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Abstract. Dictyostelium discoideum is a eukaryotic mi-
croorganism that is attractive for the study of fundamen-
tal biological phenomena such as cell-cell communica-
tion, formation of multicellularity, cell differentiation and
morphogenesis. Large-scale sequencing of the D. dis-
coideum genome has provided new insights into evolu-
tionary strategies evolved by transposable elements (TEs)
to settle in compact microbial genomes and to maintain
active populations over evolutionary time. The high gene
density (about 1 gene/2.6 kb) of the D. discoideum
genome leaves limited space for selfish molecular in-
vaders to move and amplify without causing deleterious
mutations that eradicate their host. Targeting of transfer
RNA (tRNA) gene loci appears to be a generally success-
ful strategy for TEs residing in compact genomes to insert
away from coding regions. In D. discoideum, tRNA gene-

targeted retrotransposition has evolved independently at
least three times by both non-long terminal repeat (LTR)
retrotransposons and retrovirus-like LTR retrotrans-
posons. Unlike the nonspecifically inserting D. dis-
coideum TEs, which have a strong tendency to insert into
preexisting TE copies and form large and complex clus-
ters near the ends of chromosomes, the tRNA gene-tar-
geted retrotransposons have managed to occupy 75% of
the tRNA gene loci spread on chromosome 2 and repre-
sent 80% of the TEs recognized on the assembled central
6.5-Mb part of chromosome 2. In this review we update
the available information about D. discoideum TEs which
emerges both from previous work and current large-scale
genome sequencing, with special emphasis on the fact
that tRNA genes are principal determinants of retrotrans-
poson insertions into the D. discoideum genome.
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Transposable elements: a brief introduction
“This thing was moving around’ — B. McClintock, 1948

It was in the 1940s when Barbara McClintock developed
the concept of ‘controlling elements’. They were defined
as genetic units that associated with and thereby con-
trolled the expression of genes [1]. Instability of effects of
such controlling elements on gene expression were
shown by McClintock to be caused by instability of the
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controlling elements in terms of their genomic positions.
These studies led to the concept of transposable elements
(TEs) as genetic entities that migrate through the genome
of a host cell. The discovery of TEs in a broad range of or-
ganisms has brought about an intense debate over the
probable sense or nonsense of this sort of mobile DNA.
TEs can be regarded as molecular parasites that invade
genomes and replicate themselves autonomously to sus-
tain active populations within a given host [2, 3]. Al-
though it seems true that TEs are selfish pieces of DNA,
there is overwhelming evidence suggesting that TEs
deeply influence their host cell genomes, both detrimen-
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tally and beneficially. The most drastic consequence of
TE action we could imagine is the eradication of the host
cell through disastrous insertion of TEs into essential
genes. However, TEs may also exert more subtle benefi-
cial effects on their host genomes, e.g. by offering sites
for unequal cross-overs or by shuffling of genomic se-
quences to create new genes [4—6]. The host’s genome
flexibility may be significantly improved if the parasitic
TEs are allowed to ‘live’ and expand to a certain extent,
such that the host can adapt to environmental changes
more efficiently than its competitors [4, 5, 7—9]. In addi-
tion, there are several examples of ‘molecular domestica-
tion’ of TE-encoded cis-regulatory proteins into cellular
functions [10], e.g. the V(D)J recombination-mediating
proteins RAG1 and RAG?2 in the development of the ver-
tebrate immune system [11], components of nuclear
spliceosomes in eukaryotic RNA processing [12] or
telomerase in chromosome maintenance [13]. The inter-
action of the molecular parasites with their hosts appears
to be of such evolutionary significance that TEs have
been widespread and may even be ubiquitous inhabitants
of all prokaryotic and eukaryotic cells.

Classification of eukaryotic TEs

TEs are classified into two major groups according to their
transposition mechanisms [14]. The class I, or retroele-
ments, are — in the broadest sense — genetic entities origi-
nally derived by reverse transcription of RNA intermedi-
ates into DNA by means of an RNA-directed DNA poly-
merase (reverse transcriptase, RT). By contrast, class II
elements move directly from DNA to DNA locus by a cut-
and-paste mechanism catalyzed by an encoded trans-
posase. Eukaryotic retrotransposons can be divided into
autonomous and nonautonomous elements. Retrotrans-
posons are considered autonomous if they encode intact
proteins for reverse transcription and integration. The au-
tonomous retrotransposons are classified according to the
presence or absence of long terminal repeats (LTRs) brack-
eting the retroelement-encoded genes (LTR and non-LTR
retrotransposons, respectively). Nonautonomous retroele-
ments are mainly represented by the short interspersed nu-
clear elements (SINEs). SINEs have no protein-coding ca-
pacities and are probably molecular hitchhikers that mim-
ick the 3’ ends of non-LTR retrotransposons and thereby
ensure their trans-mobilization by borrowing the required
proteins from residing autonomous non-LTR retrotrans-
posons ([9], but see also discussion by [15]).

DNA transposons

Eukaryotic DNA transposons are rather simply structured
TEs that consist of a transposase-encoding gene framed
by inverted terminal repeat sequences (ITRs). The trans-
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posase mediates the excision of the transposable element
from one chromosomal locus and integration of the mo-
bilized element at a new site. DNA transposons are wide-
spread in eukaryotes and can cause a variety of traits by
random insertions into their host genomes. For example,
the Drosophila melanogaster P elements are responsible
for causing a syndrome of traits collectively known as hy-
brid dysgenesis [16]. The syndrome is usually only ob-
served in the progeny of males with active P elements and
females lacking P elements. The dysgenic traits can be
explained by an initial burst of transposition of P ele-
ments that causes disastrous genomic rearrangements in
developing germ cells. Typically the transposition activ-
ity of DNA transposons rapidly declines shortly after in-
vasion of a new host and an initial burst of transposon am-
plification. This is because the transposase does not
discriminate intact from defective elements, which suc-
cessively leads to the accumulation of defective trans-
posons. The nematode Caenorhabditis elegans contains
the Tcl transposon that is similar to the mariner element
discovered in Drosophila mauritiana (reviewed in [17]).
It seems that members of the Tc1/mariner superfamily are
found in all animals. Whereas transposition of P ele-
ments is restricted to their natural host, Drosophila,
Tcl/mariner elements are active in many eukaryotic
species and may integrate any recombinant piece of DNA
into a target genome independent of additional host fac-
tors, provided that the gene of interest is flanked by ITRs
and the transposase is expressed in trans in the same cell
[17, 18]. One particular Tcl/mariner element, Sleeping
Beauty, has recently been used to introduce a marker gene
into the mouse germ line [19].

LTR retrotransposons

The LTR retrotransposons encode a gag gene whose
product is a nucleocapsid, RNA-binding protein. Enzy-
matic activities required for retrotransposition are en-
coded by the pol gene and include RT, RNase H, integrase
(IN) and protease (PRO) [20]. The gag and pol genes are
usually encoded in separate reading frames that are trans-
lated into single proteins by ribosomal frameshifting.
This ensures high-level production of the GAG protein
and low abundance of enzymes and regulatory proteins
required for retrotransposition. The fusion proteins are
processed by the encoded protease [21]. LTR retrotrans-
posons can be divided into six clades based upon phylo-
genetic analysis of conserved RT/RNAse H domains
[22]. One of these clades represents the vertebrate retro-
viruses, which can be regarded as specialized mobile
LTR retrotransposons that have acquired the ability to
spread in a host cell population and eventually invade
new host species (horizontal transfer). Interestingly, the
capability of infecting new cells is linked to the acquisi-
tion of only one extra gene called envelope (env). Typical
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env genes encode transmembrane proteins that are in-
serted into the outer membranes of the retrovirus particles
and function as host receptor-binding proteins. Most env
genes are highly diverged and hard to trace back to their
origins. It has been noted that LTR retrotransposons of
various different phylogenetic clades and many different
organisms may eventually pick up env genes of viral ori-
gin, thus mimicking the potential of these viruses to bind
to and infect cells [22].

Retroviruses and LTR retrotransposons share a common
retrotransposition mechanism [23, 24]. Reverse tran-
scription of viral RNA is primed by a cellular tRNA that
is also packed into the viral particles. Priming occurs
downstream of the 5" LTR, thus producing a short first re-
verse transcription product covering part of the 5 LTR
(strong-stop minus-strand DNA). The strong-stop minus-
strand DNA is transferred to the 3" LTR and primes the
full-length synthesis of the minus DNA strand using the
plus-strand RNA as template. Meanwhile, the RNase H
removes parts of the RNA from the 3" LTR region, leav-
ing a polypurine tract as primer to start plus-strand DNA
synthesis. The plus-strand strong-stop DNA again
switches to the 5" LTR and initiates the synthesis of plus-
strand DNA. Hence, the end products of reverse tran-
scription of either retroviruses or LTR retrotransposons
are double-stranded DNA fragments that are inserted into
the host genomes by means of the retroelement-encoded
IN [21, 24]. The catalytic cores of retroviral integrases are
similar to transposases and include a critical set of aspar-
tic acid and glutamic acid residues (the DD;E motif) that
form an active site able to break and join phosphodiester
bonds to perform a transient DNA double strand break
[25, 26].

Non-LTR retrotransposons

The non-LTR retrotransposons, also referred to as LINEs
(long interspersed nuclear elements), contain one or two
open reading frames (ORFs) that are flanked by short un-
translated regions (UTRs). Active promoter elements
have been detected in the 5 UTRs of many non-LTR
retrotransposons, e.g. I, jockey and F elements (all from
D. melanogaster) [27-29], in mouse and human L1
[30—33], and in TRES5-A from Dictyostelium discoideum
[34]. The RT of non-LTR retrotransposons is readily de-
tectable by sequence alignment and can be used to estab-
lish phylogenetic relationships [35—37]. This has led to
the hypothesis that non-LTR retrotransposons are derived
from prokaryotic group II introns and are ancient to LTR
retrotransposons and retroviruses [37]. In non-LTR retro-
transposons with two nonoverlapping ORFs, the derived
proteins are translated separately from bicistronic RNAs
by ribosomal termination/reinitiation or internal riboso-
mal entry, as experimentally shown for the Drosophila I
factor and the human L1 element [38, 39]. This separates
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the non-LTR retrotransposons from retroviral elements,
which usually produce fusion proteins by ribosomal
frameshifting [24], and is consistent with the apparent ab-
sence in non-LTR retrotransposons of retrovirus-like pro-
tease domains responsible for cleavage of protein precur-
SOrS.

Experiments on the enzymatic properties of the Bombyx
mori R2-encoded protein have been crucial for the devel-
opment of a relatively simple model describing the retro-
transposition of non-LTR retrotransposons as a coupled
reverse transcription/integration reaction, the ‘target-
primed reverse transcription’ (TPRT) [40, 41]. The en-
donuclease (EN) of the multifunctional R2Bm protein
cuts one strand of the target DNA, thus generating a free
3’-hydroxyl group that can be used by RT to start reverse
transcription of the R2Bm RNA. Once reverse transcrip-
tion is in progress, the EN cleaves the opposite DNA
strand. It is not yet clear how joining of the cDNA 3’ end
to the genomic DNA is accomplished. A model derived
from in vitro analysis of B. mori R2 proposes that the RT
performs a template switch to copy the second target
DNA strand to a certain extent, and this connects the first
strand complementary DNA (cDNA) of the retrotranspo-
son to the genomic DNA by base pairing [42]. Second-
strand cDNA synthesis and gap repair most likely in-
volves host proteins. The TPRT mechanism of retrotrans-
position may have its roots in common ancestors of
eukaryotic non-LTR retrotransposons with prokaryotic
group II introns [43]. Since the first strand cDNA of non-
LTR retrotransposons is covalently attached to the target
DNA upon reverse transcription, the TPRT model ex-
plains very elegantly the occurrence of 5’-truncated ver-
sions of non-LTR retroelements as being simply the prod-
ucts of abortive reverse transcription reactions.

TEs in D. discoideum

Genome organization

D. discoideum 1is a widely used microbial model for the
study of developmentally regulated gene expression, cell
differentiation and morphogenesis and has recently been
included into the list of relevant model organisms for
biomedical research (http://www.nih.gov/science/mod-
els/). D. discoideum amoebae have, depending on strain
properties, a 34—40-Mb haploid genome that is orga-
nized in six chromosomes ranging from 4 to 9 Mb in
size. Previous studies, performed in the ‘pregenome’ era,
roughly estimated the gene content of the D. discoideum
genome at 8—14,000 genes [44—46]. Today, sequencing
of the 34-Mb genome of strain AX4 is nearly finished
[47—52]. Hallmarks of the recently announced complete
DNA sequence of the 8-Mb chromosome 2, which
makes up about 25% of the genome, are the very high
A+T content and unexpectedly short intergenic regions.
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The averaged A+T content is 78 % but may reach 98 % in
intergenic regions. It was calculated from chromosome 2
data that the D. discoideum genome contains one gene
per 2.6 kb on average, and that there are 10,000—11,000
genes in total [53]. The relatively high load with inter-
spersed movable elements (10% of the genome), often
organized in large complex clusters, was a challenge to
the assembly of the D. discoideum genome into large
contigs, leaving several gaps flanked by TEs that could
not be closed [52—-54].

Nomenclature and abundance of D. discoideum TEs
Movable DNA elements in the D. discoideum genome
were first described in the early 1980s. Since then, many
new TEs have been discovered, and the assignment of el-
ement names is a bit of a mess. The first element was in-
dependently discovered by two laboratories and conse-
quently got two names, DIRS-1-1 and Tdd-1 [55, 56].
Since additional repetitive elements were discovered in
the laboratory that also identified Tdd-1, these elements
were named Tdd-2 and Tdd-3 regardless of their nature
[57]. Today we know that Tdd-1 is an LTR retrotranspo-
son (see below), while Tdd-2 and Tdd-3 are non-LTR
retrotransposons associated with tRNA genes [58, 59].
Studies on tRNA gene expression led to the discovery of
two tRNA-gene-associated retrotransposons named DRE
[60] and H3R [61]. DRE is structurally related to Tdd-2
and Tdd-3, whereas H3R has properties of a solitary LTR
derived from an LTR retrotransposon [62]. Meanwhile, a
putative DNA transposon was discovered and given the
name Tdd-4. In the process of sequencing the entire D.
discoideum genome new TEs were discovered, one of
which is a Tdd-4-related element named Tdd-5. On the
other hand, new relatives of DRE and Tdd-3 were discov-
ered and also deserved new names.

Now that the sequencing of the D. discoideum genome is
nearly finished, we can list all discovered complex repeat
structures and think about a new nomenclature. At first
glance D. discoideum seems to be devoid of DNA trans-
posons. When the available sequence data of the Dic-
tyostelium Genome Project are scanned for known trans-
posases such as Tcl/mariner, hobo, Ac or bacterial IS,
no hits are obtained (P < 10-°). However, there are sev-
eral repetitive sequences with characteristics of DNA
transposons that do not share similarities with amino
acid sequences of transposases. These elements can be
grouped into the Tdd-4, DDT and thug families and com-
prise about 1.5% of the D. discoideum genome [54]
(fig. 1).

Retrotransposons make up about 8.1% of the D. dis-
coideum genome [54] (fig. 1). All D. discoideum LTR
retrotransposons are derived from Ty3/gypsy-like ances-
tors as deduced from amino acid alignments of the en-
coded RTs (reviewed in [62]). The DIRS-1-derived se-
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Figure 1. Complex repeat content of the D. discoideum genome.
Data are from [54]. Refer to the text for informations on the indi-
vidual TEs.

quences by far outnumber the two other LTR retrotrans-
posons, skipper and DGLT-A (fig. 1).

About 3.7% of the D. discoideum genome is composed of
non-LTR retrotransposons (fig. 1). Notably, all these ele-
ments are found in close vicinity to tRNA genes [54]. We
therefore proposed to use the collective name tRNA
gene-targeted retrotransposable element (TRE) [58].
Hence TRES denotes elements found upstream (5”) of
tRNA genes, while TRE3 is used for elements found
downstream of tRNA genes. After introduction of this
nomenclature we became aware that H3R is indeed a soli-
tary LTR of an unusual LTR retrotransposon that is also
found upstream of tRNA genes. This element has been
assembled from sequence data and a full-length element
is hypothetical, but the protein encoded in this element
has similarity to RT sequences of Ty3/gypsy-like LTR
retrotransposons and was therefore renamed Dic-
tyostelium gypsy-like transposon, DGLT-A [54].

Putative DNA transposons in the D. discoideum
genome

Tdd-4

The putative DNA transposon Tdd-4 is unique since it en-
codes a gene whose 707 amino acid protein product
shares significant homology in an ~ 130-amino acid mo-
tif to retroviral integrase (IN) core domains [63]. Yet no
RT sequence can be identified in the Tdd-4-encoded pro-
tein. A strong argument that Tdd-4 is indeed a DNA trans-
poson and not a retroelement comes from the fact that the
‘transposase’ gene is interrupted by six introns (fig. 2A).
No other proteins are encoded in Tdd-4, except for a
slightly shorter IN protein derivative produced from the
same gene by alternative splicing (fig. 2A). BLAST
searches of the GenBank/SwissProt databases do not
highlight D. discoideum LTR retroelements as the closest
relatives of Tdd-4 IN, which may argue for horizontal
transfer of a Ty3/gypsy-like IN domain into the D. dis-
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1000 bp
1 2 3 4 5 6

DDT-A R

4)‘6'@’5
DDT-S Roh

Figure 2. Structures of putative D. discoideum DNA transposons.
(4) The Tdd-4 element encodes a single ORF interrupted by six in-
trons (indicated by numbers). Alternative splicing produces two al-
ternative protein products. Black triangles denote the orientation of
the ITR sequences. (B) Structure of the autonomous DDT-A ele-
ment and its nonautonomous DDT-S derivative. DDT-A encodes
two proteins indicated by the white and black arrow, respectively.
The latter is interrupted by two introns (indicated by numbers).
TRM, tandemly repeated motifs, refer to [54] for details.

coideum genome. Tdd-4 has 145-bp nearly perfect ITRs.
The element starts with 5’-TG... and ends with ...CA-3’,
a motif typically found in transposon ITRs. However, the
5’-TG...CA-3’ sequence also terminates the LTRs of
retrotransposons and is essential for retrotransposition
[24]. Hence Tdd-4 may represent an unusual, intermedi-
ate structural concept of DNA transposons and retroele-
ments in which a retroviral IN-like core domain of an an-
cient LTR retrotransposon was ‘trapped’ by inverted re-
peats, resulting in a TE that moves by a cut-and-paste
mechanism rather than by retrotransposition. Genomic
Tdd-4 copies are flanked by 5-bp TSD sequences. About
40 Tdd-4 elements are estimated to reside in the haploid
D. discoideum genome [54].

Tdd-5

Tdd-5 was discovered by the Dictyostelium Genome Se-
quencing Consortium [54]. Only about five Tdd-5 ele-
ments may be present in the D. discoideum genome. The
element could not be completely reconstructed from the
current data set, suggesting that functional elements may
not exist in the modern D. discoideum genome. It seems
likely that Tdd-4 and Tdd-5 diverged from a common an-
cestor after invading the D. discoideum genome, since
fragmented Tdd-5 ORF sequences show significant sim-
ilarity to Tdd-4 [54].

DDT elements

DDT elements represent a novel class of putative DNA
transposons whose encoded proteins are neither similar to
known transposases nor to D. discoideum Tdd-4 or other
known protein sequences. DDT-A and DDT-B are 5168
and 5521 bp in length, respectively, and have short ITRs
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that meet the consensus 5’-AC...TG-3" (fig. 2B). The
first gene has coding capacity for 813 (DDT-A) and 815
(DDT-B) amino acids, respectively. The second ORF is
interrupted by two introns. The spliced transcripts code
for proteins with 264 (DTT-A) and 256 (DDT-B) amino
acids that have no known orthologues in other organisms.
ORF1 terminates with a putative polyadenylation site,
and ORF2 starts with new ATG translation initiation
codon, suggesting that both genes are translated sepa-
rately from bicistronic transcripts. DDT-S is an 857-bp
nonautonomous derivative of either DDT-A or DDT-B
that lacks both ORFs (fig. 2B). It was estimated from the
data set of the Dictyostelium genome project that about
20 copies of both DDT-A and DDT-B and ~ 130 DDT-S
copies exist in the D. discoideum genome [54]. DDT in-
sertions are flanked by 2-bp TSDs indicative of true trans-
position events.

Thug elements

The thug elements are a poorly defined group of low-
copy (£20) repetitive elements [54]. The two identified
thug elements are 2192 bp (thug-S) and 1132 bp (thug-T)
in length and are highly A+T rich. They are flanked by 5’-
TG...CA-3 terminal repeat sequences. Thug elements do
not have any coding capacity. Although the ITR struc-
tures of thug-S and thug-T are unrelated to one another or
to other TEs in the D. discoideum genome, it may be pos-
sible that this class of elements is trans-mobilized by TE-
derived enzymes recognizing the ITR sequences of the
thug elements.

LTR retrotransposons in the D. discoideum genome
DIRS-1

DIRS-1 was the first mobile element to be discovered in
the D. discoideum genome. DIRS-1 is unique in that it has
LTR-like structures arranged as inverted LTRs (fig. 3 A).
The element encodes an RT/RNase H domain in a sepa-
rate ORF that is distantly related to corresponding do-
mains of Ty3/gypsy-like LTR retrotransposons [22]. The
D. discoideum genome contains some 200 DIRS-1-re-
lated sequences, most of which are derived from element-
internal recombinations that resulted in defective rem-
nants [54]. The DIRS-1 element is expressed at high lev-
els in growing D. discoideum cells, both in sense and
antisense orientation. There is experimental evidence that
double-stranded RNA retrotransposition intermediates
occur, but the significance of these RNA species for
DIRS-1 retrotransposition and evolution is unclear [J.
Oberstrass, personal communication].

Skipper

The skipper element is a bona fide Ty3/gypsy-like LTR
retrotransposon with some unique features. It is strongly
expressed in growing D. discoideum cells, which allowed
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Figure 3. Structures of D. discoideum LTR retrotransposons. Black
triangles denote the orientations of LTR sequences. Refer to the text
for details. (4) The DIRS-1 element contains three ORFs and the
RT/RNaseH separated from ORF2, whose function is unknown. (B)
Note that the skipper element encodes the GAG and PRO proteins
in a single ORF, but separated by a single stop codon. (C) DGLT-A
contains a single ORF in which only RT and IN motifs can be de-
tected by BLAST searches. Note that single LTR sequences in the
D. discoideum genome are referred to as H3R.

the isolation of a nearly complete 6-kb cDNA [64]. The
skipper element has a somewhat peculiar arrangement of
genes encoding functional proteins such as GAG, PRO,
RT/RNase H and IN (fig. 3B). There are two ORFs
arranged in different reading frames as in other LTR
retrotransposons. However, the pro gene is fused to the
gag gene but is separated from it by a single translation
stop codon. The presence of a nearby pseudoknot struc-
ture suggests that a GAG/PRO precursor is produced by
ribosomal stop codon suppression and is subsequently
cleaved into functional GAG and PRO proteins [64]. At
the carboxy-terminal end of the IN domain is a
CHROMO (chromatin organization modifier) domain
detectable that is also present in many other members of
the Ty3/gypsy-like LTR retrotransposons. The CHROMO
domain is thought to play a role in recognition of chro-
mosomal integration sites [65]. Skipper seems to use an
uncommon way to prime minus-strand DNA synthesis,
which is usually achieved by binding of a cellular tRNA
to a primer binding site immediately downstream of the
left LTR. This tRNA primer binding site is missing in
skipper [64]. Although skipper is strongly expressed, only
about 50 full-length and 10 solitary LTR elements have
been estimated to reside in the D. discoideum genome
[54].

DGLT-A

During the analysis of tRNA gene upstream regions to
identify TRES elements, we noticed about 10 years ago a
short 260-bp repetitive and highly A+T-rich sequence that
was flanked by canonical 5’-TG...CA-3" LTR consensus
sequences. Since this DNA fragment contained a Hind III
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Figure 4. tRNA genes are the landmarks for integration of D. dis-
coideum TEs. As in other eukaryotes, D. discoideum tRNA genes
contain internal promoter elements denoted by A box and B box. In
addition, most D. discoideum tRNA genes show external B-box
sequences ~30 bp downstream, identified by the consensus
GTTCRANNC (in which R is adenine or guanine and N stands for
all four nucleotides). tRNA genes are targeted by one LTR retro-
transposon (DGLT-A) ~ 30 bp upstream of the tRNA coding region,
and three non-LTR retrotransposons ~ 50 bp upstream (the TRESs)
and four non-LTR retrotransposons ~100 bp downstream (the
TRE3s). Note that TRE3s have may use either a tRNA gene-inter-
nal B box or an external B box as integration target.

restriction site, it was named H3R [61]. We later specu-
lated that H3R may represent a solitary LTR of a not yet
identified larger LTR retrotransposon [62]. This has re-
cently been confirmed by the Dictyostelium genome pro-
ject. Indeed, a hypothetical 5051-bp element could be re-
constructed from the sequence data set that contains a
single ORF with coding capacity for a protein with 1437
amino acids (fig. 3 C). Within this protein a Ty3/gypsy-
like RT core domain and an IN core domain can be iden-
tified in BLAST searches. In the full-length consensus el-
ement, named DGLT-A, the ORF is flanked by H3R se-
quences arranged as direct repeats (fig. 3C). About five
nearly complete DGLT-A sequences and 15 H3R solitary
LTR sequences are thought to be present in the D. dis-
coideum genome [54].

Non-LTR retrotransposons

in the D. discoideum genome: the TREs

It is intriguing that all non-LTR retroelements identified
in the D. discoideum genome are clustered near tRNA
genes. The TRE family comprises seven members that
can be further divided into elements integrating either
~50 bp upstream (TRE5) or ~100 bp downstream
(TRE3) of tRNA genes (fig. 4).

The TRES group

There are three TRES elements detectable in the D. dis-
coideum genome, the best studied of which is TRES-A.
This element was first identified in the late 1980s and
named DRE [60]. A full-length TRES5-A.1 spans 5657 bp
of genomic DNA. It encodes two ORFs arranged in sep-
arate reading frames [66] that are flanked by modular
UTRs (fig. 5). ORF1 encodes a 51-kDa protein that has
no similarities to other proteins. It has been observed that
recombinant ORF1 protein forms large complexes in the
cytosol of D. discoideum cells [67], but RNA binding in
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Figure 5. Structures of the D. discoideum TREs. Details are out-
lined in the text.

this complex formation is speculative. In analogy to what
is known about ORF1 proteins in other non-LTR retro-
transposons [6], the TRE5-A ORF1 may bind to TRES-A
transcripts to form ribonucleoparticles that are somehow
carried to the genomic DNA for reverse transcription and
integration. Endogenous ORF1 protein can be detected
by Western blotting of cell extract proteins of D. dis-
coideum cells treated with antimycin A to increase the
TRES5-A-derived transcript level [67]. TRE5-A ORF2
protein is not detectable in growing D. discoideum cells
by biochemical/immunological means, but it must be pre-
sent at catalytic amounts because the TRES5-A elements
are actively retrotransposing in these cells (discussed be-
low). ORF2 protein contains three distinct domains that
share homologies with RT, EN and cysteine-rich domains
[59], similar to corresponding sequences in other non-
LTR retrotransposons [6, 37, 68, 69]. No unequivocal nu-
clear import signal sequences can be identified in either
TRES5-A ORF1 or ORF2 protein. So how do these pro-
teins enter the nucleus for reverse transcription and inte-
gration? It must kept in mind that TRES5-A elements re-
side in continuously dividing cells. Retrotransposon-de-
rived protein/RNA complexes may approach the genomic
DNA while the nuclear envelope is broken down during
mitosis, and therefore no obvious evolutionary constraint
to invent nuclear transportation strategies may exist when
residing in a rapidly growing microorganism such as D.
discoideum.

The A module is a 200-bp sequence at the 5" end of
TRES-A (fig. 5) that functions as an element-internal
promoter, which means that plus-strand (sense) RNA
synthesis is initiated at the first nucleotide of the TRES-
A element [34]. Genome sequencing has uncovered
TRES5-A elements with up to seven consecutive A mod-
ules. In this respect TRE5-A resembles mouse L1 ele-
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ments, which also contain short multimer blocks in their
5" UTRs [6, 32]. In the mouse 5" UTR a single monomer
is insufficient to support expression of reporter genes, but
multimerization increased reporter gene activity propor-
tional to the number of monomers [32]. In contrast, a soli-
tary A module of the D. discoideum TRES-A element acts
as a strong promoter [34]. It is not known whether several
consecutive A modules would even increase this pro-
moter activity. In the human L1 element the 5 UTR
monomers contain a 5-GCCATCTT-3" binding site for
the Yin Yang-1 (YY-1) transcription factor [32] that is im-
portant for efficient L1 transcription [70, 71]. This bind-
ing site is conserved in many other retrotransposons as
well [32]. A putative YY-1 binding site is also present in
the A module (nucleotide positions 111—-118 of TRES-
A). However, it is not known whether a YY-1-like protein
with the same sequence recognition specificity as in
mammals is present in the D. discoideum genome. The
putative Y Y-1 binding site is mutated to 5-GCCATTTT-
3’ in the A module of TRES-C and is apparently absent in
TRES-B, thus questioning a role of this particular DNA
sequence in the regulation of A module promoter activity
in TRES elements.

Downstream of the A module we defined a B module, a
290-bp sequence that is duplicated and moved to the 3’
end of the TRES-A element (fig. 5). The function of the
B module for TRE5-A mobilization is unclear; however,
it contains the ATG translation codon that is used to ex-
press ORF1 protein. As discussed below, it is tempting to
speculate that a B-module-related sequence may repre-
sent an ancient promoter sequence whose function was no
longer required after acquisition of the A module, a new
strong promoter, into the TRES elements.

The C module is a unique 134-bp sequence located at the
very 3” end of TRES-A (fig. 5). It is a weak promoter that
is responsible for the expression of TRE5-A-derived mi-
nus-strand RNAs whose transcription is initiated within
the 3” terminal oligo(A) tract of the element [34].
TRES-A-derived sense and antisense RNA levels are
drastically increased in cells grown in the presence of the
respiratory chain blocker antimycin A [34]. Antimycin
seems to specifically affect the stability of TRES-A
RNAs rather than transcription rates of the retroelement
promoters. Minus-strand transcripts may play a role in the
regulation of the plus-strand RNAs that are critical to ex-
press the retroelement-encoded proteins as a prerequisite
of retrotransposition. In fact, antisense RNA-regulated
control of TRE5-A expression would be an attractive way
to control TRES5-A retrotransposition rates by host-en-
coded transcription regulators. Such a host factor may be
CMBE, a protein that binds to the C-module of TRE5-A
in vitro [72, 73]. CMBEF is an essential host protein in-
volved in several aspects of gene regulation during
growth and development of D. discoideum cells [74]. Mu-
tant D. discoideum cells severely underexpressing CMBF
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[74] show diminished TRES-A sense and antisense RNA
expression that can be restored by expression of a CMBF-
encoding cDNA in the mutant cells [T. Winckler, unpub-
lished data from our laboratory].

TRES-A shows complex structural variations. Quite
common is a large deletion of ORF2 from the TRE5-A.1
element, which along with several other minor mutations
makes up a lineage of TRES-A derivatives referred to as
TRES-A.2 (fig. 5). Intraclement recombination among
the B modules may lead to the deletion of both ORFs to
produce ‘ABC’ minielements known as TRES5-A.3 (fig.
5). The majority of TRES-As, as well as TRE5-B and
TRES-C elements, become severely 5’-truncated upon
retrotransposition. These elements are nonfunctional
since they lack A modules as internal promoters. There is
also evidence for interelement recombination events. For
example, we noticed a clone derived from the Dic-
tyostelium genome project (JC2d24104) containing a hy-
brid ABC element in which the A module is derived from
TRES-C, while the BC modules are derived from TRES-
A.1 [T. Winckler, unpublished observation].

Inspection of genomic TRES-A insertions has revealed a
remarkable integration preference. We recently analyzed
35 genomic TRES-A copies and found that they inserted
at 44—54 bp distance upstream of the associated tRNA
genes in an orientation-specific manner. In fact, 33 of 35
analyzed elements are positioned even more precisely at
48 £ 2 bp 5’ of the tRNA gene coding regions [61, 75].
All bona fide TRES-A insertions are flanked by target site
duplications (TSDs) of 12—16-bp length [61, 76, 77].
Since all tRNA genes in the D. discoideum genome have
unique flanking DNA sequences, it is not likely that con-
served genomic sequences upstream of tRNA genes de-
termine the sites for TRES-A integration. We prefer the
hypothesis that the strict position specificity of integra-
tion achieved by mobile TRES-A elements depends on di-
rect protein interactions of TRES5-A-encoded proteins
with the RNA polymerase III (pol III) transcription appa-
ratus, namely transcription factor TFIIIB. This factor is
thought to occupy the space at the 5” end and upstream re-
gions of transcribed tRNA genes, thereby possibly relax-
ing the local chromatin structure in the vicinity of the
tRNA genes in a way that allows TRES5-A integration
complexes to access to the DNA immediately upstream of
the TFIIIB binding sites.

TRES-B and TRES5-C have been less successful than
TRES5-A in colonizing the D. discoideum genome. Only
about 15 TRES5-B and 5 TRES-C copies are estimated to
reside in the D. discoideum genome [54]. TRES5-B has an
AB-module structure similar to TRE5-A in its 5* UTR,
but lacks both the B-module duplication and the C mod-
ule of TRES-A (fig. 5). However, close inspection of AB-
module sequences showing up in the Dictyostelium
genome databases revealed an AB-module variant (se-
quence ITAFP1D14094) that neither belonged to TRES-
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A nor to TRES5-B. The newly identified AB-module se-
quence shows a phylogenetic relationship to TRES-A
and TRES-B very similar to the TRE5-C element when
comparing the highly conserved ORF2 sequences. It is
therefore plausible to presume that the new AB-module
sequence represents the missing 5” end of TRE5-C. Yet
no complete TRES5-C element could be reconstructed.
All genomic TRES5-B and TRES-C insertions produced
variable length TSDs similar to those of TRES5-A. The
distances of TRES-B and TRES-C elements to the corre-
sponding tRNA genes have been analyzed based on
chromosone 2 sequence data. Of the four TRE5-B ele-
ments found on chromosome 2, three copies were in-
serted at 45—50 bp upstream of a tRNA gene, while one
copy showed a unique 96-bp distance to the first nu-
cleotide of the associated tRNA gene. Five TRES-C
copies were detected on chromosome 2, four of which
were associated with a tRNA gene at 44—46 bp distance.
One TRES-C copy was moved away from its tRNA gene
target by insertion of a H3R LTR derived from a mobile
DGLT-A.

TRES-A elements are continuously expanding

in the modern D. discoideum genome
Retrotransposition events are rare. For example, although
~45% of the modern human genome is derived from mo-
bile elements [78], ‘a principle investigator simply cannot
count on seeing a natural de novo retrotransposition
within the standard five-year period of a typical research
grant’ [15], suggesting that almost all TEs in our genome
have gone extinct (with the exception of a certain sub-
group of L1 elements that can cause heritable diseases,
see [6]). Are D. discoideum TREs expanding in the mod-
ern D. discoideum genome? Unfortunately, the TREs do
not insert into structural genes whose disruption could
lead to phenotypic manifestation of resulting mutations.
To make TREs mutagenic, i.e. to coax them to insert into
a structural gene whose disruption can be selected for, we
designed a ‘TRE trap’ that consisted of a bait tRNA gene
positioned within an intron in the D. discoideum UMP
synthase gene [75]. Mutant cells lacking a functional
UMP synthase gene acquire resistance to the cytostatic
drug 5-fluoroorotic acid, thus allowing us to positively se-
lect for mutants that experienced fresh UMP synthase
gene disruption events caused by TRE retrotransposition
[75]. TRE insertion mutations within the artificial UMP
synthase gene could be picked up easily: about 100
clones were isolated in one selection procedure starting
with 107 cells [75]. We could show that the presence of
the bait tRNA gene within the UMP synthase reporter
gene increased the mutation rate about 50-fold when
compared with a tRNA gene-less UMP synthase gene de-
rivative, and 96 % of all isolated clones contained TRE in-
sertions [75]. Interestingly only TRES5-A copies were
picked up in our screenings, suggesting that TREs other
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than TRES5-A expand at very low rates, if any. About half
of the newly inserted TRES5-A copies were derived from
nonautonomous TRES5-A.2 elements, suggesting that
they are able to amplify by trans-mobilization, i.e. by bor-
rowing the ORF2-encoded enzymes from full-length
TRES5-A.1 elements [75]. Both TRES5-A subtypes are
highly prone to 5" deletion upon retrotransposition, thus
generating defective element copies at high rate [75].
Phylogenetic analysis using ORF1 sequences suggest that
the TRE5-A.2 lineage was generated only very recently in
the evolution of the TRES in the D. discoideum genome
[unpublished observation]. Thus, rapid amplification of
TRES5-A.2 to copy numbers similar to their full-length
TRES5-A.1 parents [76] may be explained by a selection
advantage of TRE5-A.2 due to the reduced element size
(2.6 kb compared with 5.7 kb), greatly enhancing the
probability of TRE5-A.2 elements to escape abortive re-
verse transcription and to generate actively transcribed
progeny with intact 5" ends [75].

The TRE3 group

The four TRE3 elements show a comparable structural
organization and less variability than the TRESs (fig. 5).
On chromosome 2, three full-length TRE3-A elements
with intact ORFs are present. One full-length copy of
each TRE3-B and TRE3-C are also found on chromsome
2, but these elements show multiple mutations, rendering
the elements nonfunctional. It must be noted, however,
that many more full-length TREs are expected to reside
on chromosome 2, since several gaps remained after as-
sembly of the available data set due to the presence of al-
most identical TRE copies whose sizes exeeded the insert
sizes of the gene libraries. Although the ORFs of all four
TRE3 elements are quite conserved, their 5" UTR and 3’
UTR are highly diverged. TRE3-A contains a functional
promoter present within the first 350 bp of the element
[T. Winckler, unpublished data]. About 150 TRE3 copies
are present in the D. discoideum genome, 70% of which
belong to TRE3-A and TRE3-B [54].

In previous studies it was noted that neither TRE3-A nor
TRE3-B produce TSDs when integrating at new ge-
nomic locations [58, 59]. This conclusion was obviously
hampered by the limited number of elements analyzed.
Inspection of 35 TRE3 insertions on chromosome 2
showed that both TRE3-A and TRE3-B may or may not
produce TSDs: in only about half of the bona fide inte-
gration events we found TSDs ranging from 8 to 12 bp in
length [T. Winckler, unpublished analysis]. By contrast,
all TRE3-C and TRE3-D copies on chromosome 2 being
accessible to this analysis were flanked by TSDs of
highly variable lengths (15—19 bp and 14—40 bp, re-
spectively).

Most (but not all) TRE3s on chromosome 2 are associ-
ated with tRNA genes. As noted in previous studies [58,
59], the positions of inserted genomic TRE3s relative to
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their target tRNA genes vary considerably. It appears that
a tRNA gene-internal B-block promoter sequence is the
primary target for integration. The B block is the binding
site for the RNA polymerase III transcription factor TFI-
IIC. In the D. discoideum genome about 80% of the
tRNA genes are flanked by so-called extra B blocks lo-
cated immediately downstream of the tRNA gene-coding
regions [79] (fig. 4). These extra B blocks are recognized
by TFHIC in vitro [80], suggesting that in vivo the
TRE3-specific integration proteins may interact with
TFHIC molecules bound to either the gene-internal B
blocks or the external B blocks. Hence TRE3 insertions
can occur at two alternative positions ~40—150 bp
downstream of the respective tRNA genes ([58, 59]; see
fig. 4).

The TRE family: common origin but different
position preferences

The origin of the TREs remains a mystery. BLAST
searches using the RT domains of the TRE3 and TRES
lineage reveals that some vertebrate retrotransposons,
namely the teleost fish element Swimmer-1 and the hu-
man L1 elements, are the most similar to the TREs. There
are no TRE sequences detectable in Dictyostelium species
closely related to D. discoideum [T. Winckler, unpub-
lished]. As put forward by T. Eickbush, non-LTR retro-
transposons are thought to be excluded from horizontal
transfer among species and can thus be spread within a
species only by germline transmission [22, 37]. Since
Dictyostelium has a sexual life cycle that occasionally
leads to the fusion of compatible strains followed by
meiosis [81], we may hypothesize that TREs invaded the
D. discoideum genome by horizontal transfer from a yet
unidentified Dictyostelium carrying a TRE ancestor.
Structural and phylogenetic analysis of the proteins en-
coded by the seven members of the TRE family strongly
argues that they evolved from a common ancestor whose
integration preference remains elusive.

First, both the ORF1 and ORF2 proteins of the TREs have
retained a significant degree of similarity. Phylogenetic
trees using a partial ORF2 amino acid sequences (fig. 6)
or combined ORF1/ORF2 datasets strongly support a
common origin of the TREs, which diverged into two dif-
ferent clades representing the family members with inte-
gration preferences upstream and downstream of tRNA
genes, respectively. Second, TREs share a common struc-
tural organization. Full-length elements are nearly 6 kb
long and encode two genes organized in separate, but par-
tially overlapping ORFs (fig. 5). InTRE3-A, TRE3-B and
TRE3-C the translation stop codon of ORF1 overlaps
with a translation initiation codon of ORF2 [58]. In
TRE3-D the ORF2 translation start is located 7 bp up-
stream of ORF1 termination. This suggests that TRE3
RNAs are translated by a mechanism proposed by
Thomas and Capecchi [82]: ORF1 translation is termi-
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Figure 6. Molecular phylogeny of the D. discoideum TREs. Shown
is a maximum likelihood analysis using the ProtML program of the
Phylip software package (http://bioweb.pasteur.fr/seqanal/inter-
faces/prot_nucml.html). Approximately 300 amino acid positions
from the carboxy-ternimal one third of ORF2 encoding the cysteine-
rich domain were used for tree calculation. The tree was rooted with
the corresponding sequence of human L1, which clusters in the same
clade as TRES-A [37]. The tree topology shown in this figure
matches a previously performed parsimony tree [54]. This topology
is also strongly supported by neighbor-joining trees calculated from
CLUSTAL-X alignments of combined ORF1/ORF sequences rang-
ing from 1438 to 1677 amino acid in total length, but omitting
TRES-C, whose full-length sequence is unknown (not shown).

nated when the ribosomes reach the ORF1 stop codon,
then ribosomes scan back and forth several nucleotides,
and initiate ORF2 translation if an ATG codon is located
nearby. The typical TRE3-like arrangement of the
ORF1/ORF2 overlaps was modified in the TRES lineage:
in TRES-B, a 109-bp polyadenine stretch has been in-
serted just after the translation termination codon of
ORFI. This polyadenine stretch is immediately followed
by a translation initiation codon for ORF2. This argues
that TRES5-B transcripts are bicistronic like the TRE3
RNAs but that ORF2 is translated by internal ribosomal
entry. In TRE5-A the situation is mysterious, since no
ATG codon is present within the first 300 bp of ORF2,
and ORF1 and ORF?2 overlap by some 70 bp with no ho-
moadenine stretch separating them. The downstream
ATG codon in ORF2 is unlikely to be used to initiate
ORF?2 translation since this would eliminate about one
third of the encoded EN domain. A short stem loop struc-
ture may be formed in TRES-A transcripts ~30 bp up-
stream of the ORF1 translation stop codon, and it has
been shown experimentally by expession of artificial
lacZ reporter constructs that this stem loop supports a —1
ribosomal frameshifting [83]. This suggests that TRES-A
may use a multifunctional ORF1/2 fusion protein to
catalyse its retrotransposition. It is unclear how and why
this apparent ribosomal frameshifting in TRES-A transla-
tion evolved. Unfortunately, the full-length sequence of
TRES-C, the closest relative to TRES-A [54], still awaits
its discovery and represents a missing link that could add
critical further information to solve this mystery.
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Third, inspection of the 3 UTR sequences reveals both
similarities and differences between TRE3 and TRES el-
ements. TRE3-C and TRE3-D contain 30—45-bp ho-
moadenine stretches immediately downstream of their
ORF?2 translation termination codons and have otherwise
completely unrelated downstream 3" UTR sequences. The
3" UTRs of TRE3-A and TRE3-B lack these homoade-
nine insertions and are otherwise unrelated to each other
or the 3’ UTRs of the other TREs. Importantly, however,
the arrangement of homoadenine stretches downstream
of ORF?2 is also found in all TRES5 elements, which have
again profoundly different 3 UTRs downstream of the
poly(A) tracts. Hence the TREs have repeatedly adopted
new 3” UTRs by taking along flanking genomic se-
quences upon retrotransposition. Shuffling of 3’-flanking
sequences is also evident in human L1 retrotransposition
and is called L1-mediated 3’ transduction [84]. Hence, we
prefer to use the term TRE-mediated 3’ transduction to
describe the shuffling of genomic D. discoideum se-
quences by mobile TREs. It is worth emphasizing that,
unlike in human L1 evolution, the shuffled D. discoideum
sequences became integral parts of the individual TRE
lineages that were conserved and retrotransposed along
with the retroelement in multiple independent retrotrans-
position events.

From the above-listed arguments it appears that despite
the similarities in the overall structural organization of
the TREs, there may have some kind of integration pref-
erence switch which occurred when we assume that the
unidentified ancestor of the TREs had only one of the two
position preferences upstream or downstream of tRNA
genes. On the other hand, the two target preferences may
have evolved independent of a nonspecific ancestor. Can
we pin down certain changes in the overall structural or-
ganization of the individual ancient TREs to account for
this profound switch of target preference? We could spec-
ulate that a major change in the structures of the TRES el-
ements compared with TRE3s was the acquisition of the
Amodule, and therefore that the A module may somehow
contribute structural information for the insertion up-
stream of tRNA genes. However, it is hard to imagine
how the 5” end of a non-LTR retroelement would partici-
pate in retrotransposition by the TPRT mechanism that is
thought to depend solely on certain 3” end sequences of
the mobile non-LTR retrotransposons. In the future we
can address this question experimentally by testing the
mobility of artificial, nonautonomous TRES-A elements
in the TRE retrotransposition assay mentioned above
[75].

tRNA gene-targeted integration of mobile elements:

a successful evolutionary strategy to colonize small
genomes

When we look over the genomes of various organisms, it
appears that the load of mobile elements increases with
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the overall genome size [85]. This may be interpreted
as follows: that in small genomes there is a high risk for
active TEs to hit essential host genes, thus dooming
themselves and their hosts to extinction. As a conse-
quence, only few and highly position-specific TEs may
be tolerated in such organisms. In other words, TEs in-
habiting compact genomes must to some extent develop
strategies to integrate away from genes. These include (i)
integration of mobilized TEs into preexisting chromoso-
mal TE copies and (ii) targeting of certain locations that
do not contain coding sequences. The mechanisms mo-
bile TEs use to target other preexisting TE loci may in-
volve both true integration events or recombination. Ev-
idence that homology-guided gene conversion is used for
the insertion of mobile LTR retrotransposons comes, for
example, from experiments with yeast Ty and Tf2 ele-
ments [86—88]. It seems plausible that homology-guided
targeting can only be applied to TEs that generate free
double-stranded DNA transposition intermediates, as do
the DNA transposons and LTR retrotransposons. By
contrast, non-LTR retrotransposons may be excluded
from homology-mediated integration/recombination
since no free DNA intermediates are produced during
the target-primed reverse transcription process. As a con-
sequence, non-LTR retroelements may have problems
settling in compact genomes unless they invent strategies
to integrate at positions not occupied by functional
genes.

Targeting to certain chromosomal loci other than preex-
isting TE clusters may be achieved by specific recogni-
tion of DNA sequences or by interaction with DNA-
bound proteins. Specific targeting of chromosomal loci
via protein-protein interactions is best exemplified by
analysis of the yeast genome, which is highly packed with
genes and tolerates only five distinct LTR retrotrans-
posons (designated Tyl —Ty5). The distribution of Ty ele-
ments in the yeast genome is clearly nonrandom: more
than 80% of Ty 1, Ty2, Ty3 and Ty4 elements were found
to be scattered within a 750-bp distance to tRNA genes or
other genes transcribed by pol IIT [89]. Tyl exhibits re-
gional specificity to integrate near pol Ill-transcribed
genes. This specificity may be mediated by interaction of
Tyl integration complexes with pol III transcription fac-
tors and/or other chromatin components [85, 90—92]. Ty3
has a strong preference for integrating 2 bp upstream of
tRNA genes. Target site selection of mobile Ty3 elements
depends in vitro on direct interaction of the Ty3 preinte-
gration complex with transcription factors bound to RNA
polymerase Ill-transcribed genes [93—95]. Ty5 has a
strong bias for integration sites in silent chromatin and
telomeric regions [96]. This integration preference is ac-
complished by direct interaction of Ty5 proteins with
Sir4p bound to silent chromatin fractions [97].

The international consortium employed with the se-
quencing of the D. discoideum genome recently an-
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nounced the completion of the 8§-Mb chromosome 2 se-
quence, representing about 25% of the entire genome
[53]. This allows a close-up look at the genomic distribu-
tion of D. discoideum TEs based on a significant portion
of the D. discoideum genome. It is evident that both ho-
mology-guided integration and position-specific integra-
tion near tRNA genes have been positively selected as
strategies to sustain an appreciable TE content in the
compact D. discoideum genome. LTR retrotransposons
with no particular target site selection, namely DIRS-1
and skipper, have been largely excluded from colonizing
the central part of chromosome 2. Instead, they were
forced to integrate into loci of complex TE clusters at the
ends of the chromosome to prevent interference with nor-
mal chromosome and gene functions.

In contrast to the LTR retrotransposons of the D. dis-
coideum genome discussed above, the TREs have man-
aged to scatter throughout the entire genome. The
assembled 6.5-Mb linkage group covering about 86 %
of chromosome 2 contains 65 scattered tRNA gene loci
(fig. 7). It is intriguing how precisely the distribution of
TEs on chromosome 2 follows that of the tRNA genes
(fig. 7). We identified 61 TE loci and 92 individual TE
copies on chromosome 2, 80% of which belong to
the TRE or DGLT-A families and are associated with
tRNA genes. The TREs occupy 48 of the 65 tRNA gene
loci found in the 6.5-Mb linkage group, and in most
cases a single tRNA gene is associated with multiple
TREs (fig. 7). This is also indicated by previous studies
[60, 61, 98] and shows that former association of a TRE3
or TRES with a tRNA gene does not prevent integration
of additional elements at the same tRNA gene locus. In
fact we never observed integration of one TRE into an-
other TRE, although numerous TRE:: TRE tandem inser-
tions can be observed that resulted from integration of a
mobile TRE near a target tRNA gene in a tDNA::TRE
situation. Thus, the position of the tRNA gene-associated
proteins rather than the presence of another TRE attracts
mobile TREs to their tRNA gene targets. Chromosome 2
also contains two examples of a previously integrated
TRES being dissociated from its target tRNA gene by in-
sertion of a solitary H3R derived from a mobile DGLT-
A. Conversely, many examples exist in the D. dis-
coideum genome where a H3R associated with a tRNA
gene was disrupted by insertion of a TRES at the same
tRNA gene [61]. This is explained by the different dis-
tance preferences of the elements relative to their targets
(compare fig. 4). As shown in figure 8, clusters of TRE
elements exist which cannot be entirely explained by
consecutive insertions of single elements. Rather, dele-
tions can occur which result in abnormal spacing be-
tween tRNA and TRE element (the A modules in fig. 8).
The presence of nonunique DNA in the cluster shown
may be due to TRE-mediated 3’ transduction during re-
trotransposition.
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Figure 7. Distribution of tRNA genes and TREs on chromosome 2.
Repetitive element loci (R) were detected by BLAST analysis using
a database of D. discoideum complex repeats. TRNAScan-SE de-
tected the tRNA species in the sequence (T). Naming conventions
for TRE elements are as outlined in Szafranski et al. [58]. ‘G’ refers
to DGLT-A elements.

Mobile elements in Dictyostelium

Conclusions

Eukaryotic microorganisms have highly compacted, of-
ten haploid, genomes that demand special adaptations by
molecular invaders to successfully establish and maintain
active populations within their hosts. The degree to which
mobile elements are tolerated in compact genomes
largely depends on the genome size and degree of
genome compaction. For example, the genome of the in-
tracellular parasite Encephalitozoon cuniculi is so highly
packed with genes (1 gene per 1 kb of genomic DNA) that
it does not contain any retrotransposable elements [99].
The yeasts Saccharomyces cerevisiae and Schizosaccha-
romyces pombe, whose genomes are completely se-
quenced and which have gene densities comparable to
that of cellular slime mold D. discoideum, tolerate LTR
retrotransposons only at 3 and 0.4 % of their total genome
size, respectively [89, 100]. The challenge of colonizing
such inhospitable environments has brought about sev-
eral strategies by which retrotransposons try to establish
and maintain active populations. tRNA genes are superior
targets for integration of mobile elements because they
are numerous, scattered throughout the host genomes and
usually devoid of functional genes in their close neigh-
borhoods. In the genome of S. cerevisiae tRNA gene-tar-
get integration was invented at least twice, since Tyl and
Ty3 obviously use different modes of tRNA gene recog-
nition and target site selection. tRNA gene-targeted LTR
retrotransposons may have independently evolved in the
genomes of other yeast species, such as Candida albicans
[101]. In S. cerevisiae the LTR retrotransposon Ty5 has
invented yet another strategy to avoid integration into
genes by interacting with a protein specifically located on
silent chromatin [97]. In S. pombe, the only tolerated LTR
retrotransposons Tfl and Tf2 also show a strong integra-
tion bias, albeit not to tRNA genes. Tf1/Tf2 elements pre-
fer genomic regions 100—400 bp upstream of genes, pos-
sibly by recognizing unique chromatin structures at AT-
rich DNA sequences, and thereby manage to spread over
the entire S. pombe genome [102, 103].

In D. discoideum, the LTR retrotransposon DGLT-A has
invented tRNA gene-mediated integration independent of

1 ans 4261 4363 3989 4751 1
4710 4781 Mod Moda 5281 4515 2123
B TRES-A (5243 b) B TRE3-C (4751 b) H tRNA 1 kb
—

B TRE3-D (4710 b) E TRE3-B (5292 b)

B non-unique region

Figure 8. Scheme of a clustered tRNA gene locus associated with repetitive elements on chromosome 2. Only TRE3-D is represented as
complete element. The TRES-A elements at the borders of this locus cannot entirely be assembled due to their overall homogeneity through-
out the genome. Subsequent integrations of other TRE3 elements shifted TRE3-C elements away from tRNA genes. A modules may be
remnants of deletions of TRES-A elements indicated by the dilated distances to tRNA genes. The nonunique region occurs twice in the
D. discoideum genome.
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TRES elements since both belong to separate groups of
retrotransposons. TRE3s, on the other hand, show strong
target preference downstream of tRNA genes and thus
differ from TRES. Hence tRNA gene-targeted integration
was invented at least three times in D. discoideum. What
may be the advantage of inserting mobile TE copies near
tRNA genes instead of using preexisting TE clusters as
landmarks for safe integration loci? Large TE clusters can
easily be removed from the host genome by simple re-
combination events among adjacent TE copies without
greatly influencing the integrity and functionality of the
host genome. On the other hand, tRNA gene-associated
TEs are loners in the sea of genomic DNA and seldom
meet other homologous TEs that would force their elimi-
nation by recombination. In addition, elimination of large
genomic portions of genomic DNA by recombination be-
tween distant TE copies may be strongly selected against
due to the simultaneous loss of essential genes that ulti-
mately causes cell death.
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