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ABSTRACT

Dictyostelium intermediate repeat sequence 1
(DIRS-1) is the founding member of a poorly
characterized class of retrotransposable elements
that contain inverse long terminal repeats and
tyrosine recombinase instead of DDE-type integrase
enzymes. In Dictyostelium discoideum, DIRS-1
forms clusters that adopt the function of centro-
meres, rendering tight retrotransposition control
critical to maintaining chromosome integrity. We
report that in deletion strains of the RNA-dependent
RNA polymerase RrpC, full-length and shorter DIRS-
1 messenger RNAs are strongly enriched. Shorter
versions of a hitherto unknown long non-coding
RNA in DIRS-1 antisense orientation are also
enriched in rrpC– strains. Concurrent with the accu-
mulation of long transcripts, the vast majority of
small (21 mer) DIRS-1 RNAs vanish in rrpC– strains.
RNASeq reveals an asymmetric distribution of the
DIRS-1 small RNAs, both along DIRS-1 and with
respect to sense and antisense orientation. We
show that RrpC is required for post-transcriptional

DIRS-1 silencing and also for spreading of RNA
silencing signals. Finally, DIRS-1 mis-regulation in
the absence of RrpC leads to retrotransposon mo-
bilization. In summary, our data reveal RrpC as a key
player in the silencing of centromeric retrotrans-
poson DIRS-1. RrpC acts at the post-transcriptional
level and is involved in spreading of RNA silencing
signals, both in the 50 and 30 directions.

INTRODUCTION

Cellular RNA-dependent RNA Ppolymerases (RdRPs)
are present in many eukaryotic organisms, including
mammals (1), are involved in mechanisms of RNA-
mediated gene regulation including RNA interference
(RNAi) (2,3). RdRPs synthesize an RNA strand from a
complementary RNA template, leading to either long or
small antisense transcripts. Based on in vivo and in vitro
studies, including deep sequencing analyses, several
primer-dependent and -independent modes of action
have been inferred for RdRPs from different organisms.
These frequently lead to an amplification of a primary
silencing signal such as double-strand-derived small
interfering RNA (siRNA). An amplifying component
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was postulated by Fire and Mello when they first
described RNAi in Caenorhabditis elegans (4), leading to
the identification of RdRP EGO-1 as the responsible
enzyme (5). When RNA was injected against a reporter
gene, secondary siRNAs were observed that predomin-
antly localize 50 of the original trigger, and this 50

spreading was shown to be RdRP-dependent (6). This
phenomenon, known as ‘transitivity’, is diagnostic for
RdRP activity in vivo (6–8). We recently observed transi-
tivity in the amoeba Dictyostelium discoideum, and have
shown that it depends on the presence of the RdRP RrpC
and the dicer-related nuclease DrnB, as inferred from an
artificial reporter system (9). RrpC is one of three RdRPs
in D. discoideum, all of which show a similar domain struc-
ture (Supplementary Figure S1) (10).

Dictyostelium intermediate repeat sequence 1 (DIRS-1)
is the founding member of a poorly characterized class of
long terminal repeat (LTR) retrotransposons. DIRS
elements differ from other LTR retrotransposons by
having inverted instead of direct terminal repeats,
lacking an aspartic protease domain and using a tyrosine
recombinase instead of a DDE-type integrase protein for
integration. Thus, DIRS elements use a retrotransposition
mechanism fundamentally different from that of other
LTR retrotransposons [reviewed in (11)]. This may favor
the recombinatorial integration into preexisting copies of
the same element as seen in the D. discoideum genome. The
genome of D. discoideum features �40 intact copies and
�200–300 fragments of DIRS-1, which thus represents the
most frequently occurring LTR retrotransposon in the
amoeba (12). DIRS-1 sequences accumulate at one end
of each chromosome (12), and these clusters have been
suggested to represent the centromeres of the chromo-
somes in D. discoideum (13,14). Although observed clus-
tering of DIRS-1 elements may result from preferential
integration of mobilized DIRS-1 copies into preexisting
DIRS-1 clusters (15), it is not known whether the
apparent clustering of these elements is the result of dele-
terious integration into coding regions of the haploid
D. discoideum genome that removes affected cells from
the population (16). Nonetheless, uncontrolled amplifica-
tion of DIRS-1 elements and integration into centromeric
regions may seriously compromise centromere stability,
and thus genome integrity.

DIRS-1 is transcribed as a 4.5-kb-long messenger RNA
(mRNA) with three overlapping open reading frames
(ORFs) (Figure 1A) (17). The left LTR possesses
promoter activity to drive the transcription of the DIRS-
1 mRNA (18). These DIRS-1 mRNA transcripts were
found to accumulate during D. discoideum development
and contain parts of the two LTRs (18). Additionally,
heat shock or other stress conditions can trigger the ex-
pression of a 900-nt-long antisense transcript (Figure 1A),
which, however, is not expressed under the axenic growth
conditions applied in this study (19,20).

For retrotransposition to occur, the mRNA is thought
to be reverse transcribed by the enzyme activity of ORF
III (17). The ends of the resulting linear complementary
DNA (cDNA) feature the LTR fragments, which exhibit
sequence complementarity to a DIRS-1 region termed the
internal complementary region (ICR). According to a

model put forward by Lodish et al. the ICR serves to
bring the 50- and the 30-end of the reverse transcript
together (11) to generate a single-stranded circular DNA
replication intermediate that serves as template for the
generation of a double-stranded circular DNA to be
inserted in the genome (17).
We have shown earlier that the LTR of DIRS-1 is

methylated by the sole DNA methyltransferase, DnmA,
identified in D. discoideum (21). Surprisingly, no transcrip-
tional activation was observed in a dnmA gene deletion
strain, indicating that DIRS-1 is not under transcriptional
control, at least not by DnmA. However, in that study, we
observed that regulation of DIRS-1 expression may be
controlled at the post-transcriptional level involving
small RNAs (21). Here, we show that RrpC controls
DIRS-1 post-transcriptionally, and its activity is
required to prevent DIRS-1 retrotransposition. We
further report RrpC-dependent spreading of an RNA
silencing signal in the 30 direction in D. discoideum.

MATERIALS AND METHODS

Oligonucleotides

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

Genes and strains

All experiments were carried out with AX2 and deriva-
tives. All D. discoideum strains were grown axenically in
HL5 medium. The rrp genes are listed in the online
resource dictybase.org with their accession numbers
DDB_G0289659 (rrpA), DDB_G0291249 (rrpB) and
DDB_G0280963 (rrpC), and the generation of their
single and multiple deletion strains was described
recently (9). The trx-1 gene has the accession number
DDB_G0294447.

RNA isolation

Total RNA was isolated from 5� 107 cells of axenically
grown D. discoideum strains using TRIzol� (Invitrogen).
Cells were pelleted for 5min at 500 rcf/4�C and washed in
20 ml pre-cooled Sorenson phosphate buffer (2 mM
Na2HPO4, 15 mM KH2PO4, pH 6.0, with H3PO4). On
re-centrifugation of cells under the same conditions, they
were lysed in 1 ml of TRIzol� reagent for 5min. On
addition of 200 ml of chloroform, the material was
vortexed and incubated for 3min at room temperature.
Phases were separated by centrifugation at 16 000 rcf/
4�C for 20min. RNA was precipitated by addition of
equal amounts of 100% isopropanol, incubation for
10min at room temperature and centrifugation at 16 000
rcf/4�C for 15min. On washing twice with 70% ethanol,
the pellet was dried and re-suspended in 150 ml dH2O.
RNA concentration was determined using a NanoDrop
spectrophotometer (Peqlab).

Northern blotting

For total RNA blots, 10 mg was separated by gel electro-
phoresis in a 1.2% GTC-agarose gel in 1�Tris
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borate+ethylenediaminetetraacetic acid (pH 8.2). On ca-
pillary transfer to nylon membranes (Roti�-Nylon plus),
ultraviolet cross-linking was carried out (0.5 J/cm2). Pre-
hybridization and hybridization were carried out in
Church buffer [500mM sodium phosphate (pH 7.2),
1mM ethylenediaminetetraacetic acid, 7% w/v sodium
dodecyl sulphate (SDS), 1% w/v bovine serum albumin]
using radioactively labeled in vitro transcripts or
polymerase chain reaction (PCR) products.
Hybridization conditions are summarized in
Supplementary Tables S2 and S3. All blots were washed
twice for 15min in 2� saline sodium citrate (SSC), 0.1%
w/v SDS, twice for 10min in 1� SSC, 0.1% w/v SDS and
twice for 5min in 0.5�SSC, 0.1% w/v SDS. As control,
blots were hybridized on stripping to probes against actin6
mRNA.
For small RNA blotting, 20mg total RNA was

separated by gel electrophoresis in a 11% polyacrylamide
gel in 20mM MOPS (pH 7.0). On electroblotting onto a
nylon membrane (Amersham HybondTM-NX) for 10min
at 20V in dH2O (semi-dry), RNA was chemically cross-
linked as described recently (22). Small RNAs were
probed with 50 radioactively labeled DNA oligonucleo-
tides as summarized in Supplementary Table S4. All
other procedures were carried out as described for ultra-
violet cross-linking, except for the use of the small
nucleolar RNA (snoRNA) DdR-6 as loading control.

Southern blotting

Isolation of genomic DNA from 1–2� 108 Dictyostelium
cells for Southern blotting (23) was performed as
described (24). For DNA digestion with restriction
enzymes, aliquots containing 20 mg of DNA were
incubated with Sac I, Kpn I or Eco RI (20U/10 mg of
DNA). After precipitation, samples were separated on
1.2% agarose gels for 14 h at a field strength of
1.5V/cm, and fragments were visualized by ethidium
bromide staining (0.5 mg/ml) for 30min. DNA was
denatured by soaking the gel in 10 volumes of denatur-
ation buffer (1.5M NaCl, 0.5M NaOH) for 45min,
followed by 45min soaking in neutralization buffer (3M
NaCl, 0.5M Tris-HCl, pH 7). DNA fragments were
transferred to a nylon membrane as described (25).
Cross-linking and hybridization were carried out as
described for northern blotting, using the right element
sequence, labeled with [a-32P]dATP by random priming.
On overnight incubation, the membrane was washed with
3�SSC, 0.01% SDS and then with 0.1 x SSC, 0.1% SDS,
each at 60�C and for 1 h.

Generation of expression constructs

pTX-DIRS-1rLTRfw-GFP was generated by initially di-
gesting the original vector pTX-GFP (26) with Sal I and
ligating the oligonucleotides pTX-MCS-fw and pTX-
MCS-rev for generating a multiple cloning site (MCS).
Depending on the orientation of the MCS, the resulting
vectors were termed pTX-MCSfw-A15-GFP and pTX-
MCSrev-A15-GFP. To insert the DIRS-1 rLTR-
sequence, plasmid pGEM�-T Easy DIRS-1 rLTR (21)
was digested with Sac II and Sal I. Ligation into the

MCS of pTX-MCSfw-A15-GFP and pTX-MCSrev-A15-
GFP yielded the plasmids pTX-DIRS-1rLTRfw-A15-
GFP and pTX-DIRS-1rLTRrev-A15-GFP. The former
was digested with Sac II and Xho I to isolate the expres-
sion cassette, which was ligated into the vector pLPBLP
(27), that had been digested with the same enzymes be-
forehand. From this, the Actin15-promoter was removed
by a restriction digest with Hind III and Xho I. The 50

overhangs were filled by Klenow fragment before
ligation, and the expression cassettes without Actin15-
promoter were ligated back in the original vector using a
Sac II and Xho I, which yielded the plasmid pTX-DIRS-
1rLTRfw-GFP. From pTX-DIRS-1rLTRrev-A15-GFP,
the expression cassette was removed with Sal I and
BamH I and ligated into the vector pJET1-H2Bv1, from
which the H2Bv1 fragment had been removed with the
same enzymes. The actin15-promoter was removed by a
digest with Hind III and Sac II, and the vector was re-
ligated on removal of 50 overhangs using Klenow
fragment. The expression cassette was back-cloned into
the original vector using Sal I and BamH I, yielding
plasmid pTX-DIRS-1rLTRrev-GFP.

The DIRS-1 ORFs were amplified by PCR using
primers listed in Supplementary Table S1. PCR products
were ligated into the cloning pJET1.2/blunt, and the re-
sulting plasmids were sequenced. The ORF DNAs were
excised by means of BamH I and Spe I digests and ligated
into pDM323 (28) that was previously linearized with
Bgl II and Spe I. The resulting plasmids were transformed
in AX2 and rrpC knockout strains, and transformation
populations were used for further experiments. For the
GFP-alone control, plasmid pDM317 (28) was used that
features an ATG in front of the GFP coding sequence,
allowing to monitor GFP expression by western blotting.

Fluorescence in situ hybridization and microscopy

Fluorescence in situ hybridization (FISH), using
digoxigenin-labeled dNTPs, and 4,6-diamidino-2-
phenylindole (DAPI) staining were performed as
described recently (29). For the generation of probes for
FISH, oligonucleotides DIRS1 forward and DIRS1
reverse were used, resulting in a 503-nt-long single-
stranded DNA of DIRS-1 sense or antisense orientation,
depending on their relative concentration in asymmetric
PCRs. The fragment begins at the left end (LE) of ORF
III (Figure 1) and is extended by 200 nt. Pictures were
generated using an Alexa Fluor 488-coupled secondary
antibody.

Quantitative real-time PCR

Expression analysis by quantitative real-time PCR (qRT-
PCR) was carried out as described recently (30,31). In
brief, total RNA was isolated using the Qiagen RNeasy
Mini kit according to the provided protocol from 2� 107

cells that were collected from exponentially growing cells
and frozen at �80�C until further use. cDNA was
synthesized by reverse transcription of 500 ng of total
RNA using an oligodeoxythymidine primer and the
Qiagen Omniscript RT kit. The Q1 and Q2 fragments of
DIRS-1 were amplified from oligo(dT)-primed cDNA
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Figure 1. DIRS-1 expression. (A) Schematic representation of the DIRS-1 retrotransposon with the left and right inverted LTRs (l LTR and r LTR,
respectively). The three ORFs, encoding the GAG protein (ORF I), the tyrosine recombinase (ORF II) and reverse transcriptase/RNase H domain and a
methyltransferase (ORF III) are displayed together with the 900-nt E1 antisense transcript. Positions for expression analysis are Q1 and Q2 for qRT-
PCR and LE and RE for northern blots. (B) Expression of DIRS-1 sequences in the indicated gene deletion strains, relative to the AX2 wild-type, as
monitored by qRT-PCR using primer pairs at positions Q1 and Q2, and normalized to GAPDH expression. (C) Northern blot analysis of RNA from
the indicated strains, using DIRS-1 sense strand-specific probes at positions LE (left) and RE (right). Ethidium bromide-stained rRNA served as loading
control, while in northern blots, an actin6 probe acted to monitor transfer efficiency. (D) Northern blots using DIRS-1 antisense strand-specific probes at
positions LE (left) and RE (right). Other details are as in (C). Size ranges of signals for shorter antisense RNAs are indicated to the right of each blot.
Northern blot conditions are listed in Supplementary Tables S2 and S3. See also Figures 2 and 3 and Supplementary Figure S2.
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with primer pairs Q-DIRS-01/-02 and Q-DIRS-03/-04, re-
spectively. Expression of DIRS-1 was standardized
against expression of the GAPDH gene, which was
amplified using primers Q-gpdA-01 and Q-gpdA-02.
Real-time amplification was carried out on a Stratagene
Mx3000P instrument in 25 ml reaction mixes containing
1�Taq buffer, 0.2mM deoxynucleoside triphosphates,
0.4mM primers, 1�ROX reference dye (Jena Bioscience,
Germany), 1�EvaGreen solution (Jena Bioscience,
Germany), varying amount of cDNA and 1.25U Taq
polymerase (Jena Bioscience, Germany). After an initial
denaturing step at 95�C for 10min, the PCR was per-
formed for 40 cycles at 95�C for 30 s, 58�C for 30 s and
72�C for 30 s. Regulation was calculated by the method of
Pfaffl (32).

Deep sequencing and computational analysis

RNA was prepared and converted to cDNA, from which
sequencing libraries were prepared and sequenced using
the Illumina platform as described recently (33).
Endogenous siRNA populations in the AX2 wild-type
and rrpC knockout strains, each in two biological repli-
cates, were sequenced after ligation of Illumina TruSeq
small RNA adapters that allow cluster amplification on
the flow cell surface. Adapter sequences were trimmed
from the sequences using Cutadapt (34) with at least
3-nt overlap allowing for 10% mismatches. The trimmed
reads were mapped against a reference using Bowtie2 (35).
The reference was either the genome of D. discoideum
strain AX4 (downloaded from http://dictybase.org/) or
our own repeat sequence library containing simple
repeats from Repbase (36) and consensus sequences of
interspersed repeats including DIRS-1. The default
setting was used when mapping to the genome reference,
while a more sensitive setting was used when mapping to
the repeat reference (-M 500 -N 1 -L 20 -R 3 -D 20 -i
S,1,0.50). Read count per annotated region (http://
dictybase.org/download/gff3/) was extracted with HTSeq
(http://www-huber.embl.de/users/anders/HTSeq/doc/
overview.html). The read distribution was visualized with
the integrative genomics viewer (37).

RESULTS

Accumulation of DIRS-1 sense transcripts in the absence
of the rrpC gene

In a previous study, we observed the accumulation of
transcripts of the retrotransposon DIRS-1 in a gene dis-
ruption strain of the RdRP RrpC (21). To study the
impact of RdRPs on DIRS-1 expression in D. discoideum
in detail, we made use of a recently introduced series of
strains (9), with the genes of the RdRPs in all possible
combinations deleted by a one-step cloning strategy (38)
that is based on the Cre-lox system (27). Unlike in the
originally used gene disruption strains (21), both func-
tional domains of each rrp gene (Supplementary Figure
S1) were removed completely (9), resulting in three
single, three double and one triple rrp gene deletion
strain. In addition, DIRS-1 expression was monitored in
a gene deletion strain of the dicer-related nuclease DrnB

(drnB—) (39). Analyses by qRT-PCR using the two primer
sets Q1 and Q2 (Figure 1A) showed a 50–100-fold increase
of DIRS-1 RNA in all rrpC gene deletion strains
compared with the isogenic wild-type strain (Figure 1B).
In the drnB— strain, a 5–10-fold increase in RNA levels
was observed, depending on which primer set was used.
To assess how these RNA molecules correspond to full-
length DIRS-1 RNA, we next carried out northern blot
analyses with riboprobes against the left-end (LE) and
right-end (RE) positions in the DIRS-1 sense transcript
that localize to the 50-end or the 30 part of ORF III, re-
spectively (Figure 1A). As shown in Figure 1C, these
analyses revealed a considerable increase of a 4.5-kb
fragment corresponding to the size of the DIRS-1 full-
length mRNA (18) for each rrpC gene deletion strain,
while the transcript levels in the drnB— strain appear
similar to that observed in the wild-type strain
(Figure 1C). In the rrpC— strains, the DIRS-1 transcripts
display strong size heterogeneity as indicated by the smear
in the respective lanes of the northern blots (summarized
in Table 1).

A long DIRS-1 antisense transcript

Considering that antisense transcripts are prevalent, par-
ticularly in mobile genetic elements (40,41), we also used
riboprobes that bind to the same LE and RE positions
(Figure 1A) on an antisense transcript. We observed an
RNA transcript of 4 kb by either riboprobe (Figure 1D).
The existence of this hitherto unknown antisense RNA
was also confirmed independently by strand-specific
qRT-PCR (Supplementary Figure S2). We termed this
long non-coding RNA (lncRNA) long antisense DIRS-1
(lasDIRS-1) to discriminate it from the 900-nt E1 anti-
sense transcript that is produced on heat shock (19,20),
but not under the axenic growth conditions used in this
study. Unlike the situation seen for the DIRS-1 mRNA,
the lasDIRS-1 lncRNA displays a discrete size, and its
RNA levels appear to be identical in either gene deletion
strain investigated here. Only in the rrpC— strains was a
light smear below the full-length lasDIRS-1 RNA
observed reproducibly, indicating size heterogeneity
(Figure 1D and summarized in Table 1).

Promoter activity of the DIRS-1 right LTR

Because the sense transcript is derived from the promoter
activity of the left LTR (18), it seemed plausible that the
inversely oriented right LTR sequence might contain the
promoter to drive lasDIRS-1 transcription. To test this
hypothesis, we generated two constructs, which contained
the right LTR in forward or reverse orientation in front of
a GFP expression cassette, but lacked any further
promoter sequence (Figure 2A). Fluorescence microscopy
of strains transformed with these two constructs revealed
GFP expression only for the construct with the forward-
oriented right LTR (Figure 2B). The promoter activity of
the right LTR of DIRS-1 was also independently con-
firmed by western blotting (Figure 2C). These data
strongly suggest that the lasDIRS-1 transcript derives
from the right LTR of the retrotransposon.
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DIRS-1 transcripts cluster in the nucleus of rrpC— cells

To determine the localization of DIRS-1 transcripts in
amoeba cells, we used a recently established protocol for
RNA-FISH in D. discoideum (29). First, we generated
digoxigenin-labeled strand-specific 500-nt-long probes
starting at the LE position of DIRS-1 (Figure 1A),

which we used in hybridization experiments of fixed and
permeabilized AX2 wild-type and rrpC— cells.
Fluorescence microscopy revealed for either probe
diffuse signals that predominantly localized to the cyto-
plasm in AX2 wild-type cells, as judged from the DAPI
staining of the nucleus (Figure 3A). In the rrpC— strain,

A

pTX-DIRS-1rLTRfw-GFP pTX-DIRS-1rLTRrev-GFPDIRS-1

rLTR

DIRS-1

rLTR

GFP Terminator>>> GFP Terminator<<<

PFG-verRTLr1-SRIDPFG-wfRTLr1-SRIDB C

123

77

coronin
42

30

bright field bright field

30 GFP30

25 4255555 44444425.4

Figure 2. Analysis of DIRS-1 right LTR promoter activity. (A) Constructs with forward and reverse right LTR, a GFP ORF and terminator sequence.
(B) Fluorescence (top) and bright field (bottom) microscopy of AX2 cells transformed with constructs shown in (A). (C) Western blot of these transformed
cells using antibodies against GFP and Coronin (loading control). The molecular weights of a size marker (in kDa) are indicated to the left.

Table 1. Characteristics of rrp gene deletion strains

rrp gene deletion Change in DIRS-1 transcripts levels Spreading of small RNA signal

mRNAa lasDIRS1b Small RNAsc In 50 directiond In 30 directione

rrpA— Unchanged Unchanged Unchanged ı ı

rrpB— Unchanged Unchanged Unchanged ı ı

rrpC— Strongly increased Shorter versions increased Strongly decreased Not observed Not observed
rrpA—:rrpB— Unchanged Unchanged Unchanged ı n.d.f

rrpA—:rrpC— Strongly increased Shorter versions increased Strongly decreased Not observed n.d.f

rrpB—:rrpC— Strongly increased Shorter versions increased Strongly decreased Not observed n.d.f

rrpA—:rrpB—:rrpC—

(Triple—)
Strongly increased Shorter versions increased Decreased Not observed n.d.f

aRelative to AX2 wild-type, as determined by qRT-PCR and northern blotting (Figure 1), bRelative to AX2 wild-type, as determined by qRT-PCR
and northern blotting (Figure 1), cRelative to AX2 wild-type, as determined by northern blotting (Figure 4), dShown in an earlier study using a
b-galactosidase reporter assay (9), eAs determined by northern blotting (Figure 6).
f n.d., not determined.
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A

10 µm

sense

10 µm

anti-

sense

B

sense

10 µm

10 µm

anti-

sense

10 µm

Figure 3. Localization of DIRS-1 transcripts in D. discoideum cells by FISH. Sense and antisense DIRS-1 transcripts in AX2 (A) and rrpC—

cells (B). Shown are microscopic images of fixed and permeabilized cells. First column: phase contrast; second column: DAPI staining;
third column: Alexa Fluor 488-coupled secondary antibody staining of DIRS-1 transcripts; and fourth column: merge of DAPI and Alexa
Fluor 488-coupled secondary antibody staining. Arrows mark accumulated transcripts. All pictures were taken at a 100-fold magnification, and a
scale bar is indicated for each row in the phase contrast panel. Pictures were taken with exposure times of 260–350ms for DAPI and 700–1000ms
for Alexa.
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additional strong signals were observed (Figure 3B), which
appeared to cluster in one or more spots in the nucleus.
These clusters of DIRS-1 transcripts were observed by
using either the sense or the antisense probe in the
rrpC— strain (Figure 3B).

As summarized in Table 1, our data indicate that full-
length as well as shorter sense DIRS-1 RNAs accumulates
in rrpC— strains. A long antisense RNA, lasDIRS-1, is
also expressed and likely driven by the promoter activity
of the right LTR. Shorter fragments of lasDIRS-1 were
found to accumulate in the rrpC— strains. Compared with
the AX2 wild-type strain, additional signals for DIRS-1
sense and antisense transcripts appeared to localize in
nuclear spots in the rrpC— strain.

DIRS-1-specific small RNAs

Because gene silencing by RdRPs is commonly associated
with the appearance of small RNAs, we next analyzed the
presence of DIRS-1-specific small RNAs by northern
blotting. Using a radioactively labeled oligonucleotide
corresponding to the LE position of the retrotransposon,
we observed a significant reduction of DIRS-1-specific
small RNAs in all strains lacking the rrpC gene as
compared with the wild-type (Figure 4A). The reduction
is also apparent, albeit to a lesser extent, in a northern blot
using a probe against the RE position of DIRS-1
(Figure 4B). The individual deletions of the other rrp
genes, rrpA or rrpB appeared to have no significant
effect on the accumulation of these DIRS-1 small
RNAs, and the same is observed for DrnB (Figure 4).

However, with both probes, the decrease appeared less
pronounced in the triple knockout strain (see also
Table 1), an observation that we cannot explain at
present. Yet, these northern blot data indicate that the
RdRP RrpC is required for the generation of DIRS-1
small RNAs, at least at the positions LE and RE
(Figure 1A). In our previous study, we had observed
small RNAs distributed over the entire sequence of the
retrotransposon (21). To analyze whether all these
DIRS-1 small RNAs depend on RrpC, we next carried
out deep sequencing studies on RNA from D. discoideum
AX2 wild-type and rrpC— cells.

Asymmetric distribution of small RNAs over the
DIRS-1 sequence

The small RNA profiles of AX2 wild-type and rrpC—

strains were determined by deep sequencing on an
Illumina platform using two biological replicates per
strain. This resulted in �28 and �16 million sequence
reads of 21 nt for AX2 and rrpC—, respectively. These
reads were mapped against the D. discoideum genome
and a library of repeat sequences (manuscript in
preparation).
In the wild-type AX2 strain, a substantial fraction of

small RNA sequencing reads (19.5%) corresponded to
DIRS-1 sequences, confirming our earlier studies that
used 50-ligation-dependent cloning and SOLiD sequencing
of small RNAs from the AX4 strain (43). However, in the
rrpC— strain, the number of DIRS-1 sequencing reads is
strongly (�65%) reduced from 5.5 to 1.9 M, indicating
that RrpC might be involved in their generation. We
next mapped these small RNA reads on the DIRS-1
sequence (Figure 5A). The comparison of the small
RNA distribution patterns in the two biological replicates
of the wild-type AX2 strain (Figure 5B) indicates that the
data are highly reproducible, and the same holds for the
two biological replicates of the rrpC— strain (Figure 5C).
The distribution of small RNAs over the DIRS-1

sequence appears uneven in the AX2 strain. The
majority of reads coincide with ORF II, while the 50-end
of GAG appears to be devoid of any small RNAs
(Figure 5B). This analysis also showed the reduction of
the small DIRS-1 RNAs in the rrpC— strain, but addition-
ally indicated that not all positions within the retrotrans-
poson are equally affected (Figure 5C). For example,
although reduced reads are observed for the majority of
DIRS-1 positions in the rrpC— strain, this is not the case
for the relatively small number of reads that map to the
LTRs of the retrotransposon (box I, Figure 5B and C).
These LTR-specific small RNAs appear to be unchanged
in number and position and thus likely are independent of
RrpC. A small number of reads corresponding to the
50-end of GAG was surprisingly observed only in the
rrpC— strain, but not in the AX2 wild-type (box II,
Figure 5B and C). These small RNAs thus seem to dis-
appear when RrpC is present. Reads mapping around the
30-end of ORF I and the 50-end of ORF II appear to be
particularly reduced in the rrpC— strain (box III,
Figure 4B and C), while the distribution of the majority
of small RNAs in the rrpC— strain has an overall similar

Figure 4. DIRS-1-specific small RNAs expression. Northern blots
monitoring the small RNAs of DIRS-1 in the indicated strains, using
oligoprobes LE (A) or RE (B), which are localized to DIRS-1 as
indicated in Figure 1A. Quantification of small RNA levels (indicated
below the blots) is relative to that of the AX2 wild-type and normalized
to the DdR-6 snoRNA sequence (42). The 26-bp band of the size
marker pUC19 DNA/Msp I is indicated. Northern blot conditions are
listed in Supplementary Table S4.
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pattern to that observed in the AX2 wild-type strain,
albeit at drastically reduced numbers (box IV, Figure 5B
and C). These observations suggest that both of these
classes of DIRS-1 small RNAs depend on RrpC.

Asymmetric distribution of DIRS-1 small RNAs in sense
and antisense orientation

In view of the presence of the lasDIRS-1 transcript
(Figures 1D and 3), we next analyzed whether the
DIRS-1-specific small RNAs mapped equally in sense
and antisense orientation to the retrotransposon. The
results showed uneven distribution of the small RNAs,
with the sense small RNAs mapping predominantly to
ORF II and the antisense RNAs appearing to peak in

the region box III (Figure 5D and E). The asymmetry of
sense and antisense read distribution indicates that the
majority of small DIRS-1 RNAs might not be generated
as classical double-stranded siRNAs.

Post-transcriptional silencing of DIRS-1 mRNAs

Because the small DIRS-1 RNAs appear to be unevenly
distributed along the three ORFs of the retrotransposon,
we wondered what effect they might have on these three
ORFs. To investigate this question, we generated over-
expression constructs, in which GFP was C-terminally
fused to the full mRNA of either ORF (Supplementary
Figure S3). The resulting extrachromosomal vector con-
structs were transformed in the AX2 wild-type and the

Figure 5. Distribution of DIRS-1-specific small RNAs. (A) Schematic representation of the DIRS-1 sequence (for details see Figure 1A). Small RNA
reads from the wild-type AX2 strain (B) and the rrpC– strain (C) are shown for their biological duplicates (1 or 2, respectively). The DIRS-1 small
RNAs of sample (1) are shown separately for sense (D) and antisense (E) orientations. All reads are mapped onto the DIRS-1 sequence in (A). The
signal height corresponds to the number of small RNAs, and reads are displayed in the same scale, ranging from 0 to 400.000 reads. Regions with
particularly apparent deviations between the AX2 and rrpC– strains are boxed (I, II, III, IV).
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rrpC— strain. Expression of the fusion proteins was moni-
tored by western blotting using a GFP antibody. The
ORF I-GFP fusion protein was readily expressed in
both strains, while expression of the other two ORFs

was not detectable in the AX2 wild-type, but notably
observed in the rrpC— strain (Figure 6A and B). This in-
dicates that the RrpC-dependent small RNAs that are
present in the AX2 wild-type strain are necessary and

A B

100 kDa

ORFI-GFP70 kDa

55 kDa

M

ORFII-GFP

ORFIII-GFP100 kDa

130 kDa

M

Severin
35 kDa

70 kDa

C

24 nt

21 nt

17 nt

GFP siRNAs

(sense )

M

sno6 RNA

rRNA

ED

M

GFP siRNAs

(sense )

6 RNA

Discoidin

70 kDa

55 kDa

35 kDa

M

sno6 RNA
GFP25 kDa

Figure 6. Overexpression of DIRS-1 ORFs. C-terminal GFP fusions of DIRS-1 ORF I (A) and ORF II or ORF III (B) were expressed in the AX2
wild-type and in the rrpC— strain. The expression of the fusion proteins was monitored by western blotting using a GFP antibody (see also
Supplementary Figure S3). (C) Small GFP RNAs from the indicated strains were analyzed by northern blot using a strand-specific radioactively
labeled probe. The sizes of a radioactively labeled RNA size marker are shown to the left. Ethidium bromide-stained rRNA served as loading
control, and northern blots using a sno6 riboprobe acted to monitor transfer efficiency. (D) Expression of GFP in AX2 wild-type cells. (E) Small
GFP RNAs from the indicated strains. In (A, B and D), severin or discoidin were used as loading controls, and the sizes of a protein marker are
shown. M in (C and E) denotes small RNA size markers. Northern blot conditions are listed in Supplementary Table S4. Note that boxed lanes are
spliced together from the same blot deleting irrelevant samples.

Nucleic Acids Research, 2014, Vol. 42, No. 5 3339

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
2
/5

/3
3
3
0
/1

0
6
2
4
0
2
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

W
B
wild 
6
wild 
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1337/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1337/-/DC1


sufficient to silence post-transcriptionally ORF II and
ORF III, but not ORF I, of the retrotransposon, even
though siRNAs in the 30 half of ORF I are mostly anti-
sense to the coding transcript and could readily abolish it.

Spreading of the RNA silencing signal in the 30 direction
on the target mRNA

We have recently shown that RrpC is required for the
appearance of small RNAs 50 of the original silencing
signal with respect to the target RNA (9). This phenom-
enon is generally referred to as transitive silencing (6–8),
and it is thought that the target RNA serves as the
template, from which an RdRP synthesizes a complemen-
tary RNA strand. Because of the directionality of all
nucleic acid polymerases, such a secondary silencing
signal is expected to localize 50 of the original trigger.
However, Pak and Fire reported that a subset of second-
ary RNAs could also localize 30 of the original trigger in
C. elegans (44), an observation that otherwise is mainly
seen in the plant kingdom (7,8,45,46). To test whether 30

spreading might also be observed in the case of the DIRS-
1 ORF-GFP fusion constructs, we isolated small RNAs
from these strains and used northern blot analysis to
identify small RNAs derived from GFP (Figure 6C).
Substantial amounts of small GFP-specific sense RNAs
were detected in the ORF II-GFP and ORF III-GFP ex-
pressing cells in the AX2 wild-type background, but not in
the rrpC— strain. To show that GFP itself does not cause
the generation of siRNAs, we transformed the AX2 wild-
type with a GFP expression construct alone, which
resulted in GFP expressing cells (Figure 6D) and did not
cause generation of small GFP RNAs as monitored by
northern blotting (Figure 6E). The inclusion of RNA
from the C-terminal GFP fusions of the DIRS-1 ORFs
serves here as control for the functionality of the blot, as
it otherwise would appear empty. Because the GFP was
fused C-terminally to the DIRS-1 ORFs, this result indi-
cates that spreading of an RNA silencing signal in the 30

direction exists in D. discoideum and depends on the
presence of RrpC (summarized in Table 1). We note
that a weak signal for small GFP RNAs is also present
in strains where the fusion protein is not silenced, but not
in the untransformed AX2 wild-type strain (Figure 6).

Mobilization of DIRS-1 in the genome of the rrpC—

strain

Having shown with the ORF–GFP fusions that DIRS-1
mRNAs are translated in the rrpC— strain, we next set out
to analyze what effects this has on the genome of the
rrpC— strain. However, the genome-wide analysis
of DIRS-1 elements is hampered by the large number of
DIRS-1 elements and fragments (12) and the fact that
DIRS-1 retrotransposition takes place preferentially in
other DIRS-1 elements or fragments (15).
To investigate whether new DIRS-1 integrations can be

observed in the genome of the rrpC— strain, we subjected
rrpC— and AX2 wild-type strains to extensive growth for
48 days in shaking cultures kept in the exponential growth
phase by regular dilution. Under such conditions, we had
earlier observed increased genomic copy numbers of

Skipper, when that retrotransposon was dysregulated in
a gene deletion strain of the putative DNA
methyltransferase DnmA (21). From the AX2 and
rrpC— long-term cultures, genomic DNA was isolated
and digested with three different restriction enzymes of
which Eco RI and Kpn I cleave inside the DIRS-1 DNA
(Figure 7A), whereas Sac I cleaves outside. The restriction
patterns of genomic DNA from these two strains appeared
to be highly similar (Figure 7B). In the subsequently per-
formed Southern blot (Figure 7C), the overall picture is
also similar, as might be expected given the many genomic
occurrences of DIRS-1 elements. For the Eco RI and the
Sac I digests, the most prominent signals from the AX2
strain appear to be more intense in the rrpC— strain
genomic DNA, which may indicate an increase in DIRS-
1 copy number. More importantly, we observe an add-
itional signal at �5 kb in the rrpC— strain in the Kpn I
digest, clearly indicating a DIRS-1 retrotransposition
event (Figure 7C). To quantify these differences in
DIRS-1 copy number, Southern blotting was repeated
and signals for DIRS-1 and the thioredoxin gene as
loading control were quantified for two digests of
genomic DNA from AX2 wild-type and the rrpC—

strain (Supplementary Table S5). This analysis confirmed
an increase in DIRS-1 copy numbers by >50% in the
rrpC— strain compared with the AX2 wild-type, as
shown by loading-corrected signal increases of 52% and
62% for the two restriction enzymes used (Supplementary
Table S5). Together, the data indicate that additional
genomic copies of the retrotransposon accumulate in the
genome of the rrpC— strain. This is further supported by a
previous analysis of DIRS-1 copy numbers in the origin-
ally generated gene disruption strain of the rrpC gene (21),
where different DIRS-1 patterns were observed in clonal
long-term cultures (M. Kuhlmann and W. Nellen,
unpublished).

DISCUSSION

In the present study, we show that the RdRP RrpC acts in
the regulation of the centromeric retrotransposon DIRS-
1. We report that sense transcripts accumulate in strains
lacking the rrpC gene (Figure 1; summarized in Figure 8)
and concurrent with this accumulation, DIRS-1-specific
small RNAs are dramatically reduced (Figures 4 and 5;
summarized in Table 1). As a consequence of their
absence, it is likely that the DIRS-1 ORFs II and III are
no longer silenced, leading to the accumulation of DIRS-1
proteins as monitored by GFP fusions (Figure 6) and
DIRS-1 retrotransposition (Figure 7) in the rrpC— cells.
From these data, we propose that DIRS-1 is constitutively
transcribed in wild-type cells, and these transcripts are
targeted by RrpC, which thus exerts it control predomin-
antly on the post-transcriptional level.

For the full-length DIRS-1 elements, transcription is
driven by the inherent promoter activity of the two
LTRs, as reported earlier for the left LTR (18) and in
this study for the right LTR (Figure 2), resulting in the
newly discovered lncRNA antisense transcript lasDIRS-1
(Figure 1). The observation that the full-length lasDIRS-1
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transcript is also present in the triple rrp gene deletion
strain excludes the possibility that it might be an RdRP
product. The sense and antisense transcripts that result
from the LTR promoter activities appear to have different
fates in the investigated cell lines. The levels of the
lncRNA lasDIRS-1 are stable, whereas those of the
sense RNA vary significantly (Figure 1; summarized in
Figure 8). In particular, we observe a dramatic accumula-
tion of full-length and shorter DIRS-1 sense transcripts,
next to shorter versions of the lasDIRS-1 lncRNA in all
deletion strains of the rrpC gene (Figure 1). As shown by
RNA FISH, additional DIRS-1 signals can be observed in
the nucleus of rrpC— cells (Figure 3), and it appears plaus-
ible that the accumulating shorter sense and antisense
transcripts that we observe by northern blotting are con-
tained in these spots. Bidirectional transcription has also
been observed for retrotransposons in other organisms,
including LINE-1 in humans (47); LINE elements,
SINE elements and LTR retrotransposons in mice
(48,49); Tc1 in C. elegans (50); and transposons in
Drosophila (51,52).

Concurrent with the accumulation of long transcripts,
we observe by northern blot analyses and by deep
sequencing (Figures 4 and 5), a drastic reduction of
small DIRS-1 RNAs in strains lacking the rrpC gene. In
the deep sequencing analysis, we find the majority of small
RNAs to be asymmetrically distributed between the sense
and antisense orientations of the retroelement in AX2
cells. This result indicates that these small RNAs are not
reaction products of one of the two Dicer-like proteins in
D. discoideum (21,39,43), because Dicers are expected to
give rise to double-stranded siRNAs (53–55), which
should cover DIRS-1 symmetrically in sense and antisense
orientation.
Because the majority of small DIRS-1 RNAs disappear

in the absence of RrpC, the simplest explanation is that
these are directly synthesized by this RdRP. The synthesis
of small RNAs by RdRPs has also been described in other
species, including C. elegans (44,56), Neurospora crassa
(57) and Arabidopsis thaliana (58). Our conclusion is
also in line with our recently reported discovery that
RrpC is required for the 50 spreading of an RNA silencing

Figure 7. Southern blot analysis for genomic mobilization of DIRS-1 in the rrpC— strain. (A) Schematic representation of DIRS-1 with recognition
sites of Eco RI and Kpn I that cleave within the retrotransposon sequence, while Sac I (not shown) does not. (B) Agarose gel electrophoresis of 20 mg
genomic DNA from AX2 wild-type and rrpC— strains, digested with the indicated restriction endonucleases. As controls for hybridization, 1 or 10 ng
undigested plasmid DNA featuring the DIRS-1 sequence was applied. The sizes of the 1-kb marker fragments (ThermoScientific) are indicated. (C)
Southern blot using a 32P-labeled DNA probe corresponding to the RE position. Note that the positions with an additional or stronger signals
observed for the rrpC— genomic DNA are indicated by arrows using the same colors for Eco RI and Kpn I as in (A). Changes in patterns of DNA
digested with Sac I, which cleaves outside DIRS-1, are denoted by black arrows.

Nucleic Acids Research, 2014, Vol. 42, No. 5 3341

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
2
/5

/3
3
3
0
/1

0
6
2
4
0
2
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

,
while
full 
N
Bi-
N
Since 
aenorhabditis
-
'


signal (9). Changes in the distribution of small DIRS-1
RNAs in the rrpC— strain compared with AX2 appear
to cluster in four regions (boxes I-IV in Figure 5;
summarized in Figure 8), which correspond to the LTR
with unchanged levels (I), to the 50-end of GAG with small
RNAs absent in AX2 (II), to a region with barely any
small RNAs left (III) and to a region with reduced
numbers but a similar distribution pattern (IV). For the
latter, RrpC might serve as the amplifying component of a
primary silencing signal, like a double-stranded RNA.
Such an entity has been proposed earlier by Fire and
Mello, when they discovered RNAi in C. elegans (4).
The responsible enzyme was characterized subsequently
as the RdRP EGO-1 (5). The small RNAs in region III
appear to strongly accumulate in antisense orientation
(Figure 5E). We propose that RrpC synthesizes these
small RNAs, using the DIRS-1 sense transcript as a
template. Why these RNA appear to be non-functional

in the post-transcriptional silencing of the ORF I-GFP
fusion protein (Figure 6A) is currently unclear, but one
possible reason is that their concentration in that region
might be too low (Figure 5).

The small RNAs of the LTR region, on the other hand,
appear to be unaffected by the deletion of rrpC, and in
view of their symmetric sense and antisense distribution,
they might represent Dicer products. In this respect, it is
worth noting that the sense transcript has been shown to
contain little of the left LTR, but nearly the entire right
LTR (18). Of these expressed right and left LTR se-
quences, 58 nt and 33 nt, respectively, are complementary
to a DIRS-1 region termed the ICR. During DIRS-1
retrotransposition, the ICR is proposed to bring the
50-end and the 30-end of a reverse transcript together
(11), to allow for the formation of a single-stranded
circular DNA replication intermediate (17). It seems
plausible to suggest that such base pairing also takes

Figure 8. Summary of DIRS-1 RNAs in AX2 and rrpC— strains. (A) Schematic representation of the DIRS-1 sequence (for details see Figure 1A).
Relative levels of DIRS-1 sense transcripts (B), antisense transcripts (C) and small RNAs (D) are shown for the AX2 wild-type (purple) and for the
rrpC— (light blue) strains. Arrows in (B) and (C) represent the transcripts mapped onto the DIRS-1 element in (A). The thickness of the arrows
indicates relative changes in RNA quantity. Note that RNA levels are comparable only within panels and that the positions of the shorter fragments
(dotted) are not exactly determined. In (D), the distribution of small RNAs is also mapped onto the element in (A) and the height of the peaks
indicates abundance, using the same relative scaling (for details see Figure 5).
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place on the RNA level, and the resulting RNA double
strands would be long enough to allow for Dicer activity,
giving rise to the RrpC-independent DIRS-1 LTR siRNAs
(box I in Figures 5 and 8).

Although the small DIRS-1 RNAs that are present only
in the absence of RrpC (box II, Figures 5 and 8) are low in
number, they appear reproducibly. Similarly, elevated
small RNA levels in strains lacking the functional rrpC
gene have also been shown for endogenous microRNAs
(39,43), the retrotransposon Skipper (43), and recently
also in transgene silencing (9). Given that RdRPs are
enzymes that synthesize RNA, small RNA accumulation
in their absence is counter-intuitive. However, some
RdRPs in other organisms (57,58) have been proposed
to act in a small RNA primer-dependent mode, in which
the RNA primer is extended, resulting in the formation of
long double-stranded RNAs, which act as bona fide Dicer
substrates. If primer extension does not take place, the
primers might accumulate. In view of small RNAs from
various genetic backgrounds accumulating in rrpC—

strains, a primer-dependent activity of this RdRP on
these sequences appears to be a plausible interpretation.
Albeit indirectly, this interpretation is also supported by
the observation that classical (30–50) transitive silencing in
D. discoideum depends on both, the dicer-related nuclease
DrnB and RrpC (9). Also for several other RdRPs, both
primer-dependent and -independent modes of action have
been inferred, like QDE-1 in N. crassa (57) or the
A. thaliana enzyme RDR6 (58,59), which act in the
primer-dependent mode also in the biosynthesis of
tasiRNAs (58,60).

To our surprise, we observed significant levels of small
RNAs 30 to the endogenous DIRS-1 small RNA trigger
during the analysis of the C-terminal GFP fusion con-
structs of the DIRS-1 ORFs (Figure 6). Substantial
amounts of GFP-specific small RNAs were only detect-
able for the ORF II and ORF III fusion constructs, but
not for ORF I-GFP. Early work on the activity of RdRPs
has shown that unprimed activity is preferentially
observed at the 30-end of mRNAs (61,62). Because the
small GFP RNAs are not observed in the GAG–GFP
construct, it appears unlikely that the GFP mRNA
sequence itself is recognized as aberrant and is causative
for the observed spreading in the 30 direction. Because the
presence of GFP alone does not lead to the generation of
small GFP RNAs (Figures 2 and 6D and E), this possi-
bility can be excluded. From the use of probes monitoring
small GFP RNAs in the sense orientation, we conclude
that these are not direct products of RrpC on the mRNA
of the respective ORF–GFP. Rather, they are likely pro-
cessing products of an RrpC-dependant double-strand
that might be targeted by one of the D. discoideum
Argonaute or Dicer proteins.

In a previous study, we had investigated transcriptional
silencing of DIRS-1 by DNA methylation. Although the
DIRS-1 right LTR was found to be methylated by the sole
DNA methyltransferase in D. discoideum, DnmA (21), a
deletion of its gene did not result in a transcriptional
upregulation of DIRS-1. From this, we concluded that
DIRS-1 is not under transcriptional control by DnmA,
unlike the retrotransposon Skipper (21). However, we

cannot exclude the possibility that other components of
the heterochromatization machineries in the amoeba
might add a transcriptional control of DIRS-1 in
addition to the post-transcriptional control by RrpC
that we report here.
Control at the post-transcriptional level appears uneco-

nomic, as DIRS-1 transcripts are first generated in order
to then be degraded. However, this control might be a
consequence of the integration behavior of DIRS-1.
Because DIRS-1 retrotransposition takes place preferen-
tially into other DIRS-1 elements or fragments thereof
(15), highly diverse DIRS-1 sequences are expected to be
produced. In these diverse DIRS-1 sequences, motifs other
than the LTRs might serve as promoters, which then
might render the mobile genetic elements refractory to
transcriptional control, at least by using LTR promoter
methylation.
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