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Abstract

Studies of the population dynamics of transposable elements (TEs) in
Drosophila melanogaster indicate that consistent forces are affecting TEs inde-
pendently of their modes of transposition and regulation. New sequencing
technologies enable biologists to sample genomes at an unprecedented scale
in order to quantify genome-wide polymorphism for annotated and novel
TE insertions. In this review, we first present new insights gleaned from
high-throughput data for population genomics studies of D. mzelanogaster.
We then consider the latest population genomics models for TE evolution
and present examples of functional evidence revealed by genome-wide stud-
ies of TE population dynamics in D. melanogaster. Although most of the TE
insertions are deleterious or neutral, some TE insertions increase the fitness
of the individual that carries them and play a role in the genome adaptation.

Changes may still occur before final publication online and in print



Annu. Rev. Genet. 2014.48. Downloaded from www.annual reviews.org
by Stanford University - Main Campus - Lane Medical Library on 10/11/14. For personal use only.

GE48CH24-Petrov ARI

Nonautonomous TE
elements: elements
that do not encode the
machinery to
transpose but can still
be mobile using the
machinery of the
autonomous TE
copies

Autonomous TE
elements: elements
that encode the
machinery to
transpose

Ectopic
recombination:
exchange of DNA
sequences, between
two similar sequences
located at
nonhomologous
regions of the genome
leading to a
chromosomal
rearrangement

Polytene
chromosomes: giant
chromosomes that
display a characteristic
band-interband
morphology; present
in several tissue, they
are commonly found
in the salivary glands
of flies; formed as the
result of several rounds
of DNA replication
without cell division
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TRANSPOSABLE ELEMENTS ARE AN ABUNDANT, DIVERSE,
AND ACTIVE COMPONENT OF GENOMES

Transposable elements (T'Es) are mobile DNA sequences that encode an ability to copy themselves
to other sites in the genome and increase their copy number in the process. Certain TEs, known
as nonautonomous, rely on the enzymatic machinery of autonomous copies to move around the
genome. Owing to mobility and self-replication ability, TEs can be abundant, diverse, and active
components of genomes.

TEsare presentin virtually all eukaryotic organisms studied to date and in 80% of the sequenced
prokaryotes (112). In all of these organisms, TEs represent a sizable portion of the genome that
can vary from ~1% (e.g., in the filamentous fungus Fusarium graminearum) to ~85% in Zea mays
and Zea luxurians (32, 111).

TEsare diverse components of genomes. They are classified into two different classes on the ba-
sis of whether their transposition mechanism is DNA-based or RNA-based; into different orders on
the basis of structural relationships; and into families on the basis of sequence similarities (62, 116).
Within each TE family, order, and class, the age and the number of copies can also drastically vary.

TEs are also active components of genomes that generate mutations both when they transpose
from one genomic location to another and when they induce structural rearrangements, most
commonly via ectopic recombination between TE copies. TE-induced mutations vary greatly in
size, ranging from small-scale nucleotide changes, e.g., when a few nucleotides are left behind
after a TE excises, to large chromosomal rearrangements. TE-induced mutations are also diverse
in terms of their molecular effect: TEs can inactivate or duplicate genes, add or remove regulatory
regions, induce new patterns of alternative splicing, and cause epigenetic changes, affecting the
expression and/or structure of nearby genes (2).

TE abundance, diversity, and activity are highly variable from one species to another. For
example, mammalian genomes tend to harbor a small number of high copy-number families
comprising few currently active TEs and thus primarily old TEs, whereas organisms such as plants
and insects tend to harbor a much larger number of smaller copy-number families composed of
very young TEs (114). TE content also varies among individuals from the same species: Whereas
the total copy number might be similar between different individuals, the location of particular
TE insertions can vary substantially. Understanding the dynamics of TEs in populations, i.e.,
which factors explain the number of TEs that belong to a particular TE family, order, or class,
the diversity of TEs present in a given genome, and the frequency distribution of individual TE
insertions is crucial if we want to understand the complex organization, function, and evolution
of genomes.

DROSOPHIILA MELANOGASTER AS A MODEL ORGANISM TO STUDY
TRANSPOSABLE ELEMENT DYNAMICS

Drosophila melanogaster has been used as a model organism for the study of TE population dy-
namics for more than 25 years. The possibility of physically mapping, by in situ hybridization
into polytene chromosomes, the location of individual TE copies in the genome provided the first
insights into TE dynamics in populations (24, 90). The small genome size of D. melanogaster and
its relatively small TE content (approximately 20% of the genome), made it an obvious choice for
obtaining the first genome sequence of a complex animal (1). D. melanogaster is still to date one of
the best sequenced, assembled and annotated eukaryotic genomes (87). Additionally, the wealth
of functional information available for D. melanogaster and the multiple genetic manipulation
techniques that are available make this organism ideal for the study of the evolutionary forces
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shaping genetic variation in natural populations, including TE-induced variation. The availabil-
ity of the reference genome sequence and of new sequencing techniques have accelerated our
understanding of TE population dynamics.

NEW INSIGHTS OFFERED BY NEXT-GENERATION
SEQUENCING TECHNOLOGIES

Next-generation sequencing (NGS) technologies represent a quantum leap in our ability to study
TE population dynamics. It is now possible to sequence several individuals or pooled fly sam-
ples collected in different geographical locations and/or at different time points and analyze TE
dynamics across space and time. Several tools have been designed to discover and annotate TEs
in an assembled genome or in raw NGS data (84, 94). More recently, new tools were designed
specifically to annotate TEs and to estimate their population frequencies when NGS data sets are
available for multiple strains and/or pooled samples (43, 68). The analysis of numerous genomes
from the same population also offers the possibility to improve the annotation of TEs in a species
and the accuracy of the frequency estimates of TEs in the population (42, 43) (Figurela).

One of the challenges of analyzing the TE content of whole-genome data sets is the identi-
fication of novel TE insertions, i.e., TE copies not present in the reference genome. Such TE
copies can belong to known or novel TE families. During the past two years, numerous tools were
designed to discover and annotate TE insertions [ngs_te_mapper (77), RelocaTE (103), RetroSeq
(63), popoolationte (68), TEA (transposable element analyzer) (73), TE-locate (100), and T-lex2
(42)]. All of these approaches analyze the mapping of the raw NGS data on reference sequences
in order to search for TE presence and/or absence of evidence. In order to specifically identify
nonreference (i.e., novel) insertions, the approach consists of searching for discordant mapping of
pair-ends (i.e., only one read of the pair mapped) and single reads that are partially mapped (i.e.,
split reads) (Figure 15). To distinguish among the insertions those corresponding to TE inser-
tions, the approach relies on the availability of a library of representative known TE sequences. All
the evidence of the presence of an insertion can be then aligned against the TE library. However,
because of that, only the variation in the number of individual TE copies from known families can
be reported not the variation in the number of TE families or TE orders. New approaches that
allow thorough annotation of all the TE insertions present in a given genome, from known and
unknown TE families and/or orders, are being generated by several groups (44, 86).

One of the limitations of the currently available methodologies is the short length of the
reads, which limits our ability to reconstruct individual TE sequences. TE length is one of the
parameters that influence TE population dynamics (see below), and as such it is crucial to get
accurate estimates of individual TE sizes and to identify TEs of all lengths with similar accuracy.
Being able to reconstruct individual TE sequences allows us to determine the number of full-
length active copies, relic copies evolving as pseudogenes, and nonautonomous copies. The relative
proportion of these three functional categories is likely to affect the dynamics of TE families, as
has been shown in simulation studies (13, 72). New technologies that allow one to obtain much
longer reads, such as Illumina TruSeq synthetic long-read (87, 115) and Pacific Biosciences’ single
molecule real-time (SMRT) technologies (58), hold great promise for the improved understanding
of TE dynamics.

However, even with the limitations of the currently available analytical and technological
approaches, we have moved from having small data sets focused on a limited number of families and
alimited number of population samples to genome-wide data for all TEsin a genome and frequency
estimates based on hundreds of genomes. As expected, these new data sets have confirmed how
diverse TE content is and have prompted new studies of TE dynamics.
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Figure 1

Short-read sequencing technologies offer new insights for transposable element (TE) population genomics study. (#) Nonreference TE
insertions (i.e., absent from a reference sequence), reference TE insertions (i.e., annotated in a reference sequence) present in the
population, and reference TE insertions (i.e., annotated in a reference sequence) absent in the population. Short reads in individual
strains or those pooled can be used in profiling the TE polymorphism. Nonreference and reference TE insertions could be discovered
and then found in other strains or population data. By combining the presence and/or absence detection of TEs from individual strains
from the same population (or a pooled sample), the TE population frequency can be estimated. (b) Short-read data are represented by
pairs of reads pointing in opposite directions and a distance defined during the library preparation. All the pairs represented here come
from strain 1 (or a pooled sample). Mapping the reads as single ends or pairs on a reference sequence allows the detection of the TE
presence and/or absence. The presence of a TE is supported by the presence of TSDs (target site duplications), short and direct repeats
flanking the TE that are usually created after the TE insertion. If a TE is not present in the reference sequence, the reads spanning the
TE junction are partially mapped (split reads). If a reference TE insertion is also present in the strain, all the reads/pairs from the strain
map correctly along the TE sequence, whereas no read maps onto the TE sequence if the reference TE insertion is absent from the
strain, Theabsence is represented by discordant pairs, which refer to a read and its mate, with the insert size greater than the expected
insert size distribution of the data set.
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DISTRIBUTION OF TRANSPOSABLE ELEMENTS IN THE
DROSOPHILA MELANOGASTER GENOME

Several genome population projects provided sequencing data of D. melanogaster populations:
a European population (68), a North American population [Drosophila Genetic Reference Panel
(DGRP)] (31, 81), and a laboratory population [Drosophila Synthetic Population Resource (DSRP)]
(67). The comparison between the TE annotations of these three NGS data sets and the most
recent release of the reference genome (Flybase v5.49) yielded a number of insights. The number
of TEs identified in each one of these data sets is different. On top of the 5,434 TE insertions
annotated in the reference genome, they discovered 10,208 TE insertions in the European pop-
ulation, 17,639 TEs in the North American populations (DGRP data set) and 7,104 TEs in the
laboratory population (DSRP data set). The differences in the total number of TEs among the
different populations are most likely explained by the different number of strains used for each
population: 113 and 131 for European and North American populations, respectively, whereas
the analyzed laboratory population contained only 15 strains. However, in this last population
(DSRP) the number of TE insertions per strain is larger compared with the other populations,
most probably because of the higher sequence coverage and/or the increased amount of time that
these strains have remained in laboratory conditions (31, 93). The latter possibility would suggest
that TEs continue to transpose in laboratory conditions but are less subject to selection against
new copies.

In the reference genome, the TE density per chromosome is similar for all chromosomes
(~4%—-~10%) except for the fourth chromosome that shows a much higher density (~66%)
(Figure 2). When NGS data sets are considered, a homogenous TE density between all the
chromosomes is detected but not with the fourth chromosome. The TE density of the fourth
chromosome is lower compared with the other chromosomes. This is especially significant for
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Number of transposable elements (TEs) per megabase (Mb) for each chromosome arm (X, 2L, 2R, 3L, 3R, 4) for reference (Flybase,
version 5.49), for a European population (68), for a North American population [Drosophila Genetic Resource Panel (DGRP)] (31), and

for a laboratory population [Drosophila Synthetic Population Resource (DSRP)] (31).
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Distribution of transposable element (TE) groups for reference genome and three genome-wide studies that
included nonreference insertions: a European population (68), a North American population [Drosophila
Genetic Resource Panel (DGRP)] (31), and a laboratory population [Drosophila Synthetic Population
Resource (DSRP)] (31). The five TE groups represent the three main TE orders [i.e., long terminal repeat
(LTR), non-LTR, and terminal inverted repeat (TIR)]. The TIR elements are represented in two groups
that distinguish the highest copy-number repeats in D. melanogaster, which are called INE-1, from the other
elements from this order. The last TE group, called “Other,” includes TEs that are not part of the main TE
orders, except for the North American population, which also includes nonclassified TEs.

Figure 3

Cridland and colleagues’ (31) data set, suggesting that new approaches underestimate the detection
of TEs, specifically the old, fixed, partial, and/or nested TE insertions that are mainly observed
in low-recombining regions of the genome such as the fourth chromosome. In contrast to initial
findings and theoretical predictions (5, 90), there is no evidence for a reduction in TE density on
the X chromosome relative to autosomes (Figure 2) (60, 97), and this pattern does not change
when nonreference TEs are included (31, 68).

Similarly, most of the TEs in the reference genome belong to the DNA transposon class
(Figure 3). The INE-1 family, known to have been inactive for approximately the last three
million years, contains 2,235 of the 2,986 DNA transposons and is thus composed of old fixed TEs
(61, 108). The proportion of DNA transposons in the NGS data sets is smaller. This is probably
explained at least in part by the nondetection of old and fixed TEs by the new approaches and the
considerable proportion of TEs that cannot be classified (Figure 3).

Opverall, a substantially increased number of individual TE insertions detected with the ap-
proaches that detect nonreference TE insertions highlights the relevance of these techniques to
obtain a global view of the TE content in the populations but also in the genome). These data sets
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also show that current methodologies detect TEs with a skew toward younger, non-nested, eu-
chromatic TEs. Hence, future studies that allow annotation of all individual TE copies are needed
to get a complete view of the distribution of TEs along the genome in different populations.

NEW INSIGHTS ON TRANSPOSABLE ELEMENT DYNAMICS
IN DROSOPHILA MELANOGASTER POPULATIONS

The general model to address the study of TE dynamics assumes that each TE is transposed
at a given rate, and it is subsequently removed by a combined effect of a given excision rate and
purifying selection (21). An example of this logic is the well-known transposition-selection balance
model, in which the maintenance of TEs in the population is explained by equilibrium between
the increase in copy number by a constant transposition rate and elimination from the population
by natural selection acting against the deleterious effects of TEs (22). This model allows us to
make predictions about the changes in the copy number per genome per generation as well as
about TE frequency distribution in the populations under different evolutionary hypotheses (see
below). However, the assumption of constant transposition rate has been questioned, given that TE
transpositions are known to occur in bursts (34, 35, 66, 69, 80, 104). Hence, the burst transposition
model, which relaxes the assumption of transposition-selection balance, has also been proposed
to explain TE population dynamics (7, 11, 18).

Analysis of TE dynamics under the assumption of transposition-selection balance starts with
the estimate of TE population frequencies (10, 11,48, 68, 90, 96, 117). If TE insertions are neutral,
then their frequency in the population should be indicative of their time of insertion in the genome
(age), with rare TEs expected to be young and frequent and fixed TEs expected to be old. When
selection is acting, this logic remains true with some caveats. Deleterious TEs should primarily be
rare and should still be young; however, the adaptive TEs might reach high frequencies or even fix
quickly and thus might be either young (if we sampled them soon after their increase in frequency)
or old (if we sampled them much later). Thus, the distribution of TE frequencies should inform
us about how selection is acting on the TE families, with families composed primarily of rare
TEs likely under purifying selection and/or having just undergone a transposition burst, whereas
unusually frequent TEs and TEs that are too young for their high frequency might be suspected
of having an adaptive effect.

Other factors, such as horizontal TE transfer and host regulation and/or self-regulation of
transposition, do affect TE dynamics as well. However, horizontal transfer of TEs is not likely to
be a very common event in Drosophila and as such is expected to play a limited role in TE dynamics
on a short timescale (79, 89). Host control mechanisms, such as the piRNA pathway (51, 65) and
self-regulation of transposition by TEs (23, 54, 59), cannot explain the observed patterns of TE
frequencies, i.e., the majority of TEs are present at low population frequencies. In the following
section, we summarize the most recent insights on TE dynamics that have been obtained from
genome-wide analyses of TEs in D. melanogaster.

Transposition-Selection Balance Model

Attempts to accurately estimate TE population frequencies have been carried out for more than
25 years. Early experimental analysis performed in a limited number of TE families showed that
most TEs are present at low population frequencies (9, 10, 24, 25, 90, 109). Recent genome-
wide TE frequency estimates have confirmed these initial findings: A large proportion of TEs,
ranging from 47.9% to 76% in the different studies, are present at low frequencies, suggesting
that purifying selection plays a major role in TE population dynamics (Table 1) (11, 31, 48, 68).
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Table 1 Genome-wide studies of transposable element (TE) population dynamics

Number Number Percentage of
of Number | offiltered | TEs detected at
Study Approach? | Population Data set strains of TEs TEs low frequency
Petrovetal. | Pooled- SNA, 1 Af | Approximately 50% of | 75 755 755 75%
2011 (97) PCR all euchromatic
reference, non-nested,
non-INE-1
Kofler et al. | Pair-end 1EU Reference and 113 10,208 7,843 47.9%
2012 (68) data® nonreference,
non-nested, in NGS
pooled DNA
Cridland Pair-end 1 NA, 1 lab Reference and 146 23,087 — >83.3%
etal. 2013 data® straind nonreference in NGS
@31) individual strains
Blumenstiel | Pooled- 1 NA, 1 Af Pseudogene-like 24 190 190 70%, 76%
etal. 2014 PCR evolving TEs
an

*Approach: Approach to estimate TE population frequencies.

"Number of TE insertions for which population frequency has been estimated.

“Bioinformatical approach based on pair-end data in which a TE is identified if one read of the pair-end fragment maps to the unique region of a

reference genome and the other maps to a TE.
IDSPR (Drosophila Synthetic Population Resource) strains.

Abbreviations: Af, African; EU, European Union; NA, North American; NGS, next-generation sequencing; PCR, polymerase chain reaction.
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Three nonmutually exclusive hypotheses have been described to explain the nature of purifying
selection acting against TE insertions (reviewed in 92): (#) the gene-disruption hypothesis (41,
88); (b) the deleterious TE-product expression hypothesis (92); and (c) the ectopic recombination
hypothesis (90).

Gene-disruption hypothesis. The gene-disruption hypothesis is a widely accepted model in
which purifying selection is assumed to be strongly against TE insertions when they are inside a
gene or regulatory region (29, 41, 88, 101, 106). In D. melanogaster, the analyses of laboratory-
induced TE mutations show that TEs do not exclusively transpose outside of coding regions (4, 6).
However, in the first in-depth analysis of the euchromatic reference genome (release 3), among the
1,572 TEs identified, none was annotated in coding regions (60). In a more recent release (release
5), with 18.3% of the exonic region in D. melanogaster only 283 TE insertions are expected to
be located into exons under the null hypothesis of genome-wide homogeneous insertions (64).
Hence, strong deleterious selection can be invoked to explain this pattern. Follow-up analysis of
the reference genome identified only one of these TEs inserted in a protein-coding region (3, 82,
96). Lipatov and colleagues (78) specifically looked for transcripts containing TE and host-gene
sequences and found only four that were part of protein-coding regions. Finally, in a genome-
wide study in which TEs not present in the reference genome were additionally analyzed, Kofler
and colleagues (68) found 249 TEs in coding regions (~2.5% of all TEs), but only 16 of them
were fixed (<0.2%). Overall, there are fewer TE insertions in exons and untranslated regions
than expected based on the proportion of these sequences in the genome (31, 36, 60, 68, 78, 97),
suggesting that selection acting against the deleterious effects of TE insertions inside genes is
strong.
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Deleterious transposable element-product expression hypothesis. The deleterious TE-
product expression model is based on the assumption that the replication of active and inactive
copies and the translation of TE-encoded proteins can have a metabolic cost for the cell (16, 92).
Additionally TE-encoded proteins could be deleterious because they can disrupt cellular processes
(92). Petrov and colleagues (97) made an attempt to test this hypothesis genome-wide by compar-
ing the population frequency of full-length TEs versus truncated TEs (>90% size of the canonical
element) in transcriptionally active TE families [according to Deloger and colleagues (36)]. Full-
length TEs should be transcribed at higher levels or at least more often than incomplete copies,
and, consequently, deleterious selection against them should result in decreased population fre-
quency. However, they were not able to observe this effect and hence, at present there is no direct
evidence of selection against the expression of TE-encoded proteins at a genome-wide scale.

Ectopic recombination hypothesis. The previous models alone cannot explain why TEs are
also observed at low frequency in nonfunctional regions of the genome. An alternative, nonexclu-
sive hypothesis is the ectopic recombination model. Ectopic recombination between TE copies
that belong to the same family, and thus share sequence identity, and are located in different
genomic regions can generate chromosomal rearrangements that often lead to inviable gametes
(45, 70, 91). Under this model, we expect that (#) meiotic recombination rate, () size of the TE
insertion, and (¢) family copy number should affect the probability of ectopic recombination and
therefore the intensity of selection acting against TE insertions. Under the ectopic recombination
model, we expect a negative correlation between TE frequency and rate of meiotic recombination.
It is assumed that meiotic recombination is correlated with ectopic recombination, and, conse-
quently, meiotic recombination rate should be a good estimator of the ectopic recombination
intensity (45, 46, 70, 91). As expected according to this model, low-recombining regions, such as
pericentromeric regions and the fourth chromosome, are highly enriched in TEs and harbor most
fixed TE insertions (31, 68, 74). After removing heterochromatic regions, a negative correlation is
still observed between recombination rate and TE population frequency (5, 68, 97), even among
polymorphic TEs (68, 97), suggesting that ectopic recombination is an important factor affecting
TE dynamics.

However, there are at least two alternative hypotheses to the ectopic recombination model
that could also explain the observed negative correlation between recombination rate and TE
population frequency: Hill-Robertson interference (see sidebar, Hill-Robertson Interference)

HILL-ROBERTSON INTERFERENCE

Meiotic
recombination:
process by which a pair
of homologous DNA
sequence exchanges
some portion of the
DNA; also known as
homologous
recombination

The Hill-Robertson interference is the reduction in the efficiency of selection operating on a locus as a consequence
of simultaneous selection operating on linked loci. Two distinct scenarios can be described: (#) Two or more
adaptive mutations appear in two different haplotypes in the population. If the recombination rate is low, both

haplotypes compete against each other until one of them is fixed and the other disappears from the population. With

recombination, the two haplotypes could exchange alleles and generate a new haplotype that carries both adaptive

alleles. Hence, having a low rate of recombination reduces the rate of adaptive fixation. (») Slightly deleterious
and adaptive mutations are found in a haplotype. Some slightly deleterious mutations become fixed owing to the
selective sweep of adjacent adaptive mutations. In addition, the elimination of deleterious alleles by selection also
eliminates adjacent, weakly adaptive mutations from the population. Overall, the lack of recombination reduces the

efficiency of selection, increasing the fixation of slightly deleterious mutations and decreasing the rate of adaptive

substitutions.
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and gene density. Recombination rate correlates with the efficiency of selection due to Hill-
Robertson interference (56). Indeed, genomic regions with reduced recombination rate show an
excess of deleterious mutations and a dearth of adaptive substitutions among different Drosophila
species consistent with reduced efficiency of selection in these regions (8, 17, 27, 53, 57, 107,
118). However, according to computer simulations performed by Dolgin & Charlesworth (38),
the observed pattern of TE fixation in low-recombining regions could be explained only by
Hill-Robertson interference under a highly unlikely combination of conditions: When recom-
bination rate is extremely low, excision rate is effectively absent and synergism among TEs
is weak.

However, low-recombination regions also have low gene density (1). This could decrease neg-
ative selection pressures in low-recombination regions, allowing higher TE density or higher TE
population frequencies. Under this hypothesis, the observed correlation between recombination
rate and TE population frequency beyond these specific regions will need additional evidence,
such as a positive correlation between recombination rate and gene density. Therefore, although
it is possible that the negative correlation between recombination rate and TE population fre-
quency could be explained by the Hill-Robertson effect and/or gene density, these two alternative
hypotheses are both unlikely to explain the global observed correlation.

TE insertion size is also expected to affect the probability of undergoing ectopic recombination:
Longer TEs should recombine more often, as they represent longer targets for homologous pairing
(39, 96). Among TEs annotated in the reference genome, a negative correlation has been described
between TE length and TE population frequency (68, 97), implying that longer TEs are more
deleterious and tend to be removed more efficiently from the genome. Although reliable length
estimates for nonreference detected TEs cannot be obtained, indirect estimates based on the
canonical sequence length also suggest that TE length and population frequency are negatively
correlated (68).

Another prediction of the ectopic recombination model is that population frequency should
negatively correlate with family copy number. Indeed, ectopic recombination is more likely to
happen when TEs are heterozygous and hence, the probability of undergoing ectopic recom-
bination should increase with the copy number of polymorphic TEs (90, 91). As expected, a
negative correlation has been described between TE population frequencies and the copy number
of polymorphic TEs (68, 97).

Note that a significant statistical interaction between TE length and family TE copy number
indicates that families with longer TEs tend to have a larger copy number in Drosophila (97). If long
TEs exerted a more deleterious effect on its nearby genes, correlation between length and copy
number of TEs within a family and population frequency of these TEs could be explained without
additional need to invoke the ectopic recombination model. Under this alternative hypothesis,
TEs of similar length or similar recombination backgrounds should suffer similar intensity of
negative selection independently of the family to which they belong. Petrov and colleagues (97)
tested this alternative explanation and found that it does not hold: Two TEs within the same
family are more likely to have similar frequencies over and above the frequency predicted by their
length and local recombination rate compared with TEs belonging to different families.

Finally, another testable prediction of the ectopic recombination model is that we should ob-
serve lower TE density, and TEs atlower population frequencies in the X chromosome compared
with autosomes, because of the higher rate of recombination on the X chromosome (28). Higher
ectopic recombination rates increase the strength of negative selection in the X chromosome,
leading to a faster elimination of TEs and preventing their increase in frequency. This idea is re-
inforced by data showing higher efficiency of selection in the X chromosome (17, 71, 81), probably
due to the faster X hypothesis (see sidebar, Faster X Hypothesis) (20).
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FASTER X HYPOTHESIS

Genes on the X chromosomes evolve more rapidly than genes on autosomes. In males, new recessive X-linked
mutations are hemizygous and are directly exposed to selection, whereas new recessive autosomal mutations are
masked from expression in heterozygotes. This results in increased efficiency of selection for novel X-linked mu-
tations. The X chromosome also has a higher recombination rate (28), which reduces Hill-Robertson interference
and increases the efficiency of selection. Several lines of analysis of SNP data are consistent with increased efficiency
of selection in the X chromosome (17, 81). Faster X evolution also implies that genes for reproductive isolation
might have an augmented chance of being X-linked, and in fact this is generally true.

However, TE density is higher in the X chromosome compared with autosomes (31, 68).
When differences in the amount of low-recombining regions among chromosomes are taken
into account, no differences between X and autosomes are observed (68, 97). Additionally, there
is a clear family effect: Although some families show a higher number of insertions on the X
compared with autosomes, other families show the opposite pattern (31). These observations are
in contrast with the ectopic recombination model. To reconcile them, assumptions can be made:
Some families may have an insertion bias toward the X chromosome, and/or meiotic recombination
is not a good predictor of ectopic recombination. Vizquez and colleagues (113) found that indeed
the transposition rate in the X chromosome was higher, but they analyzed only one specific TE
family, 700. To date, there are no genome-wide transposition rate estimates that would allow us to
shed light on this issue. Additionally, as mentioned above, the relationship between meiotic and
ectopic recombination is not yet fully understood.

Opverall, in our opinion, the negative correlation observed between TE population frequency
and recombination rate, TE length, and family copy number, together with the observed main
family effect, tips the scales in favor of ectopic recombination playing a relevant role in explaining
TE dynamics in different Drosophila populations.

Transposition Burst Model

As mentioned above, one of the assumptions of the transposition-selection balance hypothesis
is that transposition rate is constant over time. Some authors (7, 11) claim that this is unlikely
to occur on the basis of evidence that some families can undergo periods of transposition bursts
(34, 35, 66, 69, 80, 92, 104). Hence, a relaxation in transposition-selection equilibrium has been
proposed to explain TE dynamics: the transposition burst model.

Most of the observed features of TE dynamics explained under the ectopic recombination
hypothesis can also hold under the transposition burst model. First, the main effect of the family
could be explained by bursts of transposition activity. Insertions from the same family tend to
happen together in time (7, 14, 75, 92), and thus share a population frequency. This additionally
generates a positive correlation between TE frequency and TE age that was not expected under the
ectopic recombination hypothesis by itself, i.e., recently active families should be at low population
frequencies and long-time inactive families should be fixed. A positive correlation between TE
age, based on sequence diversity, and TE frequency is indeed observed for some families (68),
although this is expected under any model of TE population dynamics. Second, the relationship
between TE frequency and TE copy number or TE length is the same as under the ectopic
recombination hypothesis. We expect that recent TEs will have larger family copy number and
that older TEs will have lower copy number owing to the fact that some old TEs would have been
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removed. Moreover, newly inserted TEs tend to be longer than old TEs because of the deletion
bias observed in Drosophila (12, 98, 99). Hence, under this burst transposition activity model we
also expect to observe a negative correlation between TE population frequency and TE length
and TE family copy number, exactly as predicted by the ectopic recombination model. However,
short but young TEs within a family are not expected to be more frequent, especially for families
in which transposition itself commonly generates short TE copies (such as non-L'TR elements),
and this pattern is observed in the empirical data (96, 97). Furthermore, the observed negative
correlation with recombination rate cannot be explained by this model.

Under the burst transposition model, recently inserted TE families have not had enough time
to reach equilibrium and hence they are expected to be at low frequency even under a strictly
neutral model. Older insertions can reach this equilibrium and be affected by negative selection,
as explained under selection-transposition balance. Blumenstiel and colleagues (11) developed a
method to test, based on insertion time, whether a strictly neutral model can explain the observed
TE frequency pattern in the genome. TEs undergoing purifying selection are outliers of this
model if they have lower frequency than expected under a neutral model, as are putatively adaptive
TEs if they have higher frequency than expected under a neutral model. Blumenstiel et al. (11)
analyzed in North American and African populations 190 LTR and non-L'TR insertions previously
shown to have a pseudogene-like, or unconstrained, sequence. Therefore, these analyzed TEs
should evolve neutrally. However, in both populations a model that includes negative selection
better fits the observed TE frequencies than a strictly neutral model. The authors argued that
the bottleneck suffered by North American populations could be biasing their method, and when
they corrected for demographic effect, their results suggested that young TEs (67 insertions) can
be exclusively explained by a strictly neutral model, whereas middle-aged TEs (87 insertions) and
old TE insertions (36 insertions) fit better to a model that includes purifying selection.

For these 190 pseudogene-like putatively neutral TEs, adding their age as a variable seems to
be an important factor explaining ~72% of the observed TE frequency variation (11). Hence,
at least for some families, TE age seems to be an important factor in explaining TE dynamics.
TE age has also been considered as a variable to explain TE population dynamics of a random
sample of 671 TEs (68). Together with other explanatory variables, such as recombination and
TE length or distance to nearest genes, age can explain ~13.6% of the variance of TE frequency.
However, these authors argue that the regression coefficient is not reliable owing to the fact that
some variables are not independent among them. Moreover, interpretation of TE age can have a
confounding effect because it is based on sequence identity. Having few mutations makes a TE
look young, and its expected frequency will appear to be low. However, having fewer mutations
also increases the probability of suffering ectopic recombination. By consequence such young TEs
may tend to be at a lower frequency because of the deleterious effects of ectopic recombination.
Hence, under both hypotheses (strict neutrality and negative selection via ectopic recombination
model) the same observations are expected.

Cridland and colleagues (31) analyzed 6,613 relatively young TE insertions (>75% of the
canonical length) in euchromatic regions of a North American population. The distribution of
TE insertions showed an excess of rare variants compared with SNPs of small introns (<86 bp),
which are considered the best candidates for neutral sites in the genome (52). Hence, these results
suggest that negative selection is acting among TEs despite the effect of the bottleneck.

Moreover, the model of strict neutrality implicitly assumes that families with TE insertions at
low frequency should have recently suffered a burst of activity in Drosophila populations. Moreover,
the observation that most L'TR families are at a lower frequency than non-L'TR families (7, 11)
implies that families in this order have coordinately invaded the Drosophila genome, and the other
orders are older invaders. There is no known evidence suggesting such an extreme scenario.
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Hence, overall, although the frequency distribution of some TE families can be explained
without taking into account purifying selection, for the majority of TEs purifying selection is
essential to fully explain their frequency distribution. Finally, although the transposition-selection
equilibrium is a simplification, it is remarkable how well it can explain the observed patterns of TE
frequencies in genomes. Although there are some families in which a recent burst of transposition
activity could certainly explain their low frequency, evidence of purifying selection acting along
genome-wide TE insertions is overwhelming. TE family characteristics, such as copy number and
TE length and age, seem to be important factors in explaining the dynamics of TEs. Although the
ectopic recombination model seems to explain the TE frequency distribution observed outside
coding regions, it may not provide a complete picture. Further analysis and exploration are required
to fully understand the family copy number, frequency distribution, and diversity, i.e., the dynamics
of TEs. This will allow us to discard alternative models and to clarify observations that still remain
to be explained, such as the higher, or similar, TE density observed in X versus autosomes.

FUNCTIONAL ROLES OF TRANSPOSABLE ELEMENT INSERTIONS

Although most of the TE insertions are deleterious or neutral, some TE insertions are expected
to increase the fitness of the individual that carries them. Genome-wide studies of TE dynamics
have made an attempt to list these putatively adaptive TEs using several distinct criteria. Gonzilez
and colleagues (47, 48) selected candidate TEs that are located in high-recombining regions, not
located inside inversions, and present at low frequency in ancestral populations (Africa) and at
high frequency in derived populations (North America and Australia). In addition, they applied
a maximum likelihood approach that allowed them to identify TE families likely to evolve under
strong purifying selection and families likely to evolve neutrally (48, 49).

Kofler and colleagues (68) selected insertions fixed in high-recombining regions and in the
regions showing five percent lowest quantile genome-wide Tajima’s D values (110) [One of the
possible signatures of a sweep by positive selection is the generation of an excess of rare mutations
(15) that can be detected by negative values of Tajima’s D]. Finally, Blumenstiel and colleagues
(11) selected insertions at high-recombining regions that have higher population frequency than
expected according to their age. Using the previously characterized DocI420 (FBti0019430) in
CHKovl gene insertion (3, 96), Blumenstiel and colleagues establish a cut-off value to detect new
putatively adaptive TE insertions. The concordance of these findings is low, suggesting that each
method detects different putatively adaptive TE insertions (Table 2).

To date, only a limited number of TE insertions in Drosophila have been unequivocally con-
nected to their relevant fitness effects: an Accord L'TR retrotransposon (26, 33, 105),a Docnon-L'TR
retrotransposon (3, 83), a Baril transposon (48-50), and a pogo transposon (85).

Daborn and colleagues (33) identified an Accord element inserted in the 5’ regulatory region
of Cyp6gl, a gene involved in the detoxification of multiple insecticides. The presence of this
TE insertion was associated with increased Cyp6g! expression and increased resistance to insec-
ticides such as DDT. Further analyses demonstrated that this Accord element carries regulatory
sequences that specifically increase Cyp6gl expression in tissues important for detoxification (26).
When several D. melanogaster strains were analyzed, it was discovered that successive mutations,
including gene duplications and additional TE insertions, have occurred in the Cyp6gI locus (105).
Interestingly, there is an increase in resistance level for at least three of the five mutant alleles
described, suggesting that this allelic succession could have been driven by selection removing
fitness costs associated with the preceding resistance allele (105).

Similarly, an allelic series affecting the gene region in which the adaptive DocI420 is inserted
has also been reported (83). Aminetzach and colleagues (3) first described the putatively adaptive
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Table 2 Putatively adaptive transposable element (TE) insertions identified in different

genome-wide studies

Flybase ID TE family/superfamily Reference
FBti0018880 Baril/TIR 47
FBti0019056 pogo/ TIR 47
FBti0019065 pogo/ TIR 47
FBti0019144 Rt1b/non-LTR 47
FBti0019164 X-element/non-L'TR 47
FBti0019170 F-element/non-L'TR 47
FBti0019372 S-element/TIR 47
FBti0019386 Invader4/L TR 47
FBti0019430 Doc/non-L'TR 47,68, 11
FBti0019443 Rt1b/non-L'TR 47
FBti0019624 Hopper/TIR 47
FBti0019627 pogo/ TIR 47
FBti0019679 1731/L'TR 47
FBti0019747 F-element/non-LTR 47
FBti0020042 Fockey/non-L'TR 47
FBti0020046 Doc/non-L'TR 47,11
FBti0020091 Rtla/mon-L'TR 47
FBti0020119 S-element/TIR 47
FBti0019564 Mdgl/L'TR 68
FBti0060479 HMS-Beagle/' TR 68
FBti0062283 Ninja-Dsim/LTR 68
FBti0019082 Rtlb/non-L'TR 68
FBti0019655 3818/ TR 68
FBti0060388 S-element/TIR 68
FBti0061742 r00A/L'TR 68
- Accord/LTR 68
- r00o/L'TR 68
FBti0059793 hobo/ TIR 68
FBti0063191 aypsyI2/LTR 68
FBti0020329 G5/non-LL'TR 68
FBti0019200 Doc/non-L'TR 11
FBti0020082 412/L'TR 11
FBti0020086 17.6/L'TR 11
FBti0020149 BS/non-LTR 11
FBti0019354 17.6/L'TR 11
FBti0019199 Doc/non-LTR 11
FBti0020125 BS/non-L'TR 11

Abbreviations: LTR, long terminal repeat; TIR, terminal inverted repeat.
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insertion of this Doc element into the coding region of CHKov1. This insertion generates two sets of
altered transcripts, and it is associated with increased resistance to an organophosphate insecticide
(AZM). However, the authors estimated that the allele containing the Docl420 insertion was
90,000 years old. Because insecticides were first used only a few decades ago, the original reasons
for the fast evolution and persistence in natural populations of the DocI420-containing allele
must be related to some other phenotypic effect. As anticipated by Aminetzach and colleagues
(3), polymorphisms in the CHKov1 gene region were later found to be associated with a different
phenotype: resistance to viral infection (83). Magwire and colleagues (83) showed that although
the truncation of CHKov1 coding region by insertion of the DocI420 element confers resistance
to the sigma virus, an allele containing two duplications resulting in three copies of the truncated
allele of both CHKov1 and CHKov2 (one of which is also truncated) caused increased resistance.

Recently, a third TE insertion has been connected to its ecologically relevant fitness effect (50).
A full-length Baril insertion was identified as being putatively adaptive based on its population
frequency and on the detection of a selective sweep in its flanking regions (48). This insertion,
named Bari-7heb, is located in the intergenic region of juvenile hormone epoxy hydrolase ( 7heh)
genes, and it was found to affect the level of expression of its two nearby genes (49). Phenotypic
effects consistent with the reduced level of expression of 7heb3 and 7heh2 genes were also found.
However, the phenotypic effects identified, reduced viability and increased developmental time,
are likely to represent the cost of selection of this insertion, whose adaptive effect remains un-
known. A detailed analysis of the Bari-Fheh sequence revealed that this TE adds extra antioxidant
response elements (AREs) to the upstream regions of fheh2 and Fhehl genes. AREs are highly
conserved sequences, found in organisms from flies to humans, which mediate response to stress
by upregulating the expression of downstream genes. As expected, we found that flies with Bari-
Fheh showed increased level of expression of 7heh2 and FhehI under oxidative stress conditions and
increased resistance to this stress (50). Furthermore, we also found that TEs other than Bari-7heb
add extra AREs to the upstream region of several genes, suggesting a more general role of Bari
elements in response to oxidative stress (50). Finally, a pogo transposon has been shown to mediate
resistance to xenobiotics (85). This TE affects the polyadenylation signal choice of its nearby gene
CG11699. As a result, only one of the two CG11699 transcripts is produced and the expression of
CG116999 increases. Mateo et al. (85) further showed that increased CG11699 expression leads
to increased aldehyde dehydrogenase III enzymatic activity that results in increased resistance to
xenobiotic stress.

These four examples show the variety of molecular mechanisms underlying TE-driven adap-
tation: from adding tissue-specific or response-to-stress regulatory regions, to the generation of
new transcripts, to inactivation of genes. However, the number of adaptive TEs whose adaptive
phenotypic effects are known is still too small, and many more TEs need to be characterized to
get a more general picture of the adaptive process.

Other than the adaptive effects of particular TE-induced mutations, evidence for the functional
impact of TEs in a diversity of cellular processes is starting to accumulate in a range of organ-
isms (19, 30, 37). Recently in Drosophila, substantiation has been provided for a role of TEs in
(@) the establishment of dosage compensation (40), (b)) heterochromatin assembly (106), and
(¢) brain genomic heterogeneity (95).

1. Dosage compensation in Drosophila is achieved by upregulating X-linked genes by approx-
imately twofold in males. In D. melanogaster, the male-specific lethal (MSL) complex binds
to MSL recognition elements (MREs) located on the male X chromosome, inducing a lo-
cal change in the chromatin state that promotes the increase in gene expression. Ellison
& Bachtrog (40) recently discovered that two related families of Helitron elements have
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been independently domesticated to provide MRE sites in Drosophila miranda at two dif-
ferent evolutionary time points. In both cases, the acquisition of the TE was followed by
fine-tuning mutations that refine the ability of the TEs to recruit the MSL complex and
by the amplification of this modified TE on the X chromosome. Further secondary fine-
tuning mutations and erosion of the TE sequences that are not required for binding MSL
continued after the expansion. This secondary refinement and erosion may eventually lead
to degradation of the signatures of the TE origins, suggesting that rewiring of regulatory
networks by domesticated TEs may eventually be undetectable (40).

2. Heterochromatin assembly. It is known that TEs from the 1360 transposon family induce
silencing of nearby genes by promoting the accumulation of Heterochromatin Protein 1a
(HP1a) (55). In a recent work, Sentmanat & Elgin (106) narrowed down the specific region
of the 1360 element responsible for heterochromatin assembly, leading to repression of
transcription. It turns out that silencing does not require the terminal inverted repeats nor
the internal transcription start sites, but the sequences that are bound by PIWI-interacting
RNAs (piRNAs). Furthermore, the authors extended this observation to the Invader4 L'TR-
retrotransposon family, suggesting that this silencing mechanism is not restricted to TEs
from a single family and is likely a broadly applicable mechanism (106).

3. Brain genomic heterogeneity. Transposon expression has been found to be more abundant
in af neurons of the mushroom body, a brain structure critical for olfactory memory, than
in neighboring neurons (95). Perrat and colleagues further determined that the piRINA
proteins Aubergine and Argonaute 3 were less abundant in «3 neurons and that increased
expression of TEs in these neurons resulted in nonreference transposon insertions, some of
which are located in memory-relevant loci. Perrat and colleagues (95) suggested that it is
possible that mushroom body neurons differentially use piRINA to control the expression of
memory-relevant loci and that the observed transposon mobilization is an associated cost.
Although disruptive insertions may lead to neural decline and cognitive dysfunction (76), it
is also possible that allowing transposition produces genetic variability that may contribute
to normal brain function (95).

Overall, itis now clear that TEs are a major source of genetic variation. Although most TEs are
present at low population frequencies, strongly suggesting that they are deleterious, a significant
fraction of TEs have been recruited to perform cellular functions.
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