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Abstract

Transposable elements (TEs) usually represent the most abundant and dynamic fraction of genomes in almost all

living organisms. The overall capacity of such ‘junk DNA’ to induce mutations and foster the reorganization of func-
tional genomes suggests that TE may be of central evolutionary significance. However, to what extent TE dynamics
drive and is driven by the evolutionary trajectory of host taxa remains poorly known. Further work addressing the fate
of TE insertions in natural populations is necessary to shed light on their impact on microevolutionary processes. Here,
we highlight methodological approaches (i.e. transposon displays and high-throughput sequencing), tracking TE
insertions across large numbers of individuals and discuss their pitfalls and benefits for molecular ecology surveys.
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Introduction

Understanding the evolutionary ecology of taxa requires
molecular mechanisms underlying variation and their
ecological implications to be fully integrated. Our
increasing knowledge of genome sequences already
described a diversity of genome architectures and led to
the concept of an evolutionarily dynamic genome (Lynch
2007; Koonin 2009). However, to what extent genome
reorganization occurring at rapid rates influence and is
influenced by the evolutionary trajectories of populations
remains poorly known.

The discovery of transposable elements (TEs; i.e.
DNA fragments from a few dozen of bp to 25 kb, having
the ability to move within genomes; Box 1 and 2) entirely
changed our appreciation of the stability of the genome
(McClintock 1984). The functional and evolutionary
impacts of TEs remain controversial today (e.g. Doolittle
2013). Although TEs can generally be appraised as para-
sites filling genomes with ‘junk DNA’ (Doolittle &
Sapienza 1980; Orgel & Crick 1980), their biology has
been primarily assessed by the phenotypic changes they
induce through chromosomal rearrangements and inter-
actions with coding sequences (Box 3). Selfish TEs
indeed foster considerable variation that may influence
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the evolution of their host taxa (Kidwell & Lisch 2001;
Biémont & Vieira 2006).

With the advent of large-scale DNA sequencing, the
last decade has offered a deeper understanding of the
diversity and abundance of TEs (Box 1). It is now clear
that eukaryote genomes comprise much more than sets
of genes, being populated with large fractions of TEs
(e.g. about 65% of the human genome, de Koning et al.
2011; and more than 80% of the large genomes of cereals,
Li etal. 2004). Genome biologists are accordingly
inclined to emphasize on the structural and functional
significance of TEs, whereas a prevalent view among
evolutionary biologists seems to be that TE insertions —
in their vast majority — are nearly neutral and unlikely to
have a strong evolutionary impact. This may be true as
host genomes evolved mechanisms repressing TE activ-
ity and given that selection in large populations may effi-
ciently purge deleterious insertions, despite high
mutational pressure (Box 2). All TEs certainly do not
have a significant role, but we are still largely ignorant
about their quantitative impact on evolution. Further-
more, the common practice of filtering out TE sequences
from analyses makes their evolutionary consequences
less probably to be assessed. Although challenging, we
argue that taking TEs into consideration when surveying
natural populations may shed further light on their evo-
lutionary impact. We thus suggest directions to imple-
ment such work in the agenda of molecular ecologists.
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Box1 A diverse community of transposable elements (TEs) in eukaryotes

TEs are mobile sequences having their own life cycle within host genomes (Fig. 1). Two main types of TEs fundamen-
tally differ in their mechanism of transposition (Wicker et al. 2007): Class I elements (or retrotransposons) move via
‘copy and paste’ mechanisms using RNA intermediates, whereas Class II elements (or DNA transposons) move via
‘cut and paste’ mechanisms through DNA intermediates. An important lower level of the hierarchical TE classifica-
tion is the family. TE families are composed of individual insertions (i.e. particular TE copies at specific chromosomal
loci) sharing sequence similarity (i.e. at least 80% identity over 80% of the internal regions and/or the terminal
repeats) and regulation. Insertions of a given TE family thus forms a population of related sequences evolving within
a given genome (thus within a population of host genomes).

Types of TEs

1 Class I retrotransposons transcribe RNA intermediates from genomic copies that are reverse-transcribed into a
double-stranded DNA and integrated into a new position. Several daughter copies can be produced from a mother
copy and insert throughout the genome, forming a major fraction of large genomes.

1.1 Long terminal repeats (LTR) retrotransposons range from a few hundred base pairs up to 25 kb and are simi-
lar in structure to retroviruses (except that functional envelope genes are lacking). They typically encode the
enzymes necessary for their transposition (incl. reverse transcriptase and integrase) and are delimited by LTR
sequences harbouring promoter regions together with regulatory motifs ruling their transcription. Some LTR
retrotransposons (sometimes described as terminal repeat in miniature, TRIM, or large retrotransposons deriv-
atives, LARD) present nonfunctional ORFs and thus are nonautonomous, relying on autonomous elements for
their transposition. LTR retrotransposons have been reported in all eukaryote genomes and are especially pre-
dominant in plants.

1.2 Long interspersed nuclear elements (LINEs) can be up to several kb, presenting RNA polymerase II promoters
at their 5’ end, coding ORFs (incl. reverse transcriptase) and polyA tails at their 3’ end. LINEs are found in all
eukaryotes, but seem less common among unicellular ones. They typically predominate over LTR retrotrans-
posons in animals.

1.3 Short interspersed nuclear elements (SINEs) range from 80 to 500 bp. They derive from polymerase III tran-
scripts and present corresponding internal promoters supporting their expression. SINEs, lacking reverse
transcriptase, are nonautonomous and rely on LINEs for transposition. SINEs are found in all eukaryotes.

2 Class II elements typically excise from the donor site and conservatively transpose to another chromosomal loca-
tion. The transposition of several DNA transposons is however coupled with replication. These TEs create duplica-
tion of 2 to 11 bp at the target site, and their excision thus leaves footprints in the genomes. DNA transposons are
present in low—moderate-copy numbers in almost all eukaryotes.

2.1 Terminal inverted repeats (TIRs) transposons range from few dozen to several hundreds of base pairs. They
typically encode a transposase recognizing and cutting both DNA strands at the end of TIRs. Some TIR trans-
posons (often referred as miniature inverted elements, MITEs) lack coding sequences and thus are nonautono-
mous, relying on autonomous elements for their transposition. DNA transposons have been reported in all
eukaryote genomes, but also in prokaryotes in simple forms called insertion sequences.

2.2 Recently described TEs such as Helitrons and Mavericks transpose through a replicative process involving
only one strand. Not much is yet known about these large elements (up to 20 kb), but they often present sev-
eral ORFs, including gene fragments captured from the host genome. Helitrons have been reported in plants,
metazoa and fungi and replicate via a rolling circle mechanism. Mavericks seem to undergo extrachromo-
somal replication without RNA intermediates and have been described in diverse eukaryotes, except plants.

TEs as evolutionary capacitors in natural

populations from specific TE insertions in natural populations (e.g.

Shimizu et al. 2008; Wood et al. 2008; Paris & Despres

The overall capacity of TEs to produce a wide diversity
of mutations of significant impact advocates for their
prominent role in fostering adaptive changes to their
host genomes (Box 3). Despite the accumulation of case
studies reporting evidence of circumstantial benefits

2012), limited comprehensive work on the adaptive
potential of TEs has been conducted so far. Based on a
suit of studies addressing adaptive TEs, Gonzadlez et al.
(2010) showed that at least 32% of the putatively
adaptive insertions screened in natural population of

© 2013 John Wiley & Sons Ltd
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Box 2 Transposition rates and TE regulation

The vast majority of TE insertions within genomes are either defective (e.g. truncated) or epigenetically silenced, and
only a minority of functional copies can be transcribed and effectively transpose (i.e. are active). Little is known about
the absolute rate of transposition, but estimates from mutation accumulation experiments in Drosophila melanogaster
reported from 1077 to 102 insertions/copy/generation (e.g. Maside et al. 2000, 2001). This rate seems to reach 10>
after heat shock and up to 10" after dysgenic crosses (Seleme et al. 1999). Insertion rates of a LTR retrotransposon
about 10 ° to 10~ * have been reported in yeast (Garfinkel 2005). In plants, a DNA transposon has been estimated to
transpose at a rate as high as 1 (Alleman & Freeling 1986).

Our understanding of the factors controlling the expression and transposition of TEs is growing and suggests that
quiescent TEs increase their transposition rate under stress conditions or following hybridization (Grandbastien
1998; Capy et al. 2000). For instance, Tntl retrotransposons from tobacco present regulatory regions with specific
motifs that are commonly observed in genes induced by drought, anaerobic conditions or oxidative stresses (Grand-
bastien et al. 2005). Similar examples from wheat retrotransposons under light and salinity stresses have been
recently reported (Woodrow et al. 2010). Enhanced transcription of such TEs in response to specific environmental
signals could thus boost transposition.

Transcriptional and post-transcriptional silencing mostly regulates the activity of TEs in plants, fungi and animals
(reviewed in Castel & Martienssen 2013). RNA interference pathways involving TE-derived small interfering RNAs
and PIWI-interacting RNAs indeed target homologous TE sequences and interact with them to repress their tran-
scription. Physiological stresses may result in epigenetic repatterning inducing the activation of TEs. Gametogenesis
in both plants and animals induces the repatterning of epigenetic marks, and gene flow between genomes enclosing
divergent TEs may lead to genome instability by activating specific TEs (i.e. hybrid dysgenesis; Parisod & Senerchia

2013).

Drosophila melanogaster presented a distribution consis-
tent with selection by contrasted temperature and rain-
fall regimes. Most of these TE insertions, belonging to
multiple TE families, were located nearby functional
genes that may account for the surmised phenotypic
changes. Insights offered by such reverse population
genomic approaches suggest that TEs represent an
important source of adaptive variation, but such surveys
should be undertaken in various species to reliably esti-
mate the impact of TEs on the evolutionary ecology of
species.

In addition to transposition, ectopic recombination
among inserted TEs supports genome changes through
chromosomal rearrangements and sequence deletion
(Box 3, §3.4). The balance between transposition and
deletion rules the ups and downs of genome sizes (Vitte
& Panaud 2005). This is nicely illustrated by a wild rela-
tive of rice (Oryza australiensis) having doubled its gen-
ome size in ca. three million years under the influence of
TEs (Piegu et al. 2006), whereas the genome of Arabidop-
sis thaliana predominantly presents truncated TEs and
shrunk by ca. 30% over the last 10 million years (Hu
et al. 2011). TE content largely explains patterns of the C-
value paradox, but further work addressing the effects of
population demography and host mating system on the
dynamics of TEs in closely related taxa is necessary to
disentangle the factors driving the evolutionary trajecto-
ries of genomes (Whitney et al. 2010).

© 2013 John Wiley & Sons Ltd

TEs also drives high sequence turnover across func-
tional genomes. In particular, genomes regularly show
blocks of nested TE copies that can be greatly polymor-
phic among closely related taxa (e.g. Wang & Dooner
2006). For instance, the centromeres of Arabidopis thaliana
are significantly differentiated from A. Iyrata in relation
to the proliferation of a LTR retrotransposon in the latter
species (Tsukahara et al. 2012). Similarly, the different
lines of maize revealed highly contrasted arrangements
of TE insertions across their intergenic space, and these
structurally divergent genome blocks were shown to be
recombinationally inert (He & Dooner 2009). TE dynam-
ics thus determines fast-evolving regions, showing
reduced recombination (Melamed-Bessudo & Levy
2012). Mapping of loci associated with seed and pollen
sterility of crosses within the circumpolar Draba nivalis
suggested that underdominant insertions of LTR retro-
transposons might underlie cryptic speciation (Grundt
et al. 2006; Gustaffsson & Parisod unpublished results).
In wild barley (Hordeum spontaneum), individual growing
in dry environments showed a higher number of full-
length copies and fewer truncated insertions of a LTR
retrotransposon than those growing a few dozen metre
apart in less stressful habitats (Kalendar et al. 2000). The
high turnover of TE fractions thus generated divergent
genome arrangements that were closely matching the
ecogeographical distribution of gene pools, suggesting
that TEs sustained incipient speciation despite gene flow.
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Box 3 TE-induced mutations affecting ecologically relevant phenotypes

TEs can affect genes and phenotypes through multiple mechanisms, depending on the TE itself and its insertion site.
Altering coding sequences or their regulatory elements, TEs can directly affect phenotypes, but TEs also promote epi-
genetic changes impacting nearby genes and their products. Accordingly, TEs foster natural genetic engineering and
have been compared with the evolutionary toolkit of the genome (Schmidt & Anderson 2006; Shapiro 2010). The few
illustrative cases discussed below are all but exhaustive and readers will find additional examples of TE-induced
mutations in recent reviews (e.g. Sela et al. 2010; Hua-Van et al. 2011; Fedoroff 2012; Lisch 2013).

3.1 TE-induced loss-of-function

The most obvious TE-induced change is gene disruption leading to observable loss-of-function (Fig. 2a). For instance,
insertion of a TIR transposon into the rugosa locus encoding a starch-branching enzyme in pea resulted in the wrin-
kled seed studied by Mendel (Bhattacharyya et al. 1990). To date, approximately 65 diseases directly caused by TE
insertions have been documented in humans (O’Donnell & Burns 2010).

3.2 TE-induced regulatory changes

TEs can directly influence gene expression through disruption of regulatory motifs (repressors or enhancers) or inser-
tion of new regulatory information (Fig. 2b). TE-induced restructuring of the architecture of cis-promoter regions of
genes has been regularly reported (Feschotte 2008). It is well illustrated by insertions of DNA transposons disrupting
the promoter and reducing the transcription of the heat-shock protein 70 in natural lines of Drosophila melanogaster,
altering thermotolerance as well as female reproductive success (Lerman et al. 2003; Lerman & Feder 2005). TEs can also
bring their own regulatory sequences next to coding sequences and thereby influence gene expression (e.g. Jordan et al.
2003). For instance, insertion of a LTR retrotransposon upstream of the Ruby gene in blood orange has been shown to
provide a new promoter controlling gene expression in response to cold and resulting in the red coloration of the fruit
flesh (Butelli et al. 2012). Noticeably, deletion of the TE insertion in some derived varieties further enhanced the promoter
action of the remaining LTR. Similarly, insertions of a LTR retrotransposon into the promoter of the cytochrome P450 gene
Cyp6 g1 of Drosophila melanogaster brought regulatory sequences rewiring and increasing the gene expression in tissues
detoxifying a variety of insecticides, thereby conferring adaptive resistance (McCart & Ffrench-Constant 2008).

It is worth noting that gene expression is not only controlled by proximal promoters, but can also be influenced by
TEs inserting at the 3’ end of coding sequences or at relatively distant sites. For instance, variation in flowering time
in maize is tightly associated with a MITE insertion disrupting a conserved noncoding region (Vgt1) located 70 kb
away from the AP2 transcription factor actually regulating this trait (Salvi et al. 2007). Similarly, overexpression of
tb1, a gene repressing branching in cultivated maize, is controlled by the enhancer activity of an LTR retrotransposon
insertion located 60 kb away from the gene (Studer et al. 2011).

3.3 TE-induced epigenetic effects

Genes located in the vicinity of TE insertions are probably methylated following the action of small RNAs targeting and
repressing the expression of TEs. Although the structure of the protein-coding region remains unaltered, nearby TEs
thereby produce stable epialleles that may be of evolutionary relevance (Slotkin & Martienssen 2007; Wang et al. 2013).
The probability for a gene to be methylated and to show reduced expression seems to depend on the distance to the
nearest TE. Such effects over more than 3000 bp have been regularly reported in Arabidopsis species (Hollister et al.
2011), indicating that TEs may indirectly influence gene expression over relatively large distances. For instance, inser-
tion of a LTR retrotransposon near the agouti gene in mice produces an outward-reading antisense transcript that
extends into the gene and interferes with the sense transcript (Morgan et al. 1999). The resulting variation in chromatin
state and DNA methylation at this locus is determined by the epigenetic status of the retrotransposon that ultimately
influences the gene transcript level and the colour of the mice coat (Fig. 2c). Similarly, early flowering of the Ler ecotype
of Arabidopsis thaliana is controlled by a DNA transposon insertion in the first intron of FLC (a gene delaying flowering).
This insertion is indeed targeted by TE-derived siRNAs resulting in the silencing of the gene, whereas ecotypes lacking
this insertion show normal FLC expression and late flowering (Liu ef al. 2004; Fig. 2d).

3.4 TE-induced genome restructuring

The repeated nature of TEs makes them efficient substrate for ectopic recombination. TEs are thus known to be
responsible for deletions, insertions, inversions, translocations and duplications and to generally promote chromo-
somal instability (Gray 2000). Most types of genetic changes discussed above may thus occur through positional
effects following chromosomal rearrangement supported by TEs.

© 2013 John Wiley & Sons Ltd
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Fig. 1 Structure of the different types of
transposable elements and their schematic
mechanisms of transposition. The ORF of
long terminal repeat (LTR) retrotranspo-
sons is indicated here as GAG and Poly-
merase, although it typically codes for the
several enzymes necessary for proper
transposition such as the integrase, the
RNase H and the reverse transcriptase
domains. The orange box in SINEs repre-
sents the diagnostic tRNA-related region.
TIR = terminal inverted repeats.
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Fig. 2 Effects of transposable element (TE) insertions on gene structure and function. (a) Insertion of TE into the coding regions of a
gene can disrupt or abolish its function as illustrated by wrinkled-seed character of pea described by Mendel. (b) TEs can also provide
novel promoter functions when inserted into regulatory sequences of a gene, altering its normal expression level. TE-derived expression
of a gene responsible for the flesh colour of blood oranges is illustrated. (c) Transcription levels of genes can be interfered by antisense
transcription from adjacent TE insertions as observed for the agouti colour gene in mice. The strength of the interference depends on the
epigenetic state and expression level of the TE. (d) siRNA-controlled methylation of TE insertions can influence the expression of nearby
genes as illustrated by the silencing of the FLC locus associated with the repression of an intronic TE insertion, speeding flowering time
in Arabidopsis thaliana. Gene exons are depicted as blue rectangles and TE insertions as red triangles; promotors of genes and TEs are

shown as green and orange circles, respectively. Arrowheads indicate gene transcription.

Convincing evidence of functional and/or adaptive
impacts of TE insertions have been reported (Box 3), but
may only represent the tip of the iceberg. As a whole,
TEs emerge not only as chief producers of evolutionary
significant genetic variation, but also as pivotal elements

© 2013 John Wiley & Sons Ltd

further sheltering it from homogenizing gene flow by
reducing recombination (Abbott et al. 2013). However, to
what extent TEs account for microevolutionary processes
such as rapid adaptive evolution in natural populations
or speciation remains essentially to be addressed. Empir-
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Fig. 3 Main transposon displays tracking transposable element (TE) insertions and surveying insertional polymorphisms. The tech-
niques rely on simultaneous PCR amplification of sequences between copies of a candidate TE and adjacent genomic regions. The tar-
geted genomic regions differ among methods: other TE copies for inter-retrotransposon amplified polymorphism (IRAP), microsatellite
loci (SSR) for retrotransposon—microsatellite amplified polymorphism (REMAP) or restriction sites (RE) for sequence-specific amplified

polymorphism (SSAP). Red arrowheads indicate the primers.

ical data exploring the diversity and distribution of TE
insertions through comparative genomics and popula-
tion genetics are expected to provide a general view of
(adaptive) evolution. Technological advances now make
it possible to assess the role of TEs as capacitors of micro-
evolutionary changes by shifting the focus from individ-
ual host genomes (i.e. the main concern of genome
biologists) to populations (i.e. the main concern of evolu-
tionary biologists).

Selecting candidate TEs for molecular ecology
surveys

Surveys of natural variation of TE insertions can hardly
embrace the full diversity of TEs at once, and focusing
on candidate TE families is necessary. Selecting candi-
date TEs for surveys of natural populations probably
represents a critical step that depends on the specific
objectives of the study. It has to rely on both the biology
and the potential distribution of the TEs. In particular,
tracking insertions of active TE families that potentially
have generated abundant variation over ecological times
seems a promising approach to assess the impact of TE
dynamics on microevolutionary changes. Furthermore,
TEs also differ by their size and distribution across ge-
nomes (Dolgin & Charlesworth 2008), and one may opti-
mize the chance of obtaining insightful results by
focusing on insertions of appropriate TE families. TEs
are generally more abundant in the heterochromatin,
centromeres and/or telomeres. In particular, high-copy-
number families tend to form clustered (i.e. adjacent
insertions) and nested (i.e. insertions within one another)
arrangements in intergenic regions of large genomes
(e.g. Baucom et al. 2009). In contrast, insertions of short

TEs such as MITEs, LINEs and SINEs, but also low-
copy-number LTR retrotransposons, are observed all
along the chromosomes and seem overrepresented near
or within genes in plants and in humans (i.e. mostly in
introns, in 5" or 3' UTR as well as flanking regions;
Wright et al. 2003; Majewski & Ott 2002).

Practically, the most commonly used criterion to
select TEs under study probably is to rely on information
from model species and available databases (Table 1).
Closely related species indeed have similar TE content
and knowledge from model species can thus be trans-
ferred to wild relatives to a certain extent. As an exam-
ple, the active LTR retrotransposon BARE-1, isolated
from barley, has been shown to have close active homo-
logues in other cereal genomes such as wheat, rye and
oat, allowing to track polymorphic insertions in these
species (e.g. Vicient et al. 2001; Saeidi et al. 2008). How-
ever, this is all but a universal feature as active TEs usu-
ally diverge relatively quickly. Accordingly, conserved
regions of TEs used to design markers (see below) may
either lack among related taxa or target ancient inser-
tions of quiescent TE lineages.

Given the dearth of available information for species
of ecological interest, characterizing TEs from the focal
nonmodel species may represent a worthwhile invest-
ment. Isolation of novel TEs from taxa without genomic
information can be achieved through the amplification
and sequencing of a representative pool of heteroge-
neous TEs within a given species using degenerate prim-
ers matching conserved domains (e.g. the reverse
transcriptase genes). Nonconserved regions of TEs can
then be characterized through a genome-walking
approach using TE specific and adapter primers (Kalen-
dar et al. 2011). Such procedures have been successfully

© 2013 John Wiley & Sons Ltd



Table 1 Main databases devoted to transposable elements (TEs)
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Abbreviation Website Comment

RepBase* http:/ /www.girinst.org/ Curated, nonredundant TE database from different
eukaryotic species

GyDB 2.0t http://gydb.org Database of Gypsy, Retroviridae, Copia, Bel/Pao LTR
retroelements and the Caulimoviridae pararetroviruses of plants

SINEBase} http:/ /sines.eimb.ru/ Database of SINEs of eukaryotes

TranspoGene http:/ /transpogene.tau.ac.il/ TE within protein-coding genes of human, mouse, chicken,
zebrafish, fruit fly, nematode and sea squirt

PlantRepeats http:/ /plantrepeats.plantbiology.msu.edu Collections of TE insertions from Hordeum, Oryza, Sorghum,
Triticum, Glycine, Lotus, Medicago, Zea, Brassicaceae, Solanaceae

TREP http:/ /wheat.pw.usda.gov/ITMI/Repeats Curated collection of repetitive DNA sequences from
Triticeae species (wheat, barley, rye, oat and their wild relatives)

Maizetedb http:/ /maizetedb.org/~maize/ Database of TEs from maize

Retroryza http:/ /retroryza.fr Database of LTR Retrotransposon from rice

SoyTEdb http:/ /soybase.org/soytedb/ Database of TEs from soya bean and other legumes

RepPop http://csbl.bmb.uga.edu/~ffzhou/RepPop/ Database of TEs from popular

DMEL http:/ /www. fruitfly.org/p_disrupt/TE.html Natural TEs identified in Drosophila melanogaster

dbRIP http://dbrip.brocku.ca/introduction.html Polymorphic TE insertions in the human genome; identification

of insertions associated with genes or genomic regions

*Jurka et al. (2005); tLlorens ef al. (2011); Vassetzky & Kramerov (2012).

applied to retrieve LTR retrotransposons (e.g. Flavell
et al. 1992; Pearce et al. 1999) and LINEs (Alix & Heslop-
Harrison 2004). Noticeably, this approach based on geno-
mic DNA does not directly distinguish functional and
active TEs from degenerated and quiescent TEs. Accord-
ingly, cDNA can be used to highlight transcriptionally
(and, to a certain extent, transpositionally) active TEs.
With the advent of sequencing technologies, it is
becoming accessible to generate genomic resources and
hence highlight TEs of nonmodel species. TEs can be
characterized de novo from completely sequenced and
assembled genomes using a variety of existing proce-
dures (see Makatowski et al. 2012; and Flutre et al. 2012
for comprehensive reviews). Nevertheless, reads pro-
duced by current high-throughput sequencing technolo-
gies are typically much shorter than TEs whose
repetitive nature hampers accurate genome assembly
and downstream analyses (Treangen & Salzberg 2012).
Powerful procedures exploiting data generated by super-
ficial genome sequencing (i.e. genome snapshot with
<0.1x coverage) aim at describing relatively abundant
TEs. Using existing databases (Table 1), the identification
by blast of reads corresponding to TE sequences that are
specific to a given genome is relatively straightforward
for taxa that slightly diverged from model species
(Wicker et al. 2009). Dissimilar TEs remain hardly identi-
fied with such approaches, but a priori unknown TE
families (e.g. from taxa lacking closely related species
with well-annotated genomes) can be usefully character-
ized by exploiting approaches such as graph-based clus-
tering (Novak efal. 2010) or assisted automated

© 2013 John Wiley & Sons Ltd

assembly (DeBarry et al. 2008). In particular, the later
method identifies overlapping sequences among short
reads and efficiently constructs pseudomolecules repre-
senting consensuses of abundant repeat families through
automated genome walking (Estep et al. 2013). Finally,
reads corresponding to individual insertions of the iden-
tified TE families can be compared, assessing patterns of
genetic diversity, to infer their evolutionary dynamics
and distinguish recently active from quiescent families
(Senerchia et al. 2013). Accordingly, high-throughput
sequencing offers promising approaches to identify suit-
able candidate TEs for further examination at the popu-
lation level in nonmodel species.

Genotyping of polymorphic TE insertions in
natural populations

Assessing the impact of TEs on host genomes ultimately
requires the screening of polymorphic insertions (i.e. TE
copies at particular locations within genomes) among
individuals. The most commonly used fingerprinting
techniques exploit PCR to simultaneously amplify multi-
ple TE insertions and thus detect insertional polymor-
phisms in TE genome fractions. These techniques are
commonly referred to as transposon displays and exploit
two fundamental features of repetitive TEs: (i) the con-
served domains among copies of a given TE family to
design specific PCR primers and (ii) their transpositional
activity causing structural variation across the genome to
visualize distinctive insertions as fragments of different
sizes. The crucial step for efficient transposon displays is
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to design specific, outwards-facing primers at a con-
served extremity of the candidate TE sequence. Various
methods (Fig. 3), differing in the nature of the primers
used and thus the sequence flanking the targeted inser-
tions, have been developed (see Kalendar et al. 2011 for a
recent review). Despite the lack of consistent names for
these techniques, they are relatively straightforward to
implement and allow surveying large numbers of indi-
viduals at reasonable costs. Transposon displays thus
represent convenient strategies to explore variation in TE
genome fractions in natural populations.

Inter-retrotransposon ~ amplified = polymorphism
(IRAP) uses either a single primer or two primers (target-
ing the same or different TE families) to generate PCR
fragments between nearby TEs inserted in different
orientations (Kalendar ef al. 1999). The exact same tech-
nique has been put forward for MITEs and called inter-
MITE amplified polymorphism (Chang et al. 2001). These
methods show bias towards clustered TE insertions and
may be short of reproducibility as put forward for the
related random amplification of polymorphic DNA
(RAPD). Similar to IRAP, retrotransposon-microsatellite
amplified polymorphism (REMAP) relies entirely on
PCR amplifications, using a TE-specific primer and non-
TE primer matching a microsatellite motif (Kalendar
et al. 1999). It shares features, including reproducibility
issues, with intersimple sequence repeat (ISSR) markers.

Sequence-specific amplified polymorphism (SSAP) is
similar to amplified fragment length polymorphism
(AFLP), except that it is a TE-anchored strategy. It is
based on the digestion of genomic DNA with a rare and
a frequent-cutter restriction enzyme to generate frag-
ments to be PCR amplified between insertions of the can-
didate TE and an adaptor ligated at randomly
distributed restriction sites (Syed & Flavell 2007). It thus
produces fragments covering the whole genome and
encompassing sequences from the termini of candidate
TE insertions to their flanking genomic regions. This
technique is reproducible, but may generate numerous
bands and hardly scorable patterns in large genomes.
Accordingly, primers with selective bases can be
annealed to the adaptor site to reduce genome complex-
ity when high-copy-number TE families are surveyed. In
addition, SSAP can be easily adapted to different pur-
poses such as the detection of variation of TE expression
using cDNA (Kashkush ef al. 2002) or changing methyla-
tion in the vicinity of TE insertions using isoschizomers
(Parisod et al. 2009).

The above-mentioned techniques straightforwardly
produce a large number of dominant loci marking inser-
tions of candidate TEs as present or absent for further
analysis with suitable approaches of population genetics
(Bonin et al. 2007; Perez-Figueroa et al. 2010). Markers
generated by transposon displays specifically track TE

insertions, but it should be kept in mind that the exact
mechanism underlying detected polymorphisms remains
hardly accessible. Assayed polymorphisms (presence/
absence of bands) uncover insertional patterns associated
with the transpositional activity of corresponding TEs to
a large extent, but can also be due to mutations such as
indels along the amplified fragments or changes of
restriction sites (e.g. Petit ef al. 2010). Comparing profiles
generated by transposon displays with related finger-
printing techniques marking random sequences repre-
sents a convenient strategy to take such uncertainty into
account when surveying a large number of individuals
and to assess the specific dynamics of candidate TEs. For
instance, AFLP and SSAP rely on very similar protocols,
thus allowing to specifically track TE dynamics with
SSAP while taking background genome variation into
account with AFLP (Parisod & Senerchia 2013). Frag-
ments of interest (i.e. candidate TE insertions) can also
be isolated and sequenced to design locus-specific assays
offering codominant markers (Devos et al. 2005).

Sequencing polymorphic TE insertions across
genomes remains challenging, but high-throughput tech-
nologies potentially offer tremendous opportunities to be
explored at the population level (Xing et al. 2013). In con-
trast to transposon displays, substantial knowledge
about the candidate TEs and the host genome is neces-
sary to implement sequencing approaches. However,
they probably provide accurate descriptions of patterns
and processes of variation among TE insertions and their
flanking regions, offering valuable insights for evolution-
ary studies. So far, high-throughput sequencing of TE
insertional polymorphisms has been mostly achieved in
populations of cells from one or a few individuals, but
hold great promises for surveying natural populations as
well.

TE insertions can be sorted through bioinformatics
after untargeted, whole-genome sequencing (Treangen &
Salzberg 2012). In that context, sequencing platforms
yielding relatively long reads offer better resolution to
distinguish insertions from a given TE family and
retrieve crucial information about the flanking sequence.
Two main approaches have been used so far: split-read
methods map and detect split reads at break points of
sites of polymorphic TE insertions, whereas read-pair
algorithms can make use of shorter paired-end reads to
be mapped to TE sequences and flanking regions to
detect structural variation indicative of polymorphic TE
insertions (Xing et al. 2013). In particular, powerful meth-
ods have been highlighted that use reference genomes of
the targeted organism, but can take a priori unknown TE
insertions into account and thus estimate their frequen-
cies at the population level (Kofler et al. 2012).

Methods  specifically targeting candidate TEs
sequences before sequencing could be applied, even for
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organisms without proper reference genomes. Genomic
DNA can indeed be specifically enriched in fragments
containing TE insertions by either PCR or sequence cap-
ture. Sequenced fragments can then be used to identify
and compare flanking genomic regions among individu-
als at the population level. A relatively straightforward
approach would be to massively sequence PCR frag-
ments from transposon displays as otherwise achieved
with AFLP (Paris & Despres 2012). Similarly, primers
specific to the candidate TE families can be used together
with primers annealing to the linker sequence to amplify
fragments containing targeted TE insertions for the
sequencing of amplicons (Witherspoon et al. 2010).
Noticeably, PCR amplification before sequencing can be
avoided by capturing fragments containing candidate
TEs on custom arrays (Baillie et al. 2011). This approach
was shown to be fairly sensitive, highlighting rare trans-
position events. As current high-throughput sequencing
platforms yield enough data to allow for the pooling of
several samples, the above-mentioned methods and
forthcoming ones may be suitable for reasonably sized
surveys of TE insertional patterns in natural populations
of nonmodel organisms.

Conclusions

Genomes are emerging as very dynamic entities, with
their most variable fraction (i.e. TEs) probably driving
changes of the overall architecture of functional genomes
(Fedoroff & Bennetzen 2013). In particular, TEs seem to
show bursts of activity under specific conditions that are
common in the wild (Box 2) and that may translate into
genome reorganization of central significance for the
evolutionary ecology of the host species (Box 3). How-
ever, several interconnected processes such as selection
at the TE and at the host levels may influence the evolu-
tionary trajectories of TEs within and among taxa, and
have to be better understood (Tenaillon et al. 2010). In
addition to host-controlled transposition and TE dele-
tion, the fate of inserted TEs is indeed determined by
processes acting at the level of the host population (Le
Rouzic et al. 2007). The distribution and accumulation of
TE insertions thus depend on their effect on the host fit-
ness and effective population size, and are thus largely
determined by population features such as demography,
mating system and local recombination rate that add to
natural selection (Lynch 2007). Accordingly, the inter-
play between the environment, the host population
dynamics and TE dynamics probably plays a major role
in driving the evolutionary trajectories and divergence of
closely related taxa. Additional work tracking TE inser-
tions in natural populations is thus necessary to shed
light on the impact of TEs (i.e. junk DNA’) on microevo-
lutionary processes.

© 2013 John Wiley & Sons Ltd
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