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Transposable elements (TEs) constitute a substantial fraction of the genomes of many species, and it is thus important to
understand their population dynamics. The strength of natural selection against TEs is a key parameter in understanding
these dynamics. In principle, the strength of selection can be inferred from the frequencies of a sample of TEs. However,
complicated demographic histories, such as found in Drosophila melanogaster, could lead to a substantial distortion of
the TE frequency distribution compared with that expected for a panmictic, constant-sized population. The current
methodology for the estimation of selection intensity acting against TEs does not take into account demographic history
and might generate erroneous estimates especially for TE families under weak selection. Here, we develop a flexible
maximum likelihood methodology that explicitly accounts both for demographic history and for the ascertainment biases
of identifying TEs. We apply this method to the newly generated frequency data of the BS family of non-long terminal
repeat retrotransposons in D. melanogaster in concert with two recent models of the demographic history of the species
to infer the intensity of selection against this family. We find the estimate to differ substantially compared with a prior
estimate that was made assuming a model of constant population size. Further, we find there to be relatively little
information about selection intensity present in the derived non-African frequency data and that the ancestral African
subpopulation is much more informative in this respect. These findings highlight the importance of accounting for
demographic history and bear on study design for the inference of selection coefficients generally.

Introduction

Transposable elements (TEs) are present in the ge-
nomes of virtually every species studied (Hua-Van et al.
2005), in many instances contributing a substantial fraction
of overall genome size (Biemont and Vieira 2006). Although
thought of as primarily genomic parasites (Charlesworth and
Langley 1989), TEs also play an important role in the evo-
lution and function of genes and genomes (Kazazian 2004;
Volff 2006). TEs can generate chromosomal rearrange-
ments, such as inversions and duplications, that contribute
to the structural evolution of genomes. Some TEs have been
‘‘domesticated’’ by their host genome, serving either as
genes or regulatory elements (Medstrand et al. 2005; Volff
2006). For example, in Drosophila, telomere maintenance
depends on recently domesticated TEs (Casacuberta and
Pardue 2002). TEs sometimes carry host gene sequences
with them as they transpose, which suggests their involve-
ment in exon shuffling and gene duplication (Moran et al.
1999). Understanding the functional roles, evolution, and
population dynamics of TEs is therefore essential to a full
understanding of genome evolution and function.

In Drosophila, TEs are often maintained at low pop-
ulation frequencies, suggesting that they are generally del-
eterious (Charlesworth and Langley 1989; Charlesworth
et al. 1994). The spread of TEs is likely to be limited both
by regulation of transposition rate and by natural selection
against individual TE copies (Charlesworth and Langley
1989). Several distinct modes of selection acting to stabilize
element copy number have been proposed (Nuzhdin 1999).
These include selection against insertion into coding se-
quences, selection against the deleterious effects of ectopic
recombination among dispersed TE copies, and selection

against the translation of TE-encoded proteins (Montgomery
et al. 1987; McDonald et al. 1997; Petrov et al. 2003). Petrov
et al. (2003) quantified the intensity of selection against four
families of non-long terminal repeat retrotransposons in D.
melanogaster, using North American TE frequency data
within a maximum likelihood (ML) framework. Their es-
timate of the intensity of selection was based on frequency
data from derived populations only and did not account for
the demographic history of the species.

If non-African populations of D. melanogaster have
experienced a recent, intense bottleneck as has been sug-
gested (Li and Stephan 2006; Thornton and Andolfatto
2006), then many of the TEs segregating in the ancestral,
prebottleneck population should have been lost or have
otherwise changed their frequency substantially during
the bottleneck, altering the overall element frequency dis-
tribution. These effects should be of minor importance for
TE families that are subject to very strong purifying selec-
tion because many TEs in such families will be younger
than the bottleneck and thus should not be affected by it.
However, for the families under weak purifying selection
with more frequent and thus old TE copies, the bottleneck
might have a profound effect. Specifically, it should erase
signatures of weak selection, making these TE families
appear neutral.

Here, we describe an ML procedure that allows esti-
mation of selection intensities in the ancestral population
while accounting both for the bottleneck and for the ascer-
tainment biases. We apply this method for two recently
proposed demographic models for the emigration of
D. melanogaster out of Africa (Li and Stephan 2006;
Thornton and Andolfatto 2006). The framework can be eas-
ily extended to other bottleneck models as long as the pop-
ulation can be assumed to have been at equilibrium at some
specific point in the past in the ancestral population. We
then reanalyze the population dynamics for TEs from the
BS family, a LINE-like TE family that was one of the four
families studied in Petrov et al. (2003). Additional fre-
quency data were obtained for 18 BS elements in four North
American and four African populations.
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We find that incorporating the demographic models of
Thornton and Andolfatto (2006) and Li and Stephan (2006)
yields quite different estimates of the strength of selection
than those obtained assuming a randomly mating popula-
tion of constant size. In particular, we find that there re-
mains very little information with which to infer the
strength of selection from North American frequency data
alone when demography is taken into account. The African
frequency data, by contrast, is relatively informative about
Ns, and we estimate that the ancestral strength of purifying
selection against the BS family was Ns � �4. We are also
able to reject the hypothesis that this family has evolved
under neutrality.

Materials and Methods
Polymerase Chain Reaction (PCR) Assays to Check for
the Presence/Absence of BS Elements

In total, 89 different D. melanogaster strains were
used in this study: Forty-six strains are from 4 different pop-
ulations in North America, and 43 strains are from 4 differ-
ent populations in Africa. Further details on the strains are
provided in supplementary table S1, Supplementary Mate-
rial online. Genomic DNA from all these strains was ex-
tracted using a DNeasy Tissue kit (Qiagen, Valencia, CA).

The presence/absence of the 29 BS elements annotated
in release 3.0 of the D. melanogaster reference sequence
(Kaminker et al. 2002) was assayed in both North American
and African populations. DNA from the North American
subpopulation was combined into a total of 5 pools of 8
or 10 strains. DNA from the African subpopulation was
combined into a total of 4 pools of 9, 11, or 12 strains.
The final concentration of each pool was 2.5 ng of DNA
of each individual strain per PCR reaction. This DNA con-
centration was previously verified in our laboratory to be
sufficient to detect the presence of a TE in a single strain
out of the total number of strains tested in the pool (Lipatov
et al. 2005). The composition of each pool is given in sup-
plementary table S1, Supplementary Material online. When
the element was present in a pool, we assayed for the pres-
ence of the element for each strain in that pool individually
using PCR. For some of the pools, single-strain PCRs were
performed even though the pooled PCR indicated that the
element was absent.

Primers for each of the 29 BS elements were designed
in the sequenced strain ofD. melanogaster (y1; cn1 bw1 sp1)
using the program Primer3 (http://primer3.sourceforge.net/).
Two primer sets were designed for each of the elements
(supplementary table S2, Supplementary Material online).
The first primer set was intended to assay for the presence of
the element; each pair of primers in this set consists of
a ‘‘Left’’ primer that lies within the BS element sequence
and a ‘‘Right’’ primer that lies in the flanking region to
the right of the insertion. This PCR should yield a product
only when the element is present. Each pair in the second
primer set consists of a ‘‘Flanking’’ primer designed to an-
neal to the flanking region to the left of the element and the
Right primer used before. The PCR with these primers is
expected to yield a product only when the element is absent.
PCRs were run using REDTaq DNA polymerase (Sigma,

St Louis, MO). The PCR conditions for both reactions were:
94 �C for 2 min, 13 cycles of 94 �C for 0.5 min, 63 �C for
0.5 min (�0.5 �C per cycle), 72 �C for 1 min, and then
20 cycles of 94 �C for 0.5 min, 56 �C for 0.75 min,
72 �C for 1 min, and one last extension step of 10 min at
72 �C. For one element, specific primers could not be de-
signed because the regions flanking the insertion were repet-
itive. For five other elements, R5.9 of the D. melanogaster
genome revealed that one or both of the primers flanking the
insertion were designed inside another TE. Consequently,
the results for these five TEs were discarded. Three elements
were not present in any of the pools, and two further ele-
ments were fixed in all pools, leaving 18 of the 29 elements.

Demographic Models for D. melanogaster

Two demographic models for the emigration of
D. melanogaster out of Africa have recently been proposed
(Li and Stephan 2006; Thornton and Andolfatto 2006).
They are illustrated in figure 1. The models assume that
an ancestral population split into two subpopulations at
the time of emigration tb with no further migration between

FIG. 1.—The two demographic models used: (a) Thornton and
Andolfatto (2006) and (b) Li and Stephan (2006). In both models, North
American (above dashed line) and African (below dashed line)
subpopulations split at time tb, followed by a population bottleneck in
North America that lasted until tr. The LS model additionally features an
ancient population expansion in Africa.
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them afterward. In the following, we will refer to the ances-
tral population as ‘‘African’’ and the derived population as
‘‘North American.’’

Both models state that emigration was associated with
a severe population bottleneck in the new North American
subpopulation. The initial population size Nb of the North
American subpopulation at the time of emigration was
considerably smaller compared with the size NAf of the an-
cestral African population. The bottleneck lasted until a re-
covery time tr at which the North American subpopulation
instantaneously expanded to its present size NAm. Whereas
in the demographic model of Thornton and Andolfatto
(2006) (TA) the size of the African population NAf is as-
sumed to have remained constant throughout its entire his-
tory, the model of Li and Stephan (2006) (LS) postulates an
ancient population size expansion of the African population
that occurred at a time te long prior to the emigration event.
During this expansion, the African population instanta-
neously increased from an ancient size Nanc to its present-
day size NAf. Due to the additional incorporation of an
ancient population expansion, the LS model is clearly more
complex compared with the TA model and serves us as an
instructive example of how such expansions can generally
be incorporated into our methodology.

The TA model is described by five parameters NTA
Af ,

NTA
b , NTA

Am, t
TA
b , and tTAr . The LS model requires two addi-

tional parameters for the ancient population expansion in
Africa and hence is determined by seven parameters
NLS
anc, N

LS
Af , N

LS
b , NLS

Am, t
LS
e , tLSb , and tLSr . The particular values

used for our analysis are stated in figure 1 and resemble the
original values derived in Thornton and Andolfatto (2006)
and Li and Stephan (2006). For reasons of comparability
between the two models, the values for the LS model were
rescaled according to the procedure described inMacpherson
et al. (2008). Notice that in addition to the ancestral pop-
ulation expansion, which is exclusive to the LS model, both
models also differ considerably in their bottleneck param-
eters and the values for present-day population sizes in
Africa and North America. For example, the bottleneck
of the TAmodel is longer but less severe than the bottleneck
of the LS model, and the present-day size of the African
subpopulation in the LS model is almost 5-fold larger than
that in the TA model.

ML Estimation Procedure

In the following, we will describe an ML approach for
inferring the selection coefficient of a TE family that explic-
itly takes into account demographic history and ascertain-
ment bias. To compute the likelihood of an observed set of
TE frequency pairs in the African and North American sub-
populations for a given selection coefficient, we require
knowledge about the expected distribution of such frequen-
cies. We will derive these distributions from forward
Wright–Fisher simulations of TE frequency trajectories
for the two demographic models specified above.

TE insertions in the African population are modeled
according to the infinite-sites model, and different TE cop-
ies are considered to evolve independently of each other.
We restrict our analysis to TEs that originally transposed
prior to the time of emigration. We also assume that TEs

were initially found in a single inbred strain from North
America. Other ascertainment schemes can be easily imple-
mented as well.

Individuals homozygous for a TE have fitness 1 þ s,
heterozygotes have fitness 1 þ s/2, and individuals without
the element have fitness 1. We assume that the selection
coefficient s remained constant in the African subpopula-
tion throughout its history, whereas it became zero for
TEs in the North American subpopulation after the popu-
lation split. The latter assumption is clearly valid during the
bottleneck, where effective population size, and thus effec-
tiveness of selection, is substantially reduced. There is also
strong reason to assume that s remained close to zero in the
North American population after the bottleneck. As will be
shown later in the manuscript, the expected number of het-
erozygous BS sites in a diploid genome is much lower in
North American individuals than in individuals from Africa
because many low-frequency BS elements have been lost
during the bottleneck. Ectopic recombination between dis-
persed TEs copies will therefore occur less frequently in
individuals from the derived population compared with
the ancestral population. As such ectopic recombination
events are considered to be the major cause for selection
against BS elements (Montgomery et al. 1987; Petrov
et al. 2003), we expect the strength of purifying selection
against BS elements to be substantially reduced in the de-
rived population.

Our method assumes that at some point prior to the
emigration of the North American subpopulation, TEs were
at transposition–selection equilibrium in the African popu-
lation. In the TA model, this can be assumed at all times
because the size of the African population remained con-
stant throughout its history, and we do not take into account
temporal variation in transposition rates or selection coef-
ficients in Africa. Thus, African TE frequencies should, in
particular, also be at transposition–selection equilibrium at
the time of emigration tb. In the LS model, however, this
need not be the case due to the ancient expansion of the
African population. The instantaneous expansion might
have driven the distribution of TE frequencies out of trans-
position–selection balance to such an extent that equilib-
rium has still not been re-established at the time of
emigration. We therefore assume that transposition–
selection equilibrium holds in the African population only
up to time te in the LS model.

The expected number of polymorphic sites at fre-
quency x in transposition–selection equilibrium and for
the infinite-sites model has been derived by Sawyer and
Hartl (1992) in a Poisson Random Field framework. If l
is the rate at which TEs transpose in an individual genome
per generation, then for a given population size N and se-
lection coefficient s the average number of polymorphic
sites that are present at frequency x in the population can
be approximated by

gðx;l;NsÞ5 2l
1 � e� 2Nsð1� xÞ

ð1 � e� 2NsÞxð1 � xÞ ; ð1Þ

where x 2 f1=ð2NÞ; 2=ð2NÞ; . . . ; 1� 1=ð2NÞg. Dividing
g(x, l, Ns) by the expected overall number of polymorphic
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sites yields the normalized distribution of TE frequencies at
these sites,

qðx;NsÞ5 gðx; l;NsÞ
 X2N� 1

i5 1

gði=2N; l;NsÞ
!� 1

; ð2Þ

which becomes independent of l. Notice that this result
coincides with the distribution derived in Nagylaki
(1974) and Petrov et al. (2003), where a slightly different
approach was used.

In the TAmodel and for a given selection coefficient s,
the probability that a randomly chosen polymorphic site has
frequency xb in the African population at time tb is hence
simply given by

PrTAðxbÞ5 q ðxb; NTA
Af sÞ: ð3Þ

In the LS model, we lack an analytic expression for the
distribution of TE frequencies in Africa after the population
expansion. Equation (2) does not apply here because TE
frequenciescannotbeassumedtoobeytransposition–selection
equilibrium. Creating a random ensemble of TE frequen-
cies at the time of the split tb therefore requires additional
effort and will be described in the following.

PolymorphicTEspresentat the timeof thepopulationsplit
tb canbesubdivided into twoclasses:Thefirst class areTEs that
resulted from a new transposition event in a single individual
after the expansion. Their initial frequency is x051=ð2NLS

Af Þ,
and transposition times t0 can assumed to be uniformly distrib-
uted throughout the interval (te, tb). On average, we expect
2lNLS

Af ðte � tbÞ new transpositions to have occurred between
teand tb.Thesecondclassareelements thatwerealreadypresent
at the timeof theancientpopulationexpansion.Asstatedabove,
we assume that the frequencies of those TEs were at transposi-
tion–selection equilibrium prior to the expansion. According
to equation (1), the expected number of polymorphic sites
at frequency x in the population at time te was therefore
g
�
x; l;NLS

ancs
�
. The instantaneous population expansion

does not change this function for frequencies
x 2 X anc5

�
1
��

2NLS
anc

�
; 2
��

2NLS
anc

�
; . . . ; 1� 1

��
2NLS

anc

��
be-

causeweassume that expansionoccurred inanentirelyuniform
fashion (i.e., the number of individuals that carry a particular
allelewas increased by the same factorNLS

Af

.
NLS
anc for all alleles

and at all polymorphic sites). Notice that according to this pro-
cedure, TEs could not have been present at any other frequency
x;X anc immediately after the expansion.

Combining the two classes, we can set up a well-
defined probabilistic model for the ensemble of candidate
sites from which all sites polymorphic at the split must have
originated. Each element of this ensemble is specified by its
initial frequency x0 and starting time t0. We can draw a ran-
dom member of the ensemble by first choosing its initial
frequency x0 from

Pr ðx0Þ5 c �

8<
:

2lNLS
Af ðte � tbÞ x0 5 1=ð2NLS

Af Þ;
g
�
x0; l;NLS

ancs
�

x0 2 X anc;
0 x0;X anc

ð4Þ

with normalization factor c51=½2lNLS
Af ðte � tbÞþ

P
x02X anc

gðx0; l;NLS
ancsÞ�. The probability density distributions for

starting times t02 [tb, te] conditional on the initial frequency
x0 is then

pðt0jx0Þ5
�

1
te � tb

dt0 x0 5 1=
�
2NLS

Af

�
;

dðte � t0Þ dt0 x0 2 X anc

ð5Þ

using Dirac’s delta function
dðxÞ5lime/0þð

ffiffiffiffiffi
pe

p
Þ�1

expð � x2=eÞ. For the LS model,
the probability that a polymorphic site drawn randomly
from the African population at time tb has frequency xb
is therefore given by

PrLSðxbÞ5
X
x0

Prðx0Þ
Z te

tb

pðt0 j x0ÞPr½xb; tb j x0; t0;NLS
Af ; s�dt0;

ð6Þ

where Pr½xb; tb j x0; t0; NLS
Af ; s� is the transition probability

(x0, t0) / (xb, tb) under the Wright–Fisher model with se-
lection coefficient s and population size NLS

Af . For our sim-
ulations, we do not require explicit knowledge of the full
distribution PrLS(xb). We only need to be capable of draw-
ing random elements from it. This can easily be achieved by
first drawing a candidate (x0, t0) from equations (4) and (5),
evolve it through the African population by binomial sam-
pling with selection coefficient s and population size NLS

Af

until time tb, and record its frequency xb. If the candidate
becomes fixed or lost prior to time tb, we draw a new can-
didate.

In the previous paragraphs, we have described for
both demographic models how random allele frequencies
can be obtained from the frequency distribution of poly-
morphic sites in the population at the time of the split.
A numerically efficient implementation is achieved by cre-
ating lookup tables (Knuth 1997) for the distributions (3)
and (4). The randomly drawn frequencies xb at time tb serve
us as starting points for the simulation of frequency trajec-
tories in the North American and African subpopulations,
from which the probability distributions for present-day
TE frequencies can be derived. We simulate these trajec-
tories for a given selection coefficient s and a chosen de-
mographic model (TA or LS) according to the following
procedure:

1. Draw a random allele frequency xb at the time of the
split from the probability distribution (3) for the TA
model or distribution (6) for the LS model, respectively.

2. Iterate the allele frequency forward from tb through the
bottlenecked (North American) subpopulation by bi-
nomial sampling with s 5 0 according to the chosen
demographic model until fixation or loss occurs or tb
generations have elapsed, that is, the present generation
has been reached.

3. If the allele has been lost, return to step 1 (lost alleles
will not be observed as they cannot have been
ascertained in the initially sequenced North American
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strain). Otherwise, denote the allele frequency reached
at the present day in North America xAm and continue.

4. Sample u from Uniform(0, 1). If xAm , u, reject xAm
and return to step 1.

5. Iterate from xb forward through the African subpopula-
tion by binomial sampling according to the chosen
demographic model with selection coefficient s until
fixation or loss occurs or tb generations have elapsed.
Denote the present-day African allele frequency xAf.

6. Record initial frequency xb and subpopulation frequen-
cies xAm and xAf.

The implementation of the iteration procedures spec-
ified in steps 2 and 5 was checked by comparison of the
probabilities of fixation and loss obtained by simulation
to their respective asymptotic analytical values, given by
equations (5.28) and (5.29) in Ewens (2004). Ascertain-
ment bias arising from the sampling scheme is incorporated
in steps 3 and 4 of the above procedure. The probability that
an element segregating at frequency xAm is present in the
reference sequence is simply xAm. Note that the sampling
scheme can affect the distributions of both North American
and African elements because in step 5 we can only begin
from an xb corresponding to an element that has been ob-
served to be either polymorphic or fixed in the North Amer-
ican subpopulation. A different ascertainment bias can be
incorporated by changing steps 3 and 4 appropriately.

For the TA model, we repeat the simulation procedure
until a list with 105 triplets (xb, xAm, xAf) is obtained for each
investigated selection coefficient s. Because the LS model
is substantially more demanding in terms of the runtime re-
quired to draw an initial frequency xb, only 104 triplets are
generated for this model for each s. From the simulation
results, we can derive numerical approximations for the ex-
pected probability distributions of TE frequencies in the
present-day African and North American subpopulations.
Knowledge of these distributions then allows us to calculate
likelihoods of our set of observed TE frequencies. For
a given demographic model and selection intensity Ns,
we have

LðNsÞ5
Ym
i5 1

Pi with Pi 5 PrðkiAm; niAm; kiAf ; niAf jNsÞ;

ð7Þ
where k i is the number of strains bearing the ith TE among
ni genotyped strains in each subpopulation, and m is the
number of different TEs investigated in our analysis. The
probability Pi of observing

�
kiAm; n

i
Am; k

i
Am; n

i
Am

�
for

a particular TE is given by

Pi 5

Z 1

0

Z 1

0

/ðxAm; xAf jNsÞBxAmðkiAm j niAmÞ

� BxAf ðkiAf j niAfÞ dxAm dxAf :

ð8Þ

The two-dimensional distribution /(xAm, xAf j Ns) is
the expected probability density of observing a frequency
pair (xAm, xAf), and Bx(k j n) are binomial distributions that
incorporate the effects of sampling from a finite number of
genotyped strains.

For both investigated demographic scenarios, it turns
out that /(a, b) can be well approximated by the product
/Am(a) � /Af(b) of the individual one-dimensional prob-
ability distributions in the African and North American sub-
populations. The reason this factorization works is that
correlation between allele frequencies xb at the time of em-
igration and present-day frequencies xAm in North America
is substantially diminished during the bottleneck, as shown
in figure 2. This finding does not imply that the expected
distribution /Af is actually unaffected by the bottleneck and
could therefore be simply obtained by evolving the allele

FIG. 2.—Loss of correlation between allele frequencies xb at the time
of emigration and present-day frequencies xAm in North America during
the bottleneck. The plots show 103 simulated frequency pairs (xb, xAm)
and (xb, xAf) for both the TA model and LS model, using each model’s
ML estimate for Ns in the African population. Pearson product–moment
correlation coefficients for pairs (xb, xAm) are r 5 0.18 in the TA model
and r 5 0.26 in the LS model. Frequency pairs (xb, xAf), in contrast, are
still strongly correlated (TA: r 5 0.92, LS: r 5 0.99).
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frequency distribution Pr(xb) in Africa from tb to the pres-
ent. The bottleneck still has a profound influence on/Af due
to the fact that the probability for an allele to ‘‘survive’’ the
bottleneck clearly depends on its frequency xb at emigra-
tion, and we condition the distribution of allele frequencies
in Africa on those TEs that have not become lost during the
bottleneck in the North American subpopulation.

We numerically approximate the expected frequency
distributions/Am/Af (x) bybinningall frequencies xAm2 (0, 1)
and xAf 2 (0, 1) obtained from our simulations for a given
demographic model and selection coefficient into 100
successive bins of equal width D 5 0.01. For each bin
j 2 f1; 2; . . . ; 100g, the number of elements in this bin
is divided by the overall number of simulation runs to ob-
tain /(j), that is, the probability of observing a frequency
that falls within bin j. /(0) and /(101) denote the prob-
abilities of observing lost and fixed TEs, respectively. No-
tice that /Am(0) will always be zero as lost elements
cannot be observed for the North American population.
From the binned distributions, we can finally calculate in-
dividual likelihoods according to

L
TA=LS
Af ðNsÞ5

Ym
i5 1

X101
j5 0

/TA=LS
Af ðj jNsÞ

 
kiAf
niAf

!
x
ki
Af

j

�
�
1 � xj

�ni
Af

� ki
Af ;

ð9Þ

where xj 5 D � (j � 1/2) is the midpoint of bin j. Like-
lihoods L

TA=LS
Am are derived analogously. Combined likeli-

hoods for both subpopulations are then obtained by the
products

LTA=LSðNsÞ 5 L
TA=LS
Am ðNsÞ � L

TA=LS
Af ðNsÞ: ð10Þ

In our calculation of likelihoods (9), we sum over all
bins of the numerically estimated distributions /Am/Af (x),
where each bin is weighted according to a binomial distri-
bution centered around the observed TE frequency xj. Sto-
chastic fluctuations between neighboring bins are therefore
effectively smoothed out, making the likelihood estimation
considerably robust to changes in binning resolution. We
checked that a more coarse-grained binning with only 10
bins, for example, does not alter our results (data not
shown). We also verified that calculated likelihoods rapidly
converge with increasing number of simulation runs (data
not shown). The numbers of bins and simulation runs used
in our analysis are fully sufficient to obtain reliable results.

The simulation algorithm was implemented in Cþþ.
Runswereperformedonupto200CPUsof theBio-X2cluster
at Stanford University. The resulting data were analyzed us-
ing a combination of Perl and R programs. All software is
available from the corresponding author upon request.

Results and Discussion
Estimation of Selection Coefficients Using the ML
Procedure

The frequency data obtained from genotyping the in-
dividual members of the BS family in our experimental data
set are summarized in table 1. Six of the 18 genotyped el-

ements are present in the North American population but
were not observed in any of the African pools. In principle,
these elements could have transposed in North America af-
ter the emigration and thus would not be suitable for con-
sideration in our analysis. This, however, is highly unlikely
because all six elements are observed at moderate to high
frequency in North America. Presumably they originated
from TEs that were present at low-frequency in the African
population at the time of emigration yet subsequently in-
creased in frequency during the bottleneck. We therefore
kept these six elements for our analysis.

The true origin of the source population from which
emigration out of Africa proceeded is unknown. Here,
we use the average frequency of all four analyzed African
pools as a proxy for the frequencies in the source population
for the bottleneck. From the observed set of frequency
counts, fkiAm; niAm; kiAf ; niAfg, we calculated likelihoods
(9) and (10) using the expected frequency distributions
/TA=LS
Am=Afðj jNsÞ obtained from our simulations. Investigated

selection coefficients span the range� 20:0 � NTA
Af s � 4:0

for the TA model, and �12:0 � NLS
ancs � 2:0 for the LS

model using step size 0.5. The resulting likelihood curves
for the two demographic models are plotted in figure 3. For
each curve, we identified its ML estimate Ns*. The 95%
confidence intervals around these estimates were calculated
by numerically solving for Ns such that 2 log [L(Ns*)/
L(Ns)] 5 a. The chosen value a 5 5.024 was obtained
by solving

R a
0
v2½1�ðxÞ dx50:975, assuming that log-likeli-

hood ratios in our analysis follow a v2 distribution with
one degree of freedom.

For the TA model, we estimate NTA
Af s

�5
�4:0 ð � 6:5; � 2:0Þ for the likelihood LTAAf in the African
subpopulation, and NTA

Af s
� 5� 4:5 ð � 7:5; � 3:0Þ for the

combined likelihood of the two subpopulations,
LTA5LTAAf � LTAAm. Both curves have clear peaks. In contrast,
the likelihood curve LTAAm for the North American subpop-
ulation alone is relatively flat. This implies that there is little
information about the strength of selection at the time of
emigration available from present-day North American fre-
quencies, and also explains why LLSAf and LLSAf � LLSAm look
qualitatively similar. The slightly lower ML estimate of the
combined likelihood reflects the weak inclination of LLSAm
toward more negative Ns values.

We also checked that—as expected due the loss of cor-
relation between allele frequencies prior to and after the
bottleneck—the unfactorized likelihood curve for the com-
bined data of both subpopulations resembles the product
LTA of the individual likelihoods (data not shown). Unfac-
torized likelihoods were calculated according to equations
(7) and (8). The required two-dimensional distributions
/(xAm, xAf) were numerically estimated by binning African
and North American frequency pairs (xAm, xAf) from our
simulations into grids of 10 � 10 bins, which keeps the
overall number of bins comparable with that used for the
individual one-dimensional distributions /Am and /Af.
Our analysis further indicates that ML estimates are not sen-
sitive to the particular choice of s in the American subpop-
ulation after emigration. We obtain the same estimates for
the African subpopulation and the combined subpopula-
tions irrespective of whether s is set to zero in step 2 of
our simulation algorithm or whether it remains at its
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ancestral value prior to the emigration from Africa (data not
shown).

In the LS model, we again observe clear peaks in the
likelihood curves for African data alone and combined data
of both subpopulations, whereas North American data re-
main uninformative. ML estimates are NLS

ancs
� 5

�3:0
�
� 5:5; � 2:0

�
for the African subpopulation, and

NLS
ancs

� 5� 3:5
�
� 5:5; � 2:0

�
for the combined subpopu-

lations. Unfactorized likelihoods are also similar to the
products of the individual likelihoods (data not shown).

Comparison of ML Estimates between Demographic
Models

OurML analysis yields informative point estimates for
Ns* in the ancestral population for both demographic mod-
els, raising the question of how the respective estimates re-
late to each other. Notice that we measure strength of
selection in units of NLS

ancs for the LS model, using ancient
African population size prior to the population expansion as
the scaling factor. Our ML estimate NLS

ancs
� 5� 3:0 there-

fore implies that TEs in Africa evolve with Ns 5
�15 from the ancient population expansion on, as a result
of the 5-fold increase in N while s is kept constant. At first
glance, it might not seem obvious why a less-negative ML
estimate is not observed for the LS model to conform to the
estimated Ns 5 �4 of the TA model. However, as will be

demonstrated in the following, the two ML estimates are
indeed consistent with each other.

TE frequencies are assumed to be at transposition–se-
lection equilibrium in the LSmodel prior to the ancient pop-
ulation expansion. According to our ML estimate, this
equilibrium was specified by Ns 5 �3. The distribution
of TE frequencies does not change during the population
expansion and is therefore highly skewed toward high-
frequencyallelescomparedwith itsdestinednewequilibrium
for Ns 5 �15 after the expansion. Relaxation to this new
equilibrium will occur over time and is driven by two mech-
anisms. First, TEs that transpose after the expansion evolve
with Ns5 �15. In the long run, their frequency distribution
will therefore converge to the new transposition–selection
equilibrium. TEs already present prior to the expansion, on
the other hand, will continuously become lost from the pop-
ulation. Yet, among the accepted sites in our analysis, that
is, those sites that were not lost during the bottleneck in
North America and ascertained, ancient TEs clearly out-
numbered newly transposed TEs. At NLS

ancs5� 3 we
observe 77% of accepted TEs to be ancient. When
assuming neutral evolution, the ratio increases to 93%.
The reason for this is that at the time of emigration, there
are still many more ancient TEs at higher frequencies com-
pared with newly transposed TEs, and high-frequency
alleles are less likely to become lost during the bottleneck.
Although as a consequence of their negative selection co-
efficients, ancient TEs prevalently evolve toward lower

Table 1
Genomic and Population Data for the 18 BS Elements Studied

Flybase ID La rb Armc

African North American

MW Zmel KY ZW kAf
d nAf

e xAf
f Wi We1 We2 NB CSW kAm

d nAm
e xAm

f

FBti0018877 130 1.69 2R 0/11 0 0/11 0 0 41 0.00 0 2/10 2/9 4/8 3/7 11 43 0.26
FBti0018878 128 2.23 2R 1/9 0/8 2/9 0/9 3 35 0.09 0/9 0/7 0/9 1/8 0 1 40 0.03
FBti0018879 136 3.47 2R 0/8 0/9 0/11 0/11 0 39 0.00 6/10 4/9 6/8 5/8 5/8 26 43 0.60
FBti0019079 473 2.51 X 2/10 0 0 4/12 6 40 0.15 4/10 1/10 2/9 3/7 3/7 13 43 0.30
FBti0019133 125 3.98 2L 0/9 2/8 4/11 1/11 7 39 0.18 7/10 7/10 2/10 4/8 2/7 22 45 0.49
FBti0019158 144 3.01 2L 1/11 2/9 4/11 0/12 7 43 0.16 1/9 1/10 4/9 0 0 6 43 0.14
FBti0019165 2326 2.84 2L 0/9 1/9 4/11 0 5 40 0.12 2/6 6/10 3/7 6/8 5/7 22 38 0.58
FBti0019312 153 0 3R 5/11 2/7 2/10 1/11 10 39 0.26 1/9 2/9 0/9 N.D. N.D. 3 27 0.11
FBti0019315 151 0 3R 0 2/9 0 1/11 3 40 0.07 4/9 6/10 4/8 N.D. N.D. 14 27 0.52
FBti0019378 128 2.17 3R 9/10 4/9 4/11 3/11 20 41 0.49 1/10 1/10 2/9 5/7 6/7 15 43 0.35
FBti0019388 362 2.59 3R 0/11 0 0/10 0 0 40 0.00 2/10 0 0/8 4/7 4/7 10 41 0.24
FBti0019410 745 3.01 3R 0/10 0/6 1/10 3/11 4 37 0.11 5/10 4/8 4/8 7/8 6/7 26 41 0.63
FBti0019426 150 3.21 3R 0/11 0/8 0 0 0 40 0.00 2/8 0 0 1/8 0 3 41 0.07
FBti0019604 330 4.12 X 0/9 0/7 0/8 0/10 0 34 0.00 5/10 2/6 5/10 7/7 6/6 25 39 0.64
FBti0020056 541 3.31 3L 0/11 0/8 0/10 0/9 0 38 0.00 1/10 0/9 0/7 1/8 2/7 4 41 0.10
FBti0020057 125 3.31 3L 0/9 2/7 0 2/10 4 36 0.11 4/8 5/8 4/9 6/7 6/7 25 39 0.64
FBti0020125 5,123 1.37 3L 0 0 0 2/11 2 40 0.05 6/9 6/9 5/8 ND ND 17 26 0.65
FBti0020149 5,117 0.55 3L 9/11 1/9 6/11 6/12 22 43 0.51 9/10 10/10 8/9 ND ND 27 29 0.93

NOTE.—Population frequencies for each of the pools analyzed are given as number of strains with the element/total number of strains assayed. ND means not

determined. A 0/i entry, i . 0, specifies that single-strain PCRs were performed as a quality check even though the pooled PCR indicated the element was absent. A 0 entry

denotes that no PCR reactions were performed for that pool because the pooled PCR indicated that the element was absent. In this case, the number of analyzed strains was

assigned the average among all other elements in that pool, for which PCRs were performed.
a Length of element in base pairs.
b Recombination rate at element in cM/Mb (Singh et al. 2005).
c Chromosome arm.
d Overall number of strains bearing the element.
e Overall number of strains analyzed.
f Overall sample frequency in the African/North American subpopulation.
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frequencies since the expansion, this occurs relatively
slowly. The average deterministic change of an allele’s fre-
quency x due to selection alone is described by the logis-
tic equation dx/dt 5 (s/2)x(1 � x). Its solution is given by
x(t)5 (1þ [1/x(t0)�1]exp[s(t0� t)/2])�1.The logisticequa-
tion is time symmetric. By rearranging its solution, we can
thus express past frequencies x(t0) as a function of present-
day frequencies xAf in theAfrican subpopulation (notice also
that time is measured in the direction from the present to the
past in our two demographic models). For frequencies xe at
the time te of the population expansion, we obtain

xe½xAf �5 ð1 þ ½x� 1
Af � 1�exp½tes=2�Þ

� 1
: ð11Þ

From our ML estimate NLS
ancs

� 5� 3, we evaluate tes� 1.1.
EachindividualTEisofcoursealsosubject torandomgenetic
drift, but averaged over a large ensemble of TEs the net effect
of drift will be close to zero. The change in the frequency dis-
tribution of ancient TEs over time should thus be primarily
governed by the deterministic shift due to selection. If at
the time of population expansion, the frequency distribution
was given by q(x, Ns) according to equation (2), that is, TEs
were at transposition–selection equilibrium for the particular
value ofNs,we expect toobserve adistributionq(xe[xAf],Ns)
at present.Ascanbeseen infigure4,weobtainq(xe[xAf],�3)
� q(x, �4) for our ML estimate of the LS model. Conse-
quently, the present-day frequency distribution of ancient
TEswill essentiallyresemble thatofaconstant-sizedpanmic-
tic population evolving at Ns5�4, in full accordance with
the ML estimate obtained from the TA model.

Goodness of Fit of Our ML Estimates

Our ML framework allowed us to identify the most
likely estimateNs* for our frequency data, given a particular
demographic model. To check whether the observed data
are in fact compatible with the model, we performed
two-sided Kolmogorov–Smirnov (KS) goodness of fit tests
between the distributions of measured BS frequencies and
the expected distributions obtained from our simulations.
Significance values for calculated KSD-values were empir-
ically determined by resampling from the simulated refer-
ence distribution. In each resampling step, 18 frequencies xi
were randomly drawn from the reference distribution. For
every frequency xi, a random number ki was then drawn
from a binomial distribution Bxiðki j ni540Þ, specifying
the number of individuals that carry the allele in a sample
of size 40. The yielded set of 18 frequencies fki/40g defines
one sample. For a given KS test statistic D*, the corre-
sponding P value was then calculated by estimating Pr
(D � D*) from 105 generated samples.

KS goodness of fit tests applied to the observed cumu-
lative frequency distribution of BS elements in the African
subpopulation yield D5 0.20 (P5 0.44) for the TA model
and D 5 0.25 (P 5 0.39) for the LS model at their respec-
tive ML estimates Ns*. The null hypothesis that observed
frequencies are drawn from the simulated distributions can
hence be accepted for both demographic scenarios. For
North American data, in contrast, we obtain D 5 0.62
(P , 10�5) for the TA model and D 5 0.56 (P , 10�5)
for the LS model. The null hypothesis can clearly be re-
jected in both cases. The main reason for the poor fit of
North American data can be recognized in figure 5, where
observed and expected cumulative frequency distributions
are shown for the two demographic models at their respec-
tive ML estimates. Although observed and expected distri-
butions fit well for African data, a large discrepancy exists
in North American data between the approximately 30% of
elements predicted to have become fixed and the complete
lack of such fixed elements in our data. The likelihood of
observing no fixed element in a set of 18 tested elements

FIG. 3.—Likelihood curves for Ns based on BS element frequency
data for North American, African, and combined Drosophila mela-
nogaster subpopulations. On each curve, the ML estimate Ns* is
indicated, as are the 2.5% and 97.5% confidence intervals. For North
American data, no clear peaks in the likelihood curves can be observed
and therefore no meaningful values Ns* and confidence intervals could be
derived.
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is only 0.0016 assuming an individual fixation probability
of 0.3.

Excluding fixed North American elements from the
simulated distributions improves the goodness of fit, but
P values remain below a significance level of 1% (LS:
P , 0.002, TA: P , 0.001). In any case, this exclusion
would be hard to justify. The expected ratio of fixed TEs
is an intrinsic property of both demographic models given
the strength of their bottleneck parameters. There is also no
evident bias toward polymorphic TEs when choosing the
BS elements that constitute our experimental data set.
Along another line of thought one could assume that, for
some reason, selection prevents TEs from ultimately be-
coming fixed during the bottleneck. But such a mechanism
is hard to argue for too, considering the substantial reduc-
tion of effective population size during the bottleneck,
which profoundly diminishes effectiveness of all types of
selection. So far, the reason for why we do not observe
more fixed TEs in North America remains obscure, but
presumably the bottleneck scenario for D. melanogaster
demography has to be refined, possibly by allowing for
the existence of gene flow beyond that assumed in a single
severe bottleneck scenario.

ML Estimates for a Constant-Sized Panmictic Population

Our ML estimates can be compared with those ob-
tained when using the method of Petrov et al. (2003). In
this method, only one constant-sized panmictic population
at transposition–selection equilibrium is assumed without
taking into account particular population substructure. As-
certainment bias resulting from the fact that BS elements
were initially identified in only one sequenced strain is in-

corporated analogously to our method. The probability of
observing an element at frequency x is hence given by the
(normalized) posterior probability density function
Prðx; NsÞ} x � q ðx; NsÞ for both African and North
American data.

If the method of Petrov et al. (2003) is applied to our
BS frequency data, we obtain a ML estimate Ns* 5 �2.3
(�3.4, �1.3) for the combined set where element sample
frequencies of all North American and African strains
are pooled together to assume one single panmictic popu-
lation. Disregarding bottleneck and population substructure
thus leads to a considerably weaker inferred selection inten-
sity. In contrast to our method, one also observes a clear
peak for the likelihood curve of North American data alone
yielding an estimate Ns* 5 �1.0 (�2.3, 0.9) that overlaps
with neutral evolution. This, however, can clearly be re-
jected by our analysis. For African data alone, on the other
hand, we obtain Ns* 5 �4.6 (�7.3, �2.7) in close agree-
ment with our result. The divergent point estimate of both
methods for the combined data therefore presumably owes
to the different North American estimates.

Effects of a Bottleneck on the Ancestral Frequency
Distribution

The observation of coinciding estimates for African
data between our method and the one of Petrov et al.
(2003) is instructive in understanding the effects that ascer-
tainment in a derived population has on the observed allele
frequency distribution in the ancestral population. After all,
in the approach of Petrov et al. (2003) bottleneck effects are
ignored completely. Furthermore, Petrov et al. (2003) ex-
plicitly incorporate ascertainment bias for the entire popu-
lation, whereas in our method ascertainment is only
performed in North America.

Due to the lack of correlation between allele frequen-
cies prior to and after the bottleneck, ascertainment has only
negligible effect on the distribution of African TE frequen-
cies in our analysis. For example, we obtain the sameNs*5
�4.0 for the TA model, irrespective of whether we incor-
porate ascertainment bias for North American TE frequen-
cies, or not (data not shown). Hence, the effect of
ascertainment on the frequency distribution in Africa is ex-
pected to be far more profound in the method of Petrov et al.
(2003) compared with our method.

That despite these essential differences both methods
yield similar results is the consequence of a fundamental
similarity between the effects of intense population bottle-
necks and ascertainment in a single strain. This similarity
arises from the fact that the probability of an allele to not
become lost during a strong bottleneck is approximately
proportional to its initial frequency x. The functional effects
of a severe bottleneck on the ancestral allele frequency dis-
tribution hence closely resemble those of ascertainment in
a single strain. As can be seen in figure 5, the expected dis-
tribution of African BS frequencies derived from our sim-
ulations indeed fits well to the theoretical approximation
x� q (x, Ns*), which coincides with the analytic form used
by Petrov et al. (2003), although in their approach the pro-
portionality to x arose from ascertainment and not from the
bottleneck.

FIG. 4.—Expected present-day frequency distributions of ancient
TEs if only the deterministic effect of selection is taken into account. The
expected present-day densities at frequencies xAf are given by the
equilibrium density distributions (2) at positions xe[xAf] using equation
(11). The solid black line specifies transposition–selection equilibrium
q(xAf, � 4) for a panmictic population of constant size, corresponding to
the ML estimate of the TA model.
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A convenient implication of this finding is that selec-
tion strength can be reliably inferred from ancestral popu-
lations if the bottleneck was severe enough to effectively
uncouple allele frequencies between ancestral and derived
populations. In this case, the expected frequency distribu-
tion for ancestral data becomes independent of the partic-
ular ascertainment scheme used in the derived population
and theexactbottleneckparameters.Assuming transposition–
selection equilibrium, the expected ancestral frequency
distribution can then be well approximated by the normal-
ized distribution x � q (x, Ns). This heuristic approach is
of course only applicable to TEs that were already present
prior to the emigration and thus cannot be used for TE

families that experienced strong purifying selection in
the derived population. In our analysis, the information
present in the African sample sufficed to yield relatively
narrow confidence intervals surrounding our point esti-
mate of Ns 5 �4 in Africa, which is consistent with
the general observation that TEs are under purifying se-
lection in Drosophila (Charlesworth and Langley 1989).

If, however, the bottleneck was only moderate, neither
of the above two approximations might hold to a sufficient
extent. First, allele frequencies might still be substantially
correlated between the ancestral and emigrated subpopula-
tions, in which case the ancestral frequency distribution will
also be affected by ascertainment performed in the emi-
grated subpopulation. And second, the probability of not
becoming fixed during the bottleneck will show a more
complex functional dependence on the allele’s initial fre-
quency. In such cases, our method still provides an ade-
quate framework to model the expected frequency
distributions in ancestral and emigrated subpopulations
and infer from it ML estimates of selection intensity in
the ancestral population.

In contrast to ancestral frequency data, our analysis
suggests that there is generally very little information about
the strength of ancestral purifying selection present in fre-
quency data from the derived population due to the loss of
correlation between ancestral and present-day allele fre-
quencies during the bottleneck. Selection coefficients in-
ferred from non-African frequency data under the
assumption of constant population size should therefore
be recalculated, as suggested by the inconsistent results be-
tween our method and the method of Petrov et al. (2003) for
such data. ForD. melanogaster in particular, the situation is
further complicated by the uncertainty surrounding the bot-
tleneck parameters. We investigated the two bottleneck sce-
narios from Thornton and Andolfatto (2006) and Li and
Stephan (2006) and did not find the predicted results for
the frequency distribution in North America to be fully
compatible with the one observed among BS elements from
our experimental data set. A possible reason for this dis-
crepancy could be that the bottleneck was actually less in-
tense than assumed by the two investigated demographic
models. There is indeed additional reason to suspect that
bottleneck estimates from the two scenarios are too intense,
because the data used to produce these estimates come ex-
clusively from the X chromosome (Glinka et al. 2003;
Haddrill et al. 2005), where reduction in neutral polymor-
phism due to adaptive substitution may be more prevalent
than on the autosomes (Singh et al. 2007) (but see also
Thornton et al. 2006). If the bottleneck were less intense,
then the loss of frequency correlation during the bottleneck
would also be less severe, and we would thus have more
information with which to infer the ancestral selection co-
efficient from the North American population.

Extendability of Our Method

We investigated the demographic scenarios for
D. melanogaster from Thornton and Andolfatto (2006) and
Li and Stephan (2006), but our ML approach can be applied
to other demographic models and/or other species in

FIG. 5.—Cumulative distributions of observed (step functions) and
expected (continuous curves) frequencies of BS elements for both
demographic models at their respective ML estimates. The dotted line in
(a) shows the normalized distribution

R x
0
yq
�
y;�4

�
dy, which corresponds

well with the expected distribution of African BS frequencies for the TA
model. The dash-dotted line in (b) is the theoretical transposition–
selection equilibrium distribution

R x
0
q
�
y;�4

�
dy.
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a straightforward fashion. The two particular models exam-
ined in our analysis comprise key features such as emigra-
tion, bottleneck, and population expansion, from which
a large class of possible demographic scenarios can be con-
structed. The only requirement for our approach to be appli-
cable is that the ancestral population can assumed to be in
panmictic equilibrium at some defined moment in the past
such that allele frequencies were in transposition–selection
equilibrium then. It has to be taken into account, however,
that for scenarios with very ancient population expansions
the algorithm becomes less efficient due to the necessity of
simulating large numbers of new transposition events. Dif-
ferent ascertainment schemes can be easily incorporated into
our methodology as well.

A crucial specification of our model is also the partic-
ular type of selection used. We assumed that TEs have a co-
dominant fitness effect in heterozygotes. There is some
debate in the literature about the characteristic dominance
of TEs; fitness effects due to gene disruptions by TE inser-
tions would be expected to be dominant or codominant,
whereas fitness effects due to ectopic recombination among
dispersed TE copies would be expected to be underdomi-
nant (Montgomery et al. 1991; Petrov et al. 2003). Empir-
ical work suggests that the fitness effects of TEs from the
copia family in D. melanogaster are codominant (Fry and
Nuzhdin, 2003). If selection against other families were
underdominant, though, this could change our results.
Underdominance shifts the frequency distribution to lower
frequencies for a given Ns, so we would expect the point
estimate and confidence intervals forNs to shift toward pos-
itive values. Petrov et al. (2003) did explore the effects of
underdominance and full dominance on inference of Ns and
found their conclusions to be qualitatively unchanged. Dif-
ferent selection schemes than codominance are straightfor-
ward to implement in our analysis, as long as the
distribution of allele frequencies in transposition–selection
equilibrium is known for the particular type of selection
used. The binomial sampling procedure used to generate
TE trajectories in our simulations must then be modified
accordingly.

Implications for Ancestral TE Copy Number

The number of copies of a TE per genome is a key in-
dicator of its rate of transposition and the strength of selection
acting against it (Charlesworth and Langley 1989).When the
population experiences a bottleneck, the copy number can
decrease for this reason alone. Further, there is some evi-
dence to suggest that the colonization event following the
bottleneck event may have increased the rate of transposition
in Drosophila (Vieira et al. 2002; Nardon et al. 2005). Thus,
it is important to understand the effects of demography on
copy number. In particular, we might wish to know whether
copy number is expected to differ between North American
and African populations and what effect purifying selection
against the elements might have on this difference.

The expected copy numbers for the BS family at the
time the bottleneck began and at present day in Africa can
roughly be calculated, continuing with the assumptions
made throughout the paper. We emphasize, however, that
the following calculations have to be taken with a grain of

salt as they rely partly on the simulated distribution of
TE frequencies in the North American subpopulation,
which we could not fit well to the experimentally observed
distribution.

The expected number of BS elements per haploid ge-
nome in a North American fly ism� E[xAm], wherem is the
number of unique insertion sites overall in the North Amer-
ican subpopulation and the expectation value E[xAm] is es-
timated according to the BS element frequency distribution
/ðxÞ in North America. From our simulations with Ns 5
�4 in the TA model, E[xAm] is 0.55. Note that here
/ðxÞ corresponds to the distribution of BS element frequen-
cies without the ascertainment step performed; the mean
element frequency of the distribution with ascertainment
performed is 0.75. Based on 29 BS elements in version
3 of the D. melanogaster reference sequence, we would
estimate there to be m 5 53 insertion sites in the North
American population.

The fraction of polymorphisms lost during the bottle-
neck, according to our simulations with Ns5�4 in the TA
model, was 97.9%. Thus, if 53 sites remain, there were ap-
proximately 2,500 insertion sites at the beginning of the
bottleneck. If the population was at equilibrium when
the bottleneck began, as assumed for the TA model, then
the expected number of BS elements per haploid genome
at this time is just 2,500 � E[xAf]. We find E[xAf] to be
0.012 by numerical integration of x� q(x,Ns5�4), which
implies there to be about 30 elements in a given ancestral
haploid genome; if the African subpopulation persists at
transposition–selection balance to the present day, then
we would also expect 30 elements per contemporary hap-
loid African genome. Analogous calculations with Ns 5
0 rather than Ns 5 �4 imply about 440 insertion sites in
the ancestral population. Because the mean frequency un-
der neutrality, 0.067, is considerably larger than the 0.012
for Ns 5 �4, we would expect about 29 elements per an-
cestral or contemporary African, haploid genome.

These illustrative calculations suggest that the copy
number per genome is actually expected to be similar in
North American and African populations and that it will
be difficult to infer the strength of purifying selection based
on copy number per genome, because the expected modern
African copy number will not differ significantly under pu-
rifying selection and neutrality. They also suggest that, if
one were to screen a sample from an African population
for the presence of TEs, the stronger the purifying selection
against an element, the more insertion sites one expects, and
the fewer elements per insertion site.

We can also apply the above approach to derive the
expected number of heterozygous sites in a diploid individ-
ual, which is given by m � E[2x(1 � x)]. Using our ML
estimate Ns5 �4 of the TA model, we estimate to observe
on average 53� E[2xAm(1� xAm)]� 14 heterozygous sites
per individual in the North American population. This num-
ber is considerably larger in African individuals, where we
obtain 2,500 � E[2xAf(1 � xAf)] � 50. The intensity of pu-
rifying selection against individual elements should hence
be much lower in the derived population due to the lower
probability of ectopic recombination between dispersed
heterozygous elements. This retrospectively justifies our
approximation of s 5 0 in the North American population.
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Transposition–Selection Balance

One question of much interest in the study of TEs con-
cerns heterogeneity in the rate of transposition in time.
Transposition might proceed at an essentially constant rate,
withgrowth inelementnumberscheckedbyaconstant rateof
loss due to excision and purifying selection (Charlesworth
and Langley 1989). However, an alternative hypothesis
for which there is some experimental support holds that
transposition rates might vary substantially in time if
transposition–selection balance occurs as a coevolutionary
arms race between TEs and repressors of transposition
(Nuzhdin et al. 1998). Under this hypothesis, a mutation
that allowed TEs to multiply at great rates would yield
a burst of transposition in a population, until a second mu-
tation restricting the rate of transposition appears. If we
were to examine the frequency distribution under the
former hypothesis, we would expect to infer the pres-
ence of purifying selection. Under the latter hypothesis,
assuming that we sample from the population outside
a period of rapid transposition, we would expect to ob-
serve elements segregating neutrally.

Petrov et al. (2003) speculated that the hypothesis of
coevolutionary cycles in transposition rate might be sup-
ported by their estimates of Ns, which overlapped with zero
for two of the four TE families they studied, including the
BS family. In this study, incorporation of a demographic
model results in a confidence interval for Ns that does
not overlap with 0, and thus we are able to reject the hy-
pothesis that Ns 5 0 within the assumptions of our model.
Frequency data frommanymore families would be required
to answer this question more conclusively, but so far as our
analysis bears on the question, the BS element frequencies
are not consistent with the hypothesis that they are segre-
gating neutrally in Africa, and thus there is no evidence to
reject the hypothesis that the family exists in transposition–
selection balance.

Implications for the Inference of Selection in
a Demographic Context

A recent bottleneck is a common demographic pattern
in several species of evolutionary genetic interest, including
D. melanogaster (Li and Stephan 2006; Thornton and
Andolfatto 2006), maize (Wright et al. 2005), and human
(Harpending et al. 1998). Our results bear on studies de-
signed to infer the intensity of selection on genetic variation
from frequency data in such populations, which we antic-
ipate will become more numerous as large population ge-
nomic data sets become available. Our study underscores
the importance of accounting for demography for such in-
ference, as has been pointed out in numerous other contexts
(e.g., Andolfatto and Przeworski 2001; Teshima et al.
2006; Thornton and Jensen 2007; Innan and Kim 2008;
Macpherson et al. 2008).

An alternative method that estimates Ns based on com-
parison between polymorphism and divergence exists
(Bustamante et al. 2002, 2005), and this method has been
shown to be relatively robust to nonconstant demographic
patterns. However, this method does not use the frequency
of polymorphisms to obtain its estimates, which we have

shown to be informative about the strength of selection,
and further assumes that the strength of selection has re-
mained constant from the time of divergence to the present.
Thus, the two methods of inference use complementary in-
formation, and, where satisfactory demographic models ex-
ist for a population, comparison between their results
should prove instructive.

Our analysis suggests that frequency data from a de-
rived population carry little information about the strength
of selection in the ancestral population compared with an-
cestral frequency data itself. This discrepancy arises from
the fact that a severe bottleneck can effectively diminish
correlation between an allele’s frequency in the ancestral
population and that in the derived population. The effect
of the bottleneck on the expected ancestral frequency dis-
tribution is then determined by the probability of an allele to
not become lost during the bottleneck, which is roughly
proportional to its initial frequency at emigration.

As a consequence, for a severe enough bottleneck,
the expected frequency distribution in the ancestral pop-
ulation can be well approximated by a simple heuristic ap-
proach, where the actual frequency distribution in the
population is multiplied by the allele frequency x. The ef-
fect of an intense bottleneck can therefore be thought of as
performing ascertainment in a single strain from the ances-
tral population.

However, in many realistic demographic scenarios,
bottlenecks might not be severe enough for the heuristic ap-
proach to apply adequately. In addition, the ancestral allele
frequency distribution will often be far from transposition–
selection equilibrium, for example, if the demography fea-
tures an ancient population expansion. Results derived from
the simple heuristic approach can be substantially mislead-
ing in such cases. For example, when applying the demo-
graphic model of Li and Stephan (2006) to our BS data from
D. melanogaster, we obtained a widely divergent estimate
of Ns 5 �15 for the strength of selection against BS ele-
ments in the present-day African population compared with
Ns5�4 obtained when using the simpler demographic sce-
nario of Thornton andAndolfatto (2006), although both es-
timates correspond to similar ancestral allele frequency
distributions at emigration within their respective models.

For many realistic demographic scenarios, the partic-
ular demographic history will thus have a profound effect
on the inferred ancestral selection intensity if ascertainment
has been performed in a derived population that encoun-
tered a population bottleneck after emigration. Our ML ap-
proach provides a flexible methodology for such cases that
allows for a reliable inference of ancestral selection inten-
sity among a broad class of possible demographic models
and ascertainment schemes. Its application should there-
fore improve our understanding of the characteristic mode
of selection for species with complicated demographic
histories.

Supplementary Material

Supplementary tables S1 and S2 are available at Mo-
lecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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