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Abstract

Transposable elements (TEs) are essential components of the eukaryotic genomes. While
mostly deleterious, evidence is mounting that TEs provide the host with beneficial adaptations.
How ‘selfish’ or ‘parasitic’ DNA persists until it helps species evolution is emerging as a major
evolutionary puzzle, especially in asexual taxa where the lack of sex strongly impede the spread
of TEs. Since occasional but unchecked TE proliferations would ultimately drive host lineages
toward extinction, asexual genomes are typically predicted to be free of TEs, which contrasts
with their persistence in asexual taxa. We designed innovative ‘Eco-genomic’ models that
account for both host demography and within-host molecular mechanisms of transposition and
silencing to analyze their impact on TE dynamics in asexual genome populations. We unraveled
that the spread of TEs can be limited to a stable level by density-dependent purifying selection
when TE copies are over-dispersed among lineages and the host demographic turn-over is fast.
We also showed that TE silencing can protect host populations in two ways; by preventing TEs
with weak effects to accumulate or by favoring the elimination of TEs with large effects. Our
predictions may explain TE persistence in known asexual taxa that typically show fast
demography and where TE copy number variation between lineages is expected. Such TE
persistence in asexual taxa potentially has important implications for their evolvability and the

preservation of sexual reproduction.
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1. Introduction

How organisms are able to adapt to new environmental conditions is central to evolutionary
biology, and to unravel the determinants of such adaptation has increasing socio-economic
implications in the context of global changes (1). The scientific knowledge used to address
those challenges is rooted in standard genetic and ecological studies. Genetic approaches
provide insights into traits adaptive changes by accounting for a description of the underlying
sets of genes and their interactions (2). Ecological approaches are essential in identifying the
specific forms of frequency- and density-dependent selection that emerge from detailed
descriptions of ecological interactions (3). In both cases, the underlying Neo-Darwinian view

implies the evolution of genes determining life-history traits and/or reproductive isolation (4).

The revolution in sequencing technologies has revealed that such genes only represent a minor
fraction of eukaryotic genomes as non-genes typically account for about two-thirds of our own
genome (5) and up to 85% of the maize genome (6). Non-coding sequences were soon referred
to as the genomic ‘dark matter’ by analogy with the hypothetical substance that is predicted to
account for around five-sixths of the matter of the universe (7). Comparison does not hold far
behind such figures as this part of the genome is anything but made of slow moving massive
particles that weakly interact with normal matter. Instead, genomic and post-genomic studies
have started to shade light on the importance of those non-genic sequences that can potentially
dwarf the information of the genes. Not only can non-genes contribute to the regulation of gene
expression (8), but they can also be highly mutagenic actors altering genome structure (9),

standing genetic variations and species evolvability (10).

These drastic changes in our perception of genomes structure and dynamics are driven by
terabytes of data generated by ever-higher throughput genomic, transcriptional and post-
transcriptional studies. With such an unprecedented accumulation of information, new
opportunities are emerging to better understand the mechanisms underlying micro-evolution
(11) and biological innovations (12). As in other fields of biology, theoretical approaches are
essential in digging up knowledge from complex datasets (13). This has led to repeated calls to
develop an ‘Ecology of the Genome’, an approach that aims at adapting ecological concepts
and models to comprehend the interactions between the genic and non-genic entities shaping

genomes (14,15).
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The broad objective of the present study is to contribute to the emergence of this approach by
a theoretical investigation of the dynamics of retro-transposons, i.e. class I transposable
elements, thereafter simply referred to as ‘TEs’ although, sensu stricto, the definition ‘TEs’
also include class II elements. Those TEs are widely spread in eukaryotic species, typically
representing 10-50% of their DNA (6) and constituting a substantial amount of the genomic
‘dark-matter’. They indeed have a high potential to spread via ‘copy and paste’ mechanisms,
which raises a fundamental question at the heart of genome ecology; what is regulating TE
proliferation and the correlated increase in genome size by restraining their copy number to an

equilibrium level?

Most theoretical answers to this question have been focused on two hypothetical regulatory
mechanisms. Modelling studies have shown that 1) selection against deleterious effects of TEs
can allow for a stable number of copies if such effects show negative synergistic epistasis
(16,17), and that ii) regulation of transposition can stabilize the number of TE copies through
competitive interactions between copies (18-21). Comparisons with the theory of host-parasite
interactions suggest that several features lacking in the above genetic models could have an
impact on the predicted TE dynamics. First, host population size is typically considered as a
constant in these models, so that they not allow tracking the effect of the spread of TEs on the
population size. The corresponding models therefore do not account for the density-dependent
feedback between the spread of TEs and the host population dynamics, while it is clearly
established in theoretical epidemiology that such feedback plays a key role in regulating ‘true’
parasite populations (22). Second, genetic models lack a flexible description of the distribution
of the number of TE copies per host individual that is considered to be Poisson (23), while
experimental (24,25) and theoretical (26,27) studies have shown that over-dispersed TE
distribution emerge from self-fertilization or heterogeneities between lineages. The theoretical
evidences that aggregation of ‘true’ parasites in hosts significantly affect the stability of their
interactions (28-30) suggest that such over-dispersion of TE distribution is likely to have an
impact on TE persistence. Third, most genetic models do not consider TE epigenetic silencing
despite its ubiquitous effect on transposition (6,8,9,12) and while similar mechanism of within-
host developmental delays, such as dormancy of ‘true’ parasites, have been shown to
significantly change host-parasite dynamics (29,30). While TE copies can also be inactivated
by mutations, such as insertions or deletions, we restrained ourselves from considering the
distribution of non-transposing remnant copies (as in 31,32), although those can potentially

contribute to host adaptation (33) and genome size variations (34).
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In this contribution, we developed original ‘Eco-genomic’ models of host-TE population
dynamic based on analogies between TE dynamics and the transmission of ‘macro-parasites’,
such as helminths and parasitic arthropods, in order to provide theoretical insights into the
potential effects of the three above determinants that are currently not accounted for in our

theoretical understanding of TE population dynamics and evolution.
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2. Material and methods

The use of conceptual and modelling analogies between the dynamics of TEs and those of ‘true’
parasites has been proposed to improve our understanding of the former and its implication for
genome structure and evolution (14,15). Here, we take the view that transposition, deletion and
the effects of TEs on their hosts are similar to macro-parasite reproduction, death and virulence
and we adapt a well-established framework developed for macro-parasites (28-30) to model

host-TE interaction dynamics.

2.1. Eco-genomic modelling of TE dynamics

The theory of host-macro-parasites interactions is built on a mathematical framework first
proposed by Anderson and May (28) and that split the host population into categories defined
with respect to the number 1 (i=0,...,0) of parasites carried by individuals at time t (Figure 1A).
The host-macro-parasite interaction is then modelled by describing the rates at which
individuals enter and leave those categories according to the host demography and parasite
transmission and virulence. By considering TE copies as individual parasites, this A&M
framework can readily be used to describe the dynamics of a TE family within a population of
its host genomes at time t. The following parts describe how we adapted this framework to
account for the 1) host demography, ii) deleterious impact of TE, iii) distribution of TE copies

between individual genomes, and the iv) epigenetic inhibition of their transposition.

2.1.1. Model with no silencing

We first considered the simplifying assumption made by most existing models of TE dynamics
that TEs are not silenced. The model shall then predict the numbers of individual genomes
carrying i (i=0,...,00) active elements at time t (Figure 1B) according to the host demographic
processes, the transposition and deletion of TEs, and their deleterious effect on host

demography.
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Figure 1. Eco-Genomic Models of Host and Transposable Elements (TEs) Dynamics. (A) The
Anderson and May (28) modelling of the infection of an host population by macro-parasites. Host
individuals are put into categories defined by the number i of parasites they carry, and G; denotes the
number of hosts found in category i. (B) Eco-genomic Model with no silencing. G; denotes the number
of hosts found with i active TEs (black boxes). (C) Eco-genomic Model with silencing. G;; denotes the
number of hosts carrying i active (black boxes) and j silenced (open boxes) TEs. In (A) and (B), the
rates at which host individual genomes are gained or lost from categories G; or G;; are defined according
to the processes and parameters described in the main text. The time dependency of the state variables

has been removed for convenience.

Host demography. Each host individual can reproduce and die according to intrinsic per capita
host birth (by) and death (dy) rates, with asexual reproduction increasing the number of
individuals in the parental category while deaths contribute to decrease it (Figure 1B). When
considering only these two basic processes, the host population undergoes exponential growth.
Although such a demography would typically occur during the colonization of a new ecological
niche, the unbounded growth is sooner or later expected to be down-regulated because of
competitive interactions between host individuals. This was modelled by considering a
diminishing return term (o) increasing host mortality and ultimately leading to a logistic

regulation of the host population.

TE transposition-deletion dynamics. Each active TE copy can transpose and be deleted at
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constant rates by, and dr,. These processes do not make the number of host genomes to vary,
but only change the categories that individuals belong to. Transposition decreases the number
of genomes carrying i TE copies and increases the number of genomes bearing i+1 copies,
while deletion lower the number of hosts carrying i TE copies and increases the number of hosts

bearing i-1 copies (Figure 1B).

Deleterious effects of TEs. The effects of TEs are modelled by defining a per copy increase (¢)
of the host death rate and by considering the effects of copies to be additive. The TE-induced

effect on host demography is then proportional to the number i of active TE copies (Figure 1B).

The basic Anderson and May’s model for active TEs and host genomes. All the above processes
summarized in the flow diagram appearing in Figure 1B can be lumped into the following
differential equation describing the variations in the number Gj(t) of host genomes carrying i

TE copies at time t;

dG(0) | |
- (TH — aHZGi(t))Gi(t) — 1@ G(t) + (= 1)braG; - 1(t)

— i (brg + dra Gi(t) + (i + D)dra G, 11 (2) (1)

where ry = by — dy and 1 varies between 0 and infinity.

This infinite system of equations can then be used to obtain the two equations describing the

rates of change in the number of host genomes, G(t), and in the number of active TE copies, T,

(t). Since G(t) = ZiGi(t) and Ty (t) = ZiiGi(t), these two equations and the resulting model of

host-TE dynamics in the absence of epigenetic silencing stand as (Appendix A):
dG(t)
g =THG(®) —anG* () — @ To(®) (2a)

T (i — @ G(®) + rrdTa() —9 G(®) E() (2b)

where r7, = bry — drg.

These equations neatly show a first outcome of our modelling. The expectation of the squared
number of TEs (i.e. E(i?)) appearing in equation (2b) indeed implies that the TE dynamics

depends on between host individual copy number variations. To determine further how TE
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dynamics is impacted by such variations we considered two alternatives; a homogeneous

Ty

distribution, where all individual carry the same number of copies and E(i?) = (E) ,and a

e . : : . Te k+1
heterogeneous distribution, described by a Negative Binomial law whereby E(i?) = -t %

T\ 2
(E) . The rational behind the use of a negative binomial is that the TEs distribution is likely to

be over-dispersed because of the lower genetic exchanges associated with asexuality and
heterogeneities in the transposition rate between host individuals or lineages (see discussion for
details). A Poisson law, representing a random distribution of copies, can be recovered from
the latter by making k converges to infinity, while finite k values generate over-dispersed
distributions with some individual genomes carrying more copies than expected under a random
distribution. By assuming the TE distribution to follow one of these distributions at any given
time of the host-TE dynamics, the above expressions of E(i?) can be substituted into equation
(2b) to obtain the closed forms of the model (Appendix A) that we analyzed using standard
technics of dynamical systems theory (Appendices C and D).

2.1.2. Model with silencing

The above model with no silencing was modified to account for TE epigenetic silencing and
therefore predict the numbers of individual genomes carrying i active and j silenced TEs
(1,j=0,...,00) at time t (Figure 1C), according to the processes already modelled in the previous

section as well as the epigenetic silencing and (re)activation of TEs.

Silencing and activation of TEs. We accounted for a constant rate of epigenetic silencing
applying to all existing active copies (s) and for the silencing of new TE copies that transpose
into a silenced area of the genome. The latter was modelled by assuming a new copy to
transpose into euchromatine or heterochromatine (where they are silenced) with probability p
and 1-p, respectively. We further defined a per copy rate of activation (a) applying to all
silenced copies and a specific rate of deletion applying to silenced copies (drs). As for
transposition and deletion, these processes do not make the number of host genomes to vary,

but only change the categories that host individuals belong to (Figure 1C).

The structured Anderson and May’s model for active-silenced TEs and host genomes. All the

processes represented in Figure 1C can be lumped into the following differential equation
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describing the variations in the number G;;(t) of host genomes carrying i active and j silenced

TE copies at time t:

daG;;(t) . .
de = (= @) 6(© 61,0 = 19 6iy(® + (= Dbrap Gi—1,(0
0
— (i (brq + dra) — j drs)Gij(t) + (i + Ddra G4 1;(t)
+ ibra(1—p) Gij—1(t) + G+ Ddrs G 4 1 (D)

F(@+1)sGi41,j-1O+G+DaGi—1;+1() — (s +ja)G(t) (3)

where 1 and j varying from 0 to infinity.

From this infinite system of equations, we derived the set of three equations describing the rates

of host genomes, G(t), the number of active TE copies, T,(t), and the number of silenced TE
copies, T4(t) at time t (Appendix A). The resulting model of host-TE dynamics in the absence

of silencing stands as:

T =T 60 — a6 (1) — p Tu(®) (4a)
dT;t(t) = (ry — any G(©) + 17 Ta(t) —p G(t) E(i*) —sT4(t) +aT(t) (4b)
DO (g — ay 6(8) — dr) To(8) + bra(1 — p)Ta(t) —pG(OE(I) (4c)

+ sT.(t) —aTs(t)

with r7, = brep — drq, Which is equivalent to its definition associated with equation (2b)

where, in the absence of silencing, p=1.

Further considering that epigenetic silencing and activation occur typically much faster than
the birth, death, transposition and deletion processes, we assumed them to be at dynamical

equilibrium whenever the other processes occur (Appendix A). The proportion of active TE
-1
copies is then p, = (1 + 2) , which allows re-writing equations 4 to obtain the model of host-

TE dynamics in the presence of silencing:

B 1 GO — apGA(t) — 9 To() (5a)

10
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T — (i — ay G(O) + 1) Ta(®) — G() E(i2) (5b)

? = (ry— an G(t) — drITs() + bra(1 — P)Ta(t) — ;0G(OE(2) (5¢)

where 17 = prrq — (1 — po)drs and 174 = brap — dr.

The equation describing the variations of the total number of TEs at time t, referred to as T'(t),

can then be derived by summation of equations (5b) and (5¢):

% = (ry —ay G(t) +rp) T(t) — pﬂ G(t) E(i?) (5d)

where T =Pq"Ta — (1 - pa)de-

Using the same expression of E(i?) as in the absence of silencing, the closed forms of the model
were obtained under the assumptions of homogeneous and heterogeneous TE distributions

(Appendix A), and were analyzed using the standard technics of dynamical systems

(Appendices C and D).
2.1.3. A Bernouilli equation for the mean number of TE copies per genome

The models presented above provide equations describing the dynamics of the number of
individual genomes and active and silenced TEs. Those equations can further be used to predict
the dynamics of the mean number of TE copies per genome, T(t) (Appendix B). The equation
for the dynamic of T(t) then takes on a simple form:

dT(t) = = Y .
—a = 11T (&) + op T (t) — 5 E(?) (6)

where r7 and p, (as defined above) take on maximal values, i.e. p, = 1 and r; = g, in the

absence of epigenetic silencing.

The expectation E(i%) can again be replaced by its expression assuming a homogeneous or a
heterogeneous distribution of TE copies. Whatever be this distribution, equation (6) turns out
to be a Bernouilli equation (Appendix B). This equation has a high level of generality as it can
be used to predict the dynamics of T(t) while considering null or deleterious effect on their
host under any assumptions about the host demography, distribution of TEs between individual

genomes and the rate at which the silencing and activation occur.

11
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3. Results

We first made predictions for neutral TEs, before to account for the deleterious effects that TEs
can have on the host demography. The detailed analyses of all neutral and non-neutral models
can be found in Appendix C and are summarized in Appendix D. Their main outcomes are

presented below.

3.1. What are the effect of host demography, copy number variation and

silencing on neutral TE dynamics?

In the absence of TE effects (¢=0), equations (2b), (5d) and (6) are linear and lead to
exponential dynamics. We identified the analytical expressions of the exponential rate of
variations to provide clear predictions about the effects of host demography and TE distribution,

epigenetic silencing and activation on neutral TE dynamics (Figure 2 and text below).
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Figure 2. Dynamics of neutral TE - Host interactions. Neutral models always predict exponential
variations of the fotal or mean number of TE copies. (A) The rate of increase of the fotal number of TE
copies is higher in host population growing exponentially (bold grey) than in regulated population (thin
black) and lower with epigenetic silencing (dotted lines) than without (continuous lines). (B) The rate

of increase of the mean number of TE copies varies only with the presence or absence of silencing.

Host demography and TE distribution. During the expansion of a host population (ay=0), the
rate of increase of the total number of TE copies in the population (T) equals ry+ry, (Figure
2A), whatever be the distribution of TE copies (models 1.1.1 in Appendix D). The host
demography (ry=by-dy) and the within-host TE dynamics (rr,=br,-dt,) then make equal and

12
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additive contributions to the spread of TEs. When the host population dynamics is down-
regulated (ay#0), the rate of increase of T is predicted to slow down and converge to rr, as it is
no longer fueled by the host population growth (Figure 2A). This, again, is independent of the
TE distribution (models 1.1.2 in Appendix D). Importantly, the above effects of host
demography on the dynamic of T during a host expansion vanishes when looking at the mean
number of TE copies per individual genome (T), so that the rate of increase of T equals ry, for
both exponential and regulated host population (Figure 2B, models 1.1.1 and 1.1.2 in Appendix
D). In the absence of TE effects, there is indeed no indirect ‘host-mediated’ interaction between
neutral TE copies. The number of copies then varies at the same rate in every host individual,
whatever the number of copies it bears and, accordingly, T follows the exact same density-
independent transposition-deletion process as the number of neutral TE copies in each host.
Obviously, this also explains why the rate of increase of T does not depend on the TE

distribution (models 1.1.1 and 1.1.2 in Appendix D).

Silencing. The process of epigenetic silencing has no impact on the nature of the growth of the
number of neutral TE copies that remains exponential, although it affects the rate of such
increase. While the expressions of the rate of increase of T and T are similar to those obtained
in the absence of silencing (models 1.2 in Appendix D), they now depend on the arithmetic
mean (rr) of the rates of transposition-deletion of active and silenced copies, rr = pa.rt. - (1-
pa)-drs, Where p, is the proportion of active copies. Since silencing and activation typically occur

at higher rates than the other processes, the proportion of active TEs is considered to reach the
-1
dynamical equilibrium between these two molecular processes; p, = (1 + Z) in every host

individual. As expected, epigenetic silencing then slows down the spread of TEs as a result of
a reduced transposition activity (Figures 2A-B). Potentially, silencing could control the neutral
dynamic of T by turning its (exponential) increase into decrease. This requires s>a. rr, /drs, i.€.
the rate of epigenetic silencing to exceed the rate of activation of silenced copies by an amount
that correspond to their relative contributions to rr. Again, in the absence of TE effect, the
dynamic of the number of TE copies in every individual and its average T follow the same
transposition-deletion-silencing-activation density-independent process, which explains why
the dynamics of T is independent of host demography and TE distribution (models 1.2 in
Appendix D).

13
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Altogether, these results provide a simple theory of neutral TE dynamics in a population of host
individual genomes. The mean number of TE copies per genome varies exponentially at a rate
given by a meaningful quantity (rr) that only depends on the within individual genome
processes. The host population processes only impact the variation of the total number of TE
copies during host expansion with the host population growth (ry) providing a purely additive

contribution to those variations.

3.2. When are TE dynamics stabilized by host-mediated purifying selection?

In the presence of TE deleterious effects (¢+#0), equations (2b), (5d) and (6) become non-linear
and the host and TE dynamics can feedback on one another, which lead to five different
dynamical outcomes (Figure 3). We performed stability analysis to identify the conditions
where each of these dynamics occur with respect to the host demography, TE distribution and
the absence or presence of epigenetic silencing (Figure 4) in order to predict when purifying

selection could allow for TEs to persist in asexual populations.

Host demography and TE distribution. When the distribution of TE copies between individuals
is homogeneous (models 2.1.1.1 and 2.1.2.1 in Appendix D), the host demography has no effect

on TE dynamics. In exponentially growing (ay=0) and regulated (ay#0) host populations, the

spread of TEs leads to the ‘Co-extinction’ of both hosts and TEs (Figure 3A).

14
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Figure 3. Dynamics of deleterious TE - Host interactions. Non-neutral models predict either the ‘Co-
Extinction’ of hosts and TEs (A), a ‘Demographic Dilution’ as the number of host ultimately grows
faster that the fotal number of TE copies (B), a ‘Selective Purge’ as the host population persist free of
TEs (C), a ‘Stable Growth’ whereby the number of hosts and TE copies ultimately grow at the same rate
(D), or a “Stable coexistence Equilibrium’ where the numbers of hosts and TE copies reach a non-trivial
equilibrium (E). In cases (B) and (C) the mean number of TE copies converges toward 0 (see B’, C’),

while in cases (D) and (E) it converges to a stable equilibrium (see D’, E’).

When there are copy number variations between individuals (models 2.1.1.2 and 2.1.2.2 in
Appendix D), the dynamical outcomes are much more diverse. During a host expansion (ay=0)
and when copy number variations follows a Poisson distribution (k—o0), the spread of TEs can
also lead to ‘Co-Extinction’, but only if deleterious effects are weak, i.e. ¢ <rr, (Figure 4A).
Increasing TE effects above that first threshold allows for the host population to persist and for
the fotal number of copies in the population (T) to increase (Figures 3B and 4A), although the
mean number of copies per host T converges towards 0 (Figure 3B”). We refer to this dynamic
as a ‘Demographic Dilution’ of TEs as it results from an unbounded increase in the number of
individuals with low number of copies overwhelming a similarly unbounded, albeit slower,
increase in the number of host individuals carrying more TE copies. This dynamic is associated
with host expansion and disappears in regulated host populations (Figure 4B). When TE effects

exceed a second threshold, i.e. ¢ > rp,try (Figure 4A) or ¢ > rp, (Figure 4B), individuals with
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more copies are sufficiently selected against for all TE copies to vanish from the host
population, which then persists free of TEs (Figure 3C, C’). We refer to such a dynamic as a

‘Selective Purge’.
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Figure 4. Conditions for the stabilization of TE - Host dynamics in the presence of TE copy
number variations. The conditions where the dynamics presented in Figure 3 occur are given with
respect to ¢ under the assumptions considered for the host demography, the distribution of TEs, and
with or without silencing. CoExt=Co-Extinction, DD=Demographic Dilution, SP=Selective Purge,
SG=Stable Growth, SE=Stable coexistence Equilibrium.

Importantly, in all conditions considered above, selection never leads to a stable number of TEs
per genome. A stable TE equilibrium only emerged when we considered the copy number
variations to correspond to an over-dispersed TE distribution by letting k takes on finite values
(Figure 4C, D). To increase TE distribution heterogeneity indeed provides a new type of
dynamics whereby the mean number of copies T reaches a stable equilibrium (Figure 3D’,
section 2.1.1.2 in Appendix C), while the total number of hosts and TE copies still grow
exponentially in the absence of host demographic regulation (ay=0, Figures 3D and 4C).
Interestingly, such a ‘Stable Growth’ is only obtained for TE with intermediate effects, i.e.
when rr, - ry/k <¢ < rr, (Figure 4C). Lower values of ¢ lead to ‘Co-Extinction’ and larger
effects lead to a ‘Demographic Dilution’ or a ‘Selective Purge’ in a similar way as described
when the copy number variation is assumed to follow a Poisson distribution. In a logistically
regulated population (ay#0), TE dynamics are similar to what we just described during host
expansion, but for two main differences (Figure 4D). First, ‘Demographic Dilution’ is no longer
expected and instead TEs are eliminated since competition between hosts lead to selection
against individuals that bear more TE copies. Accordingly, the range of ¢-values where a

‘Selective Purge’ is expected extends to ¢ >rr,. Second, when TE distribution is over-dispersed,
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the ‘Stable Growth’ of TE with intermediate effects is replaced by a ‘Stable Equilibrium’ where
T reaches an equilibrium (Figures 3E’ and 4D) with the total number of hosts and TEs
converging toward stable equilibrium levels (Figure 3E) because of the host population

regulation (Appendix C section 2.1.2.2 and next section).

Silencing. The process of epigenetic silencing does not change the types of host-TE dynamics,
but it affects the ranges of ¢ values that lead to each of the dynamics presented in Figure 3A-
E. The formal expressions of all thresholds separating those different ranges of ¢ values (Figure
4A-D) are equivalent to those derived in the absence of silencing, although they now depend
on the arithmetic mean of the rates of growth of active and silenced copies (rr) instead of the
rate of active TEs (rr,). Since rr is constitutively smaller than rr,, all thresholds are shifted
towards smaller ¢ values. Accordingly, whatever the assumptions about the host demography
and the distribution describing copy number variations, the range of ¢ values driving hosts and
TEs to ‘Co-extinction’ decreases while the range of ¢ values allowing for a ‘Selective Purge’
increases (Figure 4A-D). When the conditions are met for TE to persist, the proportion of active

TEs is again considered to reach the dynamical equilibrium between silencing and activation
-1
processes, i.€. to be equal to p, = (1 + Z) .

Altogether the results of this section provide original conclusions about the ability of selection
to regulate the proliferation of TE copies within genomes. First, selection can stabilize TE
dynamics if copy number variations correspond to an over-dispersed distribution. Second, such
a regulation further requires TE effects of intermediate levels since too weak effects lead to TE
proliferation and host extinction, while TEs with too strong effects get eliminated. Third, TE
silencing can protect host populations in two ways; either by preventing TEs with weak effects
to grow in large number and to induce host extinction, or by favoring the elimination of TEs

with large effects.

3.3. What are the equilibrium number of TE copies and the ‘demographic
load’ affecting the host population?

The above results have shown that, in a regulated host population, TEs can 1) go extinct with
their host population, ii) persist at some stable equilibrium, or iii) be eliminated by purifying
selection (Figure 4D). We further aimed to predict the effect of the model demographic and
molecular parameters on the actual equilibrium level of the numbers of host individuals and TE

copies.
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The analyses performed in Appendix C show that the total number of TE copies and the host

population size at equilibrium are;

0 if @ <rp—rylk
k .

T" = anpa(rH —k(rr —9))(rr — o) if rr—ru/k<o@<rr (7)

O lf rr < ()
and

0 if o <rr—ry/k
1

G* = (TH(T'H_IC(TT—(P)) if rr—ruy/k<@<rr (8)

rj lf rr < ®

ay

Accordingly, when TEs are able to persist, i.e. if rrry/k < ¢ <ry, the mean number of TE copies

per individual at equilibrium is;

T* = e —0) 9)

This relationship clearly shows that the mean number of TE copies per genome decreases with

¢ from a finite value, oy towards 0 (Figure 5A).

TH
pa(krT -
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Figure 5. Coexistence between TEs and their Hosts and the Demographic Load. Variation of the
equilibrium level of the mean number of TE copies per genome (A), the total number of TE copies (B),
the host population size (C) and the Demographic Load (D) with the respect to the effect of TEs on their
individual host (¢). In (D), rr’<rr and k’> k. Grey and black vertical arrows show the increase in L* due
to an increase in rr (to r1”) and k (to k), respectively. Results were all obtained with the complete model
including both a logistic regulation of the hosts and TE silencing. ND=Not-Defined as both the fotal

number of TE copies (T*) and the number of host individual genomes (G*) are 0.

This, however, can be partially deceptive as the total number of TE copies is expected to
increase with ¢ until it reaches a maximum at ¢ = JT7(kTT — ) before to decrease toward 0
(Equation (7), Figure 5B). Such apparent discrepancy is explained by the variations of the
number of host genomes (Equation (8), Figure 5C). Interestingly, despite non-linear variations
in the total number of TEs, their impact on the host population size is linear. This impact can
be measured by a TE demographic load defined as the difference between the host population
sizes expected in the absence and in the presence of TEs;

AL (10)
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This expression clearly depicts the demographic implications of the purifying selection process;
the effect of TEs on the host population size (L*) decreases when their effect at the individual
level (¢) increases (Figure 5D). Host-mediated purifying selection is indeed more efficient
against more deleterious TEs, so that such TEs reach lower number of copies per genome, as
shown by equation (9), which leads to a smaller reduction of the host population size. This TE
demographic load increases with k as larger values of k (such as k’ in Figure 5D) lead to less
heterogeneous TE distribution, which weaken the efficacy of selection for any given ¢ value.
Meanwhile, any increase in the relative rate of epigenetic silencing and activation (s/a) reduces
the impact of TEs on their host population size. Larger s/a ratio indeed lead to a higher
proportion of silenced TEs (p), which lowers rt since r1= p,.rr, - (1-p,).dts, and in turn reduces

L* for any given ¢ value.
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4. Discussion

An appealing perspective in the ‘Ecology of the Genome’ approach (14,15) is to understand TE
dynamics in a host population whose size depends explicitly on both its ecology and the TE
effect on individuals’ demography. By adapting a well-established model of host-macro-
parasites interactions (28), we developed an innovative ‘Eco-genomic’ modelling of the spread
of retrotransposons in asexual populations. This modelling was intended to provide original
insights according to three of its specific features; 1) the effect of TEs on the host population
size are accounted for, therefore leading to a density-dependent purifying selection regime, ii)
the copy number variations is allowed to follow an over-dispersed distribution, which, for
asexual taxa, appears as a more sensible assumption than the standard Poisson distribution, and

1i1) the ubiquitous mechanisms of TE epigenetic silencing are considered.

4.1. The implications of copy number variations and density dependent

purifying selection on TE dynamics

A main outcome of our modelling is that the average number of TEs per genome can reach a
stable equilibrium at which the host population suffers a TE-induced demographic load.
Although an equilibrium was previously reported for selfing (26) and asexual (35) populations,
this only hold under two strong assumptions; i) the absence of element excision and ii) an
infinite host population size. Relaxing the former generates TE free individuals that ineluctably
spread to fixation in an infinite population, which purges the population from TEs whatever
their impacts on host fitness (35). By contrast, considering finite populations consistently lower
the efficiency of purifying selection and lead to an unbounded proliferation of TE copies
(35,36). As expected, models relaxing both assumptions predict the existence of thresholds
around which small differences in TEs or host features can switch the dynamics from TE
elimination to TE accumulation leading to host extinction (26,35,37,38). Those results support
the assertion that asexual (or strongly selfing) populations shall not bear TEs, or only for a
transitory period (39). However, this contrasts with the presence of TEs in bdelloid rotifers (40)
or mites (41) that have been reproducing asexually for million years, parthenogenetic micro-
crustaceans (42), asexual parasitoid wasp (43), and in unicellular amoebas (44) or algae (45)
that show no or very low levels of sexual reproduction. Several hypotheses have been explored
to explain TE persistence. Although these theoretically studies typically consider some level of
host sexual reproduction, which favours the spread of TEs, the regulating processes investigated

are still relevant for asexual populations. A first mechanism to limit TE expansion is that
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insertions induce deleterious non-homologous recombination (16,26,46). As the probability of
TE-mediated ectopic recombination is expected to increase with the square of copy number, it
produces a negative feedback on the TE population growth rate leading to a stable number of
copies. While these synergistic effects were included in the two models considering selfing (26)
and asexual (35) hosts, they did not allow for an equilibrium to be reached in finite populations.
Alternatively, regulating feedbacks could emerge from cis- or trans- acting mechanisms of
transposition repression at the host individual level. The rate of transposition of a given copy
would then decrease with the number of copies located in its genomic neighbourhood or within
the individual genome. These mechanisms of transposition ‘immunity’ and ‘repression’ can
produce stable copy number in sexual populations (16,18). While such self-regulation of
transposition was not included in the two above models considering asexuals or selfers, such
populations are expected to be prone to its evolution (19), which could potentially explain TE
persistence (41). Finally, horizontal transfers can balance TE elimination through source-sink
dynamics (37,47) and beneficial insertions can maintain slightly deleterious donor copies and
preserve TEs from extinction in both constant (47,48) and fluctuating (49) environments.
Interestingly, none of these regulatory mechanisms were included in our models, and yet a
stable equilibrium was reached. This unveils an original mean by which TEs can persist stably
in asexuals when indirect host-mediated interactions between copies generate density-
dependent demographic regulation and purifying selection. If the demography of a host
individual depends on the number of TEs it bears, the TE population growth rate is indeed set
to decrease with the square of copy number - even if TEs have purely additive effects on host
fitness - as evidenced in equations 5(b-d) and (6). A stable equilibrium can then emerge,
provided that the variability in TE copy number between individuals is greater than expected
under a Poisson distribution. While measurements of this distribution are lacking, it seems
likely to be over-dispersed in asexual and selfing populations for two reasons. First, the
variability in the number of TE copies increases with the lower genetic exchanges (26,50) and
larger population sizes (23,35) associated with those reproductive modes. Straightforward
calculations show that the coefficients of variation of copy number emerging from simulations
of TE dynamics in selfing populations (26) are equivalent to low values of k (~10-3-10#). Such
values correspond to strongly skewed distributions that enhance the strength of selection and
favour the maintenance of TEs by strongly reducing the lower boundary of the range of
deleterious effects of TEs where a stable equilibrium is reached, i.e. rt - ry/k. Second, an over-
dispersed TE distribution is expected whenever the transposition rate varies between host

individuals or lineages, as it shall be since transposition activity depends upon the local genomic
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context (51), and on host (52) and environmental (53) factors. Such variations could be
accounted for by a rate of transposition following a gamma distribution, just as substitution rate
heterogeneity is modelled in phylogenetic studies (54). Interestingly, the number of TE copies
then follow a gamma-Poisson, which effectively is a Negative Binomial distribution, and would
thus fit the distribution considered here. Overall, our new modelling approach confirmed the
existence of a threshold value whereby TE dynamics switches from elimination to accumulation
if the TE distribution among individuals is Poisson. More significantly, it also unravelled that
when this distribution is over-dispersed, which seems likely in asexual or selfing populations,

a more gradual transition is expected and allows for a stable number of TEs per individual.

4.2. How do molecular mechanisms of epigenetic silencing contribute to the

maintenance of TEs?

Theories investigating the success or failure of TE invasion focus on transposition-deletion-
selection balances (16-20,23,26,27,35-38,46-49). While a substantial knowledge of the
epigenetic mechanisms of TE silencing has accumulated (8,9,55,56), it never was accounted
for and, accordingly, there exists no prediction about their effects on TE population dynamics.
By accounting for those mechanisms, we showed that the rate of TE increase (rr) is the
arithmetic mean of the rates of transposition-deletion of active copies and the rate of deletion
of silenced copies weighted by their relative proportion. This intuitive formulation illustrates
that, as expected, silencing reduces the increase of copy number with key implications for the
long-term TE dynamics. When the TE distribution is Poisson, silencing does not allow to reach
a stable equilibrium, but it changes the ranges of TE effects where their elimination and
accumulation are expected. The threshold level of deleterious effects delimiting when those
outcomes are expected, i.e. r, decreases with the rate of silencing, so that silencing allows for
purifying selection to remove elements with lower deleterious effect that would have
proliferated otherwise. Although such conclusion may seem counterintuitive, as silenced copies
are thought not to have strong deleterious effect on fitness, the trade-off with the lack of
transposition actually drives TEs towards elimination. Similar predictions were made when
assuming an over-dispersed distribution of copies. Silencing shifts the ranges of deleterious
effect where the different dynamical outcomes (TE accumulation, equilibrium and elimination)
are expected since the two thresholds values delineating those conditions, namely r-ry/k and
r1, depend upon r7 in the same way. Silencing was then unable to broaden the conditions for a

stable number of TE copies to be reached, but it limited the proliferation of elements with lower
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effects and facilitates the elimination of elements with larger effects. Interestingly, in slowing
down the accumulation of TEs with low effect and in allowing for their persistence in a stable
equilibrium, silencing benefits not only the host but TEs themselves as they no longer drive the
dynamics of interaction towards co-extinction. Altogether, these results suggest that previous
theoretical studies, by not accounting for silencing, are likely to have over-estimated the risk of
asexual lineage extinction due to TE accumulation and, accordingly, the associated advantage
of maintaining sexual reproduction (35,39). By essence, theoretical predictions are born from
modelling assumptions. While we considered a constant per copy probability of silencing (s),
the two molecular mechanisms involved in TE epigenetic control, i.e. the small RNA
interference (RNAi1) and RNA-dependent DNA methylation (RdDm), could make the per copy
probability of silencing to vary with the number of copies. The amplification of the pool of 21-
22nt small interfering RN As involved in post-transcriptional silencing (55) and the trans-acting
effects of 24nt to guide the methylation of TEs (56) are indeed likely to help better controlling
any additional copy. Although no assessments of the strength of such non-linear dynamics of
silencing are available, modelling the RNAi pathway on its own (57,58) or with the RdADm
pathway (59) has shown that they can regulate TE dynamics at host individual or lineage scales.
How far such conclusion would hold in host population models accounting for selection against
TE deleterious effect remain an open question. The molecular regulation of TE proliferation
within each individual/lineage would indeed concomitantly lowers purifying selection by
reducing the variability of the TE distribution between individuals. Investigating the conflict
between individual and population scale regulation will require hybrid-models combining

molecular and demographic processes, as exemplified in another context (60).

4.3. How deep can we think about TE as macro-parasites, and vice versa?

Comparisons are often drawn between TEs and virus as transposition, replication and their
silencing involve similar molecular processes (e.g. 61). However, the link between TE number
and their effects on host fitness is the same as those between macro-parasites and their impact
on host morbidity and mortality (28-30). We thus adapted the modelling framework developed
for macro-parasites, rather than SI models used to study infections by other (viral) genomic
parasites (22, 37). As it accounts for an explicit description of the host demography and the
effects of TE on those processes, our modelling provides a natural environment to investigate
the impact of host ecological interactions and network structures that may play an important
role in TE dynamics (62). The fate of TEs is indeed predicted while purifying selection emerges

from the description of host ecology, which generate frequency- and density-dependent
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adaptive dynamics that cannot be anticipated from genetic models assuming a constant
population size (3). This background could then help answering topical questions about the role
of TEs in host ecology and micro-evolution (9,14,15,53,62). Its second appealing feature is that
it relies on compartmental modelling to split the host population into categories. While host
individuals were differentiated by their number of active and silenced TE copies, compartments
could partition the population into developmental stages, demes or genome structures, such as
the division into euchromatine vs. heterochromatine, that all influence the rates of transposition
and/or silencing. The proposed background thus carries a strong potential to better understand
species specific differences in TE content (6). While further adapting the Anderson and May
(28) background could provide new insights into the role of TEs in ecology and evolution, this
may also feedback on our understanding of host-macro-parasites interactions. Although TEs
share important features with macro-parasites, their primarily vertical transmission is very
distinctive. Helminths congenital transmission is typically thought to be of secondary
importance, although Schistosome ova and larvae have been found in human placenta and trans-
placental passages of Onchocerca volvulus and Wuchereria bancrofti have been reported (63).
We may then learn about the role of vertical transmission of macro-parasites from modelling
TE dynamics. Already appearing here is that vertical transmission does not lead to
asynchronous host and parasite oscillations that typically allow sustaining their interaction (64),
but destabilizes the interaction by favouring parasite accumulation, which makes host and
parasite co-extinction more likely. Hypothetically, the limited level of vertical transmission in
macro-parasites may then be an adaptation to avoid co-extinction dynamics that hosts wouldn’t
be able to prevent through molecular mechanisms of silencing targeting such parasites, which
is consistent with the higher level of congenital transmission observed for viruses whose

replication can be controlled by the same molecular pathways as TEs.

We hope this study will contribute to the development of the ‘Ecology of the genome’ that is
emerging as a key interdisciplinary field in today’s biology in order to strengthen the analyses
of massively accumulated genomic and post-genomic data. It exemplifies how incorporating
biological knowledge from different fields into generic mathematical models helps circulating

concepts across disciplinary boundaries.
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