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ABSTRACT

Sexual reproduction and recombination are important for maintaining a stable copy number of
transposable elements (TEs). In sexual populations, elements can be contained by purifying selection
against host carriers with higher element copy numbers; however, in the absence of sex and recombination,
asexual populations could be driven to extinction by an unchecked proliferation of TEs. Here we provide a
theoretical framework for analyzing TE dynamics under asexual reproduction. Analytic results show that, in
an infinite asexual population, an equilibrium in copy number is achieved if no element excision is possible,
but that all TEs are eliminated if there is some excision. In a finite population, computer simulations dem-
onstrate that small populations are driven to extinction by a Muller’s ratchet-like process of element
accumulation, but that large populations can be cured of vertically transmitted TEs, even with excision rates
well below transposition rates. These results may have important consequences for newly arisen asexual
lineages and may account for the lack of deleterious retrotransposons in the putatively ancient asexual

bdelloid rotifers.

RANSPOSABLE elements (TEs) are mobile DNA
sequences that are abundant in the genomes of
nearly all living organisms, including bacteria, protists,
fungi, plants, and animals (CRAIG et al. 2002). Although
there are cases in which mobile genetic elements may
be coopted to serve host regulatory or structural func-
tions (KiDweLL and LiscH 2001), like most other muta-
tor mechanisms, TEs are known to reduce the fitness of
theirhost organism. However, unlike other classes of mu-
tation, TEs are capable of autonomous self-replication.
When elements transpose, they replicate faster than
their host genome, with rates of transposition above
rates of spontaneous deletion (CHARLESWORTH and
LANGLEY 1989; NuzHDIN and MAcCKAY 1995; MASIDE
et al. 2000). This permits TE persistence despite their
deleterious effects, as postulated by the “selfish DNA”
hypothesis (DOOLITTLE and SaPIENZA 1980; ORGEL and
Crick 1980).

Experimental and theoretical studies suggest that the
ability of TEs to propagate can be balanced by natural
selection against individuals with high element copy
number (CHARLESWORTH and CHARLESWORTH 1983;
KarLAN and BRrROOKFIELD 1983). Three main sources
of deleterious effects on fitness of segregating TEs
have been postulated (see review by NUzHDIN 1999):
insertions disrupting gene function (FINNEGAN 1992),
chromosomal rearrangements generated by ectopic ex-
change (MONTGOMERY ¢t al. 1987), and a selective cost
of transposition itself (BROOKFIELD 1991). Host regula-
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tory mechanisms may play a role as well, and there may
be rare beneficial insertions, but it is likely that nearly
all TE insertions are deleterious. There is substantial
evidence from natural populations and experimental
studies for such deleterious effects (CHARLESWORTH
et al. 1994).

Coevolution between TEs and their hosts depends
critically on the presence of sexual reproduction. Out-
crossing provides a means for TEs to spread to all in-
dividuals in a population. Despite being deleterious,
TEs can persist in a sexual population while inflicting a
severe fitness penalty on their hosts because they can in-
crease in number faster than the host genome (HICKEY
1982). This would not be true in an asexual population.
In the absence of horizontal transmission, there is no
between-lineage transmission, and TEs cannot initially
spread in an asexual population (Hickey 1982). How-
ever, asexual lineages generally arise from sexual pro-
genitors whose genomes are riddled with TEs. Upon the
abandonment of sex, elements are coupled entirely to
their hosts. The proliferation of TEs would be detrimen-
tal to the host to which they are confined. In the long
run, TEs would be expected to become inactive and
domesticated, as lineages with inactive elements should
have a selective advantage and outcompete other lineages
(DooLITTLE ef al. 1984). However, theoretical studies
show that TEs in outcrossing populations will generally
evolve maximum transposition rates (CHARLESWORTH
and LANGLEY 1986). Asexual lineages that arise from
sexual populations will contain actively transposing TEs,
selected to multiply without considering the fitness of
the ancestral sexual host. By doing so, they would seal
the fates of their asexual hosts. Accordingly, a long-term
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advantage of sex may result from the early extinction of
asexual lineages, due to the unchecked proliferation of
TEs upon the abandonment of sex (ARKHIPOVA and
MESELSON 2005a).

Despite the fact that sex facilitates the spread of TEs
(Hickey 1982), it may thus also be necessary to contain
their proliferation. In this article, we examine this idea
by modeling the population dynamics of transposable
elements under asexual reproduction. While the aban-
donment of sex in small populations will probably lead
to element buildup and eventual host extinction in
small populations, large populations with some level of
element excision or deletion may be able to eliminate
vertically transmitted deleterious TEs, providing a po-
tential benefit of asexuality.

METHODS

Assumptions of the models: We consider a diploid
asexual lineage arising from an ancestral sexual pop-
ulation that contains deleterious TEs. With offspring
genotypes identical to those of their parents, we assume
that a clonal lineage originates from a single ancestor,
such that initially all individuals have a TE copy number
x. Elements are transmitted only vertically from parent
to offspring. The copy number may increase due to
transposition, at arate u per element, or decrease due to
excision atarate vper element. We first consider analytic
models of TE dynamics in infinite asexual populations.
We then employ a stochastic simulation method to in-
vestigate the effects of finite population sizes.

Infinite populations: To examine TE dynamics with
infinite population size, we adapt the exact recurrence
relations of KiIMURA and MARUYAMA (1966; Equation
3.1), originally devised to calculate the mutation load in
asexual populations. We assume an infinite number of
insertion sites and Poisson distributions of the numbers
of transposition and excision events as an approxima-
tion for binomial distributions. We calculate the trans-
position load in the presence and absence of excision,
without specifying the relation between fitness and copy
numbers. We then consider specific fitness functions
and determine the mean and variance element of copy
number using iterations and approximations based on
the method of CHARLESWORTH (1990).

Finite populations: Computer simulations were used
to examine the effects of excision in finite asexual
populations. The population size N is constant, with
offspring genomes identical to those of their parents
except for transposition and excision events. The ge-
nome is made up of two diploid chromosomes, with
each chromosome able to carry 200 elements, although
since the population is asexual and nonrecombining,
this is equivalent to any number of chromosomes of any
ploidy level. A simulation run is initiated with a single
individual carrying x elements, which founds the clonal
population, such that all N individuals are initially

identical. TE dynamics are then monitored over many
generations, where each generation reproduces asexu-
ally, followed by transposition and excision. Reproduc-
tion involves randomly sampling individuals to produce
a new offspring population of size N, where the prob-
ability of an individual being selected as a parent is
proportional to its fitness. As in the case of the infinite
population size model, the numbers of transposition
and excision events were drawn from Poisson distribu-
tions, with constant probabilities per element of wand v,
respectively. New insertions were placed randomly in
the genome at unoccupied sites, and the exact locations
of elements were maintained between generations un-
less they had been excised.

Simulations were run until all elements had been lost
from the population or until the mean TE copy number
had accumulated substantially (>150). Above this num-
ber, a runaway process of element buildup is observed
(results not shown). No stable equilibrium with an in-
termediate TE copy number was ever observed, consis-
tent with results from an asexual model of TE sequence
evolution for simulations in which TE inactivation
through mutation was not included (DOCKING et al.
2006). We calculated the proportion of simulation runs
where TEs were eliminated, to examine the conditions
under which asexual populations are expected to cure
themselves of deleterious TEs or be driven to early
extinction. We also monitored the variance in copy num-
ber and the minimum TE copy number in the popula-
tion. C++ files of this simulation program are available
upon request. The random numbers were implemented
using the Mersenne Twister pseudorandom number gen-
erator (MATSUMOTO and NisHIMURA 1998), adapted for
C++ by J. Bedaux (http:/www.bedaux.net/mtrand/).

Selection: Fitness was assumed to be a decreasing
function of TE abundance, as would be expected in
the ancestral population. In sexual populations, a sta-
ble equilibrium copy number occurs only when there
are synergistic fitness interactions between elements
(CHARLESWORTH and CHARLESWORTH 1983). Thus, the
fitness of an individual with » elements was represented
by an exponential quadratic, decreasing function of the
copy number,

w, = exp(—an — 3bn?), (1)

where a and b are constant selection coefficients
(CHARLESWORTH 1990).

Initial copy number of clonal lineage: We set the
initial copy number, x, to be equal to the equilibrium
mean copy number of the ancestral sexual population.
In outcrossing populations, with low frequencies of ele-
ments at each occupied site, copy number dynamics are
described by

Oln wy,

An =~ VHW + n(u — v), (2)
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where 7 is the mean population copy number, V,, is the
variance in copy number, and wy is the fitness of an
individual carrying the mean number of elements
(CHARLESWORTH 1985). Solving Equation 2 for Az = 0,
assuming a Poisson distribution of elements, and using
the quadratic fitness formula, the equilibrium mean ele-
ment copy number of the ancestral sexual population is

n~(u—a—v)/b. (3)

The transposition load of a sexual population is mea-
sured as

L=—Inw= an+n’. (4)

However, due to the synergism in fitness effects, there is
a departure from independence among elements, re-
sulting in the equilibrium load due to TEs being ap-
proximately half that of Equation 4 when 7 is given by
Equation 3 (KiMmUrAa and Maruvama 1966; CRow 1970;
CHARLESWORTH 1990; CHARLESWORTH and BARTON
1996). We thus set the equilibrium load, L.q = %L, and
solve for the equilibrium mean copy number under syn-
ergistic fitness, such that

2@+ (u—1v)%) — 2a
Neq = T : (5)

Model parameters: We set the parameters in our
simulations by using estimates from studies of Drosoph-
ila populations. Average transposition rates per element
per generation are ~107* regardless of the class of
element, with excision rates at least one order of mag-
nitude smaller (NuzHDIN and MACKAY 1995; VIEIRA and
BiiMoNT 1997; PASsYUKOVA et al. 1998; MASIDE et al.
2000). We set u = 10~* and investigate excision rates of
v=10"° and v = 10"°. The strength of selection on
segregating elements in natural populations should be
of the order 10°-10~* per copy, if no insertions are
completely neutral (CHARLESWORTH et al. 1994). With
synergism between elements, the strength of selection
will depend on both a and b. We set a = 10° and let b
vary according to Equation 5 for a given n.q. We set the
initial copy number, x, of the founding clone to n.q and
assume that asexual lineages will experience the same
parameters as the sexual ancestor. We use these values of
transposition and selection to investigate the impact of
population size on different excision rates.

RESULTS

Infinite populations without excision: We modify the
exact recurrence relations of KIMURA and MARUYAMA
(1966; Equation 3.1) to analyze TE dynamics in an
infinite asexual population without element excision.
We write f; for the frequency of individuals with i ele-
ments, whose fitness is w;. We assume a Poisson distri-
bution of transposition insertions with mean wu: in a

genome with ¢elements, where each transposition event
leads to a new insertion. With no excision (v = 0), the
frequency of individuals with i elements in the next
generation is

AN, )
fz-—;;ﬁw](i_j)!e g (6)

where @ = ) fiw; is the mean fitness. Since there is no
excision to reduce the TE copy number below that of
the initial clone, the frequency of individuals with the
lowest copy number is f,. Following the derivation of
KiMURrRA and MARUYAMA (1966),

Sewn
Jo=te, ™)
and the lineage reaches an equilibrium with mean
fitness

W= wee . (8)

Since individuals with the lowest element copy number
have the highest fitness, all else being equal, a stable
equilibrium is achieved with a transposition load,

L = ux. (9)

This is equivalent to the mutational load of an asexual
population (Kimura and MaRUYAMA 1966), where the
genomic mutation rate, U, is replaced by the product of
the transposition rate and initial copy number. Thus,
the load depends critically on the initial number of TEs
in the founding clone. This result is quite general and
independent of the fitness function.

The equilibrium mean and variance in element copy
number can be calculated by iteration, given a specific
fitness function, transposition rate, and initial copy
number. Using Equation 1, a normal-distribution ap-
proximation can be used to estimate the equilibrium
solutions. We adapt Equations 2—4 of CHARLESWORTH
(1990), originally developed to calculate the equilib-
rium number of mutations in an asexual population
under mutation-selection balance, to determine the
equilibrium properties of transposable elements under
asexuality without excision. Using his method of assum-
ing an approximately normal distribution of copy num-
ber among individuals in the population, at equilibrium

we have
aV,
n=———-— 10
T oV, (u— 1) (10)

and
2exp(—x(u+ a+ gbx))

=1In(1+ bV,) (a®V, — 2an — bi?), (11)

T 1+0bV,

where 7 is the mean asexual population TE copy num-
ber and V,, is the variance in copy number.
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Frcure 1.—Equilibrium mean properties of an asexual pop-
ulation in the absence of excision, at transposition—selection
balance with a quadratic fitness function. The primary y-axis
shows how the mean copy number (thick line) and variance in
copy number (thin line) vary with the initial copy number at
equilibrium. The dashed line uses the secondary y-axis to de-
note the mean fitness of the equilibrium population. The pa-
rameter values used are: rate of transposition per element u =
10, selection coefficient ¢ = 10~°, and synergism coefficient
b=16.1Xx10"°

These equations allow the mean and variance in TE
copy number at equilibrium to be calculated by itera-
tion (CHARLESWORTH 1990). Wesetu = 107%, @ = 107°,
neq = 10 and evaluate b using Equation 5, giving b =
6.1 X 107°. We then calculate the equilibrium solutions
for an asexual population, with TE copy numbers in the
initial clone from 1-100. Figure 1 shows the equilibrium
properties of an infinite asexual population for the
given set of parameters solved, using the normal ap-
proximation and confirmed by iteration of Equation 6.
A stable equilibrium is always achieved, with a mean
copy that depends nearly linearly on x. The mean fitness
declines with larger x, while the variance in copy num-
ber is nearly constant.

Unlike sexual populations, where the logarithm of
fitness must decline faster than linearly with TE copy
number (CHARLESWORTH and CHARLESWORTH 1983),
a stable equilibrium can be achieved in an asexual
population with an arbitrary fitness function. We now
consider selection in the absence of synergism (b= 0),
as may be the case if these interactions are dependent
on the presence of sexual reproduction and recombi-
nation (e.g., with meiotic ectopic exchange; LANGLEY
et al. 1988). Without synergism, the mean and variance
in TE copy number simplify to

2x(a+u) atu

"= a-u)  a ¥
Uu.

These equations were confirmed by comparison with
the exact equilibrium solutions obtained by iteration of
Equation 6. It can be seen that the mean and variance

scale linearly with the initial TE copy number, x. If the
rate of transposition is much greater than the strength
of selection against segregating TEs, the mean copy
number and variance can be exceedingly high in the
absence of synergism. For example, with the parameters
used previously (v =10"* ¢ =10"%), a = 11xand V, ~
10%2. Thus, while a stable equilibrium is theoretically
achieved in the absence of synergism between elements,
such fitness interactions may be necessary to hold copy
number at a biologically relevant equilibrium.

Infinite populations with excision: With element
excision, the previous analysis no longer holds. The
lowest copy number can be reduced below that of the
initial clone, and the individuals with fewer TEs should
have a selective advantage, leading to a decline in the
mean number of elements in the population. Regard-
less of the TE count of the initial clone, in an infinite
asexual population, it is eventually possible for all TEs to
be excised, creating a class of individuals without any ele-
ments. Unlike the situation with recurrent mutations,
once such a zero class has been generated, it is immune
to further transposition, assuming that there is no hori-
zontal transfer. Due to its fitness advantage, this class will
spread to fixation, effectively curing the population of
deleterious TEs. This was confirmed by modifying Equa-
tion 6 to include excision and solving by iteration. The
mean and variance in TE copy number always decline to
zero irrespective of the rates of transposition and exci-
sion, the fitness function, or the initial copy number.

Parameter scaling of finite populations: To further
investigate whether asexual populations achieve the
equilibrium expectations without excision and whether
populations with excision can eliminate all their del-
eterious TEs, computer simulations were used to ex-
amine the effects of finite population sizes. Running
simulations using the biologically realistic parameters
derived from Drosophila populations is very time-
consuming, because of the large population sizes and
small transposition rates, excision rates, and selection
coefficients. According to population genetics theory, if
evolutionary forces are weak, so that diffusion approx-
imations can be used, the properties of the system are
determined by the values of the products of the deter-
ministic forces and the effective population size (EwENS
1979, Chap. 4). If these values are maintained constant,
we should expect the same evolutionary outcomes.

We confirmed this expectation by comparing simu-
lations with the parameters from Drosophila and an
adjusted version of these parameters for N = 10%, such
that Nu = 1, with the other ratios kept constant as well.
To achieve this, we scale up u, v, @, and b one and two
orders of magnitude while scaling down Nand the num-
bers of generations by the same amount. The accuracy
of this parameter adjustment is demonstrated in Figure
2. By reducing the population size and the time of
the simulation accordingly, this simplification seems to
be reasonably accurate, although perhaps somewhat
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FIGURE 2.—Demonstrating the accuracy of scaling pa-
rameters. The thick line shows the mean copy number from
computer simulations run over 50,000 generations for a pop-
ulation size N = 10", with initial copy number x = 10, rate of
transposition per element u = 107*, selection coefficient a =
1075, and synergism coefficient b. The equilibrium is solved
for a given rate of excision per element according to Equation
5. (A) An excision rate two orders of magnitude lower than
transposition (v=10"% b= 6.0 X 10~% number of simulation
runs, r = 25). (B) An excision rate one order of magnitude
lower than transposition ( v = 107% b = 54 X 10°% r =
30). The thin lines denote the standard error of the mean be-
tween runs of the simulation. The triangles show the mean
copy number from simulations scaled 10-fold (r = 100).
The circles show the mean copy number from simulations
scaled 100-fold (r= 1000). The generation time is also scaled
upward to compare with the unadjusted simulation runs.

overestimating the mean copy number, especially with
higher excision rates. However, this allows us to perform
a greater number of simulation runs in a fraction of
the computation time and should be a conservative
correction, since it potentially biases our results against
finding situations when complete TE elimination is ex-
pected. We continued by using 100-fold greater trans-
position, excision, and selection values than those
estimated from natural populations. This implies that
the population sizes and times used in our simulations
need to be scaled upward two orders of magnitude to re-
flect biologically relevant values. The results presented
below show the uncorrected parameter values used in

the computer simulations. However, since the magni-
tude of the population size is so critical to our results, we
also include the scaled population sizes in parentheses.

Finite populations without excision: Unlike the case
of infinite populations without excision, in simulations
with v = 0, a large but finite population size, N = 10°
(equivalent to 10”7 when rescaled), and using a scaled
set of the parameters presented in Figure 1 (u =102,
a=107%and b= 6.1 X107%), no equilibrium was ever
observed for moderately low initial copy numbers, x = 5
and x = 10. Elements always accumulated substantially
within several thousand generations (up to millions
of generations, when rescaled), far above the infinite
population equilibrium values of # = 12.3 and # = 19.5,
respectively. This process of element accumulation is
accelerated in smaller populations, with larger initial
copy numbers, and with weaker selection. This is con-
sistent with the results for TE sequence evolution in
simulations with no excision, where no stable equilib-
rium in copy number was ever reached (DOCKING et al.
2006). This suggests that asexual populations with no
excision of TEs are likely to accumulate large numbers
of copies within a time frame of millions of generations,
even if the effective population size is in the millions.
Of course, with a sufficiently large population size, the
population will spend a very long time near the equi-
librium derived in the previous section, so that it will
appear as though no accumulation is happening, but
ultimately the population is expected to experience an
unbounded proliferation of TEs.

Finite populations with excision: As the results of in-
finite populations with element excision showed, dele-
terious TEs can be completely purged from asexual
populations when v>0. The simulation results illus-
trate the interaction of population size and excision rate
on the probability of TE elimination (Figure 3). In con-
trast to the expectation of complete element elimi-
nation in an infinite asexual population, TEs tend to
accumulate substantially in small populations. Even
with element excision, deleterious TEs accumulate in
small populations well above the copy number expected
at equilibrium in the absence of excision (see Figure 1).
On the other hand, in large populations, the efficacy of
selection and excision is enhanced. Consistent with the
findings for the infinite population model, a sufficiently
large asexual lineage can effectively purge itself of
vertically transmitting deleterious TEs upon the aban-
donment of sex.

Two main factors contribute to the proliferation of
TEs in small populations. As with sexual populations,
this is partly due to the reduction in the variance in
copy number between individuals in a finite popula-
tion, thereby limiting the power of natural selection
(BROOKFIELD and BADGE 1997). While we present results
only on the final state of the populations, we also moni-
tored the variance in copy number between genera-
tions over the course of the simulations. In comparisons
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The initial copy number was x = 10, v = 107, and ¢ = 107%
the synergism coefficient, b, was calculated for a given rate of
excision per element using Equation 5. The solid line repre-
sents excision two orders of magnitude below transposition
(v=10"% b= 6.0 X 107*). The dashed line represents exci-
sion one order of magnitude below transposition (v = 107%
b=>5.4 X 107*). With v=10"*, all points with a TE elimination
frequency of 0 or 1 are based on at least 10 simulation runs,
and all points with an intermediate frequency include at least
30 simulation runs. With v = 107, all points are based on at
least 60 simulation runs. Error bars denote one standard er-
ror. To reflect plausible parameters for natural populations,
all transposition and selection terms must be scaled down
100-fold. Scaled population sizes are shown in parentheses be-
low the x-axis.

among populations that accumulate TEs, smaller pop-
ulations indeed have a lower variance (results not shown).
In addition, random genetic drift may lead to the loss of
the class of individuals with the lowest copy number.
In the absence of excision, the loss of this class would be
irreversible, and TEs would continue to build up, lead-
ing to a decline in the mean fitness of the population.
This process would be similar to that described for
mutations, known as Muller’s ratchet (MULLER 1964;
STEPHAN and Kim 2002), except that the genomic rate
of transposition would increase with the copy number,
leading to accelerated rates of fitness deterioration.
With element excision, the process is reversible, but the
rate at which the least-loaded class is lost may greatly
exceed the rate of excision to generate a new best class.
We kept track of the minimum TE copy number in the
population during our simulations and observed the
copy number of the least-loaded class to increase grad-
ually above x as a population accumulated TEs (results
not shown). Both of these factors probably contributed
to the increased rate of TE proliferation in smaller
populations.

In addition to the rate of excision relative to trans-
position, the ability of an asexual population to cure it-
self of deleterious TEs depends critically on the amount
of synergism between elements, the magnitude of both
transposition and excision, and the initial copy number

to be eliminated. Synergism affects the ability of selec-
tion to limit TE proliferation in asexual populations.
Higher rates of transposition result in faster TE pro-
liferation, even if the ratio of transposition to excision is
kept constant. The total number of initial TEs reduces
the population mean fitness and affects the total ge-
nomewide rate of transposition. All of these parameters
influence the ability of selection and excision to limit
copy number.

To explore these factors, we looked at the effect of
varying the degree of synergism, b, and changing the
magnitude of transposition and excision, while main-
taining the ratio of wv constant at 10. None of these
parameters are strictly independent, because they in-
fluence the expected equilibrium distribution of ele-
ments in the ancestral sexual population. We varied the
initial copy number, x, from 10 to 50 and used Equation
5 to solve for the corresponding equilibrium value of b
and the equilibrium values of w and v. In both cases, for
the parameters that were held constant, we used the
values employed previously. Figure 4 shows the effects
of synergism, magnitude of transposition—excision, and
initial copy number on the probability of TE elimina-
tion at two large population sizes.

All else being equal, increased synergism and lower
transposition—excision rates reduce the population
size necessary for TE elimination. Increased synergism
strengthens selection against large copy numbers, and
lower rates of transposition—excision slow the rate of TE
accumulation, thereby improving the efficacy of selec-
tion. With strong synergism or low rates of transposition—
excision, TEs are quite effectively removed from large
populations regardless of the initial copy number. In
contrast, with low initial copy numbers, TEs are likely
to be eliminated, even with weak synergism or strong
transposition—excision. Using parameters where inter-
mediate frequencies of TE elimination are observed, a
fine balance exists between selection and genetic drift.
Slight differences in any of the parameters or the
population size can shift this balance and greatly affect
whether an asexual population increasingly accumu-
lates or cures itself of deleterious TEs. Weaker synergism
or higher transposition—excision rates also correspond
to larger equilibrium mean copy numbers in an ances-
tral sexual population. Thus, the expected initial copy
number will be greater, further hindering the ability of
an asexual lineage to purge TEs. However, our approach
may be viewed as conservative, since for all analyses
other than that in Figure 4 we initiated the asexual pop-
ulation with the TE copy number, x, set to the sexual
equilibrium. Given the variance in copy number in the
ancestral population, however, an asexual lineage may
arise from lower copy number individuals, thereby
reducing x and increasing the probability of TE elimi-
nation. The asexual populations that survive are more
likely to have arisen from low copy number founding
populations.
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Our model has so far supposed that all TE insertions
are deleterious, but TEs may vary in their selective ef-
fects. In the absence of meiotic ectopic exchange, TE
insertions in intergenic regions of the genome may not
affect fitness if these regions have little or no functional
role. We consider a model with two classes of insertion
sites: those in which TEs affect fitness according to Equa-
tion 1 and those in which TEs are selectively neutral
(CHARLESWORTH 1991). We assume that new TE inser-
tions are neutral with a constant probability p and are
deleterious with a probability 1 — p. Figure 5 shows the
effect of varying p on the TE elimination frequency.
With a high proportion of neutral sites, asexual pop-
ulations are far less likely to be able to eliminate TEs,
since elements tend to build up at neutral sites and
continue to transpose. This effect is magnified if TEs
inherited from the ancestral sexual population are also
present at neutral sites, as would be the case if TEs in this
population were primarily contained by ectopic ex-
change, and hence found in sites where insertions have
little or no direct fitness effects in the absence of recom-
bination (MONTGOMERY ¢f al. 1987; CHARLESWORTH
et al. 1994).

DISCUSSION

Whether an asexual population can cure itself of dele-
terious TEs depends critically on the ability of selection
and excision to limit the propagation of elements. The
probability of a population achieving a TEAree state is
influenced by the parameters controlling TE dynamics,

fold. Scaled population sizes
are shown in parentheses
next to the values used in
the simulations.

including the scale of transposition and excision, and
the degree of synergism between elements. However, all
else being equal, the major factor affecting TE elimina-
tion is the population size of the asexual lineage. Since

>1€§.603 °°°%
S
N
i |
. ﬁ“ %

0 0.2 0.4 0.6 0.8 1
Proportion of neutral insertion sites

F1Gure 5.—TE elimination frequencies incorporating neu-
tral sites. The open symbols show when all x sites containing
the initial TEs in the founding clone are under selection; the
solid symbols show when these are neutral. The circles show
simulations done with N = 10%, diamonds show simulations
done with N = 10%, and the remaining parameters are as be-
fore: x=10, u=10"2%v=10"% a=10"3% and b= 5.4 X 10~
All symbols are based on at least 30 simulation runs for
N = 10" and at least 10 simulation runs for N = 10°. Error
bars denote one standard error. To reflect plausible parame-
ters for natural populations, all transposition and selection
terms must be scaled down 100-fold, and the population size
must be scaled up 100-fold.
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the strength of selection on segregating elements is
expected to be relatively low, selection will be ineffective
in removing TEs unless the population size is large, and
TEs will continue to accumulate at an ever-increasing
rate.

Our results are in accordance with the hypothesis that
deleterious TEs can drive the extinction of asexuals
(ArRkHIPOVA and MESELSON 2005a). However, we also
provide a means by which an asexual lineage may be
able to rid itself of the transposition load that it inherits
upon the abandonment of sex. This possibility would
provide a long-term benefit to asexual rather than sex-
ual reproduction. Small populations may suffer from a
reduced variance in TE copy number and a random loss
of the class of individuals with low TE copy numbers. In
large populations, however, selection is more effective
and the Muller’s ratchet-like process of element accu-
mulation can be reversed because of excision. Even
rates of TE excision well below that of transposition can
improve overall fitness in large populations. Excision
events are doubly advantageous, by both raising fitness
and reducing the genomewide transposition rate be-
cause of reduced copy number. This allows mean fitness
to improve faster than the stochastic loss of the least-
loaded class, leading to the eventual elimination of all
TEs. Once a class of individuals free of all TEs has been
achieved, they are immune to further transposition and
can spread through the population, arresting the pro-
cess of TE-induced fitness deterioration. But retrotran-
posons notoriously show little or no excision (CRrRAIG
et al. 2002), which poses a problem for this model that
we consider below.

Most theoretical models of transposable elements are
based on the biology of sexual eukaryotes, as selfish
DNA can invade a population only if there is sexual ex-
change between individuals (Hickey 1982). The wide-
spread presence of TEs in bacteria has prompted some
theoretical analyses of TE dynamics in asexual popula-
tions. These models have shown that TE maintenance
can be explained by frequent horizontal transmission
(SAWYER et al. 1987; HARTL and SAwWYER 1988), by po-
tential positive impacts of TEs, including beneficial
TE insertions causing the fixation of other neutral or
slightly deleterious TEs in the genome by hitchhiking
(MARTIEL and BLoT 2002), or by selective advantages of
TE insertions in fluctuating environments with environ-
ment-dependent selection (EDWARDS and BROOKFIELD
2003). BASTEN and Moobpy (1991) obtained analytic ex-
pressions for equilibrium distributions of TEs in pro-
karyotic populations, using branching process theory
and a number of selection models. In the absence of
beneficial insertions, maintenance of TEs requires hori-
zontal transfer, and the net rate of element change due
to transposition and excision must be a decreasing
function of TE copy number.

Here we focus exclusively on vertically transmitted
deleterious TEs in eukaryotic asexual populations. This

may be more representative of retroelements, for which
horizontal transfer is extremely rare (JORDAN et al. 1999;
MALIK et al. 1999), than of DNA-based transposons, for
which there is frequent evidence for horizontal transfer
(S1LvA et al. 2004). Previous authors have proposed that,
with negligible transmission rates between individuals,
TEs should either accumulate in asexual populations to
the point of lineage extinction or be completely elimi-
nated (ARKHIPOVA and MESELSON 2000, 2005a; WRIGHT
and FINNEGAN 2001; NuzHDIN and PETROV 2003). How-
ever, it remained unclear how asexual lineages could
escape long-term degeneration and completely elimi-
nate all the TEs in the genome. TEs can decay after ac-
cumulating mutations, but it seems likely that they will
continue to multiply upon the abandonment of sex,
given that the rate of inactivating mutations in TEs is
probably similar to the rate of transposition (NUZHDIN
et al. 1998). DOCKING et al. (2006) carried out simula-
tions of TE sequence evolution after the abandonment
of sex, including the effects of inactivating mutations,
They found that, while all elements were eventually lost
from asexual populations, it took many thousands of
generations for selection on TE sequences to be re-
laxed, even with higher mutation and transposition
rates than expected in nature. This suggests that new
asexual lineages should indeed harbor many active TEs,
perhaps for millions of generations assuming a scaling
of parameters similar to that done in our model.

NuznpiN and PETROV (2003) suggested that suppres-
sor alleles in a lineage abandoning sex could result in
the instantaneous inactivation of TEs. Indeed, our re-
sults for infinite populations imply that a lineage with a
trans-acting repressor (located in either the host or the
TE genomes) that reduces the rate of transposition, u,
for all elements would have a fitness advantage, by re-
ducing the load due to TEs, L = ux (Equation 9). Non-
transposing elements would eventually decay under
mutation pressure. Our results provide, however, a sim-
pler explanation for complete TE elimination, based on
straightforward population genetic processes and bi-
ologically plausible parameters and requiring only large
population sizes to enhance the efficacy of selection and
excision.

The model presented here generally assumes that
TEs are uniformly deleterious on a neutral background.
The potential for TE elimination may be confounded by
the presence of beneficial mutations, whether derived
from TEs or otherwise, which may fix linked deleterious
TEs by selective sweeps (CHARLESWORTH et al. 1992).
However, this requires selection coefficients for benefi-
cial mutations to be substantially greater than those for
deleterious TEs (JoHNSON and BARTON 2002; BACHTROG
and Gorpo 2004). If excision occurs, this would only
reduce the rate of TE elimination, by fixing a clonal
lineage with a new initial copy number and lower
mean fitness. A further limitation on TE elimination
arises if a fraction of sites allow neutral TE insertions
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(CHARLESWORTH 1991). The continual insertion of TEs
into such sites causes a buildup of elements and reduces
the ability of selection to contain them at other sites in
the genome.

Our model has investigated the eventual fate of an
asexual lineage, either complete TE elimination or run-
away element accumulation, but has not generally con-
sidered the time frame involved. In our simulations, the
time to reach either final state generally ranges from
several hundred generations to tens of thousands of gen-
erations, depending on the parameters involved (results
not shown). However, the number of generations gen-
erally scales with the population size (see Figure 2). This
implies that, with the parameter adjustment employed
in our model, the time required to drive an asexual
lineage to the point of extinction could be as high as
millions of generations for larger populations. Similarly,
complete TE elimination could take a very long time,
especially with high initial copy numbers or weaker selec-
tion and excision. Thus, asexual lineages could persist
with active deleterious TEs for a substantial period of
time before arriving at either final state; however, on a
long-term evolutionary scale (i.e., tens of millions of
years), it may be the case that only asexual populations
that have purged all their deleterious TEs will persist
(ARKHIPOVA and MESELSON 2005a).

Asexual lineages generally compose only a single
“species” and rarely embrace a taxonomic group of
higher rank. While asexual lineages that arise from
sexual populations may prosper in the short term, they
almost invariably suffer early extinction (see review by
Jubson and NorMARK 1996). Our results have impor-
tant implications for the existence of ancient asexual
taxa: those eukaryotic taxa that have evolved and re-
produced for along stretch of evolutionary time without
sex or recombination and have been labeled as “evolu-
tionary scandals” (MAYNARD SMITH 1986). While many
claims of ancient asexuality have been refuted upon
further investigation, the most compelling evidence for
ancient asexuality exists for the bdelloid rotifers, which
are not known to have males, hermaphrodites, or mei-
osis (ARkHIPOVA and MESELSON 2005a). Strikingly,
bdelloid rotifers appear to lack deleterious vertically
transmitted retrotransposons. Unlike all sexually repro-
ducing eukaryotic species that have been examined, in-
cluding the monogonont rotifers, reverse transcriptases
of two superfamilies of retrotransposons, gypsy-like and
LINE-like retrotransposons, were not detectable in any
of five bdelloid species (ARkHIPOVA and MESELSON
2000). This contrasts sharply with the patchy distribu-
tion of various DNA transposons found in bdelloid
rotifers (ARKHIPOVA and MESELsSON 2000, 2005b), in
agreement with their often horizontal mode of trans-
mission, and the presence of a domesticated retrotrans-
poson (ARKHIPOVA et al. 2003).

Presumably, the common sexual ancestor of the
bdelloid and monogont rotifers harbored active dele-

terious TEs, including retrotransposons. It is not certain
what mechanism has allowed bdelloids to become free
of these TEs. Our models provide a plausible scenario
for complete elimination of vertically transmitting TEs,
assuming that bdelloids have fairly large population
sizes and that excision takes place. It is not known what
the effective population size, N., of bdelloids might be.
This can be estimated from measures of sequence di-
versity, which is a function of N, where w is the muta-
tion rate. While the mutation rate of bdelloid rotifers is
unknown, there is no evidence that bdelloids have an
unusual mutation rate, as relative rate tests between
the nucleotide mutation rates of bdelloid and monog-
onont rotifers show no significant difference at either
synonymous or replacement sites (MARK WELCH and
MEeseLsoN 2001). Mitochondrial nucleotide diversity in
independently evolving bdelloid clades appears to be
similar to that of sexual organisms and averages ~1%
(BIRKY et al. 2005; C. W. BIRKY, personal communica-
tion). Mutation rates of mitochondrial DNA are gener-
ally higher than those for nuclear DNA, although this
varies between taxa. If we suppose a mutation rate of
107°-1077, we can estimate the effective population size
to be ~10°-10". This is in the range of being large
enough to facilitate complete TE elimination under bio-
logically realistic transposition parameters, even with
rates of excision well below that of transposition (see
Figures 3 and 4). Thus, unusually high excision rates
or attenuated transposition rates are not necessary to
explain the existence of TE-free ancient asexuals.

The transposition, excision, and selection parameters
that applied to bdelloid rotifers upon the abandonment
of sex are also not known. However, it has been sug-
gested that the unusual ecology of bdelloid rotifers, by
causing frequent DNA damage and repair, may have
facilitated their loss of TEs (M. MESELSON, personal com-
munication). Bdelloids are capable of anhydrobiosis,
a form of dormancy triggered by desiccation (Riccr
1998). However, unlike most organisms capable of an-
hydrobiosis, including the monogonont rotifers, bdel-
loids do not produce the water-replacement substance
trehalose (Lapinskl and TuNNAcCLIFFE 2003). Bdelloids
tolerate high levels of ionizing radiation, causing DNA
double-strand breaks (DSBs) that are repaired within a
few hours (E. GLADYSHEV and M. MESELSON, unpub-
lished results). The bacterium Deinococcus radiodurans is
well known for its ability to repair DNA damage follow-
ing radiation or dehydration by efficient repair mech-
anisms (BATTISTA 1997), suggesting that the response
to irradiation in bdelloids may be an outcome of selec-
tion for desiccation resistance.

DSB repair processes in bdelloids might either lead to
direct elimination of TEs or cause synergistic selection
between deleterious TEs, as a result of ectopic exchange
between them (M. MESELSON, personal communica-
tion). Although bdelloids do not undergo meiosis, ec-
topic pairing of TEs during DSB repair could lead to
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deleterious rearrangements or unrepaired breaks, with
a frequency proportional to the square of the copy
number (MONTGOMERY ¢! al. 1987; CHARLESWORTH
et al. 1994). Such ectopic pairing may lead to the ex-
cision of heterozygous TEs, which is thought to be ex-
tremely rare for retrotransposons, and would prevent
any TE insertion from being selectively neutral, just as
in sexual species, enhancing the possibility of complete
TE elimination (see Figure 5).

We have shown that newly arisen asexual lineages may
be able to avoid early extinction due to TEs. The ability
to do so depends critically on large population sizes,
with some level of excision. The unique ecology and
stress-resistance mechanism of the bdelloid rotifers,
which probably evolved as a result of adaptation to
their transient aquatic habitats, may have provided the
means under which to eliminate deleterious TEs upon
the abandonment of sex. Perhaps other asexual line-
ages were not as fortunate (ARKHIPOVA and MESELSON
2005a).
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