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Abstract

Transposable elements (TEs) are the primary contributors to the genome bulk in many organisms and are major players in
genome evolution. A clear and thorough understanding of the population dynamics of TEs is therefore essential for full
comprehension of the eukaryotic genome evolution and function. Although TEs in Drosophila melanogaster have received
much attention, population dynamics of most TE families in this species remains entirely unexplored. It is not clear
whether the same population processes can account for the population behaviors of all TEs in Drosophila or whether, as
has been suggested previously, different orders behave according to very different rules. In this work, we analyzed
population frequencies for a large number of individual TEs (755 TEs) in five North American and one sub-Saharan African
D. melanogaster populations (75 strains in total). These TEs have been annotated in the reference D. melanogaster
euchromatic genome and have been sampled from all three major orders (non-LTR, LTR, and TIR) and from all families
with more than 20 TE copies (55 families in total). We find strong evidence that TEs in Drosophila across all orders and
families are subject to purifying selection at the level of ectopic recombination. We showed that strength of this selection
varies predictably with recombination rate, length of individual TEs, and copy number and length of other TEs in the same
family. Importantly, these rules do not appear to vary across orders. Finally, we built a statistical model that considered
only individual TE-level (such as the TE length) and family-level properties (such as the copy number) and were able to

explain more than 40% of the variation in TE frequencies in D. melanogaster.
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Introduction

Transposable elements (TEs) are pieces of DNA that have
the ability to move between different sites in the genome
using the host transcriptional and translational machinery.
TEs are present in virtually all eukaryotic species investi-
gated so far (Wicker et al. 2007) and in many organisms,
they are the primary contributors to the genome bulk
(Biemont and Vieira 2006). TEs have been shown repeat-
edly to be involved in genome restructuring (Craig et al.
2002) and to contribute to the formation of novel gene
structures (Volff 2006; Sinzelle et al. 2009) and regulatory
sequence innovation (Feschotte 2008; Bourque 2009).
Thorough understanding of the population dynamics of
TEs is essential for the understanding of the eukaryotic
genome evolution and function.

Most of the studies on TE population dynamics have
focused on a few model organisms (Rizzon et al. 2003; Dol-
gin et al. 2008; Lockton et al. 2008; Tian et al. 2009; Lockton
and Gaut 2010) and specifically among them on Drosophila
melanogaster (Charlesworth and Langley 1989; Charles-
worth et al. 1994, Nuzhdin 1999; Kidwell and Lisch
2001). In this species, and based on the analysis of several
families, TEs were found to be at low frequencies in most
genomic locations and their maintenance in populations
was inferred to be the result of a balance between trans-
positional increase in copy number and the countereffects
of natural selection (Charlesworth et al. 1994). The observation

that TEs were almost always present at low population fre-
quencies was taken as evidence against TE insertions fre-
quently inducing beneficial mutations (Charlesworth
et al. 1994; Gonzalez and Petrov 2009). The first ge-
nome-wide screen for recent adaptive insertions revealed
that TEs did contribute substantially to adaptive evolution
although the proportion of adaptive TEs indeed appeared
to be small (Gonzalez et al. 2008, 2010).

Despite much research, the nature of purifying selection
acting against TE insertions remains controversial (Nuzhdin
1999; Petrov et al. 2003; Le Rouzic and Deceliere 2005;
Dolgin and Charlesworth 2008). Disruptions of functional
sequences and deleterious TE products are clearly impor-
tant factors in the culling of insertions from the genome by
purifying selection (Finnegan 1992; McDonald et al. 1997;
Nuzhdin et al. 1997). However, it is not clear whether the
same forces that are responsible for removing TEs from spe-
cific functional sites are also important for keeping TEs at
low but detectable frequencies in the population (Nuzhdin
1999). In fact, a third independent force purifying selection
against the deleterious effects of ectopic recombination be-
tween different copies of elements in the same family
(Montgomery et al. 1987; Langley et al. 1988; Charlesworth
et al. 1992; Bartolome et al. 2002; Petrov et al. 2003) has
been suggested to be the dominant force in preventing
TEs from reaching high frequencies even if they insert into
locally nonfunctional sites and cause no local deleterious
effects. The most direct evidence for this model comes

© The Author 2010. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please

e-mail: journals.permissions@oup.com

Mol. Biol. Evol. 28(5):1633-1644. 2011  doi:10.1093/molbev/msq337 Advance Access publication December 16, 2010 1633

o)
o
wn
®
Y
*
0
>
o
q
gl
ol
™




Petrov et al. - doi:10.1093/molbev/msq337

from the investigation of population dynamics of four
non-long terminal repeat (non-LTR) families (Petrov
et al. 2003).

In addition, it is possible that TEs go through periods of
high and low transpositional activity (Nuzhdin 1999; Pet-
rov et al. 2003; Le Rouzic et al. 2007) and that the low fre-
quency of many TEs is due to a recent increase in
transpositional activity. In fact, Bergman and Bensasson
(2007) suggested that LTR elements as a group contain
predominantly young TEs because they recently experi-
enced asharpincrease in their rates of transposition. They
argued that this hypothesis might explain the data better
than the alternative equilibrium possibility that LTR ele-
ments are young and numerous because of strong puri-
fying selection counteracting a high equilibrium rate of
transposition of LTR elements. Finally, regulation of
transposition by either TE- or host-driven mechanisms
needs to be taken into account as well in order to under-
stand the population dynamics of TEs (Misra and Rio
1990; Aravin et al. 2001; Brennecke et al. 2007; Lu and
Clark 2010).

Here, we study population genomics of 755 euchromatic
TEs from 55 families falling into the three main orders of
TEs—LTR and non-LTR retrotransposons and terminal
inverted repeat (TIR) DNA transposons (Kaminker et al.
2002; Quesneville et al. 2005). We find strong evidence that
TEs in Drosophila across all types and families are subject
to purifying selection at the level of ectopic recombination.
The strength of selection appears to be stronger in the
copious families with longer TEs. In contrast, we find
no evidence that TEs from different orders exhibit substan-
tially different population dynamics over and above
that explained by the individual TE-level and family-level
properties.

Materials and Methods

Estimation of TE Population Frequencies

We previously used a pooled-polymerase chain reaction
(PCR) approach to estimate population frequencies for
902 TEs annotated in the Release 4 of the D. melanogaster
genome (Gonzalez et al. 2008). DNA from five different
North American (NA) populations (8-12 strains per pop-
ulation; 64 strains in total) and one African (AF) population
collected in Malawi (11 strains) were combined into seven
different pools (one pool of 8-12 strains per population
except for one NA population for which two pools of
12 strains each was analyzed). Release 5 corrected the an-
notation for a substantial proportion of these TEs and we
updated our results accordingly (supplementary Materials
and Methods, Supplementary Material online). For each
pool, we classified TEs as absent, polymorphic, or fixed
as described in Gonzalez et al. (2008). Because the
frequency distribution of the 755 analyzed TEs is not sig-
nificantly different among the six NA populations (Kruskal-
Wallis K = 7.47, df = 5, P value = 0.19), we analyzed the
results obtained for these six pools together. Note that fre-
quency distributions of the 755 analyzed TEs are different
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between the NA and the AF population (Kruskal-Wallis K
= 17.86, df = 1, P value = 2.37 x 10~ ). However, we only
used the AF pool to determine if a TE insertion is fixed in all
the analyzed populations. We classified TEs as fixed, com-
mon, rare, and very rare using slightly different criteria than
those described in Gonzalez et al. (2008) (supplementary
table S1, Supplementary Material online). TE insertions
were classified as fixed when they were present in all
the seven pools and we detected no alleles in any pools
without the TE (estimated population frequency > 98%;
Lipatov et al. 2005). For polymorphic TEs, we only took into
account their frequency in NA populations and classified
them as follows: TEs were classified as common when we
obtained evidence that some strains lacked these TEs in
some of the six NA pools but there were no NA pools
in which all the strains lacked the TE (population frequency
~ 10-98%; Lipatov et al. 2005). TEs were classified as very
rare when they were entirely absent from all the six NA
pools (population frequency ~ <1.5%; Lipatov et al
2005) and TEs were classified as rare when they were
entirely absent in some NA pools and present in others
(population frequency ~ 2-15%; Lipatov et al. 2005).
For the statistical analysis described below, we converted
the frequency classes: “very rare,” “rare,” “common,” and
“fixed” to 0, 1, 2, and 3, respectively.

Permutation-Based Analysis

We performed a permutation test based on an euclidean
distance metric (d) that is designed to predict the differ-
ence in population frequencies between two TE copies
based only on their length (L) and the recombination rate
(R) of the region where they are inserted. Specifically,
di=1/(a(L; — L;)*+b(R; — R;)* with the weights a and
b determined to minimize the differences in population
frequency for a random pair of TEs (supplementary Mate-
rials and Methods, Supplementary Material online).
Recombination rate was estimated as described in
Fiston-Lavier et al. (2010a).

For the permutation analysis, for each TE insertion
(TEfoca), We found the closest TE (TEgy) in terms of
d but which belongs to a different family. We then find
a TE insertion from the same family (TE,,..) that is the
closest to TE¢,, in terms of d across all TEs from the same
family but is farther or as far as TEgi (i.e., d(TEfocab TEsame) =
d(TE¢oca TEqir))- Note that this criterion is conservative as it
biases us to find greater similarity in frequency for TEs in
different families.

Because we are not considering fixed TEs, the frequency
of each TE copy can only be very rare (0), rare (1), or
common (2). Therefore, d(TE;,TE,) can be 0, 1, or 2. If family
identity matters over and above TE length and recombina-
tion rate, we expected that the number of differences in
frequency equal to 0 will be higher for the TE;yca — TEsame
comparison than for the TEq, — TEgs comparison. We
then used a sign test to compare the difference in frequency
between the TEq, and TE., .. with the difference in fre-
quency between TE¢,, and TEg.



supplementary Materials
Supplementary Material
supplementary table S2
supplementary table S2
Supplementary Material
supplementary Materials and Methods
supplementary Materials and Methods
Supplementary Material

Population Genomics of TEs in Drosophila -

doi:10.1093/molbev/msq337

Results

Data Set

The 755 TEs analyzed in this work belong to 55 different
families, including all the high copy number (>20 TE cop-
ies) families in the genome and represent the three main
orders of TEs in D. melanogaster (LTR, non-LTR, and TIR).
These TEs were sampled across lengths (full-length ele-
ments, 5’ truncated non-LTR elements, shorter elements
due to internal deletions, and solo-LTRs) and recombina-
tion backgrounds. Our data set did not include elements
that belong to the INE-1 family because the dynamics of
this TE family is different from that of all the other families
in the D. melanogaster genome. Although other TE families
are present in tens or at most hundreds of copies, INE-1
family contains 2,234 TEs all of which are fixed (Kapitonov
and Jurka 2003; Singh and Petrov 2004). We also did
not sample nested (808 TEs) and heterochromatic TEs
(1,599 TEs) and we excluded 13 putatively adaptive TEs
(Aminetzach et al. 2005; Gonzalez et al. 2008; Gonzalez
et al. 2009). Our data set comprises ~50% of all euchro-
matic, nonnested, non-INE-1 TEs in the Release 5 of the
D. melanogaster genome (1,501 TEs; supplementary table
S2, Supplementary Material online) and is similar to these
TEs in the proportion of different orders and distances to
nearest genes. Our data set is enriched for full-length TEs
and TEs in high recombination regions.

TE Frequency Estimates

Population frequencies for the 755 TEs in our data set were
previously obtained in our lab using a pooled-PCR ap-
proach (Gonzalez et al. 2008). Six pools contained DNA
from the NA populations, and one pool contained DNA
from the AF population (see Materials and Methods).
Based on the PCR result, each TE insertion was classified
as absent, polymorphic, or fixed in each pool (Gonzalez
et al. 2008). The main experimental error in the pooled-
PCR procedure comes from the failure of PCR reactions.
We found that TE copies that are truly absent or fixed
in the pool are rarely misclassified, whereas polymorphic
TE copies are misclassified as absent or fixed only ~5%
of the time giving us confidence that experimental error
is minor (supplementary Materials and Methods, Supple-
mentary Material online).

We further tested the veracity of the pooled-PCR fre-
quency estimation procedure by using previously collected
data for 69 TEs from four different non-LTR families (Doc,
jockey, BS, and X-element; Petrov et al. 2003). These TEs
were interrogated for presence and absence using single-
strain PCR in 18 NA and 18 Tunisian strains. Fifty-seven
of these 69 TEs are part of the current study. There is
a strong positive correlation between the single-strain fre-
quency estimates and the pooled estimates (Spearman’s
p = 0.62; P << 0.001; supplementary fig. ST and table
S3, Supplementary Material online). Supplementary figure
S1, Supplementary Material online, also clearly demon-
strates the advantages and disadvantages of the pooled-
PCR procedure: By sampling a large number of strains,

we were able to determine that approximately half (25
TEs) of the 42 TEs that appeared to be private in the se-
quenced strain using single-strain PCRs were in fact present
at low by detectable frequencies in the NA D. melanogaster
population. On the other hand, TEs identified as common
by the pooled procedure have a very wide range of inter-
mediate frequencies determined by single-strain PCR. Note
that, as expected, they are never very rare. Because for
many downstream analyses, the precise frequencies of
TEs at an intermediate frequency (e.g, 30% vs. 80%) do
not affect conclusions to the same extent as the more pre-
cise measurement of the lower frequencies (e.g, 1% vs.
10%), the pooled-PCR approach that we used to estimate
individual TE frequencies is appropriate for the analyses de-
scribed below.

Frequency Distribution of TEs by Family, Order, and
Chromosome

We classified the 755 TEs into four frequency classes: 114
TEs are fixed, 72 TEs are common, 159 are rare, and 410 are
very rare (see Materials and Methods; supplementary table
S1, Supplementary Material online). We plotted the fre-
quency distribution across the 55 studied TE families
(fig. 1; supplementary table S4, Supplementary Material on-
line). The families were arranged by order and within each
order sorted by copy number. Although the majority of D.
melanogaster TEs are either very rare or rare, a considerable
number are either common or fixed. The frequency distri-
bution varies significantly among families (y* = 859.30,
df = 162, P value << 0.001) and among orders (> =
236.08, df = 9, P value << 0.001). Some families, such
as roo, jockey, and pogo, primarily contain TE insertions that
are rare and very rare. Others, such as invader and BS,
families have mostly common TE insertions, whereas S2
and Crla families contain mostly fixed TE insertions
(fig. 1). LTR families have a higher proportion of rare
and very rare TE insertions (93%) than non-LTR (70%;
¥’ = 5589, df = 1, P value << 0.001) and TIR (44%;
1* = 180.46, df = 1, P value << 0.001) families.

Families with higher copy numbers have a higher propor-
tion of rare and very rare TEs (Spearman’s p = 0.90, P <<
0.001). This effect is weaker for the TIR than for the LTR and
non-LTR elements (LTR: Spearman’s p = 0.93, P value <<
0.001; non-LTR: Spearman’s p = 0.86, P value <<< 0.001; TIR:
Spearman’s p = 0.54, P value = 0.01).

We also investigated the variation of TE frequencies
across chromosomes (supplementary fig. S2 and table
S4, Supplementary Material online). The frequency distri-
butions are marginally dissimilar across the four major
autosomal arms (3> = 19, df = 9, P value = 0.03). There
is no significant difference between the X chromosome and
the autosomes when we consider all the TEs together (3* =
0.21, df = 3, P value = 0.98) or when we consider TEs
within each family separately (supplementary fig. S2 and
table S5, Supplementary Material online).

The one clear difference is between the fourth chromo-
some and the rest of the genome (> = 97, df = 3,
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P value <<< 0.001; supplementary fig. S2, Supplementary
Material online). This is not surprising given that the fourth
chromosome is mostly heterochromatic and mostly non-
recombining with sharply reduced levels of polymorphism
in general (Berry et al. 1991; Wang et al. 2002). We find
reduced levels of polymorphisms for TEs on the fourth
chromosome as well: Among the 26 TEs for which we have
frequency data 22 (84%) are fixed, two (8%) are common,
and only two (8%) are very rare.

Strong Natural Selection against TE Insertions
Within Genes

Overall TEs in the D. melanogaster genome appear delete-
rious as the majority of TEs are very rare (supplementary
table S4, Supplementary Material online). First, and most
straightforwardly, some TEs must be deleterious because
they disrupt functionally important genic regions and exert
local deleterious effects (Finnegan 1992; McDonald et al.
1997). To test this conjecture, we separated TEs into three
categories: 1) TEs inside protein-coding regions (CDS), 2)
TEs inserted in introns, and 3) TEs inserted in intergenic
regions (Table 1). Although CDS regions constitute
~19% of all euchromatic DNA, no TEs were found inside
CDS regions, except for one putatively adaptive TE inser-
tion (Aminetzach et al. 2005; Gonzalez et al. 2008) that was
excluded from this data set. There is no difference in the
frequency spectra of TEs inserted in intronic and intergenic
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regions (> = 4.43, df = 3, P value = 0.21) suggesting that
deleterious effects of TEs in these regions are not detectably
different. These results also strongly imply that TE inser-
tions into CDS regions are almost universally strongly del-
eterious, given that the abundance of visible mutations
caused by TE insertions into genes argues that TEs in
D. melanogaster do not exclusively transpose outside of
CDS regions (Ashburner et al. 2005).

We tested whether TEs located closer to genes are sub-
ject to stronger purifying selection by correlating the dis-
tance to a gene for each TE with its population frequency.
We failed to find a significant correlation (R> = 1.57 x 10~
9, P value = 0.16). There was also no difference in popu-
lation frequency among TEs that are close to genes (0-1
kb), located at an intermediate distance (1-10 kb), and
those located far from genes (>10 kb; y* = 5.87, df =
6, P value = 0.44).

Because some TE families are known to show insertion
biases (Sandmeyer et al. 1990; Spradling et al. 1995), it is
possible that stronger natural selection against TE inser-
tions near genes could be obscured by the combination
of the variation in the insertional preferences of TEs in dif-
ferent families and sharply varying strength of selection
across families. We found evidence that different families
do indeed have different insertional preferences by showing
that distance of a TE to the nearest gene varies sharply
across families (y° = 49,712, df 120, P value


supplementary Ffig. S3
Supplementary Material
Supplementary Material
supplementary Ttable S6
supplementary Ttable S6
Supplementary Material

Population Genomics of TEs in Drosophila -

doi:10.1093/molbev/msq337

Table 1. Genomic Location of the TEs Analyzed in This Study.

Frequency Classes

Genomic

Compartments Amount of DNA Very Rare Rare Common Fixed

CDS 19%* 22.46° 0% 0 0% 0 0% 0 0% 0
Intron 41% 49.12 48% 196 43% 68 44% 32 37% 42
Intergenic 38% 45.08 52% 212 57% 91 56% 40 61% 70

* Some TEs are annotated to be part of untranslated regions (UTRs) and were excluded from this analysis; therefore, percentages do not add to 100%.

® Amount of DNA in Mb.

<<€0.001; supplementary fig. S3, Supplementary Material
online) and does so also for the very rare TEs (° =
153980, df = 92, P value <<< 0.007; supplementary fig.
S3, Supplementary Material online), which should reflect
the insertional preferences most accurately (Messer
2009). To test for the effect of the distance to genes while
accounting for different insertional preferences, we tested
whether distance of TEs to the nearest gene is positively
correlated with TE frequency within individual families.
In all families, the numbers of TEs analyzed were too
low to obtain significant results but the omnibus analysis
shows that the plurality of TE families exhibit positive cor-
relations and that this excess is marginally significant (Stu-
dent t-test for families with more than five TE copies: t =
1.69, df = 33, P value = 0.05). Overall, these results suggest
at most a marginal effect of the distance to genes on the
population dynamics of TEs. Note that it might also be pos-
sible that TEs vary in the deleterious effect they exert on the
neighboring genes but in a distance independent way—-
such an effect will remain undetected in these analyses.

No Evidence of Selection against the Expression of
TE-Encoded Proteins

It is also possible that TEs are deleterious because the trans-
lation of TE-encoded proteins or transcripts may be costly
and these proteins/transcripts might generate deleterious
effects by nicking chromosomes and disrupting cellular
processes (Nuzhdin 1999). To test this hypothesis, we com-
pared the frequencies of full-length TEs versus near-full
length TEs (>>90% of the length of the canonical element).
We hypothesized that full-length elements are transcribed
either more often or at higher levels than the near-full
length but truncated TEs. We restricted our analysis to
the TE families in our data set that have been identified
as being transcribed (Deloger et al. 2009). We found no ev-
idence of selection against the expression of TE-encoded
products when we considered all the families together
(G-test = 3.99, P value = 0.14) or separately (supplemen-
tary table S6, Supplementary Material online).

Natural Selection against TEs Due to Ectopic
Recombination

Another possibility is that many TEs are deleterious be-
cause they recombine with other TEs located at various
sites across the genome leading to rearranged chromo-
somes and inviable gametes (ectopic recombination
model). This model makes a number of testable predic-
tions. First, because ectopic recombination events are more

likely when TEs are heterozygous, selection against the del-
eterious effects of ectopic recombination should increase
with the copy number of polymorphic TEs (Montgomery
et al. 1987, 1991). Second, because longer elements should
recombine more often (Dray and Gloor 1997), the longer
TEs especially in the families that contain many other long
TEs should be subject to stronger purifying selection and
present at low population frequencies (Petrov et al. 2003).
Finally, purifying selection should be stronger in the areas of
higher recombination (Langley et al. 1988; Montgomery
et al. 1991; Goldman and Lichten 1996, 2000). To test these
predictions, we analyzed 637 out of the 755 TEs that are not
fixed and are not located on the fourth chromosome.

As predicted, TE frequency varies significantly and nega-
tively with the polymorphic copy number of the family
(P value <<< 0.001; table 2 and fig. 2). The other two predic-
tions also hold: Both the TE length and the recombination
rate correlate significantly and negatively with the TE
frequency (P value <<<< 0.007; table 2 and fig. 2). In addition,
we detected a statistical interaction between TE length and
polymorphic copy number (table 2). These results vary among
orders (table 2). The frequencies of TEs within LTR and non-
LTR orders are significantly correlated with polymorphic copy
number and TE length. However, recombination rate is a sig-
nificant correlate only for the LTR elements. On the other
hand, none of the three factors are significant predictors of
TE frequencies for TIR elements. Bootstrap analysis shows that
the different order behaviors were not due to the different
number of TEs analyzed in each order (supplementary table
S7, Supplementary Material online). Finally, eliminating solo-
LTRs (28 TEs) from our data set did not qualitatively alter any
of these results (data not shown).

We also confirmed that TEs from families with longer
TEs were indeed less frequent when we used the observed
mean length (Spearman’s p = —0.61, P value <<<< 0.001) or
the length of the canonical TE in each family (Spearman’s
p = —0.49, P value << 0.001) as the correlates. Longer TEs
were also present at lower frequencies within each family.
Although copy numbers of TEs within families are generally
too low to detect this relationship within individual fam-
ilies, the distribution of Spearman’s correlation coefficients
across all families was significantly shifted toward negative
values (Student test: t = 10.31, df = 30, P value <<< 0.001).
Finally, we tested whether within each family the effects of
polymorphic copy number, TE length, and recombination
rate on TE frequencies exerted independent effects on the
TE frequency and we found that this was indeed the case
(supplementary table S8, Supplementary Material online).
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Fic. 2. Frequency distribution of all the TEs, LTR, non-LTR, and TIR by local recombination rate where the TE is inserted (A), TE length (B), and

polymorphic copy number (C).

1998). Indeed, the copy number of fixed TEs appeared to
exert an independent statistical effect on population fre-
quency of other TEs in the family (supplementary table
S10, Supplementary Material online). We used both an
“add” and a “drop” approach and confirmed that all these
parameters contained information about TE frequencies
except that we found that distance to the closest gene

Table 3. Comparison of the ANOVA Models Using the AIC.

and order identity did not provide independent explana-
tory power (supplementary table S11, Supplementary
Material online). We further tested whether location on
the X chromosome versus autosomes carries any explana-
tory power in this analysis and failed to detect significance
in either the drop or add analyses (supplementary table
S11, Supplementary Material online).

ANOVA Models

AIC Values

All LTR Non-LTR TIR

Frequency ~ TE length + rcb® rate

Frequency ~ model A + family

Frequency ~ model A + order

Frequency ~ model B + distance to closest gene

Frequency ~ TE length + rcb rate + mean
TE length + canonical TE length + poly”
copy number + fixed copy number +
TE length:fixed copy number + TE length:poly
copy number + mean TE length:fixed copy
number + TE length:poly copy number +
canonical TE length:fixed copy number +
canonical TE length:poly copy number

E’ Frequency ~ TE length + rcb rate +

mean TE length + canonical TE length +

poly copy number + fixed copy number +

TE length:fixed copy number + mean TE length:fixed

copy number + canonical TE length:fixed

monNn®>

copy number + canonical TE length:poly copy number

F Model E' + order

1,164 432 434 203
905 299 341 183
1,156 N/A N/A N/A
907 300 342 183

1,003 353 357 178

1,001 352 355 177
1,000 N/A N/A N/A

# Recombination.
® Polymorphic.
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FiG. 3. Comparison of the predicted TE frequencies according to models A, B, C, and E’ and the observed TE frequencies. For each observed
frequency class, we plot the observed versus the predicted frequencies according to that model for each of the 637 TEs and the boxplot
summarizing the frequencies distribution. We also plot the observed versus the predicted frequencies for the 13 adaptive TEs described in

Gonzalez et al. (2008).

We used a stepwise selection procedure with the
Akaike’s information criterion (AIC) to select the model
that best explained the variation in TE frequencies (Akaike
1974). The results are shown in table 3 and figure 3. We
started with a model A that considered only individual
TE properties—length and recombination rate. This model
explained a substantial part of variance (R> = 0.23; AIC
value = 1,164). We then added to this model either the
family effect (model B: R = 0.56; AIC value = 905) or
the order effect (model C: R® = 025 AIC value =
1,156). As expected based on our previous results, while
adding the family effect improved the explanatory power
very substantially, adding the order effect improved it only
marginally. Adding distance to closest gene to model B
does not increase the explanatory power of the model
(model D: R> = 0.56; AIC value = 907) confirming that
distance to closest gene does not play an important role
in explaining TE population dynamics.

We then attempted to determine which of the family
properties mattered most. We built a model that added
to model A all the family-level parameters (model E). Even
all these parameters together (model E: R* = 0.42; AIC
value = 1003) did not have as much explanatory power
as model B that explicitly included the family identity as
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a parameter. This is true for both LTR and non-LTR orders,
whereas model E was marginally better than model B for
the TIR order.

We then used a stepwise approach analysis in order to
minimize the number of parameters in model E while max-
imizing its explanatory power. This new model, model E’
(R* = 0.42; AIC value = 1,001) marginally increased the
explanatory power over model E. Finally, we added order
identity to model E’ to test whether TEs from different or-
ders behave differently after the individual TE-level and
family-level properties have been taken into account. This
appears not to be the case: Adding order identity to E’ did
not significantly increase the explanatory power of the
model (model F: R* = 0.43; AIC value = 1,000).

We also plotted the predicted versus observed frequen-
cies for the 13 putatively adaptive TEs previously identified
in our laboratory (fig. 3). These 13 TEs are common in NA
populations (Gonzalez et al. 2008). As expected, because
they are likely to be subject to positive selection and thus
should be unusually frequent in the population, our two
best models predicted their frequencies to be lower than
they really are (model B: Student test t = —3.71, df = 14, P
value < 0.001 and model E’: Student test t = 2.50, df =
12.4, P value = 0.03; fig. 3).
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Discussion

In this work, we analyzed the population frequencies of
a large proportion of euchromatic non-nested TEs found
in the reference D. melanogaster strain which is consid-
ered a “typical” D. melanogaster strain in terms of its
TE composition (Kaminker et al. 2002; Quesneville
et al. 2005). These TEs came from 55 families and were
sampled across lengths and recombination backgrounds
(supplementary table S1, Supplementary Material online).
We excluded INE-1 because these TEs have been inactive
for the past ~3 my and thus do not provide us with in-
formation about TE dynamics in the modern populations
(Kapitonov and Jurka 2003; Singh and Petrov 2004). We
also excluded nested TEs partly because of the difficulty of
analysis and partly because these TEs were likely to be old-
er as a group and less representative of the current TE
population dynamics in D. melanogaster as well. Finally,
we did not consider heterochromatic TEs because hetero-
chromatic TEs tend to be old, fixed, fragmented, and/or
nested (Hoskins et al. 2007; Smith et al. 2007) and we ex-
pected much higher rate of PCR error for such TEs. In the
future, a separate analysis of heterochromatic TEs should
be profitable especially for the understanding of long-
term TE dynamics.

The study of TEs across a large number of TE families
from all Drosophila orders allowed us to determine that
consistent forces affect TEs independently of their modes
of transposition and regulation. This is important because
most of the current understanding of TEs in Drosophila
came by extrapolation from studies carried out on very
few families with possibly idiosyncratic properties (Mont-
gomery et al. 1987, Biemont et al. 1994; Carr et al. 2002;
Petrov et al. 2003).

First, Drosophila TEs appear to be very strongly delete-
rious when they disrupt protein-coding sequences of genes
as we found no such TEs in our data set. The only exception
is a previously discovered adaptive TE that generated a new
protein-coding gene (Aminetzach et al. 2005). It is highly
unlikely that this is due to the preference of TEs to insert
outside of genes because this would have to hold for all the
TE families and is inconsistent with experimental data of
TEs readily inserting into genes in hybrid dysgenesis in Dro-
sophila (Kidwell et al. 1977; Petrov et al. 1995) and with the
abundance of TE-derived visible mutations (Ashburner
et al. 2005). Note that some insertions of TEs into genes
have not yet been properly annotated (e.g., FBti0019430 in-
sertion into CHKov1 was mis-annotated originally; Aminet-
zach et al. 2005) given that most gene prediction
algorithms assume that genes are not interrupted by
TEs (Burge and Karlin 1997; Salamov and Solovyev
2000). However, it is unlikely that this problem is of suffi-
cient magnitude to account for the complete absence of
TEs inside genes in our data.

Beyond this strong exclusion of TEs from protein-coding
regions, we found that TE frequency is not detectably or
consistently a function of insertion of a TE into introns ver-
sus intergenic regions or of the distance of a TE insertion to

a gene. It appears that those TEs that do disrupt genes are
undetectable, whereas the ones that are present at detect-
able frequencies exert too weak an effect on neighboring
genes for this effect to be determinative.

Instead, all our results agree with the hypothesis that the
variation of TE frequencies is due to the varying strength of
purifying selection acting on TEs due to their propensity to
recombine with other TEs within the same family and cause
inviable chromosomal rearrangements. We demonstrate
that TEs that are longer, that are found in high recombi-
nation areas and, most importantly, belong to families that
have high copy numbers of long TEs are subject to stronger
purifying selection and are present at lower frequencies.
Using only these TE-level and family-level parameters
and ignoring all other properties of TEs such as, for in-
stance, their mode of transposition, we can account for
a large proportion of the variation in TE frequency
(R* = 0.42). Other factors such as repression of TE activity
by PIWI-interacting RNAs do certainly play a role in the
population dynamics of TEs (Aravin et al. 2001; Brennecke
et al. 2007; Slotkin and Martienssen 2007; Lu and Clark
2010). The impact of piRNAs on the population dynamics
of TEs is expected to be greater for TEs that produce piR-
NAs than for TEs that are targeted by piRNAs (Lu and Clark
2010). Because most of the TEs that generate piRNAs are
not included in our analysis (because practically all piRNA
loci are TE clusters located in heterochromatic regions and
both have been excluded from our analysis; Brennecke et al.
2007), the impact of piRNAs should be diminished. Further-
more, we tested whether full-length, potentially tran-
scribed, and piRNA-affected TEs showed different
population dynamics from truncated, likely untranscribed,
and piRNA-unaffected TEs in the same families and failed
to find any differences (P value = 0.14; supplementary table
S6, Supplementary Material online). Although it is not clear
whether only full-length copies are transcribed, and there-
fore subject to piRNA control, this comparison suggests
that piRNA control is unlikely to be determinative in
our analysis. Overall, it appears that regulation at the level
of piRNA or transcription in general explains at most a mi-
nor part of the TE frequency variation in D. melanogaster.

The picture that is starting to emerge is that different TE
families exhibit sharply varying rates of transposition. The
ones that transpose very frequently build up large copy
numbers leading to the concomitant increase in the
strength of purifying selection against new TE insertions
because new TEs in these families can recombine with
a large number of other TEs with very similar DNA sequen-
ces. Such families contain large numbers of young and rare
TEs. Other families transpose infrequently such that the
copy numbers are lower and the individual TEs are older
and more frequent in the population. Interestingly, LTR
families appear to be transposing in the D. melanogaster
genome at higher rates than TEs from other orders leading
to the observation that LTR elements as a group tend to be
younger (Bergman and Bensasson 2007). Our results do not
provide any evidence that this pattern requires any non-
equilibrium explanations such as a sudden burst of LTR-
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element transposition in the recent past. We consider that
this alternative nonequilibrium explanation is not very
likely because it requires a coordinate and recent invasion
of all LTR families into the D. melanogaster genome in con-
trast to lack of such invasion for the majority of other fam-
ilies. We know of no evidence that would indicate that such
a scenario is plausible.

One way these inferences can be tested is by investigat-
ing TE presence in very deep population samples. The
quantities of very rare polymorphisms in a sample can pro-
vide us with very precise estimates of the rate of transpo-
sition in a way that does not depend strongly on the
strength of purifying selection (Messer 2009). Current se-
quencing projects of a large set of D. melanogaster strains
should facilitate this analysis (http://www.hgsc.bcm.tmc.
edu).

If this model is true, one key question that remains is
why different families transpose as such different rates.
It could be a function of the active TEs currently present
in the genome or of the family-specific and/or species-spe-
cific regulatory mechanisms (e.g,, piRNA control pathways;
Lu and Clark 2010; Malone and Hannon 2009). It will be
interesting to determine whether families tend to go
through periods of active transposition followed by periods
of quiescence or whether they tend to maintain differing
rates of transposition for a long time (Nuzhdin 1999; Petrov
et al. 2003). In principle, one could attempt to get this in-
formation from the analysis of the fixed TEs in the genome
that could tell us about rates of TE fixations over evolution-
ary past. Unfortunately, it seems likely that fixed elements
have a relatively short persistence time in the genome be-
cause they tend to be quickly removed by frequent small
deletions in Drosophila (Petrov et al. 1996; Petrov and Hartl
1998; Singh and Petrov 2004). The other possibility is to
investigate population genomics of TEs in other species
(Vieira and Biemont 2004; Rebollo et al. 2008; de la Chaux
and Wagner 2009; Granzotto et al. 2009). Especially, inter-
esting will be the comparison of TE dynamics in species
that differ in breeding system because those species are also
expected to differ in effective population size and in the
efficacy of selection (Charlesworth D and Charlesworth
B 1995; Wright and Schoen 1999; Dolgin et al. 2008; Lock-
ton and Gaut 2010). The comparison of TE dynamics in
different species holds the most promise in elucidating
not only why different families transpose as such different
rates but also in determining the generality of the lessons
learned in D. melanogaster. This approach at the moment is
limited by the availability of fully sequenced genomes with
sequenced and annotated TE fractions. However, with the
decline in sequencing costs, we may expect in the very near
future an exponential increase in the amount of sequenc-
ing data for many model and even nonmodel organisms.
Automated annotation of TEs (Quesneville et al. 2005)
and automated assessment of TE frequencies in the pop-
ulation from multiple resequenced strains (Hormozdiari
et al. 2010; Fiston-Lavier et al. 2010b) will allow the field
to carry out high-throughput population genomics of
TEs in multiple species and gain deep understanding of
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the forces affecting maintenance of TEs in eukaryotic
genomes.

Supplementary Material

Supplementary figures S1-S3 and tables S1-5S11 are avail-
able at Molecular Biology and Evolution online (http://
www.mbe.oxforjournals.com.org).
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