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ABSTRACT

Cell culture systems are widely used in molecular biology, yet studies using cultured cells
suffer from irreproducible outcomes. One leading cause of irreproducible research comes from
the misidentification of cell lines. Genotyping protocols have been established to authenticate
human cell lines but are lacking for cell cultures derived from many important model species,
including Drosophila melanogaster. Irreproducible research on cell lines could also arise by
different mechanisms of genome evolution that are poorly understood, including copy number
changes, structural variations, and TE amplification. My work focuses on developing new
computational strategies to understand TE dynamics and evolution in the Drosophila cell
culture system.

First, I utilized the classical observation that TEs can somatically proliferate in
Drosophila cell culture to develop a novel framework that uses genome-wide TE insertion
profiles to identify cell line origin and reveals the relationship among different Drosophila
cell lines and sub-lines. Using this framework, I found that several Drosophila cell lines
(Sg4, mbn2, and OSS_E) were misidentified, and that a subset of LTR retrotransposons
is sufficient for cell line authentication. I also developed a short-read-based TE detection
approach called ngs_te_mapper2, which provided the first evidence that loss of heterozygosity

is a mechanism of shaping genome evolution and TE profiles in Drosophila cell culture.



Next, I used genome-wide TE profiles for multiple S2 sub-lines to understand whether TE
amplification in cell culture is due to an initial burst of transposition after cell line estab-
lishment or ongoing transposition during routine cell culture. My results provided strong
evidence for ongoing transposition model in cell culture and revealed extensive copy number
diversity among S2 sub-lines. This work suggests that TE and copy number variations could
lead to genomic changes in commonly used cell lines, which may significantly impact func-
tional studies.

Finally, I developed a long-read-based TE detection approach called TELR and applied
it to a tetraploid Drosophila cell line called S2R+4. My results revealed many TEs that
somatically inserted after S2R+ cells became tetraploid. Phylogenomic analysis of in wvitro
TE insertions also revealed that the TE amplification in cell culture could arise from a single
or multiple source lineages.

INDEX WORDS: Transposable element, Cell culture, Drosophila, Genome evolution,
Dissertations, Theses (academic)
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CHAPTER 1

INTRODUCTION

1.1 Drosophila CULTURED CELL LINES

1.1.1 CELL CULTURE

Cell culture refers to the process in which cells are removed from an animal or plant and
subsequently grown in a controlled condition outside of their native environment. After cells
are isolated from the tissue and start proliferating using appropriate substrate and nutrient
conditions, this is called primary cell culture. Cells during primary culture grow in a standard
pattern that starts with a slow growth rate (lag phase) and later proliferates in exponential
rate (log phase). Once cells fully cover the plate or their density exceeds the capacity of
the medium or substrate, then a fraction of the multiplying cells have to be passaged (also
referred to as subcultured) to a new environment for continued growth. Once the primary
cell culture is successfully passaged, it becomes a cell line. Cell lines derived from primary
cell culture are finite, meaning that they can only divide a limited number of times before
the proliferate is ceased by a genetic process called cellular senescence [45].

Compared to primary cell lines, a continuous cell line (also referred to as immortalized
cell line) is a permanently established cell culture which, due to spontaneous or artificially
induced mutation, can escape normal cellular senescence that constraints the cell cycle and
can proliferate indefinitely given appropriate fresh media and space [91]. As cultured cells
are passaged, cells with highest growth capacity predominate, which results in relatively
homogeneous genome content and eliminates almost all genomic and phenotypic variations

introduced by meiotic recombination in the whole flies. Using continuous cell lines allows



researchers to bypass ethical concerns associated with the use of animal or human tissues
[109]. These characteristics of continuous cell lines also allows researchers to utilize an unlim-
ited amount of effectively homogeneous cellular materials for long-term reproducible research
[70].

The first immortal human cell line is known as the “HeLa” cell line, which was derived
from cervical cancer cells obtained during the treatment of Henrietta Lacks in 1951 [211].
Since its establishment, it turned out to be highly durable and prolific and has become the
most widely used human cell line for biological and biomedical research. Nowadays, there are
more than 3600 cell lines from over 150 different species that are cataloged by the American
Type Culture Collection (ATCC) Cell Biology Collection [109]. Cell lines are now one of
the major tools used in cellular and molecular biology with over 1 million articles published
that use these in vitro systems. For example, cell lines become used as a model system to
study the physiology and biochemistry of cells, the effects of drugs or chemical compounds on
cells in biomedical research [24], and as cellular factories to manufacture valuable biological

compounds such as vaccines or therapeutic proteins [148].

1.1.2  Drosophila CELL LINES

Compared to mammalian cell culture, Drosophila cell lines offer several advantages for
biological and biomedical research. The molecular processes and biochemistry of many
Drosophila genes are well characterized and it has a smaller genome, which means the
cost of sequencing can be drastically reduced [144]. Research using Drosophila cell lines
has been made increasing useful with a variety of technologies, which include: 1) targeted
mutagenesis on Drosophila cell lines for genome-wide functional studies, which can be done
using transposons such as P element [99], RNAi [71, 169], or CRISPR/Cas9 system [21, 236];
2) transformation of in wvitro cultured Drosophila cells for the overproduction of specific
gene products (e.g., regulatory proteins or protein of commercial interest) [55]; and 3) using

Drosophila cell culture as testing system of transgenic constructs before making transgenic



fly strains for studying in vivo gene function and regulation [144]. The increased popularity
of Drosophila cell lines is primarily contributed by the Drosophila Genomics Resource Center
(DGRC) that hosts over 150 diverse Drosophila cell lines that are available to the public
[54, 144], and Model Organism Encyclopedia of DNA Elements (modENCODE) project,
which led to the creation of a large amount of high-quality genomics data on Drosophila cell
lines [48].

Now Drosophila cell lines can be made from primary cell culture [69, 213, 70] or from
stable transformation of existing cell lines [144]. The majority of Drosophila cell lines cur-
rently hosted in DGRC were originally established from D. melanogaster strains with dif-
ferent tissues of origin. The most widely used D. melanogaster cell lines include embryonic
Schneider Line 2 (S2) [213], embryonic Kc line [69] and imaginal disc lines from the Milner
lab [233, 61]. Other popular Drosophila cell lines include fGS/OSS line derived from bam
adult ovaries [177], the mbn2 line reportedly derived from tumorous blood cells [82], and the
larval central nervous system (CNS)-derived ML-BG3-c2 line [144].

The S2 line is one of the most widely-used non-mammalian cell culture systems. They
were derived from primary cultures of late-stage embryonic tissue from an unmarked stock
of Oregon-R flies in December 1969 [213]. Two other cell lines, S1 (August 1969) and S3
(February 1970) were established from the same ancestral fly stock [213]. Since the original
establishment of the S2 cell line, it has been distributed widely and grown more extensively
than S1 and S3 cells [129, 144]. S2 has also been stably transformed into different sub-lines
to produce large numbers of variants suitable for a variety of specialized purposes [144].
Transformed S2 cells that express GFP fusion proteins have been used to study protein
function in mitosis [200] to identify a set of proteins involved in actin dynamics during
lamella formation in Drosophila S2 cells [201]. Many sub-lines of S2 cells created by different
labs in the Drosophila community have been donated back to DGRC for maintenance and

distribution [144].



Several S2 sub-lines from DGRC have been extensively distributed and used by the
Drosophilacommunity. These include S2-DGRC, which were one of the isolates that are trans-
ferred from the Cherbas lab during DGRC establishment (see https://dgrc.bio.indiana.
edu/cells/S2Isolates); and S2-DRSC, which were donated by Norbert Perrimon, initially
used for RNAi-based screens at the Drosophila RNAi Screening Center (DRSC) and later
used by the modENCODE project [48]. Another one of the most widely used S2 sub-lines
is S2R+, which are reported to be derived from S2 cells and were frozen for over 25 years
[245]. S2R+ cells are distinct from other S2 cell sub-lines in that they express the Dirizzled-1
and Dfrizzled-2 membrane proteins and are more adherent to surfaces in tissue culture. This
unique characteristic of S2R+ contributes to its popularity among Drosophila community
and suggests the presence of genome evolution in S2 cell culture that affects cellular pheno-
types. Nowadays, S2R+ cells are increasingly used for high-throughput RNAi and CRISPR
screens, such as combining CRISPR and RNAI to identify highly reproducible and con-
served synthetic lethal interactions [96] and using genome-wide CRISPR knockout screen to
examine context-specific gene fitness [236]. In general, the relationship among different S2
sub-lines and the extent of their genomic or phenotypic diversity are unknown.

Extensive transcriptional and whole-genome data are available for many of the Drosophila
cell lines [48, 127, 253, 56, 241, 129, 228|, which complement genome-wide functional studies
and provide resources for genome biological research. Transcriptomic analyses based on
microarray and RNA-seq data on diverse panels of Drosophila cell lines revealed that different
Drosophila cell lines or even sub-lines within the same cell line have distinct expression pro-
files [127, 56, 241, 228]. Copy number analyses using WGS data on S2 and other Drosophila
cell lines revealed that a large portion of genome in Drosophila cultured cells are aneuploid

253, 129).


https://dgrc.bio.indiana.edu/cells/S2Isolates
https://dgrc.bio.indiana.edu/cells/S2Isolates

1.1.3 MISIDENTIFICATION ISSUE IN Drosophila CELL LINES

Despite continuous cell lines being widely used in biological and biomedical research, exper-
iments on cell lines often show non-reproducible outcomes. One primary source of irrepro-
ducible research on cell lines is cross-contamination or mislabelling, which can be collectively
referred to as “misidentification”. Since the establishment of the first continuous cell line in
the 1950s, more than 400 widely used cell lines have been reported to be misidentified, in
which HeLa is the most commonly misidentified line due to its popularity [46, 142].

Cell line cross-contamination happens when foreign cells or microorganisms are acciden-
tally introduced into the current cell culture environment [46]. With the ability to proliferate
rapidly, the foreign cell line could outcompete the current cell line and take over the culture
entirely within a few passages. The end results of cross-contamination is that cells with a
different type of the same species or from another species are unintentionally being used in
the study [62, 80, 176, 150, 97]. Another source of cell line misidentification is mislabelling
due to human errors, which could occur at any stage from cell line establishment, cell line
freezing, cell line distribution, to cell line cataloging. Both the issues of cross-contamination
and mislabeling require cost-effective and reliable cell line authentication protocols.

Substantial effort has been invested in raising awareness of cell line misidentification,
finding solutions for cell line authentication, and establishing good practice for using cell
lines in the research [98, 46, 142]. For human cell lines, the most widely used technique
to authenticate cell lines is short tandem repeat (STR) profiling [157, 17, 6], which has
limitations and can not eradicate the human cell line misidentification problem [183]. There
are other profiling-based approaches such as SNP profiling [248, 168]. However, alternative
approaches have yet to be adopted as standards to authenticate human cell lines. For most
non-human species, including Drosophila, cell line authentication protocols remain to be
established [144], which contributed to the lack of misidentified non-human cell line evidence
reported in ATCC. For Drosophila, the STR-based approach has not been used in part

because of the low mutation rate of STRs in fruit flies [214].



1.1.4 GENOME EVOLUTION IN LONG-TERM Drosophila CELL CULTURE

In addition to cell line misidentification, another issue of working with continuous cell
lines is that long-term cell culture may lead to genomic changes during routine passaging
[98]. Previous studies have shown that cell culture may exhibit aneuploidy or heteroploidy
[205, 79, 180, 13]. More recent studies using DNA sequencing approach have shown that
segmental aneuploidy and other structural variations are present in cell culture genomes
253, 166, 2, 129, 172, 24, 257, 256, 141]. These genomic changes can be explained by cells
undergoing crisis in the in vitro environment thus having to adapt to the selective pres-
sure of growing conditions by altering genomic content and evolving advantageous genotype
[129, 231]. Genome evolution in long-term cell culture could also lead to both genomic and
functional diversity among sub-lines of the same cell line [24, 141].

For Drosophila cell culture, S2 cells have undergone polyploidization after cell line estab-
lishment from a diploid lab strain [213], and display substantial small and large-scale seg-
mental aneuploidy in their polyploid genomes [253, 129]. S2 and other Drosophila cell lines
also exhibit a higher abundance of TEs compared to whole flies [189, 100, 193], with TE
families that are abundant in S2 being different from those amplified in other Drosophila
cell lines [70, 193, 88, 155]. These genome content changes in Drosophila cell lines com-
pared to whole flies suggest that Drosophila cultured cells may have different phenotypic
and functional properties compared to in vivo cells, which could impact the interpretability
and reproducibility of functional studies on animal cell culture. Therefore, it is crucial to

understand genome evolution in long-term Drosophila cell culture.

1.2 TRANSPOSABLE ELEMENT IN Drosophila CELL CULTURE

1.2.1 TYPES OF TRANSPOSABLE ELEMENT

Transposable elements (TEs) are DNA sequences that can mobilize and proliferate in the

genome through transposition. TEs were first discovered by Barbara McClintock in the maize



genome during the 1940s and 1950s [159]. They are found in almost all eukaryotic genomes at
significant proportions [59]. For example, more than 45% of the human genome [124] and 85%
of the maize genome [212] are made up of TEs. In general, TEs can be divided into two major
classes (Class I and Class II) based on their transposition mechanisms, and each major class
can be sub-categorized into multiple subclasses. TEs can also be classified as autonomous or
non-autonomous elements depending on whether they have open reading frames (ORFs) that
encode proteins required for transposition. Autonomous TEs can transpose independently,
while non-autonomous TEs rely on the machinery of autonomous TEs to mobilize in the
genome.

Class I TEs are also known as retrotransposons that transpose via RNA intermediate.
There are three major subclasses of retrotransposon: long terminal repeat (LTR) retrotrans-
posons, long interspersed elements (LINEs), and short interspersed elements (SINEs) [59].

Autonomous retrotransposons including LTR retrotransposons and LINEs have gag and
pol genes that are required for transposition. The RNA-intermediate-based transcription
mechanism used by retrotransposons was first demonstrated for the Tyl element in yeast
[36]. In order to transpose from one genome location to another, retrotransposons are first
transcribed into RNA intermediate by the RNA polymerase II. The gag and pol genes of
retrotransposon mRNAs are then translated into a protein in the cytoplasm. The protease
(PR) of the Pol polyprotein cleaves the peptide into integrase (IN) and reverse transcriptase
(RT) enzymes. The Gag protein forms the virus-like particle (VLP). The RT, retrotrans-
poson mRNA, and IN are then packaged into VLPs, in which the retrotransposon mRNA is
reverse transcribed into cDNA using RT. The VLP is then imported into the nucleus, where
the retrotransposon cDNA is incorporated into a new location in the genome with the help
of IN [64, 111, 90, 25]. This “copy-and-paste” transposition mechanism used by autonomous
retrotransposons allows them to quickly propagate in the eukaryotic genomes. The integra-
tion process of LTR retrotransposons involves having staggered strand transfer reactions in

the target location of the genome, which creates double-strand breaks with short gaps on



both sides of the integrated TE. The host cell would then repair the double-strand breaks
that gives rise to target site duplications (T'SDs) [59, 243, 174, 139]. For LTR elements, the
length of the T'SD sequence is typically fixed, TE family-specific and generally less than 10bp
[139].

Although both LTR retrotransposons and LINEs share similar core functional ORFs,
the LTR retrotransposons surround gag and pol genes with LTR sequences while LINEs do
not. The terminal repeat structure of LTR retrotransposons also allows homologous recom-
bination events between LTR sequences from the same isoform that result in formation of
solo-LTR element [237]. Some LTR retrotransposons, including gypsy and ZAM also include
an ORF to encode envelope (env)-like protein that allows virus particles to infect other
cells or organisms by horizontal gene transfer. There are two major superfamilies for LTR
retrotransposons: Ty3/gypsy and Tyl /copia. Both superfamilies occur in virtually all major
groups of eukaryotes [153]. The differences between Ty3/gypsy and Tyl /copia are largely on
the order of functional ORFs [59].

LINEs and SINEs together are often referred to as non-LTR retrotransposon as they do
not contain LTR sequences [38]. These non-LTR retrotransposons make up majority of TEs in
the human genome [124], in which LINE-1 (L1) is the most abundant family [223, 110, 222],
and is the only fully autonomous TEs that can actively transpose in the human genome
today. LINE elements, due to their transposition mechanism, are often present in a truncated
form on the 5’ end that result in TE losing the ability to transpose [143]. In the Drosophila
genome, at least 21% of LINE-like elements are full-length and potentially active [106]. SINEs
are non-autonomous elements that do not encode any functional proteins for transposition,
and they require LINEs to mobilize in the genome. Unlike LINEs, SINEs are not present in
Drosophila genome and thus will not be discussed further here. The transposition mechanism
of non-LTR retrotransposons is similar to LTR retrotransposons on using RNA intermediate
and reverse transcription. However, non-LTR retrotransposons use a process called target

primed reverse transcription (TPRT) to integrate new TE copies in the genome [89, 143].



Class II TEs are known as DNA transposons. A DNA transposon typically encodes a
single transposase gene [191], which is flanked by terminal inverted repeats (TIRs). The
transposase gene in autonomous DNA transposons is responsible for TE excision from its
original genome location and insertion into a new location. The majority of DNA transposons
that include TIRs use a “cut-and-paste” transposition mechanism [204] while some others
that lack TIRs (like Helitrons) use a different transposition mechanism [107]. The “cut-
and-paste” transposition starts with DNA transposons folding inward so that TIRs on both
sides of the transposase gene would bind together and dimerize. The TE is then cleaved and
excised from the original location then integrated into a new target site, creating a target
site duplication that flanks the inserted element. Although DNA transposons use a “cut-
and-paste” transposition mechanism, the copy number of TEs can still increase because the

donor sites can be regained from homologs or sister chromatids.

1.2.2 TES IN Drosophila melanogaster

Most TEs in the human genome are inactive or extinct (except for the L1 elements). However,
a significant portion of TEs in D. melanogaster genome are full length and potentially active
[38, 106, 19], which makes it an excellent model organism to study TE transposition activity
and regulation. LTR retrotransposon is the most abundant type of TE in D. melanogaster.
It makes up ~2.6% of the D. melanogaster euchromatin, which is more than the remaining
TE classes combined (0.9% for LINE-like elements and 0.3% for TIR elements) [106]. A
total of 128 TE families (60 families of LTR retrotransposons, 41 non-LTR retrotransposons,
and 24 DNA transposons) are present in D. melanogaster with over 5,390 instances in the
reference genome [29]. The majority of TEs are found in the non-coding regions [106, 115],
which could be explained by negative selection against TE insertions in functional coding
regions [106, 10, 60]. The distribution and dynamics of TEs could be different between lab
strains and natural populations [106]. For example, the P element is absent from many

lab strains, but it is abundant in natural populations due to an invasion in the mid-20th
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century [113, 8]. Unlike species such as Saccharomyces cerevisiae that have a large portion
of LTR retrotransposon as solo-LTRs, only a small portion of LTR retrotransposons in D.
melanogaster are solo-LTRs [106].

TE insertions are also highly polymorphic among individual flies [52], meaning that
a large amount of TEs insertions are not fixed in the population. Large number of de
novo TE insertions were previously reported in the deep-sequencing of inbred fly lines from
the Drosophila Genetic Reference Panel (DGRP) [139, 149, 60, 259]. The low frequency
of Drosophila TEs can be explained by multiple non-mutually exclusive models including
purifying selection model [84, 115, 60, 35], transposition burst model [27, 35], and ectopic
recombination model [170, 186]. Specialized tools have been developed to study population
dynamics of TE in D. melanogaster by identifying presence and absence of known reference
TEs and estimating their allele frequencies [77, 76].

TEs in D. melanogaster germline cells are tightly regulated by piRNA-mediated pathway
234, 41, 221]. piRNAs are derived from TE copies that accumulated in heterochromatic
regions called piRNA clusters [41]. In contrast, the retrotransposons in D. melanogaster
somatic cells are regulated by siRNA-mediated pathway [221]. siRNAs are generated from
Dcr2 cleavage of long dsRNA precursors derived from retrotransposons [206]. These cellular
pathways together with population genetic forces could determine the overall copy number
of TEs in the Drosophila genome.

TEs are major sources of genetic variation in D. melanogaster [19] and could impact
genome evolution. Even though a majority of TEs are considered to be either deleterious
or neutral [35], some insertions can be adaptive [115, 35]. The adaptive mechanism of TE
insertions could involve inactivating or duplicating genes, adding or removing regulatory
regions, introducing alternative splicing, and affecting nearby gene expression. TE insertions
were also detected in the mature transcript of genes in the sequenced D. melanogaster genome
from wild populations [140], suggesting that TE sequences could contribute to genetic novelty

and gene structure.
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1.2.3 TE AcTIVITY IN Drosophila CELL CULTURE

Previous studies have shown that TEs are amplified in the Drosophila cell culture relative to
whole flies [189, 100, 193]. The increase of TE abundance in the Drosophila cell culture was
first detected by Potter et al. 1979 and Ilyin et al. 1980 for multiple TE families using in-situ
hybridization approach. Recent study using next-generation sequencing (NGS) technique
detected between ~800 to ~3000 non-reference TE insertions among Drosophila cell lines,
with LTR retrotransposons making up the bulk of these new insertions [193]. In comparison,
only ~200 to ~1400 non-reference TE insertions can be detected among Drosophila lab
strains [193].

Potter et al. 1979 [189] found that the new TEs are in different locations compared to
the initial distribution of TEs in the fly strains where the cell culture was derived from,
providing evidence that the amplified TEs are due to new transposition instead of tandem
duplication in cell culture. The transposition-based TE amplification in cell culture could be
explained by a burst of transposition during the initial establishment of cell lines, by ongoing
TE insertions during long-term cell culture, or a combination of both processes [70].

Potter et al. 1979 suggested that the TE transposition rate in Drosophila cell culture
is uniform, favoring the ongoing TE transposition hypothesis. Later work using Southern
blotting suggested that TE copy number remains relatively stable in long-term Kc cell cul-
tures [105]. In contrast, TE copy number was observed to be amplified during the cell line
establishment [105, 63|, which favors the hypothesis that TE amplification occurred during
the initial period of the culture. Di Franco et al. 1992 contrasted the stability of TE pro-
files among sub-lines of one of the oldest Drosophila cell lines (Kc) [105] with elevated TE
abundance in a newly-established cell line (inb-c). The authors concluded that the increased
TE abundance in Drosophila cell lines resulted from a transposition burst during the estab-
lishment of a new cell line, with relative stasis thereafter. However, comparing old and new
cultures from different cell lines is not a definitive test of whether ongoing TE prolifera-

tion occurs during routine culture because of differences in the founder genotypes and cell
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type of independently established cell lines. More recently, Sytnikova et al. 2014 provided
evidence for transposition after initial cell line establishment in Drosophila by showing an
increase in abundance of the ZAM element in a continuously cultured sub-line of the OSS
cell line (OSS_C) relative to a putative frozen progenitor sub-line (OSS_E) [231]. This obser-
vation suggests that the TE transposition activity may not follow the early burst model.
However, the data from Sytnikova et al. 2014 also suggests that the OSS_E sub-line shares
more insertion with OSC lines than the OSS_C sub-line, requiring more investigation and
caution for data interpretation (the current understanding is that OSS_E sub-line is actually
a mislabeled version of the OSC line, see details in Chapter 2). Overall, there is a lack of
understanding on whether the amplification of TEs in the long-term Drosophila cell culture
is due to the initial burst of TEs during cell line establishment or ongoing transposition. If
the latter hypothesis is accurate, it would profoundly impact our understanding of cell cul-
ture genome evolution and functional studies using cell lines since genomic variations among
sub-lines could lead to phenotypic changes.

Previous studies also showed that TE families that are amplified in cell culture vary
among Drosophila cell lines and even sub-lines of the same cell line [70, 193], leading to
unique TE landscapes in different Drosophila cell lines and sub-lines [193]. In addition,
Sytnikova et al. 2014 [231] showed that sub-lines of the same cell line often share a higher
proportion of TE insertions relative to distinct cell lines and that some sub-lines of the same
cell line might have different TE landscape. These observations suggests that TE insertions
can potentially be used as markers to discriminate different cell lines established from distinct
D. melanogaster donor genotypes (e.g., S2 vs. Kc cells) and possibly also from the same
donor genotype, including divergent sub-lines of the same cell line (e.g., S2 vs. S2R+ cells)
(69, 213, 245]. Also, the TE insertion profiles can potentially be used to understand the

evolutionary relationship between different Drosophila cell lines or sub-lines.
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1.3 DETECTING TRANSPOSABLE ELEMENT IN Drosophila GENOME

As mentioned in Section 1.2.2, TE insertions are highly polymorphic among individual flies
[52]. The increased somatic transposition activity in Drosophila cell culture should create
more polymorphic loci that are not fixed in samples of cultured cells and are not present in the
reference genome (so called “non-reference” TEs). In order to comprehensively understand
TE distribution and transposition activity in Drosophila cell culture genome and test whether
polymorphic TEs provide sufficient signals for Drosophila cell line authentication, it is crucial
to accurately detect non-reference TEs in cultured cell lines.

Traditionally, TE content in Drosophila genome can be analyzed using experimental
approaches like Southern blotting [34], in-situ hybridization [52, 32, 33, 31] and PCR [170, 52].
These traditional approaches can only indirectly estimate the content of a particular TE
sequence [20]. In addition, techniques such as in-situ hybridization can not provide a high
resolution map of the insertion sites and may miss TEs in partial forms. The development
of NGS technologies enables detection of TEs in high sensitivity, specificity and resolution
[73].

In the NGS era, there are four main strategies for discovering and annotating TEs in a
given sample based on whether a whole-genome assembly (WGA) of the sample and a TE
library are being used. WGA refers to the computational process in which an organism’s
chromosomes are reconstructed from fragmented DNA reads. The TE library includes con-
sensus sequences of the active TE copies, often generated from a multiple sequence alignment
(MSA) of TE copies from the same TE family with slight variations due to accumulated
mutations. Some commonly used databases storing TE consensus sequences in eukaryotic
genomes include RepBase [15] and Dfam [242].

The first strategy uses sample’s WGA and a TE library, in which direct annotation
of known TE families can be done on the WGA. One of the most widely used tools is
RepeatMasker (http://www.repeatmasker.org/), which screens any input DNA sequences

for interspersed repeats and low complexity DNA sequences. RepeatMasker is often used


http://www.repeatmasker.org/

14

in combination with RepBase and Dfam to search for TE sequences that are homologous
to ones present in the database. It can also be used with a custom TE library with a
more species-specific focus such as for D. melanogaster (https://github.com/bergmanlab/
transposons). In addition, tools such as Assemblytics [173] and SVMU [51] can be used to
specifically detect non-reference insertions that are present in the sample genome but not in
the reference genome. The TE annotation performance using this strategy is dependent on
the availability and quality of the WGA and the sensitivity and specificity of the TE library.

The second strategy uses sample’s WGA but does not use a TE library, in which de novo
TE discovery using WGA can be done using tools such as RECON [16], RepeatScout [190],
RepeatModeler (http://www.repeatmasker.org/RepeatModeler/), and RepeatModeler2
[78]. Similar to the first strategy, comparison between sample’s WGA and a reference genome
assembly allows the detection of non-reference insertions.

The third strategy uses a TE library but does not use the sample’s WGA. An alignment-
based approach that involves aligning raw reads to the reference genome is typically used
in this strategy to detect non-reference TE insertion candidates. This strategy is commonly
adopted in many short-read- (Table 1.1) and long-read- (Table 1.2) based TE detection tools.

The fourth strategy does not rely on the target sample’s WGA or a TE library, in which de
novo TE discovery can be made directly from raw reads using tools such as RepeatExplorer
[178] and dnaPipeTE [85] on short-read data and RepLong on long-read data [87]. This
strategy allows the possibility of annotating and studying TEs when a genome lacks reliable
corresponding reference genome assemblies.

D. melanogaster has one of the best sequenced, assembled, and annotated eukaryotic
genomes [160] and has high quality curated TE library (https://github.com/bergmanlab/
transposons), which means the third strategy based on raw reads and a TE library can be
adopted for non-reference TE detection. Thus, here I only focus on methods that can detect
non-reference TEs using WGS and long-read data with a TE library and a reference genome

for D. melanogaster.
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Of all genome variants, TEs are one of the most challenging variants to detect from NGS
data due to its repetitive nature, which would often result in ambiguous read alignment
for reads that come from TE loci [73]. Due to challenges and the need to accurately detect
TEs from NGS data, many methods have been developed over the years [73, 175] (Table
1.1). However, gold standard methods are yet to be established, and detecting non-reference
TE insertions in NGS data remains an active research area. The development of long-read
sequencing technologies such as Pacbio and Nanopore probably alleviates some of the prob-
lems with ambiguous short read alignment to some extent since the raw reads could be long
enough to cover the entire TE breakpoint. Because the computational workflows differ, I

will separately discuss short-read-based and long-read-based TE detection approaches using

unassembled NGS data.

1.3.1 DETECTION OF NON-REFERENCE TES FROM SHORT READ WGS DATA

There are two main approaches for detecting non-reference TEs using WGS data, the first
approach is split-read-based and the second is discordant-read-pair-based [19, 73, 175]. The
current TE detection tools usually include either of the two approaches or use a combination
of both approaches in their workflows (Table 1.1). Important features from all short-read-
based non-reference TE detection tools have been summarized in Table 1.1.

The split-read-based approach utilizes reads that span the junctions between 5’ or 3’
end of non-reference TEs and unique flanking regions in the sample genome. A portion of
a junction read can be mapped to the unique region in the reference genome that flanks
the insertion breakpoint, while the remaining portion can be mapped to the TE library
(Figure 1.1A). Typically, there should be clusters of 5" and 3’ junction reads to serve as
TE-supporting reads for a non-reference TE insertion locus. In addition, clusters of junction
reads on 5’ and 3’ end should overlap, and the maximum overlap size should approximate
the size of the T'SD. This is usually the way to detect the precise breakpoint of insertion and

thus is important to be implemented in the TE detection algorithm. Several factors need to
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Figure 1.1: Main approaches for detecting non-reference TEs using WGS data.
Left panel: The split-read-based approach identifies insertion signal by finding reads that
partially map to unique region of reference genome and partially map to TE consensus
sequence. Non-reference TE insertion candidate locus can be identified if alignments of TE-
supporting reads on 5’ and 3’ end of TE are nearby each other. The small overlap between
5 and 3’ TE-supporting reads usually represent the TSD sequence, which can be used to
infer the precise insertion coordinate. Right panel: The discordant-read-pair-based approach
identifies insertion signal by finding read pairs in which one read can map to unique region
of reference genome while its mate maps to TE consensus sequence. This approach doesn’t
require split-mapping of a single read. However, it doesn’t allow the detection of TSD and
precise insertion coordinate.

be considered when using a split-read-based approach for TE detection. First, the aligners
should be able to partially align reads and generate a recognizable signature like CIGAR
strings that TE detection tools can parse. Most short-read-based TE detection tools use
BWA MEM [133] or bowtie [125], both of which can report split-mapped reads in CIGAR
string format. Second, the read length affects the sensitivity of this strategy. If the read size
is too small, the aligner may not confidently map different segments of a junction read to
the reference genome or TE, leading to ambiguous or false predictions.

The discordant-read-pair-based approach utilizes mate-paired short reads in which one

read maps to 5" or 3’ end of non-reference TEs while its mate mapping to unique flanking
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regions in the sample genome (Figure 1.1B). This approach does not require the aligners to
report split-mapped reads. However, detection of the TSD sequence and getting precise inser-
tion coordinates are difficult using discordant-read-pair-based approach due to the lack of
junction-read information. In some cases the insertion coordinate is estimated approximately
based on the median insert size [115].

Certain limitations need to be considered when using short-read-based non-reference TE
detection tools. First, the current methods skew toward more recent and non-nested TEs
that are in normal recombination regions with low overall repetitiveness [19]. Second, each
tool requires a unique set of software dependencies, has different and often non-standard
input and output format, and often lacks evaluations that are fair to other systems [73,
175]. Given that different species have wildly diverse TE structures and spectrum, it is
important to use TE detection tools that perform reliably on the genome of interested
species. Third, identifying non-reference TE insertions from NGS data is computationally
challenging, mainly because the short read size limits the ability to resolve the multi-mapping
situation and identify exact insertion or deletion breakpoints, resulting in a considerable
amount of false-positive and false-negative predictions. Ewing et al. 2015 and Nelson et
al. 2017 showed that a major portion of TE predictions is program-specific among several
somatic insertion detection methods [73]. Rahman et al. 2015 [193] used PCR to validate TE
predictions from TIDAL and revealed substantial false-positive rates. A previous study that
benchmark TE prediction tools on rice genome revealed precision on non-reference insertions
to be around 80-90% [235]. Finally, the size of short reads is generally much smaller than a
typical full-length TE insertion in D. melanogaster genome (6kb+), limiting the ability to

reconstruct non-reference TE insertion sequence [5, 188].

1.3.2 DETECTION OF NON-REFERENCE TES FROM LONG-READ SEQUENCING DATA

As mentioned in the previous section, short-read-based methods are cost-efficient for

detecting non-reference TEs from WGS data. However, the nature of short read means
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Table 1.1: Software for detecting non-reference TEs using WGS data. TAF refers to
whether the software reports TE allele frequency in the output file. Split-read and Read-pair
refer to the approaches used to predict non-reference TEs (see details in the main text).
Finally, Conda refers to whether the software is made available as a package in the conda
package management system.

Name of the tool TAF Split-read Read-pair Date Published Language Conda
PoPoolationTE ~ Yes  No Yes 1/26/12 Perl No
ngs_te_mapper No  Yes No 2/9/12 R No
TE-Locate No No Yes 9/12/12 Perl No
Retroseq Yes No Yes 2/1/13 Perl No
RelocaTE No  Yes No 6/1/13 Perl No
Grasper No No Yes 3/7/14 Java No
TIF No  Yes No 3/14/14 Perl No
TEMP Yes  Yes Yes 4/21/14 Perl No
Mobster Yes  Yes Yes 10/28/14 Java Yes
TE-Tracker No  No Yes 11/19/14 Perl No
Discord-retro No  Yes Yes 1/18/15 Python No
Tangram No  Yes Yes 2/12/15 C/C++ No
ITIS Yes  Yes Yes 3/5/15 Perl/R No
Jitterbug Yes No Yes 10/12/15 Python No
TIDAL No  Yes No 12/15/15 C/Perl/R/Bash No
SPLITREADER Yes  Yes No 6/3/16 Bash No
PoPoolationTE2  Yes  No Yes 8/2/16 Java No
TEPID Yes  Yes Yes 12/2/16 Python Yes
RelocaTE2 No  Yes Yes 1/26/17 Python Yes
TEFLON Yes No Yes 5/1/17 Python No
STEAK No  Yes Yes 8/21/17 C++ No
MELT Yes  Yes Yes 8/30/17 Java No
TEbreak Yes  Yes Yes 5/1/18 Python No
TranSurVeyor No  Yes Yes 11/16/18 C++ No
iMGEins Yes  Yes Yes 12/18/18 Java No
Trackposon Yes No Yes 1/3/19 Bash/R/Perl No
ERVcaller No  Yes Yes 3/21/19 Perl No
MGEfinder Yes  Yes No 12/17/19 Python No
TEMP2 Yes  Yes Yes 1/28/21 Perl No
TEFinder Yes No Yes 1/31/21 Bash No
xTEA Yes  Yes Yes 6/22/21 Python No

it is not sensitive for detecting full-length or complex TE insertions in D. melanogaster,

the size of which are typically much longer than what a single short read can cover. In
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comparison, long-read sequencing technologies such as Pacific Biosciences (PacBio) [158]
and Oxford Nanopore [11] can produce longer reads (>15kbp) that may cover the entire TE
insertions (typically less than 10kbp) plus their associated flanking genomic sequences in the
target genome. Long reads enable more accurate read alignment and assembly, thus provide
an opportunity for developing approaches that have higher sensitivity for non-reference TE
detection [68, 188, 167]. Indeed, recent studies in Drosophila have shown that 38% of TE
insertions in D. melanogaster chromosome arm 2L in A4 relative to ISO1 detected from
long-read-based approach are missed by short-read-based approach [51].

Currently, there are two main approaches for detecting non-reference TEs from long-read
data. The first approach is based on de novo WGA. WGA-based SV detection has been
demonstrated on an inbred D. melanogaster strain [51] and in human [4, 101, 232]. Tools
such as wtdbg2 [203] and Flye [117] can be used to produce de novo WGAs from long-read
data, the WGAs of sample genome and a reference genome can then be used as input to
specialized tools such as Assemblytics [173] and SVMU [51] to generate non-reference inser-
tion candidate based on WGA-to-reference comparison. However, identifying non-reference
TEs in diploid heterozygous genome using the WGA-based approach requires not only con-
tiguous but haplotype-resolved and complete representation of the sample genome [151],
which makes it impractical for polyploid heterozygous genomes like Drosophila cell culture.

The other approach is based on alignment of raw reads to the reference genome. The
insertion signal is generally picked up based on read split-mapping and abnormal coverage
[216, 151]. It is worth noting that the discordant-read-pair-based approach used in short-
read data does not apply in long-read data because long reads are single-ended. In addi-
tion, the high sequencing error rate of long reads need to be taken into consideration using
this alignment-based approach since it will affect both the alignment and SV calling steps.
Specialized methods have been developed to align long reads such as BLASR [49], Min-
imap2 [136], and NGMLR [216]. The identification of SVs from long-read sequencing data

can be done using methods such as Sniffles [216], SVIM [92], pbsv (https://github.com/
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PacificBiosciences/pbsv), cuteSV [104], and PBHoney [72]. Sniffles is one of the well-
recognized methods in this field, which can report low-frequency SVs and should be useful
for detecting polymorphic and mosaic variations like non-reference TEs in heterozygous
genomes.

Another important feature of long-read TE detection is the ability to output partial or
complete TE sequences. This can be done by 1) extracting soft-clipped sequences from TE-
supporting reads [68], 2) from WGA [167], or 3) from localized de novo assembly after SV
candidate is identified using an alignment-based approach [151, 161, 58]. The third option
should be particularly useful when the sample’s WGA is not available. The local contig
assembly may also resolve complex TE insertion events given that the assembled contig size
is much longer than a single read [151].

There are seven methods currently available that can detect non-reference TEs using
long-read data including LoRTE [68], TLDR [74], PALMER [258, 161], xTea [58], TTEMOLO
[167], TTEMOLO [167], rtMETL [103], and the workflow developed and used in Siudeja et al.
2021. A brief review on each of the seven methods is provided as follows (Table 1.2).

LoRTE [68] is one of the earliest tools that are capable of detecting polymorphic non-
reference TEs using Pacbio data. Its TE detection workflow includes two major stages. In
the first stage, sequences that flank each annotated TE on the 5" and 3’ sides in the reference
genome are extracted and aligned to raw reads. LoRTE then labels a reference TE insertion
as “present” if both 5" and 3’ flanks are uniquely mapped and a TE sequence can be found in
between both flanking sequence alignments. In the second stage, all reference TE sequences
identified in the first stage are removed in the raw reads. LoRTE then aligns TE consensus
sequences from a TE library to raw reads to identify non-reference TE insertions. If a read
can be aligned to the TE library, sequences that flank the aligned portion in the read are
extracted and aligned to the reference genome. If the gaps between two flanking sequence
alignments are less than 50bp, LoRTE then labels the gap region as candidate locus for

a non-reference TE insertion. Finally, all reads that support the same insertion event are
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clustered for final insertion calls. LoRTE has been demonstrated to work on Drosophila
datasets. However, it cannot predict TSD sequences, estimate TAF, and provide assembled
TE sequences that are essential features for studying TE dynamics and sequence evolution.
In addition, LoRTE performs the read alignment step on a single read basis using NCBI
BLAST+ [44], making the workflow inefficient for high coverage datasets.

TLDR [74] was designed to detect non-reference TE insertions and resolve full-length
insertion sequences from Nanopore data. The TE insertion signal is detected using a split-
read-based approach. The soft-clipped sequences from split-mapped reads are aligned to a TE
library to identify TE insertion candidate loci. Importantly, TLDR can reconstruct TE inser-
tion sequence from the consensus of multiple sequence alignment (MSA) of TE-supporting
reads. The consensus sequence is then refined through realignment of TE-supporting reads.
TLDR is also able to predict TSD and determine precise insertion coordinate. Unlike LoRTE,
TLDR is designed to focus on detecting TEs in the human genome and has not been tested
on Drosophila datasets. Also, TLDR does not provide TAF for the insertion.

PALMER [258, 161] was designed to detect non-reference L1 insertions in the human
genome from Pacbio and Nanopore reads. PALMER has a similar computational work-
flow compared to LoRTE but the former method includes more features. The raw-reads-
to-reference alignment and reference TE annotation are used as input to the PALMER
workflow. It first masks out reference TE sequences in the reads that can map to anno-
tated TEs in the reference genome. The remaining reads are aligned with a TE library to
identify putative insertion sequences. PALMER then searches hallmarks of human mobile
elements such as TSDs, transductions, and poly(A) tract sequences in the putative inser-
tion sequences. Finally, PALMER clusters TE-supporting reads for the final call, in which
a minimum number of supporting reads is required. Importantly, PALMER can report the
TSD sequence and reconstruct the TE consensus sequence from clustered and corrected raw
reads. Like TLDR, PALMER has not been tested on Drosophila datasets, and it does not

provide TAF for the insertion.
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xTea [58] was designed to identify TE insertions using data from multiple sequencing
technologies. The long-read mode of xTea detects non-reference TE insertion signals using
a split-read-based approach. For each TE candidate locus, xTea does local assembly on all
clipped reads around the estimated insertion site using wtdbg2 [203]. The 5" and 3’ flanking
sequences around the estimated insertion site in the reference genome are then aligned to
the assembled local contig to identify insertion sequences. Finally, each insertion sequence
is aligned to a TE library to annotate family information. The assembled local contig is
also realigned to the reference genome to refine the insertion site. xTea is designed to detect
TEs in human and has not been tested on Drosophila datasets. Also, xTea does not provide
polished assembly and estimate TAF for a predicted TE insertion.

TrEMOLO [167] uses both WGA-based and alignment-based approaches for non-
reference TE detection using long-read data. The WGA-based module in TrEMOLO uses
Assemblytics [173] to detect non-reference insertions by comparing sample’s WGA with
a reference genome assembly. The insertion sequences identified by Assemblytics are then
aligned to a TE library for identiying TE insertion candidates. The alignment-based module
in TrEMOLO then aligns raw reads to sample’s WGA using minimap2 [136] and detects
SVs using Sniffles [216]. Long insertion sequences detected by Sniffles are then aligned to
a TE library for detecting minor/heterozygous TE insertions. Importantly, TTEMOLO can
estimate TAF but it does not assemble the minor or heterozygous TE insertions.

rMETL [103] detects insertion signals using a split-read-based approach and clusters
split-mapped reads to identify insertion candidates. The clustered reads are then realigned
to a TE library for family annotation and final insertion call. rMETL is optimized to detect
TEs in human such as Alu, L1, and SVA elements and it has not been tested on Drosophila
datasets. Also, this tool does not estimate TAF or provide assembled sequences for each TE
insertion.

Finally, Siudeja et al, 2021 developed a workflow for detecting rare somatic transposition

events in the fly intestine (https://github.com/bardin-lab/somatic-transposition-fly-intestine)


https://github.com/bardin-lab/somatic-transposition-fly-intestine
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[1]. This workflow can detect somatic insertions that are fully contained within singleton
reads and can predict TSD sequence. The workflow has not been generalized to work for
other datasets in Drosophila. Also, it does not estimate TAF or provide assembled TE
sequences from reads that jointly support the insertion event.

All seven long-read-based TE detection methods mentioned above were developed with
specific research purposes (e.g., studying L1 elements in the human genome or somatic TEs
in Drosophila whole flies). As a result, different methods provide different sets of information
regarding the TE insertion event. Key features of all long-read-based TE detection methods
have been summarized in Table 1.2. In general, each tool may output one of three types of TE
sequences: (1) a soft-clipped sequence from one representative TE-supporting read (LoRTE),
(2) a consensus sequence from all reads that support a given insertion event (TLDR), or (3)
a TE sequence resulting from local-assembly of TE-supporting reads (xTea, PALMER).
Upon investigation, none of the currently available methods meet all following criteria: 1)
is compatible on Drosophila data or is species-agnostic, 2) can predict TSD sequence, 3)
provides assembled and polished TE sequence instead of soft-clipped sequences extracted
from one TE-supporting read, and 4) can estimate TAF. Thus, a generalized tool is needed
to meet all criteria described above to study the dynamics and sequence evolution of TEs in
complex heterozygous genomes like cell lines.

Some factors need to be considered when using or developing a long-read-based non-
reference TE detection approach, including 1) the sequence divergence between genomes
of the sample and reference. All currently available methods rely on a reference genome.
High divergence between sample and reference genomes could result in low TE prediction
performance using both WGA or an alignment-based approach; 2) the quality of the TE
library. All currently available methods rely on a TE library, which means the detection
sensitivity depends on whether the TE consensus sequences in the library can incorporate
the TE divergence in the sample genome; 3) method evaluation. Currently, there is no com-

prehensive evaluation framework that can benchmark the performance of non-reference TE



25

detection tools on heterozygous Drosophila data, which needs to be established; and 4) the
high per-base error rate of long reads. To achieve better sequence quality, strategies using pol-
ished assembly or consensus (PALMER, TLDR) are generally better than using unpolished

assembly (xTea) or clipped sequences from a single representative read (LoRTE).

1.4 DISSERTATION OUTLINE

The overall theme of this dissertation is to develop novel strategies to detect non-reference
transposable elements (TEs) in order to understand the dynamics and evolution of TEs in
Drosophila cell culture genomes.

In chapter 2, I leveraged the classical observation that TEs proliferate in cultured
Drosophila cells to demonstrate that genome-wide TE insertion profiles can reveal the iden-
tity and provenance of Drosophila cell lines. I identified multiple cases where TE profiles
clarify the origin of Drosophila cell lines (Sg4, mbn2, and OSS_E) relative to published
reports and provide evidence that insertions from only a subset of LTR retrotransposon
families are necessary to mark Drosophila cell line identity. I also developed a new bioin-
formatics approach to detect TE insertions and estimate intra-sample allele frequencies
in legacy WGS data (called ngs_te_mapper2), which revealed loss of heterozygosity as a
mechanism shaping the unique TE profiles that identify Drosophila cell lines. This work
contributes to the general understanding of the forces impacting metazoan genomes as they
evolve in cell culture and paves the way for high-throughput protocols that use TE insertions
to authenticate cell lines in Drosophila and other organisms (see details on the protocol
development in Appendix).

In chapter 3, I generated genome-wide TE profiles for 29 sub-lines of S2 cells from WGS
data to understand whether TE amplification in cell culture is due to an initial burst of
transposition after cell line establishment or ongoing transposition during routine cell cul-
ture. I showed that TE insertions provide abundant markers to reconstruct the evolutionary

history of S2 sub-lines, and that the major phylogenetic relationships among S2 sub-lines



26

inferred from TE insertions correlate with genome-wide copy number differences. The evo-
lutionary history of S2 built from TE profiles show that publicly available S2 sub-lines form
one monophyletic group including two major subgroups (A and B), and reveal no evidence
for widespread cross-contamination of available S2 cultures by other Drosophila cell lines.
Using ancestral state reconstruction, I inferred that TE insertion has occurred on all internal
branches of the S2 phylogeny, but that only a small subset of D. melanogaster TE families
have proliferated during S2 evolution, most of which are retrotransposons that do not encode
a retroviral envelope gene. Together, these results support the conclusions that TE inser-
tions provide useful markers of S2 sub-line identity and genome organization and that TE
proliferation in Drosophila somatic cell culture is an ongoing, cell-autonomous process that
does not result from ubiquitous deregulation of global transpositional control mechanisms.
In chapter 4, T used WGS data for the tetraploid Drosophila S2R+ cell line from long-
read and linked-read technologies to better understand the pattern and process of TE
proliferation in Drosophila cell culture. WGAs of S2R+ from long- or linked-read data
were highly fragmented relative to assembly of similar data from wild-type flies and gen-
erated variable estimates of TE content. In order to study TE sequence evolution without
depending on WGAs, I developed a novel bioinformatics tool called “TELR” that identi-
fies, locally assembles, and estimates allele frequency of TEs from long-read data (https:
//github.com/bergmanlab/telr). Application of TELR to a PacBio dataset for S2R+
revealed many haplotype-specific TE insertions that come from somatic transpositions after
tetraploidization of the S2 genome after initial establishment of S2 cell line. Local assemblies
from TELR also allowed phylogenetic analysis of paralogous TE copies within the S2R+
genome, which revealed that proliferation of different TE families in Drosophila cell lines
could be driven by single or multiple source lineages. Overall, this work provides a model for
the analysis of TEs in complex heterozygous or polyploid genomes that are not amenable to
WGA and yields new insights into the mechanisms of TE sequence evolution in animal cell

culture.


https://github.com/bergmanlab/telr
https://github.com/bergmanlab/telr
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CHAPTER 2

TRANSPOSABLE ELEMENT PROFILES REVEAL CELL LINE IDENTITY AND LOSS OF

HETEROZYGOSITY IN Drosophila CELL CULTURE!

IShunhua Han, Preston J Basting, Guilherme B Dias, Arthur Luhur, Andrew C Zelhof, and Casey
M Bergman, Transposable element profiles reveal cell line identity and loss of heterozygosity in
Drosophila cell culture, Genetics, 2021;, iyab113.

Reprinted here with permission of the publisher.
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2.1 ABSTRACT

Cell culture systems allow key insights into biological mechanisms yet suffer from irrepro-
ducible outcomes in part because of cross-contamination or mislabelling of cell lines. Cell
line misidentification can be mitigated by the use of genotyping protocols, which have been
developed for human cell lines but are lacking for many important model species. Here we
leverage the classical observation that transposable elements (TEs) proliferate in cultured
Drosophila cells to demonstrate that genome-wide TE insertion profiles can reveal the iden-
tity and provenance of Drosophila cell lines. We identify multiple cases where TE profiles
clarify the origin of Drosophila cell lines (Sg4, mbn2, and OSS_E) relative to published
reports, and also provide evidence that insertions from only a subset of LTR retrotrans-
poson families are necessary to mark Drosophila cell line identity. We also develop a new
bioinformatics approach to detect TE insertions and estimate intra-sample allele frequencies
in legacy whole-genome sequencing data (called “ngs_te_mapper2”), which revealed loss of
heterozygosity as a mechanism shaping the unique TE profiles that identify Drosophila cell
lines. Our work contributes to the general understanding of the forces impacting metazoan
genomes as they evolve in cell culture and paves the way for high-throughput protocols that

use TE insertions to authenticate cell lines in Drosophila and other organisms.

2.2 INTRODUCTION

Cultured cell lines play essential roles in biological research, providing model systems to
support discovery of basic molecular mechanisms and tools to produce biomolecules with
medical and industrial relevance. Despite their widespread use, experiments in cultured cells
often show non-reproducible outcomes, and increasing the rigor of cell-line based research
is a priority of both funders and journals alike [142]. One major source of irreproducible
research comes from mislabelling or cross-contamination of cell lines (collectively referred

to here as “misidentification”), resulting in cells of the wrong type or species being used in
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a particular study [62, 80, 176, 150, 97]. As such, substantial effort has been invested into
minimizing cell line misidentification through genotyping cell lines, cataloguing misidentified
lines, standardizing cell line nomenclature, and the use of research resource identifiers [157,
46, 17, 248, 12].

Starting with the first reports on the cell line misidentification problem, a variety of cyto-
logical and molecular techniques have been developed to authenticate mammalian cell lines
(62, 80, 179, 83, 157, 47]. These efforts culminated in development of short tandem repeats
(STRs) as a widely-used standard to authenticate human cell lines at the molecular level
[157, 17, 6]. STR-based authentication has mitigated — but not eradicated — the human cell
line misidentification problem, in part because of limitations in the stability, measurement,
and matching of STRs [183, 7, 248, 94]. More recently, alternative methods for genotyping
human cell lines based on single nucleotide polymorphisms (SNPs) have been developed
[47, 248, 138, 250, 168], but these methods have not yet been accepted as standards for cell
line authentication in humans [6].

For most species beside humans, cell line authentication standards and protocols remain
to be established [6]. For example, no protocols currently exist to authenticate cell lines
in the fruitfly Drosophila melanogaster, despite the existence of over 150 different cell lines
for this model animal system [144]. As such, no evidence of misidentified Drosophila cell
lines have been catalogued to date by the International Cell Line Authentication Committee
(v10, https://iclac.org/databases/cross-contaminations/). Development of cell line
identification protocols and standards for common model organisms like Drosophila is an
important goal for increasing rigor and reproducibility in bioscience. Achieving this goal for
a new species requires an understanding of the genome biology and cell line diversity of
that organism, and should ideally take advantage of powerful, cost-effective modern genomic
technologies.

Relative to humans, the STR mutation rate is low in D. melanogaster [214] and thus the

use of STRs for discriminating different Drosophila cell lines is likely to be limited. In con-
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trast, it is well-established that transposable element (TE) insertions are highly polymorphic
among individual flies [52], that TE abundance is elevated in Drosophila cell lines relative
to whole flies [189, 100, 193], and that TE families amplified in cell culture vary among
Drosophila cell lines [70, 193]. These properties suggest that TE insertions should be useful
markers to discriminate different cell lines established from distinct D. melanogaster donor
genotypes (e.g., S2 vs Kc cells) and possibly also from the same donor genotype, including
divergent sub-lines of the same cell line (e.g., S2 vs S2R+ cells) [69, 213, 245]. Indeed, pre-
vious studies have shown that D. melanogaster cell lines have unique TE landscapes, and
that sub-lines of the same cell line often share a higher proportion of TE insertions relative
to distinct cell lines [231, 193].

Here we show that Drosophila cell lines can successfully be clustered and identified on
the basis of their genome-wide TE profiles using a combination of publicly available paired-
end short-read whole genome sequencing (WGS) data from the modENCODE project [129]
and new WGS data for eight widely-used Drosophila cell lines. Our approach reveals the
first examples where the reported provenance of Drosophila cell lines — Sg4 [171] and mbn2
[82] — conflicts with identity inferred from genomic data. Importantly, our TE-based clus-
tering approach also allows us to identify which subset of TE families discriminate the most
widely used Drosophila cell lines, paving the way for development of PCR-based genotyping
protocols that can be used for cost-effective Drosophila cell line identification.

Additionally, we develop a new tool for detection of TEs in single-end WGS data (called
“ngs_te_mapper2”) and integrate our new data with legacy data [218, 231] to resolve the
history and provenance of the widely-used OSS and OSC ovarian cell lines [177, 208]. Using
TE-based clustering, we provide evidence that OSS and OSC cell lines can be discrimi-
nated on the basis of the ZAM retrotransposon family. We propose that the OSS_E sub-line
reported in Sytnikova et al. 2014 [231] approximates an ancestral state of the OSC cell line,
with contemporary OSC sub-lines having undergone loss of heterozgosity (LOH) in cell cul-

ture from an OSS_E-like state. Together, our results show that TE insertions are a powerful
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source of genetic markers that can be used for cell line authentication in Drosophila and that

LOH is an important mechanism driving Drosophila cell line genome evolution.

2.3 MATERIALS AND METHODS

2.3.1 (GENOME SEQUENCING

Public genome sequencing data for 26 samples of 18 Drosophila cell lines were obtained
from the modENCODE project [129]. Frozen stocks of eight additional samples from six
Drosophila cell lines (mbn2, Sg4, ML-DmBG3-c2, ML-DmBG2-¢2, OSS, and OSC) were
obtained from the Drosophila Genomics Resource Center (DGRC), the Gorski lab (Canada’s
Michael Smith Genome Sciences Centre, BC Cancer) and the Strand lab (University of
Georgia). DNA extractions were performed using Qiagen Blood and Tissue kit (Cat# 69504)
for the mbn2 sample from the Strand lab and using the Zymo-Quick kit (Cat# D4068) for all
other samples. Purified DNA was analyzed by Qubit and Fragment Analyzer to determine
the concentration and size distribution, respectively. Samples were normalized to the same
concentration before preparing libraries with the KAPA Hyper Prep Kit (Cat# KK8504).
During library prep, DNA was fragmented by acoustic shearing with Covaris E220 Evolution
before end repair and A-tailing. Single indices were ligated to DNA fragments. Libraries
were purified and cleaned with Solid Phase Reversible Immobilization (SPRI) beads before
PCR amplification. Final libraries underwent an additional round of bead cleanup before
being assessed by Qubit, qPCR (KAPA Library Quantification Kit Cat# KK4854), and
Fragment Analyzer. Libraries were then sequenced in paired-end 150bp mode on an Illumina
NextSeqb00 high output flowcell and demultiplexed using bcl2fastq. Metadata, sequencing
statistics, and SRA accession numbers for all cell line DNA-seq samples used in this study

can be found in Table 2.4.



32

2.3.2 DETECTION OF NON-REFERENCE TE INSERTIONS USING PAIRED-END SEQUENCING

DATA

Paired-end sequencing data from the modENCODE project [129] and our study was used
as input to seven methods designed to detect non-reference TE insertions in Drosophila [139,
115, 259, 116, 3, 249] using McClintock (revision 40863acf11052b18afbdcdcd7b1124ded8¢cha39T;
options: -m “trimgalore, popoolationte, popoolationte2, temp, temp2, teflon, ngs_te_mapper,
ngs_te_mapper2”) [175]. Additionally, we predicted non-reference TE insertions using a
version of TIDAL1.2 [193, 246] that was modified to output results in a format com-
patible with results from McClintock (https://github.com/bergmanlab/TIDAL, revision
2d110b17b3b287dbclceb67c¢87fe171d15095¢84). The reference genome for these analyses
was comprised of the major chromosome arms from the D. melanogaster dm6 assembly
(chr2L, chr2R, chr3L, chr3R, chr4, chrM, chrY, and chrX) and the TE library was the
Berkeley Drosophila Genome Project canonical TE dataset v10.1 (https://github.com/
bergmanlab/transposons/blob/master/releases/D_mel_transposon_sequence_set_
v10.1.fa; revision f94d53eal0b95¢9da99258ac2336¢ce18871768€9).

Paired-end samples analyzed here vary substantially in read length (50-151bp) and depth
of coverage (5X-136X) (Table 2.4). We chose not to normalize input datasets by downsam-
pling to the lowest read length and coverage to avoid reducing sensitivity of non-reference TE
detection methods for higher quality samples. Using complete samples allowed us to observe
that the number of non-reference TE predictions per sample (Table 2.5) showed a strong
dependence on read length (Figure 2.3) or coverage (Figure 2.4) for all methods besides
TEMP [259]. Thus, we used TEMP predictions with default McClintock filtering (retain
only 1pl predictions with >0.1 intra-sample allele frequency cutoff) for the global analysis
of the modENCODE-only and expanded (modENCODE plus new samples) datasets. To
resolve details of the relationship among mbn2 sub-lines, we used read length and coverage
normalized mbn2 samples with relaxed filtering criteria for TEMP predictions (retain all

1p1/2p/singlton predictions with no intra-sample allele frequency cutoff).


https://github.com/bergmanlab/transposons/blob/master/releases/D_mel_transposon_sequence_set_v10.1.fa
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2.3.3 DETECTION OF NON-REFERENCE TE INSERTIONS USING SINGLE-END SEQUENCING

DATA

Single-end sequencing data for OSS and OSC cell line samples from two previous studies
218, 231] and forward reads from our paired-end samples were used to predict non-reference
TE insertions using ngs_te_mapper2 (https://github.com/bergmanlab/ngs_te_mapper?)
in McClintock (revision 40863acf11052b18afb4cded7b1124de48cba397; options: -m “trimga-
lore, coverage, ngs_te_mapper2, map _reads”) [175]. ngs_te_mapper?2 is a re-implementation of
the non-reference TE detection method initially reported in Linheiro et al. 2012 [139] that
improves speed and sensitivity and has been extended to estimate TE allele frequency (see
Section 2.4.1 for details). Reference genome and TE library files used for McClintock runs
on single-end sequencing data were the same as used above for paired-end sequencing data.
Because ngs_te_mapper2 detection rates and allele frequency estimates are sensitive to read
length and depth of coverage (see Section 2.4.1), reads from single-end sequencing data and
the forward read of our paired-end sequencing data were normalized by trimming all reads
to 100bp using fastp (v0.20.1) [53] and downsampling to the lowest coverage sample (14X)
using seqtk (v1.3) [134].

2.3.4 CLASSIFICATION OF INTRA-SAMPLE TE INSERTION ALLELE FREQUENCY

To predict whether TE insertions within OSS and OSC cell line samples were heterozygous
or homozygous, we built a classifier that uses allele frequencies estimated by ngs_te_mapper2
from single-end sequencing data as input. A non-reference TE insertion was predicted to be
heterozygous if the intra-sample allele frequency estimated by ngs_te_mapper2 is between
0.25 to 0.75 and predicted to be homozygous if the intra-sample allele frequency is greater
than or equal to 0.95. TE insertions with intra-sample allele frequencies outside these ranges
were considered unclassified. The classifier was benchmarked using synthetic homozygous
and heterozygous WGS datasets created with wgsim (v0.3.1-r13) using the ISO1 (dm6) and
A4 (GCA_003401745.1) [51] genome assemblies as input. The classifier yields >91% precision


https://github.com/bergmanlab/ngs_te_mapper2
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using input from the results of ngs_te_mapper2 applied to the simulated datasets (see Section

2.4.1 for details).

2.3.5 IDENTIFICATION OF ORTHOLOGOUS TE INSERTIONS

Because positional resolution of non-reference TE predictions is inexact [175], we identified
a high-quality set of orthologous non-reference TE insertion loci as follows. Genome-wide
non-redundant BED files of non-reference TE predictions generated by McClintock were fil-
tered to exclude TEs in low recombination regions using boundaries defined by Cridland et
al. 2013 [60] 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 con-
tent which reduces the ability to predict non-reference TE insertions [29, 154]. We also
excluded INE-1 family from our analysis, as this family is reported to be inactive for mil-
lions of years [220, 238|. Non-reference TE predictions in high recombination from all samples
were then clustered into orthologous loci using BEDtools cluster (v2.26.0) enforcing predic-
tions within each cluster to be on the same strand (option -s) [192]. Orthologous loci were
then filtered using the following criteria: 1) retain only a single TE family per locus; 2) retain
only a single TE prediction per sample per locus; and 3) retain TE predictions only from
long-terminal repeat (LTR) retrotransposon, LINE-like retrotransposon or DNA transposon
families. For clustering of paired-end samples, we imposed the additional filtering require-

ment that all clusters include at least sample per locus with a TEMP 1p1 prediction.
2.3.6 CLUSTERING AND IDENTIFICATION OF CELL LINE SAMPLES USING TE INSERTION
PROFILES

Non-reference TE predictions at orthologous loci were then converted to a binary pres-

ence/absence matrix in order to cluster cell lines on the basis of their TE insertion profiles.
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Cell line clustering was performed using Dollo parsimony in PAUP (v4.0a168) [230]. Dollo
parsimony analyses were conducted using heuristic searches with 50 replicates. A hypothet-
ical ancestor carrying the assumed ancestral state for each locus (absence) was included as
a root in the analysis [23]. “DescribeTrees chgList=yes” option was used to assign character
state changes to branches in the tree. Node support for the most parsimonious tree was eval-
uated by integrating 100 bootstrap replicates generated by PAUP using SumTrees (v4.5.1)
[229].

Identification of a cell line sample was performed by adding its TE profile to a binary
presence/absence matrix of “primary replicates” of 22 non-redundant Drosophila cell line
samples and performing cell line clustering using the same approach mentioned above. A
phylogenetic tree of the 22 non-redundant primary Drosophila cell line samples was used as
a backbone topological constraint during a heuristic searches for the most parsimonious tree
that included one additional “secondary replicate”. Node support for the most parsimonious

tree was evaluated by integrating 100 bootstrap replicates without topological constraints.

2.3.7 B-ALLELE FREQUENCY AND COPY NUMBER ANALYSIS

BAM files generated by McClintock were used for variant calling using beftools (v1.9) [132].
Indels were excluded from variant calling, leaving only single-nucleotide polymorphisms
(SNPs) in the VCF file. For a given SNP, the B-allele frequency (BAF) was determined
as the coverage of reads supporting non-reference allele divided by total coverage at that
position using the DP4 field.

BAM files generated by McClintock were also used to generate copy number variant
(CNV) profiles for non-overlapping 10kb windows of the dm6 genome using Control-FREEC
(v11.6) [37]. Windows with less than 85% mappability were excluded from the analysis
based on mappability tracks generated by GEM (v1.315 beta) [65]. The baseline ploidy was
determined by normalized DNA read density of 10 kb windows following the method used

in Lee et al. 2014 [129]. The sex information was determined from relative read density
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between chromosome X and autosomes. The minimum and maximum expected value of the

GC content was set to be 0.3 and 0.45, respectively.

2.3.8 CLUSTERING OF CELL LINE SAMPLES BASED ON TRANSCRIPTOMES

Total RNA sequencing samples for 17 Drosophila cell lines with 100bp paired-end reads were
obtained from Stoiber et al. 2016 [228] and from the modENCODE D. melanogaster tran-
scriptome sequencing project [42]. SRA accession numbers for all cell line RNA-seq samples
used in this analysis can be found in Table 2.6. Transcript abundances for protein-coding
genes were quantified in unit of transcripts per million (TPM) using kallisto quant (v0.46.2)
[40] using the release 6.32 version of the D. melanogaster transcript coding sequences
corresponding to Ensembl genes from Ensembl release 103 (http://ftp.ensembl.org/
pub/release-103/fasta/drosophila_melanogaster/cds/Drosophila_melanogaster.

BDGP6.32.cds.all.fa.gz) [247]. Transcript-level abundance estimates were summarized
into gene-level abundance estimates using the release 6.32 version of the D. melanogaster gene
annotation from Ensembl release 103 (http://ftp.ensembl.org/pub/release-103/gtf/
drosophila_melanogaster/Drosophila_melanogaster.BDGP6.32.103.gtf.gz) using
tximport (v1.18.0) [225]. The summarized gene-level abundance matrix was log trans-
formed and visualized using the Rtsne package (v0.15) [120] with following parameters:

perplexity=1, theta=0.0, max_iter=5000, check_duplicates=FALSE.

2.4 RESULTS AND DISCUSSION

2.4.1 DESCRIPTION OF THE NGS_TE_MAPPER2 METHOD FOR DETECTING NON-REFERENCE

TE INSERTIONS IN SINGLE-END WHOLE GENOME SHOTGUN DATA

As is required by this study to resolve the history and provenance of the widely-used OSS
and OSC ovarian cell lines [177, 208], we developed a new tool (called “ngs_te_mapper2”) for
detecting transposable element (TE) insertions from single-end next-generation sequencing

(NGS) data and estimate intra-sample TE allele frequency. ngs te_mapper2 (https:
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//github.com/bergmanlab/ngs_te_mapper2) is a re-implementation of the method for
detecting non-reference TE insertions in single-end whole genome shotgun sequence data
initially reported in Linheiro et al. 2012 [139]. ngs_te_mapper2 uses a three-stage procedure
to annotate non-reference TEs as the span of target site duplication (TSD) (Figure 2.1),
following the annotation framework described in Bergman et al. 2012 [26]. In the first stage,
whole genome shotgun (WGS) reads are mapped to a library of TE sequences to identify
“junction reads” that span the start/end of TE and genomic flanking sequences are retained.
Such reads are often referred as “split reads”, although in reality these reads are not split in
the resequenced genome.

In the second stage, junction reads from each side of TE insertion identified in the first
stage are separately mapped to a reference genome that has been hard-masked with Repeat-
Masker (v4.0.7; http://www.repeatmasker.org/) using the same TE library from stage
one (Figure 2.1). Genome-wide coverage profiles are computed using samtools (v1.9) [137]
and genomic intervals with enriched coverage from junction read clusters on the 5 and 3’
side of TEs are annotated in bed format. Regions of overlap between intervals of junction
read clusters from the 5" and 3’ side of TEs in the resequenced genome define the locations
of TSDs for predicted non-reference TE insertions. The strand of non-reference TE predic-
tions is determined from the relative orientation of alignments of the junction reads to the
reference genome and TE library.

In the third stage, all reads from the original whole genome shotgun sequence data are
mapped against the same hard-masked reference genome as in stage two (Figure 2.1). This
additional mapping step is necessary to obtain all reads that span the TE-flank junctions, as
well as identify if any reads are present for the alternative “reference” haplotype that does not
carry the non-reference TE insertion. For each candidate non-reference TE insertion site, the
number of junction reads covering 5" and 3’ side of each candidate TE insertion are estimated
as the number of soft-clipped reads overlapping a 10bp window on the 5’ and 3’ side of the

TSD, respectively (Count,ynctionss and Countjynctions). The number of non-reference reads


https://github.com/bergmanlab/ngs_te_mapper2
https://github.com/bergmanlab/ngs_te_mapper2
http://www.repeatmasker.org/
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(County,pn—ref) is estimated as max(Count jynctions’, COUNtjynctions ). The number of reference
reads (Count,.s) is estimated as number of non-soft-clipped reads spanning the TSD with
at least 3bp extension on both sides of the TSD. The allele frequency for non-reference TEs

is heuristically estimated as Count,on—res/(Countypn—rer + Count,s).

2.4.2 EVALUATION OF NGS_TE_MAPPER2 PERFORMANCE

To evaluate the prediction performance of ngs_te_mapper2 and ngs_te_mapper under ideal
conditions (one homozygous non-reference TE insertion with a known location), we created
artificial ISO1 (dm6) genomes that each contain a single synthetic transposon insertion
from one of the 125 TE families (excluding INE-1) in the Berkeley Drosophila Genome
Project canonical TE dataset v10.1 (https://github.com/bergmanlab/transposons/
blob/master/releases/D_mel_transposon_sequence_set_v10.1.fa). Insertion sites
were selected at random in regions of normal recombination that were more than 500
bp from a reference TE in the D. melanogaster release 6.38 genome annotation (http:
//ftp.flybase.net/releases/FB2021_01/dmel_r6.38/gff/dmel-all-r6.38.gff.gz).
After selecting an insertions site, a bbp target site duplication was created and the full
length canonical TE sequences was inserted into an otherwise unmodified dm6 genome
sequence.

Ten synthetic genomes were created for each family in the D. melanogaster TE set,
excluding the inactive INFE-1 family, leading to total of 1250 synthetic genomes, each with
a single non-reference TE insertion. 625 synthetic genomes contained a non-reference TE
insertion of the TE canonical sequence (positive strand insertions), and 625 contained a
non-reference TE insertion of the reverse complement of the TE canonical sequence (negative
strand insertions). For each synthetic genome, 100bp paired-end reads were simulated at
14X, 25X, 50X, and 100X coverage using wgsim (v0.3.1-r13; -e 0.01 -d 500) [135]. The forward
reads of each simulated read pair, the unmodified dm6 reference genome, and the Berkeley

Drosophila Genome Project canonical TE dataset v10.1 were used as input for ngs_te_mapper


https://github.com/bergmanlab/transposons/blob/master/releases/D_mel_transposon_sequence_set_v10.1.fa
https://github.com/bergmanlab/transposons/blob/master/releases/D_mel_transposon_sequence_set_v10.1.fa
http://ftp.flybase.net/releases/FB2021_01/dmel_r6.38/gff/dmel-all-r6.38.gff.gz
http://ftp.flybase.net/releases/FB2021_01/dmel_r6.38/gff/dmel-all-r6.38.gff.gz
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Figure 2.1: ngs_te_mapper2 workflow for predicting non-reference TE insertions.
In the first stage, raw reads are mapped to the TE consensus sequences. Reads that partially
map to TEs are extracted as putative TE supporting reads. In the second stage, putative
TE supporting reads are mapped to reference genome that has been hard-masked with
RepeatMasker using input TE library. Non-reference TE insertion candidates are identified
if alignments of TE supporting reads on 5’ and 3’ end of TE overlap. In the third stage,
raw reads are mapped to unmodified reference genome for estimating intra-sample insertion
allele frequency. See details in Section 2.4.1.
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and ngs_te_mapper2 to detect non-reference TE insertions using McClintock (revision
40863acf11052b18afb4cded7b1124de48cbald97; options: -m ngs_te_mapper, ngs_te_mapper2).
Non-reference insertion predictions from ngs_te_mapper and ngs_te_mapper2 were considered
a true positive if they occurred within 5bp of the actual synthetic insertion location and
have the same TE family. Benchmark results under the single homozygous insertion scenario
are summarized in Table 2.1. Under ideal conditions, the recall for ngs_te_mapper2 is high
(>91.7%) and far exceeds that of ngs_te mapper for all coverage levels. Likewise, in this
idealized simulation setting the precision for ngs_te_mapper2 is >97.0% and the same as or

better than ngs_te_mapper at all coverage levels.

Table 2.1: ngs_te_mapper2 performance benchmark using single insertion syn-
thetic data. ngs_te_mapper [139] and ngs_te_mapper2 were benchmarked by creating single
synthetic TE insertions in the ISO1 (dm6) genome assembly, simulating reads from these
modified assemblies under different coverages, then generating insertion predictions using
unmodified assembly as reference genome and comparing predictions with expected inser-
tion annotations. 10 single synthetic insertion simulation experiments were performed for
each of the 125 TE families in D. melanogaster (excluding INE-1), making up 1250 total
simulations each with one synthetic insertion. “Total” represents the total number of predic-
tions from all 1250 experiments after filtering (see filtering criteria in Section 2.4.2). “True
Positives” and “False Positives” represent the number of predictions that match or don’t
match expected insertion annotations, respectively (see matching criteria in Section 2.4.2).
“False Negatives” represent the number of expected insertion annotations that are not pre-
dicted by the TE detection method. “Precision” represents the number of true positives
divided by total number of predictions. “Recall” represents the number of true positives
divided by total number of expected insertions (1250).

Method Coverage Total True Positives False Positives False Negatives Precision Recall
ngs_te_mapper 14 487 481 6 769 98.8% 38.5%
ngs_te_mapper 25 525 519 6 731 98.9% 41.5%
ngs_te_mapper o0 534 027 7 723 98.7% 42.2%
ngs_te_mapper 100 533 524 9 726 98.3% 41.9%
ngs_te_mapper2 14 1149 1146 3 104 99.7% 91.7%
ngs_te_mapper2 25 1181 1173 8 7 99.3% 93.8%
ngs_te_mapper2 50 1189 1174 15 76 98.7% 93.9%
ngs_te_mapper2 100 1211 1175 36 75 97.0% 94.0%

Simulation of single homozygous insertion in unique regions of the dm6 reference genome

provides a benchmark of ngs_te_mapper2 under ideal conditions, but does not incorporate the
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reality that TEs can insert into more complex regions of the genome, can exist in heterozy-
gous state and are multiple TEs are predicted simultantously in real samples. To model both
homozygous and heterozygous non-reference TE insertions and evaluate ngs_te_mapper2
under a more realistic setting, we created synthetic datasets using reads simulated from the
ISO1 (dm6) and A4 (GCA_003401745.1) [51] genome assemblies. In theory, a good predictor
should be able to accurately predict “non-reference” insertions that are present in genome
1 (e.g., ISO1) but absent from genome 2 (e.g., A4) using reads simulated from genome 1
mapped to genome 2. We therefore simulated 100bp synthetic paired-end sequencing data
from the ISO1 genome assembly under 14X, 25X, 50X, 100X coverages using wgsim (v0.3.1-
rl3; -e 0.01 -d 500) [135] to model homozygous insertions. Additionally, we simulated syn-
thetic paired-end sequencing data by combining equal numbers of reads from both ISO1 and
A4 genome assemblies to model heterozygous insertions. The synthetic datasets were used
as input to ngs_te_mapper2 to detect non-reference TE insertions using McClintock (revi-
sion 40863acf11052b18afb4cded7b1124de48cbald9d7; options: -m “trimgalore, ngs_te_mapper2,
map_reads” ). The A4 assembly was used as the reference genome and the Berkeley Drosophila
Genome Project canonical TE dataset v10.1 were used for these analyses.

As ground truth for evaluating ngs_te_mapper2 performance, curated TE annotations
from the release 6.38 version of D. melanogaster genome (http://ftp.flybase.net/
releases/FB2021_01/dmel_r6.38/gff/dmel-all-r6.38.gff.gz) were lifted over to A4
genome assembly. After excluding INE-1 insertions and TE insertions in low recombination
regions, 627 curated TEs in ISO1 could be lifted over to A4 on the basis of their flanking
regions. ngs_te_mapper2 predictions were considered true positives if the predicted TE
insertion coordinates were within a 5bp window of a lifted over ISO1 TE annotation and if
the predicted TE family was the same as the lifted over annotation. The final benchmark
results for ngs_te_mapper2 applied to simulated real genomes are summarized in Table 2.2.
Similar to single synthetic insertion simulations above, ngs_te_mapper2 has high precision

(>95.0%) at all coverage levels in simulations designed to model genome-wide TE prediction.


http://ftp.flybase.net/releases/FB2021_01/dmel_r6.38/gff/dmel-all-r6.38.gff.gz
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In contrast, recall for ngs_te_mapper2 under a more realistic setting was much lower than
in single synthetic insertion simulations, especially at low coverage levels, and was lower
for heterozygous insertions than homozygous insertions at all coverage levels. These results
indicate that the TE insertion predictions ngs_te_mapper2 makes are accurate but that the

method has an appreciable false negative rate on low coverage samples.

Table 2.2: ngs_te_mapper2 performance benchmark using genome-wide synthetic
data from ISO1 and A4 genome assemblies. Non-reference TE insertion predictions
made by ngs_te_mapper2 using the A4 genome assembly as reference were evaluated against
curated TE annotations in ISO1 lifted over to A4 coordinates (see Section 2.4.2 for details).
Zygosity represents whether simulated reads were generated from both ISO1 and A4 (het-
erozygous) or ISO1 only (homozygous). “True Positives” and “False Positives” represent the
number of predictions that match and doesn’t match with lifted over insertion annotations,
respectively. “False Negatives” represent the number of lifted over non-reference TE insertion
annotations that are not predicted by ngs_te_mapper2. “Precision” represents the number
of true positives divided by total number of predictions. “Recall” represents the number of
true positives divided by total number of lifted over non-reference TE insertion annotations.

Zygosity Coverage Total True positives False positives False negatives Precision Recall
heterozygous 14 346 336 10 285 97.1% 53.8%
heterozygous 25 424 412 12 209 97.2% 66.0%
heterozygous 50 476 462 14 159 97.1% 74.0%
heterozygous 100 482 464 18 157 96.3% 74.4%
homozygous 14 437 424 13 197 97.0% 67.9%
homozygous 25 473 461 12 160  97.5% 73.9%
homozygous 50 482 465 17 156 96.5% 74.5%
homozygous 100 516 490 26 131 95.0% 78.5%

2.4.3 EVALUATION OF A CLASSIFIER FOR PREDICTING HOMOZYGOUS OR HETEROZY-

GoUS TE INSERTION IN SINGLE-END WGS DATA

To fill a gap in tools available to analyze intra-sample TE allele frequencies in single-end
WGS data, we developed a classifier to determine whether a TE insertion predicted by
ngs_te_mapper2 is homozygous or heterozygous. Our model classifies a TE insertion as
homozygous if the intra-sample allele frequency is >0.95, as heterozygous if the allele fre-

quency is between 0.25 and 0.75, and is considered unclassified if neither of these conditions
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are met. To evaluate this approach we used ngs_te_mapper2 predictions made from the simu-
lated paired-end sequencing data generated from ISO1 and A4 genome assemblies described
in the previous section. We evaluated the classifier as follows: if the simulated reads were
generated from ISO1 only, then all all non-reference TE insertions were expected to be
homozygous and the precision was calculated as Countpomozygous / Countyy. If the simulated
data were a combination of reads from both ISO1 and A4, then all non-reference TE inser-
tions were expected to be heterozygous and the precision is Countpeterozygous / Countgy. The
final benchmark results were summarized in Table 2.3. Our classifier had >91.3% precision at
all coverage levels and never falsely classified a heterozygous TE insertions as homozygous,
and is thus conservative for the purposes of detecting loss of heterozygosity.

Table 2.3: Performance benchmark for intra-sample TE insertion zygosity classi-
fier. ngs_te_mapper2 predictions on synthetic data from ISO1 and A4 genome assemblies
were used as input for the classifier. Zygosity represents whether the simulated reads were
generated from both ISO1 and A4 (heterozygous) or ISO1 only (homozygous). Precision rep-

resents the proportion of predictions being correctly classified as heterozygous or homozygous
by the classifier.

Zygosity Coverage Total Homozygous count Heterozygous count Unclassified count Precision
heterozygous 14 346 0 326 20 94.2%
heterozygous 25 424 0 419 5 98.8%
heterozygous 50 476 0 473 3 99.4%
heterozygous 100 482 0 477 5 99.0%
homozygous 14 437 399 4 34 91.3%
homozygous 25 473 438 3 32 92.6%
homozygous 50 482 456 3 23 94.6%
homozygous 100 516 489 9 18 94.8%

2.4.4 CLUSTERING OF CELL LINES USING TE INSERTIONS REVEALS RARE CASES OF

MISMATCH WITH EXPECTED PROVENANCE

The development of ngs_te_mapper2 enabled us to identify TE insertions from WGS data for
cell line identification. We reasoned that TE insertions would be favorable genetic markers for

cell line identification in Drosophila because the joint processes of germline transposition in
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whole flies and somatic transposition in cell culture together would create unique TE profiles,
both for cell lines derived from distinct D. melanogaster donor genotypes and for sub-lines
of cells derived from the same original donor genotype (Figure 2.2). Furthermore, we posited
that shared presence or absence of TE insertions at orthologous loci would allow the identity

or similarity among cell line samples to be assessed based on a clustering approach.
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Figure 2.2: Germline and somatic transposition jointly can create unique TE pro-
files in Drosophila cell line genomes. A homologous pair of chromosomes is shown
for two donor fly genotypes used to establish two distinct cell lines. TE profiles initially
differ because transposition events in whole flies (grey arrowheads) are maintained at low
population frequencies by purifying selection [52]. After establishment of distinct cell lines,
ongoing transposition in cell culture (orange arrowheads) leads to increased TE abundance
relative to whole flies [189, 100, 193] and further differentiates TE profiles, both for distinct
cell lines derived from the same or different donor genotypes as well as for sub-lines of the
same cell line. Ultimately these processes lead to unique TE profiles that can identify cell
lines and allow them to be clustered based on shared presence or absence of TE insertions at
orthologous loci. The model depicts a simplified case of diploidy, when in reality cell culture
genomes can have complex genome structure due to polyploidy and segmental aneuploidy.

We initially investigated the possibility of TE-based cell line identification in Drosophila
using public genome sequences for 26 samples from 18 cell lines generated by the modEN-
CODE project [129] (Table 2.4). Paired-end Illumina WGS sequences were used to predict
non-reference TEs using TEMP [259], which showed the least dependence on read length
(Figure 2.3) or coverage (Figure 2.4) out of eight non-reference TE detection methods tested
on the data used in this study. We clustered cell lines on the basis of their TE profiles using

Dollo parsimony, which accounts for the virtually homoplasy-free nature of TE insertions
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within species [23, 194], the ancestral state of TE absence at individual loci [23] and false
negative predictions inherent in non-reference TE detection software [175, 198, 235]. Use
of Dollo parsimony for clustering cell line samples also allows ancestral states to be recon-
structed, facilitating inference of which TE families diagnostically identify individual cell
lines or groups of cell lines. We note that we do not attempt to interpret the clustering rela-
tionships among distinct cell lines in an evolutionary context, however our approach does
provide insight into the evolutionary history of clonally-evolving sub-lines established from

the same original cell line.
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Figure 2.3: Relationship between read length and number of non-reference TE
predictions for the expanded dataset of 34 Drosophila cell line samples. Each panel
represents predictions from one of the eight component methods designed for detection of TE
insertions in Drosophila that is included in McClintock. The X-axis represents read length in
base pairs (bp) and the Y-axis represents the number of non-reference TE predictions. The
best fit line and 95% CI were included using linear method. Pearson correlation coefficient
with p-values are shown on the top of each panel.

We predicted between 730 and 2579 non-reference TE insertions in euchromatic regions
of Drosophila cell line samples from the modENCODE project (Table 2.5). As reported
previously for human cancer cell lines [251], each Drosophila cell line sample had a unique
profile of TE insertions. The most parsimonious clustering of Drosophila cell lines using
TE profiles revealed several expected patterns that indicate TE insertions reliably mark the

identity of Drosophila cell lines (Figure 2.5A). First, replicate samples of the same cell line
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Table 2.4: Metadata and sequencing information for 34 paired-end whole genome
shotgun sequencing samples from 22 Drosophila cell lines used in this study.
Samples indicated by an asterisk were generated in the current study, while other samples
were generated by the modENCODE project [129]. Drosophila Genomics Resource Center
(DGRC) cell line names and stock identifiers are given for all cell line samples except two
mbn2 samples obtained from the Gorski lab (Canada’s Michael Smith Genome Sciences
Centre, BC Cancer) and the Strand lab (University of Georgia), respectively. For DGRC
cell lines, the donor lab represents the lab who donated the stock to the DGRC. Ancestral
genotypes represents the genotype of flies from which the cell lines were established. Inferred
ploidy represents the ploidy estimated by analyzing DNA density of whole genome data using
the method of Lee et al. 2014 [129]. Inferred sex represents the sex of the cell line inferred
by analyzing DNA density of whole genome data and analysis of sex determination gene
expression based on Lee et al. 2014 [129]. Coverage represents the average mapped depth
of coverage after quality and adaptor trimming. N.A. indicates that this information is not
available.

Cell line DGRC ID FlyBase ID Donor lab Lab origin Ancestral Inferred Inferred sex SRA Read  Coverage Primary
genotype ploidy length replicate
1182-4H DGRC-177 FBtc0000177 Debec Debec mh 2 female SRR497717 101 26.46 yes
CME-L1 DGRC-156 FBtc0000156 Cottam & Milner Milner Oregon-R 2 male SRR497712 101 62.17 yes
CME-W1-Cl.84 DGRC-151 FBtc0000151 Cottam & Milner Milner Oregon-R 2 male SRR612105 50 10.99 no
CME-W1-Cl.84+ DGRC-151 FBtc0000151 Cottam & Milner Milner Oregon-R 2 male SRR612106 50 10.05 no
CME-W1-Cl.8+ DGRC-151  FBtc0000151  Cottam & Milner Milner Oregon-R 2 male SRR497726 76 18.14 yes
CME-W2 DGRC-155  FBtc0000155  Cottam & Milner Milner Oregon-R 2 male SRR497730 76 31.15 yes
Kc167 DGRC-1 FBtc0000001 Cherbas Echalier e/se 4 female SRR612107 50 15.01 yes
Kcl67 DGRC-1 FBtc0000001 Cherbas Echalier e/se 4 female SRR612109 50 10.82 no
mbn2 DGRC-147 FBtc0000147 ‘Werner & Hultmark Gateff 1(2)mbn 4 male SRR497728 76 18.38 no
mbn2 (*) DGRC-147 FBtc0000147 Werner & Hultmark Gateff 1(2)mbn 4 male SRR13360020 151 112.69 yes
mbn2 (Gorski) (*) N.A. N.A. Gorski Gateff 1(2)mbn 4 male SRR13360019 151 130.60 no
mbn2 (Strand) (*) N.A. N.A. Strand Gateff 1(2)mbn 4 male SRR13360018 151 136.06 no
ML-DmBG2-c2 (¥*) DGRC-53 FBtc0000053  Ueda & Ui-Tei Miyake yiviflmalF! 2 male SRR13360022 151 127.03 yes
ML-DmBG3-c2 (¥*) DGRC-68 FBtc0000068  Ueda & Ui-Tei Miyake yivifimalF! 2 male SRR13360021 151 130.59 yes
ML-DmD16-c3 DGRC-97 FBtc0000097  Ueda & Ui-Tei Miyake yivifimalF! 4 female SRR497715 76 10.73 no
ML-DmD16-c3 DGRC-97 FBtc0000097  Ueda & Ui-Tei Miyake yivifimalF! 4 female SRR497710 101 48.55 yes
ML-DmD17-c3 DGRC-107  FBtc0000107  Ueda & Ui-Tei Miyake yiviflmalF! 4 female SRR497725 101 55.02 yes
ML-DmD20-c2 DGRC-109  FBtc0000109  Ueda & Ui-Tei Miyake yivifimalF?! 2 male SRR497724 76 26.93 yes
ML-DmD20-c5 DGRC-112  FBtc0000112  Ueda & Ui-Tei Miyake yivifimalF?! 2 male SRR497718 76 6.24 no
ML-DmD20-c5 DGRC-112  FBtc0000112  Ueda & Ui-Tei Miyake yivliflmalFl 2 male SRR497723 101 15.42 yes
ML-DmD4-c1 DGRC-126  FBtc0000126  Ueda & Ui-Tei Miyake yiviflmalF! 2 male SRR497716 76 34.62 yes
ML-DmD8 DGRC-92 FBtc0000092  Ueda & Ui-Tei Miyake yiviflmalF! 2 female SRR497729 76 29.34 yes
ML-DmD9 DGRC-85 FBtc0000085  Ueda & Ui-Tei Miyake yivifimalF! 4 female SRR497714 76 8.89 no
ML-DmD9 DGRC-85 FBtc0000085  Ueda & Ui-Tei Miyake yivittmalF?! 4 female SRR497711 101 40.28 yes
OSC (*) DGRC-288 FBtc0000288 Saito & Siomi Niki w1118 2 female SRR13360016 151 131.31 yes
0SS (*) DGRC-190  FBtc0000190  Niki Niki wll18 2 female SRR13360017 151 117.27 yes
S1 DGRC-9 FBtc0000009 Cherbas Schneider Oregon-R 2 male SRR497713 76 30.39 yes
S2-DRSC DGRC-181 FBtc0000181 Perrimon & Mathey-Prevot Schneider Oregon-R 4 male SRR612111 50 15.45 no
S2-DRSC DGRC-181 FBtc0000181 Perrimon & Mathey-Prevot Schneider Oregon-R 4 male SRR612112 50 22.10 yes
S2R+ DGRC-150 FBtc0000150 ‘Wheeler Schneider Oregon-R 4 male SRR497722 76 5.32 no
S2R+ DGRC-150 FBtc0000150 ‘Wheeler Schneider Oregon-R 4 male SRR497719 101 10.66 yes
S3 DGRC-5 FBtc0000005 Cherbas Schneider Oregon-R 4 male SRR497721 101 14.99 yes
Sg4 DGRC-179 FBtc0000179 Pirrotta Schneider Oregon-R 4 male SRR497720 101 26.91 no
Sgd (*) DGRC-179 FBtc0000179 Pirrotta Schneider Oregon-R 4 male SRR13360015 151 131.41 yes

cluster most closely with one another with 100% bootstrap support in all seven cases where
data is available (S2, S2R+, CME-W1-Cl.8+, ML-DmD9, ML-DmD16-c3, ML-DmD20-c5,

and Kc167). Second, different cell lines created in the same lab (presumably from the same
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Figure 2.4: Relationship between average genome coverage and number of non-
reference TE predictions for the expanded dataset of 34 Drosophila cell line sam-
ples. Each panel represents predictions from one of the eight component methods designed
for detection of TE insertions in Drosophila that is included in McClintock. The X-axis rep-
resents the average genome coverage computed by McClintock and the Y-axis represents the
number of non-reference TE predictions. The best fit line and 95% CI were included using
linear method. Pearson correlation coefficient with p-values are shown on the top of each
panel.

ancestral fly genotype) cluster with each other before they cluster with cell lines generated
in other labs, or with cells lines having different ancestral genotypes. Third, we observe
that divergent sub-lineages of the same cell line (i.e., S2 and S2R+) cluster closely together
213, 245]. We also find weak evidence for clustering of cell lines generated in different labs
(Schneider, Milner) that are derived from the same putative ancestral fly stock (Oregon-
R). However, we caution against over-interpretation of this result, given previous reports
for substantial genetic diversity among common lab stocks like Oregon-R [193, 227]. Also,
cell lines derived from the Schneider and Milner labs have distinct B-allele frequency (BAF)
profiles, suggesting different ancestral Oregon-R genotypes (Figure 2.6B).

Overall, clustering patterns based on TE profiles suggest that misidentification is rare

among the panel of cell lines sequenced by modENCODE. However, we observed two cases
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Table 2.5: Summary of predictions generated by eight non-reference TE insertion
detection methods for 34 Drosophila cell line samples. Numbers of non-reference TE
insertion predictions are based on default settings for TIDAL [193, 246] and default McClin-
tock [175] settings for all other methods. INE-1 and non-reference TE insertion predictions
in low recombination regions were excluded from all methods. New sequence data from this
study are indicated by asterisks.

Cell line SRA TEMP TEMP2 PoPoolationTE PoPoolationTE2 TEFLoN ngs_te_mapper ngs_te_mapper2 TIDAL
1182-4H SRR497717 1084 1192 790 476 887 185 956 1096
CME-L1 SRR497712 951 1013 1118 600 957 237 909 1208
CME-W1-Cl.8+ SRR612105 841 1370 40 152 100 0 1 1125
CME-W1-CL.8+ SRR612106 915 1418 37 192 68 0 0 1083
CME-W1-CL.8+ SRR497726 1398 1448 776 594 889 83 599 1010
CME-W2 SRR497730 1559 1578 1516 845 1203 163 892 1345
Kcl67 SRR612107 939 1498 136 309 209 0 0 1323
Kcl67 SRR612109 856 1432 91 266 88 0 0 1119
mbn2 SRR497728 1931 2209 781 623 1097 7 751 1318
mbn2 (¥*) SRR13360020 1933 446 1643 1568 2415 365 2344 2931
mbn2 (Gorski) (¥) SRR13360019 2194 639 1714 2000 2551 366 2551 3169
mbn2 (Strand) (*) SRR13360018 1979 740 1459 1581 2423 368 2299 2862
ML-DmBG2-c2 (*¥*) SRR13360022 979 355 501 708 981 143 960 1169
ML-DmBG3-c2 (*) SRR13360021 730 241 736 782 1028 196 988 1350
ML-DmD16-¢3 SRR497715 995 1105 37 365 446 57 257 410
ML-DmD16-¢3 SRR497710 1077 1115 1056 611 973 197 832 1154
ML-DmD17-¢3 SRR497725 1737 1685 1539 780 1501 196 1416 1761
ML-DmD20-c2 SRR497724 1293 1379 958 699 864 89 566 973
ML-DmD20-c5 SRR497718 904 1155 65 195 306 30 141 225
ML-DmD20-c5 SRR497723 924 1282 520 374 729 114 720 797
ML-DmD4-c1 SRR497716 897 994 866 588 764 92 545 863
ML-DmDS8 SRR497729 928 1057 783 596 685 80 476 805
ML-DmD9 SRR497714 1160 1376 126 283 416 34 252 354
ML-DmD9 SRR497711 1346 1468 1240 564 1133 184 1143 1444
OSC (*) SRR13360016 1357 607 596 964 1312 327 1370 1764
0SS (%) SRR13360017 2579 580 1188 1640 2285 308 2506 2868
S1 SRR497713 1569 1627 1057 763 1169 165 835 1290
S2-DRSC SRR612111 1608 2368 263 447 451 0 0 1874
S2-DRSC SRR612112 2174 2575 534 609 604 0 0 1888
S2R+ SRR497722 1480 1954 78 219 357 26 225 313
S2R+ SRR497719 1554 2362 429 353 969 145 1179 1114
S3 SRR497721 1486 2036 895 509 1147 359 1338 1482
Sg4 SRR497720 2022 2418 1692 823 1719 497 1864 2165
Sg4 (*) SRR13360015 1883 881 1275 1579 2421 774 2519 2844

where the similarity of cell lines based on genome-wide TE profiles conflicted with expec-
tations based on reported provenance. First, we unexpectedly found that the Sg4 cell line
(originally called Sf4 by its maker Donna Arndt-Jovin) clusters most closely with S3 cells,
although the DGRC and FlyBase currently consider Sg4 to be a variant of S2 cells (http://
flybase.org/reports/FBrf0205934.html; http://flybase.org/reports/FBtc0000179;
https://dgrc.bio.indiana.edu/cells/S2Isolates). More strikingly, we also observed
that the mbn2 cell line originally reported by Gateff et al. 1980 [82] to be derived from

the 1(2)mbn stock was placed inside a well-supported cluster containing cell lines (S1, S2,
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Figure 2.5: TE insertion profiles cluster Drosophila cell lines by lab origin and
reveal unexpected placement of the Sg4 and mbn2 cell lines. (A) Clustering of
Drosophila cell line samples from the modENCODE project was constructed using Dollo
parsimony based on non-reference TE insertions. Samples are colorized by the lab origin
based on the first publication reporting the original variant of the cell line. Ancestral genotype
is based on the D. melanogaster stock reported to create the original variant of the cell line.
(B) t-SNE visualization of 15 Drosophila cell line samples using transcriptomic data in
Stoiber et al. 2016 [228]. Samples are colorized by the lab origin of cell lines. (C) Key events
in the history of the Sg4 cell line creation and distribution. (D) Key events in the history
of the mbn2 cell line distribution. Node labels in panels C and D represent timepoints in
the past that potential cell line misidentification events could have occurred. (E) Clustering
of Drosophila cell line samples from the modENCODE project plus new data reported here
(indicated by asterisks in panel E) was constructed using Dollo parsimony based on non-
reference TE insertions. Numbers beside nodes in panels A and E indicate percent support
based on 100 bootstrap replicates. Red boxes in panel E highlight cases where the reported
provenance of Drosophila cell lines conflicts with identity inferred from genomic data.

S2R+, S3, Sg4) generated by Schneider et al. 1972 [213] from an Oregon-R stock. Our clus-

tering of mbn2 cells inside the Schneider cell clade is consistent with a previously unexplained
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Figure 2.6: Copy number and B-allele frequency profiles for the expanded dataset
of 34 Drosophila cell line samples. (A) Dollo parsimony tree of 34 Drosophila cell lines
samples (including replicates and sub-lines) based on non-reference TE predictions. Node
labels indicate support for each clade based on 100 bootstrap replicates. New sequence data
from this study are indicated by asterisks. (B) B-allele frequency profiles for Drosophila
cell lines on major chromosome arms. For a given SNP, the B-allele frequency (BAF) was
determined as the coverage of reads supporting non-reference allele divided by total coverage
at that position. SNPs in low recombination regions are plotted in grey. (C) Copy number
profiles for Drosophila cell lines on major chromosome arms. Each data point represents nor-
malized copy number (ratio*ploidy) for a given 10kb window estimated by Control-FREEC
[37]. Data points for each window are colorized by CNV status (red: CNV gain; green: no
CNV; blue: CNV loss), which are based on the comparison between normalized copy number
for that window and baseline ploidy for the chromosome arm. Black boxes in panel C high-
light regions where Sg4 and S3 cell lines share the same copy number gains that are not
shared in other cell samples. Low recombination regions are shaded in grey.
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observation that mbn2 cells share an unexpectedly high proportion of TE insertions with
both S2 and S2R+ cells [193].

(Clarification of the provenance of the Sg4 and mbn2 cell lines used by modENCODE
is important since many functional genomics resources were generated for these cell lines
[202] and over 125 publications involving these cell lines are curated in FlyBase [126]. To
cross-validate genomic clustering based on TE profiles and to assess potential functional sim-
ilarity between Sg4<+S3 and mbn24+S2 cell lines, we clustered cell lines on the basis of their
transcriptomes. Transcriptome-based clustering should reveal similarities among cell types
rather than genotypes, and thus is not expected to globally match our TE insertion based
clustering. However, both cell type and genotype clustering should support the similarity of
pairs of cell lines that are derived from a common ancestral cell line.

Previous transcriptome-based clustering of cell lines based on early whole-genome tiling
microarray datasets from the modENCODE project did not reveal similarities among Sg4
and S3 or mbn2 and S2 [56], however clustering of small RNA-seq data did reveal similarities
among these cell lines [241]. Using a consistent batch of poly-A RNA-seq samples from a
panel of 15 DGRC cells lines with genome data [228] (Table 2.6), we estimated expression
levels for protein-coding genes then used T-distributed Stochastic Neighbor Embedding (t-
SNE) dimensionality reduction [147, 146] to visualize similarity of cell lines based on their
gene expression profiles. This analysis revealed that gene expression profiles based on tran-
scriptome data support the clustering of Sg4 with S3 and mbn2 with S2 (Figure 2.5B).
Transcriptome-based clustering of Sg4 with S3 and mbn2 with S2 is also observed in a dif-
ferent batch of RNA-seq samples generated independently by the modENCODE project
[42] (Figure 2.7, Table 2.6). These results provide replicated transcriptomic support for the
clustering of Sg4<+S3 and mbn2<+S2 cell lines revealed by TE profiles, and also highlight

functional similarities between these pairs of cell lines.
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Table 2.6: Summary of transcriptome data for Drosophila cell lines analyzed in
this study. Samples are from two consistent batches of RNA-seq experiments performed on
DGRC cell lines with genome data. The first batch is poly-A RNA-seq samples from Stoiber
et al. 2016 [228] (PRIJNA306537) and the other batch is total RNA-seq samples from Brown
et al. 2014 [42] (PRJINAT75285). All samples have 100bp paired end reads.

Cell_line SRA Study_accession Gigabases
1182-4H SRR1197409 PRJNAT75285 10.0
1182-4H SRR3038250 PRJNA306537 3.7
CME-L1 SRR1197410 PRJNAT75285 10.8
CME-L1 SRR3038125 PRJNA306537 4.4
CME-W1-Cl.8+ SRR3038123 PRJNA306537 3.1
CME-W2 SRR1197407 PRJNAT75285 10.9
CME-W2 SRR3038127 PRJNA306537 2.6
Kcl67 SRR1197456 PRJNA75285 11.6
Kcl67 SRR3040509 PRJNA306537 3.4
mbn2 SRR1197406 PRJNAT75285 9.3
mbn2 SRR3040560 PRJNA306537 2.7
ML-DmD16-c3 ~ SRR1197401 PRJNAT75285 10.1
ML-DmD17-c3  SRR3041988 PRJNA306537 1.8
ML-DmD20-¢c5 SRR1197396 PRJNAT75285 10.4
ML-DmD20-¢5  SRR3042157 PRJNA306537 2.8
ML-DmD4-c1 SRR1197397 PRJNAT75285 10.3
ML-DmD4-c1 SRR3042204 PRJNA306537 2.7
ML-DmDS8 SRR1197284 PRJNAT75285 8.0
ML-DmDS8 SRR3042539 PRJNA306537 4.3
ML-DmD9 SRR1197283 PRJNAT75285 10.3
ML-DmD9 SRR3042543 PRJNA306537 3.4
S1 SRR1197281 PRJNA75285 8.8
S1 SRR3042563 PRJNA306537 3.4
S2-DRSC SRR1197282 PRJNAT75285 9.6
S2-DRSC SRR3042565 PRJNA306537 3.1
S2R+ SRR1197280 PRJNAT75285 9.0
S3 SRR1197277 PRJNAT75285 8.9
S3 SRR3042571 PRJNA306537 3.8
Sg4 SRR1197278 PRJNAT75285 8.8
Sg4 SRR3042573 PRJNA306537 4.9
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Figure 2.7: t-SNE visualization of 15 Drosophila cell lines using total RNA-seq
data from [42]. t-SNE visualization was produced with perplexity=1. Samples are colorized
by the lab origin of cell lines.

2.4.5 TE PROFILES HELP RESOLVE THE PROVENANCE OF THE SG4 AND MBN2 CELL

LINES

To better understand the cause of the surprising patterns of clustering for the Sg4 and mbn2
cell lines in the modeENCODE data, we generated paired-end Illumina WGS sequences for
additional samples of Sg4 and mbn2 cells from the DGRC and other sources. In addition, we
sequenced several other popular Drosophila cell lines (OSS, OSC, ML-DmBG3-¢2, and ML-
DmBG2-¢2) that were not originally sequenced in the modENCODE cell line genome project

[129]. To guide sampling and aid the interpretation of the expanded dataset, we reconstructed
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key events in the history of the Sg4 (Figure 2.5C) and mbn2 cell lines (Figure 2.5D). We
predicted non-reference TE insertions in these additional samples and then reclustered the
expanded dataset using the same methods as the modENCODE-only dataset. Inclusion of
additional samples altered some details of the clustering relationships among D-series cell
lines generated by the Miyake lab and the position of distantly related cell lines with respect
to the root (Kc167 and 1182-4H) (Figure 2.5A vs E). However, key aspects of our clustering
approach that facilitate cell line identification (replicates clustering most closely, clustering
of cell lines from the same lab/ancestral genotype) appear to be robust to the set of cell line
samples analyzed.

Clustering TE profiles from this expanded dataset of 34 samples from 22 Drosophila
cell lines revealed that our resequenced sample of DGRC Sg4 clusters with high support
first with the modENCODE sample of DGRC Sg4 then with S3 (Figure 2.5E). This result
confirms the reproducibility of the S3++>Sg4 genomic similarity and rejects the possibility of
cell line swap during the modENCODE cell line sequencing project (node 2; Figure 2.5C).
Additional evidence for the similarity of Sg4 and S3 can be observed in their BAF and CNV
profiles. All Sg4 and S3 samples are generally devoid of heterozygosity across their entire
genomes, including lacking a small patch of heterozygosity at the base of chromosome arm
2L that is present in all S2 or S2R+ samples (Figure 2.6B). All Sg4 and S3 samples also share
CNVs on chromosome arms 2L and 3L that are not present in any S2/S2R+ sample (Figure
2.6C). Together, these data support the conclusion that DGRC Sg4 is a variant of the S3 cell
line, not the S2 cell line as currently thought. Presently, we are unable to determine where
misidentification of Sg4 as a variant of S2 occurred in the provenance chain from initial
development of the cell line by the Arndt-Jovin lab to receipt by the DGRC (Figure 2.5C,
node 1). Future analysis of additional Sg4 sub-lines circulating in the research community
[171, 215] will be necessary to establish the timing of this event and if the S3<+Sg4 similarity

first observed in the DGRC Sg4 sub-line is more widespread.



5}

The second case of unexpected clustering we observed in the modENCODE data involving
mbn2 and S2 is potentially more surprising and consequential given that these cell lines are
reported to be derived from different ancestral genotypes. mbn2 cells were reportedly derived
from a stock carrying 1(2)mbn on a 2nd chromosome marked with three visible mutations
[81, 82], while S2 cells were derived from a wild-type Oregon-R stock [213]. Unfortunately, the
1(2)mbn mutation was never characterized at the molecular level, and no fly stocks carrying
1(2)mbn currently exist in public stock centers that could be sequenced and compared with
the mbn2 cell line. In the absence of external biological resources to verify the identity of an
authentic mbn2 cell line, we attempted to infer the timing and extent of the potential mbn2
misidentification event first observed in the modENCODE data by sequencing sub-lines of
mbn2 from DGRC and other sources. We resequenced another sample of the DGRC mbn2
sub-line, a sub-line from the Strand lab (University of Georgia) derived from the same donor
as the DGRC sub-line (Hultmark lab, Umea University), and a sub-line from the Gorski lab
(Canada’s Michael Smith Genome Sciences Centre, BC Cancer) derived from an independent
donor (Dorn lab, Johannes Gutenberg-Universitdt Mainz) (Figure 2.5D). The Hultmark and
Dorn labs each report obtaining mbn2 cells directly from the Gateff lab in the early 1990s
[210, 196]. This sampling allowed us to infer if potential misidentification occurred during
the modENCODE project (node 4), at the DGRC (node 3), in the Hultmark lab (node 2),
or in the Gateff lab (node 1) (Figure 2.5D).

Analysis of TE profiles in our expanded dataset revealed that all four samples of mbn2
cluster together as a single, well-supported group that is most similar to a cluster containing
S2 cells (Figure 2.5E). The detailed relationships among sub-lines within the mbn2 cluster
deviate slightly from expectations based on cell line history (Figure 2.5D), however this dis-
crepancy appears to be caused by differences in read length or coverage between the data
from modENCODE and our study (Figure 2.9). All mbn2 samples have the low SNP het-
erozygosity across most of their genomes that is characteristic of Schneider cell lines, and

also share the small patch of heterozygosity at the base of chromosome arm 2L found in
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S2 and S2R+ cells (Figure 2.6B). Additionally, all four mbn2 samples share widespread
segmental aneuploidy across the entire euchromatin that is a common hallmark of S2 and
S2R+ cells, but not other Drosophila cell lines (Figure 2.6C). Together, these data sup-
port the conclusions that multiple independent sub-lines of mbn2 cells all share a common
origin and are likely to descend from a single divergent lineage of S2 cells. Based on these
observations, we speculate that currently-circulating mbn2 cells derive from a mislabelling or
cross-contamination event with S2 cells in the Gateff lab that occurred prior to distribution
to the Hultmark or Dorn labs (Figure 2.5D, node 4). This scenario is consistent with the
facts that S2 cells were developed and widely distributed prior to the origin of mbn2 cells
[213, 82] and that there was a 12 year gap between the initial report describing mbn2 cells

and use in any subsequent publication [82, 210).



57

A All TE families ¢ jine B - C 6 LTR families  ¢eyiine
o e R T R i e
S2-DRSC /;:.Cdg [ H $2-DRSC

mdg| | 100
rool |
S2R+ biood|T] L S2R+
diver|
Juan| 100
3

3518

Doc| “IW

flear|

1741 [l - =

F-element]

17.6] I s1

412]
Transpac|
£
100 -

Stalker2|
springer| o1 o mE|
{
.

2 s

Burdock|
pogo
opus|

Tirant]
rover|

hobo|
I-element|”]
micropia|
aypsy| |
Rtb]
o) logioicountst) by
hopper| 2
Tabor| 1
89| 0
Quasimodol
1360]
HUS-Beagle|

TE Family

X-element|
Rtta]
Idefix|

a2|
HMS-Beagle2 |

aypsy:
Ri1A1-element]
Stalkers|
McClintock |
S-element|
P-element|
invader4
accord|

gtwin]
invader]
transib2|
Tet]
invader6|
invadert
Ge|

FB]
accord?]

f23H 100

4

45631 23231302928 8 9 7 34331514131210111617 184140393837 42363520 1943212227 262524 23
Branch ID

Figure 2.8: A small subset of LTR retrotransposon families can identify Drosophila
cell lines. (A) Dollo parsimony tree of 22 Drosophila cell lines (without replicates) based
on non-reference TE predictions for all 125 D. melanogaster TE families. Samples are col-
orized by lab origin as in Figure 2.5. Numbers inside boxes on branches indicate branch
ID, and numbers beside nodes indicate percent support based on 100 bootstrap replicates.
(B) Heatmap showing the number of non-reference TE insertion gain events per family on
each branch of the tree in panel (A) based on ancestral state reconstruction using Dollo
parsimony. The heatmap is colorized by log-transformed (logl0(count+1)) number of gains
per family per branch, sorted top to bottom by overall non-reference TE insertion gains per
family across all branches, and sorted left to right into clades representing lab origin with
lab origin clade color codes indicated at the top of the heatmap. The six diagnostic LTR
retrotransposon families used in panel (C) are highlighted in red. (C) Dollo parsimony tree
of 22 Drosophila cell lines (without replicates) based on non-reference predictions of six LTR
retrotransposon families (297, copia, mdg3, mdgl, roo and 1731). Numbers beside nodes
indicate percent support based on 100 bootstrap replicates.
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Figure 2.9: Clustering of normalized mbn2 cell line genome samples from the mod-
ENCODE project plus this study. Clustering was performed on TE insertions generated
using mbn2 samples that were normalized by trimming read lengths to 76bp and down-
sampling to 19X depth. For this analysis, we also relaxed TEMP filtering to include more
weakly-supported predictions at otherwise high-quality loci because of the lower overall cov-
erage in all samples. Numbers beside nodes indicate percent support based on 100 bootstrap
replicates. Tip labels include SRA run identifiers and source lab for samples (in parentheses).
New sequence data from this study are indicated by asterisks. Clade annotations indicate
the donor lab from which the source lab obtained their sub-line of mbn2 cells.

Figure 2.10: Morphology of S2, S2R-+, and mbn2 cell lines. Phase-contrast micro-
graphs of S2-DRSC (DGRC-181), S2R+ (DGRC-150), and mbn2 (DGRC-147). Scale bar is

10 microns.

The possibility that mbn2 is a divergent lineage of S2 is plausible given that both cell
lines are thought to have a hemocyte-like cell type [82, 56, 144]. Furthermore, it is known
that different lineages of bona fide S2 cells vary substantially in their morphology and gene
expression, some of which share properties with mbn2 cells [210, 245, 56] (Figure 2.10).

Under phase-contrast microscopy, canonical S2 cells represented by the S2-DRSC sub-line
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are generally a mix of loosely adherent spherical cells and simple round flat cells. In contrast,
live S2R+ cells can be characterized by many “phase dark” cells that attach to the growth
substrate, which can flatten out to exhibit both polygonal and “fried egg” morphology. S2R+
cells that are loosely attached to the growth surface are generally spherical with fine cell
protrusions. Like S2R+ cells, mbn2 cells are characterized by a mix of flattened phase dark
cells that assume the polygonal and fried egg morphology, as well as loosely adhering spherical
cells. However, loosely adherent mbn2 cells have a bigger diameter relative to S2-DRSC and
S2R+ cells. Recognition of mbn2 as a potentially divergent S2 lineage suggests that there is

more phenotypic diversity among different S2 lineages than previously recognized.

2.4.6 A SUBSET OF LTR RETROTRANSPOSON FAMILIES ARE SUFFICIENT TO IDENTIFY

Drosophila CELL LINES

Our analysis has thus far provided evidence that TE insertion profiles of commonly used
Drosophila cell lines based on whole-genome sequences can be used to cluster cell lines and
uncover cases of cell line misidentification. However, for these results to form the foundation
for a Drosophila cell line authentication protocol, it is necessary to show that a cell line sample
can successfully be identified on the basis of its TE profile. Furthermore, it is important to
explore if whole-genome data is required for TE-based cell line identification in Drosophila
since the cost of WGS could preclude its routine application by many labs. Therefore, we
next investigated whether a subset of Drosophila TE families could potentially be sufficient
for Drosophila cell line identification, with the aim of guiding development of a cost-effective
targeted PCR-based enrichment protocol that could be used more widely by the research
community.

To investigate this possibility, we first clustered a non-redundant dataset of one “primary”
replicate from each of the 22 Drosophila cell lines in the expanded dataset based on their
whole-genome TE profiles (Figure 2.8A), which resulted in a similar clustering to the same

sample of 22 cell lines including all replicates (Figure 2.5E). Replicates with the longest
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read length or depth of coverage were chosen as the primary replicate in the non-redundant
dataset (Table 2.4). We then took advantage of the ability of Dollo parsimony to reconstruct
ancestral states and map the gain of TE insertions on each branch of the most parsimonious
tree. TE insertions were then aggregated into families on each branch of the tree to visualize
family- and branch-specific TE insertion profiles. This analysis revealed that a subset of
60 out of the 125 curated TE families in D. melanogaster are informative for Drosophila
cell line clustering using TEMP predictions (Figure 2.8B). Within the set of clustering-
informative TE families, we observed that some TE families are broadly represented across
many cell lines with different origins (e.g., copia, 297, jockey, mdg3, mdg1, and roo), although
the quantitative abundance of these TE families varies across cell lines. Other TE families
appear to be represented in only one cell line or a subset of cell lines from the same lab origin
(e.g., ZAM, Tabor, HMS-Beagle2, gypsys, 1731, 17.6, springer, Tirant, rover, and micropia).
These results provide systematic genome-wide evidence for the classical observation that
proliferation of different TE families in cultured Drosophila cells is cell-line dependent [70].
Additionally, these patterns of cell-line specific TE proliferation provide further support for
the conclusions that the DGRC Sg4 cell line is a lineage of S3 cells (all share Ivk proliferation),
and that mbn2 cell lines are a divergent lineage of S2 cells (all share 1731 proliferation)
(Figure 2.8B).

Based on these results, we next evaluated whether a small, experimentally-tractable
subset of TE families is sufficient to cluster and identify Drosophila cell lines. For this
analysis, we focused on LTR retrotransposon families since this type of TE inserts with
intact termini and therefore provide reliable 5’ and 3’ junctions for targeted PCR-based
enrichment protocols [224]. We used the pattern of family- and branch-specific TE insertion
to heuristically guide selection of a subset of six LTR retrotransposon families (copia, 297,
mdg3, mdg1, roo, and 1731; TE family names highlighted in red in Fig 2.8B), which defined
unique TE profiles for each cell line and generated the same major patterns of Drosophila

cell line clustering as the genome-wide dataset of all 125 TE families (Figure 2.8C). Finally,
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Figure 2.11: ZAM proliferation reveals OSS cell line identity. (A) Key events in the
history of OSS and OSC cell line creation and distribution. Dotted lines represent alternative
hypotheses for the identity of OSS_E. Branch 1 represents the reported provenance that
hypothesizes OSS_E is an early diverging OSS sub-line; branch 2 hypothesizes that OSS_E
approximates an ancestral state of the OSC cell line. (B) Genome-wide non-reference TE
insertion data for six ovarian cell lines with ZAM insertions highlighted in blue and all other
TE families in grey. (C) Dollo parsimony tree of ovarian cell lines based on all non-reference
TE predictions. Numbers inside boxes on branches indicate branch ID, and numbers beside
nodes indicate percent support based on 100 bootstrap replicates. (left). Heatmap showing
the number of non-reference TE insertion gain events per family on each branch of the tree
based on ancestral state reconstruction using Dollo parsimony. The heatmap is colorized
by log-transformed (logl0(count+1)) number of gains per family per branch, sorted top to
bottom by overall non-reference TE insertion gains per family across all branches and sorted
left to right into the bona fide OSS and OSS_E/OSC clusters (right).

we tested whether a cell line sample (not used in the tree construction) can be accurately
identified on the basis of its six-family TE profile. To do this, we used the six-family TE

tree derived from the non-redundant set of primary replicates as a backbone to constrain
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Dollo parsimony searches including one additional “secondary” replicate for each of the 12
secondary replicates from the nine cell lines in the expanded dataset with secondary repli-
cates. In 100% of cases (12/12), the additional secondary replicate clustered most closely
with the primary replicate from the same cell line (Figure 2.12). In 10/12 cases, the boot-
strap support for the clustering of replicates was 100%, and the remaining two cases (both
for CME-W1-C1.84) had lower bootstraps (>64%) presumably because of the short read
length for these secondary replicates (50bp). This proof-of-principle analysis indicates that
TE insertions from a small subset of LTR retrotransposon families can accurately iden-
tify Drosophila cell line samples, and that only a subset of “diagnostic” TE families are
needed to develop a Drosophila cell line authentication protocol. Based on these results,
we have developed and validated a PCR enrichment-based NGS protocol that generates
genome-wide TE profiles using this subset of LTR retrotransposon families and can be used
to authenticate Drosophila cell lines at lower cost than WGS analysis (D. Mariyappa, D.B.
Rusch, S. Han, A. Luhur, D. Overton, D.F.B. Miller, C.M. Bergman, A.C. Zelhof; preprint

in https://www.biorxiv.org/content/10.1101/2021.08.16.456580v1).

2.4.7 TE PROFILES PROVIDE INSIGHT INTO Drosophila OVARIAN CELL LINE HISTORY

The observation that different TE families are amplified in distinct Drosophila cell lines
raises the question of whether a single TE family could diagnostically mark the identity of a
Drosophila cell line or sub-line. One such candidate for this possibility is the retroviral-like
LTR retrotransposon ZAM in the closely related OSS and OSC ovarian somatic cell lines
[177, 208]. As shown above, we observed a massive increase in ZAM insertions in OSS cells
relative to the OSC cell line (branches 19 and 20 in Figure 2.8A, B), supporting previous
findings by Sytnikova et al. 2014 [231]. However, Sytnikova et al. 2014 [231] also reported
that ZAM amplification did not occur in all OSS sub-lines, only in a contemporary sub-line
of OSS cells (called OSS_C), but not in a putatively early passage sub-line of OSS cells
(called OSS_E).


https://www.biorxiv.org/content/10.1101/2021.08.16.456580v1
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Figure 2.12: Drosophila cell line samples can be identified using TE profiles from a
diagnostic set of six LTR retrotransposon families. Panels represent Dollo parsimony
trees of a common set of 22 Drosophila cell line primary replicates plus one additional
secondary replicate, one tree for each of the 12 secondary replicates from the nine cell lines
in the expanded dataset with secondary replicates. Dollo parsimony trees were constructed
using non-reference TE predictions for six D. melanogaster LTR retrotransposon families
(297, copia, mdg3, mdgl, roo and 1731). Samples are colorized by lab origin. Cell lines
with secondary replicates are highlighted in red boxes. Node labels indicate support for each
clade based on 100 bootstrap replicates. New sequence data from this study are indicated
by asterisks.
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Figure 2.13: Number of non-reference TE predictions on OSS DGRC using five
TE detection methods. Paired-end sequencing data for OSS_DGRC was used as input for
TEMP, ngs_te_mapper, RelocaTE, TIDAL and ngs_te_mapper2 to detect non-reference TE
insertions using McClintock. INE-1 and insertion predictions in low recombination regions
were excluded from all panels.

To address whether ZAM proliferation is restricted to a subset of OSS sub-lines or is
in fact a specific marker for all OSS sub-lines, we performed an integrated analysis of TE
predictions in WGS data from six OSS and OSC samples from our and two previous studies
218, 231]. To formulate alternative hypotheses and guide interpretation of our results, we
first compiled the reported provenance of these six OSS and OSC cell line samples. As
shown in Figure 2.11A, the ultimate ancestor of all OSS and OSC cell lines is a cell line

composed of germline and somatic ovarian cell types called fGS/OSS [177]. {GS/OSS cells
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were subsequently selected in the Niki lab to remove germline-marked stem cells to create
the ancestor of the OSS (ovarian somatic sheet) cell line. The Niki lab sent two batches of
OSS cells to the Lau lab in 2007 (Nelson Lau, personal communication): one was expanded
and continuously cultured to become the OSS_C sub-line; the other was briefly cultured
and stored as a cryopreserved culture for many years, then thawed and sequenced in 2013
creating the OSS_E sample [231]. Our sample of OSS cells comes from an independent sub-
line donated by the Niki lab to the DGRC in 2010 (OSS_DGRC). The Niki lab also sent
fGS/OSS cells to the Siomi lab, who independently selected against germline cells to create
another somatic cell line called OSC (ovarian somatic cells) [208]. OSC cells were sent by the
Siomi lab in 2010 separately to the Lau (OSC_C) and Brennecke (OSC_E) labs, and were
later donated by the Siomi lab to the DGRC in 2019 (OSC_DGRC).

Because WGS data from Sienski et al. 2012 [218] and Sytnikova et al. 2014 [231] is single-
ended, integrated analysis of ovarian cell lines required a different TE prediction strategy
than the one used for analysis of the paired-end datasets above. Preliminary analyses revealed
that some single-end TE predictors (e.g., ngs_te_mapper and RelocaTE) [139, 199] severely
under-predicted insertions specifically for the ZAM family in the DGRC OSS sample relative
to TEMP results based on paired-end data (Figure 2.13). Additionally, our analysis of OSS
and OSC samples ultimately required tracking intra-sample TE allele frequencies, which is
not available in other TE predictors that use single-end data (e.g., TIDAL) [193]. Thus, we
developed a new implementation of the single-end TE predictor originally described in in
Linheiro et al. 2012 [139] called ngs_te_mapper2 (https://github.com/bergmanlab/ngs_
te_mapper2) that improves speed and sensitivity relative to the original version and has
been extended to estimate intra-sample TE allele frequencies (Figure 2.1; Table 2.1 and 2.2;
see Section 2.4.1 and 2.4.2 for details).

Using datasets normalized to the same read length and coverage in order to optimize
resolution of closely related sub-lines, we predicted non-reference TE insertions in all OSS

and OSC sub-lines with ngs_te_mapper2. These results revealed that ZAM has proliferated


https://github.com/bergmanlab/ngs_te_mapper2
https://github.com/bergmanlab/ngs_te_mapper2
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massively in the OSS_.DGRC and OSS_C sub-lines (553 and 630 copies, respectively, in
euchromatic regions), but is present in only one or two copies in OSS_E and all OSC sub-
lines (Figure 2.11B). The abundance of ZAM in these ovarian cell lines is more than 10-fold
higher than fly strains where ZAM has been mobilized because of deletions in the flamenco
piRNA locus [128, 252] or because of multigenerational knockdown of the piRNA effector
protein piwi [18, 167].

Under the “reported provenance” hypothesis that OSS_E and OSS_C share a more recent
common ancestor than they do with OSS_DGRC (Fig 2.11A, branch 1), this pattern of
ZAM abundance can only be explained by unlikely scenarios such as a massive loss of ZAM
insertions on the branch leading to OSS_E, or independent parallel amplifications of ZAM
on the OSS_C and OSS_DGRC sub-lines. An alternative hypothesis to explain the pattern
of ZAM abundance is motivated by another observation made by Sytnikova et al. 2014 that
OSS_E shares more TE insertions in common with OSC sub-lines (OSC_E and OSC_C)
than it does with a contemporary OSS sub-line (OSS_C) [231]. This pattern is not expected
under the reported provenance hypothesis and suggests that OSS_E may in fact be an OSC-
like lineage, rather than an early passage OSS sub-line. Under this alternative “uncertain
provenance” hypothesis (Fig 2.11A, branch 2), the only bona fide OSS sub-lines would be
OSS_C and OSS_DGRC, and ZAM proliferation could truly be a diagnostic marker of OSS
cell line identity.

To test these alternative hypotheses, we used ngs_te_ mapper2 predictions as input to
cluster OSS and OSC sub-lines using Dollo parsimony. We found two highly supported
clusters, one containing only the OSS_C plus OSS_.DGRC sub-lines and the other con-
taining OSS_E plus all OSC sub-lines (Figure 2.11C). Ancestral state reconstruction clearly
demonstrated that high ZAM abundance is restricted to the cluster containing OSS_C and
OSS_DGRC sub-lines. The only two ZAM insertions that are found in OSS_E and OSC sub-
lines are both shared by multiple sub-lines and therefore likely inserted in a common ancestor

of the entire clade (Figure 2.11B). We verified that the clustering relationships among OSS
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and OSC sub-lines were not solely driven by the ZAM amplification by repeating our clus-
tering analysis excluding ZAM insertions, obtaining the same topology as in the complete
dataset (Figure 2.14A).

Further support for the hypothesis that OSS_E is an OSC-like lineage can be found in
patterns of SNP and CNV variation in these cell line genomes (Figure 2.14B, C). OSS_C and
OSS_DGRC have essentially identical BAF profiles across the entire genome (Figure 2.14B).
In contrast, OSS_E and OSC sub-lines share a BAF profile everywhere but the distal regions
on chromosome arms 2L, 3L and 3R (Figure 2.14B; Figure 2.15A). BAF profiles on all of
chromosome X and arm 2R clearly differentiate OSS_C and OSS_DGRC (heterozygous) from
OSS_E and OSC sub-lines (homozygous) (Figure 2.14B). Likewise, CNV profiles support
the clustering of OSS_C with OSS_DGRC and OSS_E with the OSC sub-lines. OSS_C and
OSS_DGRC share a large deletion on chromosome X not found in OSS_E plus OSC sub-lines,
and OSS_E plus the OSC sub-lines share a smaller deletion on chromosome arm 3L not found
in OSS_C or OSS_DGRC (Figure 2.14C). Based on these results, we conclude that OSS_E is
a divergent lineage of OSC cells rather than early passage OSS cells, that ZAM amplification
truly marks bona fide OSS cell lines (include the OSS line distributed by the DGRC), and
that ngs_te_mapper2 TE predictions based on single-end WGS data can be effectively used

to cluster Drosophila cell lines and reveal aspects of cell line history.

2.4.8 LOSS OF HETEROZYGOSITY IMPACTS TE PROFILES IN Drosophila CELL CULTURE

Re-interpreting OSS_E as a divergent lineage of OSC cells requires explaining both the
similarity and distinctness of its TE, BAF and CNV profiles from other OSC sub-lines. Two
observations led us to hypothesize that OSS_E approximates an ancestral state of current
OSC sub-lines. First, OSS_E occupies a basal position in the OSS_E plus OSC cluster based
on TE profiles (Figure 2.11C). Second, the BAF profile for OSS_E shows heterozygosity that
extends in the distal regions of chromosome arms 2L, 3L and 3R relative to OSC sub-lines

(Figure 2.15A, green shading). We propose that differences in BAF profiles in these distal
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Figure 2.14: Copy number and B-allele frequency profiles for six ovarian cell line
samples. (A) Dollo parsimony tree of six ovarian cell line samples based on non-reference
TE predictions excluding ZAM insertions using single-end WGS data. Node labels indicate
support for each clade based on 100 bootstrap replicates. (B) B-allele frequency profiles for
ovarian cell line samples on major chromosome arms. For a given SNP, the B-allele frequency
(BAF) was determined as the coverage of reads supporting non-reference allele divided by
total coverage at that position. SNPs in low recombination regions are plotted in grey. (C)
Copy number profiles for ovarian cell line samples on major chromosome arms. Each data
point represents normalized copy number (ratio*ploidy) for a given 10kb window estimated
by Control-FREEC [37]. Data points for each window are colorized by CNV status (red:
CNV gain; green: no CNV; blue: CNV loss), which are based on the comparison between
normalized copy number for that window and baseline ploidy for the chromosome arm. Black
boxes in panel C highlight regions where cell lines share the same copy number loss events
that are not shared in other cell samples. Low recombination regions are shaded in grey.

regions are caused by loss of heterozygosity (LOH) that occurred in an ancestor of all OSC
sub-lines after divergence from the lineage leading to OSS_E. We infer that these large-scale
distal LOH events were caused by a copy-neutral process such as mitotic recombination, since
the baseline copy number in these distal LOH regions is the same in OSS_E and OSC sub-
lines (Figure 2.15B; Figure 2.14C). Similar to previous reports in a primate cell line [182], we
do observe smaller copy number gain and loss events, respectively, within the large regions of
LOH on chromosome arms 2L and 3R. However, these copy number events are much smaller
and fully contained within the larger LOH regions and therefore unlikely to be the cause of
the large-scale distal LOH events. Despite previous evidence for putatively polyploid cells in

the OSC_E sub-line [231], we infer a diploid baseline copy number in the “stem line” that
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Figure 2.15: Loss of heterozygosity, copy number evolution and ongoing transposition shape TE
profiles in Drosophila ovarian somatic cell lines. Genome-wide profiles for OSS_E and OSC sub-lines of
(A) intra-sample allele frequency based on SNP variants, (B) copy number, (C) intra-sample allele frequency
based on TE insertions shared by OSS_E and OSC sub-lines, and (D) intra-sample allele frequency based
on lineage specific TE insertions restricted to only OSS_E or the OSC sub-lines. SNPs and TE insertions in
highly-repetitive low recombination regions are shaded in grey. For SNP profiles, the B-allele frequency (BAF)
was determined as the coverage of reads supporting the non-reference allele divided by total coverage at that
variant positions; regions of heterozygosity in a diploid genome are shown in BAF profiles where clusters
of SNPs have allele frequencies centered around 0.5. For copy number profiles, each data point represents
normalized copy number (ratio*ploidy) for a given 10kb window estimated by Control-FREEC [37]; data
points for each window are colorized by CNV status (red: CNV gain; green: no CNV; blue: CNV loss), which
are based on the comparison between normalized copy number for that window and a baseline ploidy of 2n.
For TE profiles, TE insertions are classified as being homozygous (red), heterozygous (blue), or undefined
(purple) based on intra-sample allele frequencies estimated by ngs_te_mapper2. Green shading indicates copy-
neutral LOH regions defined by more extensive patterns of SNP heterozygosity in OSS_E relative to OSC
sub-lines that are putatively caused by mitotic recombination. Yellow shading indicates copy-neutral LOH
regions based on runs of homozygous TE insertions in OSC_DGRC relative to other OSC sub-lines that are
putatively caused by mitotic recombination. Purple shading indicates LOH regions that are putatively caused
by segmental deletion.



70

leads to the majority of inherited cells in the OSS_E and OSC sub-lines, since BAF profiles
(Figure 2.15A) and DNA density profiles (Figure 2.16) of the bulk samples show modal

values that together are consistent with diploidy but not any higher ploidy values.
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Figure 2.16: Normalized DINA content for OSS_E and OSC cell lines. Histograms of
normalized DNA read density of 1kb windows using the method described in [129]. Reads
mapping to chromosome X are shown in red. Reads mapping to autosomes are shown in
black. Peaks at 0.5, 1.0 and 1.5 are consistent with a diploid base copy number for the
OSS_E/OSC lineage.

If this evolutionary scenario is correct, shared TEs (which inserted prior to the diver-
gence of OSS_E and OSC sub-lines) that are heterozygous in OSS_E are predicted to be
homozygous in OSC sub-lines in distal LOH regions, but should maintain heterozygosity
elsewhere in the genome. To test these predictions, we used intra-sample allele frequency
estimates from ngs_te_mapper2 to classify the zygosity of TE insertions in OSS_E and OSC
sub-lines. Evaluation of our classifier on simulated diploid genomes revealed it had >91%

precision and crucially never falsely classified heterozygous insertions as homozygous (Table
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2.3), and is thus conservative with respect to detection of LOH using TE insertions. As pre-
dicted under our model, we observed that there are many shared TE insertions in distal LOH
regions that are heterozygous in OSS_E but virtually all TE insertions in these regions are
homozygous in OSC sub-lines (Figure 2.15C, green shading). Outside of distal LOH regions,
shared TE insertions that are heterozygous in OSS_E generally retain heterozygosity in OSC
sub-lines (Figure 2.15C). In contrast, we observe that many lineage-specific TE insertions
(which occurred after the divergence of OSS_E and OSC sub-lines) are heterozygous in OSC
sub-lines in distal LOH regions (Figure 2.15D, green shading). Together these results support
the inferences that OSS_E approximates an ancestral state of current OSC sub-lines, that
LOH events can cause fixation of previously heterozygous TE insertions in Drosophila cell
lines, and that ongoing transposition in Drosophila cell culture can restore genetic varia-
tion in regions where previous large-scale LOH events have eliminated ancestral SNP or TE
insertion variation.

Contrasting patterns of genetic variation between OSS_E and OSC sub-lines in distal
regions of chromosome arms 2L, 3L, and 3R provided the initial evidence for LOH as mech-
anism of genome evolution in Drosophila cell culture. Additional evidence for copy-neutral
LOH in Drosophila cell culture can be found in the lack of SNP heterozygosity on all of chro-
mosome X and arm 2R (Figure 2.15A), which can be explained by whole-arm LOH events
caused by centromere-proximal somatic recombination events in the common ancestor of the
OSS_E/OSC lineage, assuming that the genome-wide heterozygosity observed in bona fide
OSS sub-lines is ancestral (Figure 2.14B). Consistent with the prediction of whole-arm LOH
in the ancestor of the OSS_E/OSC lineage followed by ongoing transposition in cell culture,
we observe that most shared TE insertions on chromosome X and arm 2R are homozy-
gous (Figure 2.15C), while lineage-specific TE insertions are heterozygous (Figure 2.15D).
Intriguingly, and in contrast to other OSC sub-lines, we also observe that lineage-specific
TE insertions on the distal eight megabases of chromosome X in OSC_DGRC are almost

all homozygous (Figure 2.15D, yellow shading). This observation can be explained by a sec-
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ondary copy-neutral LOH event in the distal region of chromosome X that occurred recently
only in the OSC_DGRC lineage. In this case, heterozygosity restored by ongoing TE insertion
in Drosophila cell culture allows detection of a subsequent LOH events in the same genomic
region that cannot be detected using SNP variation.

In addition to large-scale LOH events affecting distal regions or whole chromosome arms
that can be explained by copy-neutral processes such as mitotic recombination, we also
observed smaller scale LOH events that can be explained by hemizygosity due to segmental
deletion (purple shading in Figure 2.15A, B). For example, we observe a 200kb region on
chromosome arm 3L in all OSS_E and OSC sub-lines that lacks heterozygous SNPs which
can be explained by a segmental deletion that that occurred in the common ancestor of
the OSS_E/OSC lineage (Figure 2.15; Figure 2.17). LOH by segmental deletion is supported
by shared TEs in this region being homozygous in all OSS_E and OSC sub-lines. Likewise,
in OSS_E, we observe two sub-line specific segmental deletions on chromosome arm 3R of
900kb and 100kb, respectively, that lack heterozygous SNPs and TE insertions in the cor-
responding regions (Figure 2.15; Figure 2.17). We also observe a sub-line specific segmental
deletion on chromosome arm 3R of 800kb in OSC_C that exhibits a BAF profile enriched
at 0.85 (Figure 2.15; Figure 2.17) rather than the homozygosity expected for complete LOH
due to hemizygosity. Similar to patterns of LOH in mammalian tumors that have incomplete
purity [226], we interpret the incomplete LOH in this region as being caused by clonal hetero-
geneity in the OSC_C sub-line, with the majority of cells having the segmental deletion but
a small proportion of cells lacking it. If this hypothesis is correct, the median copy number
should be slightly over 1 in the segmentally deleted LOH region in OSC_C: as predicted, the
median copy number of OSC_C in the putative LOH region is 1.14 (Figure 2.17). Addition-
ally, the OSS_E sub-line also exhibits a terminal deletion on the tip of chromosome X (Figure
2.15; Figure 2.17), which does not lead to LOH in the SNP profile because of the primary
whole-arm LOH event proposed to have occurred in the ancestor of the OSS_E/OSC lineage.

However, similar to the secondary LOH event proposed to have occurred by somatic recom-
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bination on the distal region of chromosome X in OSC_DGRC, recovery of heterozygosity
by ongoing TE insertion allows secondary LOH by segmental deletion to be observed in the
lineage-specific TAF profile at the tip of chromosome X in OSS_E. Finally, we note that LOH
events that can be explained by segmental deletions provide further support for a diploid
stem line in the OSS_E/OSC lineage, since hemizygosity in a diploid is more parsimonious
than scenarios such as multiple identical deletions or deletions followed by mitotic recombi-
nation required to explain LOH by segmental deletion in genomes with higher ploidies.

As LOH has not previously been reported as a mechanism of genome evolution in
Drosophila cell culture, we sought to find additional evidence for this process by inspecting
BAF profiles for other Drosophila cell lines in the expanded dataset. This led us to addi-
tional evidence for large-scale LOH events defined by SNPs on chromosome arms 2R and
3L of the CME-W2 and CME-W1-CL8+ cell lines (Figure 2.6B; Figure 2.18A), both of
which are reported to have a diploid baseline autosomal copy number [129]. As with OSS_E,
we propose that the more extensive heterozygous BAF profile on these chromosome arms
in CME-W2 represents the pre-LOH ancestral-like state, and the homozygous BAF profile
of CME-W1-C1.8+ represents the post-LOH derived state. This scenario is consistent with
the reported establishment of CME-W1-CL.8+ from a single cloned cell of a polyclonal cell
line (CME-W1) with the same ancestral genotype as CME-W2 [61, 184]. The lack of differ-
ence in the baseline copy number profiles on chromosome arms 2R and 3L of CME-W2 and
CME-W1-CL.8+ suggests these large-scale LOH events were also due to mitotic recombina-
tion (Figure 2.18B). As predicted under the LOH model, we observed many TE insertions
shared by CME-W2 and CME-W1-CL.8+ are heterozygous in CME-W2 but are nearly all
homozygous in CME-W1-CL8+ in LOH regions (Figure 2.18C). Like in OSC sub-lines, we
also observed many heterozygous TE insertions that are specific to CME-W1-CL.84 in LOH
regions (Figure 2.18D), consistent with recovery of TE insertion variation after LOH. Similar
to the OSS_E/OSC lineage, we also find evidence in the CME-W2/CME-W1-CL.8+ lineage

for smaller scale LOH events on chromosome arm 3R that can be explained by segmental
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Figure 2.17: Patterns of genomic variation in regions with loss of heterozygosity
putatively caused by segmental deletion in Drosophila ovarian somatic cell lines.
Genome-wide profiles for OSS_E and OSC sub-lines of (A) intra-sample allele frequency based
on SNP variants, (B) copy number, (C) intra-sample allele frequency based on TE insertions
shared by OSS_E and OSC sub-lines, and (D) intra-sample allele frequency based on lineage
specific TE insertions restricted to only OSS_E or the OSC sub-lines. For SNP profiles, the B-
allele frequency (BAF) was determined as the coverage of reads supporting the non-reference
allele divided by total coverage at that variant positions; regions of heterozygosity in a diploid
genome are shown in BAF profiles where clusters of SNPs have allele frequencies centered
around 0.5. For copy number profiles, each data point represents normalized copy number
(ratio*ploidy) for a given 10kb window estimated by Control-FREEC [37]; data points for
each window are colorized by CNV status (red: CNV gain; green: no CNV; blue: CNV loss),
which are based on the comparison between normalized copy number for that window and
baseline ploidy for the chromosome arm. For TE profiles, TE insertions are classified as being
homozygous (red), heterozygous (blue), or undefined (purple) based on intra-sample allele
frequencies estimated by ngs_te_mapper2. Purple shading indicates LOH regions that are
putatively caused by segmental deletion.

deletion (Figure 2.18; Figure 2.19), with clonal heterogeneity explaining incomplete LOH

by segmental deletion at the tip of chromosome arm 3R in CME-W2. Finding evidence for
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Figure 2.18: Loss of heterozygosity, copy number evolution and ongoing transposition shape
TE profiles in Drosophila imaginal disc derived cell lines. Allele frequency profiles for CME-
W2 and CME-W1-C1.8+ cell lines based on (A) SNP variants, (B) copy number, (C) intra-sample allele
frequency based on TE insertions shared by CME-W2 and CME-W1-CL.8+, and (D) intra-sample allele
frequency based on lineage specific TE insertions restricted to only CME-W2 or CME-W1-C1.84. SNPs
and TE insertions in highly-repetitive low recombination regions are shaded in grey. For SNP profiles,
the B-allele frequency (BAF) was determined as the coverage of reads supporting the non-reference
allele divided by total coverage at that variant positions; regions of heterozygosity in a diploid genome
are shown in BAF profiles where clusters of SNPs have allele frequencies centered around 0.5. For
copy number profiles, each data point represents normalized copy number (ratio*ploidy) for a given
10kb window estimated by Control-FREEC [37]; data points for each window are colorized by CNV
status (red: CNV gain; green: no CNV; blue: CNV loss), which are based on the comparison between
normalized copy number for that window and baseline ploidy for the chromosome arm. For TE profiles,
TE insertions are classified as being homozygous (red), heterozygous (blue), or undefined (purple) based
on intra-sample allele frequencies estimated by ngs_te_mapper2. Green shading indicates LOH regions
that are putatively caused by mitotic recombination defined by the more extensive pattern of SNP
heterozygosity in CME-W2 relative to CME-W1-CL.8+. Purple shading indicates LOH regions that are
putatively caused by segmental deletion.
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both mechanisms of LOH in distinct cell lineages developed in different labs generalizes the
inference that LOH shapes TE profiles in Drosophila cell lines, and suggests that LOH in

Drosophila culture is not dependent on the genetic background of ancestral fly donor.

>
[%2]
pd
o
[

chr3R:30000000-32500000

CME-W2

B-allele frequency (BAF)

CME-W1-Cl.8+
Position (Mb)
B CNV
E chr3R:21500000-23000000 | chr3R:;
5.
CME-W2 2z
8 N
CME-W1-Cl.8+ % -
S | neam
= 22
Position (Mb)
C_ shared TE insertions
z | chr3R:21500000-23000000 chr3R
cME-W2 £
CME-W1-Cl.8+ 2
@ o
Position (Mb)
D lineage specific TE insertions
E ) chr3R:21500000-23000000 chr3R:
CME-W2 £ .
CME-W1-CL8+ &

Position (Mb)

Figure 2.19: Patterns of genomic variation in regions with loss of heterozygosity putatively
caused by segmental deletion in Drosophila imaginal disc derived cell lines. Genome-wide
profiles for CME-W2 and CME-W1-CL.8+ of (A) intra-sample allele frequency based on SNP variants,
(B) copy number, (C) intra-sample allele frequency based on TE insertions shared by CME-W2 and
CME-W1-CL8+4, and (D) intra-sample allele frequency based on lineage specific TE insertions restricted
to only CME-W2 or CME-W1-C1.8+. For SNP profiles, the B-allele frequency (BAF) was determined
as the coverage of reads supporting the non-reference allele divided by total coverage at that variant
positions; regions of heterozygosity in a diploid genome are shown in BAF profiles where clusters of
SNPs have allele frequencies centered around 0.5. For copy number profiles, each data point represents
normalized copy number (ratio*ploidy) for a given 10kb window estimated by Control-FREEC [37]; data
points for each window are colorized by CNV status (red: CNV gain; green: no CNV; blue: CNV loss),
which are based on the comparison between normalized copy number for that window and baseline
ploidy for the chromosome arm. For TE profiles, TE insertions are classified as being homozygous
(red), heterozygous (blue), or undefined (purple) based on intra-sample allele frequencies estimated by
ngs_te_mapper2. Purple shading indicates LOH regions that are putatively caused by segmental deletion.
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2.5 CONCLUSIONS

Here we demonstrate that TE insertion profiles can successfully identify Drosophila cell lines
and use this finding to clarify several aspects of cell line provenance in Drosophila. The
success of this approach validates our basic model for how the joint processes of germline
transposition in whole flies and somatic transposition in cell culture create TE profiles that
uniquely mark Drosophila cell lines (Figure 2.2). We also show that TE insertion profiles
can shed light on the evolutionary history of Drosophila cell lines derived from a common
ancestral cell line, and that LOH is an additional mechanism of genome evolution in cell
culture that adds complexity to our basic model (Figure 2.20). During cell culture, LOH
resulting from mitotic recombination (Figure 2.20, green shading) or segmental deletion
(Figure 2.20, purple shading) purges ancestral variation and causes previously heterozygous
SNPs and TE insertions to become fixed or lost within a cell line genome. Ongoing transpo-
sition in cell culture leads to the relatively rapid recovery of TE but not SNP heterozygosity,
allowing secondary LOH events to be identified using TE insertions in regions that have
previous lost ancestral variation due to primary LOH events (Figure 2.20, yellow shading).
The emerging model of TE evolution in cell culture motivated by results presented here has
direct implications for the development of protocols for cell line identification in Drosophila
and contributes to our general understanding of the mechanisms of genome evolution in cell

lines derived from multicellular organisms.
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Figure 2.20: Schematic model of how loss of heterozygosity and somatic transposi-
tion interact to shape TE profiles in diploid Drosophila cell line genomes. Mitotic
recombination (green shading) or segmental deletion (purple shading) can cause LOH of
pre-existing heterozygous SNP and TE variants, as revealed by changes in B-allele frequency
(BAF) and TE-allele frequency (TAF) profiles. Ongoing transposition in cell culture leads
to accumulation of new haplotype-specific heterozygous TE insertions inside and outside of
primary LOH regions. Recovery of TE heterozygosity allows detection of secondary LOH
events (yellow shading) in regions of the genome that have previously undergone primary
LOH events. Secondary LOH can occur by either mitotic recombination or segmental dele-
tion, but only mitotic recombination is depicted here. We note that this model depicts a
simplified case of diploidy which applies to some cell lines such as the OSS_E/OSC and
CME-W2/CME-W1-Cl1.84 lineages, however many cell culture genomes can have complex
genome structure due to polyploidy and aneuploidy.
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CHAPTER 3

EVIDENCE FOR ONGOING TRANSPOSITION DURING LONG-TERM Drosophila CELL

CULTURE!

IShunhua Han, Guilherme B Dias, Preston J Basting, Michael G Nelson, Sanjai Patel, Mar M
Marzo, and Casey M Bergman, Evidence for ongoing transposition during long-term Drosophila
cell culture.

To be submitted to Genetics.
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3.1 ABSTRACT

Cultured cells are widely used in molecular biology, although we know little about how cell
line genomes change over time. Previous work has shown that Drosophila cultured cells have
a higher transposable element (TE) content than whole flies, but whether this increase in
TE content resulted from an initial burst of transposition during cell line establishment or
ongoing transposition in cell culture remains unknown. Here we sequence the genomes of 28
sub-lines of Drosophila S2 cells and show that TE insertions provide abundant markers for the
reconstruction of phylogenetic relationships of sub-lines in a model animal cell culture system.
Analysis of DNA copy number evolution across S2 sub-lines revealed dramatically different
patterns of genome organization that support the overall evolutionary history reconstructed
using TE insertions. Ancestral state reconstruction of TE insertions on the S2 phylogeny
support a model of ongoing TE insertion dominated by episodic activity of a small number
of retrotransposon families. Our work demonstrates extensive TE insertion and DNA copy
number diversity among S2 sub-lines that may impact the reproducibility of cell culture
experiments that do not control for sub-line identity. Moreover, our work reveals that ongoing
transposition in cell culture leads to useful genomic markers that can be used to verify sub-

line identity in S2 cells and possibly other cell culture systems.

3.2 INTRODUCTION

Animal cell lines play vital roles in biology by providing an abundant source of material to
study molecular processes or as cellular factories to express important biomolecules. Like
all living systems, animal cell lines undergo genomic changes during routine propagation
[205], leading to genetic diversity across time and laboratories that can lead to irreproducible
research outcomes [98]. Despite the current emphasis on reducing sources of irreproducibility
in biological research, relatively little attention has been paid to understand the pattern

and process of in wvitro evolution that leads to genomic diversity among sub-lines of long-
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term cell cultures [105, 67, 24, 141], or how to identify and minimize the impact of such
diversity [98, 24]. Establishing general rules for cell culture genome evolution and mitigating
its influence will likely require analysis of multiple cell lines from many different species since
the pattern and process of genome evolution is known to vary across taxa [145].

Early studies in the model insect Drosophila melanogaster showed a high abundance of
multiple transposable element (TE) families in cell lines relative to the genomes of whole flies
[189]. Recent study using next-generation sequencing (NGS) technique showed that between
~800 to ~3000 non-reference TE insertions can be detected among Drosophila cell lines,
with LTR retrotransposons making up the bulk of these new insertions [193]. In comparison,
only ~200 to ~1400 non-reference TE insertions can be detected among Drosophila lab
strains [193]. Proliferation of TEs in Drosophila cultured cell genomes could be explained by
a burst of transposition during initial establishment of cell lines, by ongoing TE insertion
during routine cell culture, or a combination of both processes [70]. Di Franco et al, 1992
[67] contrasted the stability of TE profiles among sub-lines of one of the oldest Drosophila
cell lines (Kc) [105] with elevated TE abundance in a newly-established cell line (inb-c)
and concluded that the increased TE abundance in Drosophila cell lines resulted from an
initial burst of transposition during the establishment of a new cell line, with relative stasis
thereafter. However, comparison of old and new cultures from different cell lines is not a
definitive test of whether ongoing TE proliferation occurs during routine culture because
of differences in the founder genotypes and cell type of independently established cell lines.
More recently, Sytnikova et al, 2014 [231] provided evidence for transposition after initial cell
line establishment in Drosophila by showing an increase in abundance of the ZAM element
in a continuously cultured sub-line of the OSS cell line (OSS_C) relative to a putative frozen
progenitor sub-line (OSS_E). More recent work [88] suggests that the early version of the OSS
reported in Sytnikova et al, 2014 (OSS_E) [231] is actually a mislabeled version of a related
cell line (OSC) and thus it is unclear if the ZAM activation in OSS occurred during or after

the establishment of the bona fide OSS lineage. Documenting whether ongoing transposition



82

in cell culture occurs is important since this process can lead to genomic variation among
sub-lines that could impact functional studies and, more practically, provide useful markers
for cell line identification and reconstruction of cell line evolutionary history.

Here we contribute to the understanding of genome evolution in long-term animal cell
culture using a large sample of sub-lines of Drosophila Schneider Line 2 (S2) cells, one of
the most widely-used non-mammalian cell culture systems. S2 cells were established from
embryonic tissue of an unmarked stock of Oregon-R flies in December 1969 [213] and are likely
to be derived from macrophage-like hemocytes [213; 70]. Two other cell lines, S1 (August
1969) and S3 (February 1970), were derived from the same ancestral fly stock [213] that can
be used as outgroups to analyze evolution in the S2 lineage. Since their establishment, S2
cells have been distributed widely and grown more extensively than S1 or S3 cells [129]. Many
different sub-lines of S2 cells have been established by labs in the Drosophila community,
some of which have been donated back to the Drosophila Genomics Resource Center (DGRC)
for maintenance and distribution. In general, the provenance and relationships among sub-
lines of S2 cells are unknown, as is the extent of their genomic or phenotypic diversity. At
least one sub-type of S2 cells, called S2R+, is known to have distinct phenotypes from other
S2 cell lines such as expressing the Dfrizzled-1 and Dfrizzled-2 membrane proteins and having
the desirable property of being more adherent to surfaces in tissue culture [245]. In addition
to their ubiquity and diversity, S2 cells are a good model to study genome evolution in animal
cell culture because of the ability to perform cost-effective whole-genome sequencing and the
wealth of prior biological knowledge in D. melanogaster.

In this study, we report and analyze whole-genome shotgun sequence data for 29 sub-
lines of S2 cells as well as the outgroup S1 and S3 cell lines. We show that TE insertions
provide abundant markers to reconstruct the evolutionary history of S2 sub-lines, and that
major phylogenetic relationships among S2 sub-lines inferred from TE insertions correlate
with genome-wide copy number differences. These data show that publicly available S2 sub-

lines form one monophyletic group defined by two major clades (A and B), and reveal no
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evidence for widespread cross-contamination of available S2 cultures by other Drosophila cell
lines. We infer that S2 cells underwent tetraploidization early in their evolutionary history
and use copy number profiling to support the evolutionary history of S2 sub-lines based on
TE profiles. Using ancestral state reconstruction, we infer that TE insertion has occurred on
all internal branches of the S2 phylogeny, but that only a small subset of D. melanogaster
TE families have proliferated during S2 evolution, most of which are retrotransposons that
do not encode a retroviral envelope gene. Together, these results support the conclusions
that TE insertions provide useful markers of S2 sub-line identity and genome organization
and that TE proliferation in Drosophila somatic cell culture is an ongoing, cell-autonomous
process that does not result from ubiquitous deregulation of global transpositional control

mechanisms.

3.3 MATERIALS AND METHODS

3.3.1 (GENOME SEQUENCING

We surveyed the genomes of 32 samples of S1, S2, or S3 cells to understand the diversity and
evolutionary relationships of publicly available sub-lines of S2 cells. Frozen stocks for each
of these 32 samples were ordered from the Drosophila Genomics Resource Center (DGRC),
American Type Culture Collection (ATCC), Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSMZ), and Thermo Fisher. DNA was prepared directly from thawed samples
without further culturing. Stock or catalogue numbers for these publicly available cell lines
can be found in Table 3.1. Cells were defrosted and 250l of the cell suspension was aliquoted
and spun down for 5 min at 300g. The supernatant was discarded and the DNA from the cell
pellet was extracted using the Qiagen DNeasy Blood & Tissue Kit (Cat. No. 69504). DNA
preps were done in three batches, each of which contained an independent sample of S2-
DRSC (DGRC-181) to identify any potential sample swaps and to assess the reproducibility
of TE detection systems. The triplicate samples of S2-DRSC were from the same freeze of

this cell sub-line performed by DGRC (Daniel Mariyappa, personal communication). Illumina
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sequencing libraries were generated using the Nextera DNA sample preparation kit (Cat. No.
FC-121-1030), AMPure XP beads were then used to purify and remove fragments <100bp,
and libraries were normalized and pooled prior being sequenced on an Illumina HiSeq 2500
flow cell using a 101bp paired-end layout. A summary of the sequence data generated for

each sample in this study can be found in Table 3.1.

Table 3.1: Summary of 31 Schneider sub-lineages analyzed in this study. Drosophila
Genomics Resource Center (DGRC) cell line names are given for all cell line samples except
for samples obtained from other sources, which are denoted within parenthesis. The lab origin
represents the lab that originally created the sub-line. Inferred ploidy represents the ploidy
estimated by analyzing DNA density of whole genome data using the method in Lee et al.
2014 [129]. Inferred sex represents the sex of the cell line inferred by analyzing DNA density
of whole genome data and analysis of sex determination gene expression based on et al. 2014
[129]. Read pairs represents the number of paired-end reads for a given sample. Coverage
represents the average mapped depth of coverage after quality and adaptor trimming. N.A.
indicates that this information is not available.

Cell line DGRC ID Lab origin Inferred ploidy  Inferred sex SRA Read length Read pairs Coverage
mbn2 DGRC-147  Gateff 4 male SRR13360020 151 55531647  109.62
mbn2 (Gorski) N.A. Gateff 4 male SRR13360019 151 63738692  130.60
mbn2 (Strand) N.A. Gateff 4  male SRR13360018 151 68440069  132.00
S1 DGRC-9 Cherbas 2 male SRR10981795 101 34904345 35.79
S2 DGRC-6 Cherbas 4  male SRR10981796 101 28189507  31.67
S2 (ATCC-CRL-1963) N.A. Others 4 male SRR10981814 101 50088154  47.26
S2 (DSMZ-ACC-130-C) N.A. Others 4 male SRR10981794 101 51683568  48.33
S2 (Invitrogen-R69007) N.A. Others 4  male SRR10981793 101 43038240  42.18
S2-act-GFP-alphaTub84B DGRC-170  Rogers 4  male SRR10981789 101 37705915  37.57
S2-DRSC-1 DGRC-181  Perrimon 4 male SRR10981786 101 31515040  34.76
S2-DRSC-2 DGRC-181  Perrimon 4 male SRR10981812 101 49916928  51.87
S2-DRSC-3 DGRC-181  Perrimon 4 male SRR10981811 101 50084326  49.18
S2-GFP-SKL DGRC-197 Rogers 4 male SRR10981805 101 47302631  48.96
S2-Mt-D1 DGRC-152  Klueg 4  male SRR10981802 101 37297961  38.88
S2-Mt-EB1-GFP DGRC-171  Rogers 4 male SRR10981788 101 34454428  39.07
S2-Mt-Fog-myc DGRC-218  Rogers 4 male SRR10981803 101 38085006  40.59
S2-Mt-GFP DGRC-194  Rogers 4 male SRR10981808 101 41882171  43.14
S2-Mt-GFP-Act5C DGRC-169  Rogers 4  male SRR10981790 101 44383445  46.85
S2-Mt-mCherry-alphaTub84B DGRC-195 Rogers 4  male SRR10981807 101 44960162  44.06
S2-Mt-Msps-GFP DGRC-206  Rogers 4 male SRR10981804 101 47561052  49.00
S2-Mt-N DGRC-154  Klueg 4 male SRR10981792 101 40733228  43.91
S2-Mt-Slit DGRC-192  Rogers 4 male SRR10981810 101 41033908  41.86
S2-SQH-GFP DGRC-172 Rogers 4 male SRR10981787 101 26690953 29.73
S2-SQH-GFP+Mt-mCherry-actin ~ DGRC-193 Rogers 4  male SRR10981809 101 42525580  41.74
S2-Tub-wg DGRC-165  Nusse 4 male SRR10981791 101 41826501  43.40
S2R+ DGRC-150  Wheeler 4  male SRR10981813 101 20056094  23.23
S2R+ (DRSCQC) N.A. Perrimon 4  male SRR11000336 151 47640215  82.65
S2R+-NPT005 DGRC-229  Perrimon 4  male SRR10981801 101 45413880  45.17
S2R+-NPTO017 DGRC-230  Perrimon 4  male SRR10981800 101 34459982  35.27
S2R+-NPT050 DGRC-231  Perrimon 4 male SRR10981799 101 29162882  28.27
S2R+-NPT101 DGRC-232  Perrimon 4 male SRR10981798 101 43114190  43.26
S2R+-SQH-GFP DGRC-196  Rogers 4  male SRR10981806 101 49206117  47.08
S3 DGRC-5 Cherbas 4 male SRR10981797 101 23764412 27.52
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3.3.2 PREDICTION OF NON-REFERENCE TE INSERTIONS

Non-reference TE insertions were detected in each sample using trimmed paired fastq
sequences as input for McClintock (v2.0) [175]. We used the TEMP [259] module in McClin-
tock to predict non-reference TEs since it has been shown that the number of non-reference
TE predictions from TEMP is least dependent on data coverage and read length compared
to other component methods in McClintock [88]. The major sequences (chr2L, chr2R, chr3L,
chr3R, chr4, chrM, chrY, and chrX) from the D. melanogaster dm6 assembly were used as
a reference genome [95]. The TE library used for McClintock runs was a slightly modified
version of the Berkeley Drosophila Genome Project canonical TE dataset v9.4.1 described in
Sackton et al, 2009 [207] (https://github.com/bergmanlab/transposons/blob/master/
releases/D_mel_transposon_sequence_set_v10.2.fa).

Genome-wide non-reference TE predictions generated by McClintock were filtered to
exclude TEs in low recombination regions using boundaries defined by Cridland et al, 2013
[60] lifted over to dm6 coordinates, as in Han et al, 2021 [88]. Filtered non-reference TE
predictions were then clustered across genomics coordinates and samples. TE predicted in
different samples in the same cluster are required to directly overlap and be on the same
strand. Clustered non-reference TE predictions were then filtered to exclude low-quality pre-
dictions using the same criteria as in Han et al, 2021 [88]. Briefly, the regions included in our
analyses were defined as chrX:405967-20928973, chr2L:200000-20100000, chr2R:6412495-
25112477, chr3L:100000-21906900, chr3R:4774278-31974278. We also excluded INE-1 family
from the subsequent analysis since this family has been reported to be inactive in Drosophila

for million of years [220, 238].
3.3.3 PHYLOGENETIC ANALYSIS OF CELL SUB-LINE SAMPLES USING TE INSERTION PRO-
FILES

Genome-wide non-reference TE predictions were then converted to a binary presence/absence

matrix as input for phylogenetic analysis. Phylogenetic trees of cell sub-lines were built using


https://github.com/bergmanlab/transposons/blob/master/releases/D_mel_transposon_sequence_set_v10.2.fa
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Dollo parsimony in PAUP (v4.0a168) [230]. The phylogenetic analysis was performed using
heuristic searches with 50 replicates. A hypothetical ancestor carrying the assumed ancestral
state (absence) for each locus was included as root in the analysis [23, 88]. “DescribeTrees
chgList=yes” option was used to assign character state changes to all branches in the tree.
Finally, node bootstrap support for the most parsimonious tree was computed by integrating

100 replicates generated by PAUP using SumTrees (v4.5.1) [229].

3.3.4 CoOPY NUMBER AND DNA DENSITY ANALYSIS

BAM files generated by McClintock were used to generate copy number profiles for non-
overlapping 10kb windows of the dm6 genome using Control-FREEC (v11.6) [37]. Windows
with less than 85% mappability were excluded from the analysis based on mappability tracks
generated by GEM (v1.315 beta) [65]. Baseline ploidy was set to diploid for S1 and tetraploid
for all other samples, according to ploidy levels estimated by Lee et al, 2014 [129]. The
minimum and maximum expected value of the GC content was set to be 0.3 and 0.45,
respectively. Copy number profiles generated by Control-FREEC were also used to create
DNA density profiles as in Lee et al, 2014 [129] to confirm ploidy for all samples used in our

study.

3.4 RESULTS

3.4.1 GENOME-WIDE TE PROFILES REVEAL THE RELATIONSHIP AMONG S2 SUB-LINES

A previous study has shown that clustering of genome-wide TE profiles can be used to
uniquely identify Drosophila cell lines and provide insight into the evolutionary history of
clonally evolving cell sub-lines derived from the same cell line [88]. In this study, we propose
that TE profiles can also be used to infer the currently unknown evolutionary relationship
among a large panel of cell sub-lines originating from different labs. We generated paired-
end Illumina whole-genome sequencing (WGS) data for a panel of 28 Drosophila S2 sub-lines

from multiple lab origins (Table 3.1) and predicted non-reference TE insertions using TEMP



87

[259]. We also included a S2R+ sub-line from Drosophila RNAi Screening Center (DRSC)
with publicly available WGS data (SRR11000336). Several samples from other Drosophila
cell lines are included in the analysis, including S1 and S3 cell lines that were independently
established from the same fly stock (i.e., Oregon-R) that S2 was derived from [213], and
samples from mbn2 cell line, which was previously reported to have a distinct origin [82]
but inferred by a recent study to descend from a divergent lineage of S2 cells in Han et al.
2021 [88] (Table 3.1). We predicted between 656 and 2924 non-reference TE insertions in
the euchromatic regions of these S2 sub-line samples (Table 3.2). Each sample of S2 sub-line
had a unique profile of non-reference TE insertions.

We performed phylogenetic analysis using genome-wide TE profiles of all S2 sub-line
samples using the Dollo parsimony approach [88]. This approach fits the assumptions of the
homoplasy-free nature of TE insertions [217, 209, 244, 187, 123, 122] while also accommodates
the false negative TE predictions inherent to short-read-based TE detection methods [175,
198, 235]. The most parsimonious tree revealed several expected patterns that suggest using
TE profiles to infer the evolutionary relationship among Drosophila S2 sub-lines is reliable
(Figure 3.1). First, most internal nodes are highly supported. All weakly supported nodes are
close to the terminal taxa, which presumably is due to the lack of informative TE insertion
signals that differentiate very closely related S2 sub-lines or sample replicates. Second, using
a hypothetical ancestor as root representing the state without any non-reference insertions,
S1 and S3 cell lines were independently reconstructed as outgroups for the S2 sub-lines
in the phylogeny as expected based on their independent origin from the same ancestral fly
stock. Third, all S2 sub-lines form a monophyletic clade with 100% bootstrap support. Forth,
replicate samples of S2-DRSC sub-line cluster as nearest taxa and form a monophyletic clade
with 100% bootstrap support. Fifth, all samples from S2R+, which are sub-lines of S2 with
unique phenotypic characteristics [245], form a monophyletic clade with 100% bootstrap
support. Finally, all samples from the mbn2 cell line recently proposed to be misidentified S2

cells [88] form a monophyletic clade with 100% bootstrap support embedded within S2 sub-
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Figure 3.1: TE profiles reveal the evolutionary relationship among S2 sub-lines.
Dollo parsimony tree including 29 Drosophila S2 sub-lines constructed using genome-wide
non-reference TE insertions predicted by TEMP [259]. Replicate samples for S2-DRSC were
included. Samples from S1 and S3 cell lines were included to serve as outgroups in the phylo-
genetic analysis. Samples from mbn2 cell line were also include since they are inferred to be
misidentified S2 lines [88]. Percentage bootstrap support was annotated beside each node.
Drosophila Genomics Resource Center (DGRC) cell line names are used as taxa labels. Sam-
ples obtained from other sources are labeled in the format of “cell line name (source name)”.
Taxa labels were colorized based on original labs in which cell sub-lines were developed.
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Table 3.2: Number of non-reference TE predictions made by TEMP for 31
Schneider sub-lineage samples. Numbers of non-reference TE insertion predictions are
based on default McClintock [175] settings. INE-1 and non-reference TE insertion predic-
tions in low recombination regions were excluded from all methods.

Cell line DGRC ID SRA # of TEs
mbn2 DGRC-147 SRR13360020 1935
mbn2 (Gorski) N.A. SRR13360019 2194
mbn2 (Strand) N.A. SRR13360018 1980
S1 DGRC-9 SRR10981795 742
S2 DGRC-6 SRR10981796 1268
S2 (ATCC-CRL-1963) N.A. SRR10981814 848
S2 (DSMZ-ACC-130-C) N.A. SRR10981794 656
S2 (Invitrogen-R69007) N.A. SRR10981793 845
S2-act-GFP-alphaTub84B DGRC-170 SRR10981789 973
S2-DRSC-1 DGRC-181 SRR10981786 1282
S2-DRSC-2 DGRC-181 SRR10981812 1084
S2-DRSC-3 DGRC-181 SRR10981811 1058
S2-GFP-SKL DGRC-197 SRR10981805 858
S2-Mt-DI DGRC-152 SRR10981802 1264
S2-Mt-EB1-GFP DGRC-171 SRR10981788 1244
S2-Mt-Fog-myc DGRC-218 SRR10981803 1298
S2-Mt-GFP DGRC-194 SRR10981808 1318
S2-Mt-GFP-Act5C DGRC-169 SRR10981790 804
S2-Mt-mCherry-alphaTub84B DGRC-195 SRR10981807 1041
S2-Mt-Msps-GFP DGRC-206 SRR10981804 1063
S2-Mt-N DGRC-154 SRR10981792 1133
S2-Mt-Slit DGRC-192 SRR10981810 1038
S2-SQH-GFP DGRC-172 SRR10981787 1534
S2-SQH-GFP+Mt-mCherry-actin - DGRC-193 SRR10981809 992
S2-Tub-wg DGRC-165 SRR10981791 1210
S2R+ DGRC-150 SRR10981813 1820
S2R+ (DRSC) N.A. SRR11000336 2924
S2R+-NPT005 DGRC-229 SRR10981801 1444
S2R+-NPT017 DGRC-230 SRR10981800 1604
S2R+-NPT050 DGRC-231 SRR10981799 1275
S2R+-NPT101 DGRC-232 SRR10981798 1470
S2R+-SQH-GFP DGRC-196 SRR10981806 1305
S3 DGRC-5 SRR10981797 1204
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line diversity. These results suggest that TE profiles can be used to infer the evolutionary
relationship among sub-lines of the S2 cell line, and that there is no evidence for cross-
contamination between S2 sub-lines and other Drosophila cell lines in our dataset.

The S2 phylogeny built using TE profiles revealed a major split in the history of S2 cell
line evolution resulting in two sister lineages, which we annotated as “Clade A” and “Clade
B” (Figure 3.1). Clade A includes all seven S2R+ sub-lines and six S2 sub-lines while Clade
B includes 11 S2 sub-lines. These results imply that S2 cells are paraphyletic (i.e., some
S2 sub-lines are more closely related to S2R+ than other S2 sub-lines). In some cases, S2
sub-lines from the same lab cluster together (S2R+ sub-lines from the Perrimon lab, S2 sub-
lines from the Klueg lab). However, S2 sub-lines from the Rogers lab were placed in different
major clades of the S2 phylogeny (three S2-sub-lines in Clade A, nine S2-sub-lines in Clade
B, Figure 3.1), demonstrating that the same lab can use sub-lines of S2 from divergent clades
which have potentially different genome organization.

Majority of S2 sub-lines we surveyed in this study were placed within Clade A and Clade
B based on their TE profiles. However, two S2 sub-lines, S2-DRSC and S2 (DSMZ-ACC-130-
C), were independently placed as outgroups for the two major clades of S2, suggesting that
they are divergent S2 lineages. S2-DRSC is routinely used for RNAi screens at the Drosophila
RNAIi Screening Center (DRSC) and was recently donated to DGRC. Its relationship to the
canonical S2 sub-line from DGRC (i.e., DGRC-6) was previously not known. Our results
suggest that S2-DRSC and S2 (DGRC-6) are not closely related sub-lines, which could
explain the phenotypic and functional differences between these two sub-lines reported in
previous studies [56, 241, 129, 130].

Samples of the mbn2 line cluster in a monophyletic subclade that is sister to Clade A
(98% bootstrap support) but is clearly contained within the S2 lineage. This observation
is consistent with previous study by Han et al. 2021 proposing that mbn2 is a misidenti-
fied S2 lineage [88]. Han et al. 2021 also showed that mbn2 clusters with S2-DRSC before

clustering with S2R+ [88]. However, our results showed that the mbn2 clade clusters with
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S2R+ before clustering with S2-DRSC. We interpret this discrepancy as caused by the low
coverage sequencing data of S2 and S2R+ samples included in the previous study [88], which
led to insufficient TE insertion signals to infer the evolutionary relationship among mbn2

and diverse S2 sub-lines.

3.4.2 GENOME-WIDE COPY NUMBER PROFILES CORRELATE WITH HISTORY OF S2 SUB-

LINES

To further understand the genomic heterogeneity among S2 sub-lines, we performed DNA
density analysis on all S2 sub-lines surveyed in this study (Figure 3.3). Briefly, any CNVs
would lead to deviations relative to the mean peak of DNA-seq read count density at “1”, the
level of the deviation can then be used to infer the minimal ploidy of the sample genome [129].
This analysis revealed that all S2 sub-lines have tetraploid genomes, which could be explained
by an ancestral tetraplodization event that occurred in the early stage of S2 following cell
line establishment [213]. We also generated copy number variant (CNV) profiles for all S2
sub-line samples (Figure 3.2) using Control-FREEC [37], in which the baseline ploidy for
each sample was determined from DNA density analysis (Figure 3.3). Several patterns were
observed in the CNV profiles that suggest the robustness of using this profiling approach to
characterize cell sub-lines: 1) CNV profiles of S2R+, S2-DRSC, S1, and S3 are consistent
with profiles for their replicates from modENCODE reported in previous studies [253, 129],
and 2) we observed high concordance among CNV profiles of replicate samples for S2-DRSC.

CNV profiles revealed a substantial amount of segmental copy number changes among S2
sub-lines (Figure 3.2). Importantly, patterns of segmental copy number changes are consistent
with the evolutionary relationship among S2 sub-lines inferred from their TE profiles (Figure
3.2). The majority of CNVs in S2 were observed in the autosomal regions in sub-lines within
Clade A (Figure 3.2B), including the ~15Mbp copy number gains and losses on chromosome
arm 3L that are exclusively shared by sub-lines in Clade A (Figure 3.2B, red shading). In

addition, several copy number changes on chromosome X, arm 2L, and arm 2R are exclusively
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Figure 3.2: DNA copy number profiles reveal diverse and extensive segmental
aneuploidy among Drosophila S2 sub-lines. (A) Dollo parsimony tree of 29 Drosophila
S2 sub-lines based on non-reference TE predictions made by TEMP [259]. Samples from the
S1, S3 and mbn2 cell lines were also included in the analysis. Taxa labels were colorized
in the same way as Figure 3.1. (B) Copy number profiles for samples included in panel
(A) separated by chromosome arms. Each data point represents normalized copy number
(ratio*ploidy) for a given 10kb window estimated by Control-FREEC [37]. Data points for
each window are colorized by CNV status (red: CNV gain; green: no CNV; blue: CNV loss),
which are based on the comparison between normalized copy number and baseline ploidy.
Low recombination regions are shaded in grey.
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Figure 3.3: Normalized DNNA content for Drosophila S1, S2, S3 and mbn2 lines.
Histograms of normalized DNA read density of 1kb windows using the method described in
Lee et al. 2014 [129]. Reads mapping to chromosome X and autosomes are show in red and
black, respectively. Minimal ploidy can be inferred based on peaks that deviate from mean
peak of normalized DNA read density at 1. For example, minimal tetraploidy can be marked

by peaks at 0.75 and 1.25.

shared by S2R+ sub-lines (Figure 3.2B, yellow shading). In comparison, sub-lines in Clade
B have very few CNVs throughout the genome (Figure 3.2B), which explains the lack of
0.75 and 1.25 peaks in the DNA density profiles for these samples. Both S2-DRSC and S2
(DSMZ-ACC-130-C) sub-lines have distinct CNV patterns that are different from other S2
sub-lines in Clade A and Clade B (Figure 3.2B), which is consistent with these two S2 sub-

lines being reconstructed as divergent lineages of S2 using TE profiles. Finally, CNV profiles
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of samples from mbn2 have distinct CNVs that are different from S2 sub-lines, which is
consistent with the interpretation that mbn2 is a divergent lineage of S2. In addition, it is
worth noting that the extensive segmental aneuploidy in mbn2 resembles the characteristic
of S2 sub-lines in Clade A (Figure 3.2B).

S2R+, S2R+-SQH-GFP, and most S2 sub-lines in Clade A (except S2-Tub-wg) share a
~5Mbp copy number loss in chromosome arm 2L (Figure 3.2B), which could be explained
by a segmental deletion event occurred in the common ancestor of sub-lines in Clade A,
followed by reversals of the deletion in S2-Tub-wg and in the common ancestor of S2R+
sub-lines from Perrimon lab through somatic recombination (Figure 3.2B). In addition, a
copy number loss on the entire chromosome arm 2L can be observed for S2R+-NPT005 but
not for other S2R+ sub-lines. These results suggest that copy number changes frequently
occur in the S2 cultured cells, which further contributes to diversity in genome organization

among sub-lines of the S2 cell line.

3.4.3 A SUBSET OF LTR RETROTRANSPOSONS HAVE ONGOING TRANSPOSITION ACTIV-

ITIES IN S2 CULTURED CELLS

S2 sub-lines evolves clonally, which implies the non-reference TEs in S2 sub-lines from the
ancestral fly strain and early passages should be shared by all sub-lines. In the absence
of any other factors, these ancestral insertions can not provide phylogenetic signal to infer
the evolutionary history of S2. Since TE profiles clearly provide signals that can be used
to infer the evolutionary history of S2 sub-lines, we infer that phylogenetically informative
TE insertions mainly came from ongoing somatic TE transpositions during prolonged S2
cell culture (i.e., the “ongoing transposition” hypothesis). However, the corrleation between
CNV profiles and S2 phylogeny raises an alternative hypothesis, which is that the majority
of TE insertions in the S2 sub-lines happened soon after the establishment of the original S2
cell line (i.e., the “initial TE burst” hypothesis), and that the S2 phylogeny built from TE

profiles of S2 sub-lines is driven by subsequent clonally inherited copy number loss events. If
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Figure 3.4: Evolutionary relationship among S2 sub-lines inferred using TE pro-
files in regions without copy number loss. (A) Dollo parsimony tree of 29 Drosophila
S2 sub-lines constructed using non-reference TE insertions predicted by TEMP [259] in
regions of chromosome X without copy number losses. Samples from S1, S3 and mbn2 cell
lines were also included. Percentage bootstrap support was annotated beside each node.
Drosophila Genomics Resource Center (DGRC) cell line names are used as taxa labels. Sam-
ples obtained from other sources are labeled in the format of “cell line name (source name)”.
Taxa labels were colorized based on original labs in which cell sub-lines were developed. (B)
Copy number profiles of chromosome X for samples included in panel (A). Each data point
represents normalized copy number (ratio*ploidy) for a given 10kb window estimated by
Control-FREEC [37]. Data point for each window is colorized by CNV status (red: CNV
gain; green: no CNV; blue: CNV loss), which are based on the comparison between nor-
malized copy number and baseline ploidy. Regions without copy number loss across all S2
sub-lines are shaded in purple. Low recombination regions are shaded in grey.

this alternative hypothesis is true, we should expect all S2 sub-lines to have highly similar

TE profiles in regions without significant copy number loss events. Furthermore, we should
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expect that TE profiles in regions without copy number loss do not have sufficient signal to
infer the evolutionary history of S2 sub-lines. To test the alternative hypothesis, we analyzed
TE profiles in a ~15Mbp region in chromosome X that does not include significant copy
number loss across all S2 sub-lines we surveyed (Figure 3.2B; Figure 3.4B, purple shading).
Our analysis revealed that the majority of TE insertions in regions of the X chromosome
without copy number loss are exclusive to one or a subset of S2 sub-line samples (Figure
3.5). We then built the Dollo parsimony tree of Drosophila S2 sub-lines using non-reference
TE insertions in the same region of chromosome X. The most parsimonious tree has the
same major topological features as the one built from genome-wide TE profiles (Figure 3.4).
Together, these results provide evidence against the initial burst and CNV loss model and
suggest that the genome-wide TE profiles used to infer evolutionary relationship of S2 sub-

lines are contributed mainly by ongoing S2 sub-line- or lineage-specific somatic transposition.
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Figure 3.5: Majority of non-reference TE insertions are exclusive to one or a subset
of sub-line samples in S2. Histogram shows the number of Drosophila S2 sub-line samples
that share each given TE insertion in regions of chromosome X without copy number losses.
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To gain additional insights into the dynamics of TE transposition activity during the
history of S2 cell line evolution, we mapped TE insertions on the phylogeny of Drosophila S2
sub-lines using ancestral state reconstruction based on the most parsimonious scenario of TE
gain and loss under the Dollo model [23, 194, 88]. If insertions happened in the early stage of
S2 and were later purged in S2 sub-lineages through copy number loss, the Dollo assumption
would favor early insertion over parallel gains of TEs in different sub-lineages [75]. This
unique characteristic of the Dollo assumption suggests that the phylogenetic analysis from
TE profiles is not biased towards a tree with more recent TE insertions, thus is conservative
regarding the “ongoing transposition” hypothesis. Finally, if the “ongoing transposition”
hypothesis is true, we expect to observe TE insertions on virtually all branches in the tree.
The most parsimonious scenario of TE insertions mapped on the phylogeny including 29
Drosophila S2 sub-lines is shown in Figure 3.6. Although the Dollo model favors insertions
that are shared by all samples over more recent parallel insertions [75], a substantial amount
of TE insertions were observed on both ancestral and recent branches in the phylogeny,
thereby supporting the “ongoing transpositions” hypothesis.

We then aggregated the insertions mapped on each branch of the most parsimonious
tree by TE families to visualize branch- and family-specific TE insertion profiles. This anal-
ysis revealed that only a subset of 125 curated TE families in D. melanogaster exhibit high
transposition activity in the S2 cell culture (Figure 3.7). The top 10 most active TE families
are all LTR retrotransposons except for jockey, which is long interspersed nuclear element
(LINE). In addition, ancestral state reconstruction analysis also revealed branch- and TE
family-specific activities. Branch 32 that goes from the hypothetical ancestor (i.e., ISO1) to
the ancestor of all Schneider cell samples (i.e., Oregon-R) is enriched with 700 insertions,
which can be expected since roo is one of the most active TE families in the natural pop-
ulations of D. melanogaster [193]. Branch 34 that leads to the ancestor of all S2 sub-lines
is enriched with 17.6, 297 and 1731 insertions. Branches 49, 48, and 37 that leads to the

ancestor of S2R+, Clade A, Clade B, respectively, are enriched with a variety of TE families
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Figure 3.6: Ancestral state reconstruction supports ongoing TE transpositions in
S2 cell culture. Dollo parsimony tree of 29 Drosophila S2 sub-lines constructed using non-
reference TE insertions predicted by TEMP [259]. Samples from S1, S3 and mbn2 cell lines
were also included in the analysis. The number of TE insertions estimated using ancestral
state reconstruction were annotated above each branch. Percentage bootstrap support was
annotated beside each node. Drosophila Genomics Resource Center (DGRC) cell line names
are used as taxa labels. Samples obtained from other sources are labeled in the format of
“cell line name (source name)”. Taxa labels were colorized based on original labs in which
cell sub-lines were developed.

including jockey, blood, copia, 297, 3518, 1731, diver, mdgl and 17.6. Insertions from TE
families on ancestral branches that were active during the S2 cell culture evolution should

play important roles in shaping unique TE profiles of different S2 lineages. Compared to
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Figure 3.7: Ongoing TE insertions are contributed by a a small subset of LTR
retrotransposon families in Drosophila S2 culture. (A) Dollo parsimony tree of 29
Drosophila S2 sub-lines based on non-reference TE predictions made by TEMP [259]. Sam-
ples from S1, S3, and mbn2 cell lines were also included. Taxa labels were colorized in the
same way as Figure 3.1. (B) Heatmap showing the number of family-specific TE insertions
on each branch of the tree in (A) based on ancestral state reconstruction. The heatmap is
colorized by log-transformed (log10(count+1)) number of gains per family per branch, sorted
top to bottom by overall non-reference TE insertion gains per family across all branches,
and sorted left to right into clades representing major clades of S2 phylogeny with major
clade color codes indicated at the top of the heatmap.

ancestral branches, more recent branches within the two major clades of S2 were mapped
with fewer TE insertion activities except for several branches within the S2R+ clade. We
observed a significant number of insertions mapped to branches 49, 52, and 18, which lead
to the ancestor of S2R+ clade, S2R+ (DRSC), and the remaining S2R+ sub-lines from the
Perrimon lab, respectively. The high TE insertion activities on these branches correlate with

the popularity and extensive passage of the S2R-+ cell line. Together, these results provide
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evidence that different TE families were active at different times during the the evolutionary

history of S2, and support an episodic model of ongoing transposition in cell culture.

3.5 DISCUSSION

In this study, we used TE profiles to reveal the evolutionary relationship among 29 Drosophila
S2 sub-lines. All S2 sub-lines form a single monophyletic clade in the phylogeny, suggesting
that no cross-contamination between S2 and other Drosophila cell lines in our dataset. Our
results also revealed two major subclades of S2 that are supported by copy number pro-
files. One major clade we labeled as “Clade A” includes all S2R+ sub-lines and several S2
sub-lines. This clade can be characterized by substantial copy number changes in the auto-
somes. The other major clade we labeled as “Clade B” includes only S2 sub-lines with mostly
intact genomes. These results imply that “S2” is paraphyletic and revealed substantial het-
erogeneity in sub-lines labeled as S2. We also found that some S2 sub-lines originating from
the same lab were reconstructed in different major clades of S2, providing evidence that het-
erogeneity in S2 genome content has the potential to influence results obtained in one lab.
Future experiments on spontaneous TE accumulation in S2 would be needed to estimate the
TE transposition rate in the Drosophila cell culture and date the divergence time between
major clades of S2.

We also performed ancestral state reconstruction of TE insertions on the S2 phylogeny;,
which provided evidence for the “ongoing transposition” hypothesis in the S2 cell culture.
One potential issue with this analysis is the presence of false-positive (FP) and false-negative
(FN) non-reference TE predictions. In principle, a random FP prediction is unlikely to be
shared by multiple cell samples thus should lead to a falsely reconstructed insertion on the
terminal branch under the Dollo model. This suggests that the number of TE insertions
reconstructed on the terminal branches of our trees may be overestimated. Conversly, a

random FN would most likely lead to falsely reconstructed deletion on the terminal branch
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under the Dollo model. Thus, random FP and FN TE predictions should have a limited
impact on the phylogenetic and ancestral state reconstruction analyses.

We infer from the ancestral state reconstruction analysis that transposition has occurred
throughout the S2 phylogeny but that only a subset of TE families have high transposition
activity in the S2 culture. Most of the active TEs in S2 are retrotransposons that do not
encode a functional retroviral envelope (env) gene (except for 297 and 17.6), suggesting that
TE proliferation in cell culture is an endogenous process. The fact that we do not observe
global activation of all TE families suggests transposition in S2 is under some form of TE-
family-specific regulation. Arkhipova et al, 1995 [9] provided two non-mutually exclusive
hypotheses for proliferation of TEs in cell lines: 1) the ongoing transposition is more easily
tolerated in cultured cells and is no longer under strong negative selection as in the whole
flies, and 2) there exist specific factors that control TE transposition, and their actions are
altered significantly in cell culture. More work is needed to understand the mechanism by
which TE copy number regulation is relaxed in a family-specific fashion in the Drosophila
cell culture.

Overall, this study revealed ongoing somatic TE insertions and copy number changes as
mechanisms for genome evolution in the Drosophila S2 cell culture, which only has 50 years
of history since establishment [213]. The genomic and phenotypic heterogeneities within cell
culture have also been reported for the human HeLa cell line [141] and the MCF-7 breast
cancer cell line [24], suggesting that rapid genome evolution and within culture heterogeneity
are common features of animal cell culture. Future work is needed to further understand the
genome evolution of animal cell culture and how the genome content changes affect cell

phenotypes and functional studies.
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CHAPTER 4

LOCAL ASSEMBLY OF LONG READS ENABLES PHYLOGENOMICS OF TRANSPOSABLE

ELEMENTS IN A POLYPLOID CELL LINE!

!Guilherme B Dias (co-first author), Shunhua Han (co-first author), Preston J Basting, Raghuvir
Viswanatha, Norbert Perrimon, and Casey M Bergman, Local assembly of long reads enables
phylogenomics of transposable elements in a polyploid cell line.

To be submitted to Genetics.
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4.1 ABSTRACT

Animal cell lines cultured for extended periods often undergo extreme genome restructuring
events, including polyploidy and segmental aneuploidy that impede de novo whole-genome
assembly (WGA). In Drosophila, many established cell lines also exhibit massive proliferation
of specific transposable element (TE) families relative to wild-type flies. To better understand
the process of TE evolution in Drosophila somatic cell culture, we sequenced the genome
of a tetraploid Drosophila cell line called S2R+ using long-read and linked-read technolo-
gies. WGAs of S2R+ provided variable estimates of TE content and were highly fragmented
relative to assembly of genomes of whole-flies from inbred strains. In order to study TE
sequence evolution without depending on WGAs, we developed a novel bioinformatics tool
called “TELR” that identifies, locally assembles, and estimates allele frequency of transpos-
able elements from long-read data (https://github.com/bergmanlab/telr). Application
of TELR to a ~130x PacBio dataset for S2R+ revealed many haplotype-specific TE inser-
tions that occurred after tetraploidization of the S2 genome and therefore must have arisen
by somatic transposition in cell culture after initial establishment of the cell line. Local
assemblies from TELR also allowed phylogenetic analysis of paralogous TE copies within
the S2R+ genome, which revealed that proliferation of different TE families in Drosophila
cell lines could 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 not amenable
to WGA and yields new insights into the mechanisms of TE sequence evolution in animal

cell culture.

4.2 INTRODUCTION

Cell lines are commonly used in biological and biomedical research, however little is known
about how cell line genomes evolve during routine cell culture. Early studies using cells

extracted from abnormally grown tissue such as mammalian tumors and plant galls revealed


https://github.com/bergmanlab/telr
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Figure 4.1: Genome architecture complexity hinders whole-genome assembly in
long-term cultured cell lines. The inbred fly stock has diploid genome that includes
homozygous variations, which allows contiguous whole-genome assembly (WGA). In com-
parison, cell lines established from inbred fly stock undergo polyploidization and accumulates
heterozygous variations including segmental aneuploidy and haplotype-specific TE insertions
during long-term culture. The complexity of polyploid genome with heterozygous variants
may lead to highly fragmented WGA and as a result limit the utility of using WGA to study
TE sequence evolution.

large changes in genome structure including polyploidy and aneuploidy [131]. Likewise, cell
lines derived from normal plants or animal euploid tissues often develop polyploidy and ane-
uploidy in cell culture [79, 93, 180, 13]. More recently, the use of DNA sequencing has further
uncovered that segmental aneuploidy and other types of submicroscopic structural variation
are widespread in cell lines [166, 2, 129, 172, 24, 257, 256, 141]. These observations indicate
that cells in culture often evolve a complex genome architecture that deviates substantially
from their original source material. This complexity can impose limitations on efforts to
perform de novo whole-genome assembly (WGA) [162, 163, 172] and thus limit the ability
to study cell line genome structure and evolution using WGA-based approaches. Resolving

the evolutionary processes that govern the transition from wild-type to complex cell line
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genome architectures is important for understanding the stability of cell line genotypes and
the reproducibility of cell-line-based research.

Like many cell lines, Schneider-2 (S2) cells from the model insect Drosophila have under-
gone polyploidization [213], and display substantial small- and large-scale segmental aneu-
ploidy [253, 129]. In addition, S2 and other Drosophila cell lines exhibit a higher abundance
of transposable element (TE) sequences compared to whole flies [189, 100, 193], with TE
families that are abundant in S2 being different from those amplified in other Drosophila cell
lines [70, 193, 88, 155]. However, little is known about the pattern of TE sequence evolution
in S2 or other Drosophila cell lines. For example, it is typically unknown whether the prolifer-
ation of TEs in Drosophila cell lines [152] is contributed by one or more source lineages. The
lack of understanding on TE sequence evolution in Drosophila cell lines in previous studies
is mainly due to the limitation of using legacy short read data, which typically does not
allow contiguous WGA or complete assembly of TE insertions or other structural variants
[5, 232, 119, 254].

Recent advances in long-read DNA sequencing technologies have substantially improved
the quality of WGAs, including a better representation of repetitive sequences such as TEs
[30]. In Drosophila, long-read WGAs of homozygous diploid genomes such as those from
inbred fly stocks can achieve high contiguity and permit detailed analysis of structural vari-
ation including TE insertions [30, 51, 39, 167]. However, WGA using long reads still remains
limited by complex genome features including polyploidy, heterozygosity, and high repeat
content, all of which are present in cell lines such as Drosophila S2 cells [213, 189, 100,
253, 129, 193, 88, 155]. 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 haplotype duplication artifacts [197, 185]. Therefore, it is expected that
the assembly of highly complex Drosophila cell line genomes like S2 should result in sub-
stantially more fragmented WGAs than those generated from homozygous diploid fly stocks,

and is likely to impact the subsequent annotation and analysis of TE sequences (Figure 4.1).
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To gain insight into the mechanisms of genome evolution in Drosophila cell culture, we
sequenced the genome of a commonly used variant of S2 cells, the S2R+ cell line [245],
using PacBio long-read and 10x Genomics linked-read technologies. As predicted, WGAs of
S2R+ from long-read sequencing data were highly fragmented and yielded highly variable
estimates of TE content using different assembly methods (Figure 4.7). To circumvent the
limitations of WGA and comprehensively characterize TE content in Drosophila cell lines,
we developed a TE detection tool called TELR (Transposable Elements from Long Reads,
pronounced “Teller”) that can predict non-reference TE insertions based on a long-read
dataset, a reference genome, and a TE library. Importantly, TELR can detect haplotype-
specific TE insertions, reconstruct TE sequences, and estimate intra-sample TE allele fre-
quencies (TAFs) from polyploid genomes that are not amenable to WGA. We applied TELR
to PacBio long-read datasets of S2R+ and a geographically-diverse panel of D. melanogaster
inbred fly strains from the Drosophila Synthetic Population Resource (DSPR) [50]. We dis-
covered a large number of simplex TE insertions from a subset of LTR retrotransposons in
the tetraploid S2R+ cell line. We inferred that these simplex insertions came from somatic
transpositions after S2 cells went tetraploid following initial cell line establishment. We also
performed phylogenomics analysis on the full-length TE sequences that were assembled by
TELR. The analysis revealed that amplification of TEs in Drosophila cell lines could originate
from single or multiple source lineages. Together, our work provides a novel computational
framework to study polymorphic TEs in complex polyploid genomes. It also improves our

understanding of TE dynamics in the long-term Drosophila cell culture.

4.3 MATERIALS AND METHODS

4.3.1 CELL CULTURE

An initial sample of S2R+ cells, which we define as passage 0, was obtained from a routine
freeze of cells made by the Drosophila RNAi Screening Center (DRSC). Cells from passage

0 were defrosted and recovered in Schneider’s Drosophila medium (Thermo) containing 10%
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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 (passage 4A). Passage 4A cells were pooled
and harvested to make DNA for PacBio libraries. A frozen stock was defrosted 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 samples used in this study is

depicted in Figure 4.2.

S2R+ frozen stock
DRSC Passage 1 Passage 2 Passage 3A Passage 4A

: é@é@\@ o

10xT75
PacBio

Passage 3B Frozen stock Passage 4B Passage 5B

- -

3xT75
10x Genomics

Figure 4.2: Provenance of the S2R+ cells used in this study. Cells were harvested from
passages 4A and 5B for PacBio and 10x Genomics linked-read DNA sequencing, respectively.

4.3.2 FLY STOCKS

A stock of D. melanogaster strain A4 from the Drosophila Synthetic Population Resource
(DSPR) [114] was obtained from Stuart Macdonald (University of Kansas) and reared on

Instant Drosophila Medium (Carolina Biological, Cary NC) until DNA extraction.

4.3.3 DNA PURIFICATION, LIBRARY PREPARATION, AND SEQUENCING

Cells were harvested from passages 4A and 5B (Figure 4.2) for PacBio and 10x Genomics
linked-read DNA sequencing, respectively. Detailed DNA purification and library prep

methods are described in the Supplementary Methods. Briefly, DNA for the PacBio library
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was obtained from 10 confluent T75 flasks using a modified phenol:chloroform:isoamyl
alcohol protocol. DNA for the 10x Genomics linked-read library was obtained from ~1x107
cells using the 10x Genomics recommended “salting out” protocol (https://support.
10xgenomics . com/permalink/5H0Dz33gmQ0ea02iwQUOiK).

DNA for D. melanogaster strain A4 linked-read library was obtained from a single female
fly following the 10x Genomics recommended protocol for DNA purification from single
insects (https://support.10xgenomics.com/permalink/7HBJeZucc80CwkMAmA40Q2).

PacBio SMRThell libraries were prepared for S2R+ using the Procedure & Checklist 20 kb
Template Preparation with BluePippin Size Selection. The resulting library was sequenced
on a RS IT instrument using 31 SMRT cells with a movie time of 240 minutes per cell,
generating a total of 3,510,012 reads (~28.5 Gbp).

Linked-read libraries were prepared for both S2R+ and A4 after DNA size selection with
BluePippin to remove fragments shorter than 15 kb. Libraries were prepared following the
10x Genomics Chromium Genome Reagent Kit Protocol 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).

4.3.4 'WHOLE-GENOME ASSEMBLY AND QC

Raw PacBio reads from S2R+ (generated here; SRX7661404) and A4 from Chakraborty et al.
2018 [51] (SRX4713156) were independently 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”7 -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) [57, 118, 117, 203]. 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)


https://support.10xgenomics.com/permalink/5H0Dz33gmQOea02iwQU0iK
https://support.10xgenomics.com/permalink/5H0Dz33gmQOea02iwQU0iK
https://support.10xgenomics.com/permalink/7HBJeZucc80CwkMAmA4oQ2
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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)
[240]. The optimal ‘--maxreads’ parameter was calculated by Supernova in a previous run to
avoid excessive coverage. Supernova assemblies were exported in ‘pseudohap2’ format and
pseudo-haplotypel was analyzed.

10x Genomics reads from S2R+ and A4 were also barcode-trimmed with LongRanger
(v2.2.2; basic pipeline) [255] and used as standard paired-end reads in a WGA with SPAdes
(v3.15.0) using default parameters [14].

All assemblies were filtered to remove redundancy using the ‘sequniq’ program from
GenomeTools (v1.6.1) [86]. General assembly statistics were calculated with the ‘stats.sh’
utility from BBMap (v38.83) [43]. Assembly completeness was assessed with BUSCO (v4.0.6)
[219, 239] and the Diptera ortholog set from OrthoDB (v10) [121].

4.3.5 ASSESSMENT OF OVERALL TE CONTENT

Transposable elements were annotated in all WGAs with RepeatMasker (v4.0.7; -s -
no_is -nolow -x -e nchi) (https://www.repeatmasker.org/RepeatMasker/) using v10.2
of the curated library of D. melanogaster canonical TE sequences (https://github.com/
bergmanlab/transposons). TE abundance was calculated from RepeatMasker’s “.out.gff”
files as the percentage of bases masked in each assembly.

Barcode-trimmed linked-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) [53]. A
random sample of 5 million read pairs (10 million reads) was extracted for each dataset
using seqtk (v1.3; -s2) (https://github.com/1h3/seqtk) and masked using RepeatMasker

(v4.0.7; -s -no_is -nolow -x -e ncbi) and the D. melanogaster canonical TE set (v10.2; https:


https://www.repeatmasker.org/RepeatMasker/
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//github.com/bergmanlab/transposons). Abundance for each TE family was calculated

as the percentage of read bases that were RepeatMasked.

4.3.6 DETECTION OF NON-REFERENCE TE INSERTIONS USING LONG READS

The TELR pipeline consists of four main stages: (1) general SV detection and filter for TE
insertion candidate, (2) local reassembly and polishing of the TE insertion, (3) identification
of TE insertion coordinates, and (4) estimation of intra-sample TE insertion allele frequency.

In stage 1, long reads are aligned to the reference genome using NGMLR (v0.2.7) [216].
The alignment output in BAM format is provided as input for Sniffles (v1.0.12) to detect
structural variations (SVs) [216]. TELR then filters for TE insertion candidates from SVs
reported by Sniffles using following criteria: 1) The type of SV is an insertion, 2) The insertion
sequence is available, and 3) The insertion sequences include hits from user provided TE
consensus library using RepeatMasker (v4.0.7; http://www.repeatmasker.org/).

In stage 2, reads that support the TE insertion candidate locus based on Sniffles output
are used as input for wtdbg2 (v2.5) to assemble local contig that covers the TE insertion
for each TE insertion candidate locus [203]. The local assemblies are then polished using
minimap2 (v2.20) [136] and wtdbg2 (v2.5) [203].

In stage 3, TE consensus library is aligned to the assembled TE insertion contigs using
minimap2 and used to define TE-flank boundaries. TE region in each contig is annotated
with family info using RepeatMasker (v4.0.7). Sequences flanking the TE insertion are then
re-aligned to the reference genome using minimap2 to determine the precise TE insertion
coordinates and target site duplication (TSD).

In stage 4, raw reads aligned to the reference genome are extracted within a 1kb
interval on either side of the insertion breakpoints initially defined by Sniffles. The reads
are then aligned to the assembled polished contig to identify reads that support the non-
reference TE insertion and reference alleles, respectively, in following steps: 1) Reads are

aligned to the forward strand of the contig, 5" flanking sequence depth (5p_flank_cov) and
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5 TE depth (5p_te_cov) are calculated. 2) Reads are aligned to the reverse complement
strand of the contig, 5’ flanking sequence depth (3p_flank_cov) and 5" TE depth (3p_te_cov)
are calculated. 3) The TE allele frequency is estimated as (5p-te_cov/5p_flank_cov +
3p_te_cov/3p_flank _cov)/2.

TELR (v0.2; revision bb90a5) was applied to the S2R+ PacBio dataset and to a
panel of 13 D. melanogaster strains from the Drosophila Synthetic Population Resource
(DSPR) (Bioproject ID PRJNA418342) [50]. The mapping reference used was release 6
of the D. melanogaster reference genome (chr2L, chr2R, chr3L, chr3R, chr4, chrX, chrY,
chrM) [95] and the TE library was v10.2 of the D. melanogaster canonical TE sequence
library (https://github.com/bergmanlab/transposons/blob/master/releases/D_mel_
transposon_sequence_set_v10.2.fa).

The marked enrichment of TE insertions with TAF ~0.25 and ~0.75 in strain A7 (Figure
4.14) indicates sample contamination/mislabeling. We used BEDTools (v2.29.0) [192] to
investigate the possibility of contamination of sample A7 with another strain by intersecting

TE predictions between A7 and all other DSPR strains.

4.3.7 EVALUATE TELR ON PREDICTING NON-REFERENCE TE INSERTION COORDINATE

AND FAMILY

We generated synthetic datasets using reads simulated from the ISO1 (dm6) and A4
(GCA_003401745.1) [51] genome assemblies to evaluate TELR on predicting non-reference
TE insertion under different ploidy, zygosity and coverage settings. In principle, a good
predictor should be able to accurately predict “non-reference” insertions that are present
in genome 1 (e.g., ISO1) but absent from genome 2 (e.g., A4) using reads simulated from
genome 1 and 2 mapped to genome 2. Synthetic datasets under different settings were
created as follows: 1) We simulated Pacbio reads from ISO1 to model diploid homozygous
insertions. 2) We simulated and combined Pacbio reads from both ISO1 and A4 with equal

coverages to model diploid heterozygous insertions. 3) We simulated and combined Pacbio
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reads ISO1 and A4 with 1:3, 2:2, 3:1, and 4:0 ratio to model tetraploid simplex, duplex,
triplex and quadruplex insertions, respectively (Table 4.1). The simulations were conducted
using pbsim2 (v2.0.1; P6C4 HMM model) [181] under 50X, 100X, 150X, and 200X coverages
for all ploidy, zygosity, and coverage settings. The synthetic datasets were used as input to
TELR to detect non-reference TE insertions (v0.2; revision bb90aba; options: —assembler
wtdbg2 —polisher flye -p 1). The A4 assembly was used as the reference genome and the
Berkeley Drosophila Genome Project canonical TE dataset v10.2 was used for these analyses.

As ground truth for evaluating TELR performance, curated TE annotations from
the release 6.38 version of D. melanogaster ISO1 genome (http://ftp.flybase.net/
releases/FB2021_01/dmel_r6.38/gff/dmel-all-r6.38.gff.gz) were lifted over to A4
genome assembly. After excluding INE-1 insertions and TE insertions in low recombination
regions, 1163 curated TEs in ISO1 could be lifted over to A4 on the basis of their flanking
regions. TELR predictions were considered true positives if the predicted TE insertion
coordinates were within a 5bp window of a lifted over ISO1 TE annotation and if the
predicted TE family was the same as the lifted over annotation. The final benchmark results
for TELR applied to synthetic datasets are summarized in Table 4.1. The results suggested
that TELR has high precision (>95%) under all ploidy, zygosity and coverage settings. In
contrast, TELR’s recall was much lower, especially at low effective coverage levels. These
results indicate that the non-reference TE insertion predictions made by TELR are highly
accurate, however, the method has an appreciable false negative rate especially when the

effective coverage is lower than 50X.

4.3.8 EVALUATION OF A CLASSIFIER FOR PREDICTING HOMOZYGOUS OR HETEROZY-
GOoUs TE INSERTION IN DIPLOID AND TETRAPLOID GENOME USING LONG-READ

DATA

To fill a gap in tools available to analyze intra-sample TE allele frequencies (TAF) in long-

read data, we built a classifier to determine zygosity of TE insertion predicted by TELR.
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Table 4.1: TELR performance benchmark using genome-wide synthetic data from
ISO1 and A4 genome assemblies. Non-reference TE insertion predictions made by TELR
using the A4 genome assembly as reference were evaluated against curated TE annotations
in ISOL1 lifted over to A4 coordinates (see Section 4.3.7 for details). Zygosity represents the
ratio of simulated reads generated from ISO1 and A4 (see details in Section 4.3.7). “True
Positives” and “False Positives” represent the number of predictions that match and doesn’t
match with lifted over insertion annotations, respectively. “False Negatives” represent the
number of lifted over non-reference TE insertion annotations that are not predicted by TELR.
“Precision” represents the number of true positives divided by total number of predictions.
“Recall” represents the number of true positives divided by total number of lifted over non-
reference TE insertion annotations.

Ploidy Zygosity Coverage Total True Positives False Positives False Negatives  Precision Recall
diploid homozygous 50 483 466 17 145 96.5% 75.4%
diploid homozygous 100 521 503 18 107 96.5% 81.4%
diploid homozygous 150 545 526 19 83  96.5% 85.1%
diploid homozygous 200 535 516 19 94  96.4% 83.5%
diploid heterozygous 50 423 414 9 200 97.9% 67.0%
diploid heterozygous 100 504 483 21 126 95.8% 78.2%
diploid heterozygous 150 520 502 18 109  96.5% 81.2%
diploid heterozygous 200 516 495 21 113 95.9% 80.1%
tetraploid  simplex 50 131 129 2 488  98.5% 20.9%
tetraploid  simplex 100 421 408 13 205  96.9% 66.0%
tetraploid  simplex 150 491 472 19 138  96.1% 76.4%
tetraploid  simplex 200 503 487 16 122 96.8% 78.8%
tetraploid  duplex 50 422 406 16 204 96.2% 65.7%
tetraploid  duplex 100 494 473 21 135 95.7% 76.5%
tetraploid  duplex 150 523 504 19 105 96.4% 81.6%
tetraploid  duplex 200 523 504 19 104  96.4% 81.6%
tetraploid  triplex 50 488 470 18 140 96.3% 76.1%
tetraploid  triplex 100 530 508 22 99  95.8% 82.2%
tetraploid  triplex 150 521 501 20 110 96.2% 81.1%
tetraploid  triplex 200 517 496 21 111 95.9% 80.3%
tetraploid  quadruplex 50 502 487 15 122 97.0% 78.8%
tetraploid  quadruplex 100 519 499 20 110  96.1% 80.7%
tetraploid  quadruplex 150 538 519 19 90 96.5% 84.0%
tetraploid = quadruplex 200 531 509 22 100 95.9% 82.4%

If the dataset is diploid, our model classifies a TE insertion as homozygous if TAF>0.875,
as heterozygous if 0.375<TAF<0.625, and as unclassified if neither of these conditions are
met. If the expected ploidy is tetraploid, our model classifies a TE insertion as quadruplex if
TAF>0.875, as triplex if 0.625<TAF<0.875, as duplex if 0.375<TAF<0.625, and as simplex
if TAF<0.375. To evaluate this classifier, we used synthetic datasets generated from ISO1 and
A4 genome assemblies described in Section 4.3.7. The benchmark results were summarized
in Table 4.2 and Table 4.3 for diploid and tetraploid genome, respectively. Our classifier had
over 91% precision for diploid genomes and over 88% precision for tetraploid genomes under

all coverage levels.
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Table 4.2: Performance benchmark for intra-sample TE insertion zygosity classi-
fier on diploid genome. TELR predictions on synthetic data from ISO1 and A4 genome
assemblies were used as input for the classifier. Zygosity represents whether the simulated
reads were generated from both ISO1 and A4 (heterozygous) or ISO1 only (homozygous).
Precision represents the proportion of predictions being correctly classified as heterozygous
or homozygous by the classifier.

Ploidy Zygosity Coverage  Total TAF_Pred Num_Homozygous_Pred Num_Heterozygous_Pred Num_Unclassified _Pred Precision
diploid  homozygous 50 481 479 0 2 99.6%
diploid homozygous 100 510 509 1 0 99.8%
diploid homozygous 150 534 533 1 0 99.8%
diploid homozygous 200 521 520 1 0 99.8%
diploid heterozygous 50 399 4 366 29 91.7%
diploid  heterozygous 100 481 2 469 10 97.5%
diploid  heterozygous 150 496 4 484 8 97.6%
diploid heterozygous 200 495 4 479 12 96.8%

Table 4.3: Performance benchmark for intra-sample TE insertion zygosity classifier
on tetraploid genome. TELR predictions on synthetic data from [SO1 and A4 genome
assemblies were used as input for the classifier. Zygosity represents whether the simulated
reads were generated from both ISO1 and A4 (heterozygous) or ISO1 only (homozygous).
Precision represents the proportion of predictions being correctly classified as heterozygous
or homozygous by the classifier.

Ploidy Zygosity Coverage  Total TAF_Pred Num_Simplex_-Pred  Num_Duplex_Pred  Num_Triplex_.Pred Num_quadruplex_Pred  Precision
tetraploid  simplex 50 127 112 15 0 0 882%
tetraploid  simplex 100 401 391 9 0 1 97.5%
tetraploid simplex 150 467 458 8 0 1 98.1%
tetraploid simplex 200 474 466 6 0 2 98.3%
tetraploid  duplex 50 400 11 360 22 7 90.0%
tetraploid  duplex 100 468 7 445 11 5 95.1%
tetraploid  duplex 150 498 5 484 4 5 97.2%
tetraploid duplex 200 497 4 483 8 2 97.2%
tetraploid  triplex 50 476 0 19 437 20 91.8%
tetraploid  triplex 100 523 0 10 493 20 94.3%
tetraploid  triplex 150 513 0 3 485 25  94.5%
tetraploid  triplex 200 514 2 3 483 26 94.0%
tetraploid quadruplex 50 496 1 1 0 494 99.6%
tetraploid = quadruplex 100 510 0 1 0 509 99.8%
tetraploid  quadruplex 150 526 0 1 0 525  99.8%
tetraploid  quadruplex 200 516 1 1 1 513  99.4%

4.3.9 EVALUATE TELR ON TE SEQUENCE QUALITY

We used the same synthetic datasets used in Section 4.3.7 to evaluate quality of TE sequences

assembled by TELR. In theory, a good predictor should produce local contig assemblies that

can be perfectly aligned to the corresponding TE loci in the ISO1 genome assembly. For a
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given TELR run, each reported TE sequence plus 500bp flanks upstream and downstream of
TE region in the local contig assembly (later referred to as “TELR TE locus”) was aligned
to the ISO1 genome assembly. All TELR TE loci can be uniquely aligned to ISO1 (Figure
4.3). Next, we checked whether each region in ISO1 that was covered by a unique TELR TE
locus intersects a curated annotation of the same TE family. The results are summarized
in 4.4. The majority of TELR TE sequences have at least 95% of their region aligned to
[SO1. If a match is found, we then compared the TELR TE sequence with corresponding
TE sequence in ISO1 based on curated TE annotation. The SNVs and INDELs between
TELR TE sequences and corresponding ISO1 TE sequences are summarized in Figure 4.16

and 4.17, respectively.
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Figure 4.3: Distribution on proportions of TELR TE loci aligned to the ISO1
genome assembly using synthetic long read sequencing data. For a given TELR run
using simulated data with a specific coverage, ploidy and zygosity setting, each predicted TE
sequence plus 500bp flanking sequences on 5’ and 3’ side of the TE locus in the local contig
assembly (referred to as “TELR TE locus”) was aligned to the ISO1 genome assembly. The
proportion of each TELR TE locus aligned to ISO1 was computed as “Proportion of contig
aligned to assembly” in the y axis. See details in Section 4.3.9.

4.3.10 CROSS-VALIDATION OF TELR RESULTS USING SHORT-READ METHODS

To cross-validate results obtained by TELR, we employed seven short-read TE detection

methods implemented in McClintock (v2.0; revision 93369ef) [175] that output TAF values,



116

50x_diploid_homozygous 100x_diploid_homozygous 150x_diploid_homozygous 200x_diploid_homozygous
400+
300+
200+
100+
04 = n L] n
50x_diploid_heterozygous 100x_diploid_heterozygous 150x_diploid_heterozygous 200x_diploid_heterozygous
400+
300+
200+
100+
0= n n n
50x_tetraploid_simplex 100x_tetraploid_simplex 150x_tetraploid_simplex 200x_tetraploid_simplex
400+
300+
200+
100 I
- 0 = - n n
5
8 50x_tetraploid_duplex 100x_tetraploid_duplex 150x_tetraploid_duplex 200x_tetraploid_duplex
400+
300+
200+
100+
0= L) L] L)
50x_tetraploid_triplex 100x_tetraploid_triplex 150x_tetraploid_triplex 200x_tetraploid_triplex
400+
300+
200+
100+
0 ® n L L]
50x_tetraploid_quadruplex 100x_tetraploid_quadruplex 150x_tetraploid_quadruplex 200x_tetraploid_quadruplex
400+
300+
200+
100+
04 L) L ] L) L]

000 025 050 075 100 000 025 050 075 100 000 025 050 075 100 000 025 050 075 100
Proportion of contig TE sequence aligned to genome assembly

Figure 4.4: Distribution on proportions of TELR TE sequences aligned to the
corresponding TE sequences in ISO1 using synthetic long read sequencing data.
For a given TELR run using simulated data with a specific coverage, ploidy and zygosity
setting, each predicted TE sequence plus 500bp flanking sequences on 5" and 3’ side of the
TE locus in the local contig assembly (referred to as “TELR TE locus”) was aligned to the
ISO1 genome assembly. The proportion of TE sequence in the TELR TE locus aligned to the
corresponding TE sequences in ISO1 was computed as “Proportion of contig TE sequence
aligned to genome assembly” in the y axis. If the TE family predicted by TELR doesn’t
match the annotated TE family in ISO1, the proportion will then be labelled as 0. See
details in section 4.3.9.

which include ngs_te_mapper2 [88], PoPoolationTE [115], PoPoolationTE2 [116], RetroSeq
[112], TEFLoN [3], TEMP [259], and TEMP2 [249]. Linked-read data obtained for S2R+ and

A4 was barcode-trimmed with LongRanger (v2.2.2; basic pipeline) [255], de-interleaved, and
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trimmed to 100bp using fastp (v0.20.0; —max_lenl 100 --max _len2 100 --length_required 100)
[53]. 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 input in McClintock to generate non-
redundant non-reference TE insertion predictions. The genome-wide TAF profiles for S2R+
and A4 using TELR and seven short-read TE detection methods are shown in Figure 4.5

and 4.6, respectively.
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Figure 4.5: Comparison of genome-wide distribution of TAF profiles for S2R+
between TELR and short-read methods. Only insertions with flank alignment support
for both sides, and for which the TAF could be calculated were included.

4.3.11 CONSTRUCTION OF PHYLOGENETIC TREES USING TE SEQUENCES FROM TELR

TE sequences predicted, assembled, and polished by TELR on S2R+ and DSPR dataset
were filtered using the following criteria: 1) Sequences from A2 were excluded due to poten-

tial inversion-induced gain of heterozygosity (see Section 4.5 for details). 2) Sequences from
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Figure 4.6: Comparison of genome-wide distribution of TAF profiles for A4
between TELR and short-read methods. Only insertions with flank alignment sup-
port for both sides, and for which the TAF could be calculated were included.

A7 were excluded due to potential sample contamination (see Section 4.5 for details). 3)
Sequences from chromosome X were excluded due to lower coverage compared to auto-
somes and loss of heterozygosity (LOH) events. 4) Exclude sequences from low recom-
bination regions using boundaries defined by Cridland et al. 2013 [60] 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 [29, 154]. 5) Only full-length TE elements
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based on canonical sequences were included. 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 0.95-1.05 ratio cutoff. 6) Only sequences with
both 5" and 3’ flanks mapped to reference genome were included.

TELR sequences from each family were aligned with MAFFT (v7.487) [108]. The multiple
sequence alignments (MSAs) were filtered by trimAl (v1.4.rev15; parameters: -resoverlap 0.75
-seqoverlap 80) to remove spurious sequences. The filtered MSAs were used as input to 1Q-
TREE (v2.1.4-beta; parameters: -m GTR+G -B 1000) [165] to generate maximum likelihood

trees.

4.4 RESULTS

4.4.1 FRAGMENTED ASSEMBLIES YIELD VARIABLE ESTIMATES OF TE CONTENT IN THE

S2R+ GENOME

To better understand the structure and evolution of TEs in the S2R+- cell line genome, we ini-
tially used 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 [14, 57, 118, 240, 203, 117]. 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
using [llumina paired-end short reads (Figure 4.7A; Table 4.4). However, S2R+ WGAs from
different sequencing technologies and assemblers varied substantially in their contiguities and
levels of duplicated BUSCOs (Figure 4.7A,B; Table 4.4). The S2R+ assemblies using Canu
and FALCON-Unzip are among the longest and display the highest level of BUSCO dupli-
cation (Figure 4.7A,B; Table 4.4). Unlike Canu, FALCON-Unzip explicitly separates phased
heterozygous regions into a set of contigs called haplotigs [57]. Combining the haplotigs

with the primary FALCON-Unzip assembly resulted in highest level of BUSCO duplication
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Figure 4.7: Lower contiguity, and higher BUSCO duplication and TE content in
whole-genome assemblies of S2R+ compared to those from an inbred fly strain.
Contig (Canu, FALCON-Unzip, and wtdbg2), and Scaffold (Flye, Supernova, and SPAdes)
N50 values for S2R+ (A) and A4 (D) whole-genome assemblies. BUSCO (Benchmarking
Universal Single-Copy Orthologs) analysis with the Diptera gene set from OrthoDBv10 on
S2R+ (B) and A4 (E) assemblies. RepeatMasker estimates of TE content in WGAs of S2R+
(C) and A4 (F). Orange dotted lines in C and F represent RepeatMasker estimates of TE
content from raw Illumina reads. FALCON-Unzip_p = primary contigs, FALCON-Unzip_ph
= primary + haplotigs. Note that the scale bar is different in A and D.

(“FALCON-Unzip_ph” in Figure 4.7B,E). This result suggested that many regions of the

S2R+ genome are heterozygous, which adds more complexity to its tetraploid nature.

Table 4.4: Statistics for S2R+ genome assemblies.

Canu Falcon-Unzip.p  Falcon-Unzip_-h  Falcon-Unzip_ph  wtdbg2 Flye Supernova SPAdes
Assembly size (bp) 288,352,585 166,182,448 43,221,666 209,404,114 146,747,034 144,559,338 136,942,585 138,619,786
Contig count 4,388 599 1,132 1,731 1,516 1,258 6,083 144,828
Contig N50 (bp) 133,624 711,969 41,606 494,779 448,074 478,824 78,941 42,786
Scaffold count 4,388 599 1,132 1,731 1,516 1,243 3,687 143,874
Scaffold N50 (bp) 133,624 711,969 41,606 494,779 448,074 484,692 874,516 54,714
GC content (%) 41.49 41.75 41.75 41.75 41.62 41.88 42.2 42.72
TEs (bp) 67,687,512 37,394,886 9,297,197 46,692,083 25,542,314 25,822,786 16,928,725 9,923,944
TEs (%) 23.47 22.50 21.51 22.30 17.41 17.86 12.36 7.16
BUSCO (%)

Complete 99.6 97.1 25.6 98.5 95.1 99.0 98.7 98.7
Single-copy 63.1 91.4 25.1 76.3 93.8 97.6 98.0 98.5
Duplicated 36.5 5.7 0.5 22.2 1.3 1.4 0.7 0.2

Fragmented 0.1 0.8 2.4 0.2 0.4 0.3 0.3 0.6

Missing 0.3 2.1 72.0 1.3 4.5 0.7 1.0 0.7

FALCON-Unzip_p = primary contigs; FALCON-Unzip_h = haplotigs; FALCON-Unzip_ph = primary + haplotigs.
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The N50s for all S2R+ WGAs are less than 1 Mbp, which is significantly smaller than
the chromosome size in the Drosophila reference genome [95]. To assess how the WGAs for
the S2R+ cell line compared to WGAs for whole flies of inbred stocks, we also assembled
genome for a highly inbred D. melanogaster strain called A4 using available PacBio long-
read data (110X average depth) [50] and a new 10x Genomics linked-read dataset generated
in this study (118X average depth). Using identical assembly software and parameters, we
found that A4 WGAs have reference-grade contiguities and exhibit lower variation in levels
of BUSCO duplication than the WGAs for the S2R+ cell line (Figure 4.7D E; Table 4.4
and 4.5). Given that the A4 strain is diploid homozygous [50], these results suggest that the
highly fragmented WGAs for the S2R+ cell line are caused by the polyploid and heterozygous

nature of the cell line genome.

Table 4.5: Statistics for A4 genome assemblies.

Canu Falcon-Unzip.p Falcon-Unzip.-h  Falcon-Unzip_.ph  wtdbg2 Flye Supernova SPAdes
Assembly size (bp) 141,737,450 141,292,095 13,036,468 154,328,563 137,203,985 135,706,987 126,833,864 135,820,998
Contig count 181 107 289 396 431 234 3115 119370
Contig N50 (bp) 21,369,333 20,430,351 47,610 16,510,272 13,821,893 5,389,879 182,420 74,783
Scaffold count 181 107 289 396 431 229 1,818 118,640
Scaffold N50 (bp) 21,369,333 20,430,351 47,610 16,510,272 13,821,893 6,405,908 5,040,789 98,019
GC content (%) 42.07 42.14 41.89 42.12 41.83 42.11 42.27 42.33
TEs (bp) 21580457 22,804,030 1,803,901 24,607,939 20,832,191 18,259,520 11,339,728 9,393,794
TEs (%) 15.23 16.14 13.84 15.95 15.18 13.46 8.94 6.92
BUSCO (%)

Complete 99.4 99.2 8.7 99.4 94.6 99.5 99.2 99.2
Single-copy ~ 98.5 98.7 8.6 92.5 94.1 99.1 98.9 99.1
Duplicated 0.9 0.5 0.1 6.9 0.5 0.4 0.3 0.1

Fragmented 0.2 0.2 0.8 0.2 0.2 0.2 0.3 0.3

Missing 0.4 0.6 90.5 0.4 5.2 0.3 0.5 0.5

FALCON-Unzip_p = primary contigs; FALCON-Unzip_h = haplotigs; FALCON-Unzip_ph = primary + haplotigs.

Estimates of TE content from all WG As and unassembled short reads varied substantially
for both S2R+ and in A4 (Figure 4.7C,F; Table 4.4 and 4.5). Compared to estimates based on
unassembled short reads (dotted line in Figure 4.7C,F), long-read WGAs of both the S2R+
and A4 genomes always gave higher estimates of TE content, while WGAs from short reads
always gave lower estimates. Regardless of read technologies and assemblers used to produce
WGAs, higher estimates of TE content can be observed in S2R+ relative to A4 (Figure

4.7C,F; Table 4.4 and 4.5). Given the RepeatMasker analysis of the raw Illumina reads is
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not affected by the assembly quality and therefore give the least biased overall estimates,
we estimated the TE content in S2R+ is 19.2%, which is substantially higher compared to
11.4% in A4 (Figure 4.7C,F). These results provide further support for the conclusion that
Drosophila cell lines have increased TE content relative to whole flies [189, 100, 193].

In addition to differences in overall TE content, we observed much higher variation in
the abundance of different TE families in S2R+ compared to A4 (Figure 4.8). Moreover,
the rank order abundance of TE families differed among WGAs of the same long-read data
in S2R+, but less so in A4 (Figure 4.8). Due to the poor contiguity and high variations of
TE content among WGAs built from S2R+ long-read and linked-read data using multiple
assemblers, we concluded that an alternative approach was necessary to reliably study TE
content in the S2R+ genome that is well adapted to the polyploid and heterozygous nature

of cell line genomes.

4.4.2 A NOVEL LONG-READ APPROACH RECONSTRUCTS TE SEQUENCES AND ALLELE

FREQUENCIES IN THE S2R+ GENOME

To circumvent the issue of fragmented WGAs that limit the analysis of TE content in poly-
ploid and heterozygous cell line genomes, we developed a new reference-based method called
“TELR” (Transposable Elements from Long Reads; https://github.com/bergmanlab/
telr) that allows the identification, assembly, and allele frequency estimation of non-
reference TE insertions using long-read data (Figure 4.9). Briefly, TELR first aligns long
reads to a reference genome to identify new insertions using Sniffles [216]. The insertions
identified by Sniffles are then filtered by aligning putative insertion sequences to a TE
library to generate TE insertion candidate loci. For each candidate locus, TELR performs a
local assembly using all reads that support the putative TE insertion event. Finally, TELR
extracts TE sequence from each assembled contig, identifies the precise insertion coordinates

and estimates TAF (See details in Section 4.3.6).


https://github.com/bergmanlab/telr
https://github.com/bergmanlab/telr
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Figure 4.8: TE abundance varies substantially between assembly methods. TE
abundance was estimated for different assemblies and directly from raw [llumina reads in
S2R+ (A) and A4 (B) using RepeatMasker and the curated canonical D. melanogaster TE
library.

Using TELR we identified 3070 non-reference TE insertions in S2R~+, which is a ~5-fold
increase relative to the number of insertions identified in A4 (624; Figure 4.10). To control for
differences in read coverage and read length distributions between S2R+ and A4 datasets,

we also ran TELR on normalized datasets for S2R+ and A4 with a mean mapped read
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Figure 4.9: TELR workflow to predict non-reference TE and estimate intra-sample
allele frequency. TELR is a non-reference transposable element (TE) detector from long
read sequencing data. The TELR pipeline consists of four main stages. In the first stage,
TELR aligns long reads to a reference and identify insertions using Sniffles [216]. TELR then
screens for non-reference TE insertion candidate locus by computing nucleotide similarity
between partial insertion sequence provided by Sniffles and TE consensus sequences. In the
second stage, TELR use SV-supporting reads from Sniffles to assemble and polish local contig
using wtdbg2 [203] and minimap2 [136]. In the third stage, The TE boundaries and family
are annotated in the local contig using minimap2 and RepeatMasker, and the TE flanking
sequences are used to determine the TE coordinates and target-site duplications by mapping
to the reference genome with minimap2. In the fourth stage, TELR determines the intra-
sample allele frequency of each TE insertion by extracting all reads in a 2 kb span around
the insertion locus and aligning them to the TE contig. The mapped read depth over TE
and flanking sequences are then used to calculate the insertion intra-sample allele frequency.

depth of ~25, 50, and 75X. Despite a drop in the number of predictions in the normalized
S2R+ data relative to the full dataset, TELR still predicted substantially more TEs in S2R+
compared to A4 at all coverage levels (Figure 4.11). This analysis also revealed that, unlike

A4, which displays a plateauing of the number of non-reference insertions at a read depth of
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50X, detection of non-reference TEs in S2R+ is likely not saturated even at 75X. Therefore,
in order to maximize TE prediction sensitivity, we used the complete non-normalized Pacbhio
data for S2R+ and all whole-fly strains in subsequent analyses. Comparison on the number
of family-specific non-reference TE insertions predicted by TELR in S2R+ and A4 revealed
a number of TE families that are enriched in S2R+ compared to A4 (Figure 4.13A). These
TE families specifically enriched in S2R+ consist mostly of long terminal repeat (LTR)
retrotransposons except for Jockey and Juan, which are long interspersed nuclear elements
(LINEs) (Figure 4.13A; Figure 4.12).
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Figure 4.10: Increased number of non-reference TE insertions in S2R+ compared
to inbred fly stocks derived from natural populations. Number of non-reference
TE insertions predicted by TELR for S2R+ and inbred stocks from geographically diverse
natural fly populations [50]. Only insertions from normal recombination regions (see details
in Section 4.3.11), with flank alignment support for both sides, and for which the TAF could
be calculated were included in this analysis.

We also used TELR to predict non-reference TEs on a panel of 13 geographically diverse
D. melanogaster inbred strains from the Drosophila Synthetic Population Resource (DSPR)
[50]. This analysis revealed that S2R+ includes a higher number of non-reference TE inser-
tions than any of the fly strains surveyed (Figure 4.10). Partitioning TE predictions by family
reveals that only a small fraction of the 125 curated TE families in D. melanogaster make up

the bulk of non-reference insertions in S2R+ (Figures 4.13; Figure 4.12). In S2R+, roughly
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Figure 4.11: Effect of mean mapped read depth in the number of non-reference
TE predictions. Comparison of the number of non-reference TEs predicted by TELR using
length- and depth-normalized long-read datasets for S2R+ and A4. Reads from both datasets
were split into 8 kb segments and sub-sampled to achieve the desired mean mapped read
depth. The boxed points indicate the number of TE predictions made by TELR when the
full non-normalized data was supplied. Only insertions from normal recombination regions
(see details in Section 4.3.11), with flank alignment support for both sides, and for which
the TAF could be calculated were included in this analysis.

6% of TE families account for 75% of all non-reference TE insertions, and they are com-
posed mostly of LTR elements (Figure 4.10). In comparison, roughly 9-13% of TE families
contribute > 75% of all non-reference TE insertions in the DSPR. strains, and they repre-
sent a greater variety of TE types including LTRs, LINEs, and DNA transposons. We also
observed strain-specific TE expansions in DSPR strains with some strains displaying over
3-fold increase in the number of non-reference TE insertions for specific families compared to
the mean values among all samples, i.e. A2 (1360), A6 (hopper) and B2 (Doc, Quasimodo)
(Figure 4.12).
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Figure 4.12: Increased TE abundance and unique profile of TE activation in S2R+
compared to multiple fly strains. Heatmap showing the copy number of non-reference
insertions from multiple TE families in S2R+ and inbred fly strains from the Drosophila
Synthetic Population Resource [114]. TE families are ordered firstly according to their abun-
dance in S2R+, and secondly alphabetically. Only insertions from normal recombination
regions (see details in Section 4.3.11), with flank alignment support for both sides, and for

which the TAF could be calculated were included in this analysis.

An important feature of TELR is the ability to estimate the intra-sample allele frequency

of non-reference TE insertions, which allowed us to observe drastic differences between S2R+

and A4 in the intra-sample TE allele frequency (TAF) across chromosomes. As expected for

a highly inbred fly stock [114], non-reference TEs in DSPR strains are mostly homozygous,
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Figure 4.13: Long-read non-reference TE prediction with TELR reveals multiple
families amplified during cell culture. A Number of non-reference TE predictions made
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with TAF clustered at ~1 (Figure 4.13B; Figure 4.14). However, we found two curious excep-
tions on the homozygous TAF patterns in DSPR strains. First, strain A2 displays mostly
heterozygous TE insertions across chromosome arm 3R, which coincides with the presence
of a known heterozygous chromosomal inversion in this strain, In(3R)P, that prevents full
inbreeding [114]. Second, TELR reveals a genome-wide profile of putative heterozygous TE
insertions in D. melanogaster strain A7, with TAF enriched at ~0.25 and ~0.75 (Figure
4.14). This TAF pattern is unusual since strain A7 is thought to be fully inbred and devoid
of large chromosomal inversions. We hypothesized that the bi-modal TAF profile in strain
A7 could be indicative of contamination with data from a different fly strain. Indeed, inter-
secting TELR predictions between strain A7 and other DSPR strains revealed a large overlap
between strain A7 and strain B3. Moreover, the shared TE insertions between strains A7 and
B3 have TAF enriched at ~0.25, which could be explained by contaminated data from B3
taking up ~25% of the A7 data we analyzed. Finally, the WGA for DSPR strains reported in
Chakraborty et al. 2019 [50] suggested that strain A7 has the highest level of BUSCO dupli-
cation, highest assembly length, and highest number of scaffolds among all DSPR strains.
Together, these results suggest that the long reads for strain A7 reported in Chakraborty
et al. 2019 [50] was likely contaminated with reads from strain B3. The results also high-
lighted the utility of using TAF estimated by TELR to clarify the identity of high-throughput
long-read dataset and identify sample contamination.

In contrast to DSPR strains exhibiting genome-wide TAFs that are enriched at 1, TE
insertions in S2R+ display a wide range of allele frequencies (Figure 4.1). Despite the fact
that the the X chromosome of S2R+ is diploid, TAF in the X chromosome of S2R+ clus-
tered at 1 (Figure 4.13B). This could be explained by a recent loss of heterozygosity (LOH)
event in the X chromosome of S2R+ through mitotic recombination. This explanation is
plausible since a previous study has shown that LOH could occur and shape TAF profiles
in the Drosophila cell lines [88]. Importantly, we observed a clear enrichment of TAFs in

S2R+ at ~0.25 in autosomes (Figure 4.1), which can be most parsimoniously explained as
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Figure 4.14: Genome-wide distribution of TE Allele Frequency (TAF) profiles for
S2R+ and D. melanogaster inbred fly strains. Strain A2 has a known heterozygous
inversion, In(3R)P, that prevents the complete inbreeding in chr3R [114]. Only insertions
with flank alignment support for both sides, and for which the TE Allele Frequency (TAF)

could be calculated were included.

somatic insertions after the S2 genome became tetraploid following initial cell line estab-

lishment [213, 129]. An alternative hypothesis (Figure 4.15) is that these TEs were either

ancestrally heterozygous in the diploid Oregon-R lab strain that S2 was established from, or

they inserted in the pre-tetraploid stage of S2, and that the ~0.25 TAF was driven by mitotic
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recombination events in the post-tetraploid state of S2 that changed one haplotype from TE-
present to TE-absent. Under the alternative hypothesis, assuming that the heterozygous TEs
are randomly distributed in two different haplotypes of the Oregon-R/pre-tetraploid state of
S2, and that mitotic recombination have the same probability of increasing and decreasing
TE allele frequency, we should observe simplex and triplex TE loci in tetraploid regions of
the S2R+ cells with ~0.25 and ~0.75 TAF, respectively, with equal probability. However, the
number of TEs with ~0.25 TAF is significantly higher than the number of TEs with ~0.75
TAF in autosomal regions of S2R+ (Figure 4.13), providing evidence against the alternative
hypothesis. Thus, we interpreted TEs with ~0.25 TAF as being enriched in insertions that
occurred after tetraploidization and therefore must have occurred during cell culture.
e 9

Fly stock Cell line

v v A

Cell line v v A
establishment Polyploidization
A A v > v Al \] v —_— v
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Figure 4.15: Pre-tetraploid TE insertion followed by post-tetraploid somatic
recombinations to explain non-reference TEs in cell line with TAF around 0.25.
The inbred fly stock has diploid genome that includes homozygous variations. Cell lines
established from inbred fly stock accumulates heterozygous variations with TAF to be equal
to 0.5, then cell lines underwent polyploidization, which is followed by somatic recombina-
tions that change TAF from 0.5 to to 0.25 or 0.75.

All things being equal, post-tetraploid TE insertions should have TAF at ~0.25. However,
the extensive CNVs in S2R+ result in changes in ploidy in the affected genome segments,
which could subsequently affect TAFs (Figure 4.13). To facilitate the interpretation of TAF
values under varying CNV status, we first computed normalized TE copy number by mul-
tiplying TAF by estimated local copy number. This “normalized TE copy number” should
approximate the number of TE-bearing haplotypes in the cell line sample. However, they are

variable non-integer values since TAFs estimated by TELR are non-integer. We then built
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a classifier that can estimate integer TE copy number. Finally, we labelled TE insertions as
post-tetraploid if the integer TE copy number is equal to one in regions that are minimally
triploid. Our analysis revealed that a significant proportion of non-reference TE insertions
identified in S2R+ are due to post-tetraploid somatic transposition, which provide a rich
set of resources to study the sequence evolution of TEs that are activated and contribute to

overall expansions of TEs in the cell line genome.

4.4.3 TE EXPANSIONS IN Drosophila CELL LINES CAN BE CAUSED BY ONE OR MORE

SOURCE LINEAGES

The TE expansion events in the S2R+ cell line dominated by post-tetraploid somatic trans-
positions may originate from a single or multiple source lineages. A previous study used
PCR to amplify TEs in S2 cultured cells and provided evidence that all 1731 neocopies in
S2 cultured cells were derived from a single source copy that is strongly activated in cultured
cells [152]. However, the number of 1731 new insertions are likely underestimated due to
the limitations of the PCR technique. In addition, only a single TE family was surveyed in
the previous study. To comprehensively test these two hypotheses on all TE families that
likely expanded in S2R+ (Figure 4.13A), we took advantage of TELR’s ability to assemble
TE sequences and used a phylogenetic approach to cluster non-reference TE sequences from
S2R+ and 13 whole-fly strains from the DSPR panel (Figure 4.18). Evaluation on the quality
of TE sequences reconstructed by TELR on simulated datasets suggested that the TELR
produced high-quality TE sequences (Figure 4.16; Figure 4.17), and thus can be reliably
used to infer the sequence evolution of TEs amplified in the polyploid cell line genomes like
S2R+.

We designed a set of criteria to identify TE expansion events in S2R+ that start from
a single source lineage. First, the TE expansion event should be marked by a monophyletic
clade in which >30% of TEs are enriched with post-tetraploid insertions in S2R+. Second,

the candidate TE expansion clade should have at least 70% bootstrap support. Using these
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Figure 4.16: Distribution on number of SNVs between TELR TE sequences and
corresponding TE sequences in ISO1 using synthetic long read sequencing data.
For a given TELR run using simulated data with a specific coverage, ploidy and zygosity
setting, each predicted TE sequence plus 500bp flanking sequences on 5’ and 3’ side of the
TE locus in the local contig assembly (referred to as “TELR TE locus”) was aligned to the
ISO1 genome assembly. We then compared TE sequences from TELR with annotated TE
sequence from the corresponding region in ISO1 using paftools from minimap2 [136] and
calculated the number SNVs. See details in Section 4.3.9.

criteria, we annotated TE expansion events in the sequence phylogeny for each of the 14 TE
families that are enriched in S2R+ relative to A4 (Figure 4.13A, red dots). We identified
a single TE expansion clade for TE families such as 1731, gypsyl, diwver, gypsy, mdg3, and
Stalker2 (Figure 4.18; Figure 4.19), suggesting that the TE expansion events in the S2R+
cell line for these families came from a single source lineage. We also identified multiple
TE expansion clades for TE families such as Jockey, Juan, copia, 3518, and mdg! (Figure
4.18; Figure 4.19), suggesting multiple source lineages for these families. 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 somatic cell culture is TE family-dependent

(Figure 4.18; Figure 4.19).
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Figure 4.17: Distribution on number of INDELs between TELR TE sequences and
corresponding TE sequences in ISO1 using synthetic long read sequencing data.
For a given TELR run using simulated data with a specific coverage, ploidy and zygosity
setting, each predicted TE sequence plus 500bp flanking sequences on 5’ and 3’ side of the
TE locus in the local contig assembly (referred to as “TELR TE locus”) was aligned to the
ISO1 genome assembly. We then compared TE sequences from TELR with annotated TE
sequence from the corresponding region in ISO1 using paftools from minimap2 [136] and
calculated the number INDELs. See details in Section 4.3.9.

4.5 DISCUSSION

As an alternative to WGA, several methods have been developed to detect non-reference TEs
from long reads using a reference-based approach (Table 4.6). These methods use different
strategies for TE detection and report different information about non-reference TEs. Impor-
tantly, none of these methods reviewed here that use a WGA-free approach for TE detection
can estimate the intra-sample TE allele frequency (TAF). This feature is available in mul-
tiple short-read-based TE identification tools and has enabled the detection of copy-neutral
loss of heterozygosity (LOH) in Drosophila cell line genomes where the allele frequency of
single-nucleotide variants (SNVs) was not informative [88]. In this study, the intra-sample

TAF estimation included in TELR enabled the identification of haplotype-specific TE inser-
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Figure 4.18: Single and multiple TE source lineage activation in S2R+ cell line.
Non-reference TE insertion sequences from S2R+ and 11 inbred Drosophila fly strains were
predicted and assembled by TELR. Full length TE sequences for each family were aligned
using MAFFT (v7.487) [108]. The multiple sequence alignments were used as input in 1Q-
TREE (v2.1.4-beta) [165] to build phylogeny for 1731 (A), 297 (B), Jockey (C) and Juan (D)
elements using maximum likelihood approach. All trees were midpoint rooted. The sample
source and intra-sample TE allele frequency were annotated in the side bar. Clades with blue
shading indicate post-tetraploid TE expansion event in S2R+ based on following criteria: 1)
The bootstrap support for the clade should be >70% and 2) The proportion of sequences
from cell line with less than 0.4 TAF should be >30%.
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Figure 4.19: Single and multiple TE source lineage activation in S2R+ cell line.
Non-reference TE insertion sequences from S2R+ and 11 inbred Drosophila fly strains were
predicted and assembled by TELR. Full length TE sequences for each family were aligned
using MAFFT (v7.487) [108]. The multiple sequence alignments were used as input in 1Q-
TREE (v2.1.4-beta) [165] to build phylogeny for gypsyl (A), blood (B), copia (C), 3518
(D), mdg1 (E), diver (F), gypsy (G), mdg3 (H), Stalker2 (I) and 17.6 (J) (A) elements
using maximum likelihood approach. All trees were midpoint rooted. The sample source and
intra-sample TE allele frequency were annotated in the side bar. Clades with blue shading
indicate post-tetraploid TE expansion event in S2R+ based on following criteria: 1) The
bootstrap support for the clade should be >70% and 2) The proportion of sequences from
cell line with less than 0.4 TAF should be >30%.

tions in Drosophila cell culture and revealed somatic transposition activities in a polyploid
cell line genome.

Previously, sequence level resolution of TE insertions could only be obtained from com-
putationally expensive WGA of long reads or labor-intensive targeted sequencing exper-
iments. Recent development of reference-based TE prediction approaches using long-read

data enables reconstruction of inserted TE sequences. We compared currently available long
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Table 4.6: Feature comparison between long-read non-reference TE detection
methods.

TELR LoRTE PALMER TLDR xTea rMETL
PubMed ID - 28405230 31853540 33186547 34158502 30759188
Species-agnostic Yes Yes Yes Yes No Yes
Predicts TSD Yes No Yes Yes Yes No
Polished local  Representative Representative  Consensus  Unpolished local
TE sequence Yes
assembly raw read raw read sequence assembly
Estimates TAF Yes No No No No No
Predicts genotype Yes Polymorphic TE *  No No No Yes
Available in Bioconda - No No No Yes Yes

* LoRTE does not predict genotypes but may flag TEs as “Possible polymorphism” if there is conflicting evidence regarding
the presence/absence of a given insertion. This indicates the insertion is heterozygous or potentially a polymorphism if multiple
individuals were pooled together for sequencing [68].

read TE detection methods and found that each tool may output one of three types of
sequences: (1) a representative raw read supporting the TE insertion (LoRTE, PALMER),
(2) a consensus sequence of TE-supporting reads (TLDR), or (3) a TE sequence resulting
from local-assembly of TE-supporting reads (xTea). To our knowledge, TELR is the only
tool that outputs a polished assembly of the TE locus, and provides both the TE sequence as
well as a large contig that includes TE as well as its flanking sequences. The polishing step in
TELR is especially important to improve sequence quality when using long-read assemblers
such as wtdbg2 [203] that do not perform read error correction prior to the assembly step.
High-quality sequences of predicted TE insertions are crucial for understanding the genetic
variations of TEs within a sample or among populations.

Using the TELR system, we found a significantly higher number of non-reference TEs
in S2R+, a sub-line of Drosophila S2 cell line, compared to the whole fly of a highly inbred
strain A4. The increased TE copy number in S2R+ relative to A4 is mainly contributed
by a subset of LTR retrotransposons (except for Jockey, which is LINE). Notably, most TE
families enriched in S2R+ are also suggested by Chapter 2 as families with high ongoing
transposition activities in S2 cell culture, providing further support that a small subset of

LTR retrotransposon families contribute to ongoing insertion activity and TE amplification
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in S2 cultured cells. In addition, TELR predicted that a significant proportion of the non-
reference TE insertions identified in S2R+ have TAF enriched at ~0.25, which we interpreted
as somatic insertions occurred after S2 cells became tetraploid following the initial establish-
ment of the S2 cell line. This interpretation is in line with the conclusion from Chapter 2
that TE insertions are ongoing in Drosophila cell culture and that a tetraploidization event
occurred in the early stage of S2 following cell line establishment. If the TE amplification in
cell culture is due to an initial burst with relative stasis thereafter, we expect very few TEs to
be post-tetraploid. The conclusion from this work that many non-reference TEs are caused
by post-tetraploid somatic transposition provides further support that TE insertion activity
is ongoing in S2 cell culture. Finally, the phylogenomic analysis using TELR-assembled
sequences for TE families enriched in S2R+ suggested that the TE expansion in cell culture
could come from a single or multiple source lineages, providing insight into the sequence

evolution of TEs in Drosophila cell culture.
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CHAPTER 5

CONCLUSIONS

5.1 SUMMARY

Cultured cells are widely used in molecular biology, so are the occurrence of cell line misiden-
tification. However, there is a lack of protocol to authenticate cell lines of non-mammalian
species. In Chapter 2, I demonstrated that transposable element (TE) insertion profiles
can be used to identify long-term Drosophila cell lines. I developed a computational frame-
work of Drosophila cell line authentication using non-reference TE insertion profiles and
thereby clarified the origin of three Drosophila cell lines: Sg4, mbn2, and OSS_E. I also
provided evidence that a subset of LTR retrotransposon families is sufficient to identify
common Drosophila cell lines, which lays the foundation for a novel experimental pro-
tocol to authenticate Drosophila cell lines (see Appendix). The cell line authentication
framework requires establishing TE insertion profiles from WGS data. [ thereby devel-
oped a novel non-reference TE detection approach using WGS data called “ngs_te_mapper2”
(https://github.com/bergmanlab/ngs_te_mapper2), which can detect precise TE inser-
tion coordinate and reliably estimate intra-sample TE allele frequency. Furthermore, using
TE allele frequency data from ngs_te_mapper2, I was able to identify the occurrence of loss
of heterozygosity in several Drosophila cell line genomes, which serves as a mechanism that
shapes unique TE profiles that differentiate Drosophila cell lines and sub-lines of the same
cell line. Overall, this work serves as the foundation for high-throughput protocols that use
TE insertion to authenticate cell lines in Drosophila and other non-mammalian species. Also,
it improves our understanding of metazoan genome evolution using long-term cell culture as

a model system.
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Previous studies have shown that Drosophila cell lines underwent TE amplification. How-
ever, it is currently unknown whether this amplification is due to an initial burst of TEs
after initial cell line establishment or ongoing TE insertions in the prolonged cell culture.
In Chapter 3, I surveyed TE insertions in multiple Drosophila S2 cell sub-lines and used a
phylogenetic approach to investigate TE activity in the history of S2. This analysis revealed
that TE insertions are ongoing in the Drosophila S2 cell culture. Also, I showed extensive
copy number variations among different Drosophila sub-lines of the same cell line. Overall,
this work suggests that the ongoing TE insertion and copy number changes in the long-term
Drosophila cell culture could together lead to extensive genomic variations among sub-lines
of the same cell line, which could impact functional studies.

Animal cell culture is susceptible to rapid genome evolution including polyploidization,
segmental aneuploidy, and TE amplification. However, little is known about the dynamics
and sequence evolution of TE transposition in somatic Drosophila cell culture. One strategy
to study TE amplification and sequence evolution in Drosophila cell culture involves gen-
erating de novo whole-genome assembly (WGA) from long-read sequencing data, which
did not work on the complex and heterozygous polyploid genomes like Drosophila cell
lines. In Chapter 4, I developed a novel bioinformatics approach called “TELR” (https:
//github.com/bergmanlab/TELR), which can identify, assemble, and estimate intra-sample
allele frequencies of non-reference TEs from long-read sequencing data. The TELR system
allowed us to discover haplotype-specific TE insertions from a polyploid Drosophila cell line
called S2R+, which can not be achieved using the current WGA or short-read-based methods.
Using TE allele frequency data estimated by TELR, I infer that most non-reference TE inser-
tions detected in S2R+ came from somatic transposition after S2 cells became tetraploid
following initial cell line establishment. I also performed phylogenomic analysis using assem-
bled TE sequences, which revealed that amplification of TEs in Drosophila cell lines could

arise from single or multiple source lineages. Overall, this work provides a computational
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framework to study polymorphic TEs in any complex polyploid genomes and improves our

understanding of TE dynamics in long-term Drosophila cell culture.

5.2 FUTURE WORK

Chapters 3 and 4 provide strong evidence that TEs are amplified in Drosophila cell culture
due to ongoing somatic transposition of a subset of LTR retrotransposons. However, the
mechanism of TE derepression in Drosophila cell culture is still unknown. Thus, future work
is needed to understand the mechanism for deregulating different TE families in Drosophila
cell culture after initial establishment. In addition, experiments on the TE accumulation
lines could be performed to analyze the rate of transposition of different TE families in cell
culture. These future works would be crucial to understand the rate of cell line genome
evolution and date the divergence time between sub-lineages of the same cell line. Finally,
further investigation on cell lines from other species is needed to determine if results on
Drosophila cell culture in this work can be generalized to other animal cell culture systems.

In Chapter 4, I introduced a new computational approach called “TELR” that pro-
vides resources for studying TEs from long-read sequencing data. The TELR approach was
designed and optimized for detecting non-reference TEs with unique flanking regions. Future
work is needed to identify and analyze complex TE loci. For example, TEs can be nested
in Drosophila genome especially in heterochromatic regions [106, 27|, resulting in complex
loci with multiple nested and fragmented TE sequences. The current software performs well
on detecting non-reference TEs in unique regions of the genome. However, TELR’s sensi-
tivity and specificity could drop significantly if the TE insertions are nested, adjacent to
each other, or in highly repetitive regions. We did a preliminary study by applying TELR
on the yeast genome using both real and simulated datasets. The results on yeast data are
underwhelming with low sensitivity, which could be explained by the large portion of nested
or adjacent insertions in the yeast genome due to the localized target site preferences of TEs

to integrate near tRNA genes [102, 66]. Complex TE loci detection issues could potentially
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be resolved by aligning locally assembled contig to the corresponding region in the reference
genome using tools such as mummer [156]. The pairwise alignment between two local contigs
can then be used for precise variant detection using specialized tools such as Assemblytics
[173] and SVMU [51]. In principle, this strategy may not rely on TE annotation of local
contigs and should provide precise insertion information.

The ngs_te_mapper2 approach provided in Chapter 2 allows detection of non-reference
TEs and estimate TE allele frequency from legacy short read data. In principle, the split-read-
based algorithm used by ngs_te_mapper2 could be extended to work on long-read data. Unlike
SV detection software such as Sniffles that TELR uses for detecting insertion candidates,
ngs_te_mapper2 does not rely on abnormal coverage or multiple reads to find TE insertion
signal. Thus using ngs_te_mapper2-like approach could be more sensitive compared with
Sniffles-like approaches in terms of detecting somatic transpositions with low allele frequency
[1].

The current TELR workflow requires a high-quality TE library that includes consensus
sequences of known TEs to represent diverse TE sequences in the target species. Applying
TELR on species without an established high-quality TE library would very likely result
in poor predictions. Future development on the TELR system is needed to enable de novo
predictions of non-reference TEs that do not require a high-quality TE library. One possible
strategy for the de novo TE prediction workflow is: 1) build profile hidden Markov models
(HMMs) from TE-encoded protein sequences using databases such as PFAM [22]; 2) predict
TE ORFs using assembled TE contigs from the current TELR workflow; 3) run profile
HMMs against the predicted ORFs from the assembled contigs; and 4) analyze TELR-
assembled contigs that hit profile HMMSs, align assembled contig sequences to the reference
genome to identify precise insertion coordinate and candidate TE sequences. Another possible
strategy is to develop a machine-learning- or deep-learning-based model that could predict

TE sequences directly from local contigs assembled by TELR. Both strategies could be
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evaluated or benchmarked by generating a gold standard dataset from Drosophila genome,
which has a high-quality curated TE library.

The current TELR workflow could also be extended to detect reference TEs. The ability
to predict presence or absence of reference TE, assemble TE sequence, and estimate TAF
are crucial to study the genetic diversity of TEs among Drosophila populations [195]. The
reference TE detection workflow could involve 1) aligning reads to the reference genome
and investigate read coverage around each reference TE locus; 2) assembling reference-TE-
supporting reads around each TE candidate locus; and 3) estimating TAF based on coverages
between TE region and regions that flanks both side of reference TEs.

Compared to short-read technologies like Illumina NGS, long-read technologies such as
Pacbio and Nanopore significantly improve the quality and completeness of genome assem-
blies for many organisms, giving researchers access to regions in the genome such as TEs
that are traditionally difficult to resolve using short-read data. The long-read technologies
unlock a new era of TE genomics research by providing new data and strategies to answer key
questions in TE biology. First, the ability to reconstruct full-length TE copy would enable
researchers to analyze not only overall TE abundance or presence/absence of TEs but also
TE sequences, which can be used for TE comparative genomics study to understand genetic
variation and evolution of TEs within a single genome, in genomes across populations, or
genomes across species. These sequences can also be used to date TE transpositions based
on LTR sequence divergence. Second, it is well known that one TE family can be present
with different structures. Also, TEs such as LINEs are often present in partial forms. Recon-
structing the TE locus allows researchers to study TE subfamilies in a single family with
potentially different ORF structures and SVs. Third, long-read data provide new strategies
to discover novel TEs. Finally, complete TE sequence reconstruction allows new insight on
the function of TEs in the host genome and how they are being regulated.

This dissertation provides examples of using long-read to study TE dynamics and

sequence evolution in cell culture genome, offering new insights into how TEs can shape
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cell line genome evolution. We are still in the early days of utilizing long-read technologies
to study TE biology. With these technologies becoming more affordable, together with
improvement in base-calling accuracy and development of computational tools for analyzing
long-read data, I expect more studies that improve our understandings of TE biology coming

in the near future.
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APPENDIX

A NOVEL TRANSPOSABLE ELEMENT BASED AUTHENTICATION PROTOCOL FOR

DROSOPHILA CELL LINES

Following the proof of principle analysis on Drosophila cell line authentication in Chapter 2,
we collaborated with Drosophila Genomics Resource Center (DGRC) to develop an experi-
mental protocol to identify commonly used Drosophila cell lines. The details of the authen-
tication protocol and results were described in Mariyappa et al. 2021 [155]. T contributed
to this work by providing primer design and a bioinformatics workflow called “enrich-
menTE” (https://github.com/bergmanlab/enrichmenTE) that analyzes LTR retrotrans-

poson insertions in PCR~enriched NGS samples.
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