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Abstract

It is unclear how mobile DNA sequences (transposable elements, hereafter TEs) invade eukaryotic genomes and reach stable copy numbers,
as transposition can decrease host fitness. This challenge is particularly stark early in the invasion of a TE family at which point hosts may lack
the specialized machinery to repress the spread of these TEs. One possibility (in addition to the evolution of host regulation of TEs) is that TE
families may evolve to preferentially insert into chromosomal regions that are less likely to impact host fitness. This may allow the mean TE
copy number to grow while minimizing the risk for host population extinction. To test this, we constructed simulations to explore how the trans-
position probability and insertion preference of a TE family influence the evolution of mean TE copy number and host population size, allowing
for extinction. We find that the effect of a TE family’s insertion preference depends on a host’s ability to regulate this TE family. Without host
repression, a neutral insertion preference increases the frequency of and decreases the time to population extinction. With host repression,
a preference for neutral insertions minimizes the cumulative deleterious load, increases population fitness, and, ultimately, avoids triggering

an extinction vortex.
Keywords: transposable elements, invasion trajectory, population extinction

Introduction

Transposable elements (TEs) are mobile repetitive DNA
sequences that actively increase their copy number through
propagating themselves within genomes. A preeminent exam-
ple of selfish DNA, TEs have been highly successful at invading
eukaryotic genomes (Wicker et al., 2007). TEs likely invade
naive populations via horizontal transfer, where the TE moves
into the germline of the recipient population and then spreads
throughout the genome as well as the population via vertical
transmission (Le Rouzic & Capy, 2005). TEs employ either
a copy-and-paste or cut-and-paste mechanism to insert into
novel positions and increase their mean copy number within
a population. Class I elements, or retrotransposons, use an
RNA intermediate that is reverse-transcribed and integrated
into a new position in the genome, while Class II elements,
or DNA transposons, move via a DNA intermediate (Craig
et al., 2015; Feschotte & Pritham, 2007). Insertions that can
transpose on their own, as they encode the proteins necessary
for transposition, are considered autonomous elements, while
nonautonomous elements lack these sequences and conse-
quently rely on autonomous TEs of the same type in order
to transpose (Feschotte et al., 2002; Wessler, 2006). Classes
consist of both autonomous and nonautonomous elements
and can be further divided into subclasses, superfamilies, and
families depending on their ancestral origins, sequence simi-
larity, and insertional preferences highlighting the genetic and
mechanistic diversity of TEs (Arkhipova, 2017; Kapitonov &
Jurka, 2008; Seberg & Petersen, 2009).

TE abundance varies greatly between species and is cor-
related with genome size (Kidwell, 2002; Wells & Feschotte,
2020). The proportion of the genome occupied by TEs ranges
from around 10% in Arabidopsis thaliana (The Arabidopsis
Genome Initiative, 2000), 20% in Drosophila melanogaster
(Quesneville et al., 2005), and 85% in Zea mays ssp. mays
(Schnable et al., 2009). It is unclear what factors determine
not only how much of the genome is occupied by TEs but
also how that proportion is distributed between the distinct
TE families. Some TE families contribute relatively little to
this overall proportion, with only a handful to tens of copies
present in a genome, while others contain tens of thousands
of copies (Baucom et al., 2009; Diez et al., 2014; Stitzer et al.,
2021; Sutton et al., 1984). High TE abundance is surprising
given the expectation that novel TE insertions are likely to
be deleterious, as they may insert into functional genes, alter
heterochromatin formation and gene expression patterns, and
induce large structural changes via ectopic recombination
(Adrion et al., 2017; Hedges & Deininger, 2007; Hollister &
Gaut, 2009; Lee & Langley, 2012).

Species have evolved diverse mechanisms of TE regula-
tion, including chromatin modification, DNA methylation,
and posttranscriptional modification followed by degra-
dation (Almeida et al., 2022; Borges & Martienssen, 2015;
Cosby et al., 2021; Czech et al., 2018; Yoder et al., 1997). In
Drosopbhila, distinct heterochromatic loci, often called piRNA
clusters, generate primary antisense PIWI-interacting RNAs
(piRNAs) that match actively transposing TEs that happen
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to land within these clusters, resulting in repression of these
very same TEs (Brennecke et al., 2007; Halic & Moazed,
2009). Reactivation of transposition can occur if the TE copy
located within the piRNA cluster degrades, often leading to
cyclical bursts of transposition and repression. In Zea mays,
a single dominant locus, Mu killer (Muk), can act to silence
the autonomous elements necessary for transposition of the
Mutator family of TEs (Slotkin et al., 2003), and this silencing
persists in plants that did not inherit Muk, suggesting epi-
genetic memory that continues to silence TE transposition
(Slotkin et al., 2005). In mammalian genomes, KRAB-ZFPs
are thought to silence particular TE families by recognizing
and binding TE-specific DNA sequences triggering the for-
mation of repressive chromatin (Imbeault et al., 2017; Yang
et al., 2017). TEs themselves can even exhibit self-repression
where families auto-regulate transposition (albeit under very
specific conditions) (Charlesworth & Langley, 1986; Lohe &
Hartl, 1996). Ultimately, transposition regulation differs not
only between species but also between TE families creating
distinct interactions that manage TE copy number evolution.

In the 1980s, Charlesworth and colleagues developed a
series of theoretical population genetic models to explore
how the mean copy number per individual for a given TE
family could change over time given their potentially dele-
terious effects. These studies demonstrated that the mean
copy number could increase and eventually stabilize at an
equilibrium point depending on the extent of transposition
and excision, the effective population size of the host popula-
tion, and the strength of selection against high TE copy num-
bers in individuals (Charlesworth & Charlesworth, 1983;
Charlesworth & Langley, 1986; see Charlesworth et al., 1994
for a summary of the effects of these forces). An equilibrium
is reached when either all occupiable sites are filled with TEs
or the transposition rate is scaled down such that the number
of new TEs each generation matches the number lost to drift,
selection, and excision. Recent stochastic simulations have
shown that copy number evolution is strongly influenced by
recombination rate (Dolgin & Charlesworth, 2006, 2008),
the introduction of new TE families via horizontal transfer
(Groth & Blumenstiel, 2017), the extent of synergistic epista-
sis (Charlesworth & Charlesworth, 1983; Choi & Lee, 2020),
and the specific architecture underlying transposition regula-
tion (Kelleher et al., 2018; Kofler, 2019, 2020; Lu & Clark,
2010). Many of these models make several notable assump-
tions including: a constant or inverse relationship between
transposition and copy number, which acts as a built in mech-
anism of TE regulation, a fixed or increasing fitness effect for
new insertions, and a fixed or infinite population size. These
assumptions are quite standard, and there have been efforts to
explore the consequences of relaxing some of these assump-
tions (see Charlesworth, 1991; Kofler, 2019).

One aspect of TE biology that has largely been overlooked
by many population genetic models is the tendency of TE
families to preferentially insert into specific DNA sequences
or features. Insertion preference is, however, an increasingly
important aspect of TE biology as TEs exhibit specific inser-
tion preferences in not only a family manner but also a host
dependent manner. The P element in D. melanogaster shows
strong insertional preference for GC-rich regions near gene
promoters, while retrotransposons in several species target
sequences upstream or downstream of tRNA genes (Liao et
al., 2000; Blanc & Adams, 2004; Spradling et al., 2011; Asif-
Laidin et al., 2020). In Drosophila, telomeres are composed

Munasinghe et al.

of arrays of three specialized non-long terminal repeat (non-
LTR) retrotransposons (HeT-A, TART, and TAHRE), and,
similarly, the Ty5 retrotransposon in Saccharomyces cer-
evisige preferentially inserts into heterochromatin found
at the telomere (Abad et al., 2004; Boeke & Devine, 1998;
Casacuberta 2017; Gao et al., 2008; Novikova, 2009; Pardue
& DeBaryshe, 2008). In several different grass species, TEs
belonging to a Ty3-derived retrotransposon family are found
to exclusively localize at centromeric regions and demon-
strate the involvement of TEs in the evolution of centromeres
(Langdon et al., 2000). By preferentially inserting into non-
genic regions, TE families avoid the deleterious effects asso-
ciated with inserting into and potentially disrupting a gene.

Insertion preference may not only be the result of structural
differences between TEs but also an evolved trait that impacts
the expected selective effect of new insertions. The genetic
load of TE families that preferentially insert into heteroch-
romatic or intronic regions is expected to be less than those
that insert into functional or genic regions. Insertion prefer-
ence therefore represents not just the nucleotide sequence or
feature a TE family inserts into but also the underlying distri-
bution of fitness effects for each new insertion. Charlesworth
(1991) developed a deterministic model consisting of two
classes of TE insertions, selected against or neutral, and found
it difficult to obtain combinations of parameters for transpo-
sition, excision, and selection against insertions that matched
TE copy numbers observed in Drosophila (Charlesworth,
1991). However, this work did not consider the stochastic
nature of TE replication nor did this work include the pos-
sibility that the genetic load imposed by TEs could decrease
population growth rates, ultimately leading to population
extinction. Previous stochastic models have assumed either a
fixed selective effect or allowed for variable selective effects
with a fixed proportion of neutral sites (Kelleher et al., 2018;
Kofler, 2019; Lu & Clark, 2010), but, to date, no model has
explicitly tested how variation in insertion preference influ-
ences TE copy number evolution.

Unconstrained TE transposition would inevitably damage
the host genome, as all occupiable sites become filled with TEs
disrupting genes and plunging host fitness, but we know com-
paratively little about how variation in TE biology impacts
this process. In the absence of mechanisms that manage or
eliminate transposition, a clear expectation is that highly
replicative TE families should most rapidly expand in copy
number and drive populations extinct. Conversely, TE fami-
lies that evolve a preference for neutral insertion sites should
increase in copy number without growing the deleterious
genetic load, potentially allowing the host population to sur-
vive for longer. However, since nearly all population genetic
models assume either a fixed or infinite host population size,
we do not have actual confirmation of these hypotheses or
an understanding of how these facets of TE biology influence
mean copy number and population size over time.

Here, we use a non-Wright—Fisher framework in SLiM 3 to
explore how transposition probability and insertion preference
influence the evolution of mean TE copy number and host pop-
ulation size (Haller & Messer, 2019). We consider a naive dip-
loid population that gains a single copy of a TE in the genome
of a single individual (analogous to horizontal transfer). This
TE belongs to a unique family with an assigned transposition
probability and range of fitness effects for novel insertions
that represent insertion preference. TEs transpose and increase
their mean copy number in the population over time. We first
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Table 1. Summary of models constructed.

Model Number of chromosomes Recombination rate Excision Nonautonomous elements Transposition regulation
1 Five 1x 10 No No No
2 Five 1x 107 No No Yes
3 One 1x10°® No No No
4 One 1x10-* Yes No No
N One 1x10°® No Yes No
6 One 1x10-* Yes Yes No

consider a model with no mechanism for silencing TE prolif-
eration and then contrast those results to a model with a gen-
eralizable form of host repression where transposition scales
inversely with copy number. If the TE family is not initially lost
due to either genetic drift or selection, we can track its spread
through the population by measuring the mean copy number
and population frequency of the TE family. We allow popula-
tion size to fluctuate depending on the fitness of individuals,
such that populations can go extinct. Consequently, we can
relate changes in the mean copy number to the mean fitness of
the population to explore how key aspects of TE biology influ-
ence the invasion trajectories of TE families and under what
conditions populations survive the invasion.

Methods

Model setup

We model a diploid, hermaphroditic population that repro-
duces sexually in SLiM 3 (v3.6). Simulations begin with a
single neutral TE in the genome of a single individual. This
TE belongs to a unique family with a specified transposition
probability (teJumpP) and preference for either neutral or
deleterious insertions (neutP). We then track the mean per-in-
dividual TE copy number, host population size, and mean
fitness over time. We extend recipe 14.12 (Modeling transpos-
able elements) in the SLiM manual (Haller & Messer, 2016)
by employing a non-Wright—Fisher (nonWF) framework (to
allow changes in population size) and incorporating insertion
preference (to allow TE insertions to have variable fitness
effects). Full details of our model can be found in the supple-
ment (Supplementary Appendix 1).

Modeling genome architecture

We consider a five chromosome model (L = 5 x 10° occupiable
sites divided equally) with a high uniform recombination rate
(r =1 x 107). It is worth clarifying that we do not model the
actual nucleotide sequence of TEs or the host genome. Each
position in the genome represents an occupiable site with an
associated fitness effect if occupied by a TE. New insertions
do not change the length of the genome, and we do not track
the connections between each new insertion (i.e., which TE
a novel TE derived from). As previous population genetic
theory has demonstrated the influence of recombination rate
on TE accumulation patterns as a result of Hill-Robertson
effects and Muller’s ratchet (Dolgin & Charlesworth, 2008;
Hill & Robertson, 1966; Langley et al., 1988; Muller, 1964),
we did consider a genomic architecture consisting of a single
chromosome with a low uniform recombination rate, but we
relegate commentary and analysis of these models to the sup-
plement (Supplementary Appendix 1).

Modeling TE insertion preference

Insertion preference in our model is not a specific sequence or
feature that a TE inserts into but instead an underlying dis-
tribution of fitness effects for novel insertions. It adjusts the
probability that a novel insertion will be neutral (with prob-
ability neutP) versus deleterious (with probability 1 — neutP).
The probability that a selected site is mildly deleterious (s =
-0.005), modestly deleterious (s = -0.05), and massively dele-
terious (s = —0.5) are equal (each is set to [1 - neutP)/3). Each
position assumes a dominance coefficient of » = 0.5 such that
the full fitness effect is only realized in individuals homozy-
gous for the TE insertion at that site. Individual final fitness
is then calculated multiplicatively across all loci. Neutral and
selected sites are placed uniformly across the genome, and
their position is held constant across all simulations for that
parameter combination.

Modeling TE transposition

The number of novel insertions for a single individual is
then drawn from a Poisson distribution dependent on both
teJump P—the probability that a single TE copies and inserts
itself elsewhere in the genome—and the number of autono-
mous elements present in the genome. The site for each new
insertion is randomly chosen, and the fitness effect of the
novel insertion is then determined based on the assigned fit-
ness consequence if a TE inserts into that site (see above). In
models without host repression (Table 1), teJumpP is fixed for
the entirety of a simulation run meaning we do not rescale or
limit transposition. We use a simple, but generalizable, model
of host repression such that transposition scales inversely
with the copy number (see Equation 6b in Charlesworth &
Charlesworth 1983). Restated here, teJumpP = teJumpP /(1
+ kn), where n is the copy number in the individual and & is
a scalar constant (k = 0.05). This allows us to test effects of
transposition regulation on our results with losing generaliz-
ability by mimicking the biology underlying any specific form
of host repression.

Modeling TE biology

Outside of transposition and insertion preference, we con-
sider two other notable features of TE biology. We consider
both the inclusion of nonautonomous elements, which con-
tribute to the total copy number and affect fitness but do
not contribute to the expected number of new TE insertions,
and the random excision of elements, which not only reduces
TE copy number but also increases the chance that the TE
family could be lost from the population entirely. These fea-
tures did not meaningfully influence our results, and we limit
discussion of these models to the supplement (Supplementary
Appendix 1).
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Life cycle, population growth, and selection

We initialize the population with K = 1,000 individuals, with
K acting as the hard carrying capacity for the population. The
generational life cycle in non-Wright-Fisher models in SLiM
starts with the creation of offspring. Each generation, we gen-
erate a population that is twice the size of the previous gen-
eration (N, = 2N)) selecting all parents independently and
at random. After removing all individuals from the parental
generation, we employ viability selection—where an individu-
al’s survival probability is simply its expected fitness—assum-
ing additivity within and multiplicative fitness across loci (see
above). If N > K, we randomly cull excess offspring to gener-
ate a population of size K (or less). Transposition then occurs
in the remaining individuals who survived viability selection.
We then loop back to the start of the generational cycle with
the surviving offspring forming the new parental pool.

Model outcomes

For each distinct parameter combination, we track the mean
fitness and size of the population as well as the mean copy
number of the TE family and mean frequency of a TE in the
family stratified by their fitness effects over time. We con-
sider three endpoints for a replicate simulation run of a given
parameter set.

Outcome 1, TE loss

Loss of the TE family from the host population occurs if the
mean copy number of autonomous TEs is zero. No further
transposition can occur, and we simply track which genera-
tion the TE family was lost in.

Outcome 2, population extinction

If the population size hits zero, we record that replicate as
resulting in a population extinction event and output the rele-
vant trajectories (population fitness, size, mean TE copy num-
ber, and mean TE frequency over time). Population extinction
occurs when no individuals in the population survive after
viability selection.

Outcome 3, dual survival

If neither of these options occurs, then both the TE family
and the host population have survived to the final generation
(capped at 50,000). We output the relevant trajectories (same
as though outputted in population extinction) for that simu-
lation run.

Models, parameters, and replicates

We consider six distinct models that varied either genome
architecture or specific aspects of TE biology detailed above
(Table 1). When describing our results, we use the term TE
family to refer to a specific parameter combination of transpo-
sition probability (¢efJumpP) and insertion preference (neutP).
We explore the following sets of values for our parameters:
teJumpP = [1 x 104, 2.5 x 104, 5 x 10, 7.5 x 104, 1 x 10,
25 x 102, 5 x 107, 7.5 x 103, 1 x 102, 2.5 x 102, 5 x 102,
7.5 x 102, 1 x 10~'] (13 values) and neutP = [0.010, 0.025,
0.050, 0.075, 0.10, 0.25, 0.50, 0.75, 0.90, 0.925, 0.950,
0.975,0.99] (13 values) for each model, resulting in a total of
169 distinct parameter combinations per model type.

Each distinct parameter combination is used for a specific
simulation run of a model. We initialize the host genome, TE
family, and population and consider three endpoints (TE loss,
population extinction, or dual survival) for a replicate of a
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given parameter set. When one of these outcomes occurs, we
record the relevant trajectories and end state before looping
back to the initialized state. The simulation run is finally com-
plete (i.e., we no longer loop back to the beginning point) if
we record either a combined total of 100 population extinc-
tion and dual survival events or 1 x 10° TE loss events.

For a subset of the parameter space, quite high TE copy
numbers were achieved. This resulted in dramatically
increased run times, we therefore reduced the number of
technical replicates in this portion of parameter space (down
to either 10 population extinction and dual survival events
or 1 x 10° TE loss events) and marked them in all figures
(Supplementary Table S1). It was similarly computationally
unfeasible to obtain results for high transposition probabil-
ities and neutral insertion preferences for our model with
transposition regulation (although we hypothesize from the
handful of successfully completed replicates that these param-
eter combinations allow for a very large number of TEs). We
relegate full visualizations of the explored parameter space
to the supplement. Scripts for all models can be found on
GitHub—see Data availability statement.

Results

A set of models were developed to assess the outcome of
introducing a TE, which can replicate freely, into a naive
population (example showing our five chromosome models
in Figure 1). There are three classes of outcomes for this TE
introduction: TE loss, population extinction, and dual sur-
vival. We explored the proportion of these three classes of
outcomes across the parameter space for transposition prob-
abilities and insertion preferences, contrasting our results
with and without host repression. Parameter combinations
for which computational limitations limited the number of
possible replicates are marked in all figures.

Before proceeding, we invite the reader to predict which
outcomes may prevail across the parameter space. We had
several initial expectations about the likely outcomes. One
expectation is that a preference for neutral insertion sites will
protect the host population by minimizing the cumulative del-
eterious load of the TE family, allowing dual survival instead
of population extinction. Another is that the highest observed
TE copy numbers will occur under the highest transposition
probabilities. Combined, we predicted that a TE family with a
high transposition probability and strong preference for neu-
tral insertion sites may be the most effective at reaching high
copy numbers without rendering the host population extinct.

TE loss is the predominant outcome

Across parameter space, TE loss is the most common out-
come. Within all replicates for a given parameter combina-
tion across all models, at least 82% of the simulations result
in TE loss (Supplementary Table S2). Approximately, 95%
of all TE loss outcomes occur within 50 generations, which
we expect is primarily due to genetic drift as the initial TE
is neutral and begins with frequency 1/2,000 (0.0005). TE
loss is likely the result of both genetic drift and selection.
When the recombination rate is low, background selection
against deleterious TEs causes the removal of linked neutral
TEs. While we do observe parameter combinations exclu-
sively resulting in TE loss in our single chromosome model
(Supplementary Figure S1), we do not observe any regions
of exclusive TE loss in our five chromosome models with

£20Z Jaquialdes Zgz uo Jesn sanin uim] ‘ejossuully 1o Ausiaaiun Aq zogssz//8z L pedbinjoAs/c60 L 01 /10p/a[0IIB-80UBADPE/IN|OAS/WOD dNO™oIWapeoR//:sdly Woll papeojumoq


http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad128#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad128#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad128#supplementary-data

Evolution (2023), Vol. XX

|Initialize Population and Genome Architecturel

Diploid
Hermaphroditic

Sexually Reproducing

5 Distinct Chromosomes
Chromosome Length = 1 x 105 sites
Recombination Rate = 1 x 105

IPruportion of Mutation Classes Determined By neutPl

TE Selective M1
Effects s=0.0

M2 w M3

s =-0.005 ¥V s=-00s

M4
' §=-0.5

TEs Copy and Insert Each Generation with probability teJumpP|

Generation 1

Generationt ----------------- » Final Generation

B ——— s came o &> = e () TE Loss= NojAuntcnomods
=N Elements Remain in Population
vtz T S aams s e s o A o o e
T W G T GEED . ED GEED GEED = b
. (2) Population Extinction -
. No Individuals Survive After
) o Viability Selection
. . (3) Dual Survival -
g D GEEED GEEED GENED GEEED GEES A A ) GEED =" b Both TE family and population

L X XV X ¥

survive 50,000 generations

Figure 1. Visual summary of five chromosome model. A visual representation of the five chromosome model design detailed that highlights the
population initialization and the role of the two key parameters, teJumpP and neutP.

higher recombination, as recombination allows neutral TEs
to recombine away from deleterious TEs (Figure 2A). Both
excision and the inclusion of nonautonomous elements
increase the proportion of TE loss outcomes and expand
this region of exclusive TE loss (Supplementary Figure S1D
and F).

After the introduction of a single TE copy into a naive
population, the expected proportion of populations in
which the TE is lost (i.e., no copies of the TE family remain)
as the transposition rate tends to 0 are either 1 - 2u in
an infinite population (where u represents the transposition
probability) or 1 — 1/2N in a finite population (Kaplan et
al., 19835; Le Rouzic & Capy, 20035). These relations can be
easily extended to obtain the chance of TE establishment
(defined in our simulations as the combined proportion of
dual survival and population extinction outcomes). While
these predications are inexact for our model, they provide
useful references for the expected proportion of TE loss
versus TE establishment. We find that, with low transposi-
tion (which essentially precludes population extinction), the
proportion of TE establishment outcomes is approximately
1/2N (Figure 2E—facet 1.0e-04). Under higher transposi-
tion probabilities, we find the 1/2N approximation more
appropriate when the neutral insertion preference is low
while the 2u approximation is more appropriate under high
neutral insertion preferences (Figure 2E, Supplementary
Figure S2).

TE family dynamics influence trajectories of
extinction and survival

TE introductions that do not result in TE loss can be divided
into population extinction or dual survival outcomes. The
proportion of these outcomes was visualized across the
parameter space of TE transposition probability and insertion

preference (Figure 2C and D, Supplementary Figure S3). We
remind the reader that the proportion of outcomes that are
observed in our models depends on the maximum number of
generations simulated (50,000). Most TE loss events occur
after very few generations, while extinction events occur over
a wider range of times. Fitness trajectories for dual survival
outcomes (which by definition end at 50,000 generations)
indicate that many likely would have gone extinct, especially
without host repression, if we had extended the simulations
for more generations (Supplementary Figure S4). While this
highlights the dependency of the proportion of population
extinction and dual survival events on the generational time
limit (i.e., with sufficient time most dual survival outcomes
would turn into extinctions) and the impact of computational
limitations in shaping our results, it also highlights that in
some regions of parameter space populations invaded by TEs
can survive for a long time.

Models without host repression demonstrated a substan-
tially greater number of population extinction events relative
to dual survival. This on its own is not necessarily surprising;
however, the first transition from dual survival to population
extinction occurs both as we increase the transposition prob-
ability and when the preference for neutral insertion sites is
high (Figure 2B). This suggests that in the absence of host
repression, a preference for neutral insertion sites may not be
beneficial.

High neutral insertion preference accelerates
population extinction in the absence of host
repression

Without host repression, high neutral insertion preferences
not only increased the probability of population extinction
but also resulted in more rapid population extinctions (Figure
3A, Supplementary Figure S5). If we fixed the transposition
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Figure 2. Outcome across our parameter space. The left column visualizes outcomes for our five chromosome model without repression, and the
right column shows outcomes for our five chromosome model with repression. The top row (A and B) shows heatmaps colored with the number

of transposable element (TE) introductions that resulted in loss of the TE family. The bottom row (C and D) shows heatmaps colored with both the
number of TE introductions that resulted in population extinction (upper triangle) or dual survival (lower triangle). For each heatmap, rows represent the
transposition probability with increasing probabilities as you move upwards, and columns represent the neutral insertion preference with increasing
preferences as you move to the right. The final row (E) highlights the proportion of non-TE loss (dual survival in green, population extinction in blue)

for Model 1 for a subset of transposition probabilities. Lines indicate two different establishment probabilities. Cells indicated with gray markers (gray
outline in A-D, gray cross in E) represent parameter combinations that, due to computational constraints, had reduced limits detailed in the Methods.
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Figure 3. Key dynamics of population extinction outcomes in the five chromosome model. We compared population extinction outcomes across our
parameter space by looking at the mean (A) generation with which the population went extinct, (B) neutral transposable element (TE) copy number in
this final generation, and (C) deleterious TE copy number in the final generation across replicates for low, medium, and high transposition probabilities
(tedJumpP = 2.5 x 1074, 2.5 x 108, and 2.5 x 102 respectively). NAs indicate combinations where no population extinction outcomes were observed.
The x-axis shows increasing neutral insertion preferences. Gray crosses in A-C indicate parameter combinations with scaled down replicate counts. We
then fix the transposition probability at teJumpP = 5.0 x 10-% and visualize the change in (D) the deleterious TE copy number and (E) population mean
fitness over time for a subset of neutral probabilities for observed extinction outcomes across our model without host repression (Model 1). We facet
these graphs by insertion preference. Note that, the x-axis is not fixed across these plots.

probability, we found that, as we increased the preference
for neutral insertions, there was an exponential decline in
the time to population extinction which eventually stabilized
for our highest insertion preferences. Higher transposition

probabilities actually had lower neutral copy numbers (e.g.,
teJumpP = 2.5 x 1072, neutP = 0.9 ~ 908 neutral copies) than
more moderate ones (e.g., teJumpP = 2.5 x 1073, neutP = 0.9
~ 3,924 neutral copies) (Figure 3B, Supplementary Figure S6),
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but the deleterious copy number was more similar (e.g., ~49
to ~92) (Figure 3C, Supplementary Figure S7), reflecting the
maximal genetic load met before extinction.

We find that the copy number of deleterious TEs stays
low until a critical threshold of TEs is reached. Populations
then enter an extinction vortex, where the deleterious copy
number grows exponentially causing a matched exponen-
tial decline in population fitness (Figure 3D and E). The TE
copy number required to trigger this process depends on both
the transposition probability and insertion preference. High
transposition probabilities require fewer present TEs to gen-
erate high numbers of novel insertions, which explains the
lower copy numbers observed in populations immediately
before extinction under high transposition (Figure 3B and
C). Higher preferences for neutral insertions require more TE
copies since a smaller portion of novel insertions in the next
generation are expected to be deleterious. Since selection acts
on deleterious TE insertions, a strong preference for neutral
TE insertions allows populations to reach this critical thresh-
old more rapidly as neutral TEs accumulate and provide a
source for higher numbers of insertions in the next genera-
tion. This explains the tendency to observe shorter times to
extinction under high neutral insertion preferences as well.

Contrary to the expectation that a higher preference for
neutral insertion sites protects hosts by reducing the deleteri-
ous load incurred by insertions, we find that, in the absence
of host repression, preferentially inserting into neutral sites
increases the risk of population extinction, eliminating both
host and TE. While this result may be counterintuitive at first,
it makes sense given the design of our model and is consistent
with results from Charlesworth (1991). For a fixed transposi-
tion probability, the number of expected insertions for a given
TE copy number is the same across insertion preferences. It
is the proportion of neutral to deleterious TE insertions that
varies with insertion preferences. Higher neutral insertion
preferences mean the expected proportion of novel inser-
tions that are expected to be neutral is greater, but it does not
fully eliminate the chance of observing deleterious insertions.
When the number of novel deleterious insertions each gener-
ation is small, selection can purge them from the population;
however, if the number of deleterious insertions increases each
generation at a rate faster than selection can remove them,
the population will enter into an extinction vortex as the
deleterious copy number grows exponentially. A preference
for neutral insertion sites allows TE families to more rapidly
reach high copy numbers guaranteeing an increasing number
of deleterious TE insertions in subsequent generations, which
ultimately results in population extinction.

Dual survival can result in variable final TE copy
number and allele frequency

Dual survival rarely occurs in our models without host repres-
sion, and it is often limited to the lowest transposition proba-
bilities. With host repression, dual survival becomes common
across our parameter space except for when the transposi-
tion probability is high and the neutral insertion preference
is low (Supplementary Figure S2). Higher TE copy numbers
are generally more achievable in our model without host
repression (Figure 4A); however, they almost always result
in population extinction. Without host repression (Model 1),
the median copy number across all population extinction out-
comes is 587.0 with a standard deviation of 9,907.0, while
dual survival outcomes have a median copy number of 9.2
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with a standard deviation of 6,244.5 (Supplementary Figure
S8). Similarly, with host repression (Model 2), the median
copy number across all population extinction outcomes is
118.0 with a standard deviation of 3,055.7, while dual sur-
vival outcomes have a median copy number of 135.1 with a
standard deviation of 3,438.9. This is driven by the fact that,
under host repression, transposition is regulated before the
extinction vortex can be triggered, resulting in higher copy
number dual survival outcomes. Preferentially inserting into
neutral sites is associated with higher final copy numbers
across all models (Supplementary Figure S9). In contrast to
the case without host repression (above), an increased neutral
insertion preference does not necessarily drive populations
extinct when transposition is regulated. When both hosts and
transposons survive, the final allele frequency distribution is
distinctly bimodal (Figure 4B). Once a TE fixes at a single
locus (i.e., the right tail of this bimodal distribution), the TE
family cannot be lost from the genome without population
extinction.

Transposition regulation facilitates dual survival by
reducing the genetic load

Regulation of TE transposition is ubiquitous across all spe-
cies; however, the underlying mechanism employed within
species often varies. We use a generalizable, but simple, model
to assess the impact transposition regulation has on our
results. Because we do not allow for excision in our model
of TE regulation (Model 2), only selection and drift decrease
the number of neutral TEs. TE copy number initially increases
linearly (Supplementary Figure S10) until the copy number
is sufficiently high to limit transposition at which point the
change in copy number approaches 0, which suggests an
copy number equilibrium point is reached (Supplementary
Figure S11). So long as this equilibrium occurs before host
population extinction, deleterious mutations can be removed
by selection as quickly as they are introduced, resulting in a
stable number of deleterious mutations and a stable popula-
tion fitness (Figure 4C and D, Supplementary Figures S12 and
S13). If we fix the transposition probability, we find that the
ratio of neutral to deleterious TEs increases (Figure 4C). This
results in more fit populations housing larger TE copy num-
bers (Figure 4D). Here, the expected benefits of preferentially
inserting into neutral sites are realized. We could not obtain
enough replicates to explore what was occurring in regions
of high transposition and high neutral insertion preferences,
but we expect, based on preliminary explorations, that dual
survival occurs with a very large number of persisting TEs.

Discussion

We initially hypothesized that a preference for neutral inser-
tion sites would allow a TE family to increase in copy num-
ber while also minimizing the cumulative deleterious load
of the TE family. Consequently, higher copy numbers could
be achieved without reducing population fitness or contrib-
uting to extinction. Surprisingly, we found that a preference
for neutral insertion site was only advantageous in the pres-
ence of host repression. Without transposition regulation,
preferentially inserting into neutral sites allows the TE copy
number to grow rapidly until a critical copy number thresh-
old is reached. This threshold is dependent on the parameter
combination and represents the point with which the num-
ber of deleterious insertions each generation increases faster
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Figure 4. End states observed across our five chromosome models. (A) Shows the distribution of the mean final transposable element (TE) Copy
Number of the host population. We bin the final mean copy number for a given replicate into one of four ranges (facet). The x-axis shows results for

our models without and with host repression, and the y-axis shows the number of outcomes across our parameter space (colored by whether those
outcomes resulted in population extinction [blue] or dual survival [green]). (B) Shows the distribution of final allele frequencies for every specific TE

(i.e., for a site in our genome occupied by a TE how many individuals also carry a TE at that site) combined across our models without and with host
repression. We bin the neutral insertion preference into either low (0.01-0.075), moderate (0.1-0.9), or high (0.925-0.99) and once again subset three
transposition probabilities that span the range of dual survival outcomes. The x-axis of each plot shows the allele frequency, and the y-axis shows how
many TEs had that frequency in the final generation. We then fix the transposition probability at teJumpP = 2.5 x 10~ and visualize the change in (D) the
deleterious TE copy number and (E) population mean fitness over time for a subset of neutral probabilities for observed dual survival outcomes across
our model with host repression (Model 2). We facet these graphs by insertion preference.

than selection can remove them. At this point, the population
has entered into an extinction vortex. We observe these pop-
ulation extinction events more often and more rapidly under
high transposition probabilities and neutral insertion site
preferences. Importantly, our results hold even after including
random excision of TEs and nonautonomous elements. Host
repression ultimately limits transposition before this critical
threshold is reached, which results in dual survival across
most of our parameter space.

Heterogeneity in the selective effect of TE insertions has pre-
viously been shown to result in high copy number equilibriums
that exceed naturally observed copy number (Charlesworth,
1991). Our results build upon this work and demonstrate
that, while preferentially inserting into neutral sites does
allow the copy number to grow larger, more rapidly, this can
put the population at risk if transposition is not restricted.
With host repression, high copy numbers can not only be
achieved (which is beneficial from the TE’s perspective) but

also population fitness is comparatively higher as the ratio of
neutral to deleterious TE insertions is stronger (which is ben-
eficial to the host population). Dual survival, in the absence
of host repression, is characterized by very low copy numbers
as it only occurs under the lowest transposition probabili-
ties. While host repression leads to comparatively lower copy
numbers for a given parameter combination, it keeps the copy
number below the critical threshold resulting in dual survival.
Higher copy numbers (>1,000) with host repression tend to
occur for greater transposition probabilities (>2.5 x 1073)
with additional increases in copy number as you increase the
preference for neutral insertion sites (Supplementary Figure
$10). Studies in D. melanogaster have characterized the trans-
position probability across several TE families and suggest it
may range anywhere from 1 x 10~ to 1 x 10-3 under normal
conditions and up to 1 x 10! under stressed or dysgenic con-
ditions. Our results align well with previous theory and exper-
imental work; however, it does not necessarily explain why
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some families have only a handful of copies in the genome
and others have tens of thousands of copies.

Because TEs are characterized as selfish genetic elements
seeking to proliferate regardless of their effects on the host
(Dawkins, 1976; Orgel & Crick, 1980; Werren et al., 1988),
we might expect high copies of transposable elements in most
families, as found by previous theory (Charlesworth, 1991).
We find that dual survival outcomes with higher copy num-
bers (>10,000) occur rarely across our parameter space and
models. We only observe it in our model with host repres-
sion for the highest transposition probabilities. Interestingly,
we observe lower copy numbers across our extant popula-
tions, which aligns with empirical observations. For example,
Stitzer et al. (2021) found that 95% of TE families in the
maize genome had less than 10 copies, while only 1.2% of
present families exhibited copy numbers greater than 100.
Similarly, only four TE families in the Arabidopsis thaliana
genome have more than 1,000 copies (Ahmed et al., 2011;
Quesneville, 2020). These observations lead Stritt et al.
(2021) to challenge the idea of TEs as “invasive” genetic ele-
ments, suggesting instead that TEs may have evolved strat-
egies to persist at low copy numbers (Stritt et al., 2021).
Perhaps, more TE families have evolved moderate to lower
transposition probabilities. While this limits their copy num-
ber, it does protect the TE family from potentially triggering
an extinction vortex if transposition regulation was in any
way compromised.

Our model of transposition regulation is built on the
first model of transposition regulation (Charlesworth &
Charlesworth, 1983 ), in which transposition scales inversely
with copy number. This general model of TE regulation does
not directly correspond to any of the diverse known mecha-
nisms for transposition regulation in nature. To date, the best
mechanistic models of host repression are built from knowl-
edge of the piRNA pathway studied in Drosophila (Groth &
Blumenstiel, 2017; Kelleher et al., 2018; Kofler, 2019, 2020;
Lu & Clark, 2010). These models clearly demonstrate that
host repression facilitates TE copy number expansion by not
only limiting transposition but also by mitigating the effects
of deleterious TE insertions. Our results generally align with
these studies and demonstrate that both TE and host popu-
lation persistence occur more successfully in the presence of
transposition regulation. However, specific results of any such
mechanistic model likely depend on the mechanism, and we
encourage additional modeling of alternative forms of trans-
position regulation. Variation in the mechanism underlying
host repression may influence which TE families reach high
copy number in extant populations and, consequently, merits
thorough evaluation.

While modeling known biological mechanisms grounds the-
ory in natural reality, it can limit our understanding of alter-
native or historical phenomena, and it is therefore important
to understand what happens in the absence of transposition
regulation. For example, hybridization between populations
has been shown to compromise evolved TE regulation mech-
anisms triggering widespread TE proliferation resulting in a
“genomic shock” (McClintock, 1984). Reduced hybrid fit-
ness caused by uncontrollable TE proliferation could act as
an isolating mechanism and is an interesting future direction,
as most models focus on TE proliferation within a single pop-
ulation. Additionally, while nearly all modern populations
exhibit host repression, it is unclear whether it has always
been this way. Ancestral TE invasions may have occurred
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before mechanisms for regulating TE transposition were
established. Our work consequently contributes and raises
additional questions about these ancestral TE invasions and
historical population extinction events.

Our models consider two distinct host genetic architectures
(five chromosomes with high recombination or one chromo-
some with low recombination), key biological features of
TE families (random excision of elements, nonautonomous
elements, both, or neither), and the presence or absence of
host repression. We find that low recombination results in
higher proportions of TE loss, especially when the preference
for neutral insertion sites is low, in part due to the effects
of Muller’s ratchet. Random excision and the inclusion of
nonautonomous elements do not impact the general trends
of our results, but they do make it more difficult for the TE
family to initially invade which increases the amount of TE
loss events observed. Host repression is the most impactful
feature, ultimately resulting in dual survival across most of
our parameter space. Missing from our considered genomic
architecture is the possibility that a TE insertion could facil-
itate adaptation (Li et al., 2018). The adaptive potential of
TEs has been demonstrated and incorporating it in to future
models is warranted, as adaptive insertions could stave off
population extinction (Studer et al., 2011). Additionally, we
did not consider the nesting feature of certain TE families,
where TEs insert into other TE sequences (Jedlicka et al.,
2019; SanMiguel et al., 1996, 1998). Nested TE insertions
are expected to be neutral, as they are not inserting into host
sequence. While we did not explicitly model this, one could
imagine that TE families that prefer nested insertions may be
shifting their underlying distribution of fitness effects to be
more neutral.

Our results highlight the unique role of insertion prefer-
ence of TE families. The benefit of preferentially inserting
into neutral sites is only realized in the presence of host
repression. Consequently, a feature that we expected to
allow the TE copy number to increase while minimizing
the deleterious load, ultimately only provides a benefit if
that TE family can no longer transpose which caps its copy
number evolution. In the absence of transposition regula-
tion, a high neutral insertion preference is not capable of
stabilizing TE copy numbers and actively expedites popu-
lation extinction. Our simplistic model of host repression
suggests that a thorough exploration of the diverse mech-
anisms underlying host repression likely influences which
specific TE families proliferate within genomes. Overall,
our results raise interesting evolutionary questions about
historical extinction events and the establishment of host
repression. What timeframe must host repression “activate”
to avoid population extinction, how did host repression
evolve in ancestral populations, and were their indirect
selective forces wiping out historical TE populations due to
extinction events? Population size fluctuations and extinc-
tion risk have been mostly ignored from population genetic
models of TE copy number evolution. A relevant exception
is Kofler (2019) that not only found high transposition
probabilities resulted in extinction but also that successful
TE invasions occurred in a very narrow portion of their
parameter space (Kofler, 2019). Future simulation frame-
works which incorporate additional aspects of TE biology
and diverse mechanisms of host repression will be crucial
in understanding how TE copy numbers increase without
resulting in population extinction.
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