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ABSTRACT

The Dictyostelium Intermediate Repeat Sequence 1
(DIRS-1) is the name-giving member of the DIRS
order of tyrosine recombinase retrotransposons. In
Dictyostelium discoideum, DIRS-1 is highly ampli-
fied and enriched in heterochromatic centromers
of the D. discoideum genome. We show here that
DIRS-1 it tightly controlled by the D. discoideum
RNA interference machinery and is only mobilized
in mutants lacking either the RNA dependent RNA
polymerase RrpC or the Argonaute protein AgnA.
DIRS retrotransposons contain an internal comple-
mentary region (ICR) that is thought to be required
to reconstitute a full-length element from incom-
plete RNA transcripts. Using different versions of
D. discoideum DIRS-1 equipped with retrotranspo-
sition marker genes, we show experimentally that
the ICR is in fact essential to complete retrotrans-
position. We further show that DIRS-1 produces a
mixture of single-stranded, mostly linear extrachro-
mosomal cDNA intermediates. If this cDNA is iso-
lated and transformed into D. discoideum cells, it can
be used by DIRS-1 proteins to complete productive
retrotransposition. This work provides the first ex-
perimental evidence to propose a general retrotrans-
position mechanism of the class of DIRS like tyrosine
recombinase retrotransposons.

INTRODUCTION

Retrotransposons are mobile genetic elements that am-
plify in eukaryotic genomes by a copy-and-paste mecha-
nism (1). Diverse transposable elements constitute about
10% of the 34 Mb genome of Dictyostelium discoideum
(2,3). DIRS-1 represents the most abundant retrotrans-
poson in the D. discoideum genome with 40 intact and
200–300 fragmented copies covering ∼3.3% of the genome
(2). While the activity of mobile genetic elements is con-

sidered a major source of genetic variability (4), random
transposition can negatively impact the fitness of host cells
(5), and this appears particularly relevant in gene-dense
genomes like that of D. discoideum (3). Two general strate-
gies have emerged in different hosts against this threat: re-
striction of integration at ‘safe’ genomic sites, and restric-
tion of mobility by means of regulation of retrotransposon
gene expression (6). Both strategies have been implemented
to regulate DIRS-1 retrotransposition in D. discoideum:
First, the positions of DIRS-1 copies in the genome ap-
pear confined to centromeres (7), which can be considered
safe genomic sites because of their heterochromatic sta-
tus, as experimentally shown by the association of DIRS-
1 sequences with the heterochromatin-associated histone
modification H3K9me3 (7). Second, DIRS-1 is under post-
transcriptional control by the endogenous RNA-dependent
RNA polymerase (RdRP) RrpC (8) and the Argonaute pro-
tein AgnA (9), as part of the RNA-mediated gene silencing
pathways of the amoeba.

In general, retrotransposons (retroelements) can be clas-
sified into five distinctive orders (10): the long terminal re-
peat (LTR) retroelements, the non-LTR retroelements with
the orders long and short interspersed elements (LINE
and SINE), the Penelope (PLE) retrotransposons and the
DIRS elements (11), also called tyrosine recombinase (YR)
retroelements (12). As this name suggests, the group is char-
acterized by the presence of tyrosine recombinases instead
of an integrase (INT) or endonuclease (13,14). Usually,
these enzymes mediate site-specific genomic integration of
retrotransposons (15). YR retroelements form four fami-
lies (11,12,16) and all of them feature a similar composi-
tion (Figure 1A), however with differently arranged open
reading frames (ORFs). These comprise, next to the name-
giving YR, a putative GAG protein (GAG), a reverse tran-
scriptase (RT) and an RNase H (RH). Distinct from clas-
sical LTR elements, DIRS-1 sequences are flanked by in-
verted terminal repeats and these LTRs are non-identical
in sequence. However, their outer sequences are repeated
(adjacent to each other) in the internal complementary re-
gion (ICR) of the element further described below. PAT-
like elements and Ngaro elements are distinct from these
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Figure 1. The DIRS1 group elements and a proposed replication cycle of DIRS-1. (A) Schematic structure of the four clades of DIRS1 group retrotrans-
posons encoding tyrosine recombinases, consisting of DIRS-1 PAT-like, Ngaro-like and VIPER. Terminal repeats are represented by boxed triangles, either
as inverted left and right long terminal repeats (lLTR and rLTR, respectively) or as split direct repeats (A1 to B2). The internal complementary (ICR) is
shown with inverted triangles. The arrows represent the encoded proteins or protein domains: group specific antigen (GAG), tyrosine recombinase (YR),
reverse transcriptase (RT), RNase H (RH), methyltransferase (MT) and hydrolase (HYD). (B) Schematic representation of the mechanism, by which
DIRS-1 retrotransposons restore their full sequence (4814 bp) form its sub-genomic transcript (ca. 4500 nt). The simplified scheme of DIRS-1 with the
lLTR and rLTR, respectively and the ICR, according to Cappello et al. (18). The transcription start site (TS) is shown, and red dotted lines indicate the
beginning and the end of the transcript. Open reading frames (A) are omitted here for clarity. The circular junction at the ICR is shown magnified to the
right for the restored full-length single-stranded circular element. For details cf. main text.
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as they are surrounded by a series of direct repeats of which
three are repeated adjacent to each other. DIRS and PAT
elements encode additionally a methylase with unknown
function (11), and some Ngaro elements encode addition-
ally a hydrolase (17). Finally, the recently described VIPER
retroelements (16) also belong to the YR class, and here the
coding region is bordered by LTR derived from short inter-
spersed repetitive element (SIRE).

DIRS-1 from D. discoideum is the first described YR
retroelement (18), yet not much is known about its repli-
cation cycle. However, its characteristic sequence features
and an early analysis of primary transcripts allowed Cap-
pello, Cohen and Lodish to propose a theoretical model
of its retrotransposition cycle (18), which is summarized
next. The left LTR lies upstream of the putative transcrip-
tion start site (TS, Figure 1B) and has been suggested to
be the promoter for DIRS-1 transcription (19). The sense
mRNA transcript derived from complete, 4814 bp long ge-
nomic DIRS-1 copies is a 4500 nt-long sequence that lacks
most of the left LTR and almost the entire right LTR, as
shown experimentally (19). In the first step of the hypothet-
ical replication cycle, the mRNA is proposed to be reverse
transcribed into single-stranded cDNA (Figure 1B), but it
is not known which sequence may serve as the primer in
this process. Starting from the hypothetical single-stranded
cDNA, Cappello et al. suggested that the missing termi-
nal sequences would be reconstituted in two steps. First,
the majority of the left LTR sequence is restored by using
residual sequences of the right LTR as template. Second,
the missing parts of the full DIRS-1 sequence are restored
by intramolecular annealing of the LTR fragments with the
ICR, followed by DNA synthesis. (Figure 1B). That ICR
sequence of 88 bp is exact complementary to the extrem-
ities of both, left and right LTRs (18,20). In detail, the 5′
end of left LTR (position L, Figure 1B) is complementary
to the first 33 bases of the ICR (position L’, Figure 1B), and
the 3′ end of right LTR (position R, Figure 1B) is comple-
mentary with the remaining 55 final bases of ICR (position
R’, Figure 1B). In view of the universal 5′-3′ directionality
of DNA polymerization, this final restoration of the com-
plete DIRS-1 element requires further rearrangements. In
the model, a ligation step is thought to result in a circle junc-
tion representing exactly the ICR with the fragments of the
two inverted LTRs. The resulting single-stranded circular
DNA would then be converted to a double-stranded circu-
lar DNA, which would be ready to be incorporated into the
genome by means of the DIRS-1-encoded YR activity. The
specificity of the YR has not been investigated yet experi-
mentally, however, as pointed out by Cappello, Cohen and
Lodish many of the DIRS-1 seems to be incorporated pref-
erentially into pre-existing DIRS-1 sequences (18). So far,
this coherent model (Figure 1B) was largely untested exper-
imentally, although substantial bioinformatic analyses by
Goodwin and Poulter are in general support of the model
(11,17,20,21).

Recently, Nellen et al. described a novel DIRS-1-related
extrachromosomal cDNA that accumulated exclusively in
the cytoplasm of AgnA-deficient D. discoideum strains (9).
Further characterization of this sub-genomic DNA re-
vealed that it corresponded to an almost complete anti-
sense strand of the retrotransposon. In this fragment, only

the sequence of the left LTR was missing. Such a cDNA
would indeed represent a central intermediate in the DIRS-
1 retrotransposition cycle as proposed by Cappello et al.
(Figure 1B), whose model predicts that the missing se-
quence of DIRS-1 is restored by self-complementarity to
the ICR. This was thought to lead to a circular intermedi-
ate, from which a double stranded, retrotransposition com-
petent element could be generated (18). Here we set out
to experimentally investigate the DIRS-1 retrotransposition
model proposed by Cappello et al. (18). Using genetically
traceable versions of DIRS-1, we show that the retroele-
ment undergoes a full retrotransposition cycle in rrpC and
agnA gene deletion strains of D. discoideum, for which the
ICR sequence of DIRS-1 is in fact indispensable. Further,
we show that the extrachromosomal cDNA is a single-
stranded, mainly linear molecule, which serves as a true in-
termediate of the DIRS-1 replication cycle.

MATERIALS AND METHODS

Strains

The Dictyostelium strains analyzed in this study comprise
the previously published Ax2 wildtype (22), drnB– (23),
rrp– (24) and Argonaute mutants (9).

Oligonucleotides

DNA oligonucleotides (Sigma-Aldrich) used in this study
are listed in Supplementary Table S1.

Design of DIRS-1bsr

The mbsrI gene was initially designed to follow retro-
transposition of the TRE5-A retrotransposon in D. dis-
coideum cells (25). The mbsrI sequence was used to de-
sign a traceable DIRS-1 sequence referred to as DIRS-
1bsr. A virtual sequence covering a full-length, presum-
ably retrotransposition-competent DIRS-1 (Supplemen-
tary Figure S1A) was assembled from GenBank entry
M11339. The mbsrI retrotransposition marker was inserted
at position 4464 of the DIRS-1 sequence, between the ICR
and the right LTR, and surrounded by suitable restrictions
sites. Further, to facilitate sequence modifications, two re-
striction sites (AgeI and PstI, separated by 5 bp spacer)
were introduced between left LTR and ORF1 (Supplemen-
tary Figure S1B). The DIRS-1bsr sequence was chemically
synthesized and cloned into the pGH vector (Celtek Genes;
Celtec Bioscience, LLC).

Generation of traceable DIRS-1 constructs

The cloning of modified versions of DIRS-1bsr is summa-
rized in Supplementary Figure S1. The retrotransposition
marker mhygI was designed based on the sequence of the hy-
gromycin resistance gene (hyg) present in D. discoideum ex-
pression vector pDM358 (26). The hyg sequence was codon-
optimized for translation in D. discoideum and fused with
302 bp of upstream sequence derived from the actin15 pro-
moter found in pDM358. The 74 bp intron derived from the
S17 gene (25) was inserted into the hyg gene after codon 9
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in the reverse orientation, yielding hygI. To generate DIRS-
1hyg, the mbsrI gene was removed from the DIRS-1bsr el-
ement by digestion with SacII and re-ligation of the plas-
mid (Supplementary Figure S1C). The resulting construct
‘DIRS-1 without resistance cassette’ served as cloning in-
termediate for the generation of further genetically trace-
able DIRS-1 constructs, as detailed in Supplementary Fig-
ure S1C–H.

Dictyostelium cell culture

All strains were grown in HL5 medium (Formedium)
supplemented with glucose at constant temperature of
22◦C and continuous light. Usually the medium was sup-
plemented with prokaryote-specific antibiotics (50 �g/l
ampicillin, 0.25 �g/l amphotericin B, 10 ml penicillin–
streptomycin, 10 000 U/ml of penicillin and 10 g/ml of
streptomycin). The media used for cultivation of trans-
formed cells with respective plasmids were additionally sup-
plemented with G418 (10 �g/ml), blasticidin (10 �g/ml) or
hygromycin B (30 �g/ml).

Isolation of DIRS-1 extrachromosomal cDNA

A fully confluent Petri dish (ca. 2 × 107 Dictyostelium
cells) was washed with Sørensen phosphate buffer (2
mM Na2HPO4, 15 mM KH2PO4, pH 6.0, adjusted with
H3PO4). Next, cells were harvested and processed using a
plasmid minipreparation kit suitable for plasmid extraction
from Escherichia coli (GeneElute™ HP Plasmid Miniprep
Kit, Sigma-Aldrich). The kit was used according to the
manufacturer’s description and the final elution was per-
formed using 50 �L water.

Detection of DIRS-1 extrachromosomal cDNA (native and
semi-denaturing conditions) by Southern blotting

Samples (10–15 ul) eluted from the miniprep column were
mixed with 6× Loading Dye (Thermo Scientific) and
loaded on a 1.4% agarose gel containing 1x MOPS (20 mM
MOPS, 5 mM NaAc, 1 mM EDTA, pH 7.0). For semi-
denaturing conditions, 10 �l of DNA samples were mixed
with 2 �l of 10× MOPS, 2 �l of 37% formaldehyde, 10 �l
of formamide and denatured at 70◦C for 5 min. After cool-
ing down, samples were loaded on 1.2% agarose gels con-
taining 1× MOPS. The samples were run together with the
GeneRuler™ 1 kb DNA ladder (Thermo Scientific), which
served in this experiment as reference, rather than a precise
measure of molecular weight. As a consequence of the DNA
isolation protocol, no loading control can be shown and
the normalization relies on using the same amount of start-
ing material. After capillary transfer to a nylon membrane
(Amersham Biosciences HybondTM-NX), the DNA was
cross-linked by UV irradiation (0.5 J/cm2). Prehybridiza-
tion and hybridization were carried out in Church buffer
(27). The radioactive probe was generated using random
primed labeling of DNA, using a DIRS-1 specific PCR
product as template (28). The blot was washed for 1 h in
Wash I solution (2× SSC, 0.1% w/v SDS) and for 1 h in
Wash IV (0.1× SSC, 0.1% w/v SDS) at 60◦C. Hybridiza-
tion signals were detected after exposure to an image plate
and read-out by phosphorimaging (FLA-3000, Fujifilm).

Nuclease treatment and detection of DIRS-1bsr extrachromo-
somal cDNA

The extracted extrachromosomal cDNA sample (plasmid
miniprep kit, as described before) was subjected to diges-
tion with RNase A (Sigma-Aldrich), DNase I, exonuclease
I, exonuclease III or S1 nuclease (Thermo Scientific). For
each set-up, 5 �l of the extracted DNA were digested in a
final volume of 10 �l according to the manufacturers’ in-
structions. To avoid the formation of any cDNA secondary
structures, samples were denatured for 5 min at 95◦C and
snap cooled on ice, before adding the respective enzyme.
The digestion reaction was performed for at least 1 h and
followed by heat inactivation of the respective enzymes. Of
each digest, 5 �l were used in PCR reactions using cassette
specific primer pairs (Supplementary Table S1).

Retotransposition assay

The retrotransposition assay in D. discoideum cells using
the mbsrI selection marker has been described previously.
To detect retrotransposition of DIRS-1bsr and DIRS-1hyg

elements, D. discoideum strains were co-transformed us-
ing electroporation (29) with 10 �l of transformation mix
that contained 10 �g of plasmid carrying the genetically
tagged version of DIRS-1 and 10 �g of the pISAR plasmid
(30). After selection with G418 (10 �g/ml), stable transfor-
mants were mixed and pools of cells were cultured until they
reached 80–90% confluence. Half of the cells were used for
isolation of genomic DNA (gDNA) (31) and generation of
spores (32). The second half was cultured in medium sup-
plemented with the antibiotics allowing to select for retro-
transposition events, namely blasticidin (10 �g/ml) or hy-
gromycin B (30 �g/ml). After selection, resistant clones
from one Petri dish were split into two aliquots. The first
served as a material for gDNA isolation, whereas the sec-
ond was used for the generation of spores. All experiments
were repeated at least twice. The retrotransposition events
were monitored with pairs of mbsrI or mhygI exon-specific
primers (Supplementary Table S1).

Crystal violet staining

Cells plated on a Petri dish were washed with 20 ml Sørensen
phosphate buffer. After draining of the liquid, cells were
covered with 5 ml of ready-to-use Crystal Violet solution
(Pro-Lab Diagnostics) and incubated at RT. After 20 min,
the dye was removed and remaining liquid was washed away
by immersing the Petri dish 3× in 1 l of tap water. The
stained cells were documented using an office scanner.

Quantitative PCR (qPCR) analysis of extrachromosomal
cDNA

For quantitative analysis, qPCR was performed
on an Mx3000P system (Agilent) using the
PowerUp™ SYBR™ Green Master Mix kit (Applied
Biosystems) and following the manufacturer’s instructions.
Primer sequences are listed in Supplementary Table S1.
All measurements were carried out in triplicate. Relative
quantification of either exonuclease I, or S1 nuclease
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digested molecules was determined by the �CT method
(33) using non-digested samples as reference. The paired
t-test was performed using GraphPad Prism version 7.0a
for Mac (GraphPad Software, La Jolla, CA, USA).

RESULTS

Extrachromosomal DIRS-1 cDNA accumulates in rrpC dele-
tion strains

In a previous study, the accumulation of the extrachromoso-
mal DIRS-1 cDNA in the agnA– strain had been correlated
with a down-regulation of DIRS-1-related siRNAs and an
up-regulation of DIRS-1 sense transcripts (9). These pheno-
types had already been observed in strains missing the rrpC
gene (8). We therefore tested whether the extrachromoso-
mal cDNA can also be detected in rrpC kock-out strains,
or in other available RdRP knock-out mutants (24). In ad-
dition, the deletion strain of the drnB gene, which encodes a
dicer-like nuclease, was analyzed. DrnB has been previously
reported to play a role in miRNA maturation and the transi-
tivity of RNA silencing signals (23,34–37). As controls, the
previously studied agnA–, agnB– and agnA–/agnB– dele-
tion strains were included in our analysis (9). DNA was
isolated analogous to the study in which the extrachromo-
somal DIRS-1 cDNA had been discovered (9), and DNA
samples were subjected to Southern blotting after semi-
denaturing gel electrophoresis. All rrpC deletion strains dis-
played a signal similar to that previously observed in the
agnA– strains (Figure 2B), indicating the presence of the
extrachromosomal DIRS-1 cDNA. The intensities of the
signals in the rrpC deletion strains resembled that detected
in the double mutant agnA–/agnB–, which had been previ-
ously shown to be significantly reduced compared to agnA–
, while no signal was not detectable in the agnB– strain (9).
Like in the Ax2 wildtype strain, our analysis did not reveal
the presence of the extrachromosomal DIRS-1 cDNA in
any of the gene deletion strains of RdRPs RrpA and RrpB
alone or in combination. Likewise, no extrachromosomal
DIRS-1 cDNA was observed in the drnB mutant (Figure
2B). When DNA samples were analyzed by Southern blot-
ting after native gel electrophoresis, the signal strengths in
the respective deletion strains were similar to those observed
in the first experiments. However, an additional band with
reduced electrophoretic mobility was detected (Supplemen-
tary Figure S2), suggesting alternative conformations of the
extrachromosomal DIRS-1 cDNA. When the samples were
chemically and thermally denatured prior to gel loading
(Figure 2B), these alternative conformations were not dis-
cernable, suggesting that they are readily interconvertible.

Genetically tagged DIRS-1 is mobilized in all rrpC deletion
strains

The presence of the extrachromosomal cDNA of DIRS-
1 in the rrpC– and agnA– strains strongly suggested that
the retrotransposon is mobilized in these particular strains.
Indeed, Southern blotting of genomic DNA prepared af-
ter long-term culture of the rrpC mutant cells suggested
an increased genomic copy number of DIRS-1 with time
(8). However, the high copy number of complete and frag-
mented DIRS-1 sequences in the Dictyostelium genome

made a detailed analysis of DIRS-1 mobilization by South-
ern blotting challenging. Therefore we adopted a retrotrans-
position assay established in mammals and yeast (38,39),
in which we applied a previously established retrotranspo-
sition marker gene (25) to study DIRS-1 retrotransposition
in D. discoideum.

The DIRS-1 retrotransposition assay was performed by
co-transforming Dictyostelium strains with two plasmids
(Figure 3): The first plasmid, pISAR, conferred resistance
to G418 (G418R) and allowed for the selection of trans-
formed cells. This second plasmid carried a genetically
traceable version of DIRS-1, which allowed us to enrich cul-
tures for cells with new retrotransposition events via blasti-
cidin selection. The retrotransposition marker consists of
a blasticidin resistance gene (bsr) that is disrupted by a re-
verse intron (= bsrI). In this first version of traceable DIRS-
1 retrotransposons (DIRS-1bsr), the bsrI gene is inserted in
the reverse orientation relative to the transcription direc-
tion of the DIRS-1 element (= mbsrI) between the ICR re-
gion and the right LTR of DIRS-1 (Figure 3A). As such,
DIRS-1bsr transformed into the Dictyostelium genome (re-
ferred to as ‘master elements’) cannot confer resistance to
blasticidin due to the presence of the intron that disrupts
the bsr reading frame. After transcription of DIRS-1bsr the
intron of the mbsrI marker is removed from the primary
transcript of the retrotransposon by splicing. If a full retro-
transposition cycle is completed, the newly integrated ele-
ment (referred as a ‘copy element’) will express a functional
mbsr gene that confers resistance to blasticidin. Retrotrans-
position can be analyzed in blasticidin-resistant clones by
PCR on genomic DNA. The corresponding PCR products
of master and copy elements (510 and 436 bp, respectively)
differ by the size of the intron (74 bp) (Figure 3A, B).

The first set of strains investigated with this DIRS-1
retrotransposition assay included various RdRP mutants
and the drnB– strain. Ax2 wildtype cells were used as nega-
tive control. For all strains, G418R transformants were ob-
tained, indicating successful transformation of cells with
pISAR. Because no selection marker was present on the
plasmid carrying the DIRS-1bsr, we confirmed transforma-
tion of master elements by PCR (Figure 3D, upper panel).
Sequencing of the PCR product confirmed the identity of
the 510 bp part of the mbsrI sequence (Supplementary Fig-
ure S3), indicating successful transformation also of the
second plasmid. Next, we determined whether DIRS-1bsr

was mobilized in the co-transformed strains by subject-
ing cells to blasticidin selection. Blasticidin-resistant clones
were only recovered from strains in which the rrpC gene
had been deleted (Figure 3C). Interestingly, also the drnB
mutant did not survive the blasticidin treatment, suggesting
that DrnB is not involved in suppressing DIRS-1 retrotrans-
position. Cells surviving blasticidin selection were pooled
and genomic DNA was isolated and subjected to PCR anal-
ysis using mbsr-specific primers. This revealed the presence
of two bands (Figure 3D, lower panel), suggesting that the
surviving cells not only contained the master element (510
bp), but also the spliced, intron-free version of the mbsrI
cassette, which is indicative of productive DIRS-1 retro-
transposition. The 436 bp band was isolated and sequenced,
which confirmed removal of the intron (Supplementary Fig-
ure S4). In summary, the data indicated that the mbsrI-
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Figure 2. Extrachromosomal DIRS-1 DNA accumulates in rrpC– strains. (A) Schematic representation of the DIRS-1 retrotransposon (4814 bp). For
details cf. main text and Figure 1A. Underneath, OLB marks the position of a body-labelled PCR product used for Southern blotting. Positions qP1 and
qP2 indicate the amplicons used for qPCR analysis. (B) Southern Blot analysis with DNA samples from the indicated Dictyostelium strains separated
under semi-denaturing conditions during gel electrophoresis, followed by transfer to a nitrocellulose membrane and hybridization with the OLB probe.
Marker is the GeneRuler™ 1 kb DNA ladder, which served in this experiment as an estimate, rather than a precise measure of molecular weight.

tagged DIRS-1 construct was suitable to trace retrotranspo-
sition events in Dictyostelium, and that amongst the tested
strains only those lacking RrpC allowed for the completion
of a full retrotransposition cycle.

DIRS-1 is mobilized in the agnA– strain, but not in the double
mutant agnA–/agnB–

Given the similar phenotypes of rrpC– and agnA– strains
with respect to reduced production of DIRS-1 siRNAs and
increased full length transcripts and cDNAs of DIRS-1 se-
quences (8,9), we next set out to investigate the retrotrans-
position activity of DIRS-1 in the existing Argonaute gene
deletion strains. Some of the available mutants (agnA– and
agnA–/agnB–) were already resistant to blasticidin due to
the homologous recombination knock-out procedure (9).
Therefore, an alternative retrotransposition marker gene
useful for DIRS-1 retrotransposition assays had to be es-
tablished. To this end, we generated the DIRS-1hyg element,
in which an intron-disrupted hygromycin resistance cassette
(mhygI) was inserted between the left LTR and ORF1 of
DIRS-1 (Figure 4A). Otherwise the principle of the assay
was the same as described for the DIRS-1bsr element (Figure
3). In experiments to test the retrotransposition competence
of the DIRS-1hyg element, the rrpC– strain served as a pos-
itive control and the Ax2 wildtype as negative control. As
in the previous experiment, G418-resistant cell lines were es-
tablished, and the presence of the DIRS-1hyg master element
was confirmed by PCR on genomic DNA of G418-resistant
transformants (Figure 4B) and sequencing of that prod-
uct (Supplementary Figure S5). The transformants were
subsequently cultivated in medium supplemented with hy-

gromycin B. As expected, the Ax2 cells did not survive hy-
gromycin selection, confirming that wildtype cells do not
support DIRS-1hyg amplification. In contrast, hygromycin-
resistant clones were readily obtained from rrpC– transfor-
mants, suggesting that DIRS-1hyg actively retrotransposed
in these cells. Out of the three available Argonaute mutants,
the agnA– strain supported DIRS-1hyg retrotransposition,
as judged by the appearance of hygromycin-resistant clones
and a corresponding PCR signal from these cells (Figure
4 and sequencing data in Supplementary Figure S6). In
contrast, DIRS-1hyg retrotransposition was not observed
in the agnB– mutant. DIRS-1hyg was unable to retrotrans-
pose in the agnA–/agnB– double mutant, which was sur-
prising because it would suggest that AgnB may be involved
in the completion of DIRS-1 retrotransposition, at least in
the background of de-repressed posttranscriptional silenc-
ing due to the lack of AgnA expression. Taken together,
the data indicated that also the DIRS-1hyg construct was
suitable to monitor the retrotransposition cycle of DIRS-1,
and that both the rrpC– and agnA– strains support DIRS-1
retrotransposition, whereas amplification of the element is
completely silenced in wildtype cells.

DIRS-1 requires its ICR for retrotransposition

The full-length transcript of DIRS-1 (4500 nucleotides) was
shown experimentally (19) to lack part of the full-length ge-
nomically encoded canonical sequence (4814 bp). The ex-
trachromosomal cDNA molecule was also shown to be in-
complete, because it lacked 300 nucleotides corresponding
to the left LTR (9). In theory, the full genomic sequence of
DIRS-1 can be restored from the sub-genomic sequence,
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Figure 3. Retrotransposition of DIRS-1bsr in D. discoideum. (A) Schematic presentation of the DIRS-1bsr retrotransposition assay. The mbsrI selection
marker was positioned between the ICR and the rLTR of DIRS-1 at position 4465. The mbsrI gene is under the control of an actin15 promoter (A15P)
and an actin8 terminator (A8T). The DIRS-1bsr bearing plasmid and a G418 resistant plasmid (pISAR) were co-transformed into D. discoideum strains.
Uptake of plasmids was monitored by selection with G418. Upon integration of the plasmid, transformed cells harbour a DIRS-1bsr sequence, referred
to as ‘master element’. This does not confer blasticidin resistance to the transformed cells, because the bsr gene is inactivated by a reverse intron. After a
complete retrotransposition cycle the DIRS-1bsr is integrated into the genome (referred as ‘copy element’) and allows for the expression of a functional
bsr mRNA, thus adding resistance to blasticidin to the cells. Position qBS indicates the amplicon used for qPCR analysis. (B) Experimental procedure for
detection of DIRS-1 retrotransposition. The Dictyostelium strain under investigation is co-transformed with the pISAR plasmid and the plasmid containing
the genetically traceable DIRS-1bsr. The neomycin phosphotransferase encoded on pISAR confers resistance to G418 (G418R). G418-resistant cells are
analyzed by PCR to detect transformed cells harbouring the master element. Next, correctly transformed cells are subjected to selection with blasticidin
(BS). Resistance to BS indicates successful retrotransposition in respective strains, and the presence of the copy element is assessed by subsequent PCR.
(C) Representative example of BSR colony formation upon the retrotransposition assay using the DIRS-1bsr construct in Ax2 WT and rrpC– strains. Cells
were stained with crystal violet eight days after starting blasticidin selection (D) PCR verification of the retrotransposition assay with DIRS-1bsr. PCR
Analysis of genomic DNA to determine the structure of the mbsrI gene after the selection with G418 (upper panel) and subsequently with BS (lower panel).
Clones marked as ‘+’ survived the indicated antibiotic, and clones marked with ‘–’ died. PCR was performed using specific primers #2212 and #2213.
The upper band (510 bp) was derived from stably integrated master elements, and the lower band (436 bp) was derived from newly retrotransposed copies
(copy element).
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Figure 4. Retrotransposition of DIRS-1hyg. (A) Schematic representation
of the DIRS-1hyg construct design with an intron-disrupted hygromycin re-
sistance cassette inserted between left LTR and ORF1 (GAG) of DIRS-1 at
position 321. The workflow of the experiment proceeds analogous to that
shown for DIRS-1bsr (for details see Figure 3). Position qHYG indicates
the amplicon used for qPCR analysis. (B) PCR verification retrotranspo-
sition of DIRS-1hyg in the indicated strains. Analysis of genomic DNA to
determine the structure of the mhygI gene after the selection with G418 and
subsequently with hygromycin. PCR was performed using specific primers
#2313 and #2314. The upper band (532 bp) was derived from master el-
ements, and the lower band (458 bp) was derived from newly retrotrans-
posed copies (copy element).

utilizing the features of the ICR region (18); see also the
retrotransposition model in Figure 1B. To test this hypothe-
sis experimentally, we generated a DIRS-1bsr derivative with
the ICR deleted (for a detailed description of the cloning
procedure, see Supplementary Figure S1). The DIRS-1bsr*[-
ICR] and the control DIRS-1bsr* (Figure 5A) contained the
mbsrI gene positioned between the left LTR and ORF1,
analogous to the position of the cassette in the DIRS-1hyg

construct (Figure 4). To discriminate it from the previously
used DIRS-1bsr plasmid (Figure 3), we named the resulting
construct DIRS-1bsr*.

To test the retrotransposition competence of DIRS-
1bsr*[-ICR] and DIRS-1bsr* elements, we co-transformed
them with pISAR into wildtype and rrpC– cells. Retrotrans-
position assays were performed as described in Figure 3B.
Only rrpC– cells transformed with the DIRS-1mbsrI* con-
struct survived the BS treatment, whereas no blasticidin-
resistant clones could be obtained with the DIRS-1mbsrI*[-
ICR] element. PCR confirmed the presence of the spliced

version of the mbsrI gene indicative of retrotransposition of
the DIRS-1bsr* element, whereas the DIRS-1bsr*[-ICR] ele-
ment was not active (Figure 5B).

DIRS-1 reverse transcriptase acts in trans

In LTR-retrotransposons, the primary transcript has a dual
function. Firstly, it serves as mRNA for translation of
the proteins required for retrotransposition. Secondly, the
RNA is the template for reverse transcription and the gen-
eration of cDNA that is integrated into the genome (40–
42). In this process, the retrotransposon proteins can act
in two different modes. When acting in cis, the proteins
interact with the RNA template that encodes them, ei-
ther during or immediately after translation, thereby of-
ten promoting the formation of virus-like particles (VLPs)
(43). In turn, proteins acting in trans do not discriminate
between the RNA sequences from which they were tran-
scribed and other (retrotransposon) RNAs. For example,
trans-action of proteins encoded by the Ty1 retroelement
has been demonstrated by Curcio and Garfinkel (44). Later,
trans-action of proteins was also demonstrated by Xu and
Boeke in their helper-donor assay (45). The authors co-
transformed yeast cells with the helper Ty1 element, that
is incapable to transpose but encodes functional proteins,
and various truncated versions of Ty1 termed mini-Ty1. Us-
ing this set-up, the minimal sequence of a transposition-
competent mini-Ty1 was determined to consist of 380 nu-
cleotides of the 5′ terminus and 357 nucleotides of the 3′
terminus.

To test whether DIRS-1-encoded proteins can act in trans
to mobilize DIRS-1 transcripts, we generated a truncated
version of DIRS-1 (trDIRS-1bsr*), in which the region en-
coding ORF1 and about half of ORF2 and ORF3 were
deleted (Figure 5A). As a modification of the set-up used
by Xu and Boeke (45), we relied in our experiments on
the activity of endogenous proteins derived from genomic
DIRS-1 copies in the rrpC– strain, which we infer from the
presence of endogenous extrachromosomal cDNA (Figure
2B). Even though this strain should possess the proteins re-
quired for retrotransposition, the trDIRS-1bsr* element did
not confer blasticidin resistance in the rrpC– strain, unlike
the parental DIRS-1mbsrI (Figure 5C).

To investigate potential causes for the retrotransposition
incompetence of the DIRS-1mbsrI*[-ICR] and the trDIRS-
1mbsrI* constructs, we transformed them in the retrotrans-
position permissive background of the rrpC– strain, which
we kept under G418 selection. Separately, we used the retro-
transposition competent plasmids DIRS-1mbsrI and DIRS-
1mbsrI* under G418 selection in the Ax2 wildtype cells as
negative controls. The latter constructs were also trans-
formed as positive controls in the rrpC– strain, which was
initially kept in medium supplemented with G418 and later
with G418 + blasticidin to detect newly transposed DIRS-
1bsr elements. From these transformants, extrachromoso-
mal cDNA was isolated as described (9) and analyzed by
PCR instead of the earlier used Southern blotting approach
(Figure 2C), because the use of the primer pair address-
ing the sequence surrounding the mbsrI cassette (Figure
3A) allowed to discriminate between the spliced and non-
spiced form of the resistance cassette and thus directly indi-
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Figure 5. DIRS-1bsr variants reveal features necessary for retrotransposition and trans-action of DIRS-1 encoded proteins. (A) Overview of the DIRS-1bsr

variants used in this study, with the parental DIRS-1bsr (Figure 2A), DIRS-1bsr*, DIRS-1bsr*[-ICR] lacking the ICR and the truncated trDIRS-1bsr* element
encoding fragments of ORF2 and ORF3 only. (B) PCR analysis of genomic DNA from retrotransposition assay with two variants of the retroelement,
DIRS-1bsr* and DIRS-1bsr*[-ICR]. (C) PCR analysis of genomic DNA from retrotransposition assays with two variants of the retroelement, DIRS-1bsr*

and trDIRS-1bsr*. For further details regarding the assay, please refer to Figure 3. (D) PCR analysis of extrachromosomal cDNA extracted from the
indicated strains during the retrotransposition assay and in different selection media, using the specific primer pair #2212 and #2213 (see Figure 3).

cate retrotransposition of DIRS-1bsr. As expected, no extra-
chromosomal DIRS-1bsr cDNA was observed in the wild-
type strain (Figure 5D). In the rrpC– strain, we detected
the spliced form of the mbsrI cassette of both the DIRS-
1bsr and DIRS-1bsr* already after selection in G418 medium
(e.g., prior to blasticidin-selection to enrich for retrotrans-
position events). Under these conditions, the DIRS-1bsr*

element also generated an incompletely spliced version
of the extrachromosomal cDNA. However, both strains
contained after selection with G418 + blasticidin mainly
the spliced form of the resistance cassette. PCR products
were also obtained from the extrachromosomal cDNAs of
the retrotransposition incompetent constructs DIRS-1bsr*[-
ICR] and trDIRS-1bsr* in the rrpC– strain. The PCR prod-
ucts from the former were similar to the bands detected in
the strain transformed with DIRS-1mbsrI* during the same
antibiotic selection (G418). The results obtained with the
DIRS-1mbsrI*[-ICR] construct (Figure 5A, B, D) would thus
indicate that it cannot complete the full retrotransposition
cycle, despite the fact that at least some molecules were
spliced and reverse transcribed. This was distinct from the
cDNA obtained from the trDIRS-1bsr* construct, where
the PCR signal corresponded to only the non-spliced form
(Figure 5D). This observation may explain why this con-
struct did not generate blasticidin resistance in the retro-
transposition assay (Figure 5C). Furthermore, this result
suggested that the DIRS-1 encoded reverse transcriptase
(Figure 2A), which is missing in trDIRS-1bsr*, can act in
trans on the mRNA derived from that construct, resulting in
the observed cDNA. Whether other DIRS-1-encoded pro-

teins also act in trans cannot be answered with this assay
because the non-spliced and thus dysfunctional blasticidin
resistance cassette from this construct counteracts the ob-
servation of a full retrotransposition cycle.

Extrachromosomal cDNA of DIRS-1bsr is single-stranded
and exists as predominantly linear molecules

In a previous report the extrachromosomal DIRS-1 cDNA
accumulating in the agnA– strain was shown to be single-
stranded (9). However, the isolated cDNA was not affected
by incubation with exonuclease I (Exo I), which should de-
grade ssDNA in the 3′→5′ direction. While this observation
may in fact argue for a circular molecule, the authors sug-
gested that modifications or secondary structures could be
the reason for the insensitivity to Exo I (9). Thus, the ques-
tion whether the cDNA is a circular or a linear molecule
could not be answered unambiguously in that study. To in-
vestigate this further, we isolated extrachromosomal cD-
NAs of the DIRS-1bsr and DIRS-1bsr* elements and di-
gested them with various nucleases, similar to the earlier
experiments performed by Nellen and co-workers (9). As
readout, we preferred to use PCR amplification to detect
cDNA integrity rather than the less sensitive Southern blot-
ting (Figure 5D). In line with earlier results (9), S1 nucle-
ase, which targets single-stranded DNA (ssDNA), degraded
the extrachromosomal cDNA (Figure 6A, B). Also, DNase
I did, but RNase A did not degrade the DIRS-1 cDNA.
Likewise, treatment with exonuclease III, which is specific
for dsDNA, did not degrade the DIRS-1 cDNA. Interest-
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Figure 6. Features of extrachromosomal DIRS-1bsr cDNA. Extrachromosomal cDNA samples were extracted from rrpC– strains transformed with DIRS-
1bsr (A) or DIRS-1bsr* (B), and were cultivated in G418/BS10 medium that selects for strains with mobilized retrotransposon. The samples were treated
separately with RNase A, DNase I, Exonuclease I (Exo I), Exonuclease III (Exo III) and S1 nuclease (S1). After digestion and heat inactivation of enzymes,
the samples were analyzed by PCR with the primers #2212 and #2213 binding within the region of mbsrI cassette (binding position in Figure 2A).
Quantification of endogenous (C and D) and mbsrI-tagged versions (E) of DIRS-1 extrachromosomal cDNA after treatment with Exonuclease I and S1
nuclease, relative to the non-digested sample. Samples were extracted from rrpC– strains transformed with DIRS-1bsr and DIRS-1bsr* upon cultivation
in G418/BS10 medium that selects for strains with mobilized retrotransposons. The cDNA abundance was monitored by qPCR using primers targeting
positions qP1, qP2 and qBS (Figures 2A and 3A) and is shown in logarithmic scale relative to the non-digested sample (set to 1). Each qPCR reaction was
run in triplicate. Error bars: mean with S.D. Statistics: paired t test: P < 0.0001 (****); n.d. = not detected.

ingly, reduced amounts of PCR products of the extrachro-
mosomal DIRS-1bsr cDNA were detectable after treatment
with Exo I (Figure 6A, B). In order to quantify this re-
duction, we performed quantitative PCR (qPCR) analyses
of Exo I digested samples extracted from the rrpC– strain
transformed with DIRS-1mbsrI or DIRS-1mbsrI* and selected
with G10/B10 medium. As control we used non-digested
and S1 nuclease treated samples. Analyses using primers
sets targeting the positions qP1 and qP2 (Figure 2A) re-
vealed a 50- and 20-fold reduction of molecules compared
with the non-digested samples (Figure 6C and D respec-
tively). In the samples treated with S1 nuclease, DNA was
fully degraded. To complete this analysis, we also moni-
tored specifically the molecules derived from the traceable
version of the retroelement using primers targeting posi-
tion qBS in the blasticidin cassette (Figure 3A). Here, the
amount of DIRS-1bsr and DIRS-1bsr* cDNA decreased ∼4-
fold upon Exo I digestion, compared to the non-digested
samples (Figure 6E). These results indicate that the extra-
chromosomal cDNA is predominantly linear. The smaller
fraction that survived the Exo I treatment may represent
circular molecules. This can inferred from the experimen-
tal procedures used for cDNA isolation, where proteins that
might have protected cDNA ends against Exo I digestion
were removed and the cDNA was denatured before nuclease
treatment to prevent the formation of protective secondary
structures at the cDNA ends. It is also remarkable that nu-

clease treatment of extrachromosomal DIRS-1bsr cDNAs
extracted from the rrpC– strain transformed with DIRS-
1mbsrI*[-ICR] or trDIRS-1mbsrI* revealed the same behavior
as seen for DIRS-1bsr and DIRS-1bsr* (Supplementary Fig-
ure S7). In an attempt to consolidate this with the reported
insensitivity of the extrachromosomal cDNA to Exo I in the
agnA– strain (9), we expanded the experiments to DIRS-
1hyg isolated from that strain. Also this showed similar sen-
sitivity to Exo I (Supplementary Figure S8), and thus identi-
cal behavior in both strains, rrpC– and agnA–. In summary,
these data indicate that the extrachromosomal cDNA de-
rived from all genetically traceable versions of DIRS-1 ex-
ists as a mixture of single-stranded molecules, of which the
majority is linear and only a minor fraction may be circular.

Exogenously applied extrachromosomal cDNA of DIRS-1 is
able to transpose in the rrpC– strain

In all experiments, the accumulation of the extrachromoso-
mal DIRS-1bsr cDNA in certain RNAi knock-out strains
was symptomatic for cells in which DIRS-1 was mobi-
lized (with the notable exception of the agnA–/agnB– dou-
ble knock out). However, this may not necessarily mean
that this molecule is a true intermediate of DIRS-1 retro-
transposition (Figure 1B). Alternatively, it may well rep-
resent a non-functional dead-end by-product of DIRS-1
amplification. To determine whether the extrachromosomal
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DIRS-1bsr cDNA is a functional retrotransposition inter-
mediate, we extracted extrachromosomal cDNA of DIRS-
1bsr and DIRS-1bsr* from rrpC– transformants after selec-
tion for retrotransposition events in blasticidin-containing
medium. The isolated material was used to transform rrpC–
and wildtype Ax2 cells by electroporation. Transformed
cells were allowed to recover for ca. 6 h before genomic
DNA was extracted from one half the cells for PCR anal-
ysis, while the other half of cells was further cultivated in
medium supplemented with blasticidin. PCR analysis of
genomic DNA after transformation (Figure 7A) showed
that the extrachromosomal cDNA of DIRS-1bsr and DIRS-
1bsr* was present in the transformed rrpC– cells. This was
not the case in the Ax2 wildtype strain, and this trans-
formant did not survive the subsequent blasticidin treat-
ment. Most likely, the absence of endogenous DIRS-1 pro-
teins in the Ax2 wildtype did not allow for propagation
of the elements. Instead, blasticidin-resistant clones were
obtained from rrpC– transformants, and the presence of
the spliced form of mbsrI was confirmed by PCR (Figure
7B). As the transformed single-stranded cDNA is unlikely
to serve as template for transcription, the blasticidin resis-
tance of these rrpC– transformants would indicate that the
cDNA entered a new transposition cycle. This is likely due
to the endogenous DIRS-1 proteins that are available in the
rrpC– strain, but not in the Ax2 wildtype. The inability of
the transformed cDNA to confer blasticidin resistance to
wildtype cells also indicated that the cDNA was not incor-
porated into the genome by alternative, retrotransposition-
independent mechanisms, such as homologous recombina-
tion. Rather, the obtained results suggest that the extrachro-
mosomal DIRS-1 element transformed in the rrpC– strain
was recognized by endogenous DIRS-1 proteins. It there-
fore does not represent a dead-end by-product, but an in-
tegral part of the DIRS-1 retrotransposition cycle (Figure
1B).

DISCUSSION

DIRS-1bsr is mobilized in distinct RNAi-deficient strains

In this study, a well-established retrotransposition assay
(25) was adapted to investigate the retrotransposition ac-
tivity of DIRS-1 in D. discoideum. This allowed for the first
time to monitor the mobility of the class of DIRS-1-like ele-
ments that encode a tyrosine recombinase instead of a clas-
sical integrase. Our results show that DIRS-1 retrotranspo-
sition is facilitated only in RrpC-deficient strains and in an
agnA mutant. RrpC and AgnA were previously described
as proteins that play an important role in the generation of
secondary siRNAs of DIRS-1 during post-transcriptional
gene silencing (PTGS) (8,9). The single deletions of the
RdRPs RrpA and RrpB genes have no obvious effect on
DIRS-1 siRNA and mRNA level (8). This is consistent
with the observation that DIRS-1 is not actively transpos-
ing in these strains (Figure 2). Both proteins, RrpA and
RrpB share 94% protein sequence identity, and might have
a similar, yet unknown function, which would be distinct
from that of RrpC––at least concerning DIRS-1 amplifica-
tion. For example, they may be involved in transcriptional
gene silencing, as exemplified by the sole RdRP Rdp1 of

S. pombe. This enzyme is the main component of the RNA
directed RNA polymerase complex (RDRC) that directly
interacts with the RNA-induced transcriptional silencing
(RITS) complex (46). Both complexes are localized in the
nucleus and coordinate RNAi-mediated heterochromatin
assembly within the region of centromeric repeats and the
mating type locus (47,48). Also the six Arabidopsis RdRP
homologues, RDR1–6, exhibit a broad range of functions,
including RNA-directed DNA methylation (RdDM) and
antiviral response (summarized in (49)).

DIRS-1 was not mobilized in mutants of the Argonaute
protein AgnB and the Dicer-like protein DrnB. As re-
ported previously, DrnB is involved in miRNA maturation
(23,34–37) and does not participate in DIRS-1 regulation
(8). Surprisingly, DIRS-1 was also not actively transpos-
ing in the agnA–/agnB– double mutant. While the lack of
the AgnA protein activity clearly leads to DIRS-1 prolif-
eration ((9) and Figure 4), the role of AgnB in DIRS-1
regulation remains unclear. The agnA–/agnB– double mu-
tant lacks DIRS-1 related siRNAs similar to agnA– cells
and is characterized by moderate accumulation of DIRS-
1 mRNA (9). Moreover, the amount of the extrachromo-
somal cDNA detected in the agnA–/agnB– mutant corre-
sponds to that found in the rrpC mutant (Figure 2). Thus,
it would be expected that DIRS-1 is mobilized in the dou-
ble mutant, but this is not the case (Figure 4). This suggests
that AgnB plays a role in the completion of the retrotrans-
position cycle of DIRS-1 and not in its posttranscriptional
silencing. As such, AgnB might act in processing bodies
(P-bodies), non-membrane-bound cytoplasmatic foci (50),
which contain proteins implied in RNA decay (51), and
which are also sites of retrovirus and retroelement replica-
tion. In humans, for example, P-bodies containing the Arg-
onaute Ago2 and the helicase DDX6 facilitate capsid as-
sembly of the retrovirus HIV-1 (52,53). Components of P-
bodies found in yeast are essential during the assembly of
Ty1 virus-like particles (54,55). Moreover, the Dhh1 and
Xrn1 proteins, other components of P-bodies, are necessary
for yeast Ty3 retrotransposition (56). Although P-bodies
have not yet been defined experimentally in Dictyostelium, a
recent report suggested that GFP-tagged and overexpressed
AgnB protein localizes in the cytoplasm and in the nucleus
(9). Thus, further studies will be required to analyze whether
that localization of AgnB is functionally related to its pre-
sumed role in the completion of the DIRS-1 retrotranspo-
sition cycle.

The replication cycle of DIRS-1 requires the ICR

The retrotransposition assay using a full-length, genetically
tagged DIRS-1bsr faithfully mimics the retrotransposition
of the natural DIRS-1 from D. discoideum. This assump-
tion is supported by the long experimental history of us-
ing retrotransposition marker genes in yeast and mammals
(38,39) and also by studies of the non-LTR retrotranspo-
son TRE5-A using the mbsrI gene in D. discoideum (25).
One of the unique structural features of DIRS-1-like ele-
ments that discriminates them from other retrotransposons
is the presence of the ICR near the right LTR (18) (Fig-
ure 1B). In the retrotransposition model put forward by
Cappello et al., this sequence is the template to restore
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Figure 7. Exogenously applied DIRS-1 extrachromosomal cDNA confers blasticidin resistance. (A) PCR analysis of genomic DNA from strains 6 h after
transformation with extrachromosomal cDNA derived from two variants of retroelement, DIRS-1bsr and DIRS-1bsr*. (B) PCR analysis of genomic DNA
extracted from the same strains having undergone the retrotransposition assay with two variants of the retroelement, DIRS-1bsr and DIRS-1bsr*. PCR
analyses were carried out using the specific pair of primers #2212 and #2213.

the complete sequence of the retroelement from its shorter
subgenomic transcript, which results eventually in a circular
DNA double-strand (18). A comparison of DIRS elements
in different species has resulted in the intriguing observation
that species-specific trinucleotide sequences, present at the
circular junction of the element’s termini, might be used to
define integration sites (11). The site-specific action of the
DIRS YR would result in new integrations, in which the
element is flanked by the respective trinucleotide sequence
at either end, one resulting from the element and one from
the target site. As such, circular and double-stranded DIRS
elements would indeed represent a necessary replication in-
termediate for de novo integration. This, in turn necessitates
correctly restored ends of the elements at the ICR. Here,
we have shown that the ICR sequence is indeed essential
for retrotransposition. The DIRS-1bsr*[-ICR] element ex-
hibited during selection with G418-containing medium a
pattern of single-stranded extrachromosomal cDNAs (Sup-
plementary Figure S7) similar to that of the parental con-
struct DIRS-1mbsrI* (Figure 6) with spliced and non-spliced
forms of the resistance cassette (Figure 5D). This indi-
cates that an mRNA was successfully expressed from the
DIRS-1bsr*[-ICR] element and converted to single-stranded
cDNA, which implies no role of the ICR in the initia-
tion of the reverse transcription. So far, is not known how
the process of copying the mRNA into cDNA is started
and no primer related to this has been determined. How-
ever, Poulter and Goodwin noted an internal hairpin at the
3′ end of the mRNA (positions 4792–4805) that could in
fact serve to prime the reverse transcription (20). Either
way, without the ICR, the DIRS-1 element was not able
to complete the retrotransposition cycle and to generate
blasticidin-resistant clones. This indicates that the ICR se-
quence is indeed essential for DIRS-1 retrotransposition,
but in a process downstream of first-strand reverse tran-
scription. As the ICR is conserved among the DIRS-1 like
elements (57), this notion likely holds true for the entire
class of retrotransposons.

Splicing of the intron is influenced by the positioning of the
resistance cassette

Both active versions of the tagged retroelement, DIRS-1bsr

and DIRS-1bsr* were mobilized despite the different posi-
tions of the resistance cassette in the DIRS-1 element (Fig-
ures 3 and 4). Nevertheless, the extrachromosomal cDNAs

of the tagged elements differed, because a population of re-
verse transcribed products with a non-spliced form of the
mbsrI cassette was observed from the DIRS-1mbsrI* con-
struct, but not from DIRS-1mbsrI (Figure 5D). In DIRS-
1mbsrI*, the resistance cassette is embedded between the left
LTR and ORF1 (Figure 5A). Transcripts of retroelements
often bind proteins and other factors facilitating their repli-
cation cycle (58). As such, the presence of the non-spliced
form might indicate a competition of proteins involved in
different processes, namely splicing and retrotransposition.
A presumed occupancy of factors involved in retrotranspo-
sition at the 5′ end of DIRS-1 transcripts might also restrict
the access of the RNAi machinery. This would help to ex-
plain why this segment of DIRS-1 exclusively is void of siR-
NAs (8,9), which otherwise are found asymmetrically dis-
tributed over the rest of the retroelement.

We also observed the non-spliced form for the extrachro-
mosomal cDNA generated from the trDIRS-1mbsrI* con-
struct, that also contains the mbsrI cassette near the 5′ end
of DIRS-1 (Figure 5). This observation can easily serve to
explain why this strain does not generate blasticidin resis-
tant clones, as the retained intron prevents the expression
of the BS resistance. Thus, even in the case of successful
DIRS-1 mobilization, which we cannot observe, the result-
ing strain would not survive the blasticidin treatment.

DIRS-1 proteins act in trans

Retrotransposon mRNAs have a dual function in serving
as templates for protein synthesis and reverse transcrip-
tion (59,60); reviewed in (61). In these processes, proteins
can act in trans, as exemplified by the proteins transcribed
from Ty1, which can encapsidate the RNA molecule de-
rived from any Ty1 mRNA, regardless of whether they had
served as template (44). In contrast, cis-acting proteins bind
the same mRNA from which they originated, either dur-
ing or immediately after translation, and finally leading
to the mRNA’s encapsidation (62). The results from the
modified ‘helper/donor’ assay (63), in which we used the
trDIRS-1mbsrI* construct that lacks the coding capacity for
the GAG, RT and RNase H proteins, indicated that the
endogenous DIRS-1 reverse transcriptase can act in trans
(Figure 5). Furthermore, the successful transformation of
the rrpC– strain with the extrachromosomal cDNA of ge-
netically traceable DIRS-1 (Figure 7) suggests that also the
other endogenous proteins that mediate retrotransposition
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in that strain can act in trans. From the blasticidin sen-
sitivity of the wildtype strain (Figure 7), we exclude the
possibility that these DNA molecules have been incorpo-
rated into the genome of the rrpC– strain via other, non-
retrotransposition related mechanisms, e.g. homologous re-
combination.

The extrachromosomal cDNA of DIRS-1

Treatment with different nucleases showed that the ex-
trachromosomal cDNAs generated from endogenous and
traceable versions of DIRS-1 exist as a mixture of single-
stranded linear and circular molecules, not only in the
rrpC– strain, but also in the agnA– strain (Figure 6, Supple-
mentary Figures S7 and S8). This is consistent with the in-
terpretation of experimental data by Nellen et al., who pre-
viously suggested that the extrachromosomal cDNA might
be linear despite surviving the Exo I treatment (9). Ac-
cording to the same authors, this particle is a molecule of
∼4500 nt that almost corresponds in size to the original ge-
nomic copy (4814 bp). We attempted to amplify the junc-
tion of the circular molecules by inverted PCR, which, how-
ever, did not yield PCR products (data not shown). This
might be explained by the complexity of the sample with
linear and circular molecules that furthermore exhibit vari-
able sizes and conformations (Figure 2 and Supplementary
Figure S2). Additionally, the structure of the proposed cir-
cular junction (Figure 1A) might be complex due to its
self-complementarity and thus not be susceptible to PCR
amplification. A large fraction of DIRS-1 elements in the
D. discoideum genome is fragmented (2), and they might
give rise to the shorter extrachromosomal cDNAs we ob-
serve (Figure 2B). If these molecules were susceptible to in-
tramolecular ligation, but not further processed into a dou-
ble strand, they might accumulate, giving rise to the Exo
I surviving molecules. It is tempting to speculate that the
complete DIRS-1 extrachromosomal cDNAs, in contrast
to the shorter ones, might be rapidly converted into double-
stranded circular cDNA followed by immediate integration.
This scenario would alternatively explain the lack of PCR
products covering the circular junction: complete DIRS-1
circular cDNA molecules would be immediately integrated
and not available for PCR amplification, and incomplete
versions would lack the sequences required for PCR.

Functionally, our observation that isolated extrachromo-
somal DIRS-1 cDNA transformed into D. discoideum cells
can be used as substrates for de novo integrations by en-
dogenous DIRS-1-related proteins, strongly suggests that
the cDNA is a true replication intermediate of the DIRS
retrotransposition model (Figure 1B) originally proposed
by Cappello et al. (18).
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