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Abstract

Horizontal transfer (HT) of transposable elements (TEs) plays a key role in prokaryotic evolution, and mounting evidence suggests that

it has also had an important impact on eukaryotic evolution. Although many prokaryote-to-prokaryote and eukaryote-to-eukaryote

HTs of TEs have been characterized, only few cases have been reported between prokaryotes and eukaryotes. Here, we carried out a

comprehensive search for all major groups of prokaryotic insertion sequences (ISs) in 430 eukaryote genomes. We uncovered a total

of80sequences,all deriving fromthe IS607 family, integrated in thegenomesof14eukaryote speciesbelonging to fourdistinctphyla

(Amoebozoa, Ascomycetes, Basidiomycetes, and Stramenopiles). Given that eukaryote IS607-like sequences are most closely related

to cyanobacterial IS607 and that their phylogeny is incongruent with that of their hosts, we conclude that the presence of IS607-like

sequences in eukaryotic genomes is the result of several HT events. Selection analyses further suggest that our ability to detect these

prokaryote TEs today in eukaryotes is because HT of these sequences occurred recently and/or some IS607 elements were domes-

ticated afterHT,giving rise toneweukaryote genes. Supporting the recent age of some of theseHTs,weuncovered intact full-length,

potentially active IS607 copies in the amoeba Acanthamoeba castellani. Overall, our study shows that prokaryote-to-eukaryote HT

of TEs occurred at relatively low frequency during recent eukaryote evolution and it sets IS607 as the most widespread TE (being

present in prokaryotes, eukaryotes, and viruses).
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Introduction

Horizontal transfer (HT) of DNA is the movement of genetic

information between nonmating organisms. The frequency,

evolutionary consequences, and the mechanisms underlying

this phenomenon are well understood in prokaryotes

(Frost et al. 2005; Bichsel et al. 2010). The rates of HT are

such in this group that evolutionary relationships may often be

better represented as a network rather than as a simple bifur-

cating tree (Bapteste et al. 2009; Puigbò et al. 2010). Bacteria

indeed possess a large arsenal of molecular vehicles, including

plasmids (Smillie et al. 2010), integrative and conjugative ele-

ments (Wozniak and Waldor 2010), and gene transfer agents

(Lang et al. 2012) that allow them to efficiently exchange

various gene sets often crucial to their adaptation to new

environments (Ochman et al. 2000).

In eukaryotes, no mechanism dedicated to HT has been

described so far, and the presence of a nuclear envelope

and the soma/germ division (in metazoans) are thought to

constitute strong barriers to HT. In addition, the patterns

and mechanisms underlying eukaryotic HT have been less

thoroughly studied than in prokaryotes, owing to methodo-

logical limitations imposed by larger genome sizes. However, a

relatively large number of HTs have been characterized in

eukaryotes, many of which resulted in evolutionary innova-

tions pivotal to adaptation and colonization of new environ-

ments (Andersson 2005; Keeling and Palmer 2008; Keeling

2009).

In both prokaryotes and eukaryotes, gene HT has long re-

ceived far more attention than HT of nongenic DNA, likely

because genes are generally better characterized than other

parts of the genome, and the biological significance of gene

HT can be more directly assessed than that of nongenic DNA.

Interestingly, however, transposable elements (TEs), the main

component of nongenic DNA in most genomes, exhibit sev-

eral properties that make them better candidates to successful

HT than genes. Contrary to bona fide, static genes, TEs are

able to move from a chromosomal locus to another, often

duplicating themselves in the process (Craig et al. 2002).

They often are the single most abundant component of eu-

karyotic genomes, reaching, for example, approximately 45%
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and approximately 85% of the human and maize genomes,

respectively (Lander et al. 2001; Schnable et al. 2009). In

addition, a TE landing into a new genome through HT can

constitute a powerful source of variation (Oliver and Greene

2009). However, unlike genes, TEs generally do not encode

any function beneficial to the genome, and their movement

and proliferation can also have various negative effects

(Cordaux and Batzer 2009), decreasing the likelihood of

successful HT. Though no study has yet compared the rates

and evolutionary consequences of gene HT versus TE HT, it

is now established that, much like gene HT, TE HT

has occurred recurrently, across multiple phylogenetic scales

both within prokaryotes and eukaryotes (Touchon and

Rocha 2007; Wagner and de la Chaux 2008; Schaack

et al. 2010; Cerveau et al. 2011; Syvanen 2012; Wallau

et al. 2012) and that such HTs have sometimes been pervasive

(Sánchez-Gracia et al. 2005; Thomas et al. 2010; Gilbert et al.

2010).

HT between domains of life is an intriguing exception to

this pattern. Although hundreds of cases of prokaryote-to-

eukaryote gene HTs have been characterized (e.g., Marcet-

Houben and Gabaldón 2010; Moran et al. 2012; reviewed in

Keeling and Palmer 2008), very few TEs are known to have

jumped from prokaryotes to eukaryotes. One likely such event

has been reported in the bdelloid rotifer Adineta vaga, in

which a single-copy TE showing similarity to the IS5 family

of prokaryotic TEs was found to be transcriptionally silent

(Gladyshev and Arkhipova 2009). Novo et al. (2009) noted

that the genome of the yeast Saccharomyces cerevisiae

(strain EC1118) contains an apparent pseudogene similar to

a gene found in another yeast, Ashbya gossypii, that itself

encodes a bacterial transposase. In another study, Rolland

et al. (2009) characterized six genes in the genome of the

yeast Lachancea kluyveri that likely originated through seg-

mental duplications following HT of a bacterial TE related to

the IS607 family. Finally, several bacterial TEs were found em-

bedded in larger genomic fragments transferred horizontally

from bacterial endosymbionts to their eukaryotic hosts

(Dunning Hotopp 2011). However, in these cases, the pres-

ence of these elements in eukaryotic genomes is not the result

of TE HT per se.

Whether the extreme paucity of known prokaryote-to-eu-

karyote TE HTs compared with gene HTs has true biological

underpinnings is still unclear because no systematic prokary-

ote-to-eukaryote TE HT investigation has been conducted so

far. In this study, we performed a large-scale search of pro-

karyotic insertion sequences (ISs) in eukaryotic genomes. We

focused on IS elements because 1) they are the most abun-

dant and widespread prokaryotic TEs (Siguier et al. 2006);

2) they are frequently involved in HT among prokaryotes

(e.g., Touchon and Rocha 2007; Wagner and de la Chaux

2008; Cerveau et al. 2011); and 3) their structure and diversity

are well characterized (Siguier et al. 2006).

Materials and Methods

Uncovering IS-Like Sequences in Eukaryote Genomes

A search for eukaryotic sequences exhibiting significant

homology to prokaryotic IS TEs was conducted as follows.

First, we extracted the amino acid (aa) sequence of 48 ISs

representing all 24 known IS families and most IS subgroups

from the IS reference database ISfinder (Siguier et al. 2006).

Using this library as a query (provided in supplementary data

set S1, Supplementary Material online), we performed

tBLASTn (Basic Local Alignment Search Tool [BLAST]) searches

against all eukaryote whole-genome sequences available in

GenBank (n¼431 as of July 2012; fig. 1). This search yielded

1,515 hits longer than 50 aa with an e value� 10�6 that were

subjected to further analysis.

Ruling Out Contamination

An important issue to consider when studying HT is that

sequences that apparently look like they were horizontally

transferred could instead be the result of contamination.

This is especially true when dealing with prokaryote-to-eukary-

ote HT because many eukaryotic taxa live in close association

with bacterial organisms (e.g., endosymbionts), genomic DNA

of which can be difficult to completely separate from host

DNA before extraction. Furthermore, it has been reported

that IS elements residing in the genomes of Escherichia coli

strains used for cloning can transpose into cloned inserts in the

laboratory; as a result, a substantial number of eukaryotic

whole-genome sequences contain IS insertions that are exper-

imental artifacts (Astua-Monge et al. 2002; Senejani and

Sweasy 2010).

To rule out contamination, we first assessed whether the

genomic sequences flanking the 1,515 candidate IS-like se-

quences were of eukaryotic or prokaryotic origin. We

extracted 1.5 kb of upstream and downstream flanking

sequences for each candidate and used them as queries in

BLASTx searches against all protein sequences available in

GenBank (nr database downloaded in April 2012). We dis-

carded all IS-like sequences flanked by prokaryotic proteins.

Some IS-like sequences had no similarity to any known protein

in their flanks. To be conservative, these sequences were also

excluded. In the end, we only retained IS-like sequences that

showed some similarity to a known eukaryotic protein in their

flanking region. Importantly, none of the retained IS-like

sequences was identical or nearly identical to a known IS, as

would be expected if they resulted from insertion into a cloned

insert during the cloning process (Astua-Monge et al. 2002;

Senejani and Sweasy 2010). IS-like sequences flanked by eu-

karyotic proteins were used as queries to perform additional

BLASTn searches to extract all copies similar to the queries

from the queried genome. The genomic coordinates of all

IS-like sequences considered for further analysis (either

flanked by eukaryotic proteins or similar to IS-like sequences
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flanked by eukaryotic proteins in the same genome) are given

in supplementary table S1, Supplementary Material online.

We also verified the presence of selected IS-like sequences

by polymerase chain reaction (PCR) and sequencing in two

taxa (Acanthamoeba castellani and Phytophthora ramorum)

representing two distinct eukaryotic phyla (Amoebozoa and

Stramenopiles). We designed primers in the genomic regions

flanking 12 IS-like sequences (supplementary data set S2,

Supplementary Material online) and carried out PCRs on

genomic DNA of the strains that were originally used to pro-

duce the whole-genome sequence data available in

GenBank, that is, ATCC MYA-2949 (Pr-102) for P. ramorum

and ATCC 30010D (Neff) for Aca. castellani. PCRs were con-

ducted using the following temperature cycling: initial dena-

turation at 94 �C for 5 min, followed by 30 cycles of

denaturation at 94 �C for 30 s, annealing at 54–58 �C (de-

pending on the primer set) for 30 s, and elongation at 72 �C

for 1 min, ending with a 10 min elongation step at 72 �C.

Purified PCR products were directly sequenced using ABI

BigDye sequencing mix (1.4 ml template PCR product,

0.4ml BigDye, 2ml manufacturer supplied buffer, 0.3ml

primer, and 6ml H2O). Sequencing reactions were ethanol

precipitated and run on an ABI 3730 sequencer. Presence

and sequences of all selected IS-like sequences were con-

firmed as predicted in silico. Altogether, we conclude that

our final set of 80 IS-like sequences is highly unlikely to result

from contamination artifacts.

Sequence Analyses

IS-like sequences retained for analysis were aligned at the aa

level by hand using BioEdit 7.0.5.3 (Hall 2004). Phylogenetic

analyses were carried out after removing ambiguous regions

from the alignment using PhyML 3.0 (Guindon and Gascuel

2003). The alignment of all eukaryotic IS-like sequences un-

covered in this study together with their flanking regions is

provided in supplementary data set S3, Supplementary

Material online. The alignments used to perform the phyloge-

netic analyses are provided in supplementary data sets S4 and

S5, Supplementary Material online. Models of aa evolution

best fitting the two alignments subjected to phylogenetic

analyses were chosen using the Akaike information criterion

in ProtTest 3.0 (Darriba et al. 2011). Analyses of selection were

carried out using the GA-Branch method (Kosakovsky Pond

and Frost 2005) in the HyPhy package (Kosakovsky Pond et al.

2005) implemented on the Datamonkey server (Delport et al.

2010).

Results

IS607-Like Sequences in Multiple Eukaryote Taxa

Our search yielded 80 sequences resembling prokaryotic IS in

14 different species belonging to four distinct eukaryotic

phyla: Amoebozoa, Ascomycetes, Basidiomycetes, and

Stramenopiles (fig. 1). The number of IS-like sequences per

genome varied from 1 (in the brown algae Ectocarpus silicu-

losus and the yeasts Ash. gossypii and S. cerevisiae) to 22

(in the oomycete P. ramorum). Although our IS library used

to query eukaryotic genomes included representatives of all

known IS families, the 80 sequences that came out of our

search were all most similar to a single IS family, namely

IS607. We did not recover the IS5-like sequence described

by Gladyshev and Arkhipova (2009) in the bdelloid rotifer

A. vaga because whole-genome sequence is not available

for this species. However, our search independently identified

the six IS607-like sequences reported by Rolland et al. (2009)

in L. kluyveri and the IS-like sequence uncovered in Ash. gos-

sypii and S. cerevisiae (EC1118) by Novo et al. (2009).

Furthermore, we found the IS-like sequence identified by

Novo et al. (2009) in two additional S. cerevisiae strains (EC9

and LALVIN), and we report here that these yeast IS-like

sequences all derive from the IS607 family.

Structurally, IS607 is made of two overlapping open read-

ing frames in prokaryotes (ORFA and ORFB; Kersulyte et al.

2000). Among prokaryotic IS607 elements, those found in

Cyanobacteria are the most similar to eukaryotic IS-like

sequences retrieved in our study. A conserved domain

search using ISArma1 (a canonical IS607 described in the cy-

anobacterium Arthrospira maxima) as a query in Pfam (Punta

et al. 2012) indicates that 1) ORFA contains a N-terminal helix-

turn-helix (HTH) DNA-binding domain related to the MerR

family of regulatory proteins, followed by a resolvase domain

and 2) ORFB is made of a N-terminal HTH DNA-binding

domain, followed by a transposase domain and a C-terminal

Zn ribbon DNA-binding domain (fig. 2). Several of the eukary-

otic IS-like sequences match the entire IS607 sequence with

various levels of aa similarity (fig. 2): from 42% to 51% over

590 aa in Ect. siliculosus and Aca. castellani. Most eukaryotic

IS-like sequences, however, correspond to ORFA only, ORFB

only, or fragments of ORFA or ORFB (fig. 2). Overall, the av-

erage level of aa similarity between all 80 eukaryotic IS-like

sequences and their most similar prokaryotic IS607 element is

51% over an average length of 189 aa and aa similarity ranges

from 42% over 408 aa to 68% over 64 aa (see supplementary

table 2, Supplementary Material online, for more details).

HT of IS607-Like Sequences

The occurrence of bacterial IS-like sequences in eukaryote ge-

nomes begs the question of whether these sequences are the

product of HT from prokaryotes to eukaryotes or whether

they were vertically inherited from a protoeukaryote ancestor.

It is noteworthy that five superfamilies of eukaryote transpo-

sase-carrying TEs (i.e., class II TEs), namely Tc1/mariner,

Mutator, Merlin, PIF-Harbinger, and ISL2EU/IS4EU, are

known to be evolutionary linked to prokaryotic IS families

IS630, IS256, IS1595, IS5, and IS4, respectively (Doak et al.

1994; Eisen et al. 1994; Kapitonov and Jurka 1999, 2007;
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FIG. 1.—Timetree of all eukaryote species that were searched for the presence of bacterial ISs. The tree includes all 431 eukaryote species for which

whole-genome sequence data were available in GenBank as of July 2012. Phylogenetic relationships and divergence times were taken from Blair et al.

(2008), Brown and Sorhannus (2010), Lahr et al. (2011), Kurtzman (2003), and Hedges et al. (2006). Divergence times within oomycetes and between the

two Nannochloropsis species are unknown and are represented arbitrarily for illustrative purposes. The name of the species in which IS607-like sequences

were found and the number of sequences per species are shown in gray boxes. For taxa ranking above the species level, the number of available whole-

genome sequences is given between brackets.
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Robertson 2002; Feschotte 2004). Members of these super-

families are generally widespread in multiple eukaryotic phyla,

in which their long-lasting proliferation has produced diverse

families of elements. Furthermore, aa similarities between rep-

resentatives of these superfamilies and their cognate IS ele-

ments are usually low and limited to patches of residues

surrounding the transposase catalytic domain (Eisen et al.

1994; Kapitonov and Jurka 1999; Robertson 2002;

Feschotte 2004). Though it remains difficult to trace the

origin of these superfamilies back to a precise date, together

these lines of evidence suggest that their presence in eukary-

otic genomes is likely to be very ancient. As proposed for

eukaryotic non-LTR retrotransposon that are thought to be

related to prokaryotic group II introns, their origin may even

go back to the eukaryote ancestor (Eickbush and Malik 2002;

Feschotte and Pritham 2007). In contrast, eukaryotic

IS607-like sequences exhibit a very patchy phylogenetic distri-

bution, not only at the scale of the eukaryotic tree but also

within taxonomic groups of more recent origin. For example,

IS607-like sequences were detected in only one (Ustilago

hordei), six (three strains of S. cerevisiae, Ash. gossypii, L. kluy-

veri, and Cyberlindnera jadinii), and one (Aca. castellani) of the

23 basidiomycete, 177 ascomycete, and 9 Amoebozoa

genomes available at the time of our search (fig. 1). In addi-

tion, the levels of aa similarity between IS607-like sequences

and their most closely related prokaryotic counterparts are

higher and/or extend over larger stretches of sequence than

those typically observed between members of the Tc1/mari-

ner, Mutator, Merlin, PIF-Harbinger, and ISL2EU/IS4EU super-

families and their most closely related prokaryotic homologs

(supplementary table 3, Supplementary Material online, and

fig. 2). Together, these lines of evidence strongly suggest that

the origin of IS607-like sequences in eukaryotic genomes is

more recent than that of the five superfamilies of Class II

eukaryotic TEs that are evolutionary linked to IS elements.

Therefore, we conclude that the acquisition of IS607-like se-

quences in eukaryotic genomes most likely occurred after the

origin of eukaryotes, which implies that these sequences result

from one or more prokaryote-to-eukaryote HTs.

To further investigate the evolutionary processes underlying

the distribution of IS607-like sequences in eukaryotes, we car-

ried out phylogenetic analyses using the most conserved

domains of ORFA (MerR HTH and resolvase domains, 163 aa)

and ORFB (Zn ribbon domain, 110 aa). In both resulting trees

(fig. 3, supplementary fig. 3, Supplementary Material online),

the relationships between prokaryotic and eukaryotic se-

quences as well as most deep nodes are unresolved (bootstrap

values<50%), which prevents drawing precise conclusions on

the number of IS607 prokaryote-to-eukaryote HTs. Among

eukaryotes, all sequences sharing similarity in their flanking

region form well-supported groups (e.g., U. hordei sequences

1–4, P. parasitica 8–11, and P. ramorum 11–18), which is con-

sistent with these sequences having experienced segmental

duplications (fig. 3, supplementary table 1, Supplementary

Material online). Interestingly, several strongly supported

IS607-like groupings are inconsistent with the phylogeny of

their host taxa (fig. 3). For example, within oomycetes,

Pythium ultimum is distantly related to all species of the

genus Phytophthora included in this study (Blair et al. 2008).

However, its IS607-like sequences are sister to two of the 12

P. parasitica sequences included in the ORFB phylogeny, within

a group that also includes a subset of P. sojae sequences (figs. 1

and 3). In addition, although the tree topology of yeast IS607

ORFB-like sequences is congruent with that of their host taxa

(Ash. gossypii and the four strains of S. cerevisiae; figs. 1 and 3),

the IS607-like sequence of S. cerevisiae EC1118 lies in a geno-

mic region unique to this strain and closely related S. cerevisiae

strains, and this region was horizontally transferred between S.

cerevisiae and a member of a clade containing Ash. gossypii

(Novo et al. 2009). Together, these data indicate that several

events of eukaryote-to-eukaryote HT may have shaped the

distribution of IS607-like sequences in eukaryotes.

Evolution of IS607-Like Sequences in Eukaryote Genomes

As 11 eukaryotic species possess two or more IS-like

sequences, we investigated the potential mechanisms under-

lying their presence in multiple copies, for example,

transposition or segmental duplication. IS-like sequences cor-

responding to fragments of ORFA or ORFB do not contain all

the protein domains necessary for transposition. Instead,

many of these sequences show homology in their flanking

regions to one or several other IS-like sequences within the

same genome (supplementary table 1, Supplementary

Material online), indicating that they were generated by seg-

mental duplication. Unlike many bacterial IS, IS607 elements

do not possess terminal inverted repeats (TIRs) and do not

necessarily generate target site duplications (TSDs) upon trans-

position (Kersulyte et al. 2000). Similarly, we could not find

evidence of TIRs and TSDs in any of the eukaryotic IS607-like

sequences. Thus, we cannot formally conclude on whether

transposition of IS607-like sequences has occurred (and is

still occurring) in any of the eukaryote genomes considered

in this study. However, we note that several of the sequences

corresponding to at least one complete ORF are free of non-

sense mutations (stop or frameshift; fig. 2) and could poten-

tially encode a functional transposase in various taxa

(P. parasitica, Pyt. ultimum, Ash. gossypii, S. cerevisiae, Aca.

castellani, and L. kluyveri). For example, one IS607-like

sequence found in the amoeba Aca. castellani (Ac3) contains

all protein domains (free of nonsense mutations) found in

both ORFA and ORFB of IS607Arma1. It structurally differs

from ISArma1 by a 100-aa insertion at the N-terminus of

ORFB (fig. 2, supplementary fig. 1, Supplementary Material

online). Another Aca. castellani IS607-like sequence (Ac4) is

also devoid of nonsense mutations and contains all domains

found in ORFA and ORFB of ISArma1, with the exception of a

truncation in the resolvase C-terminus (supplementary fig. 1,
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FIG. 2.—Eukaryotic IS607-like sequences mapped onto ISArma1. The domain structure of ISArma1 was determined in Pfam (Punta et al. 2012). Each

horizontal line corresponds to one IS607-like sequence. Filled circles represent stop codons and vertical lines represent frameshifts. Sequences included in the

selection analyses are marked with an asterisk. Inverted triangles indicate large insertions in the Acanthamoeba castellani sequences.

Prokaryote TEs in Eukaryotes GBE

Genome Biol. Evol. 5(5):822–832. doi:10.1093/gbe/evt057 Advance Access publication April 5, 2013 827



Supplementary Material online), which may inactivate ORFA.

Although ORFB is not necessary for IS607 transposition in

E. coli, it has been proposed that ORFA or ORFB could be

needed for transposition in a different set of host species

(Kersulyte et al. 2000). Interestingly, we found six Aca. castel-

lani transcripts that map to the 30-region of Ac4 (100%

nucleotide identity, supplementary fig. 1, Supplementary

Material online), suggesting that Ac4 is transcribed and that

it may be transposing in natural Aca. castellani populations. It

will be relevant to functionally characterize the catalytic activ-

ity of Ac3 and Ac4 in the future because if their ability to

transpose can be confirmed, Ac3 and Ac4 would be, to our

knowledge, the first prokaryotic TEs known to be capable of

transposing in natural settings in a eukaryotic genome.

In addition to these potentially active IS607 elements, sev-

eral other sequences contain at least one ORFA or ORFB

domain free of nonsense mutations. The most frequent of

these domains is the ORFB C-terminal Zn ribbon DNA-binding

domain, which is intact in more than half of all IS607-like

sequences uncovered in this study (43/80; fig. 2). To assess

which forces governed its evolution, we carried out selection

analyses of all 43 sequences containing an intact Zn ribbon

DNA-binding domain, using the GAbranch method

(Kosakovsky Pond and Frost 2005) and the tree presented in

figure 3 as a reference. These analyses revealed that 65%

(55/84) of the internal branches of this tree are characterized

by dN/dS ratios lower than 0.4, the majority of which (40/55)

having dN/dS ratios lower than 0.07. Furthermore, about half

(20/41) of the external branches of the tree are characterized

by dN/dS ratios lower than 0.4, many of which (13/20) having

dN/dS ratios lower than 0.07 (supplementary fig. 3,

Supplementary Material online). These results indicate that

some IS607-like sequences have been evolving and are possi-

bly still evolving under purifying selection in their respective

eukaryotic genomes.

In some instances, this pattern of purifying selection could

conceivably stem from functional constraints acting at the

level of the element itself during HT, as demonstrated for

the Mariner transposon in insects (Lampe et al. 2003). This

would imply that at least some IS607 HTs occurred relatively

recently during eukaryote evolution, so that there has not

been enough time to erase the signal of purifying selection

acting on the elements. Another line of evidence supporting a

scenario of recent HTs for at least some IS607 elements is that

all but one eukaryote IS607-like sequences are species specific,

that is, we did not find them at orthologous loci in other

species, even in the genus Phytophthora for which the

FIG. 3.—Phylogenetic tree of IS607-like ORFB sequences. Maximum-

likelihood phylogenetic analyses were carried out using the WAG + G + F

model of aa substitution. An interesting outcome of this phylogenetic

analyses is that sequences found in Phytophthora ramorum (red), P. capsici

(purple), P. sojae (green), and P. parasitica (blue) are polyphyletic. The

FIG. 3.—Continued

relationships between IS607-like sequences are therefore incongruent

with the host phylogeny. Bootstrap values above 70% are indicated.

IS607-like sequences extracted from viral genomes are underlined and

bacterial IS607 are in bold.
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genomes of five species are available. Alternatively, the puri-

fying selection signal may be explained by some IS607

sequences having been domesticated upon their arrival into

eukaryote genomes, that is, they may have been exapted or

recruited as novel host genes to fulfill new cellular functions

(Gould and Vrba 1983; Miller et al. 1999). For example, one

IS607-like locus is orthologous in three S. cerevisiae strains

(corresponding to sequences Sc1–3, fig. 2), and some of the

orthologous sequence pairs exhibit high nucleotide divergence

(e.g., 30% between Sc3 and Sc1/Sc2). Together, these obser-

vations do not support a scenario of recent HT for this IS607-

like sequence in S. cerevisiae strains. However, our selection

analysis indicates that at least one sequence (Sc3) has been

evolving under strong purifying selection (dN/dS¼ 0.06),

thereby supporting the hypothesis that one or more domains

of this sequence might have been domesticated. Another

IS607-like sequence of interest in this regard is Pc1 in P. capsici.

This sequence is evolving under strong purifying selection

(dN/dS¼0.06), and its annotation as a predicted gene in

the genome of P. capsici is supported by a cDNA sequence

(accession number in the JGI genome browser: BT032152).

Furthermore, five IS607-like sequences evolving under strong

purifying selection (dN/dS� 0.1) are annotated as predicted

genes in the genome of four species and could represent

additional events of IS607 domestication (supplementary

table 1, Supplementary Material online).

Discussion

We uncovered 80 sequences related to bacterial IS607 in the

genomes of 13 eukaryotic species belonging to four different

phyla (Amoebozoa, Ascomycetes, Basidiomycetes, and

Stramenopiles). Though this is the highest number of IS-like

sequences reported so far in eukaryotes, this number is rela-

tively modest given that our search consisted in a screen of

more than 400 eukaryote genomes using at least one repre-

sentative of all known IS families as queries. Because we used

conservative criteria in our search, it is possible that we have

missed a number of eukaryotic IS-like sequences. In particular,

to avoid retaining IS-like sequences resulting from contamina-

tion, we filtered out all sequences not flanked by at least one

eukaryotic exon. Nevertheless, our study firmly establishes

that TE HT has occurred between prokaryotes and eukaryotes,

albeit quite rarely during recent eukaryote evolution.

Regarding the route(s) followed by IS607 to transfer be-

tween domains of life, it is noteworthy that several of the taxa

in which we found IS607-like sequences have already been

involved in various gene HT events. For example, a large

number of genes with cyanobacterial ancestry have been un-

covered in P. sojae and P. ramorum that are believed to result

either from the secondary endosymbiosis through which the

ancestor of Stramenopiles acquired its plastid (Tyler et al.

2006; Maruyama et al. 2009; Morris et al. 2009; Keeling

2010) or from later gene HTs specific to oomycetes

(Archibald 2009). Several hundred gene HT events have also

been reported between bacteria and fungi (Uo et al. 2001;

Gojković et al. 2004; Hall et al. 2005; Wenzl et al. 2005; Hall

and Dietrich 2007; Fitzpatrick et al. 2008; Marcet-Houben and

Gabaldon 2010). In addition, it is known that some of the

genes conferring to oomycetes the ability to parasitize plants

were acquired via gene HT between fungi and oomycetes

(Richards et al. 2011). Though the lack of resolution of the

IS607-like sequence tree does not allow us to favor a precise

scenario to explain the current taxonomic distribution of these

sequences in eukaryotes, it is conceivable that at least some of

them followed the same route as the horizontally transferred

genes described earlier. Another notable aspect regarding the

possible routes that IS607 may have followed to end up in

several eukaryotic genomes is that free-living amoebae are

known to act as “gene exchange platforms,” facilitating

gene HT between the numerous bacterial symbionts they

host, the bacteria they feed on through phagocytosis, and

their parasitic mimiviruses (Moliner et al. 2010; Bertelli and

Greub 2012). Gene HT occurs both between members of

the community of organisms that live within amoeba cells

and between these organisms and their amoeba hosts (Filée

and Chandler 2008; Moliner et al. 2009). In this context, it is

remarkable that IS607 elements have been found in the ge-

nomes of several giant nucleocytoplasmic large DNA viruses,

including that of the mimivirus, which is known to replicate in

species of the Acanthamoeba genus (Filée et al. 2007). These

IS elements apparently became integrated in viral genomes as

parts of larger bacterial genome fragments, and much like the

Ac3 and Ac4 IS607-like sequences, we uncovered in Aca.

castellani, some copies are apparently intact, suggesting that

their integration is relatively recent and that they may still be

able to transpose (Filée et al. 2007). The other viruses known

to harbor IS607 elements (Chlorella phycodnaviruses NY2A,

AR158, and PBCV1) belong to the Phycodnaviridae (Filée et al.

2007), a family of viruses that infect marine and freshwater

algae. It is noteworthy that a member of this family (the

Ectocarpus phaeovirus Esv-1) infects the brown algae Ect. sili-

culosus and that a copy of the Esv-1 genome is integrated into

the Ect. siliculosus genome (Delaroque and Boland 2008;

Cock et al. 2010). The IS607-like sequence we found in Ect.

siliculosus lies in contig0028 that flanks the contig containing

the integrated Esv-1 genome (contig 0052), but we did not

find any IS607 element in any of the integrated and noninte-

grated Esv1 genomes. Together, these data suggest that vi-

ruses may have acted as vectors facilitating eukaryote-to-

eukaryote IS607 HTs, as previously proposed for other TEs

(Piskurek and Okada 2007; Dupuy et al. 2011; Routh et al.

2012).

The fact that many prokaryote-to-eukaryote gene HT

events have been reported suggests that the paucity of IS-

like sequences in eukaryotic genomes most likely does not

result from a lack of opportunity for transfer. One may

argue that prokaryotic genes may be more likely to be
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successful at transferring into eukaryotes than TEs because

they encode domains that can be readily used to fulfill a cel-

lular function in the receiving eukaryote host. However, TEs

are not only intrinsically equipped for excision and integration,

two steps that are necessary for HT, but they can duplicate

and reach high copy number, which increases the likelihood of

fixation in populations. Therefore, we believe that the scarcity

of prokaryote-to-eukaryote TE HT more likely stems from in-

compatibilities at the transcriptional level (Gladyshev and

Arkhipova 2009) and/or at the level of transposase targeting

between the different compartments of the eukaryotic cells,

which prevent prokaryote TEs from being able to transpose

and duplicate in eukaryote genomes. In this respect, the fact

that all transferred IS sequences detected in this study are

from the same family may reflect a pronounced flexibility of

IS607 in terms of host factor requirements for transposition.

The two transposases that it encodes may allow it to transpose

in a large spectrum of hosts as proposed by Kersulyte et al.

(2000), including some eukaryote species. Though we were

not able to find any evidence of IS607 transposition in the

various eukaryote species in which we found this element,

the presence of seemingly full-length and intact copies in

Aca. castellani provides an interesting eukaryote system in

which to test for IS607 transpositional activity. Finally, our

selection analyses suggest that in some cases, our ability to

see these prokaryotic TEs in eukaryotic genomes today is be-

cause some of them may have been domesticated as new

eukaryote genes, a possibility that will be interesting to

assess at the functional level in future studies.

Supplementary Material

Supplementary figure S1–S4, tables S1–S3, and data sets

S1–S5 are available at Genome Biology and Evolution online

(http://www.gbe.oxfordjournals.org/).
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