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Abstract All genomes contain, to a greater or lesser extent, sequences that do not seem to
be beneficial. The most preeminent group consists of transposable elements (TEs). These
repeated DNA sequences have a significant influence on genome dynamics and evolu-
tion. One of the main challenges facing modern molecular evolution is to understand and
measure their impact on evolution. The aim of this paper is to establish the relevance
and contribution of population studies, as well as the species comparative approaches,
to understanding the dynamics of TEs. Most of the examples cited concern the species
Drosophila melanogaster, since this is one of the genetic key-model organisms, for which
an enormous amount of data has been collected over a period of 100 years of genetic
research, and which represents a genus for which the genomes of 12 species have been
sequenced.

Abbreviations
TE Transposable element
LINE Long interspersed nuclear element
LTR Long terminal repeat
UTR Untranslated region
RNAi RNA interference
siRNA Small interfering RNA
rasiRNA Repeat-associated small interfering RNA

1
Introduction

Historically, the conventional view of genome evolution has associated organ-
ism complexity with the number of protein coding genes. However, the recent
complete sequencing of the human genome has shown how similar it is to
that of Drosophila, since the human genome only has twice its gene number
(Lander et al. 2001), and this has highlighted the relevance of non-protein
coding gene pathways in controlling the differentiation and diversity of or-
ganisms (Taft and Mattick 2003). Another important finding arising from this
sequencing program is that only 2% (Goodstadt and Ponting 2006; Human
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Genome Sequencing Consortium 2004) of the human genome actually codes
for proteins, the function of the rest being still unknown. Large-scale stud-
ies have shown that some non-coding regions are very well conserved across
species, which suggests that they must in fact have some “function” (Bejerano
et al. 2004). In the human genome, 42% of these “non protein-coding gene”
regions are constituted by transposable elements (TEs) (Human Genome Se-
quencing Consortium 2004). This inevitably raises the question of the role of
TEs in genome evolution and makes them indwelling components of genomes
(see Walisko et al., in this volume).

For a long time scientists thought that the genome was a stable entity, and
it was only in the 1950s, thanks to the work of McClintock, that doubts began
to trouble this supposedly calm landscape (McClintock 1984, Fedoroff and
Botstein 1992). The genome fluidity we now consider as obvious, was diffi-
cult to accept at the time. The first TEs were discovered in maize (McClintock
1950), but most of the subsequent early work was done on bacteria (Shapiro
1969, Saedler and Starlinger 1992), since they were a lot easier to study at
the molecular level. The first TEs to be described were DNA transposons,
i.e., elements that transpose via a DNA intermediate. Studies in Drosophila,
Caenorhabditis elegans, and other eukaryotes, subsequently identified RNA
elements, i.e., elements that transpose using an RNA intermediate. Herein,
we make no claim to discuss the precise classification of TEs, both because
several different systems are possible, and also because new elements are re-
ported every day (Kapitonov and Jurka 2008; Wicker et al. 2007). We will
therefore adopt the former classification proposed by Finnegan (1989), which
distinguishes two major classes of TEs, based on their transposition cycle
intermediates.

TEs are DNA sequences that encode the enzymes necessary for their trans-
position, i.e., to allow them to move between non-homologous regions in the
genomes or to copy themselves to other positions. In some cases, TEs known
as non-autonomous sequences do not produce their own enzymes, but are
able to use those from functional copies or even from other TE families. The
amount of TEs and its impacts on genome stability vary widely among organ-
isms. For instance, retrotransposons constitute almost one half of the human
genome, but they are responsible for only 0.2% of spontaneous mutations
(Kazazian 1998), while in Drosophila, for which the TE contribution is much
reduced in terms of genome occupancy, TEs are proposed to be the source
of more than 50% of spontaneous mutations with notable effects (Eickbush
and Furano 2002). Transposition rates may thus be higher than spontaneous
mutation rates, as in Drosophila, in which these rates are estimated to be
10–3–10–4 (Vieira and Biémont 1997; Suh et al. 1995; Nuzhdin and Mackay
1995) and 10–8 (Crow and Simmons 1983), respectively.1 The evolution of new

1 These are global values for the transposition rates, independently of mutation causes such as
double-stranded breaks, as suggested by W.D. Heyer in the third volume of this collection.
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insertions in a genome should be considered at two time scales. The short-
term effects will depend on the insertion site; if the insertion disrupts a gene
and consequently affects the fitness of the organism, we can expect it to be
eliminated by natural selection, whereas if the insertion is in a non-coding re-
gion, we may expect it to be maintained if it has no impact on host fitness.2

Long-term effects will only involve insertions that are associated with very
weak deleterious effects (Langley et al. 1988), since these are the only ones
not promptly eliminated. This makes it possible to identify fixed insertions
in populations, which may not necessarily be adaptive, but can simply be the
consequence of genetic drift and bottlenecks (Cordaux et al. 2006a; Cordaux
et al. 2006b). Furthermore, insertions of TEs may modify regulatory path-
ways and the expression patterns of genes when they insert in their vicinity
(Peaston et al. 2004), and may also be subject to strong selection, leading
to an increase in their frequency in populations and enhanced host fitness
(Aminetzach et al. 2005). The occurrence of molecular domestication events
is now frequently reported, and seems to happen in many different organisms
(Feschotte and Pritham 2007; Kapitonov and Jurka 2005; Miller et al. 1997),
implying that TEs play a key role in genome evolution.3

We describe here the way population-based studies and species compara-
tive analyses have contributed to the current understanding of TE dynamics
and evolution, focusing on different levels of study of TEs, from the copy
number, to sequence variation, and the epigenetic regulation of activity.

2
Lessons from the Past

2.1
The Heritage of Hybrid Dysgenesis Studies in Drosophila Populations

After their discovery by Barbara McClintock in the 1950s, TE study went
through a new birth in the late 1970s when drosophilists related aberrant
traits in some crosses of Drosophila melanogaster strains. Among these aber-
rant traits were recombination in males (Hiraizumi et al. 1973) – which is
not expected to occur in D. melanogaster –, high rate of mutation (Thomp-
son and Woodruff 1980), sterility, chromosomal aberrations (Kidwell et al.

2 Here, we only refer to “regular”, punctual transposition events, as opposed to the massive bursts
of transposition observed in Drosophila in the case of what is called hybrid dysgenesis (Kidwell et
al. 1977), which will be developed in Sect. 2.1. This phenomenon is observed when crossing individ-
uals originating from strains differing in their TE content, and results in a high rate of mutation,
chromosome rearrangements, and sterility in the offspring, due to an extremely elevated rate of
transposition. In this case, even if the insertion sites are not located in coding regions, the effects
on the offspring fitness are considerable.
3 For an extensive review on domestication of TEs, refer to Dettai and Volff, in this volume, and
Volff 2006.
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1977). These aberrations were found non reciprocally in F1 hybrids, and some
of the traits were even not found in non hybrids. This led Margaret Kidwell
and colleagues (1977) to use the term “hybrid dysgenesis” to qualify such
a phenomenon. D. melanogaster strains could be classified into two types,
called P and M, according to the paternal or maternal contribution in the
production of hybrid dysgenesis. It appeared that strains collected from nat-
ural populations at that time were typically of the P type and those having
a long laboratory history were of the M type (Kidwell et al. 1977). At the same
time, Picard (1976) reported another system of hybrid dysgenesis, distin-
guishing inducer (I), reactive (R), or neutral (N) strains. All strains collected
from the wild were classified as I strains. Geneticists at that time proposed
that all of these aberrant traits could be related, and caused by chromoso-
mal factors, but their identification proved to be hard due to the difficulty in
localizing the causal factor(s) to a single chromosome (Kidwell et al. 1977).
It was subsequently considered that hybrid dysgenesis in the P-M system re-
sulted from the interaction of a chromosomal component (“P factor”) and an
extrachromosomal property (“M cytotype”) (Engels and Preston 1980). This
P factor actually corresponds to the now well-studied P transposon, and the
I-R hybrid dysgenesis proved to be due to another transposable element, the
I non-LTR retrotransposon.

Studies of the hybrid dysgenesis phenomenon proved that the invasion of
a genome by TEs was possible and could happen in a relatively short time.
This motivated the approach of TEs by modeling, so that in the early 1980s,
several authors proposed theoretical models intended to explain the dynam-
ics of TEs (Le Rouzic and Decelière 2005 for a review). These relatively simple
models could be used to test neutrality or selection of the deleterious ef-
fects of TE insertion, or the effects of recombination induced by TEs. The
value of a model depends on being able to test it. In this respect, Drosophila
is a very suitable model organism for such tests. In fact, Drosophila is un-
matched in two characteristics: (1) the giant polytene chromosomes and (2)
balancer chromosomes. One most prominent experimental tool distinguish-
ing Drosophila from other model systems is the advantage to be able to carry
out in situ hybridizations on polytene chromosomes (Gall and Pardue 1969;
Pardue and Gall 1969), and map the sites as well as determine the copy num-
ber (Biémont et al. 2004, Fig. 1) by means of the classical and still very useful
chromosome maps of Bridges (Bridges 1935).

The first studies were done on laboratory populations of Drosophila (Lang-
ley et al. 1988), and then several studies were performed on natural populations
(Biémont 1994; Biémont et al. 1994; Hoogland and Biémont 1996). As has been
demonstrated in several reviews, no general model can be applied to all TEs
and all populations, since they both are rarely at equilibrium (Biémont et al.
1997). Further, the precise biochemical details of transposition of a TE family
in general and each individual TE specifically, embedded in its particular chro-
matin environment, is different in each specific circumstance. Copy number
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Fig. 1 In situ hybridization on Drosophila salivary gland polytene chromosomes. The hy-
bridization was performed with a biotinylated DNA probe (reviewed by Biémont et al.
2004). The probe, with sequence homology to the 412 LTR retrotransposon, is detected
as multiple black bands on the chromosome preparation. The position of each TE can be
precisely identified and linked to the maps of the complete Drosophila genome. C: chro-
mocenter, 2L and 2R are the left and right arms of the chromosome 2, 3L and 3R left and
right arms of the chromosome 3

data obtained by in situ hybridization in D. melanogaster were not easy to ex-
trapolate to other species of Drosophila, even to closely related species such as
D. simulans (Vieira and Biémont 1996, 2004; Vieira et al. 2000). Comprehensive
analyses of numerous individuals and populations soon became impossible
to manage practically. In addition, one of the main problems with the in situ
approach is the approximate nature of the localizations. It is quite difficult to
distinguish between neighboring sites, and also to be sure of the sequence sim-
ilarity between the probes and the highlighted spots. This made it impossible to
identify all potentially fixed sites, leading to the conclusion that insertion poly-
morphism levels in Drosophila were high. Using the insertion sites detected in
the sequenced genome and searching for them in individuals in a natural popu-
lation, led to the identification of numerous fixed insertions. The evolutionary
significance of these insertions is still under investigation, and we need to be
able to distinguish between genetic drift and adaptive selection (Aminetzach
et al. 2005; Lipatov et al. 2005; Macpherson et al. 2008; McCollum et al. 2002;
Dettai and Volff, in this volume).

2.2
The Sibling Species D. melanogaster and D. simulans

As previously mentioned herein, the number of TE copies varies extensively
when considering different model genomes, such as D. melanogaster, Homo
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sapiens, or Zea mais. Nevertheless, one might have expected that closely re-
lated species had the same copy number of TEs – at least of the same order
of magnitude, if we assume that these species have been submitted to similar
evolutionary processes. However, this assumption turned out to be incorrect,
as was revealed by the analysis of two sibling species of the genus Drosophila,
D. melanogaster (the model species of metazoan genetics) and D. simulans.
It has been shown that the copy number of most TEs (obtained by in situ
hybridization) is smaller in D. simulans than in D. melanogaster. But more
surprisingly, there is a huge difference in copy numbers between natural
populations of D. simulans with regard to several TE families. In fact, most
populations have very low copy numbers, but there are a few exceptions, in
which the copy number is very high, sometimes even higher than the aver-
age value found in D. melanogaster. This has led us to hypothesize that the
genome of D. simulans is beginning to be invaded by TEs, and that this in-
vasion could be associated with the current worldwide colonization of the
D. simulans species (Biémont et al. 2003; Vieira and Biémont 2004; Vieira et
al. 1999). However, the alternative hypothesis of an ancient invasion followed
by a progressive loss of TEs cannot be ruled out. Recent data obtained for
a LINE element and an LTR retrotransposon seem to support the latter hy-
pothesis (Fablet et al. 2006; Rebollo et al. 2008). The main challenges facing us
are understanding why some populations are sporadically invaded by a spe-
cific family of TEs, identifying the genetic and/or environmental factors that
have allowed this invasion, and finding out how TEs are eliminated.

2.3
In the Genome Sequencing Era

The recent explosion of sequencing projects, making ever more genomes
available, is an important step forward in determining the TE loads of dif-
ferent species. The analysis of the genomes of 12 Drosophila species and the
genomes from other insects, such as Anopheles gambiae (Holt et al. 2002),
Aedes aegypti (Nene et al. 2007), Pediculus humanus, Bombyx mori (Xia et
al. 2004), Tribolium castaneaum (Tribolium Genome Sequencing Consortium
2008), Nasonia vitripennis, or Apis mellifera (Honeybee Genome Sequenc-
ing Consortium 2006), has shown that there are significant differences in the
amount, type and degree of conservation of TEs between different species.
The genome of Apis differs from previously sequenced insect genomes in that
it presents very small amounts of TEs, with especially very few retrotrans-
posons (Honeybee Genome Sequencing Consortium 2006). Most of the TEs
in Apis are from the mariner family, a DNA transposon, whereas other types
of transposons and retrotransposons are present, but only as highly degraded
copies, indicating that they are no longer active. In contrast, the silkworm
has a very large genome, of which TEs account for 21.1%, and it is probably
TEs that are responsible for the increase in genome size in this species (Xia
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et al. 2004). Most of these TEs mainly belong to one family of LTR retrotrans-
posons. The genome of Anopheles is also larger than that of D. melanogaster,
and in this species TEs account for about 16% of the euchromatin with a good
representation of different families from DNA transposons and retrotrans-
posons (Holt et al. 2002).

The analyses of other eukaryotic genomes have demonstrated very dif-
ferent patterns of TE dynamics. For example, traces of waves of amplifica-
tion/loss over evolutionary time have been identified in the human genome,
where the L1 elements (non-LTR retrotransposons) are the ones that have
invaded the genome the most recently. Furthermore, several observations
(Boissinot and Furano 2005; Mathews et al. 2003) indicate that competition
exists between different LINE 1 families, which could explain why only one
subfamily is now active in the human genome. The amplification of TEs
has been reported in many plants, and is responsible for the increase in the
genome size of maize (SanMiguel et al. 1998).

However, despite the large amount of data that can be obtained from ana-
lyses of sequenced genomes, specific population studies addressing specific-
ally particular TEs and their molecular characteristics of transposition are
still the only way to approach some particular issues. For instance, Herrera
et al. (2006) recently used PCR analysis to investigate the presence/absence
of four insertions of the HERV-K element in nine human populations from
various geographical origins. The authors observed a general discrepancy
from Hardy–Weinberg equilibrium expectations, which they propose might
be due to the fact that the heterozygotes are subjected to pandemic nega-
tive selection. These observations are of great interest in attempting to un-
derstand the selective pressures that drive TE dynamics within a germline
genome.

3
Towards an Understanding of TE Regulation. From Sequence to Epigenetics

3.1
Sequence Variability

The other way to analyze TE dynamics is to compare their intrinsic sequence
characteristics. This allows us to address questions regarding the phylogeny
and evolution of individual TEs. These types of analyses are based on the
assumption that the evolution rates of TEs are the same as those of con-
ventional genes, which of course is not always true (Malik et al. 1999; Ma-
lik and Eickbush 1999, 2001). One of the most striking conclusions of the
phylogeny studies from sequenced genomes was that TEs evolve indepen-
dently of their host genomes (Lerat et al. 2002a,b). Phylogenetic studies of
the same TEs in different species have demonstrated that horizontal trans-
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fers can occur (Clark et al. 1994). These studies were mainly based on cod-
ing regions, and there have been very few population studies (Silva et al.
2004).

On the other hand, several population studies have been carried out on
non-translated regions, such as the long terminal repeat (LTR) and untrans-
lated region (UTR). LTR-retrotransposons are the most common TEs in eu-
karyotic organisms, especially in Drosophila, in which more than 2/3 of the
TEs belong to this class (Hoskins et al. 2007). These TEs transpose via an RNA
intermediate, and are dependent on reverse transcriptase activity. The nature
of the replication process of these retrovirus-like TEs favors the appearance
of duplications that may behave as enhancers during the evolutionary process
(McDonald et al. 1997). Such enhancers may act in cis on the element itself,
or may influence other genes in the vicinity of their point of insertion (Peas-
ton et al. 2004). In recent years several studies have attempted to characterize
the regulatory regions of some elements. In Drosophila, TEs such as copia,
blood, 412, gypsy, tirant, micropia, Ulysses, and ZAM have been extensively
studied, and in some cases natural population lines were used. For example,
the copia element has repetitive motifs in its 5′ LTR and 5′ UTR4 regions in
D. melanogaster (Matyunina et al. 1996), and this region acts as an enhancer
in regulating the expression of the element (Wilson et al. 1998). An analysis of
several natural populations of D. melanogaster and D. simulans has revealed
the existence of three types of sequence variants in the region spanning from
the 5′ LTR to the 5′ UTR, depending on whether specific portions of the se-
quence that encompass repeated motifs have been deleted. Two of these copia
variants are present in both species, but the third occurs only in D. simulans.
The existence of regulatory region variants has also been reported later for
other TEs, such as blood (Costas et al. 2001), 412 (Mugnier et al. 2005), and
tirant (Fablet et al. 2006). In some cases, all the variants seem to be active, but
the activity of others such as copia and tirant, seems to be restricted to a few
populations in D. simulans.

D. melanogaster populations tend to have rather comparable TE contents
(Vieira et al. 1999), but they display considerable variability in their TE regu-
latory region sequences. For instance, the 5′ UTR region of the tirant element
displays a high variability with regard to the number of tandem repeats of
a 102-bp motif among D. melanogaster populations worldwide. In addition,
investigation of the sequence variability of the tirant regulatory region in the
four closely related species of the D. melanogaster subgroup (D. melanogaster,
D. simulans, D. sechellia, and D. mauritiana) has revealed different pathways
for tirant dynamics and evolution, mainly depending on the structure of the
populations and on the history of the species (Fablet et al. 2007b). A classi-

4 The typical structure of LTR retrotransposons is made of the genes necessary for their mobi-
lization, bordered by two LTRs, 5′ and 3′. Just downstream of the 5′ LTR, and 3′ to the tRNA
primer binding site, a transcribed-untranslated region (UTR) is found. Regulatory sequences are
concentrated in LTR and this UTR region (Fablet et al. 2007a).
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cal example is the micropia retrotransposons of D. melanogaster and D. hydei
(Lankenau et al. 1988; Huijser et al. 1988). While the LTRs of micropia within
the same species are highly conserved between individual micropia elements,
the LTRs of micropia elements from the other species are completely different
except a tandem of putative ecdysteroid receptor binding sites (Lankenau et
al. 1990).

Once genomes began to be sequenced, global studies of the amount and
structure of the TEs and their dynamics within a given family were pos-
sible. The first eukaryotic genome to be sequenced (in 1996) was the yeast
Saccharomyces cerevisiae, and this was the beginning of global genomic ana-
lyses of TEs (Bassett et al. 1996). In particular, Jordan and McDonald (Jor-
dan and McDonald 1998, 1999) analyzed the different families of the Ty
LTR retrotransposons, and showed that they had recently transposed, and
were subject to severe selective pressure. From the analysis of the sequenced
genome of D. melanogaster (Bowen and McDonald 2001; Lerat et al. 2003),
we have learned that the euchromatic insertions of TEs are very recent in
this species, and that there is no continuous range of divergence among
copies in each class. Indeed, most of the TEs are very similar in sequence
to the canonical ones, whereas the other few TEs display high divergence.
On the basis of this observation, the hypothesis currently accepted is that
in D. melanogaster, after intensive TE activity, any degenerate elements are
eliminated by a high turnover mechanism. There are of course exceptions,
since some very old elements can also be found such as helena (Rebollo et
al. 2008) or micropia (Lankenau et al. 1988). The question as to whether this
high turnover mechanism is shared by other Drosophila species should soon
be resolved, since 11 other Drosophila genomes have been recently sequenced
(Drosophila 12 Genomes Consortium 2007). Indeed, the analysis of the D.
simulans sequenced genome has shown, surprisingly, that contrarily to the
in situ hybridization data obtained before, this species contains a high num-
ber of deleted and rearranged TEs, with few complete sequences for a few
families of TEs, which were probably horizontally transmitted into the D.
melanogaster genome. Moreover, no high turnover is detected in D. simulans
(Lerat et al., unpublished data).

The initial sequencing programs concentrated on the euchromatic por-
tion of the genomes, since this is the region where active genes have usu-
ally been identified. Furthermore, the small amount of highly repeated
sequences in these regions makes them much easier to sequence and an-
notate. Recently, Drosophila heterochromatin was sequenced, and it was
found that 77% of it is composed of TEs, with few complete elements
(Hoskins et al. 2007). Analysis of the LTR proviral-like elements revealed
the presence of numerous full-length sequences, which indicates invasion
of heterochromatin to be a recent phenomenon (Mugnier et al. 2008). The
dynamics of heterochromatin expression is still unknown, but we can en-
visage several types of gene regulation that could take into account the
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high proportion of repeated sequences. In addition, it has also been re-
cently demonstrated that some retrotransposons harbored chromodomains
in their integrase sequences, which triggers them to heterochromatic regions.
These copies then themselves become heterochromatic targets for new subse-
quent retrotransposon insertions, in an autocatalytic-like fashion (Gao et al.
2008).

The significant efforts devoted to genome sequencing have increased the
relevance of comparative genomic approaches, and made it easier to per-
form gene prediction and annotation. However, from a population genomist’s
point of view, the sequencing of different species is definitely not enough. The
case of D. melanogaster is particularly striking, as the sequenced strain, an
M strain already used by Morgan in the first genetic studies on this species
(Morgan et al. 1915), corresponds to an ancient laboratory line, extinct in the
wild. Its genome is clearly different from those found in individuals from nat-
ural populations. For example, this genome does not contain any P element
insertion, as the strain was collected before the invasion of the genome by
this element, whereas all recent natural populations do contain this TE (En-
gels 1997). We would expect that, in the near future, sequencing projects will
consider several individuals of the same species taken from different popula-
tions. This approach has already begun with the sequencing of seven lines of
D. simulans (http://www.dpgp.org/). The first analyses have made it possible
to study polymorphism and divergence in this species using a whole genome
approach (Begun et al. 2007).

3.2
TE Dynamics at the Epigenetic Level

Epigenetics is an “old” field that is currently experiencing a new flowering.5

The number of phenomena that may be considered as epigenetic is con-
stantly on the increase. We now realize that all the different phenomena
independently reported some years ago, such as chromatin compaction via
DNA methylation, or RNA interference, are actually closely linked epigenetic
mechanisms. Considerable evidence has been amassed showing that the reg-
ulation of TEs (see Fig. 2) is mediated by epigenetic factors, and that this
regulation can impact on the regulation of the host gene (Brennecke et al.
2007; Conley et al. 2008; Weil and Martienssen 2008 for a review). Several
examples have also shown how TE regulation can depend on environmental
conditions. For example, the transposition of P elements in Drosophila is tem-
perature sensitive, and indirectly, copy number variation may be associated
5 For an historical perspective on the evolution of the concept of epigenetics, see Jablonka and Lamb
2002. The term is attributed to Conrad Waddington, who used it in the 1940s to refer to “the causal
interactions between genes and their products which bring the phenotype into being”. The term
was then little used in the following decades and reappeared recently, with a slightly different mean-
ing. It now refers to reversible, heritable modifications of genetic expression that are not due to
changes in the DNA sequence.
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Fig. 2 Schematic view of the different aspects of epigenetic regulation of TEs. Although
mechanisms and effects on genome dynamics differ for RNA- and DNA-based TEs, in
both cases, mobilization is dependent on TE expression. Several epigenetic pathways may
interfere with this expression, such as methylation of cytosines in the DNA molecule,
post-translational changes in the histone tails, and RNA interference. These different
pathways are interdependent, and a high number of interactions has been described.
These epigenetic modifiers have direct effects on gene expression and are responsible for
phenotypic changes. In most of the cases, epigenetic modifications are sensitive to the
environment, so that genotype X environment interactions can be observed

with environmental factors (Kalendar et al. 2000; Kidwell 1977; Vieira et al.
1998). We are thus tempted to envisage links between epigenetic regulation,
TEs and environment. The investigation of natural populations may provide
a useful way to address these questions. We will describe here very briefly the
three major epigenetic mechanisms known to be implicated in the epigenetic
control of TE dynamics.6

3.2.1
DNA Methylation

DNA methylation is considered to be the first level of gene regulation. It is
an epigenetic mark that is stable and lasting, and it is transmitted through-
out development (Reik 2007). In human, de novo methylation is mediated
by Dnmt3 (Dnmt3a and Dnmt3b) and methylation is then maintained by
Dnmt1. A third family has been described, Dnmt2, which methylates asym-
metric cytosines and also presents tRNA methyltransferase activity (Jeltsch
et al. 2006). The consequences of cytosine methylation depend on the or-
ganism concerned and different types of enzymes are involved depending
on the species (see Table 1). For example, in mammals, DNA methylation
drives gene imprinting during development, leading to the differential ex-
pression of the genes (Hellman and Chess 2007). In plants, DNA methylation

6 An extensive network of researchers working on the epigenome has been established (the
Epigenome Network of Excellence). See http://www.epigenome-noe.net/ for abundant data on the
epigenetic control.
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Table 1 Main enzymes involved in DNA methylation in different groups of organisms

Enzyme 5meCy Methylation Reference
rate type

Mammals DNA methyltransferase 2–5% Symmetric Pradhan and
family (Dnmt1, 2 and 3) Esteve 2003

Plants Domains rearranged 19% Symmetric Chan, Henderson
methyltransferase 2 (Drm2) and asymmetric and Jacobsen 2005
Methyltransferase 1 (Met1)
Dnmt2
Chromomethylase (Cmt3)

Honeybee Dnmt family < 1% Symmetric Wang et al. 2006
Drosophila Dnmt2 < 1% Asymmetric Marhold et al. 2004
Zebrafish Dnmt family 1% Symmetric Mhanni and

McGowan 2004
Nematode Not identified ND Ponger and Li 2005
Yeast Not identified ND Ponger and Li 2005

is mainly associated with TE silencing (Slotkin and Martienssen 2007). Un-
til recently, Drosophila was considered to be a non-methylated organism, in
contrast to most vertebrates and insects. Actually, Drosophila does methy-
late, but methylation is restricted to young embryos (Lyko 2001; Lyko et al.
2000), and mainly to cytosines associated with A and T nucleotides, which
contrasts with the situation in the other organisms, in which methylation
takes place on CpG dinucleotides. In addition, unlike other organisms, the
methyltransferase responsible for methylation in Drosophila is Dnmt2, and
the overall level of genome methylation is low. The impact of methylation
in the Drosophila genome is still not well understood, but we can speculate
that even if the levels of methylation are low, they could be sufficient to be
involved in the regulation of TEs. Other insects such as the haplo/diploid
honey bees (Apis mellifera) encompass a complete CpG methylation pro-
gram (similar to humans) and might be a useful system to study epige-
netic control of TEs in the future (Schaefer and Lyko 2007; Kucharski et al.
2008).

Global analysis of genome methylation rates are necessary to understand
the real evolutionary impact of DNA methylation. High-performance cap-
illary electrophoresis (HPCE) or liquid chromatography (LC) are common
techniques to determine these global rates (Berdasco et al. 2009). Sequence
information can be obtained by bisulfite techniques, which can be associ-
ated with methylation-sensitive restriction enzymes (Suzuki and Bird 2008,
for a review). We can expect that in a near future methylomes from different
species, but also from different individuals, will be available.
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3.2.2
Histone Modifications

In the cell nucleus, DNA is associated with proteins (such as histones) to
form the chromatin. Chemical modifications of the N-terminal as well as
C-terminal histone tails will make the DNA more or less accessible to the
transcription machinery. Thus, the post-translation state of the histones will
regulate both gene activity (Buratowski and Moazed 2005) and TE activity
(Hall et al. 2002; Tran et al. 2005). Histone modifications are considered to
be reversible, sensitive cellular tools of gene regulation, able to control genes
during development, turning them ON or OFF. The histone pattern of modifi-
cations thus represents the expression of genes and TEs in a genome (Gendrel
et al. 2002; Goldberg et al. 2007; Martens et al. 2005), even if in Drosophila,
the relationship with TE expression has still not been clearly demonstrated.
If a TE is inserted in an open conformation of chromatin, invasion of the
genome by this TE is possible. On the contrary, if the TE is inserted in closed
chromatin, the transposition will be difficult and genome invasion less likely
to occur.

3.2.3
RNA Interference (RNAi)

The existence of antisense RNAs produced by TEs have previously been re-
ported and proposed to play a role in the control of their activity (for instance
Lankenau et al. 1994 for the micropia LTR retrotransposon; Simmons et al.
1996 for the P transposon). Variability among strains in the efficiency of such
a regulation was already proposed, underlying the need for a populational
approach of these issues (Simmons et al. 1996).

More recently, small antisense RNA molecules have been demonstrated
to play multiple roles in the regulation of gene expression (Fire et al.
1998). These include (1) the degradation of mRNA by small interfering RNA
(siRNA), which leads to post-transcriptional repression of the genes (Post-
Transcriptional Gene Silencing: PTGS), (2) repression of the translation of
mRNA by micro RNA (miRNA) and (3) the repression of the transcrip-
tion (Transcriptional Gene Silencing: TGS) (Buchon and Vaury 2006). This is
a complex field of research, and various different pathways have been iden-
tified that lead to RNAi (Matranga and Zamore 2007). In Drosophila, a new
type of siRNAs has just been described: “repeated-associated small interfer-
ing RNAs” or rasiRNAs. These entities are homologous to the antisense RNAs
of some TE families (Aravin et al. 2007; Kavi et al. 2005; Pélisson et al. 2007;
Vagin et al. 2004, 2006; Vaughn et al. 2007). This pathway involves Piwi-like
proteins, members of the Argonaute family, not only in the germline but also
in somatic cells (Kawamura et al. 2008).
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The discovery of these rasiRNAs shed some significant light on the already
identified control loci flamenco or COM, but whose precise molecular role
was so far not understood. The heterochromatic regulatory locus COM, in-
volved in the control of the ZAM and Idefix LTR retrotransposons, has indeed
been demonstrated to direct TE somatic silencing through Piwi-dependent
and -independent pathways (Desset et al. 2008). COM is located in the same
region as the flamenco locus, which controls the gypsy LTR retrotransposon,
also via the production of rasiRNAs (Pélisson et al. 2007). Brennecke et al.
(2007) recently demonstrated that flamenco was a piRNA cluster, from which
TE homologous piRNAs were produced. More recently, the P-M system and
the I-R system have been shown to be entirely linked to the RNAi regulation
(Brennecke et al. 2008).

In this regard, attention is paid to an intriguing electron-dense struc-
ture surrounding the nucleus of germline cells in Drosophila, called “nuage”
(French word for “cloud”). Its exact function is still unknown, but it is now
known that the molecular actors of the production of rasiRNAs localize into
the nuage, which is therefore assumed to be a crucial structure in the regula-
tion of TE expression (Lim and Kai 2007; Pane et al. 2007; see also Lankenau,
vol. 3, this series). The germline-specific nuage of Drosophila seems to be
conserved in other organisms. For instance, it corresponds to the chroma-
toid bodies of mammals, which also appears to be involved in the germline
epigenetic control of TEs (Soper et al. 2008).

RNAi is implicated in a huge number of phenomena, and this must be
integrated in the analysis of natural populations.

3.2.4
Population Epigenomics

It is becoming obvious that some epigenetic modifications are heritable (Cav-
alli and Paro 1999; Goldberg et al. 2007), although the mechanism by which
this transmission is achieved remains unknown (Cuzin et al. 2008). The main
challenge for geneticists is to understand the impact of this epigenetic code.
Do different populations have different epigenetic pathways? What are the
consequences of epigenetics for evolution? How does the genome take the
changes in epigenetic states into account? Can we attribute differences be-
tween populations to differences in their epigenetic status? And finally, could
differences in TE activity (transposition) be based on differing epigenetic
controls? Very few studies have been done to analyze the epigenetic variabil-
ity of TE regulation in natural populations, but some pioneer work has been
performed in plants. In Arabidopsis, Vaughn and colleagues have recently
shown that the cytosine methylation rate on genes differed depending on the
ecotype analyzed, whereas no corresponding difference was detected in TE
methylation (Vaughn et al. 2007). More recently, Zhai et al. (2008) have shown
that these two ecotypes have different levels of siRNA production, implying
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that the siRNA cluster may not be the same in different populations. Simi-
lar studies have not yet been carried out in other organisms, although the
data obtained from comparisons of the epigenome of monozygotic twins have
shown how important the epigenome may be in determining the expression
of the phenotype (Fraga et al. 2005).

Drosophila represents an excellent model for the study of population epige-
nomic variability, because of its relatively low – compared to some mammals
or plants – number of TEs, the large number of mutant strains, and the
availability of natural populations. Global methods for the analysis of the
chromatin structure (Chip seq), for the analysis of the methylome and for the
sequencing of small RNAs are now popular. Comparison of populations liv-
ing in different environments and having different TE features (Vieira et al.
1999) is now easier, and does not even imply the artificial construction of the
experiments. Population analysis of the epigenomes may be one of the ways
used in the future to understand how individuals adapt to new environments,
and shed new light on the study of genotype X environment interactions.
In particular, some works have demonstrated the heritability of epigenetic
marks (Cavalli and Paro 1999; Richards 2008).

4
Conclusion

Whole genome sequencing and population analyses should be viewed as com-
plementary methods, each focusing on a different aspect of TE dynamics (see
Fig. 3). Whole genome sequence analysis can be used to compare different
families of TEs within a given genome, while population sequence analysis
compares different genomes with regard to a given family of TEs.

Evolution is (predominantly) a stochastic process. The scale of impact of
stochasticity depends on the constraints applied to a given section of the
genome: the greater the constraints, the narrower the range of possible ob-
servable outcomes of evolution. This is one of the reasons why the variability
observed for the TE load of a genome is much higher than that observed for
the pool of protein coding genes (because weaker constraints act on TEs).
This means that population-based studies can take into account the variabil-
ity of pathways authorized by this combination of stochasticity and weaker
constraints, whereas a single sequenced genome focuses on only one of the
multitude of possible states.

The final alliance between sequenced genomes and population studies
might be provided by the new sequencing techniques, such as 454 (Margulies
et al. 2005), which will provide rapid sequencing of full genomes from dif-
ferent populations, and even from different individuals of a given species.
The 454 technology, which is already very frequently used for the study of
“non-model” organisms, might at first not appear to be ideal for the study
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Fig. 3 Different, yet complementary, points of view provided by the study of the se-
quenced genome of a species (A), and several geographically distinct populations (B). The
figure is drawn for any variable of study, called Y for convenience, such as for instance
TE amount in the genome, copy number for a given TE family, level of DNA methylation
in TE sequences, etc. Color variation from light to dark: variation of Y value from mini-
mum to maximum. A, whole genome sequencing of an individual organism. The amount
of data extracted is extensive since several Y variables (Y1, Y2, Y3) can be studied at the
same time. However, it provides only one value for each Y considered, without any in-
formation on their possible ranges of variation, contrary to populational studies. B Left
panel: temporal evolution of the populations regarding to the value for Y1. Several pop-
ulations split from the original population, and start to evolve separately. With time, the
values of Y1 evolve differently in each population, so that at a given time of sampling, the
populations are different regarding Y1. B Right panel, spatial representation of popula-
tions and their corresponding values for Y1. Isolated populations give rise to individual
genomic samples. Each population displays a different value for Y1

of repeated DNA, since the fragments sequenced are very short, but some
studies have already been done and look promising (Macas et al. 2007).
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