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Rio Preto, SP, Brazil; 3CNRS Laboratoire Evolution, Génomes et Spéciation, CNRS, Gif/Yvette, France and 4Univ Paris-Sud,
Orsay, France

Horizontal transfer (HT), defined as the transfer of genetic
material between species, is considered to be an essential
step in the ‘life cycle’ of transposable elements. We present a
broad overview of suspected cases of HT of transposable
elements in Drosophila. Hundred-one putative events of HT
have been proposed in Drosophila for 21 different elements
(5.0% refer to non-long terminal repeat (LTR) retrotranspo-

sons, 42.6% to LTR retrotransposons and 52.4% to DNA
transposons). We discuss the methods used to infer HT, their
limits and the putative vectors of transposable elements. We
outline all the alternative hypotheses and ask how we can be
almost certain that phylogenetic inconsistencies are due to HT.
Heredity (2008) 100, 545–554; doi:10.1038/sj.hdy.6801094;
published online 23 April 2008
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Introduction

One of the outstanding traits of transposable elements
(TEs) is their ability to cross species boundaries and
invade new genomes. This process, named horizontal
transfer (HT), and defined as transfer of genetic material
between species, has been proposed as an essential step
in the DNA transposons ‘life cycle’ and, therefore, in
genome evolution. A successful HT requires a TE transfer
into the germ line of the recipient species, followed by a
high transposition rate leading to a rapid propagation
into the genome, as well as into the population by
vertical transmission (Le Rouzic and Capy, 2005). The
transpositional activity is then regulated or suppressed
by various mechanisms, and the frequency of functional
copies decreases as they are subjected to random
mutations, excision, purifying selection and stochastic
losses. HT of a functional element to a naı̈ve genome or
reintroduction into the primary host genome can there-
fore prevent its extinction. This fact was illustrated by
Hartl et al. (1997) for the mariner element.

A growing body of evidence has shown that this
phenomenon may not be very rare in eukaryotes.
However, although several results seem to be robust
enough to be ascribed to HT, in other cases alternative
hypotheses can be frequently proposed (Capy et al., 1994;
Cummings, 1994). This work aims to present an over-
view of the cases of HT already suspected in Drosophila
and the arguments used to infer their robustness. The
Drosophilidae, including about 3700 species with well-
documented phylogenetic relationships, is certainly the

best family of eukaryotes to define the features of HTs
(detection of HT, conditions and frequency for successful
HT) in connection with environmental and populational
dynamics. First, we present the facts generally consid-
ered to infer HT and the phenomena leading to a
misinterpretation. Second, we present the mechanisms
and vectors possibly involved in the HT process. Finally,
an evaluation of the main aspects that led the authors to
their conclusions is proposed.

How many putative cases of HT have been described in

Drosophila?
An increasing amount of experimental data suggests that
many TEs have been horizontally transferred among
Drosophila species. The first report of such an event in
Drosophila came from the recent invasion of Drosophila
melanogaster by P and I elements (Brégliano and Kidwell,
1983; Kidwell, 1983). Beginning with the analyses of
hybrid dysgenesis between strains of D. melanogaster,
Margaret Kidwell made the first step toward proving one
of the most convincing cases of HT, the P element
transfer from D. willistoni to D. melanogaster. This was
later demonstrated molecularly by Daniels et al. (1990b)
and by Kidwell and co-workers (Clark et al., 1995, 2002;
Clark and Kidwell, 1997). Starting from the very few HT
cases proposed during the 1980s, the number increased
over the next decades. During the 1990s, at least 21
papers were published on this subject, and 20 in the first
6 years of this decade. To date, at least 101 putative HT
events in the Drosophilidae have been proposed from the
analysis of 21 elements (Table 1 and Supplementary
Tables 1 and 2).
Analysis of the process of HT raises several questions.

The first is about what type of TEs are involved in the
transfer events. Of the 101 cases listed in Table 1, 5.0%
refer to non-long terminal repeat (LTR) retrotransposons,
42.6% to LTR retrotransposons and 52.4% to DNA
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Table 1 Putative cases of HTs according to TE types, reported until June 2007, as described in Supplementary Tables 1 and 2

TE classes TEs Described events Species involved Inferences Refs.

Non-LTR jockey 2 Dmel-Dfun; Dmel2Dyak ss, pd 1, 2
Retrotransposons doc 1 Dmel2Dyak ss, kA/kS 2

F 1 Dmel2Dyak ss, kA/kS 2
I 1 Dsim2Dmel pd 3, 4, 5

Subtotal: N (%) 4 (19%) 5 (5.0%)
LTR gypsy 18 Dvir2Dsubob; Dmel-Dsubob; ?-Dmel,

Dteiss, Dyak, Doren, Derec; ?-Dhyd, affinis subg;
ss, pd, ti 6, 7, 8, 9

Retrotransposons Dneb2Dneoc; Dneb2Dpaul; Dsubob-Dbusc;
Dsubob-Dhyd; Dsim-Zind; Dsim-Slat;
Dpall2Dband; Dhyd-Dvir; Dmpict2Dzot

kA/kS, dN/dS

Penelope 11 Clade I: -Dmont ph ances; Dlaci/Dbore
ances-Dvir ph; Dmont2Dlitto sph;
Dlaci-Dflavo, Dmont; -Dvir, Dnovam; Dvi-Dlum
Clade II: ?-vir gr Clade III: ?-Dlum;
Dlum-Dlitto sph ances; Dmel-Derec; Dmel-Dwill;
Dmel2Dsim; Dwill-mel group; mel group2Ztuber

ss, kS, ti 10, 11, 12

copia 4 Dmel2Derec; Dmel2Dsech; Derec2Dyak ss, pd, ti 2, 13, 14, 15
Gtwin 3 Dmel2Dsim ss, ti, dN/dS 16, 17
tirant 1 Dmel (or ances)-Dteiss ss, ti, kA/kS 18

HMS-beagle 2 Dmel2Dsim ss, kA/kS 2
opus 1 Dmel2Dsim ss, kA/kS 2
roo 1 Dmel2Dsim ss, kA/kS 2

blood 1 Dmel2Dsim ss, kA/kS 2
412 1 Dmel2Dsim ss, kA/kS 2

Subtotal: N (%) 10 (47.6%) 43 (42.6%)
Transposons P 29 M subfamily: Spall-Dbifas or Spall-Dbifas/Dimaii

ances; Dlact-Spall; Dlact-Dbifas/Dimaii ances;
Dlact-Dhelv; Dhelv2Lmik; ?-Dazt/Daff; ?-Dalgon

ss, pd, ti
dN/dS

19, 20, 21, 22, 23, 24
20, 22, 23, 25

O subfamily: Spall-Dbifas/Dimaii ances; willi
group-Daff lineage; Daff lineage-Scapt;
Scapt-Scapt; Scapt-Lordph; ?-salt/will
ances-Scapt-Dbifas; Dsuc2Dazt/Daff
Canonical subfamily: ?-Dmel or will-Dmel;
?-Dtrop; ?-Dwill; ?-Dequi; ?-Dpaul/Dpavl ances;
?-Dneb; ?-Dfumi; ?-Dsuc/Dcapr ances; ?-sturt
subg; ?-paras subg; Daustr-Dfumi;
?-salt subg ances; Dneb-Dmedp; Dsalt-Dstur

ss, pd, ti
dN/dS

3, 25, 26, 27, 28, 29, 30, 31 32

mariner 410 Dmau-Ztuber; Cfelis ances-Derec ances;
Derec-Danan; ?-Danan (Hirri, Agamb, Cplora);
yak cplex-Ztuber, Zverr; montium subg2Dvallis;
simulans cplex; ?-yak cplex; repeated HT in asiatic
Drosophilidae

ss, ti, pd, D 33, 34, 35, 36, 37

Minos 6 Dmojav2Dsalt; Dhyd-Dmull/Dmojav ances;
Dsalt -Dmull/Dmojav ances; Dmojav-Daldr;
Dser-Dbuzz; Dspenc-Demarg

dN/dS, HA, p 38, 39

hobo 3 ?-Dmel, Dsim, Dmaur or Ccapt-(Dmel, Dsim,
Dmau) or ? -Ccapt; (Dmel, Dsim, Dmau)

ss, pd, ti 40, 41, 42, 43

bari 1 ?-Dmel ances p, Ks, D 2
S 1 Dmel2Dsim ss, pd, p, Ks, D 44

DPLTs 3 Dpseu2Dwill2Dmojav ss 45
Subtotal: N (%) 7 (33.4%) 453 (52.4%)

Total 21 4101

Abbreviations: HT, horizontal transfer; LTR, long terminal repeat; TE, transposable element.
Inferences: sequence similarity (ss); patchy distribution (pd); tree incongruence (ti); nucleotide diversity (p); sequence divergence at
synonymous (kS) and non-synonymous sites (kA), numbers of synonymous substitutions per synonymous site (dS) and non-synonymous
substitutions per non-synonymous site (dN), historical association (HA), Tajima’s D statistics (D); species or group characteristics: species
complex (cplex), subgroup (subg), phylad (ph), subphylad (sph), ancestor (ances), donor species unknown (?); species: Drosophila affinis (Daff),
aldrichi (Daldr), algonquin (Dalgon), ananassae (Danan), austrosaltans (Daustr), azteca (Dazt), bandeirantorum (Dband), bifasciata (Dbifas), borealis
(Dbore), buscky (Dbusc), buzzatii (Dbuzz), capricorni (Dcap), emarginata (Demarg), equinoxialis (Dequi), erecta (Derec), flavomontana (Dflavo),
fumipenis (Dfumi), funebris (Dfun), helvetica (Dhelv), hydei (Dhyd), imaii (Dimaii), lacicola (Dlaci), lacteicornis (Dlactei), littoralis (Dlitto), lummei
(Dlum), mauritiana (Dmau), mediopunctata (Dmedp), melanogaster (Dmel), mojavensis (Dmojav), montana (Dmont), mediopicta (Dmpict), mulleri
(Dmull), nebulosa (Dneb), neocordata (Dneoc), novamexicana (Dnovam), orena (Doren), pallidipenis (Dpall), paulistorum (Dpaul), pavlovskiana (Dpavl),
pseudoobscura(Dpseu), saltans (Dsalt), sechellia (Dsec), serido (Dser), simulans (Dsim), spenceri (Dspenc), sturtevanti (Dstur), subobscura (Dsubob),
sucinea (Dsuc), teissieri (Dteiss), texana (Dtex), tropicalis (Dtrop), vallismaia (Dvallis), virilis (Dvir), willistoni (Dwill), yakuba (Dyak), zotti (Dzot),
Anopheles gambiae (Agamb); Ceratitis capitata (Ccap); Chrysoperla plorabunda (Cplora); Ctenocephalides felis (Cfelis); Haematobia irritans
(Hirri); Lordiphosa miki (Lmik); Scaptomyza pallida (Spall); Scaptodrosophila latifasciaeformis (Slat); Zaprionus indianus (Zind), tuberculatus (Ztuber),
verruca (Zverr).
References: 1, Mizrokhi and Mazo (1990); 2, Sánchez-Gracia et al. (2005); 3, Kidwell (1983); 4, Brégliano and Kidwell (1983); 5, Bucheton et al.
(1984); 6, Terzian et al. (2000); 7, Alberola and De Frutos (1996); 8, Vázquez-Manrique et al. (2000); 9, Heredia et al. (2004); 10, Evgen’ev et al.
(2000); 11, Lyozin et al. (2001); 12, Morales-Hojas et al. (2006); 13, Jordan and McDonald (1998); 14, Jordan et al. (1999); 15, Almeida and
Carareto (2006); 16, Ludwig and Loreto (2007); 17, Kotnova et al. (2007); 18, Fablet et al. (2007); 19, 20, 21, Hagemann et al. (1992, 1996, 1998); 22,
23, Haring et al. (1995, 2000); 24, Garcı́a-Planells et al. (1998); 25, Clark and Kidwell (1997); 26, 27, Daniels et al. (1984, 1990b); 28 29, Clark et al.
(1994, 1995); 30, Loreto et al. (2001); 31, Silva and Kidwell (2000); 32, Castro and Carareto (2004); 33, Maruyama and Hartl (1991); 34, Lohe et al.
(1995); 35, Robertson and Lampe (1995); 36, 37, Brunet et al. (1994, 1999); 38, Arca and Savakis (2000); 39, Almeida and Carareto (2005); 40,
Daniels et al. (1990a); 41, Pascual and Periquet (1991); 42, Simmons (1992); 43, Torti et al. (2000); 44, Maside et al. (2003); 45, Casola et al. (2007).
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transposons. These frequencies are partially in agree-
ment with the proposition of Silva et al. (2004) regarding
the preponderance of HTs involving DNA transposons
over LTR and non-LTR retrotransposons. They pointed
out that this gradient of HT may reflect the presence of
DNA intermediates during the transposition. Indeed,
from the frequency of HTs detected in several types of
organisms, Silva et al. concluded that they are more
common for DNA transposons for which the DNA
intermediate is the only one present during the transpo-
sition process. For LTR retrotransposons, there is a DNA
intermediate only after the reverse transcription of an
RNA copy, and for non-LTR retrotransposons there are
no DNA intermediates, since they are directly reverse
transcribed into the target site (Luan et al., 1993). The
DNA transposons4LTR retrotransposons4non-LTR ret-
rotransposons gradient observed in the Drosophilidae is
consistent with the analysis carried out on a larger
spectrum of species (Silva et al., 2004). In Drosophila, the
number of HTs suspected for class II elements and LTR
retrotransposons is fairly similar, and the low frequency
of HTs for the non-LTR retrotranposons is confirmed,
suggesting that this particular subclass of TE is less
prone to HT.

There is some controversy about the possibility of HT
involving non-LTR retrotransposons. Malik et al. (1999),
who analyzed divergence versus age of various lineages
of non-LTR retrotransposons of eukaryotes, did not find
any reliable evidence for HTs for these elements during
the past 600Myr. However, Kordis and Gubensek
(1998) have shown that Bov-B Line, an ancient compo-
nent of Squamata genomes (snakes and lizards) since the
Mesozoic era, was horizontally transferred to the
ancestor of Ruminantia about 40–50Myr ago.

In Drosophila, four different non-LTR retrotransposons
have been pointed as implicated in HT (Table 1 and
Supplementary Table 1). Based on its patchy distribution,
the I element was suggested as having been horizontally
transferred to D. melanogaster in the pioneer studies using
genetic analyses and Southern blot (Brégliano and
Kidwell, 1983; Kidwell, 1983). Now, with the availability
of several genomes, it is possible to see that D. simulans,
D. sechellia and D. melanogaster possess almost identical I
elements (data not shown), reinforcing the suggested HT.
Moreover, the elements jockey, F and Doc seem to be
involved in HT (Mizrokhi and Mazo, 1990; Sánchez-
Gracia et al., 2005). Taken together, these data suggest
that, although less frequently, non-LTR elements can also
be horizontally transferred.

How can we infer HTs?
In addition to minimum requirements such as geo-
graphic, temporal and ecological overlap between donor
and recipient species, three different kinds of evidence
are generally used to infer HT of TEs: (i) high sequence
similarity between TEs of very distantly related species
(Daniels et al., 1990a, b; Robertson and Lampe, 1995;
Brunet et al., 1999), (ii) incongruence between host
and TE phylogenies (Robertson and Lampe, 1995;
Terzian et al., 2000; Almeida and Carareto, 2005) and
(iii) discontinuous occurrence (patchy distribution) of a
TE across a group of species (Daniels et al., 1990a, b; Arca
and Savakis, 2000; Loreto et al., 2001).

Even though such phenomena have been observed, to
accept HT it is necessary to exclude all possibilities of
vertical transmission, since ancestral polymorphism,
differential evolutionary rates according to the activity
of different sequences, high selective constraints in small
parts of the ancestral element and stochastic losses can all
occur (Capy et al., 1994; Cummings, 1994). The similarity
between TEs, for instance, can be puzzling because many
paralogous copies can co-propagate with varying degrees
of success within a lineage. Let us suppose that two
copies of the same TE family diverge within species
lineages and that these copies are vertically transmitted
through speciation events. Different copies may survive
(or may be sampled in each species) and, because the
sequences compared are, in a sense, paralogous, the TE
would not match the species tree (Goodman et al., 1979).
Hence, a comparison of two paralogous sequences in two
related species would inflate the actual divergence time
between orthologous elements in those species. Using
such estimates as indicators of divergence, other compar-
isons would indicate a lesser divergence than expected,
which would then mistakenly be suggested as HT (Malik
et al., 1999). So sequence similarity deserves careful
analysis, since genomes of several species have been
shown to harbor more than one subfamily of a particular
TE, such as mariner (Robertson and MacLeod, 1993;
Robertson and Lampe, 1995; Hartl et al., 1997), gypsy
(Hochstenbach et al., 1996; Martı́nez-Sebastián et al., 2002;
Heredia et al., 2004) and P element (Clark and Kidwell,
1997), among others.
Finally, a last point seldom if ever discussed is that the

author’s conclusions can be affected by the number of
species used. Well-supported inferences will be rein-
forced and powerless inferences may be rejected when a
larger number of species are studied. The best examples
are provided by the analyses of hobo and P elements. This
can be illustrated by the comparison of the analyses
published by Maruyama and Hartl (1991) and Brunet
et al. (1999) about the HT between the species of the
Zaprionus genus and those of the melanogaster subgroup.

The strength of the inference
Regarding the strength of the inferences, several ques-
tions can be asked. Perhaps the most important question
concerns the methodologies used to infer HT. As
previously described, HTs are generally inferred from
sequence similarity, tree incongruence and/or patchy
distribution. Different methodologies have been used to
this end (Table 2).
HT can be inferred when TE divergence is significantly

lower than that of the host genes, assuming similar or
higher levels of selective constraints on the latter. For
recent HT events, when the similarity between TE is
high, such an approach is sufficient. It has been used by
several authors for P, copia and mariner elements
(Maruyama and Hartl, 1991; Clark et al., 1994, 1995;
Robertson and Lampe, 1995; Clark and Kidwell, 1997;
Jordan et al., 1999). The classical example is the P
element, which is 3 kb long and differs in just one
nucleotide (position 32 in the 50 UTR) in D. melanogaster
and D. willistoni (Daniels et al., 1990b). Such a situation is
exceptional and there is no doubt about its interpretation.
However, when the similarity between TEs is high
compared to the divergence time of their host, the
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existence of strong selective pressure on TEs, at least to
maintain their activity, cannot be excluded. To solve this
problem, several authors have used the estimates of
synonymous (kS) and non-synonymous (kA) rates of
substitution and particularly the kA/kS ratio to
infer selective constraints (Robertson and Lampe, 1995;
Terzian et al., 2000; Maside et al., 2003; Heredia et al.,
2004). Because of degeneracy of the genetic code, a
proportion of nucleotide substitutions in protein-coding
sequences are expected to be silent, leading to no amino-
acid substitution. King and Jukes (1969) predicted that
these synonymous nucleotide substitutions should be
more or less neutral and should evolve at a similar rate to
non-coding regions of genomes. Many evolutionary
analyses have used such an approach (Nei, 2005).
However, it has been shown recently that synonymous
sites could not be neutral. Different causes may be
responsible for such a phenomenon, for example, the
genetic code bias, the sites required in splicing mechan-
isms or those involved in RNA secondary structure and
other aspects related to functional RNAs (Parmley et al.,
2006; Xing and Lee, 2006). Nevertheless, these constraints
in evolutionary rates of synonymous sites do not
substantively affect the kS–kA metrics, and the major
conclusions based on this method remain valid.

Silva and Kidwell (2000) proposed a new approach
based on the comparison of the kA/kS ratio of TE with

those of host genes. Such a method was applied to the
P element in comparison to the Adh and per genes of host
species. They observed that kS of TE can be low
compared to that of host genes, suggesting that this
could be explained by a smaller divergence time due to
an HT.

Since the codon usage can differ widely from one
species to another, several authors have proposed to use
this bias to infer HT. Indeed, a recent HT between species
having different codon usage should be easily detectable
since the codon usage of the transferred TE would be
different from that of the new host species. Given this
assumption, it is presumed that TE and host genes
should have the same codon usage. To test this
hypothesis, Lerat et al. (2000) have compared the codon
usage of different Drosophila species containing P
elements. No correlation was evidenced, and it was
clearly shown that TEs are mainly AT rich. This is a
general feature of all TEs, whatever their mode of
transposition (see, for instance, Lerat et al., 2002). Such
an observation cannot therefore be taken alone as a
strong argument in favor of HT.

Recently, phylogenetic reconciliation using TreeMap,
originally used to analyze species biogeography (Page,
1988), resolution of orthologous and paralogous gene
lineages (Goodman et al., 1979; Page and Charleston,
1997, 1998) and host–parasite phylogenies (Paterson and

Table 2 Inferences and methodology used to infer HT

Inferences Methodology Approach and procedures Troubles and comments

Sequence
similarity

Nucleotide or protein
evolutionary distances (examples:
p distance, K2P, T3P, Poisson
correction)

Comparisons of distances between
TEs from different taxa; sometimes
comparing these distances with those
of host genes

More effective for recent HT events with
low TE distances. Critical to older HT
events
It is difficult to separate the strong
selective constraints over TE from high
similarity due to HT
Absence of proper statistical test

Synonymous and non-
synonymous substitution
rates (kS/kA; dS/dN; p)

Comparison of synonymous and
non-synonymous metrics between TEs
and host genes among different taxa

A low kS/kA ratio or kS of TE in relation
to that observed in host genes can
suggest HT
It allows selective constraints over TEs
and host genes to be estimated
Codon bias, CG contents, and RNA
secondary structure can interfere in
these metrics
w2 has been used as the statistical test

PCR, Southern blot, dot blot,
in situ hybridization

Comparison of band patterns and/or
intensity of signals

Used more in pioneer studies of TE
Drawback: similar bands can represent
different sequences

Phylogenetic
incongruences

Phylogenetic reconstruction of
hosts and TEs using one or
more models, such as NJ, MP,
ML, Bayesian analysis, and so on

Direct comparison of phylogenetic trees
of hosts and TEs, searching for
discordances

Difficult to identify ancestral
polymorphism with differential
sampling, stochastic losses or differential
evolutionary rate
Absence of proper statistical test

Phylogenetic reconciliation
(historical association)

The phylogenetic discordance between
host and TEs is evaluated by the
algorithm that searches for the
plausible association between them

Same as described in the line above
There are statistical tests to models

Patchy
distribution

Analysis of TE distribution
in the hosts’ phylogeny

Presence of specific TEs in one or
in a few species inside a phylogenetic
branch deprived of this TE

The high evolutionary rate of some TEs
could mask the distribution results once
many distribution data have been
obtained by PCR, Southern blot or in situ
hybridization, and this assay depends
on the probe used

Abbreviations: HT, horizontal transfer; LTR, long terminal repeat; TE, transposable element.
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Poulin, 1999; Skerikova et al., 2001; Jackson and Charles-
ton, 2004), was used to infer historical associations
between TEs and species (Almeida and Carareto, 2005).
This method is based on the mapping of TE phylogeny
onto the host one. This allows the outcome that
maximizes the number of co-speciation events to be
selected. The statistical significance of this number is
then tested against a null distribution of co-speciation
events obtained by randomizing the host phylogeny. The
possibility of defining the HT direction (donor versus
recipient species) is thus a strong argument for using the
historical association methodology as a complementary
approach alongside the ‘classical’ phylogenetic one. The
Minos transposon HTs between species of the repleta and
saltans groups inferred by this approach (Almeida and
Carareto, 2005) were in agreement with those using
sequence similarity and parsimony, attesting that it could
be an additional strategy for this kind of study. So the
concordance between the ‘classical’ analysis and the
historical associations could be indicative of the strength
of the claimed HT cases.

The patchy distribution of an element, that is, the
presence of a specific TE in one or a few species inside a
phylogenetic cluster lacking this element, can also be
evidence of HT. This was the initial argument used in
several works based on Southern blot, PCR and in situ
hybridization (Daniels et al., 1990a, b; Maruyama and
Hartl, 1991). However, this is a weak demonstration,
since stochastic losses or an elevated evolutionary rate of
TEs in some lineages can also lead to patchy distribu-
tions (Table 2).

The inference of HT events summarized in Table 1
(Supplementary Tables 1 and 2) is based on the
occurrence of one, two or three of the types of evidence
(sequence similarity, patchy distribution and tree incon-
gruence) considered as essential by Silva et al. (2004). In
13 cases, HT was inferred from a single type of evidence
(sequence similarity: 5; patchy distribution: 6; tree
incongruence: 2), 16 cases used a combination of two
arguments (sequence similarityþpatchy distribution: 5;
sequence similarityþ tree incongruence: 10; patchy dis-
tributionþ tree incongruence: 1) and 16 used the three
types of evidence or combinations of two of them,
including a complementary analysis such as p, kA/kS
and D statistics. Silva et al. (2004) proposed that the
stronger cases of HT are those confirmed by the three
types of evidence. Under this assumption, only 15.8% of
the 97 putative cases listed in Table 1 and Supplementary
Tables 1 and 2 could be considered as actual HTs. This
does not mean that the remaining cases are not HTs, but
it would be more prudent to apply several tests before
making a conclusion. Genetic material can indeed be
easily transferred between closely related species by
intogression. However, several distortions might also be
due to an inappropriate sampling of TEs or of species.

The possible mechanisms of HT
Several mechanisms and vectors have been proposed to
explain how some genetic material could jump from one
species to another. They vary from very simple ones,
such as a direct transfer, to more complex systems
involving intermediate vectors (Figure 1).

The simplest mechanism of HT can be attributed to
LTR retrotransposons (Figure 1a), since some of these

elements, such as gypsy and copia elements, are able to
produce virus-like particles (Miyake et al., 1987; Syomin
et al., 1993; Lecher et al., 1997). In D. melanogaster, the
gypsy virus-like particles are capable of efficiently
infecting the germ line of strains devoid of active gypsy,
and a high level of insertion activity is observed in their
progeny (Song et al., 1994). Its infectious properties result
from the expression of the env gene, encoding a protein
responsible for its infectivity (Kim et al., 1994; Song et al.,
1994; Teysset et al., 1998; Chalvet et al., 1999). Therefore,
gypsy can potentially be transmitted as intracellular
virus-like particles without the need of any vector. This
element is widely distributed in the Drosophila genus.
While it is likely to be an old component of these
genomes, many cases of HT, attributed to their infectious
properties, have been described (Alberola and de Frutos,
1996; Terzian et al., 2000; Vázquez-Manrique et al., 2000;
Heredia et al., 2004).
Other virus-mediated HT processes involve DNA

viruses. In this case, TEs take a viral shuttle
(Figure 1b). For instance, it has been shown that the
baculovirus isolated from the Lepidoptera Trichoplusia ni
frequently harbors the piggyBac element (Fraser et al.,
1985). This process may also provide a powerful means
for horizontal transmission of DNA transposons among
species (Miller and Miller, 1982; Fraser, 2001).

Drosophila parasites and parasitoids, such as mites and
wasps, have also been pointed out as possible vectors of
TE (Figure 1c). The mite Procteolaelaps regalis, for
example, was proposed as the specific vector of P
element transmission from D. willistoni to D. melanogaster
(Houck et al., 1991). Drosophila DNAwas recovered from
this mite, while it was not integrated in its genome. The
feeding behavior of the mite—piercing and sucking eggs
and larvae—could be a mechanism for transferring DNA
between species. Although a potential vector does not
need to integrate the sequence transferred into its own
genome, this point raises questions about the validity of
such a mechanism, since the germ line of the recipient
species must be reached. The P element was recovered in
the gut of the mite, but there is no evidence that a
transfer to D. melanogaster germ line was possible. A less
specific but more convincing example is the HT of
mariner from the moth Adoxophyes honmai to the para-
sitoid wasp Ascogaster reticulates. This was deduced from
the high sequence similarity between the moth and the
wasp mariners and the lack of this element in congeneric
wasps (Yoshiyama et al., 2001).
Intracellular symbiotic bacteria, such as Wolbachia

and spiroplasms, have also been considered as
possible vectors at the intracellular level, since they
live inside germ cells. These bacteria are widespread
among the Drosophila genus. Moreover, Kondo et al.
(2002) have shown the presence of Wolbachia-like
genes in the bean beetle Callosobruchus chinensis
genome. While Wu et al. (2004) did not identify any
specific relationships for any gene between the
genomes of D. melanogaster and its Wolbachia symbiont,
in particular for TEs, it has been shown recently
that a widespread lateral gene transfer from a Wolbachia
to its Drosophila host is possible (Hotopp et al., 2007).
However, it is worth recalling that an HT does not
require a TE integration into the vector genome. The
endosymbiont can only be a shuttle that offers a
‘hitchhike’ to TE.
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Recently, Gavotte et al. (2007) have shown that
bacteriophage infection is a common feature of Wolba-
chia, with 70% of the tested strains containing the
parasite. Moreover, the authors showed an absence of
congruence between phages and Wolbachia phylogenies,
suggesting that these parasites can successfully transfer
themselves horizontally. Considering that phages are
implicated in transduction, a mechanism allowing
genetic transfer between bacterial cells, they are relevant
potential mediators of TE among intracellular symbiotic
bacteria (Figure 1e). It is interesting to note that Wolbachia
bacteriophage WO is able to infect free-living bacteria,
notably increasing their potential as an HT vector. For
example, the closest relative of Wolbachia WO is a phage
found in the plant pathogen Xylella fastidiosa, which is
transmitted by the Wolbachia-infected Glassy-winged
sharpshooter (Simpson et al., 2000). While less informa-
tion is available about the intracellular bacteria Spiro-
plasma, it has also been shown that they can be
horizontally transferred by mites between Drosophila
species (Jaenike et al., 2007). A model involving intracel-
lular symbiotic bacteria or even DNA virus as primary
TE vectors, with parasites or parasitoids, such as mites or
wasps, as secondary vectors (Figure 1f) could therefore

be relevant. However, it is important to stress that HTs
are not restricted to a single mechanism, and all the
models proposed are not mutually exclusive.

Finally, HT can also result from an introgression. This
concerns closely related species between which hybrids
can be partly fertile (in general, the heterogametic sex,
according to the Haldane’s rule). Such a phenomenon
has been reported between D. bifasciata and D. imaii
(Haring et al., 1995), the species of simulans complex
(Lachaise et al., 1988), the species of the groups willistoni
(reviewed by Bock, 1984) and saltans (Bicudo, 1973, 1979;
Bicudo and Prioli, 1978) and, D. serido and D. buzzatii
(Madi-Ravazzi et al., 1997). This may explain the
sequence similarity of TEs between closely related
species observed by several authors (Brunet et al., 1994;
Haring et al., 1995; Silva and Kidwell, 2000; Almeida and
Carareto, 2005). In such a case, an analysis of mitochon-
drial DNA polymorphism could be useful to confirm the
introgression.

Donor and recipient species
The direction of HT is also of interest. Which is the donor
and which is the recipient species? In 41 (40.6%) out of

Figure 1 Different horizontal transfer mechanisms and vectors that have been suggested: (a) some TEs, such as long terminal repeat
retrotransposons, are able to produce virus-like particles (VLPs) that may work as a vector; (b) TEs could be transported by DNA virus; (c)
some parasites and parasitoids supposedly transfer TE DNA directly from the donor to the host; (d) TEs could hitchhike in the genomes of
intracellular symbiotic bacteria (ISB), becoming its vector, or (e) bacteriophage could be an intermediate vector to transfer TE to intracellular
symbiotic bacterial genomes. But in this case, the intracellular symbiotic bacteria (ISB) would be the final vector; or (f) the cycle would be
similar to panel e, but the ISB is transferred among different host species by parasites or parasitoids.
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the 101 HT events proposed (Table 1 and Supplementary
Tables 1 and 2), there is an indication of the donor species
or at least of a group of donor species. In 27 (26.7%) of
them, the species involved in the transfer are known, but
the direction of the transfer could not be established.
Finally, in 33 (32.7%) of them, the origin of the element
could not be inferred. Among the 55 species considered
as donor or recipient species, D. melanogaster (21 events)
and D. simulans (10 events) have the largest participation.
This prevalence seems to result from the fact that they
are the most studied species of the genus Drosophila. The
cosmopolitan nature of both species could be another
factor responsible for the higher frequency of HTs.
Indeed, colonization of new habitats may facilitate the
encounter with new species and favor horizontal
transmission (Biémont et al., 1999). The difference of
HT frequency observed between these two species could
be due to the older worldwide dispersal of D. melanoga-
ster from tropical Africa compared to that of D. simulans
(Capy et al., 1993). This suggests that D. simulans has had
less time and fewer opportunities to experience HTs.
However, alternative explanations cannot be ruled out.
For instance, the proportion of TEs in D. simulans
genome is lower than that of D. melanogaster (5 versus
15%; Dowsett and Young, 1982). One explanation for this
could be the more recent world invasion of D. simulans,
but another could be its higher Ne. Indeed, a higher Ne
should lead to a more efficient elimination of TEs from
the genome (see, for instance, Lynch and Conery, 2003).
Alternative explanations, which will not be developed
here, have also been proposed by Capy et al. (1994),
Arnault and Dufournel (1994) and Silva and Kidwell
(2000). They strongly underline the difficulties in
explaining the differences observed between species as
a result of the interaction of several evolutionary
processes (populational, genomics, and so on.). More
intensive investigations should indicate the reality or
otherwise of the differences between the two species, on
the one hand, and the prevalence of HT in cosmopolitan
species, on the other hand.

Conclusions and perspectives
HT of TEs is a phenomenon frequently assumed in
Drosophila, and the number of putative cases has
increased during the last decades. However, several
questions remain open: (i) the frequency of HTs; (ii) the
mechanisms of transfer from one species to another; and
(iii) when and why HT has occurred.

It is clear that HT frequency is not the same for
different classes of TEs. This phenomenon is more
frequent for DNA transposons, intermediate for LTR
retrotransposons and rare but not null for non-LTR
retrotransposons. Given that over a hundred families of
TEs have been described in Drosophila and that only 21
elements are putatively involved in HTs, this suggests
that successful HTs are rare. As yet unknown features of
TEs may be required to achieve a complete HT, and the
transfer of an active copy with a high transposition rate
into a new host is insufficient. Moreover, HT has not
been analyzed for all the elements. For instance, Sánchez-
Gracia et al. (2005), using a comparison of the observed
and expected nucleotide variation in a population
genetic model, suggest that HT could be frequent in
Drosophila. In this respect, among the 14 TEs common to

D. melanogaster, D. simulans and D. yakuba, 70% appear to
have undergone HT.
HT frequency is probably not constant in terms of

space and time. Some species are probably more HT-
prone. This may be the case for invasive species. In
Drosophila, a detailed analysis of such species is quite
possible since several of them are known to be
cosmopolitan and more or less recently invasive. Along
with D. melanogaster and D. simulans, there are, for
instance, D. ananassae, D. malerkotliana, D. subobscura and
more recently Zaprionus indianus. Thanks to the data
available, including their phylogenies, genetics, biogeo-
graphy and history, these species are probably highly
useful for testing this hypothesis (Nardon et al., 2005).
Several methods have been proposed to identify HT.

Since each of them has its own limitations, several
independent methods should ideally be used before
conclusions are drawn. In this respect, the re-analysis of
putative cases, which are mainly based on a single
approach, will probably show that additional methods
reinforce some putative HTs and refute others.
Since none of the investigations purporting to demon-

strate the mechanism of HT have been successful, several
alternatives can be considered. Retrotransposons are able
to produce infective particles that could be transferred
directly, without an intermediary vector. However, even
if it is possible, no direct evidence has been reported
until now. For TEs that require a vector for HT, the best-
rated candidates are probably among bacteria and
viruses. In Drosophila, endosymbionts such as Wolbachia
and Spiroplasma have been shown to be able to perform
HT themselves (Montenegro et al., 2005). In theory,
bacteria could transport the TE when infecting a new
species. The large nuclear and cytoplasmic DNA viruses
with their large genomes, such as mimiviruses, may have
the ability to transport exogenous DNA (Raoult et al.,
2004; Iyer et al., 2006). Moreover, parasites or parasitoids
could be alternative intermediates, able to transfer
bacteria and/or viruses, themselves containing TEs. In
this respect, it may be worthwhile to apply the
metagenomic approach to organisms between which
HTs have already being detected. This should allow us to
obtain a more relevant view of the ‘guilde’ of species
hosted in a eukaryote. The comparison of the ‘guilde’
found in different organisms should help us identify the
putative vector(s) or shuttle(s) involved in the transfer of
genetic material among species.
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