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ABSTRACT Transposable elements (TEs) are genomic parasites that impose fithess costs on their hosts by producing
deleterious mutations and disrupting gametogenesis. Host genomes avoid these costs by regulating TE activity, particularly
in germline cells where new insertions are heritable and TEs are exceptionally active. However, the capacity of different
TE-associated fitness costs to select for repression in the host, and the role of selection in the evolution of TE regulation more
generally, remain controversial. In this study, we use individual-based simulations to examine the evolution of TE regulation
through small RNA-mediated silencing. Small RNA silencing is a common mechanism for TE regulation employed by both
prokaryotes and eukaryotes. We observed that even under conservative assumptions, where small RNA-mediated regulation
reduces transposition only, repression evolves rapidly and adaptively after the genome is invaded by a new TE. We further
show that the spread of repressor alleles is greatly enhanced by two additional TE-imposed fitness costs: dysgenic sterility and
ectopic recombination. Finally, we demonstrate that the mutation rate to repression (i.e., the size of the mutational target) is a
critical parameter that influences both the evolutionary trajectory of host repression and the associated proliferation of TEs. Our
findings suggest that adaptive evolution of TE regulation may be stronger and more prevalent than previously suggested, and
complement recent empirical observations of positive selection on small RNA-mediated repressor alleles.

KEYWORDS intra-genomic conflict; TE repression, piRNA pathway; Drosophila melanogaster

et al. 1982; Orsi et al. 2010; Josefsson et al. 2006). Despite these
fitness costs, nearly all genomes are populated by TEs (reviewed
in Huang et al. 2012), and TEs frequently colonize new genomes
through horizontal transfer (reviewed in Schaack et al. 2010).

Transposable elements are intragenomic parasites. Although
some TE families or individual TE insertions have been do-
mesticated to perform important functions (Kunarso et al. 2010;
Lynch et al. 2011; Silva-Sousa et al. 2012) the presence and mobi-
lization of TEs generally reduce the fitness of their host genome.
TEs introduce deleterious mutations by causing DNA damage
during mobilization and by inserting into functional sequences
(Spradling et al. 1999; Dupuy et al. 2001). Ectopic recombination
events between TE insertions in different genomic locations fur-
ther produces large structural rearrangements, duplications, and
deletions, which are overwhelmingly deleterious (reviewed in
Hedges and Deininger 2007). In addition to these mutational im-
pacts, TE activity itself can have drastic fitness consequences by

Both prokaryotic and eukaryotic genomes minimize the fit-
ness costs of TEs by controlling their activity through small
RNA mediated silencing (reviewed in Blumenstiel 2011). In
eukaryotic germlines, small RNA mediated silencing of TEs is
enacted by Argonaute proteins that are found in complex with
small interfering RNAs (siRNAs) and Piwi-interacting RNAs
(piRNAs). Regulatory siRNAs and piRNAs are produced from
anti-sense TE transcripts, and identify TE-derived mRNAs by
base complementarity. Complexed Argonaute proteins then
silence the targeted TE transcriptionally by inducing heterochro-

causing dysgenic sterility, a condition in which germline DNA
damage prohibits the production of viable gametes (Bingham
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matin formation, or post-transcriptionally by degrading the tran-
script. Consistent with prevention of germline DNA damage,
small RNA-mediated silencing suppresses TE-associated dys-
genic sterility in Drosophila (Blumenstiel and Hartl 2005; Bren-
necke et al. 2008; Chambeyron et al. 2008; Rozhkov et al. 2010)
and Arabidopsis (Josefsson et al. 2006). Transcriptional silencing
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may further reduce the rate of ectopic recombination between
TE insertions by inducing heterochromatin formation at TE loci
(Haynes et al. 2006; Sentmanat and Elgin 2012; Sienski et al. 2012).

When a genome is invaded by a new TE, the repertoire of reg-
ulatory small RNAs must be expanded to recognize the new TE
sequence. One mechanism by which this occurs is transposition
of the invading TE into a genomic region that produces small
regulatory RNAs, thereby leading to the production of new RNA
species that target the invading element for silencing (Brennecke
et al. 2008; Khurana et al. 2011). Consistent with this model, TE
insertions in small RNA producing sites exhibit signatures of
positive selection in both Drosophila (Lu and Clark 2010) and
human genomes (Lukic and Chen 2011).

However, the degree to which repression of ectopic recom-
bination, dysgenic sterility, and transposition select for the evo-
lution of repression remains unclear. Selection on repression
of transposition is thought to be particularly weak in sexually
reproducing organisms because recombination decouples repres-
sor alleles from the chromosomal regions that they protect from
TE-induced mutation load (Charlesworth and Langley 1986).
Nevertheless, a recent simulation study found that small RNA-
mediated repression of transposition can evolve adaptively, at
least if certain assumptions about the fitness effects of TE inser-
tions are met (Lu and Clark 2010). The extent to which repres-
sion of dysgenic sterility or ectopic recombination enhances the
adaptive evolution of small RNA-mediated repression has not
previously been considered.

Here we describe a forward simulation model of the evolu-
tion of small RNA-mediated repression after genome invasion
by a novel TE. To design our model and parameterize our sim-
ulations, we harnessed the wealth of empirical data from the
P-element invasion of the Drosophila melanogaster genome (re-
viewed in Kelleher 2016). The status of D. melanogaster as a
premier genetic model for the study of piRNA-mediated TE
silencing (reviewed in Senti and Brennecke 2010), and the P-
element as a vector for genetic modification (reviewed in Rubin
and Spradling 1982), allowed us to develop a modeling frame-
work that closely matches the known biology of transposition
and TE regulation. We demonstrate that despite predictions of
weak selection, small RNA-mediated silencing of transposition
alone evolves rapidly and adaptively in response to genome in-
vasion. We further show that positive selection on TE insertions
in small RNA producing sites is greatly enhanced in models that
incorporate dysgenic sterility or ectopic recombination. Finally,
we demonstrate that the abundance of small RNA producing
sites in the host genome is a critical parameter that influences
both the proliferation of the TE and the adaptive behavior of re-
pressor alleles. Our study provides novel insights into selective
forces that influence the evolution of repression, as well as an
updated framework for modeling TE invasion, which is broadly
applicable to other systems.

Model

We employ an individual-based Wright-Fisher model of evolu-
tion, with a selection-reproduction-transposition life cycle, con-
stant population size, and discrete, non-overlapping generations.
See Table 1 for a list of parameters.

Genome

The genome is modeled after that of D. melanogaster. Each indi-
vidual is diploid with a haploid complement of 3 chromosomes:
one sex chromosome, containing 226 sites, and two autosomes,
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containing 442 and 527 sites respectively (total: 1195 sites). The
numbers of sites per chromosome are based on the lengths of D.
melanogaster chromosomes X, 2 and 3, with one site every ~10°
base pairs (we ignore chromosome 4, which accounts for less
than 1% of the genome). Likewise, the recombination rates in
all sites are set to reflect the actual D. melanogaster recombina-
tion rates within each genomic window (Comeron ef al. 2012).
There are four kinds of sites in the genome: small RNA sites,
pseudo-small RNA sites, functional sites and neutral sites.

Small RNA sites: 35 sites (2.9% of sites in the genome) establish
small RNA silencing when occupied by a TE and represent the
piRNA producing regions in the D. melanogaster genome known
as piRNA clusters (Brennecke et al. 2007). Accordingly, the loca-
tions of small RNA sites are randomly drawn from the known
locations of piRNA clusters in the D. melanogaster genome (Bren-
necke et al. 2007). Because piRNA clusters are generally found in
heterochromatic regions where chromatin compaction restricts
transposition and recombination (Brennecke et al. 2007), TE inser-
tions in small RNA sites do not transpose and do not participate
in ectopic recombination in our model.

Pseudo-small RNA sites: 35 sites (2.9% of sites in the genome)
do not contribute to small RNA silencing but are otherwise
indistinguishable from small RNA sites. Pseudo-small RNA
sites are placed near telomeres or centromeres, which mirrors
the distribution of piRNA clusters in the D. melanogaster genome.
Each chromosome arm contains three and four pseudo-small
RNA sites at the proximal and distal ends, respectively, skipping
sites that are already assigned as either small RNA or functional.

Functional sites: Theoretical work in this area often assumes
that TE insertions show negative epistasis for fitness (e.g., Dol-
gin and Charlesworth 2008; Lu and Clark 2010; Lee and Lang-
ley 2012). This assumption appears to be required to achieve
TE copy number equilibrium in the absence of repression
(Charlesworth and Charlesworth 1983). Although it is proposed
that the aneuploid progeny that result from ectopic exchange
could produce negative epistasis between TE insertions (Langley
et al. 1988), there is as yet no empirical evidence to support this
fitness model.

Here, we take a different approach, allowing the fitness effects
of TE insertions to vary between sites. We modeled these fitness
effects based on the known transposition bias of P-elements
(Bellen ef al. 2004, 2011; Spradling et al. 2011) and the distribution
of estimated fitness effects of individual P-element insertions
(Cooley et al. 1988; Mackay et al. 1992; Lyman et al. 1996).

To determine the number of functional sites in our theoretical
genome, we relied on results from extensive P-element medi-
ated mutagenesis screens, which indicate that 2 80% of new
P-element insertions occur within gene bodies, within 500 bp of
a transcription start site (Bellen et al. 2004, 2011). Accordingly,
80% (956) of sites in our theoretical genome are functional, and
cause a multiplicative change in viability when occupied by
a TE (i.e., there is no epistasis). We furthermore assume that
the effects on viability of TE insertions in functional sites are
completely recessive, as has been observed empirically for P-
elements (Mackay et al. 1992). In some simulations, however,
TE insertions in functional sites contribute dominantly to the
production of inviable gametes by ectopic recombination (see
below).

When homozygous, the effect on viability of a TE insertion
at a functional site can be lethal (selection coefficient, s = —1),
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Parameter Description

s Effect of a TE insertion on viability (Table 2; Equation 6)

u Transposition rate per genome per generation (Equation 1)

g Number of TE insertions in functional and neutral sites (Equations 1 and 4)
R Strength of small RNA-mediated repression (Equations 1-4)

F Fertility (Equations 2 and 5)

D Maximum possible fertility cost caused by dysgenesis (Equation 2)
n Total number of TE insertions (Equation 2)

Nm Number of TE insertions in the maternal genome (Equation 3)

€ Fitness cost of ectopic recombination (Equations 4 and 5)

Ey Baseline ectopic recombination rate (Equation 4)

Wy Male fitness (Equation 5)

Wo Female fitness (Equation 5)

\% Viability (Equations 5 and 6)

N Population size

Table 2 Viability selection coefficients (s) of TE insertions in the 1,195 sites of different kinds.

Type s Number Frequency (%)
Lethal —1.00 45 3.8
Strongly Deleterious —0.25 325 27.2
Moderately Deleterious —0.05 350 29.3
Slightly Deleterious —0.01 224 18.7
Neutral, small RNA and pseudo-small RNA 0.00 239 20.0
Slightly Beneficial 0.01 12 1.0

Repression of TEs by small RNAs 3
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strongly deleterious (s = —0.25), moderately deleterious (s =
—0.05), slightly deleterious (s = —0.01), or slightly beneficial
(s =0.01).

The frequency of each functional site class in the theoretical
genome is described in Table 2. Mutagenesis suggests that the
frequency of recessive lethal mutations produced by P-element
insertions is in the range 3.8-10% (Cooley et al. 1988; Mackay
et al. 1992). Therefore, we conservatively assigned 3.8% of sites
in the theoretical genome to behave as recessive lethals when
occupied by a TE. Similarly, the average homozygous fitness cost
of a TE insertion in the theoretical genome, 5 = 12.2%, matches
an empirical estimate from mutagenesis (Mackay et al. 1992).

Neutral sites: 169 sites (14.1% of sites in the genome) have no
effect on viablity when occupied by a TE. However, neutral sites,
like functional sites, contribute to the production of inviable
gametes through ectopic recombination in some models (see
below).

Transposition, Excision, and Inactivation
The transposition rate per genome per generation is given by

U=, (k_TR) , 1)

where p is the transposition rate per element per generation
of unrepressed TEs, 1, is the number of TEs in the genome that
can be mobilized in the presence of transposase (i.c., those in
functional and neutral sites, but not in small RNA or pseudo-
small RNA sites), R is the strength of small RNA-mediated
repression (see Equation 3), and k is a constant. We set y =
0.1 following the empirical estimate for P-elements (Eggleston
et al. 1988). We also set k = 1.01, limiting the reduction in
transposition rate caused by small RNA-mediated silencing to
two orders of magnitude, as is suggested by observed differences
in P-element activity in the presence and absence of regulation
(Eggleston et al. 1988).

Precise P-element excisions occur with an estimated fre-
quency of 0.15% (per element/genome) when the insertion is
homozygous and ~13.5% when the insertion is heterozygous
(Engels et al. 1990). We therefore assume that the excision rate is
0.01 per element per generation, or 10% of the transposition rate.
Mutational loss of transposase-encoding capacity, which occurs
predominantly through internal deletions that are acquired dur-
ing transposition (Staveley ef al. 1995), occurs at a rate of 0.001
per element per generation.

Dysgenic Sterility

When Drosophila males bearing a transpositionally active TE
family are crossed to females who do not produce piRNAs that
regulate that TE family, their F1 offspring can suffer from dys-
genic sterility (Bingham et al. 1982; Bucheton et al. 1984; Black-
man ef al. 1987; Evgen’ev et al. 1997; Yannopoulos et al. 1987;
Brennecke et al. 2008; Hill et al. 2016). A similar sterility syn-
drome has been associated with activity of paternally inherited
TEs in Arabidopsis (Josefsson et al. 2006). We therefore modeled
dysgenic sterility as a function of the number of paternally inher-
ited TEs, whose unregulated activity are thought to induce the
sterility phenotype (equation 2). Indeed, in the case of P-element
induced dysgenic sterility, the proportion of offspring that are
sterile has been correlated with the P-element germline excision
rate, consistent with P-element activity as the cause of sterility
(Kocur et al. 1986).
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Bingham et al. (1982) described the quantitative relation-
ship between the number of paternally inherited P-elements
and the incidence of dysgenic sterility among F1 female off-
spring. The paternal genotypes that induced dysgenesis in these
crosses were otherwise isogenic, such that differences in dys-
genic sterility among F1 females could be exclusively attributed
to P-element copy number. They observed that 1 = 4 P-element
copies produced ~50% dysgenic offspring, whereas n 2 9 copies
produced 2 80% dysgenic offspring.

We matched these empirical observations by expressing the
fertility, F, of an individual as a function of its total diploid TE
copy number (1)

17D(17R)(Z:;) . ifn>4

1, otherwise ,

F= @)

where D is a constant that represents the maximum fertility cost,
and can be varied from 0 (no dysgenic sterility) to 1 (complete
dysgenic sterility); R is the strength of small RNA-mediated re-
pression (see Equation 3). F can vary from 0 (complete infertility)
to 1 (complete fertility).

Small RNA-Mediated Silencing

piRNA-mediated silencing represses both germline TE activity
and dysgenic sterility in Drosophila (Brennecke et al. 2008; Khu-
rana et al. 2011). The production of regulatory piRNAs requires
the presence of at least one homologous TE insertion in a piRNA
cluster, and is amplified by the presence of additional TE copies
elsewhere in the genome (Brennecke et al. 2008; Zanni et al. 2013).
The enhancement of piRNA production by TE insertions outside
of piRNA clusters is explained by the feed-forward biogenesis
of piRNAs through transcriptional silencing of sense TE tran-
scripts (Brennecke et al. 2007; Gunawardane et al. 2007). piRNAs
are maternally transmitted, such that piRNA production in the
maternal genotype determines the strength of silencing in the
offspring (Brennecke ef al. 2008).

Empirical data regarding the quantitative relationship be-
tween TE copy numbers inside and outside of piRNA clusters
and reductions in transposition rate are sparse for P-elements,
and entirely lacking for other TE families. We therefore har-
nessed the extensive data on the the repression of dysgenic
sterility (Ronsseray et al. 1991, 1996, 1998; Marin et al. 2000; Stu-
art ef al. 2002; Simmons ef al. 2007, 2012, 2014) (Supplemental
Material Table S1, Figure S1). Based on these observations, we
describe the strength of small RNA-mediated silencing, R, con-
ferred by maternal genotypes with at least one occupied small
RNA site as

R=1—¢""bm | 3)

where 1, is the total number of TE copies in the maternal
genome, and a and b are constants. We fit Equation 3 by
nonlinear least squares to the data in Table S1 and obtained:
a=0.8=+0.5and b = 1.0 & 0.4 (estimates and 95% confidence
intervals). R can vary from 0 (no repression) to 1 (complete
repression).

Ectopic Recombination

Ectopic recombination occurs between TE insertions in different
sites, and produces inviable gametes in our model. We assume
that the fitness cost of ectopic recombination is proportional
to the number of pairwise combinations of TEs in the genome,
excluding insertions in small RNA and pseudo-small RNA sites.
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The fitness consequences of ectopic recombination are analogous
to the negative epistasis between TE insertions that is assumed
by previous models (Dolgin and Charlesworth 2006, 2008; Lu
and Clark 2010; Lee and Langley 2012).

Small RNA-mediated silencing acts as a multiplicative modi-
fier of ectopic recombination, which reflects the potential sup-
pression of recombination at TE loci due to heterochromatin
formation (Haynes et al. 2006; Klenov et al. 2007). The fitness
cost of ectopic recombination (¢) is described by the following
expression:

e=nq(n, —1)(1-R)Ey , 4)

where Ej is the baseline ectopic recombination rate; n, is the
number of TE insertions that can contribute to ectopic recombi-
nation (i.e., do not occur in piRNA or pseudo-piRNA sites); and
R is the strength of small RNA-mediated repression.

Natural Selection
Male and female fitness are given by

We=VF and Wo=VF(l1-¢) , )
respectively, where

V= H(1+S,‘) (6)

1

is viability; s; is the viability selection coefficient of the TE in-
sertion into the 7 locus in a hemizygous or homozygous state;
F is fertility (Equation 2); and ¢ is the fitness cost of ectopic
recombination (Equation 4).

Evolution

Each population is defined by the following parameters: popula-
tion size (N), baseline ectopic recombination rate (Ep), and the
maximum possible fertility cost caused by dysgenesis (D). In
the initial population, the sex of each individual is decided ran-
domly, so that the expected sex ratio is 1:1. 5% of the population
harbors one TE insertion at a randomly chosen neutral site on
chromosome 2. The remaining 95% of the population harbors
no TE insertions.

We simulated reproduction by randomly selecting one male
and one female, each, with probability proportional to their
fitness (Equation 5). After an individual parent is selected to
reproduce, the number of new TE copies to transpose within its
germline is drawn from a Poisson distribution with parameter
u (Equation 1). The new TE copies are distributed randomly
among unoccupied sites and are only used to produce one spe-
cific offspring; if a parent produces multiple offspring, transpo-
sition is repeated independently for each offspring produced.

Haploid gametes are produced by meiosis, simulated by
choosing one chromosome per pair at random. Crossing over
occurs in females only, as is true for D. melanogaster (Morgan
1914). Diploid progeny are formed by fusion of one gamete from
each parent. Once N offspring are produced, the parents are
discarded.

P-elements invaded natural populations of D. melanogaster
worldwide in less than 40 years (Kidwell 1983; Anxolabéhere
et al. 1988). Assuming the conventional 10 generations/year for
natural populations of D. melanogaster, this corresponds to an
estimated 400 generations. We therefore ran forward simulations
for 500 generations, and considered only populations in which
99% of genomes contained at least one P-element at the end
of simulated evolution. For all combinations of parameters we
considered, we continued to run simulations until 100 successful

invasions were achieved, or two weeks of computing time had
passed on our high-performance computing cluster, whichever
came first.

Statistical Analyses

All statistical analyses were conducted with R version 3.3 (R Core
Team 2016). All graphs were produced in ggplot2 (Wickham
2009).

Data Availability

The software used to run all simulations was written in Perl
and will be available at https://github.com/... at the time of
publication.

Results

Host repression evolves rapidly and stabilizes TE copy num-
ber

We began by considering a conservative model, in which TEs
impose fitness costs by occupying functional sites in the host
genome, and repression benefits the host by preventing the
occurrence of these deleterious insertions. Dysgenic sterility
and ectopic recombination were not incorporated in the model
(D =0, Ey = 0). Starting from populations in which 5% of
individuals harbor a single autosomal TE insertion at a neutral
site, the TE successfully invaded 100% of simulations (out of 100
runs; Figure 1A, red). Invasion was rapid, with 100% of genomes
harboring at least one TE copy within less than 100 generations.
This rapid spread of genomic TEs is accompanied by an expo-
nential increase in copy number for ~80 generations, which
asymptotes at an equilibrium copy number of ~50 elements per
diploid genome (Figure 1B).

Copy number equilibrium of a TE requires a balance between
the production of new insertions via transposition, and the re-
moval of existing insertions through excision or negative selec-
tion (Charlesworth and Charlesworth 1983). In the absence of
repression that equalizes the transposition and excision rates,
negative epistasis between TE insertions is required to achieve
transposition-selection balance (Charlesworth and Charlesworth
1983). Because our minimal model assumes that the fitness ef-
fects of TE insertions are independent, the copy number equi-
librium that occurs after invasion must be the result of evolved
small RNA-mediated repression. Indeed, we observed that small
RNA-mediated repression evolved rapidly after genome inva-
sion, approaching complete repression after only 200 generations
(Figure 1A, blue). By contrast, when repression was not allowed
to evolve (i.e., R = 0 for all individuals, regardless of geno-
type), 100% of simulated populations went extinct within 173
generations (802 runs) because all individuals of one sex were
homozygous or hemizygous for a lethal TE insertion. For 795
of the runs, no viable males remained, suggesting hemizygous
X-chromosomes carrying recessive lethals contributed dispro-
portionately to population extinction.

Selection against deleterious TE insertions generates weak
positive selection on occupied small RNA sites

To examine the role of positive selection in the evolution of TE
repression, we considered the site frequency spectrum of TE
insertions that produce regulatory small RNAs (i.e., insertions
in small RNA sites) after 500 generations of simulated evolution.
We compared these sites to control pseudo-small RNA sites, neu-
tral sites that do not produce small RNAs when occupied by

Repression of TEs by small RNAs 5
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TEs but otherwise are matched to small RNA sites in their ge-
nomic locations and fitness effects (see Model). Positive selection
will increase the abundance of high frequency derived alleles
in the population as compared to a neutral model (Fay and Wu
2000; Nielsen 2005). Consistent with positive selection on small
RNA silencing, occupied small RNA sites segregate at higher
frequency than their neutral pseudo-small RNA counterparts
(Figure 1C). Furthermore, the site frequency spectra of occupied
small RNA producing sites is significantly different than that of
pseudo-small RNA sites (Kolmogorov-Smirnov test, N = 2000:
D =013, p<22x107').

Although occupied small RNA sites segregated at higher
frequency than occupied pseudo-small RNA sites, it was un-
usual for them to reach high frequency in simulated populations
(> 50% of chromosomes). Only 5% of 100 replicate simulated
populations exhibited a high frequency of occupied small RNA
sites after 500 generations. This indicates that positive selection
on host repression is weak, as has been proposed previously
(Charlesworth and Langley 1986). Further supporting weak pos-
itive selection, we observed that the the difference between the
site frequency spectra of occupied small RNA sites and pseudo-
small RNA sites was attenuated when we reduced the size of
the simulated populations to N = 500 individuals, revealing
the enhanced influence of genetic drift (Figure 1D; Kolmogorov-
Smirnov test, N = 500: D = 0.09, p = 1.10 x 10*5). Notably,
occupied small RNA and pseudo-small RNA sites segregated at
a higher frequency on average at N = 500, since new mutations
are more likely to fix in smaller populations.

The contrast between the prevalence of repression at the end
of simulated evolution (Figure 1A, blue) and the low frequency
of individual occupied small RNA sites (Figure 1C, red), reveals
a common phenotype that is produced by many alternative
genotypes. The genetic architecture of small RNA production, in
which ~3% of the genome produces small RNAs when occupied
by a TE insertion (35 sites in our theoretical genome, see Model),
facilitates this common phenotype-rare genotype scenario. On
average, there were 30.83 different small RNA sites that were
segregating for a TE insertion in a given simulated population
after 500 generations. This value is only slightly higher than
the number of pseudo-small RNA sites that were segregating
for an insertion (29.51, tj93 = 3.76, p = 0.0002). The plethora
of segregating pseudo-small RNA sites reveals a high genome-
wide transposition rate, and therefore a high mutation rate to
occupied sites. Furthermore, the modest difference in the av-
erage number of segregating small RNA sites as compared to
pseudo-small RNA sites is consistent with weak selection for the
retention of small RNA producing insertions.

Size of the mutational target influences the strength of posi-
tive selection on occupied small RNA sites, but not the rapid
evolution of the repressive phenotype

To explore how the rate at which repressor alleles are produced
influences the invasion process and the evolution of small RNA-
mediated repression, we considered genomes with different
numbers of small RNA sites. Differences in the size of the mu-
tational target correspond to different mutation rates for the
production of repressor alleles by transposition. We observe
that regardless of the size of the mutational target, repression
evolves rapidly, within 200 generations of TE invasion. How-
ever, the evolutionary trajectory of repression depends strongly
on the abundance of small RNA sites. When small RNA sites are
common, repressive individuals arise earlier in the invasion, but
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increase in abundance more slowly. In contrast, when there are
few small RNA producing sites, the first repressive individuals
occur later in the invasion on average, but the population transi-
tions from permissive to repressive much more rapidly (Figure
2A), suggesting stronger selection for the repressive phenotype.

Consistent with stronger positive selection, the more rapid
transition to a repressive population that occurs with smaller
mutational targets is accompanied by increased abundance of
high frequency (> 50% of chromosomes) small RNA producing
sites after 500 generations of simulated evolution (Figure 2D).
However, the increased abundance of high frequency repressor
alleles in part reflects adaptation that is more mutation-limited.
When small RNA sites are rare, the probability that a TE in-
serts into a second unoccupied small RNA site before the first
occupied small RNA site reaches fixation decreases, allowing
for a greater number of lower frequency repressor alleles to
co-occur in the same population. To disentangle differences
in mutation-limitation from positive selection, we considered
the cumulative frequency of individuals who harbor at least
one insertion in a small RNA producing site over the course of
simulated evolution (Figure 2B). In this way we consider the
increase in frequency of the repressor allele class as a whole,
independently of the number of alleles. We observed that the
cumulative frequency of individuals with at least one repres-
sor allele increases more rapidly when the mutational target to
repression is small, suggesting stronger positive selection.

Stronger selection on repressor alleles in genomes with a
small mutational target for small RNA mediated repression is
explained by the accumulation of a greater number of TE copies
(Figure 2C). Higher TE copy numbers increase the benefits of
repression by increasing the deleterious mutation rate, as well as
the likelihood that deleterious insertions are homozygous and
therefore exposed to selection. Indeed, the accumulation of TE
copies in genomes with smaller mutational targets is associated
with decreased mean population fitness and increased variance
in fitness , indicating stronger selection (Supplemental Material
Figure 52).

Dysgenic sterility impacts TE invasion success and copy num-
ber

In Drosophila, dysgenic sterility occurs among F1 offspring when
males bearing transpositionally active elements mate with fe-
males that do not produce regulatory piRNAs (Blumenstiel and
Hartl 2005; Josefsson et al. 2006; Brennecke et al. 2008; Chambey-
ron et al. 2008; Rozhkov et al. 2010). We examined how dysgenic
sterility could impact TE invasion by performing simulations
in which different fitness costs were imposed on individual off-
spring of dysgenic matings. Five different maximum fitness
costs of dysgenesis were considered: D = 0, 0.1, 0.25, 0.5, and 1.
In the absence of small RNA repression, the enhanced purifying
selection imposed by moderate dysgenic sterility (D = 0.1 or
0.25), was unable to oppose TE proliferation, and 100% of pop-
ulations went extinct due to mutation load (Figure 3A). On the
other hand, when dysgenic sterility is severe (D = 0.5 or 1), the
TE was unable to invade the population within 500 generations
(Figure 3A).

When individuals were permitted to enact small RNA medi-
ated repression of dysgenic sterility as well as transposition, the
TE successfully invaded 100% of simulated populations when
the fitness cost of dysgenic sterility was moderate (D = 0.1 or
0.25). However, when more severe fitness costs were considered
(D > 0.5), dysgenic sterility remained a significant barrier to
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Figure 1 Invasion is followed by rapid and adaptive evolution of host repression. A) Evolution of the proportion of individuals
with at least one genomic TE (red) and of the mean maternal repression (R) over 200 generations in 100 replicate simulated popu-
lations of N = 2000 individuals. B) Evolution of mean diploid TE copy number (1) over 500 generations in 100 replicate simulated
populations of N = 2000 individuals. Thick lines represent the average responses across all replicate populations. C) and D) The
site frequency spectra of occupied small RNA producing sites (red), which enact maternal repression of transposition, and pseudo-
small RNA producing sites (grey) which do not repress transposition N = 500 (C) and N = 2000 (D) individuals. The spectra
were calculated by pooling the data from 100 replicate simulated populations after 500 generations of evolution. Site frequency
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simulations (A-D) experienced neither dysgenic sterility nor ectopic recombination (D =0, Eg = 0).
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TE invasion. Only 26% (100 of 381) of simulated populations
exhibited successful invasion after 500 generations for D = 0.5.
In the remaining 74% of simulated populations, the TE persisted
after 500 generations but the invasion was not considered suc-
cessful, because the TE was not present in > 99% of individual
genomes (Supplementary Material Figure S3, see Methods). Un-
der complete dysgenic sterility (D = 1), the TE failed to invade
the simulated population 100% of the time (377 runs). Dysgenic
sterility had a similarly dramatic effect on TE proliferation, with
increasing values of D corresponding to sequentially lower TE
copy numbers at equilibrium (Figure 4A).

Hybrid dysgenesis increases the strength of positive selec-
tion on occupied small RNA sites

Dysgenic sterility has potentially opposing effects on the evo-
lution of small RNA-mediated repression. The lower TE copy
numbers that are observed in the presence of dysgenic sterility
(Figure 4A) correspond to a lower rate at which repressor alle-
les are produced by transposition into small RNA sites, which
could delay the evolution of repression. On the other hand,
minimizing the fitness costs of dysgenic sterility represents an
added selective advantage that could enhance positive selection
on occupied small RNA sites when they arise.

When dysgenic sterility is absent or moderate (D < 0.5),
we detect these opposing effects. Although repression evolves
rapidly, within ~100 generations of invasion, the time to emer-
gence of repressive individuals in simulated populations is
longer with higher values of D (Figure 4B, Supplementary Ma-
terial Figure S4). Greater fitness costs of dysgenic sterility also
corresponded to enhanced positive selection on occupied small
RNA sites. The site-frequency spectrum of occupied small RNA
sites after 500 generations of simulated evolution included more
common variants (Figure 3C), with 55% of simulated popu-
lations exhibiting a high frequency occupied small RNA site
(> 50% of chromosomes) when D = 0.25, as compared to 5%
of populations when dysgenic sterility does not occur (D = 0)
(100 replicates for each value of D). Enhanced positive selection
on repression is also evident from the increased number of seg-
regating small RNA sites, as compared to pseudo-small RNA
sites in simulated populations (Figure 3D).

We observed a different selective regime when the costs of
dysgenic sterility are high (D = 0.5), in which TE proliferation
was limited by purifying selection against dysgenesis to such
an extent that selection for repression was weakened. In these
simulated populations, repression evolved in a slower, more
linear fashion (Figure 4B, blue). Consistent with attenuated
positive selection, we did not observe a greater abundance of
occupied small RNA sites segregating at high frequency (> 50%
of chromosomes) at the end of 500 generations when D = 0.5, as
compared to lower D = 0.25 (Figure 4C, blue). Furthermore, the
site frequency spectra of small RNA mediated repressors is likely
affected by an ascertainment bias when D = 0.5 that artificially
increases the abundance of occupied small RNA sites. Because
the TE fails to invade in 74% of simulations when D = 0.5, and
small RNA-mediated silencing facilitates invasion by decreas-
ing the fitness cost of TEs, simulated populations that acquired
a high-frequency occupied small RNA sites are disproportion-
ately represented among invasion successes. Indeed, when we
consider the full set of simulations for D = 0.5 (both success-
ful and failed invasions) we observe a reduced proportion of
high frequency insertions as compared to D = 0.25 (Figure 4C,

purple).

The average number of segregating small RNA and pseudo
small RNA sites also suggests that positive selection is weaker
at D = 0.5 when compared to D = 0.25 (Figure 4D). Although
the mean number of segregating pseudo-small RNA sites does
not differ between the two groups of simulated populations
after 500 generations (193 = 0.14, p = 0.89), larger numbers
of segregating small RNA sites are observed in when D = 0.25
(mean = 18.67) than when D = 0.5 (mean = 15.63, t19g = 7.09,
p = 2.35 x 10~ 11). Therefore, selection for retention of occupied
small RNA sites appears stronger when D = 0.5 as compared
to D = 0.25. Taken together, these observations suggest that
when fitness costs imposed by dysgenic sterility are high, they
may limit not only TE invasion success, but also the evolution
of repression.

Ectopic recombination facilitates TE invasion in the absence
of repression

We lastly considered the impact of fitness costs imposed by ec-
topic recombination on invasion success and selection for repres-
sion. In our model, the probability of an ectopic recombination
event in an individual’s germline increases faster than linearly
with TE copy number (Equation 4), effectively producing neg-
ative epistasis between TE insertions. We therefore explored
whether ectopic recombination could produce a transposition-
selection balance in the absence of repression, as has been re-
ported previously (Dolgin and Charlesworth 2008). We observed
that regardless of baseline ectopic recombination rate (Ep), se-
vere dysgenic sterility (D > 0.5) prevents TE invasion of the
population in 100% of simulations (Figure 4A). However, when
dysgenic sterility is absent or moderate (D < 0.5), moderate
to high levels of ectopic recombination (Ey > 10™%) can pro-
duce sufficiently strong negative selection to prevent TE over-
proliferation and population extinction. Ectopic recombination,
therefore, facilitates TE invasion and genomic maintenance in
the absence of repression (Figure 4A). Although our simulated
populations did not appear to arrive at transposition-selection
balance within 500 generations, the rate of accumulation of TE
copies slowed (Figure 4B), suggesting that longer simulations
could achieve copy number equilibrium.

Ectopic recombination increases the strength of positive se-
lection on occupied small RNA sites

Finally, we explored how ectopic recombination impacts the evo-
lution of small RNA mediated silencing. In these simulations,
small RNA silencing repressed transposition and suppressed
ectopic recombination, and individuals did not experience hy-
brid dysgenesis (D = 0). Similar to previous simulations that
include small RNA silencing (Figures 1A, 2C, 3A), we observed
an initial exponential increase in TE copy number that tapered
off in less than 200 generations, followed by a gradual approach
to copy number equilibrium (Figure 5A). Higher baseline ectopic
recombination rates (Ey), were associated with lower TE copy
numbers throughout the simulation (Figure 5A), as expected
from the higher fitness cost for each TE.

Fitness costs imposed by ectopic recombination were also
associated with enhanced positive selection on occupied piRNA
sites. The site frequency spectra for occupied small RNA sites at
the end of the 500 generations of simulated evolution included
a greater proportion of high-frequency variants, with 45% of
100 populations exhibiting a high-frequency (> 50%) occupied
small RNA site at the highest baseline ectopic recombination
rate we considered (Ey = 0.01, Figure 5B, purple). Similarly,
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the difference between the average number of occupied small
RNA sites and pseudo-small RNA sites was increasingly pro-
nounced at higher Ej values, indicating that selection increas-
ingly retained occupied small RNA sites in simulated popula-
tions (Figure 5C). Therefore, although ectopic recombination can
stabilize TE copy numbers even in the absence of host repression
(Charlesworth and Charlesworth 1983; Dolgin and Charlesworth
2008, Figure 4B), it also strengthens selection for repression when
the repressive mechanism (i.e., small RNA silencing) reduces the
ectopic recombination rate.

Discussion

We harnessed the deep body of literature on P-element trans-
position and fitness effects (reviewed in Kelleher 2016), as well
as piRNA-mediated silencing of TEs (reviewed in Senti and
Brennecke 2010), in D. melanogaster to construct a forward simu-
lation model of TE invasion and the evolution of host repression
that is grounded in known biology. The validity of our model
is supported by the degree to which our findings mirror em-
pirical observations of P-element invasion in D. melanogaster.
P-elements transitioned from rare to ubiquitous in natural popu-
lation in < 20 years (Anxolabéhere ef al. 1988), a rapid timescale
that is matched by our simulated populations, in which invasion
occurred in < 100 generations (Figure 1A). Similarly, average
P-element copy numbers in individual genomes in our simu-
lated populations were in the range ~ 5 — 60, which matches
estimates from wild-derived genomes (Ronsseray et al. 1989;
Srivastav and Kelleher 2017). Finally, repression in many natu-
ral populations evolved in > 30 years (Kidwell 1983), which is
echoed by our observation that the vast majority of populations
evolve repression in < 200 generations.

Although our model is, by design, informed by the specific bi-
ology of P-elements in D. melanogaster, our findings have general
implications for TE invasion and the evolution of TE repression.
Horizontal transfer of TEs and post-invasion TE proliferation
are ubiquitous across the tree of life (reviewed in Schaack ef al.
2010). Similarly, small RNA-mediated silencing is a ubiquitous
mechanism for TE control, employed by both prokaryotes and
eukaryotes (reviewed in Blumenstiel 2011). Our results therefore
provide fundamental insights about the trajectory of TE invasion
into new genomes, and the regulatory response of genomes to
new invaders.

The abundance of small RNA producing sites is a major deter-
minant of post-invasion dynamics

In the D. melanogaster genome we used as a model for our sim-
ulations ~3% of sites are thought to produce regulatory small
RNAs when occupied by a TE (Brennecke et al. 2007). A rel-
atively large mutational target for the acquisition small RNA-
mediated silencing via transpositional insertion is also observed
in other taxa. Although the power to identify loci that give rise
to TE-regulating small RNAs can be limited by the quality of the
genome assembly as well as its repeat content, large numbers of
repeat rich small RNA producing sites are also implicated in TE
regulation in mouse (Aravin et al. 2006), Caenorhabditis (Ni et al.
2014) and even Arabidopsis(reviewed in Lisch and Bennetzen
2011).

An appealing adaptive explanation for the abundance of
small RNA sites is that the large mutation target facilitates the
establishment of silencing when new TE families invade (Kelle-
her 2016). However, our findings do not support this model, as
repression evolved within ~200 generations regardless of the

number of small RNA sites in the theoretical genome (Figure
2A). Rather, we observed that the mutational target size has a
dramatic impact on the maximum copy number the TE achieves
after invasion, with genomes containing fewer small RNA sites
accumulating many more TE copies (Figure 2C). This accumula-
tion of TE copies can be attributed to longer waiting times for
the occurrence of the first repressor allele, during which time
TEs enjoy unrestricted transposition (Figure 2A, B).

Our observations suggest an unexpected benefit to having
more small RNA sites, namely, that the larger mutational tar-
get buffers genomes against post-invasion proliferation. They
further provide a potential explanation for rapid, TE-mediated
expansions in genome size, which have been observed in cer-
tain vertebrate and plant lineages (Sun and Mueller 2014; Lee
and Kim 2014). If the relative fraction of the genome that corre-
sponds to small RNA producing sites decreases when genome-
size expands, a type of snowballing could occur, in which large
genomes experience increasingly dramatic TE proliferations and
corresponding decreases in the relative abundance of small RNA
producing sites.

Weak selection for repression of transposition?

Charlesworth and Langley (1986) suggested that selection for
transpositional repression was likely to be weak in sexually re-
producing organisms, because recombination would rapidly
separate repressor alleles from chromosomes that they have
protected from incurring deleterious mutations. Furthermore,
they proposed that the adaptive evolution of transpositional
repression relied on a sufficiently high frequency of dominant
deleterious insertions and a sufficiently large effective popula-
tion size. Consistent with this prediction, previous simulations
of small RNA-mediated retrotransposon silencing, which as-
sumed dominant deleterious effects of new insertions and large
effective population sizes, observed selection for repressor alle-
les (Lu and Clark 2010). It is counter-intuitive, therefore, that
we also observed positive selection for repressor alleles in rela-
tively small populations of N = 2000 individuals, with entirely
recessive effects of TE insertions on fitness.

The apparent contradiction between our findings and the pre-
dictions of Charlesworth and Langley (1986) are at least partially
explained by differences in the transposition rates we considered.
The empirically estimated transposition rate for an unmarked
P-element of 0.1 (new insertions/element/genome) (Eggleston
et al. 1988) is multiple orders of magnitude higher than “typi-
cal” estimates of transposition rate in Drosophila (~ 10~* — 1075;
Nuzhdin 1999). The high transposition rates of P-elements may
not be exceptional, however, as other transposition rate esti-
mates were obtained from TE families we now understand to be
regulated by the piRNA pathway (Nuzhdin 1999; Brennecke et al.
2007). Higher transposition rates cause greater fitness benefits of
repression, because they increase the likelihood of a deleterious
insertion and therefore the relative advantage of an un-inserted
chromosome.

The fitness model that we employed in this study, which
was based on the transpositional bias of P-elements into func-
tional sites (Bellen et al. 2004, 2011; Spradling ef al. 2011), and
the estimated fitness effects of individual P-element insertions
(Cooley et al. 1988; Mackay et al. 1992), likely also contributes
to the strength of selection we observe. Although they act re-
cessively, the empirically estimated fitness effects of P-element
insertions are quite deleterious, with an average fitness cost of
12.2%, and 3.7% of sites acting as recessive lethals. Similar to
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high transposition rates, these dramatic fitness consequences
enhance the benefits of repressing transposition. Transposable
elements exhibit a diversity of preferences for particular inser-
tion sites, and the degree to which these preferences influence
selection for transpositional repression remains unknown.

Repression of dysgenic sterility and ectopic recombination
enhances adaptive evolution of small RNA-mediated TE si-
lencing

In addition to deleterious insertions, we also revealed dysgenic
sterility and ectopic recombination can exert positive selection
on repressor alleles in simulated populations (Figure 4C, 5B).
Our results differ from those of Lee and Langley (2012), who
previously considered selection on small RNA independent re-
pressors of dysgenic sterility. They observed that strong selection
on the repressor allele was too ephemeral to produce significant
changes its population frequency, owing to the rapid loss of
non-repressive maternal genotypes from the population. How-
ever, they also assumed that the presence of P-elements in the
maternal genome was sufficient to establish small RNA silenc-
ing, rather than explicitly modeling the production of regulatory
small RNAs from insertions at particular sites as we do here.
Our observations therefore suggest that dysgenic sterility can be
an important agent of selection for TE regulation, at least during
TE invasion. Dysgenic sterility may further be a common cost of
TEs that selects for repression in their hosts. In Drosophila, multi-
ple historic TE invasions are associated with dysgenic sterility
syndromes (Bingham et al. 1982; Bucheton et al. 1984; Blackman
et al. 1987; Evgen’ev et al. 1997; Hill et al. 2016), and at least three
of these syndromes have been attributed to the absence of mater-
nally deposited piRNAs (Blumenstiel and Hartl 2005; Brennecke
et al. 2008; Chambeyron et al. 2008; Rozhkov et al. 2010). More
broadly, mutations that impact TE regulation are associated with
fertility defects in diverse eukaryotes (reviewed in Castafieda
et al. 2011; Mani and Juliano 2013).

In forward simulations of TE dynamics, costs of ectopic re-
combination are described by a fitness model that assumes neg-
ative epistasis among TE insertions (Dolgin and Charlesworth
2006, 2008; Lu and Clark 2010; Lee and Langley 2012). Neg-
ative epistasis appears to be required to stabilize genomic TE
copy numbers in the absence of repression (Charlesworth and
Charlesworth 1983), a result that is supported by our observa-
tion that when repression is not permitted to evolve (R = 0),
only models that include ectopic recombination exhibit stabi-
lization of TE copy numbers in simulated populations (Figure
3). However, small RNA mediated silencing in particular may
reduce the fitness costs of ectopic recombination by establish-
ing a heterochromatic environment at TE loci that suppresses
recombination (reviewed in Blumenstiel 2011). Positive selec-
tion on small RNA mediated repressors is therefore expected
to be stronger in the presence of ectopic recombination. Our
model supports this prediction, revealing enhanced positive
selection on small-RNA mediated repressors at higher ectopic
recombination rates (Figure 5B, C). Because TE copy numbers
remained relatively low in the simulations we presented here
(generally < 60 copies), the adaptive dynamics we observed
could be greatly enhanced in large, repeat-rich genomes, where
individual elements can be represented by thousands of copies
(e.g., Naito et al. 2006). Suppression of ectopic recombination
may therefore represent a major benefit of small RNA mediated
repressor alleles.

In contrast to the benefits of repressing transposition and

14 Erin S. Kelleher et al.

potentially ectopic recombination, heterochromatin formation at
TE loci (i.e., transcriptional silencing) can also have a deleterious
effect if it interferes with host gene expression. Such deleteri-
ous effects have been observed in both Arabidopsis (Hollister
and Gaut 2009) and Drosophila (Lee 2015). Exploring trade-offs
between the costs and benefits of repression, and how such
trade-offs influence transcriptional versus post-transcriptional
regulation of TEs, would make an interesting direction of future
study.
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