into contigs based on their HindIII,
NotI, and SalI restriction patterns and hybridization with the BAC ends.

Shotgun Sequencing

Preparation of shotgun clones from BAC clones 107G22 (T. durum) and
426K20, 453N11, and 237I6 (T. monococcum) was performed as de-
scribed by Stein et al. (2000). A 95-kb NotI fragment from 18B1, which
overlaps with BACs 453N11 and 426K20, was chosen for the construc-
tion of a partial shotgun library. BAC DNA (20 �g) was digested with NotI
and run on a pulse field gel electrophoresis gel overnight. The 95-kb

fragment was excised from the gel, and the DNA was eluted by electro-
elution and used directly for mechanical shearing. All subsequent steps
of shotgun library production were performed as described for the other
BAC clones. Plasmid DNA from shotgun clones was extracted with
BioRobot 9600 (Qiagen, Valencia, CA) using the Wizard SV96 plasmid
DNA purification system (Promega, Wallisellen, Switzerland) and used
directly for cycle sequencing from both directions on an ABI PRISM 377
sequencer (Perkin-Elmer Applied Biosystems, Rotkreuz, Switzerland).
Gaps between subcontigs were filled by PCR using 20-mer oligonucle-
otides with a minimal GC content of 60%. PCR products were cloned
into the pGEM-T Easy Vector (Promega). Difficult sequences or large
PCR products were sequenced using automatic DNA Sequencer 4200
(Li-Cor, Lincoln, NE).

Sequence Analysis

Base calling and quality of the shotgun sequences were processed us-
ing Phred (Ewing et al., 1998) and assembled using the Phrap assembly
engine (version 0.990319; provided by P. Green and available at http://
www.phrap.org). The BACs were sequenced up to nine times coverage.
Subcontigs and singlet DNA sequences were analyzed using BLAST
(Basic Local Alignment Search Tool) algorithms (Altschul et al., 1997)
against public DNA and protein sequence databases. Detailed sequence
analysis was performed with the GCG Sequence Analysis Software
Package version 10.1 (Madison, WI) and by dot-plot analysis (DOTTER;
Sonnhammer and Durbin, 1995). Analysis of repetitive sequences and
transposable elements was performed by BLAST search against public
databases, the database for Triticeae repetitive DNA (TREP; http://
wheat.pw.usda.gov/ITMI/Repeats) (Wicker et al., 2002), and a local da-
tabase for repetitive DNA. Direct and inverted repeat sequences were
identified with the GCG program BESTFIT and dot-plot analysis of the
query sequence against itself. For gene prediction in regions in which no
putative genes or repetitive elements were identified by BLASTX or
BLASTN, the RiceGAAS annotation system (Sakata et al., 2002) was
used. Predicted genes were considered if they were predicted by at least
two prediction programs. Genes and proteins are named with the first
two letters representing the initial letters of the Latin binomial followed
by the original symbol. For efficient processing of large sets of se-
quences, programs were written using the language PERL. Dating of re-
trotransposon insertions and divergence times between different loci
was performed as described by SanMiguel et al. (1998).

Upon request, all novel materials described in this article will be made
available in a timely manner for noncommercial research purposes.

Accession Numbers

The sequences presented in this study were deposited in GenBank un-
der the accession numbers AY146587 (T. durum contig) and AY146588
(T. monococcum contig). GenBank accession numbers of other se-
quences mentioned in this article are P42347 (soybean phosphatidyl-
inositol 3-kinase) and X13306 (low molecular weight glutenin gene Ta-
Glu-1D-1). TrEMBL accession numbers for other sequences mentioned
in this article are Q9M1V2 (Arabidopsis sulfotransferase-like protein) and
Q9LFW5 (Arabidopsis homeodomain Glabra2-like1 protein).
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