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Abstract

Drosophila telomeres have been maintained by three families of active transposable elements (TEs), HeT-A, TAHRE, and TART, collectively
referred to as HTTs, for tens of millions of years, which contrasts with an unusually high degree of HTT interspecific variation. While the
impacts of conflict and domestication are often invoked to explain HTT variation, the telomeres are unstable structures such that neutral
mutational processes and evolutionary tradeoffs may also drive HTT evolution. We leveraged population genomic data to analyze nearly
10,000 HTT insertions in 85 Drosophila melanogaster genomes and compared their variation to other more typical TE families. We observe
that occasional large-scale copy number expansions of both HTTs and other TE families occur, highlighting that the HTTs are, like their feral
cousins, typically repressed but primed to take over given the opportunity. However, large expansions of HTTs are not caused by the run-
away activity of any particular HTT subfamilies or even associated with telomere-specific TE activity, as might be expected if HTTs are in
strong genetic conflict with their hosts. Rather than conflict, we instead suggest that distinctive aspects of HTT copy number variation and
sequence diversity largely reflect telomere instability, with HTT insertions being lost at much higher rates than other TEs elsewhere in the
genome. We extend previous observations that telomere deletions occur at a high rate, and surprisingly discover that more than one-third
do not appear to have been healed with an HTT insertion. We also report that some HTT families may be preferentially activated by
the erosion of whole telomeres, implying the existence of HTT-specific host control mechanisms. We further suggest that the persistent
telomere localization of HTTs may reflect a highly successful evolutionary strategy that trades away a stable insertion site in order to have
reduced impact on the host genome. We propose that HTT evolution is driven by multiple processes, with niche specialization and
telomere instability being previously underappreciated and likely predominant.
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Introduction
Transposable elements (TEs) are genomic parasites that can in-
crease their copy number within genomes by a variety of transpo-
sition mechanisms. While this provides a replicative advantage
to the TE, their mobilization has consequences to the host ge-
nome that include DNA double-strand breaks, disruption of open
reading frames and regulatory elements, and the perturbation of
gene expression (Bourque et al. 2018). The presence of dispersed
repeats further provides substrates for ectopic recombination,
permitting large scale and potentially lethal genome arrange-
ments (Deininger et al. 2003). The resulting conflict between TEs
and the host genome may progress in several ways.

The simplest models suggest that TE copy number may stabi-
lize at an equilibrium between the fitness advantage that trans-
position confers to the TEs and the fitness costs imposed on the
host genome (Charlesworth and Charlesworth 1983;
Charlesworth and Langley 1989). This stabilization is now known
to involve complex interactions with the host–defense piRNA

system that utilizes small RNAs to repress TE activity (Lee and

Langley 2010; Blumenstiel 2011; Kelleher et al. 2020). TEs may fur-

ther alter these dynamics by adopting strategies that mitigate the

mutational burden they impose on the genome without sacrific-

ing their replicative success (Cosby et al. 2019). Some TEs exhibit

insertion site preferences that restrict the set of loci into which

they transpose and could, in principle, limit the potential for del-

eterious insertions (Sultana et al. 2017). Arthropod R-elements are

an extreme example, as they only insert in the highly repeated ri-

bosomal DNA (rDNA) genes (Eickbush 2002). Other models that

incorporate inactivating mutations suggest saltatory dynamics,
where TE families are successively replaced by more active sub-

families until the family is eventually lost from the genome (Le

Rouzic et al. 2007). TE exaptation or domestication, whereby TE

regulatory or coding sequences are co-opted by their host, is an-

other path by which such conflicts may be resolved (Jangam et al.

2017). These instances do not typically impact the dynamics of

the entire TE family, but rather preserve only a portion of a single
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TE insertion while the rest of the family independently lives or
dies. As such, most examples of domesticated TEs have lost their
transposition activity.

The telomeric TEs of Drosophila are a remarkable exception to
how this conflict typically proceeds, where the transposition ac-
tivity of several TE families performs a function essential for ge-
nome integrity. In most eukaryotes, telomeric DNA is comprised
of simple repeats synthesized by telomerase that are assembled
into a complex nucleoprotein structure. Telomeres serve two ma-
jor roles: they protect chromosome ends from genetic attrition
due to the end-replication problem, and they prevent chromo-
some ends from being recognized as DNA double-strand breaks,
which can lead to chromosome fusions (de Lange 2009). In
Diptera, the telomerase gene was lost (Mason et al. 2016) and, in
Drosophila, its role in telomere elongation replaced by three non-
LTR retrotransposons from the jockey clade: HeT-A, TART, and
TAHRE (herein collectively referred to as HTTs) (Levis et al. 1993;
Abad et al. 2004). HTTs have several unique features compared to
other non-LTR retrotransposons that reflect their specialized
function (Mason et al. 2008; Pardue and DeBaryshe 2011;
Arkhipova 2012). First, they are thought to exclusively insert at
the ends of chromosomes, resulting in head-to-tail tandem
arrays (Pardue and DeBaryshe 2008; Saint-Léandre et al. 2019).
Second, they rely upon each other at several steps in their life
cycles. HeT-A and TAHRE in D. melanogaster carry promoters in
their 30 UTRs that drive expression of their neighboring element,
an innovation only possible because of HTTs tandem arrange-
ment (Danilevskaya et al. 1997; Maxwell et al. 2006). Additionally,
HeT-A may provide telomere specificity to TART and TAHRE
through its Gag-like protein encoded by ORF1 (Fuller et al. 2010).
Finally, HeT-A is nonautonomous (Biessmann et al. 1992a, 1992b,
1994)—it likely depends upon the reverse transcriptase encoded
by TAHRE and/or TART for integration.

Despite being ancestral to Drosophila and having comprised
the telomeres for �60 million years, prior work has uncovered ex-
tensive interspecific variation among HTTs, with new families
and subfamilies having evolved across the genus and even
among closely related species of the melanogaster subgroup
(Villasante et al. 2008; Saint-Léandre et al. 2019). In addition, fea-
tures typical of a family in one species, for example 30-promoters
or terminal repeats, may be absent in other species (Pardue and
DeBaryshe 2011). This is a striking degree of variation given that
HTTs are required for the fundamental role of protecting chro-
mosome ends. These dramatic changes over the macroevolution-
ary scale must reflect a complex array of processes ongoing at
the population level in ways distinct from more typical TEs. Yet,
a comprehensive population genomic study of HTT variation
remains to be undertaken, which could delineate the forces shap-
ing their contemporary evolution. We consider four potential
forces shaping HTT variation at the population scale.

First, selection acting at the level of the organism has likely
played an important role in both the evolution and dynamics of
the HTTs, in ways distinct from more typical TEs. The HTTs com-
prise the Drosophila telomeres, which is often considered a para-
digm of TE domestication, and should favor their long-term
persistence and transposition activity. Organismal selection may
also favor increased levels of domestication, bringing telomere
elongation more tightly under host regulation. In addition, selec-
tion might favor new HTT variants that increase organismal fit-
ness in other ways, for example by reducing telomere instability
or by having pleiotropic beneficial effects on chromosome struc-
ture. Further, unlike other TEs, the genome is under pressure to
regulate HTTs rather than wholly suppress their activity.

Coordinating telomere elongation to prevent either complete ero-
sion or overextension is a feature of more typical telomerase-
based systems (Stewart et al. 2012; Zhao et al. 2014), and muta-
tional studies have shown that in Drosophila this occurs through
the piRNA and heterochromatin maintenance pathways which
are typically involved in TE suppression (Shpiz and Kalmykova
2012). Host factors that interact with the telomeres, such as the
capping proteins that assemble onto them and the subtelomeric
sequences that directly about them, may have also evolved prop-
erties that regulate HTT activity (Raffa et al. 2011).

Second, selection can act on the HTTs themselves and place
them in conflict with each other and with their host, because
they are active transposons and thus replicative entities in their
own right. Both the continual erosion of the telomeres and the
potential fitness impacts of excessively long telomeres imply that
space in the telomere is a limiting resource for which all HTT
families are competing. HTT variants that are better able to in-
crease in copy number will outcompete those that cannot, for ex-
ample by escaping regulation by the host genome. Conflict
between the HTTs and the host genome (or among the HTTs) is
thus an ever-present possibility. Indeed, like their feral cousins,
studies using mutations in HTT regulators suggest that they are
capable of taking over given the opportunity (Shpiz and
Kalmykova 2012). Similar to the rapid evolution of the Drosophila
HTTs (Villasante et al. 2007, 2008), some telomere-associated pro-
teins show high evolutionary rates and signatures of positive se-
lection (Raffa et al. 2011; Lee et al. 2017). These evolutionary
analyses led Lee et al. (2017) to propose that HTTs are in genetic
conflict with their Drosophila hosts. Complete resolution of con-
flict with the genome would likely require somehow separating
the reverse transcription machinery that extends the telomere
from the HTTs (Arkhipova 2012; Jangam et al. 2017; Markova et al.
2020).

Third, the dynamic and unstable nature of telomeres has the
potential to shape HTT evolution. Telomeres are an unstable
niche because they continually experience terminal erosion due
to the end-replication problem. In addition, their tandemly
arrayed structure facilitates the amplification and deletion of se-
quence through unequal exchange events, and chromosome
breaks near the terminus can cause complete loss of a telomere
(Begun and Aquadro 1995; Langley et al. 2000; Kern and Begun
2008). The expansions, contractions, and deletions of telomeric
sequence also have the potential to heighten the rate at which
polymorphisms fix within HTT families and to increase the po-
tential for the extinction of lineages, as observed recently in
D. biarmipes (Saint-Léandre et al. 2019). The net effect of these
processes is to facilitate rapid sequence change at telomeres in a
manner driven by mutational processes rather than selection.

Fourth, the trade-off between reducing their impact on the
genome versus inhabiting an unstable locus has likely also
shaped HTT evolution (Markova et al. 2020). Compared to much
of the genome, the telomere is a “safe harbor” that allows the
HTTs to accumulate without disrupting essential host genes and
also minimizes the potential effects of ectopic recombination
(Cosby et al. 2019). The tension between this and the inherent in-
stability of the telomeres disposing HTTs to high rates of deletion
suggests that the persistence of this strategy reflects the outcome
of an evolutionary trade-off. Indeed, we suggest that some of the
peculiar features of HTTs, such as 30-end promoters and head-to-
tail arrangement, are likely adaptations to cope with this instabil-
ity (Pardue and DeBaryshe 2008). Another possible outcome of
evolutionary trade-offs (as well as of genetic conflict with other
HTTs) would be to escape the telomere. Surprisingly, despite
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transposing to chromosome ends, TART and TAHRE each retain a
potentially functional endonuclease domain (Casacuberta 2017),
which raises the possibility that the HTTs could generate double-
strand breaks and insert randomly as do other non-LTR retro-
transposons. While limited surveys suggest that HTTs exclusively
insert at telomeres in D. melanogaster, the melanogaster subgroup
species D. rhopaloa has many copies outside the telomere, thus
supporting the notion that HTTs can evolve the ability to escape
from telomeres (Saint-Léandre et al. 2019).

The extent to which the HTTs vary among species should re-
flect the compounded effects and interaction among these evolu-
tionary processes playing out over millions of years. However,
the timescales involved and the complexity of this array of pro-
cesses makes it challenging to understand which processes are
responsible for which particular aspects of HTT rapid evolution.
A clear picture of within-species HTT variation offers the oppor-
tunity to understand how these processes play out over shorter
timescales where their impacts on HTT evolution can be more
clearly distinguished. This requires examining telomere variation
along with other active TEs in a large population sample. To date,
two studies have presented telomere assembly solely in the refer-
ence genome of D. melanogaster (George et al. 2006; Saint-Léandre
et al. 2019), while length variation has been assayed only in a few
lines, or in a single population for only for a single site in Het-A
(Siriaco et al. 2002; George et al. 2006; Wei et al. 2017).

Here, we leverage available population genomic data and the
ConTExt pipeline (McGurk and Barbash 2018) to comprehensively
analyze HTT sequence and copy number polymorphism in the
Drosophila Global Diversity Lines (GDL) (Grenier et al. 2015). This
dataset encompasses nearly 10,000 HTT insertions in 85 strains
of Drosophila melanogaster, making it the largest study of telomere
variation in Drosophila to date. We compare the HTTs to other
TE families, including those that are similarly restricted to unsta-
ble genomic loci. Within this framework, we ask whether the pat-
terns of HTT copy number, organization, and sequence variation
require explanations beyond the standard conflict between HTTs
and the host genome and, if so, whether this reflects their re-
markable symbiosis with the genome or is instead the natural
consequence of occupying the unstable telomeres.

Materials and methods
The repeat index and nomenclature
We used the manually curated repeat index described in McGurk
and Barbash (2018), which contains consensus sequences for the
known D. melanogaster TE families as well as satellite repeats, in-
cluding the left and right telomere-associated sequences (TAS-L
and TAS-R). The telomeric TE sequences in this index are some-
what distinct from the Repbase entries (Jurka et al. 2005). First,
the long perfect near-terminal repeats (PNTR) found in the TART
family elements are given entries separate from the internal
sequences, similar to how the terminal repeats of LTR retrotrans-
posons are given their own entries separate from the internal se-
quence in Repbase. Second, the index includes four HeT-A family
entries in addition to the Repbase consensus (Supplementary
Table S1), as many of the HeT-A family insertions in the reference
genome are quite divergent from the consensus sequence (<85%
identity, Figure S1A). To ensure reads derived from HeT-A family
insertions would align to the repeat index, we extracted all inser-
tions annotated as HeT-A in the UCSC genome browser Repeat
Masker track for the release 6 D. melanogaster genome. We then
performed all pairwise alignments using BLASTn and constructed
a graph by construing insertions as nodes and connected all pairs

of sequences that shared >90% identity with edges (McGurk and
Barbash 2018). We partitioned this graph into communities of ho-
mologous insertions using the Louvain algorithm (Blondel et al.
2008). This identified four HeT-A family communities, one of
which appeared to contain subcommunities. We split the large
community into two subcommunities by reclustering with the
alignment cutoff set at 95% identity. From each community, we
manually chose a full-length element as representative and
added these to the repeat index, labeling them HeT-A1 to HeT-A5.
However, we removed HeT-A4 due to high sequence similarity
with Het-A3. We refer to the original HeT-A sequence from
RepBase as “HeT-A” (Bao et al. 2015). The final set of Het-A family
sequences all have less than 85% identity to each other, with
most pairs having roughly 80% (Supplementary Figure S1A, File
S1). For TEs that have internal repeats, we removed them by
scanning along each consensus, and for each 70-mer in the con-
sensus masking all subsequent 70-mers within five mismatches.

Categorizing TE families as active
We categorize TE families as active or inactive based on their per-
cent identity and population frequency as summarized in
Kelleher and Barbash (2013). We consider a family as putatively
active (or recently so) if the mean pairwise identity between indi-
vidual insertions in the reference genome is greater than 95%
(Kaminker et al. 2002; Kelleher and Barbash 2013) and the average
population frequency of insertions is less than 0.4 (Kofler et al.
2012). We additionally consider the telomeric TEs and the two R-
elements as being active, as well as including P-element, Hobo,
and I-element. While this approach is likely to misclassify some
truly active elements as inactive, the two categories should be
fairly representative of the active and inactive families in D. mela-
nogaster.

Sequence data and read mapping
Sequencing data come from a previously published study in
which pools of �50 females from 85 wild-derived Drosophila mela-
nogaster lines covering five continents were sequenced with
Illumina 100 nt paired-end reads to an average depth of 12.5X
(Grenier et al. 2015, NCBI BioProject PRJNA268111).

We employed the ConTExt pipeline to organize these data and
discover structural and sequence variation within the repetitive
portions of these genomes (McGurk and Barbash 2018). Briefly,
ConTExt aligns repeat-derived reads to the corresponding repeat
consensus sequences (using Bowtie2 v. 2.1.0, Langmead and
Salzberg 2012). Mixture modeling is used to infer the set of under-
lying structures that generated the set of discordantly aligned
read pairs in each sample, and ConTExt subsequently clusters
these junctions to determine which structures are present in
multiple samples. We modified the pipeline here to infer se-
quence variation within repeat families from the aligned reads
(described below). Additionally, rather than align reads first to in-
dividual insertions and then collapse these alignments onto con-
sensus sequences (McGurk and Barbash 2018), here we aligned
reads directly to the consensus sequences using permissive align-
ment parameters (–score-min L , 0,-2.5 -L 11 -N 1 -i S , 1,.5 -D 100
-R 5).

Filtering ambiguous alignments
While Bowtie2’s mapping quality summarizes the ambiguity of
alignments, it heavily penalizes divergence from the reference
sequences and is defined in a rather opaque manner involving
nested conditionals. Because we expect some reads to derive
from TE insertions diverged from the consensus, it is undesirable
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to penalize reads with no secondary alignments but which are
nonetheless diverged from the consensus. We instead filter am-
biguous alignments by directly considering the primary and sec-
ondary alignment scores, which we convert to percent identities
assuming all penalties are due to mismatches. We use these to
define a score M reflecting the distance between the primary (AS)
and secondary (XS) hits:

M ¼ AS� XS
1� XS

AS� XSð Þ ¼ ðAS� XSÞ2

1� XS
:

This score summarizes the distance between the primary and
secondary alignments and is penalized by the divergence of best
alignment from the consensus, but it does so in a predictable fash-
ion. If a secondary alignment is reported by Bowtie2, we require
this score to be greater than 0.05 for the alignment to be considered
unambiguous and included in the analysis. If the primary hit
perfectly matches the consensus, the secondary alignment must
be more than 5% diverged from the consensus for the read to be in-
cluded in the analysis. If the primary alignment is 10% divergent,
the secondary alignment must be more than 20% diverged from
the consensus for the read to be included in the analysis
(Supplementary Figure S1B). Finally, we exclude any read whose
primary alignment is more than 20% diverged from the consensus.

Overview of statistical analyses
We describe the details of each model employed in the subse-
quent sections, but outline the general logic of our analyses here.
We approached the analyses of the data from the perspective of
Bayesian parameter estimation, seeking to define probability dis-
tributions over all possible values of our statistics of interest to
guide our interpretations. To accomplish model checking, we em-
ploy posterior predictive simulations to evaluate the ability of our
models to account for features of the observed data as a means
of model checking. When the failure of a model to account for
features of the data is an observation of interest, we report the
posterior predictive p-value (Gelman 2013), which unlike the fre-
quentist p-value is conditioned upon the set of models most con-
sistent with the data rather than a predefined null hypothesis.

When relating read counts to copy number, we employ the
negative binomial distribution as it can model overdispersed
counts and the sum of its random variables are also negative bi-
nomially distributed, allowing us to describe the read count dis-
tributions under different copy numbers. That is, if the read
depth of a single copy structure is negatively binomially distrib-
uted with mean l and dispersion a, we can model the read depth
x of a structure present in n copies as x � NB nl; nað Þ: We further
employ partial pooling, which jointly estimates the copy number
of individual structures and the underlying copy number distri-
bution from which junctions arise, using the complete set of ob-
served read counts to constrain the individual copy number
estimates and prevent outlier read counts from being unduly
interpreted as multicopy structures. When making inferences
about copy number distributions, we focus on identifying the
mean and variance parameters of the distributions. However, TE
copy number, and consequently telomere length, are prone to
outliers relative to a normal distribution, even in log scale, which
likely reflect atypical events that resulted in a copy number ex-
pansion. Therefore, we model the copy number distribution as a
mixture of two distributions, one reflecting typical copy number
variation and the other reflecting the distribution after extreme
copy number expansion, and incorporate latent variables that as-
sign each observed copy number as an inlier or an outlier.

When estimating relative quantities such as proportions or
frequencies, we employ beta-binomial and Dirichlet-multinomial
models, and whenever we believe that strain-specific factors,
such as telomere composition, are relevant, we incorporate this
hierarchical structure into the model.

For Bayesian modeling, we employ PyMC3 (v. 3.9) (Salvatier et
al., 2016). For each model, we draw samples from the posterior
distribution in two chains to assess convergence, sampling con-
tinuous random variables with the No-U-Turn Sampler initialized
with jitterþadapt_diag as implemented in PyMC3. The No-U-
Turn Sampler (NUTS) is a highly efficient approach to Monte
Carlo sampling, capable of exploring high-dimensional parame-
ter spaces and drawing uncorrelated samples from the posterior
(Homan and Gelman, 2014). While superior to the Metropolis al-
gorithm in most regards, it is unable to sample discrete random
variables due to its reliance on gradient information.
Consequently, we represent copy number in our analyses with
positive continuous random variables rather than with discrete
variables, preferring greater confidence in the posterior sample
afforded by NUTS. We note that treating copy number as contin-
uous is not dissimilar from the commonly used approach of esti-
mating copy number by dividing the observed read counts by the
expected read depth. Further, as the genomic DNA for each GDL
strain was obtained from a pool of individuals, the average copy
number per individual in the stock is better described by a contin-
uous rather than discrete variable. Similarly, when we incorpo-
rate outlier detection in our models, we marginalize out the
binary labels representing the outlier status of individual obser-
vations to avoid the need for Gibbs sampling. We retain the inter-
pretability provided by these labels by using the posterior
distribution to reconstruct the probability that each observation
reflects an outlier.

Modeling read depth
To infer the copy number of multicopy sequence, we need to
know the read depth distribution of single-copy sequences. We
estimate this from coverage of the two major autosomes in the
reference genome, using the same filtering steps described in
McGurk and Barbash (2018). As in McGurk and Barbash (2018), we
consider the coverage of sequence not by the reads themselves,
but rather by the interval between read pairs. However, here we
model the read depth of single-copy sequence with negative bino-
mial distributions, allowing the mean and overdispersion to vary
with %GC. To better handle junctions with extreme %GC, we
model the relationship between the mean and overdispersion of
%GC in each strain j with library-specific functions:

lj gð Þ ¼ 2b2g2þb1gþb0

aj gð Þ ¼ 2b2g2þb1gþb0

where g is the expected %GC of read pairs spanning a position
and the bs are the coefficients of each quadratic function
(Supplementary Figure S1, C and D).

Additionally, there is a clear excess of positions with zero cov-
erage in the data that is likely due to filtering, but homozygous
deletions may also contribute. We account for this by fitting a
zero-inflated negative binomial distribution when inferring the
mean and overdispersion functions, to ensure the excess of
zeroes does not downwardly bias the expected read depth.
We allow the amount of zero-inflation to vary by %GC, relating it
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with a logistic function as the expected proportion of zeros must

be restricted between 0 and 1:

uj gð Þ ¼
1

1þ e� b2g2þb1gþb0ð Þ :

For each sample we obtain maximum-likelihood estimates of

these functions using PyMC3.

Estimating copy number from read depth
For each position of a consensus sequence, we count the number

of concordant read pairs which span it in each strain. We esti-

mate the number of copies containing a given position by divid-

ing the read count at each position by the expected read depth

given the model of GC-bias we inferred for that strain

(Supplementary Figure S1, C and D). From this, we estimate se-

quence abundance by summing the copy number of each posi-

tion. The edges of the sequence have reduced mappability as

most read pairs span a junction between the repeat and some

other sequence. To account for this, we exclude the first and last

500 bp from our estimate of sequence abundance and divide the

resulting sum by L�1000
L , where L is the length of the consensus se-

quence. We do not estimate sequence abundance for consensus

sequences shorter than 1000 bp.
When estimating the total amount of HTT sequence compris-

ing the telomeres, we do not filter reads for ambiguous align-

ments, as most ambiguity in reads aligning to the HTTs is caused

by homology among related subfamilies, so while it may be

unclear which HTT gave rise to such a read it is almost certainly

derived from the telomere. However, when estimating the copy

number of specific HTT families or subfamilies, we do filter out

ambiguously aligned reads.

Interpreting sequence variation within repeats
In our analyses of sequence variation, we estimate the copy num-

bers of the different alleles found at a given position. We first

count the number of reads supporting each allele at that position,

excluding nucleotides whose PHRED base quality score is less

than 30 as well as those in the first and last five bases of the read.

This filtering score reduces the contribution of sequencing and

alignment errors but decreases the read count. Therefore, allele

copy number estimates based on these counts would be down-

wardly biased. To infer the copy number of these alleles, we

therefore instead compute the proportion of all PHRED-filtered

reads that support an allele and multiply that by the estimated

copy number at that position based on read depth (see Estimating

copy number from read depth). If the copy number of an allele is esti-

mated to be a small fraction (<0.2), we assume it reflects se-

quencing errors and treat it as zero.
To estimate the sequence diversity at a position, we pool these

allele copy numbers across all strains in the GDL, treating all cop-

ies of the family as members of the same population of TEs. We

then estimate diversity as:

diversity ¼ 1�
X

nt2 A;T;C;Gf g

Xnt

N

� �2

;

where N is the total copy number at that position and Xnt is the

copy number of a given allele. We define the major allele as the

allele with the greatest copy number in the GDL and the minor

allele as that with the second greatest copy number. We

estimate the mean and variance of these alleles from their esti-
mated copy number in each strain.

Correcting for additional biases in read counts
over junctions
In our analyses of the read counts over HTT–HTT junctions, we
often observe fewer reads than expected given a single-copy
junction, which could reflect residual heterozygosity, the pres-
ence of additional sequence within the junctions such as 30-tags
or polyA-tails, or reads having been filtered out due to alignment
ambiguity. We could determine the zygosity status of the junc-
tions between HTTs and healed terminal deficiencies indepen-
dently of their read counts by examining the coverage of unique
sequence on the telomere-proximal side of the junction. Despite
that most such deficiencies are truly homozygous, we noted the
same deflation of read counts we observed for HTT–HTT junc-
tions, leading us to conclude this reflects a downward bias rather
than heterozygosity. To assess the degree of this bias, we mod-
eled the read counts over these HTT-deficiency junctions as:

xij � NB knijlj gijð Þ; knijaj gijð Þ
� �

;

where nij is the true copy number of the junctions (1 if homozy-
gous and 0.5 if heterozygous), lj gijð Þ is the expected read count
given the %GC (Supplementary Figure S1, C and D) and aj gijð Þ is
the degree of overdispersion. The degree of bias is k over which
we place a prior of:

log keNormal 0; 0:5ð Þ:

Fitting this model, we find that the read count over these junc-
tions is 43% (95% credible interval 35–49%) of what we expected
given the read depth distributions observed for single copy se-
quence. We incorporate this bias (and our uncertainty about its
exact degree) into our copy number estimates of junctions be-
tween HTTs and other repeats, calibrating their read counts
against this subset of HTT junctions with known copy number.
When we use these corrected copy number estimates to infer the
total amount of telomeric sequence in each strain, we find a
strong concordance with our estimates based on consensus cov-
erage without MapQ filtering.

Identifying TE copies from their junctions
We identify and count the numbers of euchromatic TE insertions
as described in McGurk and Barbash (2018), by identifying the 30

and/or 50 junctions the TE forms with its insertion site. For R-ele-
ments, we estimate the copy number from the read count of the
junction between their 30-end and the rDNA. As all such R-ele-
ment junctions all have the same sequence coordinates and are
present in multiple copies rather than being a set of single and
low-copy junctions like the HTT–HTT junctions, we estimate
their copy as the ratio between the observed and expected read
count (assuming a single copy structure with the same %GC)
without needing to employ partial pooling to avoid overestimat-
ing their copy number. As described in the next section, we em-
ploy partial pooling to estimate the copy number of HTT
insertions, as we expect there might be both single and multi-
copy HTT–HTT junctions.

However, as we estimated the copy number of TE insertions
(by counting junctions) in unique sequence differently from that
of the HTTs and the R-elements (by also considering read counts),
we worried that some differences among these categories could
reflect differences in the behavior of these estimators rather than
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Figure 1 Methodological overview. (A) Graphical representation of a Drosophila telomere and the junctions we use to query telomere variation: (i)
junctions between adjacent HTTs of the same subfamily, (ii) a junction between adjacent insertions of two different HTT subfamilies, (iii) a junction
between the HTT at the base of a telomere and its neighboring TAS repeat, and (iv) a junction between a healed terminal deficiency and unique
sequence. The bottom diagram (v) depicts the structure of a chromosome with an unhealed deficiency. (B) An example using HeT-A5 to depict the
correspondence between the junctions of adjacent insertions of the same subfamily (i in A) and Illumina read pairs from strain N16. Each dot
corresponds to a read pair where both ends map unambiguously to the HeT-A5 consensus sequence. The Y-axis corresponds to the HeT-A5 plus strand
and the X-axis to the minus strand. The diagonal of dots colored black corresponds to concordant reads that align as would be expected given the
consensus element. Nonconcordant reads aligning off this diagonal reflect junctions between tandem elements (above the diagonal) or internal
deletions (below the diagonal). Small indels may shift reads just above or below the diagonal, for example the gray cluster near the diagonal. Junctions
between different families of repeats are detected by considering plots where the X- and Y-axes correspond to different consensus sequences. ConTExt
identifies junctions by clustering the nonconcordant reads, cluster assignments are reflected by the color of the dots. The five clusters forming a
horizontal line across the top of the plot correspond to five distinct tandem junctions between the 30 end of a HeT-A5 element and the generally
truncated 50-end of an adjacent HeT-A5. Two of the tandem arrangements are illustrated above the plot. (C–F) Comparisons of different approaches for
estimating telomere length and HTT copy number, and comparisons against simulated data. The blue lines indicate OLS linear regressions and the red
dotted lines indicate a one-to-one relationship for comparison. (C) The relationship between the total number of distinct HTT–HTT junctions identified
by ConTExt in each strain (X-axis) and the total HTT copy number inferred from the read depth over these junctions (Y-axis). (D) A comparison of total
telomere length in each strain estimated from the mapping-quality-filtered read count of junctions (Y-axis) and from coverage of HTT consensus
sequences without mapping quality filtering (X-axis). The junction-based telomere-length estimates are obtained by multiplying the inferred copy
number of each identified HTT–HTT junction by the length of the distal element inferred from its degree of 50 truncation. (E) Correlation in CN
estimates from simulated Illumina datasets with true copy number. Each dot represents the copy number of an HTT family in one of the five PacBio
genomes. The X-axis indicates its copy number estimated from the number of 30-ends detectable in BLAST alignments between the PacBio assembly
and the HTT consensus sequences. The Y-axis is the copy number estimated by ConTExt from data simulated from the PacBio genomes using ART. (F)
The downward bias in copy number we observe in the true GDL data is recapitulated in the simulations. The Y-axis is the observed read count divided
by the read count expected given the junction’s local GC content. The boxplots depict the distribution of this ratio across all identified junctions in the
true GDL data and the simulated data.
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true biological differences. To rule this out, we also estimated
copy number from the read depth near the 30-ends of each fam-
ily’s consensus, estimating copy number as the average sequence
abundance over a 1 kb interval ending 500 bp from the element’s
30-end. Considering only the 30-end helps limit the impact of 50-
truncation on estimated copy number. While this ensures the
copy numbers of all TE families are estimated in the same way, it
does not distinguish TE-derived satellites, such as the large R1-
and Bari1-derived satellite arrays, from dispersed TEs. We are,
however, able to distinguish these in the copy number estimates
based on junctions rather than read depth (i.e. tandem Bari1 and
R1-elements form junctions with themselves, rather than with
unique sequence or the R-element’s rDNA insertion site).

Modeling copy number of HTT–HTT junctions
While many of the junctions we identify may reflect single-copy
structures, it is likely that an appreciable fraction of junctions are
present in multiple copies. We therefore estimated the copy
numbers of HTT junctions based on their read counts. For a junc-
tion i in sample j, we model its read depth xij as arising from a
negative binomial distribution truncated at 2, as we only ana-
lyzed junctions supported by at least two reads:

xij � NB�2 nijlj gijð Þk; nijaj gijð Þk
� �

:

Here lj and aj are the library-specific functions that describe
how the read depth and overdispersion vary with the expected
%GC of read pairs spanning the junction, and gij and k are the
aforementioned bias. Finally, nij is the quantity of interest: the
underlying copy number of the junction.

If we estimated this copy number for each junction indepen-
dently with weakly informative priors, we would upwardly bias
our copy-number estimates. This is because a priori we should ex-
pect that most HTTs junctions are truly single copy and that
higher than expected read counts often reflect single-copy struc-
tures that generated more reads than expected by chance. But, as
we do not know ahead of time what fraction are single copy, we
sought to infer the underlying copy number distribution at the
same time we estimate the copy numbers of the individual junc-
tions. This accomplishes the parameter estimation analog of a
multiple-test correction, by shrinking copy-number estimates
away from extreme values unless the data justify believing the
copy number greater than 1. We assume that the mode of this
copy-number distribution is 1, and represent how much junction
copy number varies around this mode with a variance parame-
ters.

Thus we model the overall copy-number distribution of HTT
junctions as:

s � HalfCauchy b ¼ 1ð Þ

log10 nij � Normal ð0; sÞ;

where s is the standard deviation of the copy number distribu-
tion. We model the reduced read counts over HTT junctions as:

log k � Normal �0:38; 0:07ð Þ:

We bring these together to model the read counts over individ-
ual HTT junctions with a negative binomial distribution, trun-
cated at 2 to reflect the minimum junction read count for
inclusion in this analysis:

xij � NB�2 nijlj gijð Þk; nijaj gijð Þk
� �

:

Estimating the proportion of missed junctions
The GDL strains were sequenced at relatively low depth, ranging

from 10 to 20 reads expected per junction. This, coupled with the

filtering out of HTT reads that could not be assigned unambigu-

ously, means that some fraction of junctions truly present in a

strain must have been missed by our analysis. We therefore

sought to quantify the extent of this. To this end, for each of our

2000 posterior samples of the read count model’s parameters we

simulated new read counts from a nontruncated negative bino-

mial distribution:

x0 ij � NB nijlj gijð Þk; nijaj gijð Þk
� �

:

This provided a large set of read counts generated from junc-

tions whose copy number, GC content, and read depth are well-

matched to those observed in the GDL. For each strain in each of

the 2000 replicates of this simulation, we computed that fraction

of junctions with fewer than two reads. For each strain, we take

the average of this value across all 2000 as an estimate of the rate

at which truly present junctions would be missed.
We note that there may be some downward bias to this esti-

mate, as the set of observed junctions will be more enriched for

multicopy junctions than the set of missed junctions. So these

simulations assume a higher proportion of multicopy junctions

than may have been truly present in the GDL.

Modeling telomere length and copy number
distributions
Telomere length and HTT copy number distributions

share similar features, so we model both under the same

framework. First, as both are restricted to positive values,

we model their log-transformed values. Second, we observe

values that are outliers relative to this log-normal distribution.

These outliers, for reasons discussed in the Results, almost

certainly reflect events that occurred while the strains were

maintained as lab stocks. Consequently, we model the data as

a mixture of two distributions, one largely reflecting natural

variation and the other reflecting anomalous copy number

expansions.
To infer the telomere-length distribution of each population

in a way that accounts for the observed outliers, we modeled

the log10-transformed total telomere length xi of a typical

individual i in population j as arising from a Normal distribu-

tion, with population-specific means, li, and standard

deviation, ri:

log10 xi � Normal l ¼ lj; r ¼ rjð Þ:

If the observation reflects an atypical copy number expansion,

we model it as arising instead from:

log10 xi � Normal l ¼ lj þ 2rj þ lout; r ¼
1
2

lout

� �
;

where lout reflects how much greater than two standard devia-

tions above the inlier mean the outliers tend to be and over which

we place a prior which considers an order of magnitude copy

number increase a plausible outlier:
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lout � HalfNormal r ¼ :5ð Þ:

The outlier status of each individual could be modeled with a
variable zi which equals 0 for inliers and 1 for outliers so that:

log10 xi � Normal l ¼ lj þ zið2rj þ lout
� �

; r ¼ rj 1� zið Þ þ 1
2

loutziÞ;

and we would model zi as being Bernoulli distributed with a prob-
ability of being an outlier p arising from a uniform distribution on
the interval 0; 1

2

� �
:

zi � Bernoulli pð Þ

p � Uniform 0;
1
2

� �
:

However, as binary variables are challenging to sample, we
marginalize these labels out of the model (Hogg et al. 2010),

P ðlog10xi j hÞ ¼ P ðlog10xi j h; zi ¼ 0Þ Pð zi ¼ 0Þ

þ P ðlog10xi j h; zi ¼ 1Þ P ðzi ¼ 1Þ;

where h represents all model parameters (lj; lout; rj) other than
the outlier labels, and P zi ¼ 1ð Þ ¼ p and P zi ¼ 0ð Þ ¼ 1� p. To com-
pute the posterior probability that an observation is an outlier,
we use:

P zi ¼ 1 j log10xi; h
� �
¼ P ðlog10xi j zi ¼ 1; hÞ Pð zi ¼ 1Þ

P ðlog10xi j zi ¼ 0; hÞ P ðzi ¼ 0Þ þ P ðlog10xi j zi ¼ 1; hÞ P ðzi ¼ 1Þ ;

and average over all values of h sampled from the posterior.
When modeling telomere length we describe our prior beliefs as:

li � Normal l ¼ 5; r ¼ 1:5ð Þ

ri � HalfNormal r ¼ 2ð Þ:

These priors imply that average total telomere lengths may be
as small as 1 kb or as large 100 Mb. Similarly, the prior on r is
open to the standard deviation of telomere length encompassing
four orders of magnitude. Both priors are somewhat overly per-
missive allowing the data to drive the parameter estimates with
little constraint from our prior beliefs.

Estimating the breakpoints of terminal
deficiencies from read depth
We identified terminal deficiencies by visually examining the
coverage of subtelomeric sequence for obvious loss of read depth
(Supplementary File S3). To estimate the breakpoint of a terminal
deficiency based on read depth, we sought to identify a sequence
coordinate beyond which the copy number, estimated as the ra-
tio between the observed and expected coverage, drops below 1.
For each of the autosome arms, we considered coverage of the
most telomere-proximal 100 kb sequence and thinned it by
retaining only every hundredth position, to account for autocor-
relation in the coverage signal. We then removed any position
that had more than five repeat-masked nucleotides within 100 bp
to reduce the impact of repeat masking on coverage. At each po-
sition, we divided the observed read count by the expected read
count given the local GC-content. We then fit a step function to

these copy-number estimates, x, where the expected copy num-
ber differs from 1 on the telomere-proximal side of a breakpoint,
c. We estimate this breakpoint by minimizing the sum of squared
residuals (SSR), defined for positions on the centromere proximal
side of the breakpoint as:

SSRcent ¼
X

i

xi � 1ð Þ2;

and on the telomere-proximal side as:

SRRtel ¼
X

i

xi � ltelð Þ2;

where ltel is the mean copy number estimate on the telomere-
proximal side of the breakpoint. We combine these as:

SSR ¼ SSRcent þ SSRtel:

We noted a tendency for the last 10 kb of the 2 R subtelomere
to have reduced coverage in most strains, which may result
from decreased mappability. We were therefore conservative
when calling deficiencies in this region, requiring a complete
loss of read depth to call a deficiency in the absence of an HTT–
subtelomere junction, and only calling heterozygous deficien-
cies if an HTT–subtelomere junction accompanied the drop in
coverage.

If we had evidence of an HTT–subtelomere junction at a
breakpoint, we used the sequence coordinates of the junction as
the deficiency breakpoint. In estimating the number of indepen-
dently derived deficiencies, we considered any pair of deficiencies
within 200 nt of each other as potentially the same allele and
collapsed them.

Analysis of truncated HTTs
HTTs, like all non-LTR retrotransposons, are frequently 50-trun-
cated due to incomplete reverse transcription, in addition to be-
ing susceptible to telomere erosion. While ConTExt does not
permit the reconstruction of HTT insertions, we can determine
the extent to which each insertion is 50-truncated. A full-length
insertion must have the intact 50-end, though the presence of the
50-end does not guarantee that there are not deletions within the
insertion. We note, however, that we observe few junctions con-
sistent with internal deletions within HTTs. Given the high rate
of truncation we observed in our analyses, strains containing
only truncated insertions of a particular family might be com-
mon. But because such elements are unlikely to encode for func-
tional proteins, and only the autonomous TAHRE and TART
family elements encode reverse transcriptase, some full-length
elements are likely maintained by selection. We found that 33%
of strains lack any full-length TART family elements, but only 2
out of 85 strains lack full-length TAHRE. To assess the likelihood
of this observation, we model the number of full-length elements
and then used posterior predictive simulations to ask whether we
observe fewer strains without any full-length TAHRE elements
than would be expected under the fitted model.

We estimate the length of insertions by considering the coor-
dinates of an element’s 50-end in an HTT–HTT junction, and de-
fine an element as being full-length if its estimated end is within
300 bp of the expected 50-end of its consensus sequence. As ele-
ments of the TART family are flanked by terminal repeats, we re-
quire the junction to involve the 50-end of the PNTR rather
than the internal sequence to be considered full-length, though
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some fraction of such junctions may involve the 30-PNTR of
TART instead and reflect truncated elements. As the counts are
overdispersed, for each family we model the number of full-

length insertions, ki out of all Ni insertions in strain i with a
beta-binomial distribution. For interpretability, we estimate
mean, q, and concentration, m; parameters that respectively

Figure 2 Telomeres are highly dynamic in Drosophila melanogaster. (A) Telomere length distribution (in kb) as estimated from HTT sequence abundance
for each strain, grouped by population. Filled circles represent outlier strains. B: Beijing, I: Ithaca, N: Netherlands, T: Tasmania, Z: Zimbabwe. (B) A
ternary plot depicting the proportion of each HTT family in each GDL strain. The angle of the tick on each axis indicates the corresponding gridline for
that HTT family. (C) Proportion of full-length elements per subfamily per strain. (D) Telomere composition depicted by proportion of total telomere
length per HTT subfamily as estimated from copy number. White corresponds to short telomere strains (bottom 10%), gray to long telomere strains
(top 10%). (E) Telomere composition depicted by proportion of total telomere length per HTT family as estimated from copy number. White and gray
are the same as in (D).
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describe the expected binomial rate of full-length elements and
the variability around this which drives the overdispersion.

We define the priors in this model as:

q � Beta a ¼ 1; b ¼ 1ð Þ

� � Exponential k ¼ :1ð Þ;

placing a uniform prior on the rate of full-length elements. We

model the likelihood as:

p � Beta a ¼ q�; b ¼ 1� qð Þ�ð Þ

ki � Binomial p; Nið Þ:

To assess the extent to which the model accounts for the frac-

tion of strains lacking any full-length elements, we employ poste-
rior predictive simulations to obtain a posterior p-value that

describes the probability of observing as few or fewer strains with-

out full-length elements present in the GDL given the posterior dis-

tribution. In 99% of the simulations, the fitted model predicted
more strains entirely missing full-length TAHRE than we observed.

One interpretation is that selection acts on the genome to maintain

the reverse transcriptase encoded by TAHRE. Alternatively, in most
genomes there may be a full-length TAHRE insertion in tandem

with another HTT that is rarely deleted, perhaps because it is lo-

cated outside of the telomere. We present in the Results evidence in

favor of this alternative explanation, but stress that these TAHRE
elements are old and likely nonfunctional.

Modeling the propensity of different HTTs to heal
telomere erosion
To determine whether some families have a higher propensity
to heal telomere erosion, we compared the frequency with

which an element is found next to subtelomeric sequence

against the proportion of HTT copies it comprises in each
strain. As junctions with subtelomeric sequence involve the 30-

ends of the HTTs, we estimate the copy number of each family

from the number of junctions involving the element’s 30-end,

ensuring any biases resulting from mappability or structural
variation at the 30-end of the elements affect both estimates.

We employ a Dirichlet-Multinomial model where the number

of junctions xij between an HTT family i and the known chro-
mosome 2 and 3 telomere-associated sequence (TAS) repeats

across all strains j arises as:

xj � Multinomial N ¼ nj; p ¼ pj
� �

;

where nj is the total number HTT–TAS and HTT-deficiency

junctions we detect in strain j, pj is a vector describing the

probability of finding each HTT family at the base of the telo-
mere in strain j,

pij ¼
kiqij

Rikiqij
:

ki is the relative enrichment of family i at the base of the telo-
mere, and qij is the number of HTT elements belonging to family i

in the strain j, incorporating the differences in telomere composi-

tion among strains into the model. We model our prior beliefs

about the relative enrichment as being wholly agnostic using a

uniform Dirichlet prior:

k� � Dirichlet a� ¼ 1ð Þ:

We fit this model considering the HTT families as well as sub-

families.

Modeling interspersion among HTTs
To assess the tendency of particular HTTs to neighbor each other,

we also employ a Dirichlet-Multinomial model. Here we consider

an interspersion matrix X where each cell Xijk counts the number

of times the 30-end of element i forms a junction with 50-sequence

of element j in strain k. We model the vector of counts in strain k

as arising from:

Xk � Multinomial N ¼ Nk; p ¼ pkð Þ;

where pk is a matrix describing the probability that two elements

i and j neighbor each other. This relates to both a tendency, kij, of

two elements i and j to neighbor each other and the proportion of

HTTs elements i and j found in strain k:

pijk ¼
kijq�jkqi�k

RiRjkijqijk
;

where q�jk and qi�k are the marginal counts:

qi�k ¼ Rjqijk

q�jk ¼ Riqijk

We model prior beliefs about the parameters of interest, the

vectorized matrix of associations, with a uniform Dirichlet distri-

bution:

k � Dirichlet a0:am ¼ 1ð Þ:

We note that this does not model the interspersion under reor-

derings of existing telomeres but rather under the generation of

new telomeres drawn from the observed proportions.

Assessing performance on simulated data
We simulated Illumina Hiseq 2000 paired-end data from five

available GDL PacBio genome assemblies (B59, I23, N25, T29A,

and ZH26; Long et al. 2018) using ART (version: MountRanier). To

match the characteristics of the GDL NGS data, we set the

genome-wide read depth and fragment size distributions to

match those reported for the particular GDL strains. We ran

these simulated datasets through the ConTExt pipeline using the

same parameters as for the real GDL data.
To assess our ability to correctly estimate the copy number of

HTT insertions, we compared the copy-number estimates from

the simulated data to the copy number evident in the assemblies

from which the data were simulated. To determine the ground

truth for HTT copy numbers in each assembly, we aligned the

HTT consensus sequences to the assemblies using BLAST and fil-

tered out hits with less than 90% identity to a consensus. We

then counted the number of hits corresponding to the intact 30-

end of each HTT family in the assembly.
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Data availability
Sequencing data come from a previously published study (NCBI
BioProject PRJNA268111, Grenier et al. 2015). ConTExt is located at
https://github.com/LaptopBiologist/ConTExt. Release 6 of the ref-
erence genome is described in Hoskins et al. (2015); the 5 PacBio
assemblies of GDL strains are described in Long et al. (2018).

Supplementary material is available at figshare DOI: https://
doi.org/10.25386/genetics.13323035.

Results
Analyzing telomere variation in the GDLs using
ConTExt
To explore HTT population variation, we leveraged the paired-
end NGS data from the GDL, 85 stocks of D. melanogaster collected
from five populations: Beijing, Ithaca, the Netherlands,
Tasmania, and Zimbabwe (Grenier et al. 2015). We employed the
ConTExt pipeline (McGurk and Barbash 2018) to summarize telo-
mere structure, which is composed of head-to-tail HTT tandem
arrays (Figure 1A). In brief, ConTExt aligns repeat-derived reads
to repeat-consensus sequences and uses paired-end information
to identify the junctions between repeats and neighboring se-
quence (Figure 1B). In the case of HTT insertions, the neighboring
sequence should generally be another HTT insertion or subtelo-
meric sequence (Figure 1A), and all such junctions should involve
the intact 30-end of a HTT. The range of 50-truncations resulting
from incomplete reverse transcription, which is frequent for all
non-LTR retrotransposons, provides additional power to distin-
guish independent insertions, allowing us to identify insertions
and estimate TE copy number within the telomeres.

With the data organized in this manner, we first determined
sequence coverage relative to each HTT consensus sequence,
which provides an estimate of the number of nucleotides that
each HTT family contributes to the genome. When we use this
estimate to calculate total telomere length, we include all reads
mapping to HTTs, but when we make statements about the copy
number of particular HTT families or subfamilies, we filter out
any ambiguously aligned reads to avoid bias from mismapping
between related families/subfamilies (see Materials and Methods
for details). While this estimates telomere length, the propensity
of HTTs to be 5’-truncated means that it is not a direct measure
of copy number: coverage of the 3’ end reflects reads derived
from all copies, but coverage of the 5’ end reflects only full-
length insertions (which may, though, have internal deletions).
Second, to more directly estimate copy number, we counted the
junctions between adjacent HTT insertions identified by
ConTExt. This allows us to infer the number of insertions, the de-
gree to which individual insertions are truncated, and which
sequences neighbor a given HTT. To account for the possibility
that some junctions are present in multiple copies, we employed
partial pooling to estimate copy number from the read counts at
junctions. The read depth of the junctions may be downwardly
biased by several sources, particularly by mapping quality filter-
ing and the presence of additional sequence in the junction, such
as poly-A tails, which we account for by calibrating against a set
of HTT junctions with known copy number (see Materials and
Methods). The copy number estimates from modeling read depth
are �30% higher than from simply counting junctions, suggesting
some junctions are multicopy, but the estimates are highly corre-
lated with each other (slope ¼ 1.3, r¼ 0.99, Figure 1C). Similarly,
estimating the total telomere length from the inferred copy num-
ber of each junction and the estimated extent of truncation of

the corresponding HTT concords well with the estimates of telo-
mere length computed from raw coverage (slope ¼ 1.06, r¼ 0.93,
Figure 1D). This suggests that our read count model reasonably
accounts for the impacts of filtering out ambiguous alignments.
Finally, we examine the sequence of aligned reads themselves to
assess for variant alleles.

The strains in the GDL were sequenced at relatively low cover-
age, with the expected read count over individual junctions rang-
ing from �10� to 20� across strains, which we estimate results
on average in 20% of HTT junctions being missed due to lack of
coverage. Variation in read depth means that in some strains we
may be more likely to miss true HTT junctions (interquartile
range: 17–21%, lowest: 13%, highest: 27%, Figure S2A), though it
explains a relatively small fraction of the variation observed in
HTT copy number estimates (Supplementary Figure S2, B–J).
Therefore, to assess how well ConTExt summarizes telomere
composition from low coverage NGS data, we used ART to simu-
late NGS libraries from five available PacBio GDL genomes (Long
et al. 2018), matching the read depth and insert size distributions
to the corresponding strain’s NGS library (Huang et al. 2012). We
next ran ConTExt on the simulated data and estimated the copy
number of the HTT subfamilies using the methods we applied to
the true GDL data. We then compared the copy number esti-
mates for each HTT subfamily in the simulated data against the
true number evident in the corresponding PacBio assembly. We
found these to be strongly concordant, with no evidence of strong
upward or downward biases (slope ¼ 1.15, r2 ¼ 0.88, P¼ 1e�16,
Figure 1E), though the slope suggests the read-depth model may
overestimate copy number by �15%. Further, the variation in
these estimates appears to increase with true copy number, sug-
gesting that errors over/underestimate some percent of the true
copy number rather than some fixed number of copies. Overall,
though, the copy number estimates obtained in this manner ap-
pear to be reasonable estimates of the true value.

Finally, the original study of SNPs in the GDL reported some
residual heterozygosity, which would both double the number of
HTT–HTT junctions and halve their read depth in heterozygous
tracts. In the real NGS data, we noted that the read depth over
HTT–HTT junctions was about half of what was expected given
the coverage of unique sequence, which we corrected for by cali-
brating against HTT junctions with known copy number, that is
healed terminal deficiencies (see Materials and Methods, “Correcting
for additional biases in read counts over junctions”). We found that the
simulations recapitulate this feature of the data (Figure 1F), sug-
gesting that the alignment process and subsequent filtering of
ambiguous reads is likely responsible for reduced coverage over
HTT–HTT junctions, rather than residual heterozygosity or un-
derrepresentation of repetitive sequences in the data. We note,
however, that our analysis of terminal deficiencies provides evi-
dence of some residual heterozygosity at the telomeres, which
we discuss further below.

Overall, we find that ConTExt estimates are sufficiently reli-
able to draw general conclusions about telomere structure in the
NGS GDL data. The modest degree of upward bias suggested by
the simulation analysis is unlikely to strongly impact our conclu-
sions, as our subsequent analyses do not assume we have access
to the exact copy numbers, but rather interpret the orders of
magnitude, patterns of variation, and relative proportions of HTT
copy number, as well as the kinds of structures identified. We
note, though, that despite this approach performing generally
quite well, HTT insertions highly diverged from our set of consen-
sus sequences are likely more difficult to capture under our
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alignment parameters and may be underrepresented in our copy
number estimates.

A final aspect of the dataset that must be considered is that
the GDL stocks were collected from five populations and inbred
for more than 5 years, meaning that lab evolution may be sub-
stantial and heterogeneous across the lines. This could intensify
background effects on TE activity, as any polymorphic TE inser-
tions and host alleles that affect their activity will frequently be-
come fixed together in a line, whereas in natural populations
they would typically be separated by recombination and indepen-
dent assortment. In most of our analyses, this should not greatly
impact our conclusions. For example, the arrangement of HTTs
within telomeres should not be highly sensitive to such contin-
ued evolution. Lab evolution, furthermore, may present an op-
portunity to observe more extreme patterns of some biases that
do occur in nature through continued mis-regulation. As we de-
scribe below, the clearest impact of continued evolution is evi-
dent in our analyses as strain-specific copy-number expansions
of some TE families, patterns that are unlikely to be observed in
recently collected flies.

Telomeres are highly dynamic in D. melanogaster
Drosophila melanogaster telomeres are comprised of three non-LTR
retrotransposon families HeT-A, TAHRE, and TART, which in our
analyses are further subdivided into five HeT-A subfamilies (HeT-
A, HeT-A1, HeT-A-2, HeT-A3, HeT-A5) and three TART subfamilies
(TART-A, TART-B1, TART-C) (see Materials and Methods for details,
Table S1 for reference insertion coordinates and File S1 for con-
sensus sequences). For clarity, we use the terms “HeT-A family”
and “TART family” when referring to the families. Telomere
length in D. melanogaster has previously been reported to vary by
two orders of magnitude (Wei et al. 2017). However, that survey
was based on qPCR estimates of abundance using a primer set
that was designed to detect a single consensus HeT-A, in a single
North American population, so the absolute size range of telo-
meres in D. melanogaster remains unknown.

To gain a more comprehensive picture of the length and com-
position of D. melanogaster telomeres, we consider how the size
and composition of telomeres vary among strains in terms of the
sequence abundance and copy number of all HTT families. The
median total telomere length in the GDL is 400 kb with a median
of 98 HTT insertions per genome, corresponding roughly to 50 kb
and 12 insertions per each of the eight telomeres (Figure 2A,
Table S2). The majority of insertions belong to the HeT-A family
(64%), with TAHRE (17%) and the TART family (19%) contributing
fewer insertions (Figure 2B). While these proportions vary across
strains, insertions of each of the three families are identifiable in
each of the 85 GDL strains. The relative abundance of HeT-A and
TART family elements is roughly equivalent to previous estimates
based on Sanger sequencing (Abad et al. 2004; George et al. 2006).
The approximately equal abundance of TAHRE and TART family
elements contrasts with an analysis of the 4 R telomere in the ref-
erence strain, which contains eight TART family insertions but no
TAHRE elements (George et al. 2006). This may reflect a peculiar
structure of the 4 R telomere, because analysis of three other
telomeres in the reference strain identified four TAHRE elements
(Abad et al. 2004). Other strains also show TAHRE on a subset of
telomeres (Shpiz et al. 2007). The majority of HTT insertions are
incomplete, with about 80% of HeT-A family and TAHRE inser-
tions and 93% of TART family insertions being truncated to vari-
ous degrees (Figure 2C). This is similar to what George et al. (2006)
observed on telomere 4 R, where 75% of TART family insertions
(6/8) and 66% of HeT-A family insertions (10/15) were incomplete.

While the proportion of truncated elements varies considerably
among strains, we found that there are no consistent differences
among populations. The rarity of strains missing full-length
TAHRE reflects the presence of a nontelomeric TAHRE tandem
present in most genomes, which our analyses identified and is
discussed below. To account for this when assessing the number
of full-length TART and TAHRE insertions within the telomeres,
we excluded one full-length copy of TAHRE from each strain.
After doing so, at least one full-length TART or TAHRE element
was identifiable in 80 out of 85 genomes, averaging four per ge-
nome (interquartile range: 2–6, maximum of 14). Their apparent
absence in the five remaining strains (I24, T01, T30A, T45B,
ZW09) may reflect that the junctions were missed due to the rela-
tively low read depth in the GDL.

Telomere length displays appreciable variation among individ-
uals, with an interquartile range of 193 kb and 58 HTT insertions
(SupplementaryTable S2). In addition, there is clear potential for
extreme gains and losses of telomere sequences, which are ob-
served as significant outliers. Several strains have much shorter
total telomere length, with the shortest (ZW140) being 143 kb and
having 42 insertions (average of 17 kb or five insertions per telo-
mere). Some of the shortest strains are among those that contain
unhealed telomere deficiencies (see Terminal deficiencies are com-
mon below). At the opposite extreme, in I01 the telomeres have
expanded to 1.7 Mb of sequence, corresponding to 692 insertions
(average of 212 kb or 86 insertions per telomere). This expansion
is not an artifact of modeling read depth, as 530 distinct HTT–
HTT junctions are identifiable in this strain (compared to the
GDL average of 84), which is well beyond what could be explained
by read depth variation. The range of telomere lengths is similar
to that found in an earlier study of several strains (including the
long-telomere strain GIII) that used a different approach
(Southern blotting) (George et al. 2006). There is some population
structure to telomere length, with the estimate of mean telomere
length in the Beijing population being 110–140 kb longer than the
other four populations (Ithaca, the Netherlands, Tasmania, and
Zimbabwe), corresponding to 17–40 more insertions per strain on
average. This holds after accounting for how differences in read
depth across strains impact the probability of not observing a
junction that is truly present (Supplementary Figure S1A).
Increases in the number of HeT-A family elements drive this
heightened copy number in Beijing strains, especially the HeT-A1,
HeT-A2, and HeT-A5 subfamilies (Supplementary Figure S1, B–J).

HTT family composition is similar in long and
short telomere strains
We described above that the Beijing population has elongated
telomeres, and that this is driven by expansions of particular
HeT-A subfamilies. We thus wondered whether telomere elonga-
tion reflects escape from host regulation by specific HTT subfa-
milies. If a specific HTT escapes host control and drives telomere
elongation across lines, this subfamily should be over-
represented in long telomere strains compared to short telomere
strains. We analyzed telomere composition by comparing HTT
family and subfamily copy number and relative proportions be-
tween long (90th percentile, >163 HTT insertions) and short (10th
percentile, < 54 insertions) telomere strains. At the family level,
there is no apparent difference in telomere composition between
short and long telomere strains (Figure 2D). As the copy number
of HeT-A family, TAHRE and TART family elements increases in
long telomere strains, so does their relative proportion, resulting
in similar telomere composition. However, some differences
arise at the subfamily level (Figure 2E). In long telomere strains,
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the copy number of HeTA-1, HeTA-5, TART-B1, and TART-C
increases less substantially than other sub-families, resulting in
a reduced representation in long telomere strains. Altogether,
these observations suggest that while telomere length is under
host control, HTT sub-families respond differently to a more or
less transposition-permissive state, and that long telomere
strains do not result from host regulation escape of specific HTT
subfamilies.

Copy-number expansions are not specific
to HTTs
The pronounced copy number expansions of HTTs that we ob-
served in some strains raises the question of whether this is spe-
cific to the HTTs. We quantified the copy number of more typical
TEs by counting the number of insertions detectable as junctions
with unique sequence, and for R-elements also quantifying the
number of insertions in the rDNA locus based on read depth (see
Materials and Methods). We found that large expansions are com-
mon in GDL strains for both HTTs and nontelomeric TEs
(Figure 3A). Most expansions involve one or a few families in a
particular strain, which is unlikely to result from biases due to
read depth variation (which should affect many families).
Interestingly, in line I01, which has the greatest number of HTTs,
Copia, and MDG3 (both LTR retrotransposons) have also consider-
ably increased in copy number (Figure 3A, arrow heads; Table
S2). Total TE copy number is also highest in strain I01, but across
all lines there is no strong general tendency for strains with non-
HTT copy number expansions to have longer telomeres. Three
non-HTT TE families, Gypsy1, Zam, and Gypsy, that were defined
as inactive under our criteria (see Materials and Methods) are pre-
sent in few copies in most strains, averaging 2, 3, and 4 copies,
but expanded to 20, 37, and 78 copies, respectively, in single
strains. Gypsy and ZAM are related TE families, and deletions
within the flamenco piRNA cluster are associated with elevated ex-
pression of both families (Mével-Ninio et al. 2007); thus the ob-
served copy number expansions perhaps reflect piRNA
misregulation. For the most part, the copy number expansions all
occurred in different strains, and we observe no general relation-
ship between the occurrence of TE expansions and HTT copy
number, with the exception of the aforementioned strain I01. It is
noteworthy that in this strain, all of the HeT-A subfamilies and
TAHRE have expanded considerably in copy number, but not the
TART family elements, suggesting differential responsiveness
among the HTTs to whatever caused the expansion. The correla-
tion between HeT-A elements and TAHRE is itself consistent with
the proposal that TAHRE is the autonomous regulator of HeT-A
(Abad et al. 2004), such that both families are coregulated. We
suspect that most or all of the expansions observed occurred
during propagation in the laboratory, because in nature the new
insertions resulting from such an expansion would be at low
population frequency and rapidly become unlinked from each
other due to independent assortment and recombination. In
contrast, new insertions can more easily reach high population
frequency in the laboratory due to either the small population
size or the fixation of permissive variants in piRNA clusters or
piRNA pathway genes. We conclude that like any other active
and selfish TE, HTTs are primed to take over given the opportu-
nity.

HTT copy number variation reflects its highly
dynamic environment
Given that HTT abundances are highly dynamic across the GDL
panel, we wanted to assess whether the extent of this variation

was typical of active TEs or instead if the HTTs were more (or
less) variable in copy number than other TE families. Active ele-
ments provide a reasonable baseline because they are in conflict
with the genome via transposition. However, the tandem nature
of the telomeres additionally permits copy number expansions
and contractions through unequal exchange, which may
heighten the variability in copy number. Two other TE families,
the R1 and R2 elements, are also tandemly arrayed within the
multi-copy ribosomal RNA genes (rDNA) and thus reside in a dy-
namic environment. The R1 and R2 elements therefore provide a
comparison of the HTTs with TEs whose copy number evolves
both by transposition and unequal exchange but are not known
to provide an essential function.

We sought to leverage population genetic theory for the rela-
tionship between the mean and variance of TE copy number dis-
tributions to interpret the empirical relationship we observed in
the GDL. Charlesworth and Charlesworth (1983) highlight that
the variance in TE copy number should depend only on the mean
and variance of the allele frequency spectrum of TE insertions
and the degree of correlation in the presence/absence of distinct
insertions (linkage disequilibrium). The intuition is that whatever
dynamics and processes underlie the copy number evolution of a
TE family, each occupiable locus contains an insertion in some
fraction of individuals in a population. The set of loci containing
insertions in an individual genome is sampled from this larger
population of insertions, each insertion allele being present with
probability equal to its population frequency. Assuming that the
number of de novo insertions per generation is small relative to
the number of preexisting insertions, the copy number in an indi-
vidual genome is then the sum of Bernoulli trials with potentially
different success probabilities. If these trials are independent and
have identical population frequencies, TE copy number will be
Poisson distributed and the variance of copy number across
genomes will be equal to the mean genomic copy number. If they
are independent but the population frequencies vary, this can be
described with a Poisson-binomial distribution, and the variance
will be less than the mean. In reality, the presence/absence of
insertions may not be independent of each other (termed “linkage
disequilibrium”) due to a variety of factors, including genetic link-
age, selection, and demographic history and population struc-
ture. This correlation in the presence/absence of insertions will
increase the variance of TE copy number. These factors are syn-
thesized in the mean–variance relation:

Var Yð Þ ¼ l� Var xið ÞT þ 4
X
i< j

Dij;

where l is the population mean copy number, T is the number of
occupiable loci, Var xið Þ is the variance in population frequency of
TE insertions, and Dij is the linkage disequilibrium of insertions
(Charlesworth and Charlesworth 1983). The principal insight is
that TE families whose insertions vary over a range of population
frequencies should display decreased copy number variation. On
the contrary, those families whose insertions are in linkage dis-
equilibrium should display elevated copy number variation. This
is what we expect for HTTs, since their tight clustering at eight
telomeric tandem arrays may lead to co-transmission or loss of
many insertions at once.

We examined the mean–variance relationship of TE copy
number across families, considering both estimates of TE copy
number based on junctions (Figure 3, B and C) as well as based on
the coverage of their 30 ends (Supplementary Figure S3, A and B),
which gave similar results. We found that inactive TE families
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are generally less variable in copy number than expected relative
to a Poisson expectation (Figure 3, B and C and Supplementary
Figure S3, A and B). This is consistent with theory, as relatively
older (but not ancient) insertions should have more variation in
their population frequencies than recent insertions. This is be-
cause older insertions have had more time to change in popula-
tion frequency, leading to a less variable copy number
distribution (due to Var xið ÞT > 0). In contrast, active TEs not only
show greater copy number variation than inactive TEs but are
generally more variable with respect to the Poisson expectation.
This greater-than-expected variability may reflect linkage dis-
equilibrium or population structure during the TE family’s inva-
sion. We consider continued copy number evolution in the lab

stocks (itself a form of population structure) a likely explanation.
However, compared to other active elements, HTT copy number
is even more variable (Figure 3, B and C and Figure S3, A and B),
which could reflect instability of the genomic regions they oc-
cupy, coupled with high linkage disequilibrium (4

P
i< jDij > 0).

That is, while other TE families are dispersed across the ge-
nome, all HTT insertions are clustered at eight tandem arrays,
such that many insertions will be transmitted or lost together.
Notably, the R-elements also display elevated variability compa-
rable to the HTTs (Figure 3, B and C and Figure S3, A and B). We
conclude that both the HTTs and R-elements are more variable
in copy number than other active TEs. This could reflect that
these elements are more prone to continued CN evolution during

Figure 3 Comparing HTT variability to other TEs within Drosophila melanogaster. (A) Copy number of selected TEs per strain as estimated from junctions.
Each dot indicates the copy number of a TE family in a single strain, and red dots indicate strains with extreme copy-number expansions (four
standard deviations greater than the mean). TEs are grouped as: Left, TEs with copy number outliers; middle, HTTs; right, all other active TEs. Outliers
occurring in strain I01 are indicated with arrows. (B) Scatter plot showing the relationship between mean copy number as estimated from junction data
of TE families (log scale) and their variance (log scale) across the GDL. Designations of active and inactive TEs are from prior estimates of sequence
divergence and population frequency as described in the Materials and Methods. Solid line represents the expected relationship under the assumption of
little variation in population frequency and low linkage disequilibrium among insertions. Shaded regions summarize the distributions of mean and
variance for inactive (gray), active (yellow), and the HTT and R-elements (purple) TE families, covering two standard deviations of bivariate Gaussians
matched to the moments of the data they are approximating. (C) Boxplots depicting the distribution of variance-to-mean ratios (log10) in each of the
four categories of the TEs.
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stock maintenance, but it is striking that it is those TE families
known to be organized in tandem arrays that are the most vari-
able. We suggest therefore that the heightened copy number vari-
ation displayed by the HTTs and R-elements reflects both the
dynamic nature and the tight physical linkage of the genomic
environments caused by the tandem array organization of these
families.

The high sequence diversity of HTTs is driven by
active variants
Sequence evolution of TEs determines their activity and their po-
tential to escape from host suppression. HTTs are highly diver-
gent among species, which has been suggested to reflect
continued conflict with their host genome (Lee et al. 2017; Saint-
Léandre et al. 2019). We propose that the instability of their geno-
mic niche might also contribute to HTT sequence variation. The
heightened copy number variation we observe for the HTTs (and
R-elements) ought to increase the stochasticity with which line-
ages go extinct, allowing sequence polymorphism to fix more
rapidly in them. We sought, therefore, to understand how the
within-species sequence diversity of the HTTs compares to that
of other active TEs, especially the rDNA-restricted R-elements.

For each TE family under consideration, we estimated the
copy number of each of the four possible alleles (A, T, G, C) from
the number of reads supporting that allele at a given consensus
position in a particular strain (Figure 4A; Materials and Methods).
We then used these allele copy number estimates to compute the
sequence diversity among insertions of a given family in the GDL.
The diversity estimates across all insertions in the GDL concord
well with those reported from analysis of the ISO-1 reference ge-
nome (Kendall’s tau ¼ 0.59, P¼ 6.6e�5) (Supplementary Figure
S3C; Kaminker et al. 2002). We find that HTT subfamilies are rela-
tively diverse in their sequence composition, though not obvi-
ously more so than other active TE families (Figure 4B). Such
sequence diversity could reflect heterogeneity among the
transposition-competent elements. Alternatively, the active ele-
ments might be relatively homogeneous, but distinct in sequence
from older inactive insertions that are relics of prior invasions.
This alternative scenario applies to TEs such as I-element and
Hobo, which have invaded D. melanogaster multiple times and left
both recently active and degenerate copies from past invasions
(Bucheton et al. 1992; Boussy and Itoh 2004). The shape of a phy-
logeny from complete sequences of all TEs in the GDL would eas-
ily distinguish these scenarios (Khan et al. 2005). However, we
cannot reconstruct individual elements, much less their phylog-
eny, with short reads. To circumvent this challenge, we devel-
oped an approach to leverage our observation that the copy
number variation of active TE families tends to be overdispersed
and that of inactive families tends to be underdispersed (Figure 3,
B and C). We reasoned that high diversity at positions where both
the major and the most abundant minor alleles display more var-
iable copy number than expected (see previous section) is sugges-
tive of heterogeneity among the active elements of the family. On
the other hand, if the major allele is more variable but the minor
allele is less variable than expected, this instead suggests that
the active elements are homogeneous at that position, with a dis-
tinct population of inactive copies that are divergent from the ac-
tive lineage (Figure 4A). This inference is admittedly indirect and
could be obscured by the difficulties of mapping reads from
highly diverse TE families. Our focus on recently active TE fami-
lies, however, should ameliorate this concern, and the concor-
dance between our sequence diversity estimates for these
recently active families and those obtained from prior analysis

(Supplementary Figure S3C) indicates that these are not highly
diverse TE families and that our estimates are not strongly bi-
ased.

Breaking diversity down into the proportion driven by alleles
that vary much in copy number (overdispersed) and those that
do not (underdispersed), we find that in HTTs, much of the se-
quence diversity comes from positions with overdispersed minor
alleles, while in most other active TE families the diversity largely
corresponds instead to positions with underdispersed minor
alleles, suggestive of variants in older insertions. (Figure 4, B and
C). Consistent with a population of heterogeneous active ele-
ments, when we consider the mean–variance relations of the ma-
jor and minor alleles, we find that in the HTTs both generally
display the same mean–variance relationship we observed for
HTT copy number and tend to be more variable compared to
other TEs, as is seen, for example, in HeT-A (Figure 3D, File S2). In
contrast, for most of the other TE families with high sequence di-
versity including Hobo and I-element, the variance of the minor
allele tends to be shifted down from that of the major allele and
is generally less variable, as is seen in Hobo (Figure 4E; similar
plots for the other TEs in Figure 4B can be found in File S2). We
suggest that this pattern of sequence diversity of non-HTTs is
largely driven by degenerate inactive copies, with only a small
fraction of positions in most elements reflecting divergence
among active elements. This is consistent with the known inva-
sion history of Hobo and I-element (Bucheton et al. 1992; Boussy
and Itoh 2004). TAHRE is one exception to the tendency of the
HTTs to show mainly highly variable minor alleles, as it appears
to have a subset of less variable minor alleles (Figure 4F), suggest-
ing the presence of inactive copies outside of the telomere. We
subsequently confirmed the existence of nearly fixed nontelo-
meric TAHRE elements harboring 214/249 of these underdis-
persed alleles in unmapped heterochromatin (see HTT
transposition is restricted to the telomeres below), providing addi-
tional validation that, despite its indirectness, underdispersion of
allele copy number can indeed be indicative of alleles in older
insertions. To investigate whether this heightened diversity ob-
served in the HTTs is characteristic of TEs residing within unsta-
ble genomic regions, we considered the sequence diversity of the
R-elements. However, while R1 also shows high levels of diversity
(Figure 4B), the presence of hundreds of tandemly arrayed R1-ele-
ments per genome evolving independently of the active elements
means we cannot distinguish whether this diversity is among the
active elements or involves those comprising the tandem array
(Roiha and Glover 1981; McGurk and Barbash 2018). A cleaner
comparison is with R2, which does not form tandem arrays.
Unlike the HTTs, R2 displays considerable variation consistent
with inactive and degenerate copies, which likely reflects accre-
tion from the edge of the rDNA array. This accretion of degener-
ate and fragmented copies of repeat units is commonly observed
at the edge of satellite arrays (McAllister and Werren 1999). The
absence of accreted HTT relics may simply reflect the action of
telomere erosion, which readily deletes telomeric sequence, in-
cluding sequence accreted into the subtelomere. R2 displays
lower levels of sequence diversity among active copies (Figure 4B,
File S3), which may indicate that even for TEs within unstable
niches, the HTTs are evolving rapidly, but this is a limited com-
parison because we are comparing to only one element. However,
we can more confidently conclude that the high sequence diver-
sity of HTTs is driven by active variants whose appearance and
maintenance is favored by the unstable genomic niche they oc-
cupy.

M. P. McGurk et al. | 15



Figure 4 HTT copy number and sequence variation in the context of other TEs. (A) A schematic of how allele copy number is analyzed. Top:
Hypothetical example depicting the number of copies of a TE family in a single strain that contains given positions of the consensus sequence (as
described in “Estimating copy number from read depth”). Both truncated and full-length copies of a TE will include positions near the 30 end of the
consensus, but only full-length copies will include positions near the 50 end. Shown are two positions where polymorphisms exist such that the copy
number can be partitioned into the major (black) and minor alleles (orange) (for details on allele copy-number estimation, see Materials and Methods
section “Interpreting sequence variation within repeats”). Bottom: A schematic depicting hypothetical copy number variation of the most common
minor allele across six strains. If the variance in copy number is greater or less than the mean, the copy number variation is called overdispersed (light
red) or underdispersed (blue), respectively. (B) Sequence diversity across all copies of each active TE family in the GDL, estimated from the depth of
reads supporting each possible allele. The contribution of positions where the minor allele displays overdispersed copy number variation, suggesting a
variant in an active element, is indicated in red. The contribution of positions where the minor allele displays underdispersed copy number variation,
suggesting a variant in an inactive element, is indicated in blue. (C) Boxplots depicting the fraction of diversity contributed by positions with
overdispersed minor alleles for both HTTs and non-HTT active TEs. The difference in medians is 49% (p¼ 3e�4, permutation test, 100,000
permutations). (D, E) The mean–variance relationships of HeT-A (D) and hobo (E) broken down by the copy number of the major and minor alleles. Each
dot reflects the observed mean and variance of the copy number of the major (blue) and minor (gold) alleles of positions with >0.1 sequence diversity.
For reference, the shaded regions are re-plotted from Figure 3B. (F) The mean-variance relationship of TAHRE’s minor alleles, colored by whether the
minor allele is found in the heterochromatic TAHRE insertions (blue) or is likely telomeric (red). Shaded regions are re-plotted from Figure 3B.
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HTT transposition is restricted to the telomeres
While HTT transposition has been apparently restricted to the
telomeres for millions of years, the retention of intact endonucle-
ase ORFs in TART and TAHRE suggests that HTTs could poten-
tially transpose elsewhere in the genome (Casacuberta 2017).
Transposition of HTTs outside the telomere might reflect selfish
HTT behavior that is in conflict with the host (Saint-Léandre et al.
2019). Nontelomeric HeT-A family and TART sequences are found
on the heterochromatic Y chromosome of D. melanogaster and
other Drosophila (Danilevskaya et al. 1993; Losada et al. 1998;
Agudo et al. 1999; Berloco et al. 2005). However, Berloco et al.
(2005) noted that “these nontelomeric tandem repeats differ from
the telomeric elements in at least two respects: they are inter-
spersed with other repetitive sequences and they are not always
oriented in the same direction” and postulated that chromosomal
rearrangements rather than nontelomeric insertions were re-
sponsible. These structural differences suggest that nontelomeric
HTT copies may result from gene conversion, capture by other
TEs, or rearrangements, rather than by nontelomeric insertion
(Danilevskaya et al. 1993; Agudo et al. 1999).

Outside of the Y chromosome, there are two nontelomeric
regions of the mapped D. melanogaster reference genome that con-
tain sequence with >80% homology to the HTT consensus
sequences, both on 3 L: a �700 bp stretch between 16,576,994 and
16,577,693 with �95% identity to a fragment of the TART-A termi-
nal repeat and a 15 kb stretch between 25,216,958 and 25,230,409
containing fragments with lower identity (<85%) to HeT-A,
TAHRE, and TART-A sequence. Their short lengths (several hun-
dred base pairs or smaller) and adjacency with other HTT se-
quence suggest that they either arose from recombination-
mediated transfer of telomeric sequence (Agudo et al. 1999) or
represent ancient insertions that have largely degraded.
Nontelomeric insertions were recently reported as common,
however, in the melanogaster subgroup species D. rhopaloa (Saint-
Léandre et al. 2019). We therefore used ConTExt to search the D.
melanogaster GDL for HTT insertions in assembled regions as well
as in other repeats. We identified 34 junctions between HTT 30-
ends and subtelomeric unique sequence, these reflect healed ter-
minal deficiencies and are discussed separately below. Beyond
the subtelomere, we only found junctions supporting seven loci
in the mapped chromosomes potentially harboring nontelomeric
HTT sequence. Both 30 and 50 junctions of the aforementioned
TART-A terminal repeat fragment at �16,576,000 on 2 L were
identifiable, with at least one of the junctions detectable in 82/85
strains. The only other nontelomeric HTT with both 30 and 50

junctions detectable was a short HeT-A fragment spanning 5276–
5574 of the consensus at position �7,537,400 on 3 L in strain I29.
The remaining five loci were supported by only a single junction
with a HeT-A subfamily, and the only one present in more than
one strain (3/85) falls at the edge of the previously mentioned
stretch of 3 L harboring degenerate HeT-A fragments (25,229,995).
Furthermore, none had both 50 and intact 30 junctions; it is there-
fore challenging to distinguish these loci from sequencing arti-
facts. Assuming that they are genuine, it is likely that these
fragments arrived outside the telomere due to a recombination-
based mechanism, though two of the seven nontelomeric HTTs
may have intact 30-ends and thus could represent rare nontelo-
meric insertions. We conclude that nontelomeric insertions of
HTT elements are very rare or negligible in D. melanogaster.

For perspective, we searched for R-element insertions outside
the rDNA. While domestication of the HTTs could keep them
constrained to the telomeres, there are unlikely to be similar

constraints on the R-elements because they serve no obvious
function. Rather, their restricted localization to the rDNA is prob-
ably a property purely intrinsic to the R-element transposition
machinery. Thus, the extent to which we detect R-element inser-
tions outside of their niche provides both a positive control vali-
dating our approach and insight into the extent to which niche
specificity can be maintained by TEs alone without external con-
trol by the host. We identified no instances of R2 elements
inserted outside of rDNA units in the GDL data. By contrast, we
found 33 insertions of R1 outside of rDNA units where both the
intact 30-end and (often truncated) 50 junctions were identifiable.
Most such junctions were restricted to single strains, though one
insertion in the 3 L pericentric heterochromatin was present in
70/85 strains, suggesting it occurred more distantly in the past.
Overall, while this corresponds to only 0.34% of all R1 elements in
the GDL, it nonetheless reflects more insertion site promiscuity
outside of its typical niche than we observe for the HTTs. On the
whole, though, the tight restriction of the R-elements and HTTs
to their respective niches suggests it is largely a property of the
elements themselves and that host control may not be required
to maintain highly specific insertion sites.

However, while we did not identify clear evidence of nontelo-
meric HTT insertions in well-mapped regions of chromosomes,
several of our observations suggest there may be copies of TAHRE
outside the telomere but within unmapped heterochromatic
regions. First, a subset of TAHRE SNPs vary less in copy number
than expected of alleles found solely in active elements, suggest-
ing the possibility of inactive copies outside the telomeres
(Figure 4F). Second, we find that few strains lack full-length
TAHRE insertions in contrast to the other HTTs (Figure 2C), sug-
gesting there may be tandem TAHRE copies that are rarely lost.
Finally, we observe an R1 inserted into TAHRE sequence which
has reached moderate population frequency (12/15) among
Beijing lines. Given the instability of the telomeres, we think it
unlikely that such structures could be present in so many
genomes if they involved telomeric TAHRE.

We therefore searched for nontelomeric TAHRE elements in
unmapped heterochromatic sequences missing from the refer-
ence genome. As the unmapped contigs in the reference genome
are too short to determine whether TAHRE-containing contigs are
surrounded by telomeric repeats or instead embedded in nontelo-
meric repeats, we searched for heterochromatic TAHRE insertions
in the PacBio long-read assembly (GCA_000778455.1) of the refer-
ence strain ISO1 (Berlin et al., 2015). We identified one 140 kb scaf-
fold (JSAE01000744) which contains three tandem TAHRE
insertions embedded among many other TEs. These are highly
similar to each other, though 5% divergent from the TAHRE con-
sensus. Both the 30- and 50-ends of two insertions are evident and
they form tandem junctions. These TAHREs likely correspond to
the full-length TAHRE that we found above in most strains. A ma-
jority (214/249; 86%) of the underdispersed TAHRE minor alleles
(which led us to search for nontelomeric TAHREs) correspond to
polymorphisms present in these heterochromatic elements
(Figure 4F), indicating that these are also the cause of the under-
dispersed alleles and providing validation for our inference that
underdispersion reflects older insertions. Some polymorphisms
within these nontelomeric copies are present in more than three
copies and display overdispersed variation more consistent with
active elements, suggesting that some extant active TAHREs are
closely related to the lineage that gave rise to these tandem
TAHRE. Both the gag and Pol ORFs are interrupted by several
nested TE insertions that are present in most (82/85) strains.
Tandem TEs indeed can form by multiple, independent insertions
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at the same locus, but generally constitute a minority of total
insertions and often form at strong consensus insertion sites
(McGurk and Barbash 2018). If these tandem TAHRE elements re-
flect true nontelomeric insertions, at least two independent
TAHRE insertions must have occurred at this locus. Given that we
observed no single insertions outside of the telomeres, we con-
sider double insertion outside of the telomere to be unlikely (al-
though it is possible that nontelomeric TAHRE insertions
occurred more frequently in the past). We instead propose that
these TAHRE elements originated as insertions within
heterochromatin-adjacent telomeres, XR or 4 L being likely candi-
dates, and were subsequently pushed into the adjacent hetero-
chromatin by accretion from the edge of the array.

Terminal deficiencies are common
The high degree of copy number variability displayed by the
HTTs appears to be shaped by the dynamic nature of the telo-
mere. We sought, therefore, to further characterize the stability
of the telomeres. Beyond the action of unequal exchange be-
tween telomeres to amplify and delete sequence, there are other
possible mechanisms by which telomeric sequence may turn
over. First, the end replication problem directly causes telomere
erosion, which in some cases may reduce the chromosome ends
to the subtelomeric TAS arrays or even into centromere-proximal
unique sequence. Second, DNA double-strand breaks in the sub-
telomere may result in sudden terminal deficiencies.

We consider three lines of evidence to identify deficiencies.
First, to identify the subset of terminal deficiencies that extend
through the HTT array and subtelomeric repeats into unique se-
quence, we searched for a sharp loss of (homozygous) or reduc-
tion in (heterozygous) read depth over telomere-proximal unique
sequence. Second, deficiencies which have been healed by new
HTT insertions can be detected as junctions between the 30-ends
of HTT elements and subtelomeric unique sequence (Biessmann
et al. 1990b). Such insertions onto the end of a broken chromo-
some can be readily distinguished from chromosome-internal
insertions, which would produce junctions with unique sequence
involving both the 30 and 50 ends of the HTT. Considering any sub-
telomere that met either of these criteria, we found evidence for
56 terminal deficiencies in 48/85 strains (Figure 5A, File S3). As a
third and independent test, we looked for concomitant deletion
of the subtelomeric satellite. The left arms of chromosomes 2
and 3 harbor arrays of the same subtelomeric satellite, TAS-L. If
we have identified true terminal deficiencies of 3 L, the TAS array
should be lost from those chromosomes and TAS-L copy number
reduced. Consistent with true terminal deficiencies on 3 L, the
TAS-L copy number is roughly half that of strains without detect-
able deficiencies in strains with HTT-3L junctions (Figure 5B).

Of the 56 terminal deficiencies, 14 display evidence of hetero-
zygosity, suggesting these are not fixed in the fly stocks and per-
haps arose after collection. The remaining 42/56 deficiencies are
all consistent with homozygous deficiencies, as expected in in-
bred strains. Of the 56 deficiencies, 34 showed evidence of an
HTT–subtelomere junction, indicating that the lost telomere has
been replaced by a new HTT array. All but five of those 34 defi-
ciencies extend sufficiently far into unique sequence that we
could confirm a clear drop in coverage after the HTT–subtelo-
mere junction. For 22/56 deficiencies, however, we observe only a
loss of subtelomeric unique sequence based on read depth but no
evidence of repair in the form of an HTT junction. Some of these
may reflect our failure to detect a junction that is truly present,
for example due to variation in read counts or repeat-masked se-
quence (note that five putatively unhealed deficiencies sit at the

edge of masked sequence, Figure 5A middle panel). However, to-
tal telomere length is generally lower in these strains with puta-
tively unhealed deficiencies compared to strains where a HTT
junction is identifiable (Figure 5C), consistent with truly missing
a HTT-based telomere. This suggests that a remarkably high pro-
portion of telomere deficiencies are not healed by HTTs.

At least 39 of the deficiency breakpoints are independently de-
rived, involving different sequence coordinates (Supplementary
Figure S2D). Most (44/56) are found on 3 L and often delete the
most distal gene, mthl8, with a few also deleting the next anno-
tated gene CG43149; a similar high rate of 3 L terminal deficien-
cies was discovered by Kern and Begun (2008). We note that the
density of deficiencies is twice as high distal to mthl8 than it is be-
tween mthl8 and CG43149, suggesting that deletions of mthl8
nonetheless have some deleterious effect even if not as serious
as loss of CG43149 (Figure 5A, middle panel). Only nine and three
deficiencies are present on 2 R and 3 R, respectively, but the distri-
bution of these are also limited by genes within several kilobases
of the telomere, with few extending beyond CG30429 on 2 R and
beyond Map205 on 3 R. We observed no deficiencies on 2 L, likely
because there is only 400 bp of nonrepetitive sequence between
the gene lethal (2) giant larvae and the TAS array. Mutations in
l(2)gl are homozygous lethal; therefore terminal deletions remov-
ing l(2)gl would not be expected in the GDL lines we sampled be-
cause they have been inbred to homozygosity, but they are
common on heterozygous chromosomes in natural populations
and in heterozygous lab stocks (Golubovsky 1978; Green and
Shepherd 1979; Mechler et al. 1985; Roegiers et al. 2009). Taken to-
gether, our analysis reveals that terminal deletions occur at high
frequency on all chromosomes, and also highlights the fitness
impacts of terminal erosion and deletion.

Patterns of HTT insertions suggest different
families are active under different conditions
The presence of distinct families and divergent subfamilies of
TEs is a common feature of Drosophila telomeres and opens up
the potential for specialization of elements and differential regu-
lation by the host genome. We investigated two possible cases.
First, we hypothesized that HTT specialization could affect pat-
terns of HTT interspersion. For example, competition among ele-
ments that is resolved by limiting their expression to different
cell types or development stages would result in finding adjacent
copies less frequently than expected. Conversely, cooperation
among elements that requires their co-expression for successful
transposition would result in an increased frequency of inter-
spersed insertions. To assess this, we considered that if HTTs
were randomly interspersed, elements of two HTT subfamilies
should be found adjacent to each other with frequency equal to
the product of the frequencies with which each subfamily occurs
in the telomeres. We found that elements of the same subfamily
tend to neighbor each other more frequently than this expecta-
tion, suggesting that they tend to be reverse transcribed multiple
times at a given chromosome end (Figure 6, A and B). We also ob-
served that elements of the TAHRE and HeT-A families are gener-
ally interspersed as would be expected under random ordering.
TART family elements, however, are less commonly found adja-
cent to HeT-A family and TAHRE insertions than expected.
Further, the tendency of TART family elements to be found adja-
cent to their own subfamily is much stronger than that of HeT-A
subfamilies and TAHRE. Clustering of TART family elements has
been previously detected (George et al. 2006). The interspersion of
HeT-A family and TAHRE elements contrasted with the low fre-
quency of junctions of either of them with TART family elements
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may be a consequence of the HeT-A family relying upon the ex-
pression of TAHRE’s polymerase for reverse transcription, imply-
ing that the HeT-A family and TAHRE mobilize together (Shpiz
et al. 2007). It further suggests that TAHRE and the TART family

may not be active at the same time. To confirm these observa-
tions, we examined the assembled telomeres in the release 6 ref-
erence genome (Hoskins et al. 2015), and observed several
instances where multiple full-length copies of the same element

Figure 5 Terminal deficiencies are frequent and tend to be healed by TART family elements. (A) Location of all identified terminal deficiencies (triangles
represent individual terminal deletions) and elements involved (see color legend; “none” indicates a terminal deficiency lacking any HTT–subtelomere
junction) across all lines. Thin and thick black bars represent UTRs and exons, respectively, thin lines represent introns. Top, Chromosome 2 R; middle,
Chromosome 3 L; bottom, Chromosome 3 R. X-axis scales are in kilobases; note that the telomeres are to the right for 2 R and 3 R, and to the left for 3 L.
(B) TAS-L copy-number boxplot in strains with (þ) or without (–) deficiencies on 3 L. (C) Boxplots comparing the total telomere length of strains with
homozygous deficiencies and heterozygous deficiencies without observed HTT–subtelomere junctions (unhealed) to the telomere length of strains with
healed deficiencies and without deficiencies. Strains with healed deficiencies (whether homozygous or heterozygous) will have eight telomeres whereas
those with homozygous unhealed deficiencies will have only seven. Note that the Y-axis is in log10-scale.
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are in tandem (Figure 6C). We conclude that the pattern of HTT
arrays are not random, and that this likely reflects the depen-
dence of the HeT-A family on TAHRE’s retrotransposition activity
as well as possible specialization of the TART family versus
TAHRE. The three TART-A elements in tandem on the X chromo-
some telomere, however, share terminal repeats, which is consis-
tent with recombination between the 30 and 50 terminal repeats
(Ke and Voytas 1997) and the principal mechanism by which TEs

with terminal repeats generate tandems in Drosophila (McGurk
and Barbash 2018). Thus the higher rate of self-adjacency ob-
served for TART family elements may reflect recombination be-
tween termini as previously suggested by George et al. (2006).

We also considered the possibility that certain families are
more involved in the recovery of lost telomeres than others,
which would result in an enrichment near the base of the telo-
mere. On the autosomes, tandemly repeated telomere associated

Figure 6 HTT insertions tend to be enriched adjacent to themselves. (A) The observed frequency with which two HTTs neighbor each other relative to
the expected frequency (log2). (B) Boxplots of the posterior distributions describing the degree to which elements tend to neighbor themselves (log2).
The whiskers reflect the 95% credible intervals. (C) A visualization of the HTT subfamilies, depicted as thick bars, in the X chromosome telomere of the
Release 6 reference. We depict alignments with at least 90% identity to the consensus; if a region is homologous to two elements, we assign it to the
element with the greatest homology, which was only an issue due to some homology between TART-A and TART-C. The upward ticks indicate the 30-
end of an element and the downward ticks the 50-end; a full-length insertion has both ticks. TART-A_PNTR is the TART-A Perfect Near-Terminal
Repeat. (D) Top: The observed proportion with which each subfamily is found anywhere in the telomere (white) or is the first HTT found at the base of a
telomere (gray). The error bars are 95% credible intervals computed analytically for Dirichlet-Multinomial models with uniform priors. Bottom:
Boxplots summarizing posterior samples of the relative enrichment (log2) of each subfamily at the base of the telomere, accounting for telomere
composition differences across strains. The whiskers span the 95% credible interval, determined as quantiles of the posterior sample.
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sequences (TAS-L and TAS-R) sit at the base of each telomere. An
HTT insertion adjacent to a TAS-L or TAS-R repeat therefore rep-
resents the first insertion after the HTT array eroded completely.
Similarly, if an HTT has healed a terminal deficiency extending
beyond the TAS array, it will form a junction with unique subte-
lomeric sequence (as described above; see also Kern and Begun
2008). In both cases, if an HTT family is particularly activated
upon the complete erosion of a telomere, it will be enriched next
to these subtelomeric sequences relative to the other HTT fami-
lies. We find that HeT-A2 and TART family elements are under-
represented and enriched, respectively, at the telomere base. The
most striking result though is that TAHRE is fourfold underrepre-
sented at the base (Figure 6D). Since HeT-A and TAHRE likely
share the same transposition machinery, one would expect them
to show the same pattern. Our results therefore suggest the pos-
sibility that HeT-A elements are more proficient at using TAHRE’s
transpositional machinery to heal telomeres than TAHRE itself.
Regardless, our data suggest that the HTTs differ in their propen-
sity to heal completely eroded telomeres, and some (particularly
the TART family) may be especially activated by telomere loss.

Discussion
Linear chromosomes require a specialized mechanism to repli-
cate and maintain their ends, and most eukaryotes use the highly
conserved telomerase enzyme to do so. Yet Drosophila and a few
other groups have dispensed with telomerase and instead use the
HTT retrotransposons to perform this essential function,
highlighting the remarkable flexibility of evolution (Pardue and
DeBaryshe 2008). Extensive efforts have provided full assemblies
of several telomeres in Drosophila melanogaster and other
Drosophila species (George et al. 2006; Saint-Léandre et al. 2019).
Other studies have hinted that there may be extensive variation
in telomere length and structure within populations (Kern and
Begun 2008; Wei et al. 2017), but in the absence of a large-scale
population genomics analysis, it remains difficult to distinguish
among very different evolutionary models that could govern telo-
mere dynamics.

While long-read sequencing technologies are beginning to pro-
vide glimpses into structural variation of complex repetitive
regions (Weissensteiner et al. 2017; Chang et al. 2019), the vast
majority of population genomics data comes from short-read
Illumina sequencing. Here, we leveraged the ConTExt pipeline
and available population genomic data to investigate HTT varia-
tion in D. melanogaster at an unprecedented scale, examining 85
lines derived from five world-wide populations and encompass-
ing close to 10,000 HTT insertions.

Caveats and technical considerations
There are some limitations resulting from the data we used that
are derived from pools of �50 inbred whole females of varying
ages. First, the GDL lines have continued to evolve under inbreed-
ing and laboratory evolution, which could result in increased var-
iance of TE copy number, and fixation or loss of certain TE
variants. However, this also would apply to most other studies of
Drosophila telomeres in which strains have not been freshly col-
lected from the wild before sequencing, including reference ge-
nome assemblies (George et al. 2006; Saint-Léandre et al. 2019).
Although not necessarily reflecting natural variation, inbreeding
and continued lab evolution may provide increased power to de-
tect TEs escaping repression or differences in their susceptibility
to repression. Second, telomere length might differ across tissues
and over an individual’s lifespan. However, this is unlikely to

affect our estimates as (1) these differences should be specific to

individual flies and (2) germline erosion is reported to be approxi-

mately 70 bp per generation in Drosophila (Levis 1989; Biessmann

et al. 1990a), much lower than the variance we report here. Some

of our inferences about rates and patterns of telomere variation

could, in principle, be extended using a mutation accumulation

framework, although the relatively low per-generation rates

would require very large sample sizes. Finally, a powerful, albeit

extremely costly, way to further probe variation in telomere

structure would be to directly assemble full telomeres from wild

populations, as Saint-Léandre et al. (2019) have reported from sin-

gle strains of multiple Drosophila species using long-read se-

quencing.
The ConTExt method infers the presence and arrangement of

TEs from paired-end Illumina data. We validated ConTExt here

by examining five genomes for which both Illumina and PacBio

assembly data are available (Long et al. 2018), and simulating

Illumina short reads from the PacBio assembly. We found a high

concordance for HTT copy number estimates between the simu-

lated and actual ConTExt analyses (Figure 1E).
We have further confidence in our analyses based on the con-

cordance of our results with a wide range of previous studies. For

example, the large fraction of truncated HTTs we observed is

consistent with the assembled telomeres from the D. melanogaster

reference strain (George et al. 2006). In addition, the high preva-

lence of tandem HTTs is similar between the two studies. For se-

quence diversity, our estimates for TE families across the 85 GDL

concord with estimates reported from analyses of the ISO-1 refer-

ence strain (Kaminker et al. 2002). We also identified a large num-

ber of terminal deficiencies, consistent with a more limited

previous study (Kern and Begun 2008). When examining copy

number, we found a strong correlation between the number of

HeT-A family and TAHRE elements in outlier strains, which sup-

ports prior suggestions that TAHRE is the autonomous regulator

of HTT transposition (Abad et al. 2004). Finally, our identification

of R-elements inserted outside of the rDNA agrees with previous

studies (Stage and Eickbush 2009).

Frameworks for considering HTT evolution
HTTs are often considered to be a canonical example of transpo-

son domestication, perhaps reflecting an adaptive response to

ameliorate a reduction in telomerase activity (Mason et al. 2008;

Pardue and DeBaryshe 2011; Arkhipova 2012; Shpiz and

Kalmykov 2012; Servant and Deininger 2016). Others though have

noted the rapid evolution of HTTs and telomere-associated pro-

teins and proposed that HTTs remain in genetic conflict with

their hosts (Lee et al. 2017; Cosby et al. 2019; Saint-Léandre et al.

2019; Markova et al. 2020). Markova et al. (2020) have also pro-

posed recently that telomeric localization of HTTs might reflect a

strategy of site-specific integration to minimize deleterious

effects on the host, rather than domestication. They also noted

that the HTTs are likely to maintain the ability to cause genetic

conflict by evolving through new mutations or gene conversion.

We suggest that a fourth factor, niche instability, is an additional

and under recognized factor that influences HTT evolution,

caused by the continual erosion of telomeres during normal repli-

cation, and the replacement or loss of whole telomeres by recom-

bination or deletion. We outline and examine our results below

in the context of these four distinct processes that may affect

telomere dynamics in Drosophila.
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Evidence for domestication or host selection
The pioneering essays on selfish and junk DNA suggested that re-
petitive DNAs might occasionally be co-opted by their hosts to
serve essential functions (Doolittle and Sapienza 1980; Orgel and
Crick 1980). Active TEs will experience continued selection for
their own replicative capacity and so complete domestication
likely requires ablating transpositional activity (Jangam et al.
2017). Consistent with this, most described examples of domesti-
cated TEs have lost the ability to transpose. In contrast, the HTTs
have not. The extent of HTT domestication is a challenging ques-
tion to address with population genomic data, as it likely relates
to the ways in which their activity is regulated by the host ge-
nome, how this regulation is distinct from that of other TEs, and
how dependent they have become upon telomere-specific host
factors. The elaborate system of HTT control also speaks to host
domestication. Like other TEs, the HTTs are controlled by the
piRNA pathway, though unlike most TEs it is the active elements
themselves that act as the piRNA clusters (Shpiz and Kalmykova
2012). This potentially makes it challenging for the host to exert
stable control of telomeres since the piRNA source is at an inher-
ently unstable location. HTTs outside of the telomere could thus
indicate evidence of host control. We suggest that the hetero-
chromatic, likely inactive, TAHRE tandem array we discovered in
82/85 strains could be a locus of host control, functioning as ei-
ther a source of TAHRE piRNAs or producing dominant-negative
TAHRE proteins.

Full domestication of HTTs would imply that the HTT transpo-
sition rate does not increase beyond a point where telomere
length becomes excessive for host fitness. Although there is
clearly extensive variation in telomere length, there are only lim-
ited data on whether and how telomere length may affect fitness
(Walter et al. 2007). While our analysis thus does not provide di-
rect evidence for domestication, the lack of full domestication
would cause genetic conflict, which we discuss next.

Evidence for genetic conflict
Typical TEs exist in conflict with the host genome, as they gain a
replicative advantage through transposition but also deleteri-
ously impact host fitness by disrupting functional sequence, fa-
cilitating ectopic recombination, and creating intrachromosomal
breaks (Kelleher et al. 2020). HTTs insert specifically at the ends
of chromosomes and so avoid causing these harmful impacts. If
long telomeres have no negative fitness impacts, then adoption
of this insertional strategy may have largely resolved the typical
TE-host conflict. On the other hand, if excessive elongation
causes decreased host fitness, conflict of two sorts arises: (1) con-
flict with the host genome and (2) conflict among the HTTs com-
peting for limited insertion sites.

First, while there should exist an optimal rate of telomere
elongation for chromosome integrity, higher rates of transposi-
tion may be optimal for the HTTs as they are for TEs in general,
with faster replicating subfamilies replacing slower ones
(Charlesworth and Langley 1986). This conflict with the host
should skew telomeres toward longer-than-optimal lengths and
require the evolution of host suppression to shift the rate of elon-
gation closer to the host’s optimum. The optimal average telo-
mere length for D. melanogaster is unknown, so this potential
skew cannot be detected from population data. However, we ob-
served several strains with exceptionally long telomeres, the lon-
gest of which also exhibited extreme CN expansions of several
nontelomeric TEs, suggesting heterochromatin maintenance or
piRNA pathway defects. The extent of telomere elongation in

these strains highlights the degree to which host suppression lim-
its HTT replication, and the extent to which HTTs expand in its
absence, suggestive of conflict. As noted above though, these rel-
atively rare strains with significant TE expansions might reflect
laboratory evolution of the strains rather than true natural varia-
tion.

Second, there is potential conflict among HTTs, as they are all
restricted to the same genomic region. This should favor the
emergence of variants with higher rates of transposition, displac-
ing less active variants. While we found some differences in the
proportion of HTT subfamilies between long and short telomere
strains, the three major families are equally represented, sug-
gesting that longer telomeres result from loss of host control
rather than runaway expansion of one family at the expense of
others. We therefore do not have evidence of strong genetic con-
flict among HTTs.

Conflict with either the host or other HTTs should lead to the
fixation of new sequence variants within the HTTs, and ongoing
conflict may result in substantial diversification. It is tempting,
therefore, to infer conflict from the number of distinct HTT sub-
families and the sequence diversity within them. However, our
observation that the copy number variation of most HTT SNPs is
consistent with recently active elements, in contrast to typical
TEs where most SNPs are consistent with older insertions, sug-
gests that the rapid turnover of the telomeres has a major influ-
ence on the patterns of HTT diversification. This distinctly high
rate of sequence loss must be accounted for when trying to infer
evolutionary forces influencing HTT evolution (see below).

Evidence for niche specialization of HTTs and
tradeoffs
One route by which TEs might attenuate conflict with the ge-
nome is by limiting their deleterious impacts, for example by
inserting solely at gene-poor loci. Both the HTTs and R-elements
appear to have adopted such strategies, inserting at gene-poor
but unstable loci, thereby trading long-term insertion sites for re-
duced host fitness costs (Markova et al. 2020). TE subfamilies
could conceivably reacquire a more general insertion pattern to
escape both the instability and competition with the other TEs
targeting the same limited set of occupiable sites. We observed
no clear evidence of HTT insertions outside of the telomere, but
identified 33 strain-specific R1-element insertions outside of the
rDNA. Multispecies surveys of R-elements and HTTs have pro-
vided similar observations, with low to moderate fractions of R-
elements being inserted outside of the rDNA in most species
(Stage and Eickbush 2007) but few, if any, nontelomeric HTT
insertions (with the possible exception of D. rhopaloa, Saint-
Léandre et al. 2019). This could reflect domestication locking the
HTTs more tightly into their insertion site than R-elements, per-
haps through reliance on telomere proteins. But a neutral expla-
nation based on TE mobilization/transposition mechanism is
also conceivable. R-elements have a functional endonuclease
which is required to insert in the rDNA. R-elements therefore
only need to relax the sequence specificity of their endonuclease
to escape the rDNA. In contrast, it is not clear if the HTTs depend
on endonuclease to insert at the chromosome ends, even if TART
and TAHRE elements retain a potentially functional endonucle-
ase domain (Morrish et al. 2007; Arkhipova 2012). If HTTs do not
utilize an endonuclease as part of their normal lifecycle, then es-
cape from the telomeres likely requires reacquisition of a func-
tional endonuclease, thus locking telomeric TEs more tightly into
their insertion site than the R-elements.
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We observed that HTTs have a propensity to form tandem
insertions of the same subfamily, which might reflect another as-
pect of niche specialization that mitigates some of the fitness
cost of being exposed to terminal erosion. Het-A insertions are
known to include short tags of sequence derived from the up-
stream element whose 30-end-promoter initiated transcription,
which George et al. (2010) suggest provides a buffer to protect the
element from erosion. We note that the tandems we describe are
(1) generally between elements of the same HeT-A subfamily and
(2) the tandems present in the reference genome include arrays
of full-length elements (Figure 6C), rather than a single full-
length element preceded by short fragments. We suggest, there-
fore, that these tandems reflect sequential insertion of the same
subfamily to the chromosome end. The most terminal HTT on a
telomere is at imminent risk of loss by erosion. An HTT that gen-
erates two or three tandem copies at the same chromosome end
exposes the distal-most insertion to immediate erosion but buf-
fers the more proximal elements for potentially hundreds of gen-
erations. By contrast, creating two independent copies on two
different telomeres generates the same number of new inser-
tions, but both are subject to immediate erosion. For the HeT-A
family and TAHRE, this is potentially an evolved strategy of niche
specialization, because they do not have an inherent mechanism
such as internal repeats to catalyze tandem formation. TART
family elements do, however, so their occurrence in tandem is
more likely to reflect a mutational process, as we discuss below.

Evidence for mutational processes and genome
instability driving HTT turnover
The erosion and replacement of sequence is a fundamental char-
acteristic of telomeres, and occupying such an unstable locus
thus distinguishes the HTTs from most other TE families. Our
observations both clarify the extent of this instability and high-
light its impact on HTT evolution. First, the presence of terminal
repeats in TART family elements predisposes them to tandem
expansions by ectopic recombination, similar to LTR retrotrans-
posons. The high rate of tandem TART elements with shared ter-
minal repeats we observed is evidence of recombination-
mediated changes in telomere length. This extends upon prior
observations of TART family tandems in the ISO-1 reference ge-
nome (George et al. 2006), and highlights that not at all gains and
losses of sequence result from transposition and erosion. Second,
we discovered a high prevalence of terminal deletions in the GDL,
extending previous discoveries (Levis 1989; Walter et al. 1995;
Kern and Begun 2008). Surprisingly, we also discovered that
about one third of terminal deletions are unhealed by an HTT. It
is possible that unhealed deletions are more common in inbred
lab stocks; for example, if inbreeding allows alleles to fix that re-
duce HTT activity. Regardless though, most telomeres are pre-
sumably eventually healed over evolutionary time, and this
creates opportunities for new HTT subfamilies to expand.

Third and most generally, we find that for positions within
HTT sequences that display multiple alleles, both alleles tend to
exhibit high copy number variation consistent with being re-
cently active elements. This contrasts sharply with other active
TEs for which only one allele generally appears to be recently ac-
tive while the other typically shows low copy number variation,
reflective of being older and likely inactive. We suggest this pat-
tern results from HTT insertions being lost much more rapidly in
the telomeres than other TEs elsewhere in the genome, where
the relics of past transposition may be preserved for millions of
years. In the telomeres, the window into the past is much more
narrow, due to continuous erosion. Therefore, the diversity of

HTT families and subfamilies does not necessarily demonstrate

rapid evolution for HTTs, but may instead simply reflect that

each species is recreating its entire population of HTT insertions

all the time as erosion and recombination erase older insertions.

This will be reflected in their phylogenetic pattern, as the HTTs

show common ancestors with long terminal branches (Villasante

et al. 2007; Saint-Léandre et al. 2019), rather than a birth/death

pattern with very short terminal branches such as for active pri-

mate LINE-1 elements (Khan et al. 2005).

Conclusion
HTTs are often described as a clear-cut case of domestication.

They clearly serve an essential host function, and nontelomeric

insertions appear to be negligible. But niche specialization is a

plausible alternative, whereby telomere localization reflects an

evolutionary strategy of the HTTs to reduce their fitness impact

on the genome (Markova et al. 2020). In this interpretation, HTTs

may have become the dominant mechanism for forming telo-

meres as a by-product of evolving preferential localization to

telomeres. Species such as silkworm might represent a transi-

tional stage, as they have telomere-associated retrotransposons

while maintaining telomerase (Okazaki et al. 1993, 1995; Pardue

and DeBaryshe 2008).
On the other hand, genetic conflict has been suggested to be a

major driver of the observed rapid evolution of HTT families and

subfamilies, telomeric proteins, and subtelomeric sequences (Lee

et al. 2017; Cosby et al. 2019; Saint-Léandre et al. 2019; Saint-

Léandre and Levine 2020). But direct evidence for conflict is elu-

sive, largely due to limited data on fitness consequences of telo-

mere length variation. We further suggest that the high

instability of chromosome ends is an alternative explanation of

HTT variability. However, our results are also consistent with

prior observations that host sequences regulate the HTTs and

further suggest that their susceptibility to regulation varies

among the HTTs and is actively evolving, consistent with ongoing

conflict between these genomic endosymbionts and their host ge-

nome. We conclude that multiple evolutionary forces and mech-

anistic processes interact to explain the patterns of HTT

variation, with telomere instability being an under-recognized

contributor.
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Saint-Léandre B, Nguyen SC, Levine MT. 2019. Diversification and

collapse of a telomere elongation mechanism. Genome Res. 29:

920–931.

Salvatier J, Wiecki T V, Fonnesbeck C. 2016. Probabilistic program-

ming in Python using PyMC3. PeerJ Computer Science. 2:e55.

Servant G, Deininger PL. 2016. Insertion of retrotransposons at chro-

mosome ends: adaptive response to chromosome maintenance.

Front Genet. 6:358.

Shpiz S, Kalmykova A. 2012. Control of telomere length in drosophila. In

B Li, editor. Reviews on selected topics of telomere biology. Rijeka:

InTech.

Shpiz S, Kwon D, Uneva A, Kim M, Klenov M, et al. 2007.

Characterization of Drosophila telomeric retroelement TAHRE:

transcription, transpositions, and RNAi-based regulation of ex-

pression. Mol Biol Evol. 24:2535–2545.

M. P. McGurk et al. | 25



Siriaco GM, Cenci G, Haoudi A, Champion LE, Zhou C, et al. 2002.

Telomere elongation (Tel), a new mutation in Drosophila mela-

nogaster that produces long telomeres. Genetics. 160:235–245.

Stage DE, Eickbush TH. 2007. Sequence variation within the rRNA

gene loci of 12 Drosophila species. Genome Res. 17:1888–1897.

Stage DE, Eickbush TH. 2009. Origin of nascent lineages and the

mechanisms used to prime second-strand DNA synthesis in the

R1 and R2 retrotransposons of Drosophila. Genome Biol. 10:R49.

Stewart JA, Chaiken MF, Wang F, Price CM. 2012. Maintaining the

end: roles of telomere proteins in end-protection, telomere repli-

cation and length regulation. Mutat Res. 730:12–19.

Sultana T, Zamborlini A, Cristofari G, Lesage P. 2017. Integration site

selection by retroviruses and transposable elements in eukar-

yotes. Nat Rev Genet. 18:292–308.
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