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regulatory sequence to achieve somatic expression and
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Abstract

Retrotransposons, multi-copy sequences that propagate via copy-and-paste mechanisms, occupy large portions of eukaryotic genomes. A great
majority of their manifold copies remain silenced in somatic cells; nevertheless, some are transcribed, often in a tissue-specific manner, and a
small fraction retains its ability to mobilize. While it is well characterized that retrotransposon sequences may provide cis-regulatory elements
for neighboring genes, how their own expression and mobility are achieved is not well understood. Here, using long-read DNA sequencing,
we characterize somatic retrotransposition in the Drosophila intestine. We show that retroelement mobility does not change significantly upon
aging and is limited to very few active sub-families. Importantly, we identify a donor locus of an endogenous LTR (long terminal repeat) retroviral
element rover, active in the intestinal tissue. We reveal that gut activity of the rover donor copy depends on its genomic environment. Without
affecting local gene expression, the copy co-opts its upstream genomic sequence, rich in transcription factor binding sites, for somatic expression.
Further, we show that escargot, a snail-type transcription factor, can drive transcriptional activity of the active rover copy. These data provide
new insights into how locus-specific features allow active retrotransposons to produce functional transcripts and mobilize in a somatic lineage.
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Introduction otic genomes [1]. Class I long terminal repeat (LTR) and
Transposable elements (TEs), repetitive genetic elements ca- long interspersed nuclear element-1 (L1) retroelements mo-
pable of self-replicating and moving from one position in  bilize by a copy-and-paste mechanism, through an RNA in-
the genome to another, represent a large part of eukary-  termediate. They are often present in thousands of copies,
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following what are believed to be waves of mobilization in
genomes that date back millions of years (e.g HERV-K ele-
ments in human [2]). Many copies subsequently lose DNA
sequence integrity over time by acquiring mutations that in-
activate their mobilization machinery or are eliminated from
genomes through recombination events. Thus, only a small
number of copies remain intact and transposition-competent.
Additionally, to protect genome integrity, host organisms have
developed multiple pre- and post-transcriptional mechanisms
of repression operating in the germline and somatic tissues
(3, 4].

The impact of TEs on evolution and their vast contribution
to genome regulation and cell biology are now widely recog-
nized. TE sequences can be repurposed for the benefit of the
host, can introduce heritable mutations that cause diseases,
contribute to species variation, and regulate cellular transcrip-
tional programs (e.g. development and neural progenitor cells)
(reviewed in [3]). In addition, through the somatic mobility,
they are a source of genetic mosaicism that may facilitate tu-
morigenesis and is of yet unclear role in healthy tissues. More-
over, apart from their mobility, TE RNA or protein products
are believed to contribute to important biological processes,
such as normal development [5, 6] or immune response [7-
9]. Indeed, TE transcripts, including those with intact open
reading frames (ORFs), are repeatedly detected in many tis-
sue types, often with tissue- or cell type-specific expression
patterns [10-19]. Nevertheless, how TE expression and mo-
bility are regulated in diverse somatic contexts is not well
understood.

Addressing TE regulation in the soma is complex due to the
highly repetitive nature of TE sequences, which complicates
bioinformatics analysis [20, 21]. Indeed, TE transcripts are de-
rived only from a small subset of active, de-repressed loci [16—
18, 22-26]. Additionally, a further challenge is the difficulty
in detecting somatic TE mobility, which occurs in a small pro-
portion of cells and thus represents only rare events. To date,
studies on somatically active TE loci have largely focused on
mammalian L1 elements, for which mobility-competent loci
were identified [27-34]. These donor L1 loci were shown to
carry unmethylated promoters, lineage-specific transcription
factor (TF) motifs, or deletions of binding sites for repressive
factors, all contributing to their activity [22-24, 35, 36].

In contrast to L1 elements, identification of somatically ac-
tive loci of LTR retrotransposons and an understanding of
their regulation have been lagging behind. This is in part be-
cause of the fact that no replication-competent LTR elements
have been identified in the human genome. However, their
transcription in different tissues is substantial [16-18], and
they continue to mobilize in other species, including model
organisms such as mouse [37] or Drosophila [38,39].1t is gen-
erally believed that expression of LTR retrotransposons is de-
termined by the 5" untranslated region (5° UTR), including the
LTR sequence itself [40-45]. Indeed, sequence variations of
these regulatory regions were proposed to explain transcrip-
tional activity and tissue- or cell type-specific patterns of ex-
pression of LTR retroelements [16-19]. However, other levels
of regulation are likely to play a role, and they may be uncov-
ered through identification and careful analysis of somatically
active LTR-element loci.

In our previous work, we showed that retroelements are
expressed and mobile in Drosophila melanogaster intestinal
tissue and that somatic transposition can lead to gene in-

activation via LTR-element insertion [39]. Here, using long-
read DNA sequencing, we further characterize this mobility
in healthy somatic tissues isolated from flies of different ages.
Importantly, we uncover a donor locus of a rover sub-family
of endogenous retroviruses (ERVs). ERVs constitute a sub-
class of LTR retrotransposons, which acquired an envelope
(env) ORE, in addition to the gag (capsid) and pol ORFs car-
ried by all LTR retroelements [46, 47]. We demonstrate that
the expression of the somatically active rover retroviral lo-
cus is driven by its genomic cis-regulatory elements, provid-
ing new insight into regulation of LTR/ERV elements by their
genomic environment.

Materials and methods

Experimental techniques

Drosophila stocks

Unless stated otherwise, Pros>2xGFP  (ProsGEP)
stock was used for most sequencing experiments, the
same as in [39]. This genotype is obtained by cross-
ing ;;ProsV'GAL4/TM6BTbSh females (J. de Navas-
cués) with ;UAS-2xGFP; males (Bloomington, #6874).
The characterized rover-2R:14M insertion is present in
the ;;ProsV'GAL4/TM6BTbSb stock, but not in the ;UAS-
2xGFP;. Thus, it is heterozygous in the ProsGFP animals.
w8 flies (gift from M. McVey, Tufts University, USA)
were used for RNA-seq as a control stock not carrying the
rover-2R:14M insertion. To generate flies carrying the rover-
2R:14M insertion in an Ago2 mutant background, we isolated
the second chromosome carrying rover-2R:14M insertion
from the ;;ProsV'GAL4/TM6BTbSb stock and backcrossed
the rover-2R:14M insertion as well as the Ago2*!* mutant al-
lele (from C. Saleh, Institut Pasteur, Paris, France) to the same
w18 background for seven generations. We then combined
the two stocks using standard crosses with balancer lines
to obtain flies homozygous for the rover-2R:14M insertion
and the Ago2** mutation. Rover-2R:14M-lacZ reporter
lines were generated in this study (see below). Other stocks
used included: UAS-white RNA: (BL, #33762); UAS-spn-E
RNA: (BL, #34808); UAS-zuc RNAi (E. Brasset, iGReD,
Clermont-Ferrand, France); UAS-esg RNAi (BL, #34063);
tj-Gal4 and nos-Gal4 (L. Teysset, C. Carré, IBPS, Paris,
France); and esgGAL4 UAS-GFP GALS8Ots [48]. Full geno-
types corresponding to main and supplementary figures are
listed in the supplementary information file.

Fly husbandry

Flies were maintained on a standard medium at 25°C with a
day/night light cycle. For crosses, 10-15 females were mixed
with males in standard vials. For larval experiments, third in-
star wandering larvae were selected. Adult progeny was col-
lected over 2—4 days after eclosion and kept at a density of 25—
30 flies/tube (mixed sexes). Flies were flipped to fresh tubes
every 2-3 days until needed. For aging experiments, three time
points were analyzed: young 5-7-day-old, mid-age 20-25-
day-old, and aged 50-60-day-old. For temporal induction of
white or esg RNAI in adult gut progenitor cells (using esg-
GAL4 UAS-GFP GALS8Ots [48]), crosses were maintained at
18°C, and 5-10-day-old adult flies were switched to 29°C for
2 days. Females were used for most experiments, unless stated
otherwise.



Genomic DNA isolation

Tissues were dissected in ice-cold, nuclease-free phosphate
buffered saline (PBS) and snap-frozen in liquid nitrogen before
DNA isolation. High molecular weight genomic DNA was iso-
lated from pools of 60 guts or 60 heads with the MagAttract
HMW DNA Kit (Qiagen, #67563) or Quick-DNA HMW
MagBead Kit (Zymo Research, #D6060) according to man-
ufacturers’ instructions, with tissue lysis performed overnight
at 55°C. Genomic DNA (gDNA) was eluted with nuclease-
free water. DNA integrity was verified on a 0.6% agarose gel
and concentrations were measured with Qubit dsDNA Broad
Range Assay Kit. All samples had A260/280 ratios above 1.8
and A260/230 ratios above 2.0.

DNA sequencing

Whole genome long-read DNA sequencing libraries were
prepared with 500-800 ng of genomic DNA following the
1D Genomic DNA Ligation Protocol (SQK-LSK109, Oxford
Nanopore Technologies). Sequencing was performed on Min-
ION or GridION using R9.4.1 flow cells (Oxford Nanopore
Technologies) and 48-h-long sequencing runs. Supplementary
Table S1 provides basic sequencing statistics for all samples.

RNA isolation

For RNA isolation, gut and head tissues were dissected in
cold, RNase-free PBS, transferred to 100 ul of TRIzol reagent
(Thermo Fisher Scientific), homogenized with a plastic pes-
tle, and snap-frozen in liquid nitrogen for storage at —80°C.
Upon thawing, samples were further processed according to
the TRIzol reagent manufacturer’s protocol. Purified RNA
was treated with DNase (Ambion) for 1 h at 37°C, further
purified with phenol-chloroform extraction and isopropanol
precipitation, and resuspended in RNase-free water. All sam-
ples had A260/280 ratios above 1.9 and A260/230 ratios
above 2.0. RNA integrity was checked on Bioanalyzer (Ag-
ilent) using the Agilent RNA 6000 Nano Kit and concentra-
tions were assayed with the Qubit RNA Broad Range Assay
Kit (Thermo Fisher Scientific).

RNA sequencing

For the short-read transcriptome analysis, 700 ng of total
RNA was used to prepare libraries according to the TruSeq
Stranded mRNA protocol (Illumina). Samples were processed
in biological triplicates. 2 x 100 bp paired-end sequencing
was performed on NovaSeq (Illumina). For long-read Oxford
Nanopore (ONT) complementary DNA (cDNA) sequenc-
ing, we first prepared messenger RNA (mRNA) with Dyn-
abeads mRNA Purification Kit (Invitrogen, #61006) starting
from 100 pg of DNase-digested total RNA, according to the
manufacturer’s protocol. mRNA concentration was quanti-
fied with the Qubit RNA Broad Range Assay Kit (Thermo
Fisher Scientific) and sample quality was checked on Bioana-
lyzer (Agilent). Samples were then prepared according to the
protocol for ONT direct cDNA sequencing (SQK-DCS109,
Oxford Nanopore Technologies), using 150 ng of purified
mRNA as input. Samples were run on MinlON using R9.4.1
flow cells (Oxford Nanopore Technologies) and 48-h-long
sequencing runs. Supplementary Table S1 provides basic se-
quencing statistics for all samples.

Generation of lacZ and luciferase reporters

To construct reporter plasmids, we amplified the rover-
2R:14M 5'UTR region alone or with its upstream genomic
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sequence of 2 or 5 kb from ProsGFP genomic DNA. These
sequences were then cloned into appropriate vectors using
NEBuilder® HiFi DNA Assembly protocol (New England Bi-
olabs, #E5520). lacZ reporter plasmids were obtained by re-
placing the hsp70 promoter sequence from the placZ-attB
[49] vector upstream of the lacZ gene with the regulatory se-
quences of interest. The plasmids were then injected by Best-
gene (Chino Hills, CA, USA) for integration into two differ-
ent landing sites: VK38 (Ch X, Bloomington stock #9753)
and VKOS (Ch 3L, Bloomington stock #9725). For S2 cell re-
porter plasmids, we used the same cloning strategy to place the
rover-2R:14M regulatory sequences into the pAct-GL3 vec-
tor (Promega) upstream of the luciferase gene. pAct-Renilla
vector was used to correct for transfection efficiency. All final
constructs were checked by ONT whole plasmid sequencing
(Eurofins Genomics).

Immunolabeling

Midguts were dissected and fixed in 4% paraformaldehyde
(PFA, Fisher Scientific S.A.S., 15828264) and 1x PBS for 3
h. Fixed tissues were washed with PBT (1x PBS, 0.1% Tri-
ton X-100) and incubated for at least 30 min in 50% glyc-
erol and 1x PBS, followed by placing back into PBT, to allow
the waste to exit by osmotic pressure. The tissues were then
incubated with primary antibodies at 4°C overnight, washed
three times with PBT (20 min each), and incubated with the
secondary antibodies for 3 h at room temperature. Next, the
guts were washed three times in PBT and stained with DAPI
at the last wash. Stained tissues were equilibrated in 50%
glycerol and 1x PBS for at least 1 h before mounting on mi-
croscopy slides in mounting medium. Ovaries were dissected
in 1x PBS, fixed in 4% PFA for 20 min, and washed 3 x 20
min in PBT (PBS, 0.3% Triton X-100). Ovaries were then in-
cubated in a blocking solution (PBTA: PBT, 2% bovine serum
albumin; Sigma, A3059) for a minimum of 30 min. Primary
antibodies were diluted in PBTA and ovaries were incubated
in this solution overnight at 4°C. Tissues were then washed
in PBT 3 x 10 min and incubated in PBTA for at least 30
min before incubation in secondary antibodies in PBTA for 3
h at room temperature. Finally, tissues were washed 3 x 10
min in PBT, and mounted in DABCO (D27602, Sigma) with
70% glycerol.

The following primary antibodies were used: chicken anti-
B-Gal (Abcam, #9361) and mouse anti-Prospero (DSHB,
#MR1A-c).

Microscopy

Images were obtained using an upright confocal laser scan-
ning microscope TCS SP8, Leica (Leica Microsystems, Ger-
many), using an HC PL APO CS2 63 x /1.4 oil immersion ob-
jective lens. Twelve-bit numerical images were acquired with
the Leica Application Suite X software (LAS version 3.5.6;
Leica, Germany) and processed using Fiji (Image] [50]) ver-
sion 1.53c. Adult and larval guts were imaged in the posterior
R4 region (according to [51]). To quantify B-Gal signal (Fig.
6F), we used a custom macro available upon request. Briefly,
a maximum intensity projection of the z-stacks was generated
and a binary mask was created on the green channel. Then,
Analyze Particles function was used to delineate individual
cells (criteria size, larger than 10 um?) and mean fluorescence
intensities were measured for each cell, with measurements re-
stricted to the defined regions of interest corresponding to the
GFP-positive cells.
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S2 cell culture

Drosophila Schneider’s S2 cells (DGRC, #181) were main-
tained at 25°C in Schneider’s Drosophila medium (Invitro-
gen) supplemented with 10% heat inactivated fetal calf serum
(Gibco) and antibiotics (penicillin/streptomycin, Invitrogen).
Cells in the exponential phase of growth were used for all the
experiments.

Luciferase assays

S2 cells were transiently transfected with Effectene Transfec-
tion Reagent (Qiagen, #301425) according to the manufac-
turer’s protocols, to deliver the following vectors: (i) luciferase
reporter plasmid, (ii) Esg overexpression plasmid under con-
stitutive promoter (pAc5.1),and (iii) Renilla construct for nor-
malization. The ratio of luciferase:renilla plasmids was kept at
10:1. The total amount of transfected DNA was kept constant
by adjusting with an empty vector. Levels of luciferase and
Renilla were measured 48 h after transfection using Dual-Glo
Luciferase Assay System (Promega, #£2920) and Spectramaax
M35 (Molecular Devices). For each transfection, at least three
biological replicates were performed, each done in triplicate.

cDNA for Esg was amplified from the DGRC stock number
1645028 (RRID:DGRC_1645028).

Computational analysis
Processing of long-read DNA-seq samples

Raw sequencing reads from the ONT DNA sequenc-
ing libraries generated in this study and in the ONT
DNA sequencing libraries from [39] were basecalled us-
ing guppy v6.0.1, a basecaller developed by ONT, with the
dna_r9.4.1_450bps_hac model. Basecalled reads were merged
into a single FASTQ file for each library. Sequencing adapters
were trimmed using Porechop v0.2.4 (https://github.com/
rrwick/Porechop). The reads were filtered using NanoFilt
v2.8.0 [52] with filters for a minimum average read quality
score (-q 10) and a minimum read length (-1 500). The reads
were aligned to the FlyBase dm6.48 [53] reference genome us-
ing minimap2 [54] with -x map-ont preset and the parameter
to retain the MD tag (-MD). The resulting alignments were
sorted, filtered for a minimum mapping quality of 5, and in-
dexed using samtools v1.13 [55]. Sequencing and alignment
quality were assessed with NanoPlot v1.36.2 [56] and py-
coQC v2.5.2 [57].

Calling non-reference TE insertions in long-read DNA-seq
samples

tldr v1.2.2 [58] was used to call non-reference inser-
tions with the following parameters: —color_consensus —
trdcol —detail_output -minreads 1 -min_te_len 500 -
max_cluster_size 100. The TE consensus sequences for
D. melanogaster species made available by the Bergman’s
lab (https://github.com/bergmanlab/drosophila-transposons)
were used as the reference TE library. The following criteria
were used to filter raw calls:

1. the fraction of the inserted sequence covered by the TE
sequence >0.5;

2. the length of the inserted sequence >500 bp;

3. the median mapping quality score of the reads support-
ing the insertion >30;

4. the chromosome of the insertion was the autosomes or
chrX;

5. the coverage at the integration site >10.

Calls meeting the following criterion were classified as full-
length insertions: (total length of the insertion) x (fraction of
the inserted sequence covered by the TE sequence)/(consensus
TE length) > 0.7. All other calls were classified as trun-
cated insertions. Next, calls from all samples were clustered
based on sub-family, genomic breakpoint coordinates (allow-
ing 100 bp margin), and DNA strand. Clusters were reviewed
and filtered based on the presence of full-length calls, tar-
get site duplications (TSDs), the minimum coverage at break-
points, and the status of the “remappable” filter in the tldr
output. Clusters were retained if they satisfied the following
conditions:

1. atleast one call in the cluster was for a full-length inser-
tion;

2. the breakpoint region had coverage <200;

3. coverage at the integration site in at least one sample
was >15;

4. atleast one call in the cluster passed “remappable” filter
in the tldr ouput.

The calls in each retained cluster were collapsed, and

1. left genomic breakpoint of the cluster was defined as the
median of all left genomic breakpoints in the cluster;

2. right genomic breakpoint of the cluster was defined as
the median of all right genomic breakpoints in the clus-
ter;

3. ONT read ratio of the cluster was defined as the median
of all ONT read ratios in the cluster;

4. TSDs as well as samples and tissues that supported each
cluster were recorded.

Clusters within 1 kb of a reference insertion of the same
sub-family were removed, as they likely represented misalign-
ments or DNA-based events. This was supported by the fact
that most such clusters included calls with TSDs >100 bp
and/or long non-TE flanking regions.

The remaining clusters were further iterated over, and clus-
ters within a 2 kb margin of genomic breakpoints for the same
sub-family were extracted. The following rules were applied:

1. if no cluster in the subsection had the “PASS” filter flag
in the tldr output, only the cluster with the highest num-
ber of supporting samples was kept;

2. if only one cluster in the subsection had the “PASS” filter
flag in the tldr output, only this cluster was kept;

3. if multiple clusters in the subsection had the “PASS” fil-
ter flag in the tldr output, the cluster supported by both
tissues was kept (if such a cluster was present in the sub-
section); otherwise, all clusters in the subsection were
kept.

Calling reference TE insertions

RepeatMasker v4.1.2 (Smit, AFA, Hubley, R & Green, P.
RepeatMasker Open-4.0) with CONS-Dfam_withRBRM_3.5
library [59] was used to mask dmé6.48 reference genome.
one_code_to_find_them_all v1.0 [60] was used to assemble
the masked sequences into complete TE copies. Insertions that
were longer than 70% of the respective consensus sequences
and with <30% sequence divergence relative to the respec-
tive consensus sequences were called full-length. To detect ref-
erence insertions present in the genome of ProsGFP strain,
reads with primary alignments with mapping quality > 5 span-
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ning regions upstream and downstream of a reference inser-
tion were extracted from the ONT bam files using custom
Python scripts and the pysam module (https:/github.com/
pysam-developers/pysam). Reads with alignments of at least
100 bp within reference TE coordinates were classified as sup-
porting the insertion, while all other reads were classified as
opposing the insertion. A reference insertion was considered
present in the genome if it was supported by at least two reads
in at least two ONT samples.

Genotyping TE calls in ONT samples

The clustered non-reference and reference calls were geno-
typed in two steps. Initial genotype assignments were made
based on the following criteria:

e tldr calls supported by a single read and detected only in
one ONT sample were assigned “singleton” genotype;

e tldr calls with ONT read ratio <0.1 that were detected
in both tissues were assigned “rare”genotype;

o tldr calls with ONT read ratio >0.1 were assigned “non-
reference” genotype;

e RepeatMasker calls were assigned “reference” genotype;

e all other calls were considered as “ungenotyped.”

Calls detected in only one tissue were further examined as
follows. For each such call, the clipped parts of reads longer
than 100 bp were extracted from all samples, except the sam-
ple where the call was detected, within a 200 bp margin of
the left genomic breakpoint, using pysam Python module. The
extracted parts were mapped to the consensus TE sequences
with mappy Python module. Primary alignments with a map-
ping quality higher than 15 were retained. The genotype, sam-
ple, and tissue supporting a call were updated if an alignment
hit was found for the same sub-family. This procedure up-
dated ~5% singleton calls, 30% of ungenotyped calls, and
3% of non-reference calls. The updated calls were supple-
mented with the Illumina variant allele frequency (VAF), the
number of Illumina sample pairs supporting a call, and the
genotype inferred from the Illumina samples if a call matched
a call in the Illumina samples for the same sub-family, on the
same chromosome, and within a 100 bp margin of the ge-
nomic breakpoints. Singletons without a TSD footprint and
those belonging to germline-active sub-families were consid-
ered as "ungenotyped".

Among the ungenotyped calls, 73 calls with supporting
reads that poorly mapped to one TE consensus sequence and
4 calls with supporting reads that mapped to several TE con-
sensus sequences were removed. To achieve this, mapping
quality, the number of reads, and TE subfamily information
for each call were obtained from the tldr detail.out output
files. Among the remaining ungenotyped calls,

e 117 insertions were singletons without a TSD;

e 88 insertions were supported by an ambiguous set of
samples (e.g. two samples from the same tissue);

e 87 insertions could potentially be considered somatic in-
sertions of high clonality (i.e. insertions detected in one
sample but supported by more than one read);

e 56 insertions were singletons from germline-active sub-
families.

e 12 insertions were singletons with a TSD longer than
50 bp.
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Calling non-reference germline TE insertions in short-read
DNA-seq samples

The coordinates for somatic insertions detected in the short-
read Illumina samples from [39] were obtained from Sup-
plementary Table S2. The coordinates for the germline inser-
tions detected in the short-read Illumina samples were ob-
tained from Supplementary Table S7 of our previously pub-
lished study [39]. The same Illumina samples (samples P7-
P66, accession number PRJNA641572) were reanalyzed us-
ing a second independent bioinformatics approach. For this,
ngs_te_mapper2 v1.0.2 [61] was used with default parame-
ters, except for —min_af 0.01. Calls from ngs_te_mapper2 in
all samples were collapsed based on sub-family, breakpoint
coordinates, and strand, allowing a 50 bp margin for the co-
ordinates. The resulting callset was merged with the somatic
and germline callsets from [39], mentioned above, based on
sub-family and breakpoint coordinates, also allowing a 50 bp
margin for the coordinates. The samples and the tissue sup-
porting each insertion were recorded. The VAF of an inser-
tion was defined as the average of the VAFs in the supporting
samples. An insertion was assigned a genotype based on the
following criteria:

e “germline” if it was detected in at least three pairs of
samples (i.e. gut and head samples from one fly);

e “private germline” if it was detected in exactly one sam-
ple pair;

e “rare germline” if it was detected in >1 and <3 sample
pairs.

Definition of germline active sub-families

The sub-families were sorted in descending order based on the
total sum of “rare germline” and “private germline” insertions
detected in the Illumina samples. A cutoff of five insertions
was set to define the germline-active sub-families.

Normalization of raw singleton counts

To normalize raw singleton counts in a sample, the raw single-
ton count of a sub-family was multiplied by 1000 and divided
by the number of reads longer than 3.5 times the respective
consensus TE length in the sample. This approach normal-
ized raw counts for sequencing depth, considering only reads
whose both flanks could potentially be aligned to the genome
in the presence of a TE insertion, as this is a necessary condi-
tion for detecting a singleton insertion. The number of reads
in a sample was calculated by extracting the reads with pri-
mary alignments from the respective BAM file and calculating
their length.

A one-way ANOVA test and Holm’s multiple test correction
method were used to compare the mean normalized counts
between three age groups.

Creating consensus sequences for rover reference and non-
reference insertions

To create consensus sequences for reference insertions, the
parts of the reads between reference TE coordinates that
had alignments longer than 200 bp within the coordinates
were extracted from the ONT BAM files with custom Python
scripts. Multiple sequence alignments of the extracted se-
quences supporting each reference insertion were performed
using MAFFT [62], and the consensus sequences were created
using the cons tool from the EMBOSS package [63].
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To create consensus sequences for non-reference insertions,
the ONT BAM files were parsed with custom Python scripts,
and inserted sequences (“I” in CIGAR string or “1” in CIGAR
tuple in pysam) between genomic breakpoint coordinates
were extracted. Extracted sequences supporting an insertion
were aligned to the rover consensus sequence with minimap2.
Alignments were sorted and indexed with samtools view and
samtools index. A consensus sequence for an insertion was
created with samtools consensus.

Identification of sequence variants supporting rover donor
locus

Singletons in each ONT sample were aligned to the rover
consensus sequence using minimap2, sorted and indexed us-
ing samtools, and visually inspected in Integrative Genomics
Viewer (IGV) [64].

The consensus sequences of 15 reference and 5 non-
reference rover insertions present in the genome of the Pros-
GFP strain were first visually compared to the rover consen-
sus sequence by generating and visualizing multiple sequence
alignments with Mauve [65]. Insertions with large structural
variants (SVs) that were not present in singletons were ex-
cluded from the subsequent analysis. The sequences of the
remaining four reference and four non-reference insertions
were aligned to the rover consensus sequence using minimap2,
sorted and indexed with samtools, and visually inspected in
IGV. Visual inspection of 50-300-bp-long SVs present in sin-
gletons and germline insertions allowed to rule out additional
six germline insertions. The non-reference rover-2R:14M and
rover-2L:18M insertions differed only by a set of 10 SNVs.
The fraction of singletons supporting each SNV present in the
rover-2R:14M and not present in the rover-2L:18M was quan-
tified using freebayes (https://doi.org/10.48550/arXiv.1207.
3907).

Creating genome and transcriptome references for expression
analysis

To quantify rover consensus expression, the masked dm6.48
genome was supplemented with an artificial chrTE that con-
sisted of consensus sequences of all TEs present in the D.
melanogaster TE library. To quantify rover per copy expres-
sion, the rover sequence in chrTE was masked, and an ad-
ditional chrRS was added, which consisted of sequences of
all reference and non-reference rover insertions present in the
genome of the ProsGFP strain.

Illumina RNA sequencing analysis

To quantify rover consensus expression, [llumina RNA-seq li-
braries from [39] and Illumina RNA-seq libraries generated
in this study were aligned to the masked reference genome
plus chrTE using STAR 2.7.10a [66] with the following
parameters: —sjdbOverhang 100 -outFilterMultimapNmax
1 —winAnchorMultimapNmax 10 —outMultimapperOrder
Random -outFilterMismatchNoverLmax 0.3 —quantMode
GeneCounts quantification mode. The expression count tables
were grouped for all samples, and the counts were normalized
using the Trimmed Mean of M-value (TMM) normalization
method from the edgeR [67] R package. Differential expres-
sion analysis was performed using DESeq2 [68] R package,
and the volcano plots were plotted using the ggplot2 package
[69].

To quantify rover per copy expression, FASTQ files with
the reads that had primary alignments within the rover

consensus sequence region on the chrTE in the BAM files
produced by STAR were created using view, collate, and
fastq from samtools. These were then realigned to the
masked chrTE plus chrRS genome using STAR 2.7.10a with
the following parameters: —outFilterMultimapNmax 57
—~winAnchorMultimapNmax 100 -outFilterMismatchNmax
999 —outFilterMismatchNoverLmax 0.01 —quantMode
GeneCounts quantification mode. The expression count
tables were grouped for all samples. A new count table
was created that included gene and consensus TE counts
(excluding rover) from the mapping to the masked reference
genome plus chrTE, and rover fixed insertion counts from
the mapping to masked chrTE plus chrRS. The counts were
normalized using the TMM normalization method from the
edgeR R package.

Analysis of ONT c¢cDNA sample

Raw reads were basecalled with guppy v6.0.1 using the fol-
lowing parameters for the flow-cell and sequencing kit: —
flowcell FLO-MIN106 —kit SQK-DCS109. Basecalled reads
were trimmed and oriented with pychopper v2, developed by
ONT.

To quantify rover consensus expression, basecalled reads
were aligned to the masked reference genome plus chrTE us-
ing minimap2 with the -x splice preset and the —secondary=no
parameter. Read counts were quantified using featureCounts
v2.0.1 from the Subread package [70] with the following pa-
rameters: -Q 5 -L. Raw read counts are reported in Fig. 3.

To quantify rover per copy expression, FASTQ files with the
reads that had primary alignments within the rover consensus
sequence region on the chrTE in the BAM files produced by
STAR were created using view, collate, and fastq from sam-
tools. These were then realigned to the masked chrTE plus
chrRS genome using minimap2 with the -x map-ont preset and
the —secondary=no parameter. Reads were quantified with
featureCounts as described above.

Mootif analysis of the rover LTR region

Position weight matrices for the components of the poly-
merase II (Polll) transcription initiation complex [TATA-box,
initiator element (Inr), downstream promoter element (DPE),
and motif ten element (MTE)] were created from the fre-
quency tables from [71] using TFBSTools [72] in R. The first
363 bases of the rover-2R:14M, rover-2L:18M, and rover-
2R:21M insertions were scanned with parameters for a mini-
mum motif score 80% and the “+” strand using the search-
Seq function in TFBSTools. Motif scores were scaled to 1
separately for each element and plotted using custom Python
scripts.

Motif analysis of the rover internal 2-kb region

Position weight matrices from the JASPAR database [73] for
TF binding profiles were used to scan the internal 2-kb regions
of the rover-2R:14M, rover-2L:18M, and rover-2R:21M inser-
tions with parameters for a minimum motif score 80% and the
“+£” strands, in the same way as described above. Motif scores
were scaled to 1 separately for each TF. Expression values for
each TF in ISC, EB, EC, and EE cell types were taken from
[74].

Mootif analysis of the rover-2R:14M upstream region

ChIP-seq BED tracks with peaks for the D. melanogaster dmé
reference genome were downloaded from modENCODE [75].
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The tracks were intersected with the upstream genomic region
for the rover-2R:14M locus, and TFs expressed in ISC, based
on the expression data from [74], were plotted with custom R
scripts.

Epigenetic data analysis

Heatmaps for DamlID tracks for Polll, Brm, Pc, HP1, and H1
factors for ISC, EB, EC, EE, and ATAC-seq (assay for
transposase-accessible chromatin) tracks for ISC from [76]
(accession number PRJNA933194) were plotted for 10-kb up-
stream genomic regions of the full-length reference and non-
reference rover insertions using computeMatrix and plotHe-
atmap from deepTools [77].

Results

The genomic landscape of reference,
non-reference, rare, and somatic TE insertions

To gain new insight into somatic mobile element activity,
we explored our previously published long-read DNA se-
quencing datasets [39] and generated new, complementary li-
braries (Supplementary Table S1). Using Oxford Nanopore
Technology (ONT), we sequenced DNA isolated from pools
of Drosophila heads or intestines, using one of our previ-
ously characterized genetic backgrounds with documented TE
mobility in the gut (ProsGAL4>UAS-GFP [39, 78], here-
after abbreviated as ProsGFP). Of note, the ProsGFEP flies are
wild type for the known TE controlling pathways [39]. For
each tissue type, we sequenced in two replicates DNA libraries
from young (5-7-day-old), mid-aged (25-30-day-old), and old
(55-60-day-old) female flies, obtaining on average a sequenc-
ing depth of 50x (Supplementary Table S1).

First, we aimed to precisely characterize the TE landscape of
the studied genotype, focusing on full-length copies (that com-
prise more than 70% of the respective consensus sequence; see
the “Materials and methods” section). To do this, we ana-
lyzed long-read DNA sequencing libraries for TE insertions
annotated in the dmé reference genome and non-reference
TE insertions present in the genome of the ProsGFP strain.
Among 4444 full-length TEs (Supplementary Table S2), 1685
(38%) were also found in the dm6 reference genome (Fig. 1A).
The remaining 62 % were non-reference. We genotyped all de-
tected full-length TE insertions based on their (i) presence in
the reference genome; (ii) ONT read ratio (number of sup-
porting versus opposing reads); (iii) tissues in which the inser-
tion was detected; and (iv) germline activity of their respec-
tive sub-families (details in the “Materials and methods” sec-
tion). We further used our 31 previously published Illumina
DNA sequencing libraries of head and intestine tissues com-
ing from individual flies of the ProsGFP genetic background
[39] to validate genotype assignment. As expected, reference
TEs were mostly detected in each sample and had in gen-
eral ONT read ratios close to 1 (Fig. 1B and Supplementary
Table S2), suggesting that they represented homozygous inser-
tions in the ProsGFP strain. We subdivided TE insertions not
present in the reference genome into four categories: “non-
reference,” “rare,” “singleton,” and “ungenotyped,” described
further below.

We first characterized insertions that were detected in at
least one ONT sample of each tissue with ONT read ratio
greater than or equal than 0.1 (1227 insertions in total), which
were assigned the “non-reference” genotype (Fig. 1A and B). A
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high number of non-reference insertions was consistent with
previous reports on the high variation in TE composition in
D. melanogaster laboratory strains [38, 79]. Only 60% (747
out of 1227) of “non-reference” insertions were detected in
our previously published Illumina DNA sequencing libraries
from the same genetic background [39], 98% of which were
classified as germline TE insertions. ONT read ratios of the
non-reference insertions peaked at 0.5 or 1 (Fig. 1B). The
distribution of Illumina VAFs and population frequencies of
these insertions showed that more than half of them were
likely germline insertions nearly fixed in one or both parental
strains, crossed to obtain the ProsGFP F1 animals (433 out of
747 insertions had population frequency >0.8 and Illumina
VAF >0.3) (Supplementary Fig. S1A). In the ProsGFP geno-
type, these insertions were thus present as homozygous or het-
erozygous, the latter inherited from only one parental strain.
The remaining non-reference calls likely represented polymor-
phic insertions.

One hundred seventy-one insertions (171) with ONT read
ratio lower than 0.1 that were detected in at least one sam-
ple of each tissue were assigned a “rare” genotype (Fig. 1A
and B). Low ONT read ratios suggested that they represented
rare germline insertions, present only in some individuals (as
in [80]). Only 25 of them (15%) were also detected in the
short-read samples. Together, this analysis highlights the high
variation in TE composition between the reference genome
and the investigated genetic background and the advantage of
long-read sequencing to comprehensively detect TE sequences.

We then focused on somatic insertions. We defined these
as in our previous study [39], as insertions being supported
by a single read present in only one sequencing library (“sin-
gleton”) that had a TSD as a footprint of a true transposi-
tion event. In addition, we excluded sub-families active in the
germline (Supplementary Fig. S1B). We detected 1001 of such
“singleton” insertions (Fig. 1A and B). We have previously
provided strong evidence that “singletons” can confidently be
considered as true somatic insertions in this experimental and
computational setup [39], and we further introduced addi-
tional filtering steps to minimize potential false positives (see
the “Material and methods” section for details).

Finally, the insertions that did not meet the criteria for
“non-reference,” “rare,” and “singleton” genotypes were cat-
egorized as “ungenotyped” insertions. We detected 360 such
insertions (Fig. 1A). These are insertions with an ambiguous
set of supporting samples, singletons lacking TSD footprint,
or singletons from the sub-families active in the germline.
They could represent artifacts, very rare germline insertions,
somatic insertions including embryonic and developmental
events, or a mixture of these three, which we cannot confi-
dently distinguish.

Having described the TE landscape of the ProsGFP strain,
we then aimed to investigate the genomic TE distribution
(Fig. 1C). In agreement with previous reports [38, 81], refer-
ence insertions were found enriched in pericentromeric, gene-
poor chromosome regions, and on the mostly heterochromatic
chromosome 4. Conversely, non-reference insertions were
present throughout all chromosome arms, without any signifi-
cant “hot spots” similarly to the rare insertions. Accumulation
of reference insertion in pericentromeric regions is likely an ef-
fect of a negative selection acting on these, likely evolutionar-
ily “older,” germline insertions. In contrast, non-reference and
rare TEs possibly represent more recent germline insertions.
Finally, consistent with our previous data [39], singleton (so-
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Figure 1. The landscape of full-length reference, non-reference, rare, and somatic TE insertions detected using long-read DNA sequencing. (A) Numbers
of full-length TE insertions in the ProsGFP genome categorized in the “reference” (dark blue), “non-reference” (light blue), “rare” (light brown), and
“singleton” (somatic, orange) genotypes, as well as the “ungenotyped” (yellow) insertions. (B) Distribution of ONT read ratios (number of supporting
versus opposing reads) for TE insertions categorized as “reference” (dark blue), “non-reference” (light blue), “singleton” (somatic, orange), and “rare”
(light brown). (C) Genome-wide distribution of the detected “reference” (dark blue), “non-reference” (light blue), “singleton” (orange), and “rare” (light
brown) TE insertions on the Drosophila chromosome arms. Black circles indicate positions of centromeres. (D) Numbers of full-length “reference” (dark
blue) and “non-reference” (light blue) insertions of the different TE sub-families. Only the sub-families that contributed somatic insertions are plotted.
For all other TE sub-families, see Supplementary Fig. S1C. (E) Numbers of somatic insertions (“singletons”) of different TE sub-families recovered from

the gut (dark orange) or head (light orange) DNA libraries.

matic) TE insertions were distributed genome-wide, similarly
to the non-reference and rare insertions.

Last but not least, we examined TE sub-families represented
in each genotype. Full-length reference and non-reference in-
sertions were recovered for 120 out of 126 known Drosophila
TE sub-families, including Class I retrotransposons (the most
abundant in terms of copy number and total sequence in the
reference genome [38, 82]) and Class II DNA elements (Fig.
1D and Supplementary Fig. S1C). Rare insertions were repre-
sented by 34 sub-families (Supplementary Fig. S1D).

Consistent with what we reported previously and in con-
trast to the reference and non-reference insertions, only a few
TE sub-families were represented among singleton insertions

(Fig. 1E). A great majority of singletons (904 out of 1001)
were retrotransposon insertions of three sub-families: ERV el-
ement rover (684 singletons), LTR element copia (140 sin-
gletons), and ERV element springer (80 singletons). We also
recovered 22 singleton insertions of a non-LTR, LINE-like
retrotransposon I-element, as well as 22 insertions of Baril, a
sub-family of DNA transposons. Notably, 965 (96%) of de-
tected singletons were found in the libraries obtained from the
intestines, while only 36 (4%) were head-specific insertions
(Fig. 1E).

Taken together, the analysis of long-read DNA sequencing
datasets enabled in-depth characterization of the full-length
fixed TE insertions as well as detection of somatic events spe-
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Figure 2. Somatic TE expression and mobility during aging. (A) Volcano plot illustrating changes in TE transcript levels upon aging in guts of the ProsGFP
genotype. Data are from short-read RNA-seq. Significantly up- or downregulated TEs are indicated in blue and TE sub-families that were detected as
mobile are labeled. (B) Sub-family distribution of somatic TE insertions detected in the gut DNA libraries from young (5 days), mid-aged (25 days), and old
(50 days) flies. P1 and P2 are two biological replicates (pools 1 and 2). n = total number of “singletons” in each pool. Normalized counts of somatic
insertions detected in libraries obtained from gut tissues of flies with different ages (5, 25, or 50 days). Plotted are all TE sub-families (C), as well as TE
sub-families contributing the most de novo insertions: rover (D), copia (E), and springer (F). ns, not significant; * adjusted P < 0.05 (one-way ANOVA test).

cific for one tissue type and limited to a small number of so-
matically active TE sub-families. Since significant somatic mo-
bility was detected only in the DNA sequencing libraries from
the gut samples, we further focused on this tissue.

Aging is not associated with important increases in
somatic de novo TE insertions

In different species, heterochromatin relaxation and transcrip-
tional de-repression of DNA repeats, including TEs, are asso-
ciated with aging [83-85]. Therefore, we next asked whether
significant changes in somatic TE activity could be detected
between young, mid-aged, or old tissues. To this end, we
first carried out expression analysis using short-read RNA-
seq data from young [39] as well as aged (this study) midguts
to establish TE expression levels (Fig. 2A). In agreement with
previously published reports from the fly intestine [86, 87], we
detected increased transcript levels of selected TE sub-families
in old guts, including retrotransposons copia and springer.
Nevertheless, age-related upregulation in transcript levels was

not widespread throughout TE sub-families (14 upregulated
TE sub-families) and a comparable number of TEs were also
significantly downregulated (8 TE sub-families). Out of the
three LTR/ERV sub-families identified as the most mobile
(Fig. 1E), copia and springer showed increased transcript lev-
els, while rover transcripts were not significantly changed.
Moreover, neither the expression levels nor the extent of the
age-related deregulation correlated with the overall TE mobil-
ity (Supplementary Fig. S2A-C).

Since we have previously shown that TE transcript levels
reflect poorly the actual TE mobility [39], we next focused
on comparing somatic TE de novo insertions between the age
groups. The contribution of TE sub-families to the total num-
ber of singleton insertions in each library was not considerably
different between libraries from young, mid-aged, and old
guts, with rover, copia, and springer LTR /JERV-type elements
dominating in all samples (Fig. 2B). ONT sequencing libraries
can significantly vary in terms of yield and read lengths, mak-
ing direct comparison of the raw singleton counts between li-
braries difficult. Thus, we normalized the raw singleton counts
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for sequencing depth, considering read length distributions in
each library. By doing so, we observed a moderate increase
with age in the total, rover, and Baril normalized singleton
counts (Fig. 2C and E, and Supplementary Fig. S2E). The sig-
nificant change in the total and the rover counts could be de-
tected between samples from young and mid-aged flies, but
not between young and old individuals, likely stemming from
the high variability between the two replicates in the latter. No
significant changes between age groups were detected when
singletons of copia, springer, or I-element sub-families were
counted (Fig. 2D and F, and Supplementary Fig. S2D). Thus,
only minor changes in somatic TE insertion loads could be
detected between DNA samples from young and aged guts.

We then sought to determine whether similar results were
obtained for the fly head samples. In the head transcriptomes,
expression of 18 TE sub-families was upregulated in aged tis-
sues, and 3 sub-families were downregulated (Supplementary
Fig. S2F). Among the significantly deregulated TEs, copia (up-
regulated) and mdg3 (downregulated) were mobile in the head
tissue according to our analysis (Supplementary Fig. S2G).
However, the association of the transcriptional deregulation
and the mobility could not be reliably tested owing to the
low numbers of the detected singletons. Thus, expression of
few TE sub-families was changed in aged fly heads of the in-
vestigated genetic background, but changes in the number of
the detected de novo TE insertions were marginal in all age
groups.

In conclusion, even though transcript levels change for se-
lected TE sub-families in the aging fly gut and head tissues,
we could not observe important age-related triggering of TE
mobility in terms of both insertion numbers and active TE
sub-families.

Mobility and expression of the rover-LTR/ERV
sub-family are restricted to one donor locus

To gain insights into the mechanisms of retrotransposon ac-
tivation in the soma, we then sought to identify potential
donor retrotransposon loci responsible for the observed so-
matic mobility. We focused our analysis on the rover-ERV
sub-family that accounted for almost 70% of all somatic in-
sertions. Taking advantage of ONT reads spanning full in-
sertion length between genomic breakpoints, we extracted
sequences of rover singletons, representing somatic inser-
tions, and aligned them to the rover consensus sequence
(Fig. 3A). The genome of the ProsGFP strain contains 15
nearly full-length reference and 5 non-reference rover copies.
We created consensus sequences for the reference and non-
reference rover insertions using ONT reads and aligned them
to the published rover consensus sequence (https:/github.
com/bergmanlab/drosophila-transposons). Visual inspection
of the alignments of the germline and singleton insertions
showed that 1 non-reference and 11 reference insertions had
large SVs that were not present in the singleton insertions
(Supplementary Fig. S3), leaving 8 full-length potential can-
didates to be the donor locus (Fig. 3A and B). Only two out
of the eight candidate loci contained the small SVs present in
the singletons. Moreover, almost all singletons showed sup-
port for the single nucleotide polymorphisms (SNPs) present
in only one of these two rover loci (96% singletons on aver-
age per SNP, Supplementary Table S3). The discrepancy from
100% was within ONT sequencing error rate and none of the
singletons had the full set of SNPs that supported the second

locus, suggesting that the donor locus is on second chromo-
some at position chr2R:14487730-14487747 (Fig. 3B). This
locus is in the anti-sense orientation within the first intron
of the PRAS40 gene (Fig. 3C) and is not present in the dmé
reference genome. Thus, we concluded that the observed so-
matic mobility of the rover-LTR/ERV sub-family in the in-
testinal tissue is limited to one donor locus, here named rover-
2R:14M.

As the first prerequisite for retrotransposon mobility is its
transcription, we next aimed to confirm the expression of the
rover-2R:14M and check whether other, non-mobile, rover
copies were also expressed in the tissue. Aligning the short
transcriptomic reads to the rover consensus sequence con-
firmed rover expression in the gut tissue, regardless of the
age of the flies, while minimal expression was detected in the
head samples (Fig. 3C and E). Additionally, we did not de-
tect rover transcripts in the gut samples of the w!"$ genetic
background (commonly used wild-type stock), which did not
carry the rover-2R:14M copy (Fig. 3E). We then attempted to
quantify per-copy expression (Fig. 3F and G). To address se-
quence similarity among rover copies, we extracted the reads
that aligned to the rover consensus sequence and re-aligned
them with stringent parameters to the consensus sequences
of all reference and non-reference rover copies in the Pros-
GFP genome, discarding multimapping reads. This approach,
which did not provide absolute per-copy expression levels but
instead showed expression levels relative to other copies, re-
vealed that the rover-2R:14M locus was the only full-length
locus of the rover sub-family expressed in the gut, consistent
with our evidence above from rover mobility. Finally, in or-
der to further validate this result, we additionally performed
long-read ONT cDNA sequencing on midguts isolated from
mid-aged flies, because short-read sequencing has important
limitations in the RNA-seq analysis of repeat sequences [21]
(Fig. 3H and I). Consistent with the short-read datasets, we
saw evidence for a predominant expression of the donor rover-
2R:14M locus (Fig. 31), suggesting that other rover loci were
not or very lowly expressed in the gut tissue.

We then asked how rover-2R:14M expression compared to
the expression of the PRAS40 gene in which rover-2R:14M
is embedded. Importantly, rover-2R:14M expression did not
fully correlate with that of PRAS40: PRAS40 was found to
be expressed in both gut and head tissues (Fig. 3D) in con-
trast to rover-2R:14M expressed in the gut, suggesting distinct
transcriptional regulation. In addition, the presence or ab-
sence of rover-2R:14M within PRAS40 did not alter PRAS40
expression patterns in either the head or the gut, as seen
by comparing the ProsGFP background (rover-2R:14M pos-
itive) to the w!'!8 background (rover-2R:14M negative) (Fig.
3C and D). Moreover, the rover-2R:14M insertion did not
cause mis-splicing of the PRAS40 gene, as shown by the ONT
c¢DNA sequencing data (Supplementary Fig. S4A). However,
we observed a single transcript in the ONT c¢cDNA sequenc-
ing data, 5" end of which was located in the rover-2R:14M
3'LTR and which contained the downstream PRAS40 intronic
sequence. This indicated that rover-2R:14M locus could po-
tentially enable weak aberrant transcription in the gut tissue
(Supplementary Fig. S4A’). Together, this analysis hinted that
the rover-2R:14M donor locus is expressed in the gut without
affecting the transcription of the gene it is embedded in.

The control of TE transcript levels in the fly non-gonadal
tissues is mostly achieved by the endogenous short inter-
fering (siRNA) pathway, responsible for sequence-specific
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Figure 3. Somatic activity of the roverLTR/ERV family is limited to one donor locus. (A) IGV visualization of the reference and non-reference rover copies
present in the analyzed genome and a random selection of somatic (singleton) rover insertions detected in different long-read DNA-seq libraries
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transcript degradation [88-90]. We have previously demon-
strated that rover mobility in the ProsGEP flies occurs despite
the presence of siRNAs against rover in the gut [39], sug-
gesting that post-transcriptional silencing of rover may not
be efficient in this genetic background. To further address
whether the identified rover-2R:14M locus is regulated by the
siRNA pathway, we then performed transcriptome analysis
in tissues isolated from flies carrying the rover-2R:14M locus
and mutant for Argonaute 2 (Ago2), deficient in the siRNA
pathway, as well as their isogenic controls (Fig. 3] and K).
In both genetic backgrounds, rover transcripts were consis-
tently detected only in the gut RNA transcriptomes and not
in the heads. Importantly, rover transcript levels were not
changed in the Ago2 homozygous mutant tissues (Fig. 3]),
even though we detected differential expression of other TE
sub-families in the gut and the head transcriptomes (Fig. 3K
and Supplementary Fig. S5), as previously reported in Ago2
mutant tissues [88-90]. Altogether, these data suggest that the
identified donor rover-2R:14M locus expressed in the fly gut
is not post-transcriptionally regulated by the siRNA pathway.

Interestingly, in a concomitant independent study using a
different fly genetic background for the detection of de novo
TE insertions, activity of the rover sub-family was also re-
ported and classified as likely somatic [91]. Using their data,
we have performed the same type of sequence comparison of
the germline non-reference rover copies and the de novo sin-
gleton insertions from that study, and found that the rover-
2R:14M insertion was also present in the investigated genetic
background and likely acted as a source locus for the great ma-
jority of de novo somatic insertions (Supplementary Fig. S6).

Thus, we identified a non-reference “hot” rover-2R:14M
LTR/ERV retroelement locus, transcribed in the fly intesti-
nal tissue and serving as a donor locus for de novo somatic
insertions.

The donor rover-2R:14M LTR/ERV locus is located
in permissive chromatin

We then aimed to understand which mechanisms could un-
derlie the somatic activity of the rover-2R:14M locus. Since
LTR/ERV retrotransposons are believed to carry their own
regulatory sequences within the LTR sequence itself and
the larger SUTR region proceeding the LTR [40-45], we
first asked whether the transcriptional activity of the rover-
2R:14M locus could be explained by sequence variation pri-
vate to the locus within the TE sequence. We analyzed the

5" LTR sequences, sites of transcriptional initiation of LTR-
type elements, of the donor locus and two non-active rover
loci (2R:21M and 2L:18), which had the highest sequence sim-
ilarity to the donor locus. We first assessed the presence of the
sequence motifs for the Polll transcription initiation complex,
namely TATA-box, Int, DPE, and MTE, as LTR elements are
believed to be Polll transcribed [92] (Fig. 4A). We did not no-
tice significant differences between the full-length rover copies
that could explain gut-specific expression. We then extended
the analysis to an iz silico analysis of putative TF binding sites
within the first 2 kb of the internal rover sequences (Fig. 4B
and Supplementary Fig. S7). Again, we were unable to find
motifs that were different between the active rover-2R:14M
locus and non-expressed loci, implying that internal sequence
variation could not account for the differences in the activity
of the compared rover loci.

We thus reasoned that rover-2R:14M transcriptional activ-
ity (and mobility) might be conferred by its genomic position
rather than its internal sequence. Given that, we inspected
chromatin environment upstream (10 kb) of the active and
seven inactive full-length rover loci present in the investigated
genome, making use of the published gut cell type-specific
DamlID datasets profiling five chromatin binding factors as-
sociated with “active” or “silent” chromatin states [76, 93]
(Fig. 4C). Only two rover loci ( 2R:21M and 2R:14M) were
located in “active” regions bound by Polll and Brm, with the
upstream region of the donor rover-2R:14M locus showing
the strongest binding in all intestinal cell types. The upstream
regions of the remaining loci were either not bound at all or
bound by the heterochromatin factors HP1, H1, or Pc. Sim-
ilarly, when the same regions were inspected using published
ATAC-seq data [76], the upstream region of the donor rover-
2R:14M locus showed the highest accessibility signal (Fig.
4D), thus the most “open” chromatin environment.

Altogether, this analysis indicated that the epigenomic envi-
ronment, rather than copy-specific sequence variants, is likely
responsible for the rover-2R:14M activity in the gut tissue.

rover-2R:14M expression is driven by its upstream
genomic sequence

To experimentally test the transcriptional regulation of the
active rover copy, we engineered expression reporters where
the rover-2R:14M 5'UTR and upstream genomic sequences
were placed in front of a lacZ.NLS (NLS, nuclear localization
signal) reporter gene (Fig. S5A). We inserted the reporters into

aligned to the published rover consensus sequence. The reference and non-reference copies (covered by many reads) are named following their position
in the genome and each line represents a consensus sequence of the copy. For somatic insertions, each line represents a single read covering an
insertion. Regions with SVs and SNPs that distinguish the donor rover2R.14M copy from other rover copies are highlighted with red and black stars,
respectively. (B) Schematic representation of the Drosophila chromosomes with the positions of reference and non-reference rover copies in the
ProsGFP genome. (C) Position of the donor rover2R:14M locus on the chromosome 2R within the intron of the PRAS40 gene (upper panel). RNA-seq
coverage of the PRAS40 locus showing expression of the gene in libraries obtained from gut or head tissues from flies of different ages (lower panels).
Young and old gut, and young and old head data are from short-read RNA-seq. Mid-aged gut data are from ONT long-read cDNA sequencing. Normalized
expression levels (CPM, counts per million) in gut and head transcriptomes of the ProsGFP genotype (with the rover2R:14M insertion) and in gut
transcriptomes of the w'’’8 control genotype (without the rover2R:14M insertion). Quantified are transcript levels of PRAS40 (D) and of rover upon read
mapping to the consensus sequence (E). Data are from short-read RNA-seq. Normalized expression levels (CPM, counts per million) of rover upon
copy-specific read mapping in transcriptomes from guts (F) and heads (G) of the ProsGFP strain. Data are from short-read RNA-seq. Number of long
reads mapping to the rover consensus (H) and to the different rover copies present in the genome () in long-read transcriptomes from the ProsGFP
background. Data are from ONT cDNA sequencing. (J) Normalized rover expression levels (CPM, counts per million) in gut and head transcriptomes of
the Ago2 mutant (rover-2R: 14M*/*;Ago2#'4/41%) and the rover2R:14M*/*:Ago2*/* control flies. Reads were mapped to the rover consensus sequence.
(K) Volcano plot illustrating changes in TE transcript levels in Ago2 mutant (rover2R: 14M+/ +;Ago2*1%41%) guts as compared to rover2R: 14M*/*;Ago2*/*
control tissues. Both genotypes carry the rover2R:14M active copy. Significantly up- or downregulated TE sub-families are indicated in blue and

labeled. In panels A, B, F and G, reference copies are marked with dark blue and white lettering, non-reference copies with light blue and the identified
donor rover2R:14M copy is underlined.
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Figure 4. The donor rover2R:14M locus is located in permissive chromatin. (A) /n silico detection of DNA motifs for Polll transcription initiation complex
(TATA-box, Inr, DPE, and MTE) in the 5’LTR region of the donor rover2R:14M copy (red) and two non-active copies with the highest sequence similarity
(2R:21M, green, and 2L.18, blue). (B) In silico search for TF binding sites within the first 2 kb of the internal sequences of the donor rover2R:14M copy
(red) and two non-active copies with the highest sequence similarity (2R:21M, green, and 2L:18, blue). Only TFs highly expressed (RPKM > 10) in the
gut lineage are plotted (for all TFs, see Supplementary Fig. S7). (C) Gut cell type-specific heatmaps of DamID (DNA adenine methyltransferase
identification) chromatin profiles upstream (10 kb) of the active rover2R:14M copy and seven inactive full-length rover loci present in the investigated
genome. Five chromatin binding factors are shown: Polll, Brahma (Brm), Polycomb (Pc), heterochromatin protein 1a (HP1), and histone H1 (H1).
Intestinal stem cells (ISCs) and enteroblasts (EBs) are gut progenitor cells. Enterocytes (ECs) and enteroendocrine cells (EEs) are differentiated cell
types. Rover reference copies are marked with dark blue and white lettering, and non-reference copies with light blue. The identified donor
rover-2R:14M copy is underlined. (D) Heatmaps of ISC ATAC-seq profiles upstream (10 kb) of the active rover2R:14M copy and seven inactive full-length
rover loci present in the investigated genome. Reference copies are marked with dark blue and white lettering, and non-reference copies with light blue.
The identified donor rover2R:14M copy is underlined.
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Figure 5. Upstream genomic sequence drives rover2R:14M expression in the gut. (A) Schematic representation of the in vivo rover2R:14M reporter
constructs. lacZ reporter was placed downstream of the rover2R:14M 5'UTR region replacing all rover native ORFs. 0, 2, or 5 kb of the upstream
genomic sequence was also added. (B) Schematic representation of the Drosophila intestinal lineage. ISCs give rise to committed progenitors: EBs and
enteroendocrine precursors (EEp). The progenitors then differentiate into ECs and enteroendocrine cells (EEs). The EEp and EE express Prospero (Pros).
The ECs are distinguished by a large, polyploid nucleus. In the larval gut, the stem cells, named adult midgut precursors (AMPs), form distinct clusters.
(C-H) Representative images of female midguts carrying rover2R:14M-lacZ reporter constructs inserted on the X chromosome stained for
[3-galactosidase ([3-Gal, green), Prospero (Pros, red), and DNA (blue). Adult (C-E) and larval (F-H) tissues are shown. Scale bar: 50 um (I) Quantifications
of the expression patterns of rover2R:14M-lacZ reporter constructs in female adult and larval midguts. Numbers of midguts scored are indicated above

each bar.

the fly genome using two different landing sites on the X and
the third chromosomes. The sites were chosen based on their
similarity in the DamID chromatin landscapes to the original
rover-2R:14M genomic location (“active” chromatin in all gut
cell types; Fig. 4C and Supplementary Fig. S8).

To begin to define the patterns or the reporter activity in
vivo, we first tested lacZ expression in the female gonads,
where similar reporters for other retrotransposon families
were already used [94-96]. As previously shown, in ovaries
with functional small RNA-driven TE silencing, we detected
no or very weak expression of lacZ under the control of
the S'UTR of rover-2R:14M (Supplementary Fig. S9A, B/,
E, and F). However, lacZ expression was readily detected
upon knockdown of the piRNA pathway with germline-
(Supplementary Fig. S9C and D’) or somatic follicle cell-
specific drivers (Supplementary Fig. S9G and H’). This con-
firmed that, as expected, in female reproductive tissues, the
rover-2R:14M reporter can be efficiently transcribed, but is
silenced by the piRNA pathway.

To gain insight into rover-2R:14M expression in the intes-
tine, we then examined the lacZ reporter expression in this
tissue in the adult stage, as well as during development, in the

third instar larval stage. The adult and the larval gut consist
of progenitors and differentiated cell types, which can be dis-
tinguished by the expression of cell type-specific markers and
by the nuclear size (Fig. 5B). LacZ was not expressed in the
gut when driven only by the 5UTR region of rover-2R:14M
(Fig. 5C, E, and I). However, by extending the regulatory re-
gion with 2 or 5§ kb of the upstream genomic sequence, we
could achieve reporter expression in adult (Fig. 5D, E, and
I) and larval intestinal tissues (Fig. 5G, H, and I), even with-
out interfering with the TE silencing pathways. Patterns of
reporter expression were different depending on the length of
the upstream regulatory sequence. Two kilobases of the up-
stream region drove rover-2R:14M reporter expression mostly
in gut progenitor cells: stem cells (ISCs) and EBs (Fig. 5D, G,
and [, unmarked small diploid nuclei). Increasing the length
of the sequence to 5 kb allowed for broader reporter expres-
sion patterns in progenitors as well as differentiated absorp-
tive ECs (large polyploid nuclei) (Fig. SE, H, and I). We did
not detect reporter activity in the secretory EE cells, marked
by the expression of the Prospero (Pros) TF. These expression
patterns were largely consistent between females and males
(Supplementary Fig. S10). Notably, we obtained similar re-
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Figure 6. Esg TF drives rover2R:14M expression via the upstream genomic sequence. (A) TF binding sites identified bound to the genomic region
upstream of the rover2R:14M locus based on the published ChiP-seq datasets (modENCODE [67]). TFs were ordered based on mean expression levels
in ISCs obtained from [68]. (B-E’) Representative confocal images of female midguts with rover2R:14M-lacZ reporter constructs inserted on the X
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G80¥) for 2 days. Scale bar: 25 um. (F) Quantification of 3-galactosidase

signal intensities in GFP-positive progenitor cells upon white or esg knockdown in guts carrying the rover2R:14M-lacZ reporter constructs inserted on
the X chromosome. N: number of guts scored; n: number of GFP+ nuclei scored. ****P < .0001 (two-tailed Mann-Whitney test). (G) Schematic

representation of the rover2R:14M cell culture reporter constructs. Luciferase

reporter was placed downstream of the rover2R:14M 5'UTR region

replacing all rover native ORFs. 0, 2, or 5 kb of the upstream genomic sequence was also added. (H) Luciferase assays for transcriptional activation in S2

cells. Luciferase to renilla luminescence ratios are plotted. pAct-luc represents

a luciferase reporter under control of a constitutive promoter. All

constructs were tested in the presence and absence of the Esg TF. ns, non-significant; * P < .05 (two-tailed Mann-Whitney tests). The graph is
representative of three independent experiments, with three experimental replicates each.

sults with both insertion sites tested (Fig. 5I), suggesting that,
at least for the two insertion sites tested by us, reporter ex-
pression was not influenced by the genomic position.

Taken together, these results support the idea that rover-
2R:14M expression in the fly gut may be driven in cis by its
upstream genomic sequence.

Escargot transcription factor regulates
rover-2R:14M expression

To better understand how the upstream genomic region could
allow for rover-2R:14M expression in the gut, we next an-

alyzed published chromatin immunoprecipitation (ChiP-seq)
data (ModEncode Project [75]) to identify TF binding sites
present in the region (Fig. 6A). Indeed, many TFs were found
to bind to the region, particularly within the first 2 kb up-
stream of the rover-2R:14M insertion. We sorted the TFs
based on their expression in the adult gut ISCs (Fig. 6A), EBs,
or differentiated ECs (Supplementary Fig. S11) using previ-
ously published transcriptomic data [74]. Based on this anal-
ysis, we identified a set of candidate factors that could regu-
late rover-2R:14M expression through the upstream genomic
sequence. These included TFs with established gut function,
such as Escargot (Esg), Sox100B, or Fork head.
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For further analysis, we decided to focus on Esg, since
the observed patterns of rover-2R:14M-lacZ reporter activ-
ity were reminiscent of esg expression, enriched in progenitor
cells (ISCs and EBs), and expressed at lower levels in differ-
entiated ECs [74]. In flies carrying the rover-2R:14M-lacZ re-
porters, we performed a transient, progenitor-specific knock-
down of Esg using a temperature-sensitive GAL4-UAS sys-
tem (Esg>GAL4 UAS-GFP GALS80¥) [48] (Fig. 6B-E’). Con-
trol GFP-marked progenitor cells (expressing white RNAI)
were positive for 3-Gal staining (Fig. 6B, B, D, and D’); how-
ever, we observed marked decrease in 3-Gal staining in GFP-
positive cells upon esg knockdown. This effect was observed
for both the 2kb-5'UTRrover-lacZ (Fig. 6C, C', and F) and the
Skb-5'UTRrover-lacZ (Fig. 6E, E/, and F) reporters, suggest-
ing that Esg could positively regulate rover reporter expres-
sion in vivo.

Importantly, in the fly gut, Esg maintains the progenitor
cell fate and its depletion deregulates many genes, switching
on the EC differentiation markers and, in longer term, lead-
ing to stem cell loss [97, 98]. Indeed, visibly enlarged nuclei
of GFP-positive cells upon esg knockdown indicated ongoing
loss of the progenitor fate in these cells. Thus, we cannot ex-
clude that the decrease in the lacZ reporter expression was a
secondary consequence of deregulation of other genes than esg
itself. Hence, in order to directly test the involvement of Esg in
the rover-2R:14M transcriptional regulation, we made use of
in vitro luciferase reporter assays in Drosophila S2 cells (Fig.
6G). Transient transfection of the luciferase reporters under
control of the rover-2R:14M 5'UTR alone or with addition of
the upstream sequences (2 or 5 kb) did not result in detectable
luciferase activity, as compared to the positive control with
a constitutive actin promoter (pAct-luc) (Fig. 6H). However,
strikingly, co-expression with Esg led to a significant increase
in luciferase activity of rover-luc reporters. The transcriptional
upregulation was observed only in the presence of the genomic
sequence (2 or 5 kb) upstream of the rover-2R:14M, suggest-
ing that the sequence is required for reporter activation and
that Esg acts directly or indirectly on the sequence, regulating
reporter expression.

Together, these results, obtained with the i vivo and cell
culture rover expression reporters, support the idea that the
active rover-2R:14M LTR/ERV retrotransposon locus may be
regulated by Esg, a TF critical for cell fate regulation in the
fly intestine. This regulation requires the genomic sequence
present upstream of the rover-2R:14M locus.

Discussion

Although expression and mobility of retroelements are in-
creasingly reported in diverse organisms and somatic contexts,
the regulation of such activity is not well understood. Here,
we provide new insight into somatic activity of endogenous
LTR/ERV retrotransposons.

First, through whole genome long-read DNA sequencing of
Drosopbhila tissues, we deliver a detailed landscape of germline
and somatic TE insertions in the analyzed genome. As previ-
ously reported by us [39], as well as by others [38], our analy-
sis highlights the important and often unappreciated variabil-
ity in TE composition between fly strains. Indeed, about half of
all full-length TE insertions mapped by us are not found in the
reference genome. Notably, in contrast to reference TEs, many
non-reference TEs are found in euchromatic regions, which,
as we show here, may contribute to their transcriptional ac-

tivity or increase the chance that such insertions could influ-
ence expression of neighboring genes. This emphasizes the fre-
quently overlooked importance of carefully characterizing or
standardizing genetic backgrounds, particularly when somatic
TE expression or mobility is studied and compared in different
contexts.

Second, using our datasets, we address a commonly pre-
sumed idea that TE activity is unleashed upon aging [83, 85].
While we report changes in TE transcript levels in the fly
gut and head as seen previously [86, 87, 99, 100], we de-
tect no striking increases in de novo somatic TE insertions
in these tissues. This result, while contradictory to previous,
reporter-based data [86, 99, 101, 102], is consistent with re-
cent sequencing-based studies [100, 103-105]. We cannot ex-
clude that different results could be obtained when systemi-
cally analyzing tissues isolated from flies with other genetic
backgrounds. Nonetheless, to date, evidence for age-related
unleashed mobility of endogenous TEs in the Drosophila
soma remains scarce. In contrast, we detected many de novo
retrotransposon insertions in guts isolated from young flies.
We cannot eliminate the possibility that these insertions arose
during the first few days after eclosion, but the presence of so-
matic insertions in young adults suggests that retrotransposon
mobility could have occurred in pre-adult stages and contin-
ued to arise in the adult tissues. This is also consistent with the
fact that rover-2R:14M-lacZ reporter expression was readily
detected in larval as well as adult intestines. Furthermore, the
potential developmental TE activity observed by us goes along
with recently reported mdg4 retrotransposon activation in the
Drosophila hindgut during metamorphosis, proposed to con-
tribute to anti-viral immunity [9]. It is also interesting to note
that, although somatic transposition has mostly been studied
in the context of the mammalian neuronal lineages [106], rel-
atively high levels of somatic L1 retrotransposition have also
been reported in the human intestinal lineage [34, 107, 108],
similarly to our results. This raises a question of whether the
intestinal tissue is in general predisposed to retrotransposi-
tion, and if so, what features enable it. Since the intestine is
self-renewing in both humans and Drosophila [109], a plausi-
ble hypothesis could be that the mechanism of retrotransposi-
tion of LTR/ERV elements is coordinated with the cell cycle,
similar to that of the L1 elements [110, 111]. However, other
tissue- or cell type-specific levels of regulation may also play
a role.

Further, we deliver new insight into transcriptional regu-
lation of retrotransposons in the fly gut. Through our anal-
ysis of de novo somatic insertions with long-read DNA se-
quencing, we identify a “hot” LTR/ERV locus, rover-2R:14M.
This example of a somatically mobile LTR/ERV retrotrans-
poson adds to the previously characterized cases of mobile
non-LTR L1 elements in mammalian contexts [26, 31, 32, 35,
112]. Hence, we were able to investigate copy-specific LTR-
element regulation, in line with a growing body of evidence
demonstrating that examining TE activity necessitates locus-
specific approaches [24, 25, 58, 113], the same way as genes
are studied.

To date, studies on the regulation of LTR/ERV elements
have been focusing on the sequences carried by the retrotrans-
posons themselves [16-19, 40, 41, 43-45]. In contrast, we re-
vealed that rover-2R:14M is located in permissive chromatin
environment, within an intron of an expressed gene, and its
transcription is regulated in cis by the genomic sequence up-
stream to the rover-2R:14M sequence. Interestingly, in a recent
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preprint concomitant with our work, Glaser et al. character-
ize a polymorphic mouse LTR retrotransposon, MusD, which
achieves its expression during limb development by adopting
the expression pattern of neighboring genes contained within
the same regulatory domain [114]. Thus, this study, along with
ours, provides complementary example of how LTR retroele-
ment activity may be regulated tissue-specifically by the ge-
nomic environment of the locus. It suggests that such level of
regulation is conserved and, as a consequence, there are likely
many endogenous retrotransposons regulated in the manner
we describe.

In addition to highlighting the role of the genomic environ-
ment in the regulation of LTR retroelements, we also iden-
tify a TF contributing to this regulation. Numerous TFs were
shown to bind to retroelement sequences and regulate retro-
transposon expression in different biological contexts [115,
116]. Examples include YY1 [117], RUNX3 [118], pS3 [119],
SRY [120], MeCP2 [121], SOX2 [122], PAX5 [123], or SOX6
[36]. In contrast to these findings, our work implies that reg-
ulation of the donor rover-2R:14M locus by a gut lineage-
specific TF relies not on the rover-2R:14M itself, but on the
genomic sequence upstream to the locus. As previously shown
for other LTR retroelements [42-45] and in agreement with
our in silico analysis, the 5'UTR rover sequence itself also car-
ries multiple TF binding motifs and might interact with other
regulatory proteins. Thus, we cannot exclude that TF binding
within the rover-2R:14M locus could also contribute to the
locus expression. However, based on the results obtained with
our reporter assays, the rover-2R:14M S5’UTR sequence itself
is not sufficient to allow for its expression in the gut. Con-
sidering this additional level of regulation by the upstream
genomic region, which has not been investigated so far, the
complete spectrum of tissue-specific TFs that regulate somatic
retrotransposon expression in different biological contexts is
certainly yet to be discovered.

Here, we identify Esg as a regulator of rover-2R:14M ex-
pression in the fly intestinal tissue. Esg, a snail-family TEF, is
well known to control stem cell fate in the fly intestinal lineage
[97, 98,124, 125]. In this context, Esg, enriched in progenitor
cells, is known to act as a repressor of differentiation genes.
Thus, its function as a transcriptional activator may appear
surprising. However, Esg was shown to bind to a relatively
large set of genes, including those with downregulated expres-
sion upon Esg knockdown [97, 98]. Furthermore, Snail, an-
other closely related TF promoting mesoderm development in
the fly embryo through repression of ectodermal genes [126],
also functions as a transcriptional activator [127]. Thus, it is
probable that Esg, perhaps via other co-factors and/or TFs,
may promote transcription of some targets in the fly gut, in-
cluding the rover-2R:14M .

Altogether, our work highlights a new level of locus-specific
regulation of LTR/ERV elements by the genomic environ-
ment in which these retrotransposons are inserted. This no-
tion is particularly relevant in light of high TE polymor-
phisms already mentioned above and documented not only
in Drosophila [79, 38, 128], but also in humans [129-132] or
other animal and plant species [133-1335]. Indeed, the rover-
2R:14M locus identified by us is a non-reference polymor-
phic insertion, as are many of the described somatically ac-
tive human L1 retrotransposons [35]. The full extent to which
TE polymorphism contributes to their somatic expression and
mobility in different species remains to be addressed.

The biological significance of somatic retrotransposon ex-
pression and mobility, although not yet well understood,

is now well appreciated and intensively investigated [136].
LTR/ERV-type retroelements are not mobile in humans, but
they continue to mobilize in other mammalian species. Fur-
thermore, retrotransposon activity may affect host tissues in
multiple ways, including transposition-independent, through
their transcripts or protein products. Thus, studies such as
ours, helping to better understand retroelement regulation in
diverse lineages, are relevant.
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