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Local assembly of long reads enables phylogenomics
of transposable elements in a polyploid cell line
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ABSTRACT

Animal cell lines often undergo extreme genome
restructuring events, including polyploidy and seg-
mental aneuploidy that can impede de novo whole-
genome assembly (WGA). In some species like
Drosophila, cell lines also exhibit massive prolif-
eration of transposable elements (TEs). To better
understand the role of transposition during ani-
mal cell culture, we sequenced the genome of the
tetraploid Drosophila S2R+ cell line using long-read
and linked-read technologies. WGAs for S2R+ were
highly fragmented and generated variable estimates
of TE content across sequencing and assembly tech-
nologies. We therefore developed a novel WGA-
independent bioinformatics method called TELR that
identifies, locally assembles, and estimates allele
frequency of TEs from long-read sequence data
(https://github.com/bergmanlab/telr). Application of
TELR to a ~130x PacBio dataset for S2R+ revealed
many haplotype-specific TE insertions that arose by
transposition after initial cell line establishment and
subsequent tetraploidization. Local assemblies from
TELR also allowed phylogenetic analysis of paral-
ogous TEs, which revealed that proliferation of TE
families in vitro can be driven by single or multiple
source lineages. Our work provides a model for the
analysis of TEs in complex heterozygous or polyploid
genomes that are recalcitrant to WGA and yields new
insights into the mechanisms of genome evolution in
animal cell culture.

INTRODUCTION

Cell lines are commonly used in biological and biomedi-
cal research, however little is known about how cell line
genomes evolve in vitro. For decades, it has been well-

established that immortalized cell lines derived from plant
or animal tissues often develop polyploidy or aneuploidy
during routine cell culture (1-4). More recently, the use of
DNA sequencing has further revealed that segmental aneu-
ploidy and other types of submicroscopic structural varia-
tion are widespread in cell lines (5-14). Together, these ob-
servations indicate that cells in culture often evolve complex
genome architectures that deviate substantially from their
original source material. Resolving the evolutionary pro-
cesses that govern the transition from wild-type to complex
cell line genome architectures is important for understand-
ing the stability of cell line genotypes and the reproducibil-
ity of cell-line-based research. However, the complexity of
cell line genomes can impose limitations on efforts to per-
form de novo whole-genome assembly (WGA) (9,15,16) and
thus limit the ability to study cell line genome structure and
evolution using traditional WGA-based bioinformatics ap-
proaches.

Like many animal cell lines, Schneider-2 (S2) cells from
the model insect Drosophila have undergone polyploidiza-
tion (8,17), and display substantial small- and large-scale
segmental aneuploidy (5,8,14). In addition, S2 and other
Drosophila cell lines exhibit a higher abundance of transpos-
able element (TE) sequences compared to whole flies (18-
20), with TE families that are abundant in S2 cells differing
from those amplified in other Drosophila cell lines (20-23).
However, little is known about TE sequence variation in S2
cells or other Drosophila cell lines. For example, it is gen-
erally unknown whether the proliferation of particular TE
families in Drosophila cell lines is caused by one or more
source lineages (24). The lack of understanding about TE
sequences in Drosophila cell lines is mainly due to previous
studies using short-read sequencing data (14,20,22), which
typically does not allow complete assembly of TE insertions
or other structural variants (25-28).

Recent advances in long-read DNA sequencing technolo-
gies have substantially improved the quality of WGAs, in-
cluding a better representation of repetitive sequences such
as TEs (29). In Drosophila, long-read WGAs of homozy-
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gous diploid genomes such as those from inbred fly stocks
can achieve high contiguity and permit detailed analysis of
structural variation including TE insertions (29-36). How-
ever, successful WGA using long reads remains limited by
complex genome features including polyploidy, heterozy-
gosity, and high repeat content, all of which are present
in cell lines such as Drosophila S2 cells (5,8,17-20,22). In
fact, the state-of-the-art long-read assemblies of wild-type
diploid genomes still suffer from the presence of repeats and
heterozygosity, which may result in assembly gaps and hap-
lotype duplication artifacts (37,38). Therefore, assembly of
a complex Drosophila cell line genome is likely to result in
substantially more fragmented WGAs than those generated
from homozygous diploid fly stocks (Figure 1), and this
degradation of assembly quality could impact the subse-
quent analysis of TE sequences.

To gain better insight into the role of transposition dur-
ing genome evolution in animal cell culture, here we se-
quenced the genome of a commonly-used variant of S2 cells,
the S2R+ cell line (39), using PacBio long-read and 10x
Genomics linked-read technologies. As predicted, WGAs
of S2R+ from long-read sequencing data were highly frag-
mented and yielded highly variable estimates of TE content
using different assembly methods. To circumvent the limi-
tations of WGA and characterize TE content in Drosophila
cell lines, we developed a novel TE detection tool called
TELR (Transposable Elements from Long Reads, pro-
nounced ‘Teller’) that can predict non-reference TE in-
sertions based on a long-read sequence dataset, reference
genome, and TE library. Importantly, TELR can detect
haplotype-specific TE insertions, reconstruct TE sequences,
and estimate intra-sample TE allele frequencies (TAFs)
from complex genomes that are not amenable to WGA. We
applied TELR to our PacBio long-read dataset for S2R+
and similar datasets for a geographically-diverse panel of
D. melanogaster inbred fly strains from the Drosophila Syn-
thetic Population Resource (DSPR) (40). We discovered a
large number of haplotype-specific TE insertions from a
subset of LTR retrotransposon families in the tetraploid
S2R+ cell line. We inferred that these haplotype-specific
insertions came from transposition events that occurred
in vitro after initial cell line establishment and subsequent
tetraploidization (8,17). We also performed phylogenomic
analysis on the full-length TE sequences that were as-
sembled by TELR, which revealed that amplification of
TE families in Drosophila cell lines can be caused by ac-
tivity of one or multiple source lineages. Together, our
work provides a novel computational framework to study
polymorphic TEs in complex heterozygous or polyploid
genomes and improves our understanding of the mecha-
nisms of genome evolution during long-term animal cell
culture.

MATERIALS AND METHODS
Cell culture

An initial sample of S2R+ cells, which we define as pas-
sage 0, was obtained from a routine freeze of cells made
by the Drosophila RNAi1 Screening Center (DRSC). Cells
from passage 0 were defrosted and recovered in Schnei-
der’s Drosophila medium (Thermo) containing 10% FBS

(Thermo) and 1X Penicillin—Streptomycin (Thermo), then
expanded continually for two additional passages in T75
flasks. Aliquots of cells from passage 3 flasks were frozen,
and the remaining cells were expanded to 10 T75 flasks (pas-
sage 4A). Passage 4A cells were pooled and harvested to
make DNA for PacBio libraries. A frozen stock was de-
frosted and expanded for two additional passages (passages
4B-5B). Passage 5B cells were harvested to make DNA for
10x Genomics libraries. The provenance of the cell line sam-
ples used in this study is depicted in Supplementary Fig-
ure S1.

Fly stocks

A stock of Drosophila melanogaster strain A4 from the
Drosophila Synthetic Population Resource (DSPR) (41)
was obtained from Stuart Macdonald (University of
Kansas) and reared on Instant Drosophila Medium (Car-
olina Biological, Cary, NC, USA) until used for DNA ex-
traction.

PacBio library preparation and sequencing

Cells from ten confluent T75 flasks from passage 4A were
scraped into a 15 ml Falcon tube and centrifuged at 300 x
g for 3 min. The pellet was washed in 10 ml of 1x PBS,
then resuspended in 7 ml of 1x PBS containing 35 ul of
10 mg/ml RNAse A (Sigma). 200 ul of resuspended cells
were aliquoted to 32 Eppendorf tubes containing 200 ul of
buffer AL from the Qiagen Blood & Tissue kit, mixed gently
by inversion, and incubated at 37°C for 30 min. 20 ul of Pro-
teinase K solution from the Qiagen Blood & Tissue kit was
then added to each tube and mixed gently by inversion. One
volume of phenol:chloroform:isoamyl alcohol (24:24:1) was
then added and inverted gently to mix for 1 min. Tubes were
then spun for 5 min at 21 000 x g. 180 ul of the upper aque-
ous phase were then removed from each tube, and pairs of
tubes were combined. 400 ul of chloroform was then added
to each of the 16 tubes, shaken for 1 min to mix, and spun at
max speed for 5 min. The top 300 ul was removed and pairs
of tubes were combined. 600 uL of chloroform was added
to each of the eight tubes, gently inverted 10 times to mix,
and then spun at max speed for 5 min. 400 ul of the aqueous
phase was removed and pairs of tubes were combined. 1/10
volume of 3M NaOAc was added to each of the four tubes,
the remained of the tube was filled with absolute ethanol
and then placed at —20°C overnight. Tubes were then spun
21 000 x gat 4°C for 15 min, and the supernatant was de-
canted over paper towels. 70% ethanol was then added to
tubes, the pellet was gently resuspended with a P1000 tip,
and then placed on ice for 10 min. Tubes were then spun 21
000 x gat4°C for 15 min, and the supernatant was decanted
over paper towels. The pellet was then resuspended in 50 ul
of Buffer EB from the Qiagen Blood & Tissue kit, and gen-
tly pipetted with a P200 tip S times to resuspend. Purified
S2R+ DNA was then used to generate PacBio SMRTbell
libraries using the Procedure & Checklist 20 kb Template
Preparation using BluePippin Size Selection protocol. The
SMRTbell library was sequenced using 31 SMRT cells on
a PacBio RS II instrument with a movie time of 240 min-
utes per SMRT cell, generating a total of 3,510,012 reads
(~28.5 Gbp).
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Figure 1. Complex genome architecture can hinder whole-genome assembly of long-term cultured cell lines. Inbred fly stocks have a highly homozygous
diploid genome architecture that allows for contiguous whole-genome assembly (WGA). In contrast, cell lines established from such inbred fly stocks
often undergo polyploidization and accumulate heterozygous variants including copy number alterations and haplotype-specific TE insertions during
long-term culture. The complexity of cell line genome architecture is likely to lead to highly fragmented WGASs and, as a result, may limit the utility of
using WGA-based approaches to study TE content and sequence evolution in animal cell lines.

10x Genomics library preparation and sequencing

Genomic DNA extraction of S2R+ cells followed the
10x Genomics ‘Salting Out Method for DNA Extraction
from Cells’ protocol (https://support.10xgenomics.com/
permalink/SHODz33gmQOea02iwQUO0IK) adapted from
(42). Genomic DNA for D. melanogaster strain A4 linked-
read library was obtained from a single female fly follow-
ing the 10x Genomics recommended protocol for DNA pu-
rification from single insects (https://support.10xgenomics.
com/permalink/7HBJeZucc80CwkMAmMA40Q?2). Purified
DNA was precipitated by addition of 8 mL of ethanol and
resuspended in TE buffer and size was analyzed by TapeS-
tation (Agilent) prior to library preparation. Linked-read
libraries were then prepared for both S2R+ and A4 af-
ter DNA size selection with BluePippin to remove frag-
ments shorter than 15 kb. Libraries were prepared following
the 10x Genomics Chromium Genome Reagent Kit Pro-
tocol v2 (RevB) using a total DNA input mass of 0.6 ng
for each sample. The linked-read libraries were sequenced
on an Illumina NextSeq 500 instrument mid-output flow
cell with 150 bp paired-end layout, generating 95,280,430
reads for S2R+ (~13.3 Gbp) and 127,009,398 reads for A4
(~17.7 Gbp).

Whole-genome assembly and QC

Raw PacBio reads from S2R+ (generated here;
SRX7661404) and A4 from (30) (SRX4713156) were
separately used as input for whole-genome assembly with
Canu (v2.1.1; genomeSize=180m corOutCoverage=200
‘batOptions=-dg 3 -db 3 -dr 1 -ca 500 -cp 50’ -pacbio-raw),
FALCON-Unzip (pb-falcon v0.2.6; seed coverage = 30,
genome_size = 180000000), wtdbg2 v2.5 (-x rs -g 180m),
and Flye (v2.8.2) (43-46). The reads were re-aligned to
the resulting assemblies with pbmm2 (v1.3.0; —preset

SUBREAD -sort) and the assemblies were polished with
the Arrow algorithm from GenomicConsensus (v2.3.3)
using default parameters. FALCON-Unzip performs read
re-alignment and Arrow polishing automatically as part of
its phasing pipeline.

10x Genomics linked-reads generated here were used
as input for whole-genome assembly with Supernova
(v2.1.1) for S2R+ (-maxreads=61508497) and A4 (-
maxreads=77907944) (47). The optimal -maxreads param-
eter was calculated by Supernova in a previous run to avoid
excessive coverage. Supernova assemblies were exported in
pseudohap? format and pseudo-haplotypel was analyzed.

10x Genomics reads from S2R+ and A4 were also
barcode-trimmed with LongRanger (v2.2.2; basic pipeline)
(48) to create standard paired-end reads as input to SPAdes
(v3.15.0) using default parameters (49).

All assemblies were filtered to remove redundancy using
the sequniq program from GenomeTools (v1.6.1) (50). Gen-
eral assembly statistics were calculated with the stats.sh util-
ity from BBMap (v38.83) (51). Assembly completeness was
assessed with BUSCO (v4.0.6) (52,53) and the Diptera or-
tholog gene set from OrthoDB (v10) (54).

Assessment of overall TE content

Transposable elements were annotated in all WGAs
with RepeatMasker (v4.0.7; -s -no_is -nolow -x -e ncbi)
(https://www.repeatmasker.org/RepeatMasker/) using
v10.2 of the D. melanogaster canonical TE sequence library
(https://github.com/bergmanlab/drosophila-transposons).
TE abundance was calculated from RepeatMasker .out.gff
files as the percentage of bases masked in each assembly.
For this and subsequent analyses, we excluded the highly
abundant and degenerate /NE-1 family since this family
has been reported to be inactive in Drosophila for millions
of years (55,56).
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Barcode-trimmed 10x Genomics reads were also used as
an assembly-free estimate of TE content in S2R+ and A4.
Reads were filtered for adapters and low quality bases, and
trimmed to 100 bp using fastp (v0.20.0; -max_lenl 100 —
max_len2 100 —length_required 100) (57). A random sample
of 5 million read pairs (10 million reads) was extracted for
each dataset using seqtk (v1.3; -s2) (https://github.com/lh3/
seqtk) and masked using RepeatMasker (v4.0.7; -s -no_is -
nolow -x -e ncbi) and v10.2 of the D. melanogaster canon-
ical TE sequence library (https://github.com/bergmanlab/
drosophila-transposons). Abundance for each TE family
was calculated as the percentage of read bases that were Re-
peatMasked.

Detection of non-reference TE insertions using long reads

Non-reference TEs were detected in PacBio long reads us-
ing a novel pipeline reported here called TELR (https:/
github.com/bergmanlab/telr). The TELR pipeline consists
of four main stages: (i) general structural variant (SV) de-
tection and filtering for TE insertion candidate, (ii) local
reassembly and polishing of the TE insertion, (iii) identi-
fication of TE insertion coordinates and (iv) estimation of
intra-sample TE insertion allele frequency.

In stage 1, PacBio or Oxford Nanopore long reads are
aligned to the reference genome using NGMLR (v0.2.7)
(58). The alignment output in BAM format is provided as
input for Sniffles (v1.0.12) to detect structural variations
(SVs) (58). TELR then filters for TE insertion candidates
from SVs reported by Sniffles using the following criteria:
(1) the type of SV is an insertion; (ii) the insertion sequence
is available and (iii) the insertion sequences include hits to
a user-provided TE library identified using RepeatMasker
(v4.0.7; http://www.repeatmasker.org/).

In stage 2, all reads that support the TE insertion can-
didate locus based on Sniffles output are used as input for
wtdbg2 (v2.5) (46) or flye (v2.8.3) (45) to assemble a local
contig that covers the TE insertion for each candidate lo-
cus (46). Local assemblies are then polished using minimap?2
(v2.20) (59) and wtdbg2 (v2.5) (46) or flye (v2.8.3) (45).

In stage 3, the TE library is aligned to the assembled TE
insertion contigs using minimap2 and used to define TE-
flank boundaries. TE family information in the TE region
of each contig is annotated using RepeatMasker (v4.0.7).
Sequences flanking the TE insertion are then re-aligned to
the reference genome using minimap?2 to determine the pre-
cise TE insertion coordinates and, if detected, the target
site duplication (TSD) caused by the insertion on refer-
ence genome coordinates. If the locations of flanking se-
quences overlap on reference genome coordinates (up to a
user-defined overlap threshold; default 20 bp), then the re-
gion of overlap defines the TSD and the insertion coordi-
nates. If the locations of flanking sequences do not overlap
on genome coordinates (up to a user-defined gap threshold;
default 20 bp), then no TSD is reported and the gap between
flanking sequences defines the insertion coordinates.

In stage 4, raw reads aligned to the reference genome are
extracted within a 1 kb interval on either side of the in-
sertion breakpoints initially defined by Sniffles. Extracted
reads are then aligned to the assembled, polished contig
to identify those that support the non-reference TE inser-

tion and reference alleles, respectively, in following steps. (1)
Reads are aligned to the forward strand of the contig, then
the 5’ flanking sequence depth of coverage (5p_flank_cov)
and 5 TE depth of coverage (5p_te_cov) are calculated. (ii)
Reads are then aligned to the reverse complement of the
contig, and 5 flanking sequence depth and 5 TE depth
in the reverse complement orientation are used to calcu-
late corresponding values on the 3’ end of the insertion
(3p_flank_cov and 3p_te_cov, respectively). Alignment to the
reverse complement of the contig was performed to gener-
ate more accurate estimates of 3p_flank_cov and 3p_te_cov,
since we found in simulated data that alignments of clipped
and spanning reads beyond the 3’ junction of the TE inser-
tion were under-reported by NGMLR in the forward ori-
entation. (iii) The TE allele frequency (TAF) is estimated
as (5p_te_cov/5p_flank_cov + 3p_te_cov/3p_flank_cov)/2. In
all steps, reads that spanned both breakpoints of the TE in-
sertion were counted towards coverage estimates at both the
5" and 3’ ends.

In the current study, TELR (revision
80481c6d81efac62c624faf112278c6fbfbcabl3) was  ap-
plied to the S2R+ PacBio dataset and to a panel of
13 D. melanogaster strains from the Drosophila Syn-
thetic Population Resource (DSPR) (Bioproject ID
PRINA418342) (40). The major arms of Release 6 of
the D. melanogaster reference genome (chr2L, chr2R,
chr3L, chr3R, chr4, chrX, chrY, chrM) (60) and v10.2
of the D. melanogaster canonical TE sequence library
(https://github.com/bergmanlab/drosophila-transposons)
were used for all TELR analyses. Local assembly was per-
formed using wtdbg2 (46) and polishing of local assembles
was performed using flye (45).

Cross-validation of TELR results using short-read methods

To cross-validate results obtained by TELR, we
employed two short-read TE  detection meth-
ods implemented in McClintock (v2.0; revision
93369eff1c192132d8b27830310d149e53a2b608) (61)
that output TAF values: ngs_te_mapper2 (22) and TEMP
(62). 10x Genomics data obtained for S2R+ and A4 was
barcode-trimmed with LongRanger (v2.2.2; basic pipeline)
(48), de-interleaved, and trimmed to 100bp using fastp
(v0.20.0; —max_lenl 100 —max_len2 100 —length_required
100) (57). This data was downsampled to ~50x mean
mapped read depth for S2R+ (74,648,362 reads) and A4
(76,045,544 reads) before being used as paired-end input in
McClintock to generate non-redundant non-reference TE
insertion predictions.

Construction of phylogenetic trees using TE sequences from
TELR

TE sequences predicted, assembled, and polished by TELR
on S2R+ and DSPR dataset were filtered for high-quality
full-length TE sequences using the following criteria. (i)
Predictions from DSPR strain A2 were excluded due to
potential inversion-induced gain of heterozygosity (see
RESULTS for details). (ii) Predictions from DSPR strain
A7 were excluded due to potential sample contamination
(see RESULTS for details). (iii) Sequences from chromo-
some X were excluded due to lower coverage compared
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to autosomes and loss of heterozygosity (LOH) events.
(iv) Sequences from low recombination regions were
excluded using boundaries defined in (63) lifted over to
dm6 coordinates. Normal recombination regions included
in our analyses were defined as chrX:405967-20928973,
chr2L.:200000-20100000, chr2R:6412495-25112477,
chr3L:100000-21906900, chr3R:4774278-31974278. We
restricted our analysis to normal recombination regions
since low recombination regions have high reference TE
content which reduces the ability to predict non-reference
TE insertions (64,65). (v) Only full-length TEs based on
canonical sequence lengths were included. To do this, we
first calculated the ratio between each TELR sequence
length and the corresponding canonical sequence length.
Next, we filtered TELR sequences for full-length copies
using a 0.75-1.05 ratio cutoff for the 297 TE family and
0.95-1.05 ratio cutoff for other TE families. (vi) Only
sequences with both 5" and 3’ flanks mapped to reference
genome were included. (vii) Only sequences from TE
insertions with TAF estimated by TELR were included.

TELR sequences from each family that met these cri-
teria were aligned with MAFFT (v7.487) (66). The mul-
tiple sequence alignments (MSAs) were filtered by trimAl
(vl.4.revl5; parameters: -resoverlap 0.75 -seqoverlap 80)
(67) to remove spurious sequences. The filtered MSAs were
used as input to IQ-TREE (v2.1.4-beta; parameters: -m
GTR+G -B 1000) (68) to generate maximum likelihood
trees.

RESULTS

Fragmented assemblies yield variable estimates of TE content
in the S2R+ genome

To better understand the process of TE amplification in
the S2R+ cell line genome, we initially sought to use a de
novo assembly-based approach by generating PacBio long-
read (132X average depth) and 10x Genomics linked-read
(89X average depth) sequencing data and assembled these
data using a variety of state-of-the-art WGA software (43—
47,49). All S2R+ whole-genome assemblies (WGAs) using
long reads (Canu, FALCON-Unzip, wtdbg2, and Flye) or
linked reads (Supernova) had better contiguities compared
to a SPAdes assembly of standard Illumina paired-end short
read data (Figure 2 A; Supplementary Table S1). However,
S2R+ WGAs from different sequencing technologies and
assemblers varied substantially in their contiguities and lev-
els of duplicated BUSCOs (Figure 2A, B; Supplementary
Table S1). Canu assembly of the S2R+ PacBio data dis-
played the highest level of BUSCO duplication (Figure 2B)
and the longest total assembly length (Supplementary Ta-
ble S1). We speculated that the high degree of BUSCO
duplication in the Canu S2R+ assembly could be caused
by haplotype-induced duplication artifacts in a partially-
phased assembly that contained contigs from multiple hap-
lotypes of the same locus (69,70). To test this, we took ad-
vantage of the fact that FALCON-Unzip leverages struc-
tural variants to phase heterozygous regions into a pri-
mary assembly (‘FALCON-Unzip_p’) and alternative hap-
lotigs (43). Combining the primary FALCON-Unzip as-
sembly with alternative haplotigs (‘FALCON-Unzip_ph’)
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resulted in a higher level of BUSCO duplication approach-
ing those observed in the Canu assembly (Figure 2B). This
result suggested that many regions of the S2R+ genome
contain haplotype-specific structural variants that can lead
to secondary haplotigs in the Canu and Falcon-Unzip
assemblies, which consequently cause artifactual BUSCO
duplication.

N50s for all S2R+ WGAS were less than 1 Mbp, which is
more than ten-fold smaller than the size of assembled chro-
mosome arms in the Drosophila reference genome (60). In
support of this finding, poor contiguity has recently been
observed for de novo assemblies of the related Drosophila
S2 cell line using nanopore long-read data (71). To as-
sess how S2R+ cell line WGAs compared to those from
whole flies of inbred stocks, we also generated WGAs for a
highly inbred D. melanogaster strain called A4 using avail-
able PacBio long-read data (110x average depth) from (40)
and a 10x Genomics linked-read dataset for A4 generated
in this study (118X average depth) using identical assembly
software and parameters as we did for S2R+. We found that
WGAs for A4 have reference-grade contiguities and exhibit
lower variation in levels of BUSCO duplication than WGAs
for the S2R+ cell line (Figure 2D, E; Supplementary Table
S2). Given that the A4 strain is diploid homozygous (40),
these results suggest that the highly fragmented WGAs for
S2R+ are likely caused by polyploidy, aneuploidy, or het-
erozygosity in the S2R+ cell line genome rather than limi-
tations caused by long- or linked-read sequence lengths or
current assembly methods.

In addition to assembly quality, estimates of TE content
in WGAs varied substantially across sequencing and assem-
bly technologies for both S2R+ and A4 (Figure 2C, F; Sup-
plementary Tables S1 and S2). Compared to unbiased es-
timates of TE content based on RepeatMasker analysis of
unassembled short reads (dotted lines in Figure 2C, F) (72),
long-read WGAs for both the S2R+ and A4 genomes typ-
ically gave similar or higher estimates of TE content, while
short read WGAs always gave lower estimates. In particular,
the Canu and Falcon-Unzip assemblies that we infer include
alternative haplotigs gave the highest estimates of TE con-
tent relative to unassembled short read data, suggesting the
possibility of haplotype-specific TE insertions in these as-
semblies. In addition to differences in overall TE content,
we observed higher variation in the abundance of differ-
ent TE families across sequencing and assembly technolo-
gies in WGA s for S2R+ (Supplementary Figure S2A) com-
pared to A4 (Supplementary Figure S2B). This result in-
dicates that WGA-based inferences about TE family abun-
dance in S2R+ are highly dependent on sequencing and as-
sembly technology. Despite this variation, higher estimates
of overall TE content were observed in S2R+ WGAs rela-
tive to A4 WGA s for all sequencing or assembly technolo-
gies used (Figure 2C, F; Supplementary Tables S1 and S2).
However, because of the relatively poor quality and high
variation in estimates of TE content among WGAs gener-
ated from S2R+ long-read and linked-read data, we con-
cluded that an alternative WGA-independent approach that
is better suited to the complexities of cell line genome archi-
tecture was necessary to reliably study TE content in S2R+
cells.
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A novel long-read bioinformatics method reveals TE families
enriched in S2R+ relative to wild-type Drosophila strains

To circumvent the impact of fragmented WGAs on the
analysis of TE content in complex cell line genomes, we
developed a new TE detection method called ‘TELR’
(Transposable Elements from Long Reads; https://github.
com/bergmanlab/telr) that allows the identification, assem-
bly, and allele frequency estimation of non-reference TE in-
sertions using long-read data (Figure 3). Briefly, TELR first
aligns long reads to a reference genome to identify inser-
tion variants using Sniffles (58). The general pool of inser-
tion variants identified by Sniffles is then filtered by aligning
putative insertion sequences to a library of curated TE se-
quences to identify candidate TE insertion loci. For each
candidate TE insertion locus, TELR then performs a local
assembly using all reads that support the putative TE inser-
tion event. Finally, TELR annotates TE sequence in each
assembled contig, predicts the precise location of the TE in-
sertion and (if detected) the TSD on reference genome co-
ordinates, then remaps all reads in the vicinity of each inser-
tion to the assembled TE contig to estimate TAF (see Ma-
terials and Methods for details). Evaluation on simulated
Drosophila genomes demonstrated that TELR has high pre-
cision but variable recall to detect the location and fam-
ily of non-reference TE insertions across different cover-
age, ploidies and zygosities (see Supplemental Text; Supple-
mentary Table S3). For the ~125X S2R+ dataset used here,
TELR has >98% precision and >58% recall to detect non-
reference TE insertions found in at least one haplotype of a
tetraploid genome (Supplementary Table S3).

Applying TELR to regions of the D. melanogaster
genome that are normally-recombining in whole flies, we
identified 2408 non-reference TE insertions in S2R+, a
~5-fold increase relative to the number identified in A4
(n = 491; Figure 4A). These overall differences in non-
reference TE abundance between S2R+ and A4 are unlikely
to be caused by variation in coverage and read length be-

tween the S2R+ and A4 datasets, as shown by analysis of
read length and coverage normalized datasets (Supplemen-
tary Figure S3). Despite a drop in the number of predictions
in the normalized data relative to the full dataset, TELR
still predicted substantially more TEs in S2R+ compared to
A4 at all coverage levels (Supplementary Figure S3). This
analysis also revealed that, unlike A4 which plateaued in
the number of non-reference TE insertions at a normalized
read depth of 50X, detection of non-reference TEs in S2R+
is likely not saturated even at 75x, consistent with the ex-
istence of TEs found at low allele frequency in the S2R+
sample. Therefore, in order to maximize TE prediction sen-
sitivity, we used the complete non-normalized Pacbio data
for S2R+ and all whole-fly strains in subsequent analyses.

Partitioning the number of non-reference TE insertions
predicted by TELR in the complete S2R+ and A4 PacBio
datasets by TE family revealed a subset of 14 TE families
that are enriched in S2R+ relative to A4 (Figure 4B; Sup-
plementary Figure S6). These S2R+ specific TE families
consist mostly of long terminal repeat (LTR) retrotrans-
posons from the Gypsy, Pao and Copia superfamilies, with
the exceptions of jockey and Juan which are non-LTR retro-
transposons in the jockey superfamily (Figure 4B; Supple-
mentary Figure S6). The TE families revealed by TELR
to be enriched in S2R+ relative to A4 were independently
cross-validated using short-read sequences and two inde-
pendent short-read TE detection methods (Supplementary
Figure S4) (22,62).

We next used TELR to predict non-reference TEs
in PacBio datasets for 13 geographically-diverse D.
melanogaster inbred strains (including A4) from the DSPR
project (40). This analysis revealed that S2R+ has more
non-reference TE insertions than any of the DSPR strains
surveyed (range: 445-660; Supplementary Figure S5). Par-
titioning TELR predictions by TE family reveals that only
eight TE families account for ~75% of non-reference in-
sertions in S2R+, most of which are LTR retrotransposons
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Figure 3. TELR workflow to predict non-reference TEs and estimate intra-sample TE allele frequency. TELR is a non-reference TE detection pipeline that
uses long read sequencing data as input and consists of four main stages. In the first stage, TELR aligns long reads to a reference and identify insertion
structural variants (SVs) using Sniffles (58). TELR then identifies candidate non-reference TE insertion loci by querying partial insertion sequences provided
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minimap?2 (59) and RepeatMasker. Sequences flanking the TE in the local contig are then used to annotate coordinates and TSDs of the TE insertion on
reference genome coordinates using minimap?2. In the fourth stage, TELR determines the intra-sample allele frequency of each TE insertion by extracting
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used to calculate the intra-sample TE allele frequency (TAF).

(Supplementary Figure S6). In comparison, 10-16 TE fam-
ilies contribute ~75% of all non-reference TE insertions
in each of the DSPR strains, and they represent a more
balanced distribution of LTR retrotransposons, non-LTR
retrotransposons, and DNA transposons (Supplementary
Figure S6). We also observed expansions of specific TE
families in some DSPR strains, which we define as a greater
than 3-fold increase in the number of non-reference TE
insertions for a specific TE family relative to the mean
values across all strains. For example, we see strain-specific
expansions of /360 (n = 23, mean = 7.2) in strain A2 (from
Colombia), hopper (n = 114, mean = 18.5) in strain A6
(from USA), as well as Doc (n = 112, mean = 26.5) and
Quasimodo (n = 28, mean = 7.1) in strain B2 (from South
Africa) (Supplementary Figure S6).

Consistent with expected performance based on sim-
ulated genomes (Supplementary Table S3), between 46%
and 55% of TELR predictions in S2R+ and DSPR sam-
ples were supported by TSD annotations (Supplementary
Table S4). The distributions of TSD lengths for TELR pre-
dictions for the 20 TE families with greater than ten non-
reference TEs in S2R+ were largely compatible with pre-
vious studies based on short read data (62,73,74). Specifi-
cally, TELR predictions for non-LTR retrotransposon fam-

ilies such as Juan, jockey, F-element and Doc exhibited vari-
able TSD lengths generally in the 5-15 bp range, while LTR
retrotransposon families typically exhibited tighter distri-
butions with modal TSD lengths characteristic of their su-
perfamily (Gypsy: 4 bp; Pao: 5 bp; Copia: 5 bp) (Supplemen-
tary Figure S7).

Accurate estimation of intra-sample allele frequencies sup-
ports haplotype-specific TE insertion after tetraploidy in the
S2R+ genome

An important feature of the TELR system is the ability to
estimate the intra-sample allele frequency of non-reference
TE insertions (Figure 3), which allowed us to observe dras-
tic differences between S2R+ and A4 in genome-wide TAF
patterns. TE insertions in S2R+ display a wide range of
allele frequencies, with a striking difference in TAF dis-
tributions on the X chromosome relative to the autoso-
mal arms (Figure 4C,D). In contrast, non-reference TEs
in the highly-inbred strain A4 (41) are mostly enriched at
TAF values ~1 on all chromosome arms (Figure 4C,E).
Broad-scale patterns of TAF distributions across the S2R+
and A4 genomes detected by TELR using long-read se-
quences were independently cross-validated using short-
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Figure 4. Abundance and allele frequency of non-reference TEs differs in the S2R+ cell line versus the A4 inbred fly stock. (A) Total number of non-
reference TE predictions made by TELR for S2R+ and A4. (B) Number of non-reference TE predictions made by TELR for S2R+ and A4 partitioned
by TE families. The 14 most enriched TE families in S2R+ relative to A4 highlighted in red. The insert zooms in on a set of six abundant TE families in
S2R + present in the black box in the main panel. (C) Genome-wide TE allele frequency (TAF) distribution for S2R+ and A4 partititioned by chromosome
arm. (D, E) Genome-wide TAF and copy number profiles for S2R+ (D) and A4 (E). Low recombination regions in (D) and (E) are indicated by higher

transparency.

read sequences and two independent short-read TE detec-
tion methods (Supplementary Figure S8) (22,62).

Like strain A4, non-reference TEs in other DSPR strains
are mostly homozygous with TAF values enriched at the ex-
pected value of ~1 for highly inbred diploid fly stocks (Sup-
plementary Figure S9). However, our TELR analysis of
DSPR datasets revealed two striking exceptions to this pat-
tern. First, strain A2 displays mostly heterozygous TE in-

sertions across chromosome arm 3R, which coincides with
the presence of a known heterozygous chromosomal inver-
sion in this strain (/n(3R)P) that prevents full inbreeding
(41). Second, TAF values in strain A7 are enriched at ~0.25
and ~0.75 across the whole genome (Supplementary Fig-
ure S9). This TAF pattern is unusual since A7 is thought
to be fully inbred and devoid of large chromosomal inver-
sions (41). We hypothesized that the bimodal TAF profile
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in A7 could be indicative of contamination in the A7 data
from a different fly strain in the DSPR project. Indeed, in-
tersecting TELR predictions between A7 and other DSPR
strains revealed an approximately 10-fold higher number of
non-reference TE insertion overlaps between strains A7 and
B3 relative to any other DSPR strain (Supplementary Ta-
ble S5). Moreover, shared TE insertions between A7 and
B3 have TAFs enriched at ~0.25 in A7, which could be ex-
plained by ~25% of the A7 dataset being contaminated by
B3 sequences (Supplementary Figure S10). Our inference of
contamination in the A7 dataset with reads from another
DSPR strain can also explain the observations that A7 has
the highest number of non-reference TEs in our TELR anal-
ysis (Supplementary Figure S5), and that the A7 WGA re-
ported in (40) has the highest level of BUSCO duplication,
longest assembly length, and most scaffolds of all DSPR
strains in that study.

In S2R+, we observed a clear enrichment for TE inser-
tions on the autosomes to have TAFs ~0.25 (Figure 4C and
D), which can be explained by haplotype-specific TE inser-
tions that occurred after initial cell line establishment and
subsequent tetraploidization (Figure SA) (8,17). In contrast
to the autosomes, TE insertions on the X chromosome in
S2R+ are enriched at TAFs ~1 (Figure 4C and D). The X
chromosome in the tetraploid S2R+ genome has a baseline
ploidy of two since the S2 lineage is thought to have been
derived from a hemi-zygous male genotype (8). Thus, the
enrichment of X-chromosome TE insertions with TAF ~1
could be explained by a recent loss of heterozygosity (LOH)
event in the X chromosome of S2R+ through mitotic re-
combination. This explanation is plausible since a recent
study has shown that copy-neutral LOH events in cell cul-
ture can shape TAF profiles over large genomic regions in
Drosophila cell lines (22).

Assuming uniform copy number throughout the genome,
autosomal haplotype-specific TE insertions that occurred
in S2R+ after tetraploidy are expected to have TAFs at
~(0.25. However, the extensive copy number variation ob-
served in the S2R+ genome increases or decreases TAF es-
timates in affected segments relative to this expected value
(Figure 4D). Additionally, we observed many TE insertions
on the S2R+ autosomes that have intermediate TAFs be-
tween 0.25 and 1.0, suggesting the possibility of other mech-
anisms besides haplotype-specific post-tetraploid TE inser-
tion to explain the observed TAF distribution. For exam-
ple, ancestrally-heterozygous diploid TE insertions (either
germline insertions in the Oregon-R lab strain that S2R+
was established from, or insertions during cell culture in
the pre-tetraploid stage of the S2R + lineage) could have un-
dergone mitotic recombination events in the post-tetraploid
state of the S2R+ lineage changing one haplotype from
TE-present to TE-absent (22). Assuming that ancestral het-
erozygous diploid TE insertions would be randomly dis-
tributed on the two different haplotypes of the Oregon-
R /pre-tetraploid state of S2R+, mitotic recombination in
the post-tetraploid state would have the same probability of
increasing or decreasing TAF.

To facilitate the interpretation of TAF values under
varying copy number status and more rigorously test
the ‘haplotype-specific post-tetraploid TE insertion’ (Fig-
ure SA) versus ‘ancestral TE insertion and post-tetraploid
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mitotic recombination’ (Figure 5B) models, we developed
a strategy to predict absolute TE allele copy number for
non-reference TE on the autosomes. For each non-reference
TE insertion, we multiplied TAF estimates generated by
TELR by the local copy number estimated by Control-
FREEC (75) in regions flanking the TE insertion, then
rounded to the nearest integer value. This procedure gen-
erated accurate predictions of TE allele copy number on
synthetic diploid and tetraploid genomes (see Supplemen-
tal Text; Supplementary Tables S6 and S7, Supplementary
Figure S11). Our analysis revealed that a significant pro-
portion of non-reference autosomal TE insertions from the
14 TE families that are amplified in S2R+ relative to A4
have a predicted TE allele copy number of one (Figure 5
C). A similar observation was recently reported in (71) us-
ing nanopore data in the related S2 cell line. Furthermore,
we found that the number of TEs with predicted TE allele
copy number of one is significantly higher than those with
predicted TE allele copy number of three in autosomal re-
gions of S2R+, in total (Figure 5 C; chi-squared = 391.47,
df =1, P-value < 2.2e-16) and for all but three S2R+ ampli-
fied TE families (mdg3, Stalker2, 17.6). Thus, we conclude
that the majority of insertions in TE families that are ampli-
fied in S2R + are caused by haplotype-specific TE insertions
that occurred after tetraploidization, rather than ancestral
heterozygous insertions that were reduced in copy number
after tetraploidization by mitotic recombination.

TE expansions in Drosophila cell culture can be caused by one
or more source lineage

While our results and prior work (18-20) clearly show that
some TE families are amplified in Drosophila cell lines, it
is generally unknown how many source copies or lineages
contribute to proliferation of a TE family during cell cul-
ture. Using a PCR-based strategy, Maisonhaute et al. (24)
previously concluded that all non-reference insertions for
the 1731 family in the S2 cell line were derived from a single,
strongly-activated source copy. However, only a single TE
family was surveyed and the number of /737 new insertions
identified was likely underestimated due to the limitations
of the PCR-based strategy used by Maisonhaute et al. (24).
Moreover, it is difficult to conclude whether amplification is
due to a single source copy or multiple closely-related copies
from a single source lineage. As shown above, autosomal TE
insertions with a copy number of one most likely occurred
after tetraploidization during cell culture, and thus provide
arich set of TE sequences to study the general properties of
TE expansion events during in vitro genome evolution.

To comprehensively test whether one or more source lin-
eage is responsible for the amplification of all 14 TE fami-
lies that expanded in S2R+ (Figure 4B), we took advantage
of TELR’s ability to assemble non-reference TE sequences
and constructed phylogenies using data from S2R+ and 11
whole-fly strains from the DSPR panel (Figure 6; Supple-
mentary Figure S12). Evaluation of TE sequences recon-
structed by TELR using simulated datasets suggested that
TELR produced high-quality local assemblies (see Supple-
mental Text; Supplementary Figures S13 and S14), and thus
can be reliably used to infer the sequence evolution of TEs
amplified in polyploid cell line genomes like S2R+.
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Using the sequences of full-length TE insertions iden-
tified by TELR, we designed a set of criteria to iden-
tify TE expansion events in S2R+ that arise from a sin-
gle source lineage. First, the TE expansion event should be
marked by a monophyletic clade. Second, the monophyletic
clade should include at least three post-tetraploid cell-line-
specific TE insertions. Third, monophyletic clade should
have at least 50% bootstrap support. Fourth, the propor-
tion of post-tetraploid cell-line-specific TE insertions (i.e.,
TE allele copy number equal to one) within the clade should
be equal to or higher than 20%. Finally, we only used TE
sequences in autosomes for this analysis, given that TE al-
lele copy number distribution in Chromosome X is differ-
ent from the autosomes presumably due to a LOH event
after tetraploidy (see above). Using these criteria, we an-

notated TE expansion events in the sequence phylogeny
for each of the 14 TE families that are enriched in S2R+
relative to A4 (Figure 4B). We identified a single expan-
sion clade for 1731, gypsy, gypsyl, mdg3 and Stalker2 (Fig-
ure 6; Supplementary Figure S12), suggesting that prolif-
eration of these TE families in the S2R+ cell line came
from a single source linecage. We also identified multiple ex-
pansion clades for jockey, Juan and 3S18 (Figure 6; Sup-
plementary Figure S12), suggesting multiple source lin-
eages contribute to the amplification of these TE families
in S2R+. Together, our results revealed that TE expansions
in S2R+ can be caused by single or multiple source lineages,
and that the pattern of source lineage activation in cell
culture is TE family-dependent (Figure 6; Supplementary
Figure S12).
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Figure 6. Amplification of TE families in the S2R+ genome can be driven by one or more source lineage. (A-D) Non-reference TE insertion sequences from
S2R+ and 11 inbred Drosophila fly strains were predicted and assembled by TELR. Only high-quality full-length TE sequences in normal recombination
autosomal regions were retained for this analysis (see Materials and Methods for details). TE sequences for each family were aligned using MAFFT (v7.487)
(66). The multiple sequence alignments were used as input in IQ-TREE (v2.1.4-beta) (68) to build unrooted trees for /731 (A), 297 (B), jockey (C) and Juan
(D) elements using maximum likelihood approach. The sample source and TE allele copy number were annotated in the sidebars. Blue shading indicates
a TE expansion event in S2R+ arising from a single source lineage based on the following criteria. (1) All sequences should form a monophyletic clade.
(2) The monophyletic clade should include at least three post-tetraploid cell-line-specific TE insertions. (3) The bootstrap support for the clade should be
equal to or higher than 50%. (4) The proportion of post-tetraploid cell-line-specific TE insertions (i.e. TE allele copy number equal to one) within the clade

should be equal to or higher than 20%.

DISCUSSION

Here, we report new long-read and linked-read sequence
data and develop a novel bioinformatics tool to study the
role of transposition during long-term in vitro evolution of
an animal cell line. Our finding that the complexities of
Drosophila S2R+ genome architecture preclude the ability
to accurately study TE content using long-read or linked-
read WGAs motivated the development of a novel WGA-
independent TE detection system called TELR that can
identify, locally assemble, and estimate allele frequency of
TEs from long-read sequence data.

Using the TELR system, we found a significantly higher
number of non-reference TEs in S2R+, a sub-line of the

Drosophila S2 cell line (17,39) compared to whole flies of
highly inbred strains from the DSPR project. Since TELR’s
false negative rates are higher in heterozygous samples with
higher ploidies (like S2R+) relative to homozygous diploid
samples (like those from the DSPR), the increased abun-
dance of TEs observed in S2R+ cells relative to whole flies is
unlikely to be caused by biases in TELR predictions. More-
over, our results using TELR predictions from PacBio se-
quences confirm related work in Drosophila cell lines based
on classical molecular techniques and short-read genome
sequences (18-20). The increased TE copy number we ob-
serve in S2R+ relative to wild type flies is contributed by
a subset of mainly LTR and a few non-LTR retrotranspo-
son families. Notably, TE families identified as enriched in
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S2R+ by TELR using long-read sequences were also de-
tected as having high activity at some point during the his-
tory of S2 cell line evolution in an independent analysis
of short-read sequences for multiple sub-lines of S2 cells
by Han et al. (14), providing cross-validation for both ap-
proaches. Future analysis of transcriptomic data could pro-
vide additional support for the activity of this subset of TE
families in the S2R+ genome. In addition, TELR predicted
that a significant proportion of the non-reference TE in-
sertions identified in S2R+ have a TE allele copy number
of one (see also (71)), which we interpreted as haplotype-
specific insertions that occurred after initial cell line estab-
lishment and subsequent tetraploidization (17). This inter-
pretation is consistent with the main conclusion from Han
et al. (14) that TE amplification in Drosophila S2 cells is an
ongoing, episodic process rather than being driven solely by
an initial burst of transposition during cell line establish-
ment.

Several WGA -independent bioinformatic methods in ad-
dition to TELR have recently been developed to detect non-
reference TEs using long reads (76-81). These methods use
a variety of strategies for TE detection and generate differ-
ent information for predicted non-reference TEs (Supple-
mentary Table S8). Importantly, none of these previously-
reported methods for TE detection using long reads can
estimate intra-sample TAF, a feature that we implemented
in TELR specifically to identify haplotype-specific TE in-
sertions and which enabled our analysis of post-tetraploid
transposition in S2R+. Furthermore, TELR is the only
WGA-independent long-read detection tool that outputs a
polished assembly of the TE locus, providing a high-quality
sequence of both the TE and its flanking regions. The pol-
ishing step in TELR is especially important to improve se-
quence quality when using long-read assemblers such as flye
(45) or wtdbg2 (46) that do not error correct reads prior
to the assembly step. High-quality sequences of predicted
TE insertions generated by TELR allowed us to show that
TE expansion in Drosophila cell culture could arise from a
single or multiple source lineages, providing the first gen-
eral insight into the sequence evolution of TE family ex-
pansions in an animal cell line. Further directions for im-
provement of the TELR system include investigation of the
causes of its relatively low recall rate in low coverage or
heterozygous samples, as well as implementation of a ‘de
novo’ non-reference TE detection mode that eliminates the
requirement for a user-supplied TE library. Future studies
will also reveal if the TELR system can yield related insights
into TE structure and evolution in complex heterozygous
or polyploid genomes found in many other animal cell lines
(8,9,82) or fungal and plant species (83,84), especially for
multi-gigabase genomes with complex TE biology.
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