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Summary

In plant species with large genomes such as wheat or barley, genome organization at the level of DNA

sequence is largely unknown. The largest sequences that are publicly accessible so far from Triticeae

genomes are two 60 kb and 66 kb intervals from barley. Here, we report on the analysis of a 211 kb

contiguous DNA sequence from diploid wheat (Triticum monococcum L.). Five putative genes were

identi®ed, two of which show similarity to disease resistance genes. Three of the ®ve genes are

clustered in a 31 kb gene-enriched island while the two others are separated from the cluster and from

each other by large stretches of repetitive DNA. About 70% of the contig is comprised of several classes

of transposable elements. Ten different types of retrotransposons were identi®ed, most of them forming

a pattern of nested insertions similar to those found in maize and barley. Evidence was found for major

deletion, insertion and duplication events within the analysed region, suggesting multiple mechanisms

of genome evolution in addition to retrotransposon ampli®cation. Seven types of foldback transposons,

an element class previously not described for wheat genomes, were characterized. One such element

was found to be closely associated with genes in several Triticeae species and may therefore be of use

for the identi®cation of gene-rich regions in these species.

Keywords: wheat, shotgun sequencing, sequence analysis, genome evolution, repetitive DNA, foldback

elements.

Introduction

The grass genus Triticum includes diploid, tetraploid and

hexaploid species. Bread wheat (Triticum aestivum L.) is

hexaploid and has an estimated genome size of 1.6 3

1010 bp (Bennet and Leitch, 1995). It probably originated

from two hybridization events, bringing together the A, B

and D genomes of three diploid wheat species. The

genome of the domesticated diploid wheat T. mono-

coccum can be used as a model for the A genome of

hexaploid wheat. It was shown to be closely related to the

genome of T. urartu, the donor of the A genome of T.

aestivum (Dubcovsky et al., 1995; Dvorak et al., 1988).

Recently, a large insert genomic library of T. monococcum

was constructed (Lijavetzky et al., 1999), providing a tool

for the investigation of large genomic regions in wheat.

T. monococcum has a genome size of approximately

5.7 3 109 bp (Arumuganathan and Earle, 1991). This is

more than 44 times larger than the genome of Arabidopsis

(1.3 3 108 bp; Lin et al., 1999; Mayer et al., 1999). Even

species from the same plant family can exhibit striking

differences in genome size, although the total number of

genes might not be substantially different between them

(Ahn et al., 1993), for example within the Poaceae family,

the rice genome (4.5 3 108 bp) is approximately 12 times

smaller than the genome of diploid wheat (Bennet and

Leitch, 1995). About 80% of the wheat genome consists of

repetitive DNA elements (Smith and Flavell, 1975). These

elements, mainly long-terminal repeat (LTR) retrotrans-

posons (Kumar and Bennetzen, 1999), are responsible for

the vast differences in genome size between plant species

(Bennetzen, 1998).

Genome-wide analysis has thus far been restricted to

model plant species such as Arabidopsis and rice because
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of their small and less complex genomes. The genome of

Arabidopsis only contains about 10% repetitive DNA as

revealed by full length sequencing of chromosomes 2 and

4, which represents 30% of the total genome (Lin et al.,

1999; Mayer et al., 1999). LTR retrotransposons are mainly

clustered in gene poor regions around the centromere and

a few are interspersed between genes (Lin et al., 1999;

Mayer et al., 1999). Information about genome organ-

ization of grass species was obtained by targeted analysis

of speci®c genetic loci. Analysis of 340 kb of contiguous

DNA sequence at the Adh1-Adh2 locus of rice revealed that

almost 15% of the DNA was represented by LTR-retro-

transposons which were neither clustered nor nested

(Tarchini et al., 2000).

Maize is the only plant species with a large genome

(2.4 3 109 bp) for which long stretches of DNA have been

analysed. Sequence analysis of 217 kb at the adh1 locus of

maize revealed two major patterns of spatial organization

of genic and repetitive DNA regions. Single genes

were either scattered in between blocks of nested retro-

elements (14±70 kb in length, contributing up to 74% to the

total sequence), or they were clustered without separation

by LTR retroelements forming gene-enriched islands

(Tikhonov et al., 1999). The intergenic spaces in maize

were seven-fold larger than in the orthologous regions in

rice and sorghum due to the presence of different classes

of nested LTR retrotransposons (Chen et al., 1997;

SanMiguel et al., 1996). This led to the hypothesis of

local ampli®cation of retrotransposable elements as a

major driving force of genome expansion in maize

(SanMiguel et al., 1998).

Limited insight into genome organization of Triticeae

species was provided by the analysis of 60 kb and 66 kb of

contiguous sequence from the mlo and rar1 loci of barley

chromosomes 4HL and 2HL, respectively (Panstruga et al.,

1998; Shirasu et al., 2000). These studies have revealed a

six to 10 times higher gene density than expected in the

analysed regions, with few or no transposable element

sequences separating the identi®ed genes. A similar gene

density and genome organization was found on two 14 kb

and 23 kb sequences of orthologous regions in wheat and

barley, respectively (Feuillet and Keller, 1999). Although

the total analysed sequence per genome was short, these

®ndings are similar to the results from maize where gene-

enriched islands are separated by long stretches of nested

retrotransposons (Panstruga et al., 1998).

Sequencing of large DNA stretches is essential for a

better understanding of genome organization of large

genome plants. Recently, a 450-kb BAC contig was estab-

lished on chromosome 1AmS of T. monococcum in the

genomic region orthologous to the Lr10 leaf rust resist-

ance locus from hexaploid wheat (Stein et al., 2000). In the

present study we report the full length sequencing and

detailed analysis of a 211-kb part of this contig. The

sequence contains ®ve putative genes. Ten different types

of retrotransposons and seven novel types of foldback

elements were identi®ed. One type was found to be closely

associated with genes. In addition, evidence for large

deletions, insertions and duplications of DNA was found,

suggesting multiple and complex mechanisms of wheat

genome evolution.

Results

Sequencing a contiguous stretch of 211 kb from

T. monococcum

The full length sequence of the two BAC clones 640L20 and

111I4 (Accession number AF326781) covers 211 009 bp of

chromosome 1AmS of Triticum monococcum (Figure 1).

This sequence is part of a previously established 450 kb

contig spanning the region orthologous to the Lr10 locus of

hexaploid wheat (Stein et al., 2000). The two BAC clones

overlap in a region of 10 337 bp. Shotgun sequencing

provided an approximately nine-fold coverage of the two

BACs (2678 sequences with an average length of 715 bp).

PHRAP assembly of the shotgun clones alone did not result

in a single contiguous sequence due to the presence of

repetitive DNA elements or structures that were problem-

atic for sequencing (that is stretches of poly(G)). In all but

two cases, fragments spanning the gaps between sub-

contigs could be PCR ampli®ed and sequenced. Two gaps

were caused by poly(G) stretches (poly(G)-2, poly(G)-3),

which could not be sequenced in their full length (Figure 1).

The sizes of PCR fragments spanning these two gaps were

estimated on agarose gels and in both cases the sequence

was completed with a stretch of 20 G's (Positions 108 000

and 178 573). LTRs of retrotransposons caused misalign-

ments of sequences in three cases, because the pairs of

LTRs were combined into their consensus sequences while

the internal domain was assembled in a separate contig.

The expected retrotransposon structure was con®rmed by

sequencing of PCR fragments connecting the internal

domain with the LTR.

Gene distribution and ratio of physical to genetic

distance

Five putative genes, including two resistance gene

analogues (RGA-1 and RGA-2), were identi®ed on the

211 kb contig (Figure 1). Three genes are located within the

terminal 31 kb at the left end of the contig. The ®rst 950 bp

at the left end cover a part of a putative actin gene. The

gene fragment consists of two putative exons encoding

190 amino acids that are 100% identical to the corres-

ponding region of ACT2 from A. thaliana (Accession

number P53492). A second candidate gene, which was

called CCF (Chromosome Condensation Factor, position
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15,603±19 330), consists of four exons and encodes a

protein of 907 amino acids (Figure 1). This protein is 57%

similar to a putative regulator of chromosome condensa-

tion from Arabidopsis (Accession number Q9SFH6). The 3¢
region of the gene and its 3¢ untranslated region show a

pattern of four direct repeats (see below). A resistance

gene analogue (RGA-2, position 26,161±30 929) was identi-

®ed close to the 3¢ end of the CCF gene. The gene has a

length of 4766 bp and contains two introns. It encodes a

putative protein of 1169 amino acids that is 64% similar to

the product of the rice blast resistance gene Pib from O.

sativa (Accession number AB013449). No genes were

identi®ed in a large stretch of more than 140 kb in the

central region of the contig. However, a large number of

retrotransposons inserted into and beside one another

were found in this region (Figure 1). A second resistance

gene analogue (RGA-1) was identi®ed at position 162,858±

166 763. The putative gene encodes a protein of 906 amino

acids which shows 54% similarity to the disease resistance

protein RPM1 homologue from sorghum (Accession

number Q9XEQ9). The ®fth putative gene was found at

position 197,938±201 885. The deduced amino acid

sequence is 40% similar to a nodulin-like protein

(Accession number Q9ZUS1) from Arabidopsis. The pro-

posed gene was therefore called NLL (Nodulin-Like-Like)

gene. It consists of six short exons which encode a protein

of 407 amino acids. The region of exon 4 is 84% identical to

the sequence of the barley RFLP marker MWG2245

(position 198,531±198,869; Stein et al., 2000).

Genetic linkage of probes derived from the analysed

211 kb contig was determined in hexaploid wheat. Three

recombination events (0.05 cM) were detected between the

RFLP markers F640 and HS79 (Figure 1, Stein et al., 2000).

To pinpoint the region of recombination, six additional

RFLP probes were derived from the region of the CCF

gene. These were mapped in the same population of

hexaploid wheat. Recombination was localized between

markers HS301 and HS797, which are separated by little

more than 2.5 kb in T. monococcum (Figure 1). The region

between these two markers consists of repetitive DNA and

could not be used for further RFLP mapping in T. aestivum.

The RFLP markers HS301 and HS797 were found on

common large restriction fragments in T. aestivum (data

not shown), which indicates that recombination in the

analysed region is restricted to an interval of 2.5 kb,

resulting in a ratio of physical to genetic distance of

50 kb cM±1.

Repetitive DNA

In total, 32 repetitive elements were identi®ed (Table 1).

The majority (19 elements) is similar to known retro-

transposons, eight were classi®ed as foldback elements

and ®ve elements show no obvious similarity to any

known group of mobile elements. The 19 identi®ed

retrotransposons were classi®ed into 10 different types,

eight of which are LTR-retrotransposons. The criteria for

the classi®cation was similarity to known retrotransposons

(Table 1a). If the sequences of both LTRs of a single

element were available on the characterized contig, the

size of the retrotransposons could be determined exactly

by the identi®cation of a target site duplication (TSD). It

consisted in all cases of a 5-bp direct repeat immediately

¯anking the element. No conservation of the target site

was observed. The identi®ed retrotransposons seem to be

degenerated and not functional, because they all carry

frameshifts and in-frame stop codons within their coding

region.

Copia-like retrotransposons

With nine copies, the Angela-type retrotransposons repre-

sent the most dominant element class on the contig. In

sequence and size the Angela elements are similar to Wis-

2±1 A from wheat (Murphy et al., 1992) and BARE-1 from

barley (Manninen and Schulman, 1993). Angela-5 shows

no major deletions or insertions when compared with the

BARE-1 retrotransposon and therefore is believed to

represent a complete element. It has a length of 8540 bp

including the two LTRs of 1720 bp and was used as a

reference sequence for the characterization of further

Angela-type elements. The contig contains three complete

copies (one contigous element: Angela-5, two interrupted

elements: Angela-2, Angela-6) and two copies that carry

deletions (Angela-3, Angela-4). In addition, one short

fragment (Angela-1) and three solo LTRs (Angela-7,

Angela-8, Angela-9) were found (Figure 1). The Angela

elements contribute more than 24% to the total sequence

of the contig. A comparison with BARE-1, which con-

tributes about 3% to the barley genome (Vicient et al.,

1999), suggests this to be a local accumulation of Angela

elements, which may not be representative for the genome

as a whole.

The Barbara element was classi®ed by the coding

capacity for a hypothetical protein of 707 amino acids

which shows 50% similarity to a gag protein from Zea

mays (Table 1). A region with 50% similarity to the same

gag protein allowed the classi®cation of the Claudia

element. However, on the DNA level Claudia and Barbara

only show 61% identity over a region of less than 200 bp.

Claudia was found at the very right end of the contig and

its sequence is not complete since only the 5¢ region is

present (Figure 1).

Gypsy-like retrotransposons

Daniela is an intact element as it shows no insertion of

another retrotransposon. The element is 13 265 bp in size
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including the two LTRs of 936 bp which show a high

degree of identity (98%). Daniela's internal domain, with a

size of more than 11 kb, is the largest found for all

retrotransposons described in this study. Its 5¢ region

encodes a large hypothetical polyprotein of 2129 amino

acids which shows 63% similarity to the polyprotein of the

RIRE-2 retrotransposon from rice.

The largest element found on the contig is Erika-1 with a

length of 14 146 bp. Its size is due to the presence of two

LTRs of more than 4.2 kb each. Erika-1 is similar in size and

overall structure to the BAGY-1 retrotransposon from

barley. At the DNA level, the internal domains of Erika-1

and BAGY-1 are 65% identical, while the LTR sequences do

not show more than 40% identity. A second, but incom-

plete, copy (Erika-2) was found between the two genes

RGA-1 and NLL (Figure 1). Database searches revealed that

fragments of Erika elements are found in numerous

sequences from wheat and barley, indicating that they

are present in these genomes at a high copy number.

Fatima, with a length of more than 9 kb, contains

relatively short LTRs of 481 bp. A single putative ORF

encoding a protein of 1081 amino acids is located close to

its 5¢ LTR. The hypothetical amino acid sequence is 52%

similar to a gag-pol precursor from rice (Table 1). Greti and

Heidi are not full length elements since only their 5¢
regions are present. Both contain regions with similarity to

gag and reverse transcriptase genes of gypsy retrotrans-

posons (Table 1). The two elements were found in the

central region of the contig and they seem to have lost

their 3¢ regions after a large DNA deletion event (see

below).

Additional retrotransposons

One single long interspersed nuclear element (LINE),

Isabelle, was identi®ed in the 3' region of the RGA-1

gene and encodes a putative protein with a length of 2388

amino acids. In its N-terminal region the predicted amino

Table 1 Summary of putative repetitive elements found on the 211 kb contig. Numbers after names indicate one speci®c copy of an
element. (a) Types of retrotransposons: The total length of the elements is indicated. Numbers in parentheses indicate that the full
length of the element could not be determined exactly. (b) Types of putative foldback elements. TIR: length of terminal inverted repeats.
TSD: target site duplication. (c) Elements which could not be classi®ed as retro-/transposons. UTR: untranslated region

(a) Retrotransposons

Name subgroup size (bp) copies similarity* Accession #

Angela-5 copia 8540** 9 BARE-1 Z17327
Barbara copia 9842** 1 gag protein Q9XEJ5
Claudia copia (3000) 1 gag protein Q9XEJ5
Daniela gypsy 13265** 1 RIRE-2 Q9LGR7
Erika-1 gypsy 14146** 2 BAGY-1 Y14573
Fatima gypsy 9127** 1 gag pol precursor Q9SSW7
Greti gypsy (4271) 1 gag pol protein Q9XEM6
Heidi gypsy (6013) 1 polyprotein Q9LI50
Isabelle LINE 8408** 1 LINE-RT Q9SIQ5
Josephine LINE/LTR? (5971) 1 LINE-RT AAA75254

(b) Foldback elements

Name size (bp) TIR (bp) copies TSD

Athos-1 81 39 2 TA
Belus 173 52 1 GA
Charon 1323 252 1 GGAAAAAAC
Deimos 2143 364 1 TACT(TC)AGT***
Eos 343 47 1 CTTAG
Fortuna 312 28 1 TA
Gorgon 56 22 1 ACCAG

(c) Unclassi®ed elements

Name size (bp) copies similarity* Accession #

XA-1 (4667) 2 Sabrina element AF254799
XB 18647 1 Telomere-associated DNA Z75573
XC-1 785 2 5¢ UTR of histone H2B D37945

* Similarity revealed by Blastn and Blastx analysis.
** Including target site duplication.
*** Bases in parentheses are missing in one unit.

310 Thomas Wicker et al.

ã Blackwell Science Ltd, The Plant Journal, (2001), 26, 307±316



acid sequence shows similarity to various DNA binding

proteins, while the C-terminal region is similar to the

reverse transcriptase domains of known LINEs (Table 1).

The length of the element could be determined by the

identi®cation of a 6-bp putative TSD. Including 866 bp of

putative promotor sequence and a poly(A) region of

364 bp, Isabelle has a length of 8408 bp.

The Josephine element is an additional candidate retro-

transposon, although it could not be determined whether

it belongs to the LINEs or to the LTR-retrotransposons.

One region shows 44% sequence similarity to a reverse

transcriptase from an Arabidopsis LINE. But the element is

also ¯anked by two direct repeats which can be interpreted

as LTRs. No TSD or further ORFs with similarity to

retrotransposons could be identi®ed. In addition, the

element appears to be highly degenerated and may have

inserted a long time ago.

A model for a series of retrotransposon activity

Most of the putative retrotransposons described in this

study were not present as complete elements but were

fragmented by the insertion of further elements. Between

the RGA-1 and the RGA-2 genes, as many as 14 elements

Figure 2. A model for a series of retrotransposon insertions between the
genes RGA-1 and RGA-2.
Identi®ed retrotransposons are indicated by coloured bars (colours
correspond to Figure 1). Arrows indicate the transcriptional orientation of
the elements. XA-1 and XB represent elements which were not
con®rmed to be retrotransposons. Shaded bars indicate a region which
has putatively been deleted (see also Figure 4a).

Figure 1. Physical map of the 211 kb contiguous sequence from chromosome 1AmS of Triticum monococcum.
The positions of RFLP markers used for genetic mapping of the Lr10 locus of hexaploid wheat (Stein et al., 2000) are indicated above the contig. LE: left
end (position 0). RE: right end (position 211 009). Shaded boxes: predicted genes (ACT: Actin, CCF: Chromosome Condensation Factor, NLL: Nodulin-Like-
Like gene, RGA: Resistance Gene Analogue), horizontal arrows indicate the transcriptional orientation of the genes. Coloured boxes: identi®ed
retrotransposons. Capital letters represent initials of the names of elements in Table 1a. Numbers after letters indicate individual copies of one element.
Numbers after dots indicate fragments of the same element. A7±A9: Solo LTRs. Boxes with diagonal crossed lines: inverted repeats, DR: Direct Repeat,
MS: Microsatellite. Tall yellow boxes: putative foldback elements. Vertical arrows above the alignment indicate positions where large DNA stretches have
possibly been deleted.
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were found inserted into and next to each other. Based on

the pattern of the linear order of the elements, a model of

insertion events was postulated (Figure 2). Originally,

RGA-1 and RGA-2 might have been separated by less

than 5 kb. Due to the insertion of the 14 elements, the

distance was increased to more than 132 kb. The ®nding

that two of the Angela elements (Angela-4, Angela-5) carry

no insertions indicates that the insertions of these

elements themselves were recent events. However, there

are also Angela elements that must have inserted at much

earlier stages: Angela-1 appears to have inserted as the

very ®rst element between the two genes since it carries

the insertions of eight further elements. Angela-2 and

Angela-3 were also fragmented by the insertion of other

elements.

Foldback elements

Seven types of element (Athos, Belus, Charon, Deimos,

Eos, Fortuna and Gorgon) show a sequence organization

similar to foldback elements. Candidates were classi®ed as

foldback elements if a TSD could be identi®ed (Table 1b).

All identi®ed elements show well-conserved (75±100%)

terminal inverted repeats (TIR) which are separated by an

internal domain (Figure 3a). The TIRs of Athos and Fortuna

are similar to the ones of the Stowaway family (Bureau and

Wessler, 1994a). The elements vary greatly in size, with

Deimos (2143 bp) being more than 38 times larger than

Gorgon (56 bp). None of them seems to have coding

capacity.

Athos, with a size of only 81 bp, is present in two copies

on the contig (Athos-1, Athos-2, Figure 3b) in introns of the

genes RGA-2 and NLL. Blast searches against public

databases as well as the ITEC EST database (24 060

ESTs) led to the identi®cation of 12 intact and ®ve

incomplete copies. Ten intact copies were found in introns

or the 3' untranslated regions of genes from four Triticeae

species (Figure 3c), suggesting that this element is present

in many copies in those genomes and that it is likely to be

found close to coding DNA. All intact elements are ¯anked

by a 2-bp TSD (TA). On the DNA sequence level all

elements are 80±100% identical. Twelve further inverted

repeat structures were found on the contig, mostly in

regions that did not belong to genes or retrotransposons

(Figure 1). It is possible that they represent ancient

foldback elements which have accumulated mutations to

such a degree that TSDs can no longer be identi®ed.

Unclassi®ed elements

Three types of element (XA, XB and XC) could not be

classi®ed by similarity to retrotransposons (Table 1c). The

XA element is present in two copies on the contig (XA-1,

XA-2). Both copies show neither LTRs nor genes for

reverse transcriptase or integrase and they appear to be

fragmented by the deletion of DNA (see below). Over most

of their lengths, the two copies are 77% and 75% identical,

respectively, to the recently described Sabrina element

(Shirasu et al., 2000).

A DNA fragment of 18 647 bp inserted in the 5¢ LTR of

Angela-2 was called XB. The whole element does not seem

to encode any proteins and shows no general character-

istics of transposable elements. However, several direct

and inverted repeat structures were found on this frag-

ment. In addition, it contains the putative foldback elem-

ents Belus, Deimos and Eos. One terminal region of 200 bp

shows 95% identity with telomere-associated DNA from T.

aestivum (Accession number Z75573).

The XC element was found in two copies (XC-1, XC-2),

which are 72% identical. They are 764 and 765 bp in size

and are ¯anked by putative TSDs of 7 and 10 bp, respect-

ively. The two copies are 76% and 77% identical, respect-

Figure 3. Foldback elements in Triticum monococcum.
(a) Structure and size of the identi®ed foldback elements. Terminal
inverted repeats (TIR) are indicated by pointed bars. Deimos carries an
insertion of 281 bp within one of its TIRs.
(b) Comparison of the inverted repeat structure of Athos-1 and Athos-2.
The elements are aligned against their own inverted sequence. Athos-1
shows an almost perfect inverted repeat structure, while Athos-2 carries
several mismatches.
(c) Athos elements in Triticeae genes identi®ed by a database search
(Org: organism, Tm: Triticum monococcum, Ta: Triticum aestivum, Sc:
Secale cereale, Hv: Hordeum vulgare).
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ively, to a sequence found in the 5¢ region of the wheat

gene for protein H2B153. XC-2 was found inserted within

the putative gene NLL, creating a 764-bp intron. The

elements show no obvious sequence structure or coding

capacity.

DNA rearrangements

Several ®ndings indicated the occurrence of DNA

rearrangements such as insertions, deletions and duplic-

ations of DNA which are independent from retrotrans-

poson activity (Figure 4). The sequences of three

retrotransposons (Angela-1, Greti, Heidi) in the central

region of the contig could not be assembled to full length

elements, which suggests that a large stretch of DNA has

been deleted (Figure 4a). In addition, only fragments of

both an Erika element (Erika-2) and an XA element (XA-2)

were found between the RGA-1 and the NLL-gene, sug-

gesting that a region containing the rest of these elements

had also been deleted (Figure 1). One major insertion of

DNA (XB) is not related to retrotransposons. It was

identi®ed in the 5¢LTR of Angela-2, demonstrating that it

is the result of a more recent event than the insertion of the

retrotransposon (Figure 2).

A total of 12 direct repeats (DR) were found ranging in

size from less than one hundred bp up to several hundred

bp, with the repeat units being separated by a few bp up to

several kb (DRs 1±12, Figure 1). In the 3¢ region of the CCF-

gene, a pattern of four DRs (DRs 2±5) was found and one

repeat unit carries part of the putative coding sequence of

the gene (Figure 4b). The retrotransposons Angela-6 and

Erika-1 form a special duplication pattern (DR-11) which

possibly originated from a series of unequal crossing over

events (Figure 4c). A region of 2559 bp of the internal

domain of the Erika-1 element is duplicated within the

internal domain of Angela-6. The position of insertion is

exactly at the start of the 3¢-LTR. The various duplications

observed in the analysed region appear to have occurred

over a long period of time since some duplicated regions

show less than 80% identity and therefore might represent

the result of ancient events. The two large duplications

found in retrotransposons (DR-10, DR-11) might have

occurred more recently because the duplicated sequences

are 93% and 99% identical, respectively.

Discussion

In the 211 kb region analysed in this study, an overall gene

density of one gene per 42 kb was observed. Three of the

®ve predicted genes were clustered at the left end of the

contig, forming a gene-enriched island within the ®rst

31 kb. The two other genes were separated from one

another by the insertion of at least ®ve transposable

elements. These two distribution patterns are very similar

to the ones described for the adh-1 locus in maize, where

genes were also found either in gene-enriched islands or

separated by the insertion of retrotransposons (Tikhonov

et al., 1999). Cytogenetic data suggest that gene density

may vary strongly over the entire length of the Triticeae

chromosomes, resulting in gene-rich and gene-poor

regions (Faris et al., 2000; Gill et al., 1996). So far, analysis

of large DNA fragments from Triticeae genomes including

the present study has been restricted to chromosome

regions where a high gene density had been expected.

Two barley sequences of 60 kb and 66 kb from the mlo and

rar1 loci (Panstruga et al., 1998; Shirasu et al., 2000)

showed gene densities of one gene per 20 kb and 22 kb,

respectively. An even higher density of one gene per 4±

5 kb has been reported for the Lrk loci in sequences of

14 kb from wheat and 23 kb from barley (Feuillet and

Keller, 1999). Considering only the ®rst 31 kb of the 211 kb

contig presented in this study, gene density is similar to

that in the previous studies. These data show that over

short stretches, a gene density similar to that in

Arabidopsis (one gene per 4±5 kb) can be observed and

Figure 4. Postulated major DNA rearrangements independent from
retrotransposon activity.
(a) Deletion of a region indicated by an interrupted line. (Shaded bars:
Fragments of A-1, TSD: target site duplication, A-1: Angela-1, G: Greti, H:
Heidi).
(b) Pattern of direct repeats in the 3¢ region of the CCF gene. Repeat units
correspond to DR's 2±5 in Figure 1. Shaded bars: regions belonging to
the coding regions of the CCF gene.
(c) Retrotransposon pattern putatively formed by unequal crossing over.
Repeat units correspond to DR-11 in Figure 1.
A-6: Angela-6, E-1: Erika-1. Vertically shaded bars: LTRs of Erika-1,
diagonally shaded bars: LTRs of Angela-6, white bars: internal domains.
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that within these gene-enriched islands only few repetitive

elements are found. The islands themselves, however,

appear to be interspersed with large stretches of repetitive

DNA. Data from low-pass shotgun sequencing of an

additional BAC clone (4E14), which overlaps with 111I4

and extends the contig by about 130 kb (Stein et al., 2000),

indicated the presence of at least three further genes

(unpublished data). Including these data, the overall gene

density for the 340 kb region is still one gene every 42 kb.

The total length of the analysed sequence is not suf®cient

to serve as a representative model for wheat genome

organization. Therefore, it would be of great interest to

investigate gene density and genome organization in

regions that are shown by cytogenetic studies to be

gene-poor (that is regions close to the centromere, Faris

et al., 2000; Gill et al., 1996).

A series of retrotransposon insertions increasing the

genome size

The nested retrotransposons which were found in the

central region of the contig form a pattern similar to

that previously reported for retrotransposons in maize

(SanMiguel et al., 1996) and barley (Shirasu et al., 2000).

The insertion of these elements has caused a massive

increase in intergenic space within the analysed region.

The pattern allowed conclusions about the evolutionary

sequence of insertion events to be drawn. Three Angela

retrotransposons must have inserted in very early stages,

while the insertions of three other Angela elements are

among the most recent events. This indicates that either

the Angela group has been active over a very long

evolutionary time scale, or that there has been a period

when several different types of elements were active at the

same time. One of the most recent events was probably

the insertion of the Barbara element because the ortho-

logue of the RGA-1 gene, isolated from a l-library of

Triticum aestivum, does not contain a retrotransposon in

its 5¢-region (our unpublished data). Therefore, we con-

clude that this particular retrotransposon must have

inserted at this position after the evolutionary separation

of T. monococcum and T. urartu, the donor of the A

genome of hexaploid wheat (Dubcovsky et al., 1995;

Dvorak et al., 1988).

Deletions and recombination as mechanisms of genome

size evolution

The central region of the contig must originally have

contained at least the three full length retrotransposons

Angela-1, Greti and Heidi as well as the XA-1 element.

Assuming a size of 8 kb for each of the three retro-

transposons, a region of at least 14 kb must have been

deleted. The two short remaining fragments of the Angela-

1 LTRs are ¯anked by a TSD, providing strong evidence for

the hypothesis that the two LTR fragments belong to the

same element. Since evidence for a second deletion event

was found in the region of Erika-2 and XA-2, we propose

that the deletion of large regions consisting of different

types of repetitive elements may provide a mechanism to

partially counteract the increase in genome size caused by

the ampli®cation of LTR-retrotransposons. Such deletion

events represent a new type of structural genome

rearrangement which is based on unknown molecular

mechanisms and differs from the proposed model of DNA

loss by unequal or intraelement crossing over (Kalendar

et al., 2000; Shirasu et al., 2000; Vicient et al., 1999). The

presence of three Angela-type solo LTRs indicates that

such recombination events also occurred on the analysed

contig. A series of intraelement recombination events

might also have resulted in the pattern formed by the

Erika-1 and Angela-6 elements. This pattern could not be

explained by a single recombination event, suggesting

that events of unequal or intraelement crossing over can

also lead to the formation of more complex patterns than

solo LTRs. The evidence for multiple DNA rearrangement

as well as activity of transposable elements suggests that

the wheat genome is a highly dynamic system that has

been shaped by many different mechanisms.

Inverted repeat elements and their association with

genes

Foldback elements represent an additional class of mobile

DNA element found on the contig. Foldback elements have

been reported in a wide range of species, including

Drosophila (Silber et al., 1989), C. elegans (Yuan et al.,

1991), Arabidopsis (AdeÂ and Belzile, 1999), rice (Chen and

Bennetzen, 1996), potato and tomato (Rebatchouk and

Narita, 1997). The elements identi®ed in this study are

heterogenous in overall size, length of terminal inverted

repeats and TSDs. The two large elements Charon and

Deimos show a 9-bp TSD, which makes them very similar

to Drosophila foldback elements. Athos, Belus, Eos and

Fortuna resemble miniature inverted terminal repeat

elements (MITEs, Bureau and Wessler, 1994b) in structure

and size, raising the question of whether MITEs are a

subfamily of the foldback elements. No foldback elements

were found within retrotransposons. This indicates that

either their activity was evolutionary more ancient than the

insertion of retrotransposons or that they do not insert

near or in retrotransposons, as proposed by Zhang et al.

(2000). The observed close association of some inverted

repeat elements with genes makes them useful tools for

the identi®cation of gene-rich regions in large genome

plants and for the development of new types of markers

similar to the ones based on MITEs (Casa et al., 2000).
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The sequence analysis of a 211-kb contig from T.

monococcum revealed multiple mechanisms for genome

evolution. The possibility to assemble large contigs of

wheat DNA based on BAC clones (Stein et al., 2000) and

the subsequent analysis of large DNA stretches will

provide more general information about the genome

organization in wheat species. This information is essen-

tial for our understanding of evolution and function of

complex plant genomes. In addition, data on gene distri-

bution in relation to repetitive elements will contribute to a

more ef®cient and targeted isolation of agronomically

important genes in wheat.

Experimental procedures

RFLP-mapping

Mapping of RFLP probes derived from the BAC contig was
performed as previously described (Stein et al., 2000). All general
molecular procedures were made according to standard protocols
(Sambrook et al., 1989).

Shotgun sequencing

Shotgun library construction of the T. monococcum BAC clones
640L20 and 111I4 as well as sequencing of randomly selected
subclones was performed as previously described (Stein et al.,
2000). BAC DNA was mechanically sheared, size selected for
fragment lengths between 1 and 3 kb, end repaired by mung bean
nuclease treatment, cloned into the Zero Bluntâ TOPOâ PCR
Cloning-Vector (Invitrogen, Groningen, the Netherlands) and
ultimately used for cycle sequencing using an ABI PRISMâ 377
automatic sequencer (Perkin Elmer, Rotkreuz, Switzerland).
Internal PCR to close gaps between subcontigs was performed
using 17±20-mer oligonucleotides. The products were cloned into
the pGEMâ-T Easy Vector System I (Promega, Wallisellen,
Switzerland) and sequenced.

DNA and protein sequence analysis

Shotgun sequences were processed with the STADEN software
package (Staden et al., 1998). PREGAP4 (version 1.0) was used to
perform individual steps of preassembly processing, including
base calling with PHRED (Ewing et al., 1998), sequencing vector
clipping, cloning vector removal and discarding contaminant E.
coli sequences. After sequence assembly using the PHRAP
assembly engine (version 0.990319, provided courtesy of P.
Green, http://www.phrap.org), subcontigs and singlet DNA se-
quences were analysed with the BLASTN and BLASTX algorithms
(Altschul et al., 1997) against public DNA and protein sequence
databases. Detailed sequence analysis was performed with the
GCG Sequence Analysis Software Package Versions 9 and 10.1
(Devereux et al., 1984). Alignments and hypothetical protein
sequences were obtained with the BESTFIT, PILEUP and MAP
programs. Putative full-length open reading frames (ORF) were
determined by hand and by using the program GeneMark.hmm
version 2.2a (Lukashin and Borodovsky, 1998). After comparison
with protein sequences of previously described retrotransposons,
frameshifts were removed in order to determine the hypothetical
amino acid sequences of the identi®ed retrotransposons.

Elements which were fragmented by the insertion of DNA were
reassembled by elimination of the inserted DNA sequences.
Direct and inverted repeat sequences were identi®ed by using the
GCG programs REPEAT, STEMLOOP and BESTFIT.
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Supplementary material

One additional table (Table S1) can be found in the online version of this paper at http://www.blackwell-science.com/

products/journals/suppmat/TPJ/TPJ1028/TPJ1028sm.htm

Table S1. Short version of the annotation of the 211 kb contig. Indicated are ®rst and last bp positions, the length and the orientation of
the DNA element. The lengths of transposable elements include their target site duplications, as far as they could be identi®ed. DR:
direct repeat, LINE: long interspersed nuclear element, LTR: long-terminal repeat.
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