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Abstract. Cellular genes comprise at most 5% of the barley
genome; the rest is occupied primarily by retrotransposons.
Retrotransposons move intracellularly by a replicative mecha-
nism similar to that of retroviruses. We describe the major
classes of retrotransposons in barley, including the two nonau-
tonomous groups that were recently identified, and detail the
evidence supporting our current understanding of their life
cycle. Data from analyses of long contiguous segments of the

barley genome, as well as surveys of the prevalence of full-
length retrotransposons and their solo LTR derivatives in the
genus Hordeum, indicate that integration and recombinational
loss of retrotransposons are major factors shaping the genome.
The sequence conservation and integrative capacity of barley
retrotransposons have made them excellent sources for devel-
opment of molecular marker systems.
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An inkling of our current view of genome organization
began to emerge from physical experiments with DNA hybridi-
zation carried out in the 1970s (e.g., Flavell et al., 1974; Hake
and Walbot, 1980). The observations were that DNA from bac-
teria demonstrated a simple reannealing curve over time,
whereas genomic DNA from higher organisms showed a com-
pound curve indicating the presence of several components dif-
fering in their relative concentration, or repetitiveness. Shear-
ing of the DNA to various lengths made it clear that the repeti-
tive and non-repetitive fractions are interspersed. Subsequent
analyses have shown that the repetitive DNA constitutes the
majority of large genomes. In maize, 60-80% DNA is repeti-
tive (Flavell et al., 1974; Springer et al., 1994; Bennetzen, 1996;
Heslop-Harrison, 2000; Meyers et al., 2001), whereas in wheat,
83 % of the genome is repetitive (Wicker et al., 2001).
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The measurements of the proportion of repetitive DNA in
the genome are roughly in line with estimates on gene number
from large-scale EST and genome sequencing projects. These
indicate a total of 30,000-60,000 genes are present in plant
genomes on average (Arabidopsis Genome Initiative, 2000;
Goff et al., 2002; Kurata et al., 2002; Yu et al., 2002). A mini-
mum total of 3 x 104 genes of 5 kb each require a gene space of
1.5 x 108 bp. Taking genome size into account, the minimum
genome complement therefore represents 35% of the rice
genome (4.3 x 108 bp; Kurata et al., 1997) but only 2.8 % of the
barley genome (5.3 x 10° bp, Kankaanpii et al., 1996). In con-
trast, the genome of Arabidopsis thaliana is remarkably com-
pact (Schmuths et al., 2004). Its genome sequence reveals a
total of 26,439 genes of 4,870 bp average length, occupying
40.4% of the 1.29 x 108 nucleotides in the genome (http://mips.
gsf.de/proj/thal/db/tables/chrall_tables/exons.html).

Recent sequencing of long segments (“contigs”) of cereal
genomes confirms the interspersion of repetitive DNA with
genes that are present as single copies or small families. The
repetitive DNA is comprised of several components. These
include transposable elements that move via a cut-and-paste
mechanism, which are also called the Class II DNA transpos-
ons, and those that replicate via an RNA intermediate leading
to cDNA copies that insert into new loci, which are called retro-
transposons or Class I elements. The microsatellites or simple
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sequence repeats, as well as tandem repeats and special groups
of repetitive sequences found in telomeres and centromeres,
round out the genome. Comparisons of mapped genes and
sequenced contigs show that, for the most part, cereal genomes
are syntenic and collinear, having equivalent genes organized
in the same order on homeologous chromosomes or chromo-
some segments (Smilde et al., 2001). The overall conclusion is
that the bulk of cereal genomes is comprised of families of
retrotransposons, with a major contributing factor to genome
size differences being the abundance of these elements.

An understanding of mobile genetic elements that have an
RNA phase in their life cycle emerged about the same time the
repetitive and interspersed nature of plant genomes was re-
vealed. While research on pathogenic retroelements began with
the work of Rous (1911) on the avian leucosis virus and sarco-
ma virus, only the provirus hypothesis of Temin (1964), its con-
firmation through the discovery of reverse transcriptase (Balti-
more, 1970; Temin and Mizutani, 1970), and the details of the
first retrovirus sequence (Shinnick et al., 1981) clarified their
nature. Non-pathogenic but related elements, retrotransposons,
where identified in Drosophila and Saccharomyces; related ele-
ments in the plant genome were demonstrated in the mid and
late 1980s (Shepherd et al., 1984; Voytas and Ausubel 1988;
Grandbastien et al., 1989).

The retrotransposons, or Class I elements, constitute three
groups, the LINEs, SINEs, and LTR retrotransposons, mem-
bers of this last group being bounded by long terminal repeats
(LTRs). The LTR retrotransposons may be divided into two
large categories both by sequence similarity and organization,
those that resemble the Drosophila type element copia and
those that resemble gypsy elements. Members of each group
display a greater similarity to members of the same group from
different species and Kingdoms than they do to elements from
the same species, supporting their ancient divergence into inde-
pendent lineages (Xiong and Eickbush, 1990). The LTR retro-
transposons together appear to derive from non-LTR retroele-
ments (Malik and Eickbush, 2001). The structure and life cycle
of LTR retrotransposons (reviewed in Kumar and Bennetzen,
1999) is similar to that of the intracellular phase of mammalian
retroviruses. The 5 LTR functions as the promoter, whereas
the 3' LTR provides terminator and polyadenylation signals.

The LTRs of cereal retrotransposons can vary in length
from a few 100 bp (Tos17; Hirochika et al., 1992) to over 5 kb
(Sukkkula, Shirasu et al., 2000; Grande, Garcia-Martinez and
Martinez-Izquierdo, 2003) and have at their termini small
inverted repeats, which give the LTRs a universal 5’ TG....CA
3’ structure. Immediately internal to the 5 and 3’ LTRs are the
priming sites for reverse transcription, respectively for generat-
ing the (-) strand and (+) strand. An internal domain specifying
one or more open reading frames lies in between the primer
binding sites. In copia-like elements this encodes in the sense
orientation a capsid protein (GAG), aspartic proteinase (AP),
which cleaves the expressed polyprotein into functional com-
ponents, integrase (IN), which carries out the insertion of the
cDNA into the genome, reverse transcriptase (RT), which
makes the cDNA daughter copies, and RNase H (RH), which is
required in replication (Turner and Summers, 1999). In gypsy-
like elements, the integrase is at the end of the open reading

frame. As discussed below in more detail, a recently recognized
subset of plant gypsy-like retrotransposons also specifies a cod-
ing domain (env) for a putative envelope protein (Vicient et al.,
2001a; Wright and Voytas, 2002). The env domains have also
been found in copia-like elements (Laten et al., 1998; Kapito-
nov and Jurka, 1999; Peterson-Burch et al., 2000).

LINEs and SINE:s are distinct from the LTR retrotranspos-
ons in their structure and mode of replication. These elements
are the major class of transposable elements in the human
genome and important players in its dynamics (Kazazian and
Goodier, 2002). In plants, by contrast, generally the LTR retro-
transposons appear to have that role. LINE elements contain an
internal promoter and encode proteins respectively with RNA-
binding and encapsidation, endonuclease, and reverse trans-
criptase functions. Replication takes place at the integration
site itself, where the endonuclease nicks the host DNA to gener-
ate a free 3’ hydroxyl that serves as the primer for reverse tran-
scription of the LINE. The SINEs, unlike the LINEs, do not
encode proteins for their replication, and likely utilize those of
the LINE:s for their replication and propagation (Boeke, 1997,
Lenoir et al., 2001; Szafranski et al., 2004). The SINEs are gen-
erally tRNA derivatives and, as such, are transcribed by RNA
polymerase III; they contain internal promoters that render
them transcriptionally active (Deragon and Capy, 2000).

LTR retrotransposons in the barley genome

Moore and coworkers (1991) reported a structure in barley,
referred to as BIS-1, that later was established to have the orga-
nizational features of a retrotransposon (Abbo et al., 1995).
Similiarly, early work by Mclntyre et al. (1988) revealed struc-
tures reminiscent, in their size and repetitiveness, of retrotrans-
poson LTRs. However, the first complete retrotransposon de-
scribed for barley was BARE-1 (Manninen and Schulman,
1993). The BARE-1 element was isolated serendipitously,
aided by its high copy number. The BARE-1 retrotransposon is
8.9 kb in size and copia-like, comprised of LTRs of 1.8 kb, an
unusually long untranslated leader of 2 kb, and coding domains
for GAG, AP, IN, RT, and RH. The coding domains and repli-
cational signals are well conserved in this family (Suoniemi et
al., 1997, 1998a).

The BARE-1 family has proven to be a fruitful experimental
system. The elements have been shown to be transcriptionally
active in various barley tissues and in tissue culture (Suoniemi
et al., 1996a) and their encoded polyprotein translated and pro-
cessed not only in barley (Jdiskeldinen et al., 1999), but also in
other cereals (Vicient et al., 2001b) where members of this
family are present. The BARE-1 family is present on average in
14,000 full-length copies, or about 2.9 % of the total size of the
genome (Vicient et al., 1999). Solo LTRs of BARE-1 account
for at least ~ 64,000 additional elements in the genome, an
equivalent share of its bulk. BARE-1 contributes both to size
variation over the entire genome (Vicient et al., 1999) and to
local genome diversification and size differences on a local
scale (Kalendar et al., 2000), in which drought-related abiotic
factors appear to play a role. As is discussed below, the BARE-1
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Table 1. Barley LTR retrotransposons present in DNA databases

Retroelement” Synonym or similarity ® Accession Length
Element LTR

Unknown class
Ikeros AYO013246 7700 380
Inav AF474982 5180 204
Leojyg AY268139 4600 141
Usier Nikita-1 AY268139 10300 1503
Nikita-1 Usier AF254799, Y14573, AF474072 ? >1077
Copia-like
BARE-1 Wis-2 (wheat) 217327, AF427791 8600 1800
Bianca AF521177 7683 170
HORPIA-1 AF427791
Horpia-2 AF521177 5142 323
Inga AF474982 11700 1576
Katarina AF521177 5140 323
Gypsy-like
Bagy-1 Y 14573 14500 2500
Cereba AY040832 7800 931
Fatima AF521177 9100 484
Kulkuri Daniela-1 (wheat)? AJ489246, AF474071 12000 893
Latidu AF521177 9800 464
Laura Bagy-1 AY188332 12403 4192
Lolaog AY268139 10510
Romani-Hvl, -Hv2, -Hv3 AJ002615, AJ002616, AJ002617, AJ002618, 11000 2755,

AJ002619 3100
Gypsy-emV*
Egug Bagy-2, Wilma (wheat) AY268139 7300 1358
Bagy-2 Egug, Wilma (wheat) AF254799, AF427791 8700 1500
Sabrina R173 (rye), Wobi AF474071 7924 1661
R173 Sabrina AF474071, AF474072, Z17327 ? 597
Wham Claudia (wheat)-like LTR AY268139 9560 1446
Wobi R173, Sabrina AY268139 ? ?
LARD
Sukkula-2 AF474072, AF254799 11200 5585
Sukkula-1(a,b,c) AF474072, AF254799, Y14573, AY054377, 11800 — 12200 5020

AY054376, AF453665
TRIM
Pikku-1 AY 164585 725 262

Some names are present in the TREP database (http://wheat.pw.usda.gov/ITMI/ Repeats/ n'TREP_list.html).

<« indicates uncertain affinity.

gypsy-env refers to gypsy elements containing env domains, also called Errantiviruses.

elements so prevalent in the genome, are frequently present as
solo LTRs in extensive nests of elements integrated into each
other. The activity of BARE-1 has made it suitable for exploita-
tion as a molecular marker for genetic diversity and mapping
(Kalendar et al., 1999; Manninen et al., 2000; Baumel et al.,
2002; Boyko et al., 2002; Leigh et al., 2003).

The worldwide expansion of sequencing efforts, particularly
of the long contiguous DNA segments represented in BAC and
YAC clones, has greatly expanded the known repertoire of bar-
ley retrotransposons. Due to the prevalence of many retro-
transposon families, even clones from gene-rich regions of the
genome contain ample numbers of retrotransposons. Retroele-
ments that can be gleaned from the database accessions of bar-
ley are presented in Table 1. An online database of repeats
present in the Triticeae, TREP, which includes many barley
retrotransposons, is now available (http://wheat.pw.usda.gov/
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ITMI/Repeats/nrTREP_list.html). It is now clear that barley
and other plants contain all groups of retroelements present
elsewhere among eukaryotes.

The gypsy-like elements, as described above, were originally
described in the arthropods and in a few taxonomically scat-
tered plants. We were able to establish, however, that gypsy-like
retroelements are present in barley and are widespread in the
plant kingdom (Suoniemi et al., 1998b). Vershinin and collabo-
rators (2002) cloned RT domains in barley representing four
families of gypsy-like elements. Hybridizing representatives of
four gypsy-like families to gridded and blotted BAC clones,
they found that together these families represented some 3 % of
the barley genome, the most abundant being present in almost
7,000 copies. If the barley genome resembles that of rice, where
gypsy-like elements outnumber those that are copia-like by
almost six to one on chromosome 1 (Sasaki et al., 2002) and



perhaps 2:1 overall (McCarthy et al., 2002), there are many
more families of this class to be found, and they will prove to be
more diverse than the copia-like elements as they are in rice
(Vicient and Schulman, 2002).

One group of LTR retrotransposons that is especially inter-
esting contains envelope domains. As described above, retro-
transposons and retroviruses share the basic features of their
intracellular life cycles as well as the major proteins that they
encode. One crucial difference leading to distinct terms being
used for these elements is that retrotransposons lack a domain,
env, encoding an envelope glycoprotein. This glycoprotein en-
ables the VLP to be sheathed in an envelope and also mediates
fusion of the envelope with cellular membranes, facilitating cel-
lular transit and infectivity. The retroviruses were previously
thought to be restricted to the mammals, although a few inver-
tebrate retrotransposons, including gypsy itself, contain env
domains and can be infective (Malik et al., 2000). During the
last several years, a clade of gypsy-like retrotransposons, Gypsy-
env, that contains env domains were identified in Arabidopsis
thaliana (Pélissier et al., 1995; Kapitonov and Jurka, 1999;
Peterson-Burch et al., 2000) together with the related elements
Cyclops and Calypso of the legumes (Chavanne et al., 1998;
Peterson-Burch et al., 2000). A few copia-like retroelements
containing env domains were also found (Laten et al., 1998;
Wright and Voytas, 2002). The env-containing gypsy-like ele-
ments are not rare, but form part of a separate and widespread
clade found throughout the flowering plants (Vicient et al.,
2001a). In barley, the Bagy-2 member of this group is tran-
scribed and the env domain spliced into a subgenomic RNA in
a manner parallel to what is found in the retroviruses (Vicient
et al., 2001a). The predicted envelope protein of Bagy-2 con-
tains the N-glycosylation sites, leucine zipper, and transmem-
brane domains typical of the retroviral protein. The function of
this protein in cellular or extracellular phases of the Bagy-2 life
cycle remains, however, to be established.

SINEs and LINEs in barley

SINE elements are active in a variety of plants, and have
been investigated in particular in Brassica (Gilbert et al., 1997,
Arnaud et al., 2000; Tikhonov et al., 2001). They are useful
phylogenetic markers in that genus (Tatout et al., 1999), in Ory-
za (Cheng et al., 2002), and in humans and animals (Shedlock
and Okada, 2000; Watkins et al., 2003). However, they have
been little investigated in barley and in cereals other than rice.
The distribution of copia-like, gypsy-like, and LINE elements
was examined in H. spontaneum and in Aegilops speltoides (Be-
lyayev et al., 2001). LINE elements showed a dispersed, but
nevertheless clustered, pattern. Vershinin et al. (2002) reported
on LINE distribution in members of the genus Hordeum. They
observed dispersion along most chromosomes, limited by the
elements’ low copy numbers in cultivated barley. The group
employed degenerate RT primers to amplify a LINE RT seg-
ment from barley, and then used this to isolate a LINE element,
named BLIN, from a BAC library. The isolated BLIN element
contained the structural features and organization typical of
other LINE elements, although the open reading frame had

decayed. The BLIN is present in only 40 to 50 copies, in con-
trast to the del2 LINE element of Lilium, which is present in
2.5 x 105 copies and comprises 4 % of that genome (Leeton and
Smyth, 1993).

Non-autonomous LTR retrotransposons in barley

Systems of non-autonomous and autonomous elements
were found to be characteristic of Class II, DNA transposons
since early in their analysis (McClintock, 1956; Burr and Burr,
1982; Fedoroff et al., 1983). The non-autonomous transposons
depend for their mobilization on the transposase of their auton-
omous partner. Recently, MITE elements were shown as well to
be a form of highly reduced non-autonomous Class II transpos-
able elements (Jiang et al., 2003; Kikuchi et al., 2003; Nakazaki
et al., 2003). For the retrotransposons, although fully functional
retrotransposons could be isolated in plants by selection in tis-
sue culture (Grandbastien et al., 1989), the majority of ele-
ments in large families of retrotransposons appeared to contain
stop codons or small indels rendering their reading frames
unable to code for full-length polyproteins (e.g., Suoniemi et al.,
1998a). These retroelements are similar in that way to most
nonautonomous Class II transposons, but differ from the highly
reduced, perhaps minimum transposable Class II element re-
presented by the MITEs.

Recently, the conceptual equivalent of MITE elements has,
however, been found for retrotransposons. Witte et al. (2001)
described a class of highly reduced non-autonomous retro-
transposons, which were given the appellation “TRIMs”. The
TRIM elements are composed of terminal direct repeats (LTRs
or TDRs) of 100 to 250 bp, flanking typical retrotransposon (=)
strand PBS and (+) strand PPT primers and an internal “stuf-
fer” region of 100 to 300 bp. The internal region is non-coding.
Their small size prompted the acronym for Terminal Repeat
retrotransposons In Miniature. The only cereals TRIMs hereto-
fore found are in rice (16 copies, of which eight were intact) and
maize (two copies, one intact). We now have isolated a family
of highly repetitive, insertionally polymorphic TRIMs from
barley, which we demonstrate to be actively transcribed as well.
We also have shown that TRIM elements highly conserved in
length and sequence can be found across the tribe Triticeae
(Kalendar et al., in preparation).

We have recently found another class of retrotransposons,
non-autonomous but at the opposite end of the size spectrum
from TRIMs. These elements, named LARDs for LArge Retro-
transposon Derivatives, contain LTRs of ~ 4.4 kb (Kalendar et
al., 2004). The Sukkula element, a solo LTR derived from a
LARD, was previously reported (Shirasu et al., 2000). These
large LTRs flank primer-binding sites, as is typical for both
TRIMs and autonomous elements. However, the internal do-
mains of ~ 3.5 kb contain no open reading frames encoding
typical retrotransposon proteins. The internal domains are suf-
ficiently diverged from typical retrotransposon coding se-
quences, if that is their origin, that they cannot be satisfactorily
aligned with them. However, the LARDs specify well-con-
served RNA secondary structures. Although non-autonomous,
the LARDs are also well conserved in sequence, polymorphic
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by transposons display methods, and are highly abundant,
being present in 104 copies. We have described them in 13 spe-
cies and four genera of the grass tribe Triticeae, including bar-
ley (Kalendar et al., 2004).

The retrotransposon life cycle in barley

To date, no single copy of a barley retrotransposon has been
demonstrated to integrate during the course of a laboratory
experiment, as was the Tntl of tobacco, which is present in
moderate numbers (Grandbastien et al., 1989), or was Tos-17
of rice, which occurs only rarely in the genome (Hirochika et
al., 1996; Miyao et al., 2003). However, progress has been made
in demonstrating the various steps of the retrotransposon life
cycle, including transcription, translation, and formation of
virus-like particles (VLPs). For the cereals generally, retrotrans-
poson transcripts appear to be present in many tissues of the
plant, and can be found as about 0.1% of the clones in EST
databases (Vicient et al., 2001b; Echenique, et al., 2002). In
barley, 0.3% of the ESTs are derived from retrotransposons
(Vicient et al., 2001b), the highest of the nine monocots sam-
pled, and the highest for all species having more than 1 x 103
ESTs in the database. Furthermore, among the 27 monocot,
one pine, and 10 dicot retrotransposon families investigated,
which are about evenly split between copia- and gypsy-like
types, the barley retrotransposons Sukkula (a LARD element),
Sabrina (gypsy-like), and BARE-1 (copia-like) matched the
greatest number of ESTs in the database, approached only by
Cinful of maize.

Transcription of retrotransposons in barley has been direct-
ly demonstrated for BARE-1 (Suoniemi et al., 1996a), the env-
containing Bagy-2 (Vicient et al., 2001a), and for TRIM ele-
ments (Kalendar et al., in prep.). The BARE-1 LTR, which is
1,829 bp long, contains two promoters, both of which are active
in vivo. For the downstream TATA box, both positive and neg-
ative regulatory regions for transient expression in barley pro-
toplasts were uncovered (Suoniemi et al., 1996a). The upstream
segment giving the greatest positive contribution to expression
resembles a GARE element (Huang et al., 1990), which re-
sponds transcriptionally to gibberellic acid by interaction with
nuclear factors (Huttly et al., 1992; Sutliff et al., 1993). The role
of BARE-1 promoter motifs within intact organs has been con-
firmed for barley (Chang et al., in prep.). There is also circum-
stantial evidence that BARE-1 is stress-responsive, because the
copy number of this element is correlated with environmental
factors associated with drought and temperature stress in natu-
ral populations of Hordeum spontaneum, wild barley (Kalendar
et al., 2000).

Reverse transcription follows transcription, and depends
upon a (-)-strand initiation site (PBS), which is generally com-
plementary to a tRNA in LTR retrotransposons, and a (+)
strand initiation site (PPT), which is purine-rich. These are
highly conserved both for BARE-1 (Suoniemi et al., 1997) and
LARD elements (Kalendar et al., 2004) in barley. Evidence for
production and packaging of BARE-1 cDNAs has been found
(Jadskeldinen et al., 1999). Translation of the LTR retrotrans-
posons generates one single polyprotein, or two separate gag
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and pol products. These are processed to mature forms by retro-
transposon-encoded proteinase (Irwin and Voytas, 2001) The
BARE-1 elements contain a single open reading frame, as does
yeast Ty5, and antibodies to both GAG and integrase reveal
that processing to the predicted mature sizes takes place in a
variety of tissues (Jddskeldinen et al., 1999). Furthermore,
BARE-1 GAG antibodies also detect a full-length translation
product and its proteolytic processing products from barley and
several other cereals including rice (Vicient et al., 2001b).
Translation of a third encoded domain, for the envelope pro-
tein, has not yet been directly shown in barley for the Bagy-2
element, although the requisite RNA splicing takes place (Vi-
cient et al., 2001a). The GAG and integrase products of BARE-
1 appear able to form virus-like particles, which can be visual-
ized from sucrose gradients, associated with reverse transcrip-
tase activity (Jadskeldinen et al., 1999).

Integration and loss of retrotransposons shape the barley
genome

As described in the Introduction, cellular genes occupy
roughly 5% of the barley genome. Most of the rest of the
genome appears to be comprised of retrotransposons. The
BARE-1 element is present in Hordeum genomes as 1-2 x 104
copies of full-length elements of 8.9 kb and 60-187 x 10% solo
LTRs of 1.8 kb, depending on the accession analyzed (Vicient
et al., 1999). Thus, 5-10% of the genome is comprised of this
single retrotransposon family. The prevalence of the Bagy-2
retrotransposon appears comparable to that of BARE-1, the
genome containing about 104 copies of the 10-kb element (Vi-
cient et al., 2001a). Full-length LARD elements and their solo
LTRs together comprise about 1.3 % of the genome (Kalendar
et al., 2004). Hence, these three families together compose 8-
13% of the genome, and there are many other families (Table 1;
Shirasu et al., 2000) for which the copy number has not yet
been estimated. Many of the highly abundant retrotransposons
are also dispersed throughout all seven haploid chromosomes,
except in the centromeres, telomeres, and nucleolar organizing
regions (Suoniemi et al., 1996b; Vicient et al., 1999). However,
the gypsy-like element CEREBA is highly, if not exclusively,
localized to cereal centromeric regions (Presting et al., 1998;
Hudakova et al., 2001). Centromeric retrotransposons are
found elsewhere in the plant kingdom, and may represent a spe-
cialized, ancient family of gypsy-like elements.

Sequencing of long contiguous segments of barley and other
cereal chromosomes has produced a view, consistent with early
data from analytical centrifugation and reannealing experi-
ments, that these genomes are compartmented into relatively
compact islands of genes, “gene space,” surrounded by large
“seas” of repetitive DNA, largely comprised of retrotranspos-
ons (Barakat et al., 1997; Sandhu and Gill, 2002). In a 60-kb
segment of the barley genome from chromosome 4HL contain-
ing the Mlo locus, the three genes are clustered in a block of
18 kb (Panstruga et al., 1998). A 66-kb region on chromosome 2
HL is similar, containing three genes on an island of 18 kb
flanked by an expanse that has undergone at least 15 retro-
transposon integrations (Shirasu et al., 2000). A contiguous



stretch of 261 kb at the barley Mla locus segment contains 32
predicted genes separated into three gene islands by two com-
plexes of nested retrotransposons (Wei et al., 2002). The
BARE-1 elements alone comprise 17.5 % of the total region. An
even longer contig of 417.5 kb, assembled from four BACs, con-
firmed the gene island model of the barley genome (Rostoks et
al., 2002). Reverse transcription renders the LTRs of a given
element identical at the time of integration. However, over
time, their sequences subsequently diverge at the neutral rate.
This forms a clock that can be used to estimate the time that has
elapsed since the integration of a particular retrotransposon
copy at a given position in the genome. This principle enabled
Wei and co-authors (2002) to estimate that the Mla locus of
barley was invaded by five BARE-1 elements over the last two
million years.

While these few case studies of particular regions in the bar-
ley genome cannot establish an overall picture of the rate of
retrotransposon insertion into the genome as whole, the cur-
rently large fraction occupied by the elements implies that the
genome has been generally expanding for a long time. Are the
barley and other genomes, therefore, expanding without end
(Bennetzen and Kellogg, 1997a, b)? Unequal crossing-over,
gene conversion, and sequential deletions may not be sufficient
to efficiently remove retrotransposons and halt the expansion.
Although small deletions, in some animals and in plants with
small genomes, may be sufficient to maintain the size of these
genomes in equilibrium, in plants with large genomes mecha-
nisms acting directly on transposable elements may be more
important (Bennetzen, 2002; Petrov, 2002). Data from barley
indicates that LTR — LTR recombination may play a major
role in counteracting retrotransposon-based genome expan-
sion. This form of intrachromosomal recombination in a single
retrotransposon results in loss of one LTR and the internal
domain, leaving behind a recombinant solo LTR. In the small
genome of yeast, 85 % of the retroelements are present as solo
LTRs (Kim et al., 1998). Genomes of Hordeum species have
7-42 fold more BARE-1 LTRs than full-length copies of this
retrotransposon (Vicient et al., 1999). Furthermore, the nests of
retrotransposons in barley appear to be comprised almost
entirely of solo LTRs (Shirasu et al., 2000). In the genome of
rice, the >98% similarity of most pairs of LTRs in intact ele-
ments (McCarthy et al., 2002) supports the hypothesis that
turnover may serve to eliminate elements and keep genomes
small. Furthermore, an analysis of intergenic sequences for
orthologous glutenin loci in Triticum revealed large-scale retro-
transposon insertions and deletions as well as other kinds of
rearrangements (Anderson et al., 2002; Wicker et al., 2003)

Whatever the relative contributions of the various mecha-
nisms promoting loss of DNA in the genome, the end result in
barley and other cereals are the gene islands discussed above.
The current snapshot of the genome, available in long contigu-
ous sequences, reveals variation in both gene density and retro-
transposon number. Overall gene densities of one per ~ 20 kb
have been observed in several contigs, within a very wide range
of one per 12-103 kb (Panstruga et al., 1998; Feuillet and Kell-
er, 1999; Shirasu et al., 2000; Rostocks et al., 2002). These yield
local densities inside the gene islands themselves ranging from
one in 4.6-8.1 kb (Shirasu et al., 2000; Wei et al., 2002). The

highest densities approach that of one per 4.5 kb found in Ara-
bidopsis thaliana. The intra-island gene densities in the large
genomes mirror, therefore, the more global organization in
retrotransposon-poor genomes.

High local genic densities, through nested retrotransposon
integrations, may be selectively advantageous due to the capac-
ity of LTRs from two different retrotransposons on a chromo-
some to recombine (Shirasu et al., 2000; Vicient and Schulman,
submitted), removing all DNA in between. If the intervening
DNA contains genes, these would be lost through such a recom-
bination, leading to loss of fitness. Retrotransposons with an
affinity for integrating into genes in barley, if they exist, are
expected to be rare and under the tight regulation seen for
Tos17 of rice (Hirochika et al., 1996; Hirochika, 1997).

Retrotransposons as molecular markers in barley

The retrotransposons of barley have proven to be an excel-
lent foundation on which to build molecular marker systems
for applications such as genetic fingerprinting (Leigh et al.,
2003), variety identification, genetic diversity studies (Kalen-
dar et al., 2000; Baumel et al., 2002), marker-assisted selection,
and mapping (Waugh et al., 1997; Manninen et al., 2000). Sev-
eral PCR-based methods that produce multiple products have
been developed. They all employ a primer anchored in retro-
transposon, generally in the LTR. They differ in the annealing
site of the second primer. The S-SAP (sequence-specific ampli-
fied polymorphism) method, first applied in barley, uses a
primer matching a restriction site adapter (Waugh et al., 1997).
In IRAP (inter-retrotransposon amplified polymorphism), the
second primer matches another retrotransposon, either from
the same or a different family (Kalendar et al., 1999). The
REMAP (retrotransposon-microsatellite amplified polymor-
phism) approach uses a retrotransposon primer and one, bear-
ing a selective anchor at the 3’ end, which matches a microsatel-
lite.

The IRAP method succeeds because, rather than being dis-
persed at a predicted average distance of 50 kb, retroclements
are clustered in the barley genome. Likewise, microsatellites
and retrotransposons tend to be clustered in the genome,
increasing the utility of REMAP (Ramsay et al., 1999). The
methods are robust regarding the generation of solo LTRs.
Although LTR-LTR recombination may delete the internal
region of an element, the remaining solo LTR leaves many such
losses transparent for marker systems based on LTRs. This is
because recombination does not remove the annealing site,
generally near the outer edge of the LTR, for primers used in
polymorphism detection. Similarly, stacked insertions of one
retrotransposon into another, and subsequent deletions within
such nests, will not affect the products generated from the
LTRs of the original element because these events will be “be-
hind”, or 5, to the position of the primer. Retrotransposon
marker systems such as RBIP (Flavell et al., 1998) and TAM
(Flavell et al., 2003), which score the presence or absence of
individual insertions based on specific amplification between
the flanking sequences, have not yet been adapted to barley, but
are currently under development.
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Prospects

The genus Hordeum has proven to be a good experimental
system for investigating the life cycle of plant retrotransposons
and their impact on the genome, and for applying them as
molecular markers. To date, only a few elements from barley
have been investigated in any detail. Many aspects of the life
cycle remain to be clarified, and the regulatory mechanisms
linking retrotransposon expression to cellular processes have
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