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Abstract. The Triticeae tribe contains some of the world’s most im-
portant agricultural crops (wheat, barley and rye) and is perhaps, one
of the most challenging for genome annotation because Trticeae ge-
nomes are primarily composed of repetitive sequences. Further com-
plicating the challenge is the polyploidy found in wheat and particu-
larly in the hexaploid bread wheat genome. Genomic sequence data
are available for the Triticeae in the form of large collections (>1 mil-
lion) of Expressed Sequence Tags and an increasing number of bacte-
rial artificial chromosome clone sequences. Given that high repetitive
sequence content in the Triticeae confounds annotation of protein-
coding genes, repetitive sequences have been identified, annotated,
and collated into public databases. Protein coding genes in the
Triticeae are structurally annotated using a combination of ab initio
gene finders and experimental evidence. Functional annotation of pro-
tein coding genes involves assessment of sequence similarity to known
proteins, expression evidence, and the presence of domain and motifs.
Annotation methods and tools for Triticeae genomic sequences have
been adapted from existing plant genome annotation projects and were
designed to allow for flexibility of single sequence annotation while
allowing a whole community annotation effort to be developed. With
the availability of an increasing number of annotated grass genomes,
comparative genomics can be exploited to accelerate and enhance the
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quality of Triticeae sequences annotation. This chapter provides a brief
overview of the Triticeae genomes features that are challenging for
genome annotation and describes the resources and methods available
for sequence assembly and annotation with a particular emphasis on
problems caused by the repetitive fraction of these genomes.

2.1 Triticeae Genomics

Although the Triticeae contains some of the world’s most important
agricultural crops, this group of plants have only begun to enter the
genomics era. This is not due to a lack of interest or need for genomics
of Triticeae species. It results from the technical challenges of obtain-
ing the genomic sequence from large, repetitive and sometimes poly-
ploid species. The genome of hexaploid, or bread wheat (Triticum
aestivum L., 2N=6X=42), is reported to be 16 Gb (Arumuganathan and
Earle 1991) and to contain more than 90 % repetitive sequences (Li et
al. 2004) thereby presenting limitations primarily fiscal in nature, to
current sequencing methodologies. Barley (Hordeum vulgare L.,
2N=2X=14) is diploid and has a genome size comparable to that of
diploid wheat (5.7 Gb (Bennett and Smith 1976)) with a similar con-
tent of repetitive DNA (Smith DB and RB 1975). In the past decade,
however, the development of new genomic resources such as bacterial
artificial chromsome (BAC) libraries, large collections of markers in-
cluding Expressed Sequence Tags (ESTs; see chapter 2.1) have al-
lowed the establishment of robust genomics programs in the Triticeae
including a wheat and a barley genome sequencing initiative (see
chapter 4.4). The International Wheat Genome Sequencing Consor-



Gene and Repetitive Sequence Annotation in the Triticeae 3

tium (IWGSC; http://www.wheatgenome.org/)) initiative is focusing
its effort on hexaploid wheat, specifically the cultivar Chinese Spring
(Gill et al. 2004), and members of the initiative have already generated
a number of resources (physical contigs) that allow targeted genome
sequencing. The International Barley Sequencing Consortium (IBSC;
http://barleygenome.org) was also launched to develop genomic re-
sources for genome sequencing of cultivar Morex. For more details on
the genome sequencing initiatives for the Triticeae see chapter 4.4.

The ideal outcome of a whole genome annotation effort would be a set
of genes accurately identified with information about their location on
linkage maps and their putative functions. Ancillary annotations such
as expression patterns, promoter sequences, orthologous and paralo-
gous sequences are also informative for biologists, breeders, and ge-
neticists but they are not part of a “core” genome annotation. The
foundation of an annotation project is the accurate identification of
protein coding genes. This is obtained through a combination of com-
putational predictions such as ab initio gene finders and through ex-
perimental evidence such as transcripts and protein alignments. Accu-
rately weighting these data types and constructing accurate gene
models for an entire genome is generally extremely challenging and
becomes a major issue for genomes as complex and large as those of
the Triticeae. Thus, successful genome annotation projects result in
different gene subsets ranging from well annotated genes (i.e., genes
with full length cDNA support) to reasonably annotated (i.e., genes
with EST and/or protein support) and genes annotated with less confi-
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dence (i.e., genes predicted solely by an ab inito gene finder). With
respect to functional annotation of large genomes, putative function is
primarily assigned through sequence similarity with other sequenced
genomes which is highly prone to transitive annotation errors. This can
be addressed by manual curation or through annotation of functional
domains such as Pfam domains (Finn et al. 2006) rather relying on
“best hits” to a large non-redundant amino acid database of primarily
uncurated entries (UniProt_Consortium 2007). The high repetitive
sequence content of the Triticeae genomes complicates the annotation
process in two ways: First because of their abundance it contributes in
a significant manner to the bulk of sequence that needs to be processed
during the annotation phase and second because some of the repetitive
elements are expressed and have features of protein coding genes that
can confound gene annotation efforts. Efforts have already begun to
address these challenges by developing adequate and efficient bioin-
formatics tools and resources for interpretation of the Triticeae ge-
nome sequences and to ensure a large accessibility to the scientific
community..

2.2 Triticeae Genome Sequence and Annotation Data

2.2.1 The Triticeae Transcriptome

ESTs provide a rapid form of gene discovery as they represent the
genic portions of the genomes thereby bypassing the large tracts of
genome sequence that does not encode for RNA or proteins. They
provide a mechanism for gene discovery for species with large and
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unsequenced genomes such as those of the Triticeae. In 1998, the
Triticeae community established an international collaborative net-
work, the International Triticcae EST Cooperative (ITEC,
http://wheat.pw.usda.gov/genome/) to produce large collections of
ESTs. To date about 1.6 million of ESTs for wheat, barley and rye are
present in the EST database at NCBI
(http://www.ncbi.nlm.nih.gov/dbEST/index.html). © The May 2008
release of dbEST (050208) contained 1,051,465 ESTs from Triticum
aestivum (bread wheat), 478,682 ESTs from Hordeum vulgare, 17,381
ESTs from Triticum turgidum subsp. durum (durum wheat), 10,139
ESTs from Triticum monococcum, 1,938 ESTs from Triticum tur-
gidum, and 4,315 ESTs from Aegilops speltoides. As these ESTs are
primarily derived from non-normalized cDNA libraries, redundancy is
rampant making them difficult to work with on an individual basis.
Thus, these ESTs, along with cloned mRNAs and cDNAs, are typi-
cally clustered and assembled into a smaller, representative set of tran-
scripts (unigenes, transcript assemblies, tentative consensus sequences)
prior to their use by biologists or bionformaticians. A number of labo-
ratories provide these clustered assemblies as part of their resource
efforts including PlantGDB
(http://www.plantgdb.org/prj/ESTCluster/index.php), Dana Farber
Gene Indices (http://compbio.dfci.harvard.edu/tgi/), the TIGR Plant
Transcript Assemblies (http://plantta.tigr.org/), HarvEST
(http://harvest.ucr.edu/) and GenoplanteDB
(http://urgi.versailles.inra.fr/GnpSeq/). Gramene (http://gramene.org),
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a major database for research on grasses, has also mapped EST assem-
blies to the rice and maize genomes.

The availability of the Triticeae EST collections has allowed for stud-
ies on the Triticeae transcriptome (Chao et al. 2006; Houde et al. 2006;
Kawaura et al. 2005; Laudencia-Chingcuanco et al. 2006; Mochida et
al. 2006; Ogihara et al. 2004), the development of bin-mapped markers
for wheat genetic mapping (Conley et al. 2004; Hossain et al. 2004;
Lazo et al. 2004; Linkiewicz et al. 2004; Miftahudin et al. 2004;
Munkvold et al. 2004; Peng et al. 2004; Qi et al. 2004; Randhawa et al.
2004), EST maps in barley (Stein et al, 2007), and comparative studies
of the syntenic relationships between wheat and rice (Conley et al.
2004; Francki et al. 2004; La Rota and Sorrells 2004; Linkiewicz et al.
2004; Peng et al. 2004; Salse et al. 2008; See et al. 2006; Sorrells et al.
2003).

ESTs, along with full-length cDNA clones, are valuable not only for
gene discovery but also for empirical evidence that can be used in
structural annotation of genomic sequences. The optimal transcript
resource is a set of full length (FL) cDNA sequences that provide a
complete representation of the full 5° and 3’ untranslated regions and
the precise location of intron/exon splice junctions for an unambiguous
annotation of the gene structure. They have been instrumental in the
annotation of genome sequences, including Arabidopsis and rice
(Castelli et al. 2004; Haas et al. 2003; Ohyanagi et al. 2006; Ouyang et
al. 2007; Tanaka et al. 2008). In addition to their use in structural an-
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notation, the cDNA clone from which the EST or FLcDNA sequence
is derived is highly desirable as a resource for functional genomics
studies such as overexpression studies. Several thousands of full length
cDNA sequences are available for wheat and barley. A query of Gen-
bank (May 2, 2008) revealed 1,980 and 5,504 full length cDNA se-
quences for wheat and barley, respectively. A project is also in pro-
gress to generate full length cDNAs for Chinese Spring, the hexaploid
wheat cultivar selected for genome sequencing by the International
Wheat Genome Sequencing consortium (IWGSC) (see chapter 4.4).
To date, ~4,200 full length cDNA sequences have been produced
(http://wheat.pw.usda.gov/ITMI/ITMI2005_Proceedings/Abstracts/Og
ihara.html). A similar project is in progress for barley
(http://www.shigen.nig.ac.jp/barley/).

2.2.2 The Triticeae Genomes

Both the wheat and barley communities are pursuing BAC-based se-
quencing initiatives to obtain the genome sequence (see chapter 4.4)
after physical maps have been established (see chapter 2.3). In the near
future, the sequence of ~200 BACs randomly selected from Chinese
Spring, will be made available as part of a survey of the wheat genome
landscape (Devos et al. 2005). Targeted sequencing of wheat chromo-
some or chromosome arm specific BAC libraries are underway includ-
ing chromosome 3B (Gill et al. 2004; Paux et al. 2006)
(http://www.international.inra.fr/research/some_examples/sequencing_
the_wheat_genome) and 3AS (http://wheat.tigr.org/tdb/e2k1/tacl/). A
continually updated list of bread wheat sequencing activities can be



8 Wicker and Buell

seen on The IWGSC web page (http://www.wheatgenome.org/). These
random as well as targeted sequencing projects will provide ample
sequence for optimization and improvement of genome annotation
tools. Indeed, to date, genome sequence (excluding ESTs) is available
for 67.8 Mb of Triticum species in Genbank including 30.3 Mb from
the HTG division (draft sequences of BACs), 27.1 Mb from the GSS
division (single pass sequences, typically end sequences of BACs),
and 10.4 Mb from the PLN division (finished sequence). For Hordeum
species, 21.8 Mb of genome sequence (excluding ESTs) is available in
Genbank including 216.5 Kb from the HTG division, 1.3 Mb from the
GSS division, and 20.3 Mb from the PLN division.

2.2.3 Genome Annotation: Structural and Functional Annotation
In the framework of the IWGSC, a working group of Triticeae
biologists and bioinformaticians has been established to set up
guidelines and develop a community effort for annotating the Triticeae
genomic sequences. The guideline is focused on establishing a
minimum set of annotations and processes that is provided to the
research community for accurate, homogeneous and insightful
interpretation of the sequence. The current focus of the guideline is
structural annotation and to a smaller extent functional annotation with
putative functions. The guidelines, summarized below, are available at
the IWGSC web site (http://www.wheatgenome.org/tool.html).

The starting point for annotating Triticeae genomic sequences is the
identification and annotation of repetitive sequences that compose
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most of the Triticeae genomes (>80%). Their composition and identi-
fication are described in the section below. Following identification,
the repetitive sequences are then “masked” to prevent them from con-
founding identification of protein coding genes. Genes are identified in
the repeat-masked sequence using ab initio gene finders. Although
multiple gene finders can be used, at a minimum, FGENESH (mono-
cot matrix; (Salamov and Solovyev 2000)) must be run on the se-
quence. The sensitivity and specificity of various gene finders on
wheat sequences have not been compared and documented although
anecdotal evidence suggests that FGENESH is the most accurate ab
initio gene finder currently available. Gene structure can be improved
using transcript and protein evidence to construct an improved gene
model. Nomenclature of the transcriptional unit and loci are outlined
in the IWGSC annotation guideline. Standardization of the nomencla-
ture, even at the early stages of a genome effort, is essential to mini-
mizing population of databases with genes, gene models, and tran-
scripts with divergent annotations.

Putative function for the protein encoded in a gene model is deter-
mined based on either the presence of a Pfam domain or through se-
quence similarity evidence. A gene model can be annotated as encod-
ing a “known”, “putative”, “XX-domain containing”, “expressed”,
“conserved hypothetical” or “hypothetical” protein depending on the
extent of sequence similarly detected. For annotating a gene model as
encoding a “known” protein, high sequence similarity (>90-100%
identity and coverage) to a characterized protein within an amino acid
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database such as UniProt (Suzek et al. 2007) must be detected. Expres-
sion evidence in the form of alignment to an EST, cDNA or mRNA is
optional, additional annotation, for the gene model. When a lower
level of similarity with an entry in an amino acid database (>45%
identity, > 50% coverage), and thereby a lower confidence, is ob-
served, the gene model is annotated as encoding a “putative XX pro-
tein. Again, expression evidence is an optional yet informative layer of
annotation. For gene models encoding proteins that lack similarity to
an entry in an amino acid database but have a Pfam domain above the
trusted cutoff, the gene model is annotated as encoding a “XX-domain
containing protein. Here, although expression evidence is optional, its
availability is highly informative for deducing the function of the gene
model. Sometimes, gene models can have strong sequence similarity
with proteins in the amino acid database without known function. In
this case, they are referred to as expressed or hypothetical genes.
Triticeae genes that match such an entry (>45% identity, >50% cover-
age) and lack sequence similarity with Triticeae ESTs, mRNAs, or
cDNAs (<95% ID, <70% length), are annotated as encoding “con-
served hypothetical proteins”. For the gene models that lack substan-
tial sequence similarity (>45% identity, >50% coverage) with a known
or putative protein entry in an amino acid database as well as a Pfam
domain over the trusted cutoff, but have sequence identity to an EST,
cDNA, or mRNA (>95% ID, >70% length), the gene model is anno-
tated as encoding an “expressed protein”. When a gene model lacks
any sequence similarity (>45% identity, >50% coverage) with an entry
in an amino acid database or with an EST, cDNA or mRNA, the gene
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model is annotated as encoding a “hypothetical protein”. The availabil-
ity of transcript support is highly valuable as this is empirical evidence
that the gene is transcribed thereby providing more confident annota-
tion than that of hypothetical gene models.

According to the guidelines, additional annotations should be made for
Triticeae genes. For example, the top match to the predicted rice and
Arabidopsis proteomes should be provided. The rationale behind this
is to provide links to well characterized plant genomes in which not
only a complete genome sequence and genome annotation datasets are
available, but functional resources and data are available to test
hypothesis regarding the function of the wheat or barley homolog.

Annotation can be done manually, semi-automatically or automati-
cally. A large factor in determining the approach is the available man-
power and the level of quality of annotation desired. Certainly, manual
annotation provides a high quality of interpretation as individual evi-
dence can be weighted and new data from the literature or expert
knowledge can be evaluated and incorporated on an ad hoc basis.
However, manual annotation is it is very time consuming and cannot
be envisaged for the Triticeae genomes. Thus, the majority of annota-
tion for the wheat and barley genomes will be automated or semi-
automated. This is similar to the trends in a number of plant genome
projects in which the genome has been annotated using automated and
semi-automated methods with targeted curation of genes and gene
families (Jaillon et al. 2007; Ouyang et al. 2007; Tuskan et al. 2006).
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For wheat, a semi-automated publicly available annotation pipeline,
the TriAnnot pipeline (http://urgi.versailles.inra.fr/projects/TriAnnot/)
has been established and proposed for the semi-automated annotation
of Triticeae genomic sequences. It proposes an annotation of wheat
and barley BAC sequences through gene and transposon prediction
and modeling. Through a simple submission process, users can submit
their BAC for annotation by the TriAnnot pipeline. Annotation output
is provided in a number of formats for downstream analysis including
editing in graphical viewers.

Clearly, annotation of Triticeae genomic sequences is in its infancy.
As more genome sequence becomes available, training sets (genomic
DNA and cognate full length cDNA sequences) will be available al-
lowing for training and improvement of ab initio gene finders. Conse-
quently, better characterization and cataloguing of Triticeae repetitive
elements will allow for refinement of the gene space and reduce con-
tamination of the gene complement with transposable elements (TEs).
However, perhaps the greatest improvement in wheat genome annota-
tion will be from comparative alignments with genome sequences
from other Poaceae species. In addition, all annotation is iterative in
nature and even for Arabidopsis, in which all of the genes were manu-
ally curated (Arabidopsis_Genome_ Initiative 2000), the genome is
continually re-annotated as new evidence types and computational
methods become available ((Haas et al. 2005), http://arabidopsis.org/).
Thus, with the large size of the wheat and barley genomes, it will be
important that efficient automated/semi-automated annotation pipe-
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lines are established which can handle the large sequences such as
pseudomolecules as optimal annotation is performed on a genome-
scale, not on a small representation (~120 kb BAC size) scale.

2.2.4 Comparative Genome Annotation

For genes, comparative genome annotation is a powerful tool because
it can highlight conserved and diverged features among genomes. The
availability of the complete rice genome sequence along with genomic
sequences of several hundred kb from wheat and barley has allowed
comparison between these genomes at the sequence level providing
data on the degree of conservation between the grass genomes
(Bossolini et al. 2007; Dubcovsky et al. 2001; Griffiths et al. 2006)
(see chapter 2.7). In the next few years, the sequence of multiple
Poaceae species will be available (Table 1) and this will provide im-
portant resources for improving genome annotation in this family. This
has already been seen in annotation of the rice genome (Zhu and Buell
2007). The use of comparative alignments between rice, maize and
sorghum provide information that can 1) improve the structural anno-
tation due to sequence conservation of coding regions, 2) increase con-
fidence of gene predictions in which no transcript support is available,
and 3) provide new evidence for functional annotation as inferences
can be drawn from experimental and literature reports between
orthologous genes. In a comparison of Brachypodium with rice
(Bossolini et al. 2007), the annotation of both rice and Brachypodium
could be improved through such comparative analyses. For rice, seven
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of the 47 annotated genes could be updated in their structure based on
comparative alignments with the collinear Brachypodium sequence
(Bossolini et al. 2007). Recent reports of comparative analyses be-
tween wheat and Brachypodium have confirmed the close relationship
between genes, gene structure and gene order within the Pooideae
(Bossolini et al. 2007; Griffiths et al. 2006). The availability of the
Brachypodium sequence in the near future (see chapter 4.5), will
greatly facilitate efforts in understanding the Triticeae genomes struc-
ture and composition

Table 1. List of Poaceae species with genome sequence and/or pend-
ing genome sequence
(International_Rice_Genome_Sequencing_Project 2005).
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Species Tribe Reference

Oryza sativa IRGSP, 2005

(rice) Ehrhartoideae

Zea mays http://www.maizesequence.org

(maize) Panicoideae

Brachypodium Pooideae http://www .jgi.doe.gov/sequenc

distachyon ing/why/CSP2007/brachypodiu
m.html

Sorghum http://www.phytozome.net/sorg

bicolor Panicoideae hum

Setaria italica http://jgi.doe.gov/sequencing/w

(foxtail millet) Panicoideac  hy/CSP2008/foxtailmillet.html

2.3 Repetitive Sequences in the Triticeae

2.3.1 Methods for the identification of transposable elements
The easiest way to identify transposable elements (TEs) is by BLAST
(Basic Local Alignment Search Tool) search of the sequence of inter-
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est against a database containing known TE sequences. BLAST
searches can be done at the DNA (BLASTN) or protein level
(BLASTX). BLASTN helps identify closely related TEs which belong
to the same family. Usually, the entire element (coding and non-coding
parts) can be detected that way. If a TE is more divergent and does not
belong to a family already present in the databases, a BLASTX search
can help identify protein coding regions and thus allow determination
to which superfamily the TE belongs. The non-coding portions of the
TE cannot be characterized by BLASTX and other methods have to be
used to determine the exact borders of the element (see below). The
ability to identify TEs by BLAST entirely depends on the complete-
ness of the TE database. Whenever a novel repeat is present on the
sequence, it will remain undetected.

De novo detection of repeats is more labour intensive and requires a
great expertise in the structure and characteristics of repeats. However,
it is an important process because as soon as one member of a family
i1s newly identified and characterized, it can be added to the existing
databases and further copies of that family can then be identified by
sequence comparisons. De novo detection is mainly done by searching
for coding sequences that are similar to those of known TEs and iden-
tification of terminal repeat sequences. Coding sequences are again
identified by BLASTX against a series of databases which can (and
should) also include animal, fungal and bacterial sequences.
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Fig. 1. Identification of TEs based on structural characteristics. The
structure of the TE is displayed above a DotPlot in which the sequence
containing the TE is aligned against itself to visualize repeat structures
such as long terminal repeats (LTRs) or terminal inverted repeats
(TIRs). A DotPlot is a visual alignment of two sequences, one horizon-
tally and one vertically (the case illustrated here correspond to the
alignment of a sequences against itself). The full diagonal line from
the top left to the bottom right is the 100% match of the sequence on
itself. Other diagonal lines represent repeat structures. Direct repeats
(LTRs) are parallel to the main diagonal line while inverted repeats
(TIRs) are perpendicular to it. Other diagnostic features such as ca-
nonical LTR termini and target site duplications (TSD) are also easy to
detect on such representation (with zooming possibilities on specific
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regions). a. DotPlot and characteristics of a BARE] LTR retrotranspo-
son (5 bp TSD). b. DotPlot of a Mutator transposon with no coding
capacity (9 bp TSD).

As mentioned in the chapter 2.8 on the genomics of TEs, many trans-
posable elements are non-autonomous and do not contain any coding
regions. It is also possible that a new TE family contains highly diver-
gent coding regions that can not be identified based on homology to
known elements. In such cases, the TE has to be identified based on
structural characteristics such as their terminal repeat sequences (re-
viewed by (Wicker et al. 2007)). An efficient tool for this task is a so-
called DotPlot (Fig. 1) which aligns two sequences graphically, one on
the x-axis and one on the y-axis. Whenever there is a short stretch of
homology (e.g. 5 bp), the programs produces a dot at this position,
allowing to easily identify long regions of homology. If a sequence is
aligned with itself, DotPlot can be used to identify repeat structures
within that sequence (e.g. terminal repeats of TEs).

Almost all TE superfamilies create a so-called target site duplication
(TSD) when they insert into the genome (Fig. 2). The TSD (also called
a “genetic footprint”) is created because the Integrase or Transposase
enzymes usually produce staggered ends with overhangs of 2-10 bp.

In the case of LTR retrotransposons, one would search for the presence
of direct repeats that are separated from each other by about 3-5 kb
(the usual size of an internal domain) and are flanked by a 5 bp TSD
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(Figure 1a). Furthermore, LTRs almost always start with TG and end
with a CA motif (Fig. 1a). DNA transposons can be identified based
on their terminal inverted repeats (Fig 1b) as well as the characteristic
length of TSDs which usually range form 2-10 bp, depending on the
Superfamily (Fig. 2).

ACTGCGGGTGCAT Strands Cut
TGACGCC GTA

¢ TE insertions

ACTG TE CGGGTGCAT
TGACGCCCA CGTA
Strand repair
TSD generated
ACTGCGGGT TE CGGGTGCAT
TGACGCCCA GCCCACGTA

Fig. 2. Creation of a target site duplication (TSD) upon insertion of a
TE into the genome.

2.3.2 Problems with transposable elements in Triticeae sequencing
The hundreds of thousands of TE sequences present in the Triticeae
genomes have, so far, represented a major barrier to large scale se-
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quencing. To date, most of the sequencing has been performed in the
framework of map-based cloning projects in which a region of usually
2 to 4 BAC clones is established at the target locus and sequenced by
the shotgun-sequencing method. The Sanger sequencing technology
which was mostly used until recently only generates sequences of less
than 1000 bp and therefore genomic regions have to be divided into
smaller fragments for sequencing. Thus, during shotgun sequencing,
the BAC DNA is sheared into small fragments of 3-10 kb which are
then sequenced individually. Enough fragments are sequenced to reach
a total of 8 to 10 times the size of the BAC (referred to as 8 to 10-fold
sequencing coverage). The sequenced fragments are then collected
together to find overlapping regions, in order to be able to reproduce
the original BAC sequence. This process of reconstructing the original
sequence is called “sequence assembly”. The product of assembled
overlapping sequences is called a “sequence contig”.

The production of the primary (shotgun) sequence itself is not more
labour-intensive in the Triticeae than for any other species. Difficulties
arise during assembly of the shotgun reads when repetitive sequences
are wrongly pooled into artificial contigs and when the sequence of the
remaining gaps has to be determined. It is in this phase (called the
“finishing” phase) that the TE sequences cause the problems that make
Triticeae sequencing so costly and labour-intensive. As of June 2008,
there were 377 Triticeae genomic sequences larger than 20 kb avail-
able in the NCBI public database (www.ncbi.nlm.nih.gov). Many of
them corresponded to individual BAC sequences that were in an unfin-
ished state mostly because of the difficulty to assemble TE regions . If
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a BAC contains several copies of the same TE, they can cause confu-
sion in the assembly as different copies are assembled into the same
sequence contig thereby preventing the correct assembly of the whole
sequence. The resolve such mis-assemblies, information from forward
and reverse reads of the same shotgun clone can be used and detailed
TE annotation of the unfinished sequence can provide hints as to the
correct linear order of the sequence contigs. Often, the two LTRs of a
LTR-retrotransposon cause the same effect as they are pooled into one
single LTR consensus sequence while the internal domain is assem-
bled into a separate sequence contig with no apparent connection to
the rest of the BAC sequence.

Even if they are present in a single copy on the BAC i.e. they should
behave like a normal low-copy sequence, TE can also cause gaps in
the BAC sequence because of their sequence composition. For exam-
ple, the highly repeated TEs of the BARE1 group (Angela, BAREI and
WIS) contain a G/C-rich region within their LTRs that almost in all
cases causes sequencing problems. Interestingly, analysis of 16 Angela
and WIS LTRs from several independent BACs showed that the gaps
are all found in similar positions and that the region can be narrowed
down to a few dozen base pairs that apparently contain the problematic
motif (Fig. 3a). Similarly, many CACTA transposons contain regions
that are very difficult to sequence. Most Caspar elements, for exam-
ple, contain an extended region of low-complexity DNA, a GA-rich
microsatellites, followed by its reverse complement, a T/C-rich motif
(Fig. 3b). Additionally, many CACTA elements contain large arrays of
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direct repeats with repeat units of dozens to hundreds of bp in size
(Fig. 3c, (Wicker et al. 2003)). Because TEs of the Caspar of BARE1
type are found on almost every Triticeae BAC, new bioinformatic
tools will be needed for the Triticeae genomes sequencing projects.

a G/C-content b

80 % AGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAR

80 % NV O GA AGA AGA AGAA 5
10% e - AAGAAGAAGAAGAAARAAGAGGAGAAGAAGAARGGAATAG
VAR CTAGAGGAGAARATAGAATATATTCTATTTTTTATTCTTC
20% == TCCACTATTCCTTTCTTCTTCTCCTCTTATTTTTTTTTCT
01 e e e TTTTTCTTCTTCTTATTTATTATTTATTTCTCCTCTTCTT
400 800 1200 1600 COCTCTCCTC T TCT TCT T IC T T TCCTCTTCTTATTTTICTTT

TTCCTTCTTAATATCACTTAGCAAATTTTGCAACGATAGA
1 .
1 —————— S— c
12 eeeee—————— PPN —(Transposase {
S
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Fig. 3. Problematic sequence in TEs from Triticeae. a. Most LTRs of
the BAREI-group TEs contain a G/C-rich region in the second half of
their LTRs. A G/C-plot along the ~1800 bp of the LTR is shown at the
top. Below are 16 LTR sequences obtained in a sequencing project
with the positions of gaps in the sequence indicated as gray bars. Note
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that the position of the gaps correlates well with the position of the
G/C-rich region. b. Example of a large low-complexity region from a
CACTA transposon of the Caspar family. A long region consisting
almost exclusively of G/A is followed by its reverse complement, con-
sisting mainly of T/C. c. repeat structures in CACTA transposons.
Panel 3c is adapted from Wicker et al., 2003.

2.3.3 Software for repeat recognition and isolation

As the amount of genomic sequences from the Triticeae grows with an
increasing speed, bioinformatics tools for efficient identification and
annotation of TEs are urgently needed. Currently, a number of pro-
grams are available which assist the de novo identification of TEs and
their annotation. The program LTR_STRUC (McCarthy and McDon-
ald 2003), for example automatically searches a finished sequence (or
even an entire genome) for the typical characteristics of LTR-
retrotransposons (LTRs etc... as described above). It can be used for
an efficient and quick identification of LTR retrotransposons without
requiring a lot of specialized knowledge. The disadvantage of that pro-
gram is that it does not really take into account the possibility of
nested insertions i.e., TEs inserted into other TEs that are very frequent
in the Triticeae genomes. Another example for automated annotation is
the program TEnest (Kronmiller and Wise 2008) which identifies TEs
based on a search against a TE database and also models their nesting
patterns i.e., the order in which the TEs have inserted into one another.
This allows a quick assessment of the genome evolution in a particular
locus. However, the main disadvantage of these two programs is that
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they work only on largely finished sequences. Further automated TE
recognition pipelines have been developed (Bao and Eddy 2002;
Quesneville et al. 2005). The former is a de-novo repeat identification
software which defines the boundaries of repetitive sequences by mul-
tiple sequences alignments of regions that contain particular repeat.
The latter employs a “combine evidence” strategy analogous that that
used for gene prediction where results from homology based and de-
novo TE identification methods are integrated.

Although such programs are very valuable and helpful tools for se-
quence analysis, one has to consider their outputs with caution. The
automated annotation of TE is very complex and many exceptions and
special cases are not handled by the programs because the programmer
simply did not know about them at the time of development . A typical
example is a deletion that eliminates part of a TE. The computer pro-
gram might then find the first half of the TE and merge it with the sec-
ond half of a similar TE further downstream. Such an artifact can
cause inconsistencies when the evolution of a locus is being analyzed.
Even worse, if a gene is located in between the two merged TEs as it
can be interpreted as part of the TE if the results are not checked care-
fully. Thus, every automated annotation of automatically extracted TE
dataset should be inspected carefully if one wants to ensure accurate
information about TEs.

2.3.4 The challenge of the large number: Quality in quantity is
needed
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To ensure accurate repeat identification and characterization, it is es-
sential that a high-quality repeat database is available. There are sev-
eral criteria that define the quality of such a database. A few will be
mentioned here:

- The size of the TEs and the structure of their terminal sequence needs
to be well identified. This allows exact annotation of the borders of
TEs on a given sequence and, thus, efficient making of a considerable
fraction of the sequence for further gene identification.

- TEs in the database should not contain nested insertions of other TEs.
This can lead to distorted estimates of copy numbers of TEs. If, for
example, a low-copy transposon contains an insertion of a MITE
which is present in 10,000 copy numbers in the genome, a BLAST
searches against the TE database will often hit the high-copy element
inside the low-copy one. If the BLAST output is not carefully read,
one can gain the false impression of the abundance of the low-copy
element.

-TEs in the databases should not contain genes or fragments thereof.
Especially when the TE dataset is produced automatically, as de-
scribed above, there is the danger that it contains artifact TEs which
contain genes or gene fragments.

-TEs are often wrongly annotated as genes, since they may contain
coding sequences which are not clearly homologous to typical TE pro-
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teins such as Transposase of Reverse Transcriptase. Once a TE is
wrongly labeled as a gene, the mistake will continue to be carried on,
as future researchers, who come across that particular TE will annotate
it again as a gene. This can result in potentially large artificial artifac-
tual “gene families”.

A number of TE databases have been created over the years, with
RepBase being the pioneer (Jurka 2000). Several TE databases for
plants have been generated as a result of the complete sequencing of
the rice and Arabidopsis genomes. The only database dedicated to
Triticeae is TREP (Triticeae repeat database,
http://wheat.pw.usda.gov/ITMI/Repeats/). The most recent release
contained over 1,400 TEs sequences representing 180 families. Con-
sidering the small set of sequences that is publicly available and the
vast size of the Triticeae genome, one has to expect that there are thou-
sands of different TE families yet to be discovered. Classification and
annotation of such a large number of TEs can only be precise and reli-
able if a high quality of the repeat database is maintained even when
the number of TEs reaches tens of thousands. So far, the TREP data-
base was curated by a very small number of people, thus, providing a
relatively consistency in quality. However, the challenges that lie
ahead will require the definition of clear guidelines and quality control
to provide a system for many dozens or even hundreds of researchers.
First steps were taken by creation of the IWGSC annotation guideline
and a proposal for a unified classification system for transposable ele-
ments [44].
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