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Abstract To date, only three types of full-length mariner
elements have been described in ants, each one in a different
genus of the Myrmicinae subfamily: Sinvmar was isolated
from various Solenopsis species, Myrmar from Myrmica
ruginodis, and Mboumar from Messor bouvieri. In this
study, we report the coexistence of three mariner elements
(Tnigmar-Si, Tnigmar-Mr, and Tnigmar-Mb) in the genome
of a single species, Tapinoma nigerrimum (subfamily Doli-
choderinae). Molecular evolutionary analyses of the nucle-
otide sequence data revealed a general agreement between
the evolutionary history of most the elements and the ant
species that harbour them, and suggest that they are at the
vertical inactivation stage of the so-called Mariner Life
Cycle. In contrast, significantly reduced levels of synony-
mous divergence between Mboumar and Tnigmar-Mb and
between Myrmar and Botmar (a mariner element isolated
from Bombus terrestris), relative to those observed between
their hosts, suggest that these elements arrived to the species

that host them by horizontal transfer, long after the species’
split. The horizontal transfer events for the two pairs of
elements could be roughly dated within the last 2 million
years and about 14 million years, respectively. As would be
expected under this scenario, the coding sequences of the
youngest elements, Tnigmar-Mb and Mboumar, are intact
and, thus, potentially functional. Each mariner element has
a different chromosomal distribution pattern according to
their stage within the Mariner Life Cycle. Finally, a new
defective transposable element (Azteca) has also been found
inserted into the Tnigmar-Mr sequences showing that the
ant genomes have been invaded by at least four different
types of mariner elements.

Keywords Transposon .Mariner elements . Tapinoma
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Introduction

Transposable elements (TEs) are repeated DNA segments
able to change from one locus to another within the genome
of their hosts. They fall into two main categories, class I and
class II, according to their structure and transposition mech-
anism involving RNA or DNA molecules as intermediates
for their mobility (Wicker et al. 2007).

Mariner elements are class II TEs. Mos1, isolated from
Drosophila mauritiana, was the first mariner element dis-
covered (Jacobson et al. 1986). Elements with similar motifs
or mariner-like elements (MLEs) belong to a large and
varied superfamily named IS630-Tc1-mariner (ITm), which
is widespread and abundant in eukaryotic genomes
(Bouuaert and Chalmers 2010; Zhou et al. 2011; Diao et
al. 2011, among others). The ITm superfamily is further
divided into several families based on the characteristics of
their catalytic triad, D(Asp)DE(Glu) or DDD (Shao and Tu
2001; Diao et al. 2011). The catalytic motif of the mariner
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family is DD(34)D (three aspartic acid residues in conserved
positions, the last two separated by 34 residues)(Robertson
1996; Lohe et al. 1997). MLEs are about 1.3 kb in length
and have one intronless open reading frame (ORF) which
encodes a transposase. They are flanked by inverted termi-
nal repeats (ITRs), usually about 28–30 bp long, although
they can be considerably larger (Leroy et al. 2003) and
generally show the 5′-YYAGRT consensus at their outer
ends (Langin et al. 1995). The conservation of two regions
at positions 3–8 and 14–18 of the ITRs with sequence
logos AGGTBK and WARRK, respectively, has also been
reported (Lampe et al. 2001). MLE transposases have two
domains, the N-terminal ITR-binding domain containing a
helix–turn–helix (HTH) motif, and a C-terminal catalytic
domain with the conserved catalytic triad. The conservation
of the bipartite nuclear location signal (NLS), flanked
by phosphorylation target sites of casein kinase II, has
also been suggested (Lohe et al. 1997; Plasterk et al. 1999).
The amino-acid sequences WVPHEL and YSPDLAP (I/S/T)
separated by about 150 amino-acid residues, are also con-
served motifs (Robertson and MacLeod 1993; Augé-Gouillou
et al. 2005).

Most MLEs described to date, carry mutations that dis-
rupt their ORFs (generate early stop codons and/or frame-
shifts) as well as degenerated ITRs, which cause a reduction
or complete loss of their ability to transpose. The so-called
Mariner Life Cycle includes three stages: the invasion of a
new host by horizontal transfer (HT), proliferation in the
host genome, and vertical inactivation as a result of the
accumulation of mutations (Robertson and Asplund 1996;
Hartl 2001).

Three criteria have been used to infer the existence of HT
processes: (1) high sequence similarity between the TEs
from phylogenetically distant hosts, (2) incongruence be-
tween the phylogenies of host and TEs, and (3) discontinu-
ous distribution (patchy distribution) across a group of taxa
(reviewed by Loreto et al. 2008). At present, the comparison
between the nucleotide divergences at synonymous sites
(KS) observed in TEs and in the nuclear genes of the hosts
is considered the best method to infer HT processes. The
rationale is that the time to the most recent common ancestor
of horizontally transferred transposons might be significant-
ly shorter than that between the species that host them, so
that they have had less time to accumulate mutations than
the nuclear genes of their hosts (Sánchez-Gracia et al. 2005;
Bartolomé et al. 2009; reviewed by Schaack et al. 2010).

Hitherto, only three full-lengthmariner elements have been
described in ants, each one in a different genus. They belong to
the mauritiana subfamily, included in the mariner family
(Lampe et al. 2003; Silva et al. 2005; Rouault et al. 2009).
Sinvmar has been isolated from Solenopsis invicta and from
other species from the Solenopsis genus (Krieger and Ross
2003), Myrmar from Myrmica ruginodis (Bigot et al. 1994;

Rouleux-Bonnin et al. 2005), and Mboumar that has been
isolated from Messor bouvieri (Palomeque et al. 2006). Previ-
ously, partial mariner elements had been isolated in the Tapi-
noma sessile and Crematogaster cerasi genomes (Robertson
andMacLeod 1993). Among all antMLEs, onlyMboumarwas
found to codify a full-length active transposase (Palomeque et
al. 2006; Muñoz-López et al. 2008). Until now, only three
active transposons had been found: Mos1 (Medhora et al.
1991; Hartl 2001), Famar1 from the European earwig, For-
fícula auricularia (Barry et al. 2004) andMboumar-9 (Muñoz-
López et al. 2008). In ants, the three types of mariner elements
described have been studied only in the ant genera indicated,
except the Myrmar element, which has also been found in the
bumblebee Bombus terrestris (Hymenoptera, Apidae), a spe-
cies also included in the order Hymenoptera but phylogeneti-
cally far from the ants (Rouleux-Bonnin et al. 2005).

The genetic system of the host species is a significant
factor on the dynamics of the MLEs and other TEs
(reviewed by Hua-Van et al. 2011). The ants (Hymenoptera,
Formicidae) are haplodiploid with haploid males. In
haploid males TEs with recessive deleterious effects will
be unmasked and they will be exposed to selection. For this
reason, they would be expected to be readily eliminated
from the haplodiploid genomes (Hurst and Werren 2001),
so that the incidence of TEs should be relatively low in these
genomes. Bigot et al. (1994) found MLEs on different
Hymenopteran species of wasps, bees and on the antMyrmica
ruginodis , as previously mentioned. The authors
suggested that this wide distribution of MLEs could be
explained by the lack of deleterious effects of these elements
on the viability of insects due to their preferential insertion in a
specific and conserved sequences where its insertion may be
selectively neutral (Bigot et al. 1994; Rouleux-Bonnin et al.
2005). However, other authors have suggested that the con-
servation of these sequences may simply be the result of the
ancient insertion of a mariner element before the divergence
of the host species (Haine et al. 2007). Despite the fact that ant
males do not undergo meiotic recombination, a high recom-
bination rate has been found in the ants Acromyrmex echina-
tior and Pogonomyrmex rugosus and in several species of
honeybees and wasps (Meznar et al. 2010; Niehuis et al.
2010; Sirviö et al. 2011). Different hypotheses have been
proposed to explain this high recombination rate; generally it
has been considered as evolutionarily selected among Hyme-
nopteran insects, although the role of selection has not been
demonstrated (Sirviö et al. 2006; Niehuis et al. 2010; Sirviö et
al. 2011). Overall, the existence of a low or high genetic
variability in ants is still a matter of debate (Viginier et al.
2004; Wilfert et al. 2007; Wysocka et al. 2011). Few studies
have been made so far on the variability and incidence of
MLEs in ant genomes.

This study aims to determine whether on the genome of
the ant Tapinoma nigerrimum, coexist the three different
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MLEs described in other ant species, and to provide an
estimate of their genetic diversity, chromosome location
and life cycle stage. We conducted this study in T. niger-
rimum because the genus Tapinoma belongs to the Dolicho-
derinae subfamily (Hymenoptera, Formicidae) whereas the
genera Myrmica, Solenopsis and Messor belong to the Myr-
micinae subfamily (Hymenoptera, Formicidae). The diver-
gence between both subfamilies seems to have occurred
about 110 million years ago (Moreau et al. 2006). If any
of the three full-length mariner element described in ants
were present on Tapinoma, the comparison of the phyloge-
nies of mariners and their host species might provide inter-
esting data on the life cycle of the these mariner elements.
To amplify the mariner sequences, primers complementary
to conserved regions of the transposons were used. A given
species may contain several types of mariner in its genome
if it has suffered multiple invasion events. Consequently, the
lack of congruence between phylogenies may be due to the
comparison of non-orthologous sequences. For this reason
and in agreement with other authors (Krieger and Ross
2003) we have used specific primers enabling the amplifi-
cation of a single type of element. The chromosomal local-
ization of TEs is another important feature. TEs are not
distributed at random throughout the chromosomes. They
are frequently located in constitutive heterochromatin, espe-
cially centromeres and telomeres, where their potential dele-
terious effect is limited (Charlesworth et al. 1994; Bartolomé
et al. 2002; Fontanillas et al. 2007). It has also been suggested
that TEs could be involved in centromere and telomere func-
tion (reviewed by Hua-Van et al. 2011). Detailed cytogenetic
studies are very limited in ants (Lorite and Palomeque 2010)
being T. nigerrimum one of the few exceptions, a fact that
allows the present study.

Material and methods

Material, DNA extraction, PCR amplification and cloning

Tapinoma nigerrimum and Messor bouvieri adult workers
were sampled in the province of Jaén (Spain). Solenopsis
invicta was collected in the Louisiana University Campus
(Louisiana, USA) andMyrmica ruginodis in Tours (France).
Genomic DNAwas extracted from pools of 10–15 ants from
each sample, following Heinze et al. (1994).

Specific primers were designed in order to amplify the
different mariner elements. For Myrmar-like insertions a
unique primer was designed using the ITR sequence of the
published Myrmar mariners (Bigot et al. 1994; Rouleux-
Bonnin et al. 2005) (Mrug-MAR 5′-CCAGGTCTGTAAA
TATGAAACCGGAAT). Only one primer was necessary
since the 5′-ITRs and the 3′-ITRs of these elements are
highly conserved. Also, only a unique primer was necessary

for amplification of the Mboumar-like mariners. This primer
(ITR-MAR 5′-CCAGGTGTGTCGGTAATTCCTTTCCGG)
was based on the ITR sequences of Mboumar mariner
(Palomeque et al. 2006). On the contrary, since 5′-ITRs and
3′-ITRs of Sinvmar are known to be different (Krieger and
Ross 2003), two primers were used for Sinvmar-like mariner
amplification (Sinv-mar-1 5′-TTAGGTGTTAAACTTAAT
TCCTGCCGCT and Sinv-mar-2 5′-AATTGAAGGTA
ACTTAATTCCTGCCGTT).

PCR amplifications were initially denatured at 92 °C for
2 min and performed using the following cycling profile:
30 cycles at 92 °C (30 s), 50 °C (30 s), 72 °C (2 min), with a
final elongation step of 72 °C for 5 min. Reactions were set
up in a 50-μl mixture containing 100 ng of genomic DNA,
0.5 mM dNTPs, 50 pmol of the primer and 1 U of Taq
polymerase. The amplified fragments were analyzed by
electrophoresis in agarose gels, eluted from agarose gel
and cloned into the pGEM-T Easy vector (Promega). For
all PCRs, only the most intense and clear fragments were
studied. Recombinant plasmids were sequenced on both
strands by the dideoxy sequencing method.

Three nuclear gene fragments were amplified in the ant
species; wingless (wnt-1), abdominal-A (abdA) and long-
wavelength rhodopsin (lw Rh). The wnt-1 fragment was
amplified using the primers Wg578F (5′-TGCACNGT
GAARACYTGCTGGATGCG) and Wg1032R (5′-AC
YTCGCAGCACCARTGGAA) (Abouheif and Wray 2002;
Ward and Downie 2005). For the abdA gene the primers ant-
M (5′-CGGCACCGGCGATATGAGTACGAAATTC) and
ant-J (5′-GGGTTGTTGGCAGGATGTCAAAGGATG)
(De Menten et al. 2003) were used. The lw Rh gene frag-
ment was amplified using the primers LR143F (5′-
GACAAAGTKCCACCRGARATGCT) and LR639ER (5′-
YTTACCGRTTCCATCCRAACA) (Ward and Downie
2005). PCR reactions were initially denatured at 94 °C for
2 min and then subjected to 35 cycles at 94 °C (60 s), 45–
56 °C (60 s), 72 °C (2 min), with a final elongation step of
72 °C for 5 min. Reactions were set up in a 50-μl mixture
containing 100 ng of genomic DNA, 0.5 mM dNTPs,
50 pmol of the primer and 1 U of Taq polymerase. The
amplified fragments were analyzed by electrophoresis in
agarose gels. Eluted fragments were directly sequenced
on both strands using the same primers used for PCR
amplification.

Sequence analyses

Multiple-sequence alignments were initially performed us-
ing CLUSTALW (Larkin et al. 2007) and MUSCLE (Edgar
2004), and corrected by hand in order to maintain the open
reading frame of the coding sequences. Sequence compar-
isons, ORF search, and other sequence analyses were per-
formed using the available online programs from NCBI
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(http://www.ncbi.nlm.nih.gov/guide/). The NSP@Network
Protein Sequence Analysis program was used for the pre-
diction of helix–turn–helix motifs (http://npsa-pbil.ibcp.fr/
cgi-bin/npsa_automat.pl?page0npsa_hth.html). The puta-
tive TATA box and polyadenylation signals were deter-
mined using the programs HCtata (Hamming Clustering
Method for TATA Signal Prediction in Eukaryotic Genes)
and HC polya (Hamming Clustering Poly-A Prediction in
Eukaryotic Genes). The phosphorylation target sites at ca-
sein kinase II were determined using the Motif Finder
program (http://motif.genome.jp/). Searches of repetitive
element-related sequences were performed using Repeat-
Masker Web Server (http://www.repeatmasker.org/cgi-bin/
WEBRepeatMasker).

Molecular evolutionary analyses

The level of genetic diversity among groups of sequences
was estimated by means of π (Nei 1987), which measures
the average number of nucleotide differences per site be-
tween pairs of sequences, using the Jukes and Cantor cor-
rection. Standard errors were estimated by bootstrap (1,000
replications).

Evolutionary distances between groups of sequences
were measured as the average number of pairwise nucleo-
tide differences per site. Estimates of nucleotide divergence
at all sites were obtained using the Maximum Composite
Likelihood method (Tamura et al. 2004), and at synonymous
sites (KS) using the Kumar model (Nei and Kumar 2000).
Standard errors of these estimates were calculated by boot-
strap (1,000 replicates). These calculations were made with
the aid of MEGA 5.0 (Tamura et al. 2011).

Phylogenetic relationships among the mariner sequences
we explored using neighbor-joining (NJ) and maximum
likelihood (ML). The nucleotide substitution models were
evaluated using MEGA 5.0, the models with the lowest BIC
scores (Bayesian Information Criterion) were considered
better to describe the substitution pattern (Tamura et al.
2011). Using this criterion the best model chosen was
Tamura 3-parameter assuming a fraction of sites evolution-
arily invariable (T92+I). NJ and ML trees were constructed
using MEGA 5.0 (Tamura et al. 2011). Bootstrap values for
each branch were assessed from 1000 replicates in both
cases. The mariner Ammar1 (Genbank accession no.
AY154751) from Apis mellifera was used as an out-group
in the phylogenetic analyses. This mariner belongs to the
mellifera subfamily (Lampe et al. 2003).

In order to determinate the phylogenetic relationships of
the mariners described in this report with other mariner
elements, phylogenetic analyses were also performed using
transposase amino acid sequences from several representa-
tive mariner subfamilies (Lampe et al. 2003; Krieger and
Ross 2003; Bui et al. 2008) (Table S1). In the phylogenetic

analyses, the Fusarium oxysporum impala transposase
(GenBank accession no. AAB33090) was used as an out-
group as Krieger and Ross (2003). For Mboumar and Tnig-
mar-Mb mariner their putative transposase sequences were
used. For the Solenopsis species mariner, Tnigmar-Si, Myr-
mar and Tnigmar-Mr the transposase of the more likely
ancestral active mariner was built using the consensus
sequences. The best amino acid substitution model was
evaluated using MEGA 5.0 (Tamura et al. 2011). Results
showed that the best-fit amino acid substitution model
was the WAG model with a proportion of invariant sites
(WAG+I). ML trees were built using MEGA 5.0 and
support values were determined by bootstrap analyses with
1,000 replicates.

In situ hybridization procedures

Chromosome spreads were obtained from adult male
gonads. In situ hybridization was carried out as described
previously (Lorite et al. 2002; Palomeque et al. 2005). The
mariner probes (Tnigmar-Si-16, Tnigmar-Mr-3, and Tnig-
mar-Mb-1) were labeled with biotin-16-dUTP using a biotin
nick translation kit (Roche). Fluorescence immunological
detection was performed using the avidin–FICT/anti–avi-
din–biotin system with three rounds of amplification. The
preparations were counterstained with propidium iodide and
DAPI. FISH was carried out in high-stringency conditions
to avoid co-hybridization among different mariner types
(Palomeque et al. 2005). The temperature used for hybrid-
ization was 37 °C and post-hybridization washes were per-
formed at 42 °C in 50 % formamide. These stringency
conditions allow hybridization between DNA–DNA du-
plex sharing approximately 80–85 % sequence homology
(McClean 1998).

Results

Isolation and sequence analyses of mariner elements

Three independent PCR amplification assays were per-
formed using T. nigerrimum DNA as a template and specific
primers for the ITR sequences of Sinvmar (Krieger and Ross
2003), Myrmar (Bigot et al. 1994; Rouleux-Bonnin et al.
2005) and Mboumar (Palomeque et al. 2006) mariner TEs.
A thin band of about 1.3 kb, three clear amplification bands
with different sizes (about 2,200, 900, and 400 bp) and an
intense band of about 1.3 kb, were obtained with each
primer set, respectively (Fig. S1).

BLAST analyses from the cloned PCR products revealed
that the sequences were highly homologous to the elements
used to design the primers. Following the nomenclature
proposed by Robertson and Asplund (1996) with our own
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modification, the mariner elements were named Tnigmar-
Si, Tnigmar-Mr, and Tnigmar-Mb (T. nigerrimum mariner
similar to the S. invicta mariner, M. ruginodis mariner and
M. bouvieri mariner, respectively). In addition, a new de-
fective MLE sequence was found in Tapinoma nigerrimum.
It was inserted into Tnigmar-Mr. BLAST analyses showed
that it displays high homology with a sequence present in
the Azteca instabilis ant genome and we named it Tnigmar-
Az. The features of this MLE will be exposed later.

Six Tnigmar-Si sequences were obtained (Tnigmar-Si-1,
-3, -5, -16, -17 and -20; Fig. S2, GenBank accession no.
HE577153 to HE577158). They are very similar, with just
six segregating variants (π00.001±0.0006). The ORF of all
sequences are interrupted by stop codons and frameshift
mutations which are likely to render them inactive. Tnig-
mar-Si displays little divergence form other mariner ele-
ments described in Solenopsis invicta (Sinvmar) as well as
in other species form the same genus, such as S. macdon-
aghi (Smacmar), S. richteri (Sricmar), and S. saevissima
(Ssaemar) (Krieger and Ross 2003), with an average syn-
onymous divergence of the order of 0.23 (Table 1). The
consensus sequence of Tnigmar-Si is shown in Fig. 1. Con-
ceptual translation and their phylogenetic analyses showed
that these elements belong to the mauritiana subfamily of
the mariner elements (Fig. 3 and Fig. S3). From here on,
they will be referred to as the Solenopsis mariner group.

In a second set of experiments using the primers specific
forMyrmar, we obtained sequences from ten different clones.
Six of them were 2,174–2,175 bp long (Tnigmar-Mr-1, -2, -4,
-5, -6, and -7. GenBank accession no. HE577159 to
HE577164) and were interrupted by the insertion of a 901-
to 902-bp fragment of another MLE at position 967 of the
alignment (Fig. 2), which we have named Tnigmar-Az (see
above). The six Tnigmar-Mr sequences display little sequence
diversity, with just seven singleton variants in the remaining
1,279 nucleotides (π00.003±0.002). The phylogenetic anal-
ysis of Tnigmar-Mr revealed that they were closely related to

Myrmar, and also to Botmar of Bombus terrestris (Rouleux-
Bonnin et al. 2005) and as shown in Fig. 3. The consensus of
Tnigmar-Mr sequences is shown in Fig. 1. The putative ORFs
of the Tnigmar-Mr sequences were interrupted by several
mutations causing frameshifts and early stop codons. Concep-
tual translation ofMyrmar, Botmar and Tnigmar-Mr elements
and their phylogenetic study suggest that they also belong to
the mauritiana subfamily of the mariner element and from
here on they will be referred to as theMyrmica mariner group
(Fig. 3 and Fig. S3). The other four clones (Tnigmar-Mr-3, -8,
-9, and -11) corresponded to internally deleted forms of Tnig-
mar-Mr sequences (Fig. 2 and Fig. S4) (GenBank accession
no. HE5771657, HE577165, HE577166, and HE577168).

Four sequences, Tnigmar-Mb-1, -2, -3 and -5, were
obtained with the primers specific for Mbourmar (GenBank
accession no. HE577149 to HE577152). Again, the sequen-
ces displayed reduced genetic diversity (π00.004±0.0011).
The Tnigmar-Mb consensus sequence (Fig. 1) included a
full-length ORF. This element is nearly identical (KS 00;
Table 1) to Mboumar previously described in M. bouvieri
(Palomeque et al. 2006). A phylogenetic analysis suggests
that these two elements belong to the mauritiana subfamily
of the mariner elements, and from here on they will be
named the Messor mariner group (Fig. 3 and Fig. S3).

Figure 4 shows the alignment between Mboumar-9
and the sequences isolated from T. nigerrimum. These
sequences showed a high nucleotide identity. The ITRs of
Tnigmar-Mb elements showed conservation of the consen-
sus 5′-YYAGRT motif (Langin et al. 1995) and the other
nucleotide positions considered important in the transposi-
tion processes (Lampe et al. 2001). The two ITRs from
Tnigmar-Mb were perfect inverted repeat sequences as a
result of the amplification technique used, showing two
nucleotide differences at 3´-ITR in relation to Mboumar-9
and only one in relation to other Mboumar elements. Tnig-
mar-Mb also had a putative TATA box (position 57), except
on Tnigmar-Mb-5, and a polyadenylation signal (position

Table 1 Estimates of mean synonymous divergence (KS) between mariner-like elements

Tnigmar-Si Smacmar Sricmar Sinvmar Ssaemar Tnigmar-Mb Mbourmar Tnigmar-Mr Myrmar Botmar

Tnigmar-Si 0.030 0.030 0.030 0.030 0.140 0.140 0.160 0.130 0.140

Smacmar 0.23 0.000 0.000 0.010 0.260 0.260 0.220 0.200 0.250

Sricmar 0.23 0.00 0.000 0.010 0.280 0.280 0.220 0.200 0.250

Sinvmar 0.23 0.00 0.01 0.010 0.260 0.260 0.220 0.200 0.250

Ssaemar 0.22 0.01 0.01 0.01 0.240 0.240 0.180 0.170 0.210

Tnigmar-Mb 1.05 1.18 1.20 1.17 1.18 0.000 0.100 0.100 0.110

Mbourmar 1.05 1.18 1.20 1.17 1.18 0.00 0.100 0.100 0.110

Tnigmar-Mr 1.02 1.12 1.12 1.11 1.08 0.76 0.76 0.010 0.020

Myrmar 0.99 1.14 1.14 1.13 1.11 0.78 0.78 0.06 0.010

Botmar 1.06 1.19 1.19 1.18 1.16 0.82 0.82 0.10 0.04

Average KS values and their standard errors are indicated below and above the diagonal, respectively
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1206) like Mboumar-9. A conceptual translation and search
for ORF showed that Tnigmar-Mb-5 has a stop codon
(Fig. 4). However, Tnigmar-Mb-1, -2, and -3 contained a
full-length open reading frame which codified a putative

protein with a very strong similarity to the active Mboumar
transposase (Muñoz-López et al. 2008). The putative trans-
posase codified by Tnigmar-Mb contains the conserved DD
(34)D motif and all the characteristic motifs of an active

Tnigmar-Si TTAGGTGT-TAAACTTAATTCCTGCCGCTCGCTACTAGAGGGTGCCGGCTCCAACGCTGACGAATTTTGACGGTAAAGTTGTACGTCTTTTGTAGTTTA-
Tnigmar-Mr CC....C.G....TA.G.AA.-C.GAAT.T...CAG...TAAC..TA...GTC.ATG.-..TTGC.G.CGAACCGCGT...-G.AC.....-.CTC..GT
Tnigmar-Mb CC......G.CGGTA.TCC.TTCCGGTT.TT.CGGC...T.TCA.TA..CAT..GTA...AATG..A...TTTG.T.CA.A--T...A...-..T.C..-

Tnigmar-Si ---GACATTG--CTGAAAGTGATTCAATCCTCA-CAGGTTAGATTTTTCAATACGAAAGAAATTTTCCTATCAATTAAAA------AATATACTGC--AA
Tnigmar-Mr TTT.....CTGC..-..GA.TT.-...CT.A..A..ATAC.AG...CAT.CA..---.T.GT....TA..G.GT.G..C.ATGTCG...T.TG...CTG.
Tnigmar-Mb -CT......AAC..T...ACT.CA...GTTA.GTTCC.CC.A.A.A---.CAG..TT.T.G....ATAAT.TTT.G....-TGTCG.G.T.TG...CTG.

Tnigmar-Si GAAGCTGT-TTTTCCGACATGTGCTTCTTCACCACTTCGACCTCAAGAAAACTGCAACTAAAACGCATTACTTTTTATCCGAAGTGCATAGTGATGAAAC
Tnigmar-Mr A..C-.ACGA...G..GACA.CAT.GA..TT.TGT.A.C.TT.G.......GATTTGAAG..T.....CGAA.GC.TGT.....CTT.CG..A.GC.TG.
Tnigmar-Mb A..CG..C-A...G..G..C.CAT.A...TT.TTG..TC.T.AA.......AA..CG..G...GT...CGT..GC..GTA..GACTT.CG....GC.TG.

Tnigmar-Si TCCATCGGAAAGAACATGT--AGAGTGGTTTGAACACTTTCAAAACGGTGATTTTGACGTGAGAGACAAAGAATGTCCCGGAAAGC---CAAAAAAATTT
Tnigmar-Mr ..TTGGTA..TC.CAG..CTCT-........A..A.A..CA...GT..CA.....C........A..G.....C..---....GA.CAC.G.........
Tnigmar-Mb ....A.CAT..........GA.AC.......CG...A..CA..TGT........CA....TCA..........C....T..T.G..---.G....CG...

Tnigmar-Si ---GATGTTGAGCTGCAAGAATCGCTCGATAAGAATCTAGCTCAAATGCATTTAGAGTTATCGAAAGCGTTAAATGTTATGTCTAATGATCGTCTTAAAA
Tnigmar-Mr GAA..C.CCA.TT......C..T.T.G...G..G..GAC.T.....CA..ACA.C.AC.CG..G.TCAA........G.-CA.G.GAA.C.....CC.T.
Tnigmar-Mb GAA..C.CG..AT....G..G.TAT.G...G.AG.CTC.A.A....CT..AAA.C.A...G.AG..AA...G.....G.-.C.G.G.AGCAA.T.GTG..

Tnigmar-Si CGCTTGCATGCCATGGGATAAATTCATAAGAAAGGGATATGGCTACCACATAAATTGTTAGAAATTACCATTTTGAATCGTTTGTTTATC-GCAACTTCC
Tnigmar-Mr ..T...A.A.........A.G..C..G...GTG..A......G.T.T....G..C..AATA...GACAGCAGGAA..C.AAAAAACC.CTT..G.AA.G.
Tnigmar-Mb ..A..A..A..G......A.G..C..A....TG..A.G....G.G......G.....AAT..C.GGCAA..GGAA.....AAAAA.CG..A.TG.AA.G.

Tnigmar-Si TTTCTTGCAAA-GCAAAAAAAAGT--TTTTTGTGGCGTAATGTGACTGGCGATGGAAAATGGATTTATTTTGATAATCCCAAGCGAAGGAAAT---GGGT
Tnigmar-Mr .GCT.GC..GGTA.....G.....CA...C.CCAT..A.T--............A.........A.....C..A.....T.....T.AA....CAT.AC.
Tnigmar-Mb .GCT.CAA.GGTATG...GG....CA...C..CAT..A.TA..A..G..T....A...............C..A.............AA....CAT..T.

Tnigmar-Si GGACCCCGACCAACTATCCACCTCAATGCCAAAAAGGAGTATTCACGGGCATAAGATTTAGCTCTGC-TTTGGTCGGACCAGGAGGGTGTGCTGTATTAC
Tnigmar-Mr AACT..A.G.A...C.G.G..A..G.CTG...GGCCA.A.CGCT....----....CAAT......TG......G...T...A........A.C.....T
Tnigmar-Mb ATCA..T.GTG..GCCGG.C.A..G.CTG...GGCCA.A.CGCTTT..T.GC....CCAT......TG.C....G.......ATT.....CG.A.....T

Tnigmar-Si GAGTTCTTGCGTCTTAATAAAACCATTACAGCTAATCGCTACCAATAGCAATTATGCCGATT-GAGTGACGAGTTGATGCAAAAAAGACTATCCGTAGTC
Tnigmar-Mr ...C.GC.AAAATC.GGCG.....G...ATA..G.A.......G.C.....A.G-ATGA...T..ACC.A.CA...CGTG.....C...C.-GAA..TCA
Tnigmar-Mb ..AC.G...AAA.C.GGAG....AG...ATA..G.........G.C.A...A.G-AT.A...T..ACT.T.CA.....CG.....C.T.C.-.AA..CG.

Tnigmar-Si AAACAATCGACGCAAAGTCATTCTTTTGCATGATAACGCTTGATCACATGTTGCAAAAAGCGTGAAGCAGACACTTTTAGAGCTTGAATGGAAAGTTCTT
Tnigmar-Mr ...G.GG.A..A......G...T.GC.-------..T..ACC......CACA......CCGA.C...G.A..GA..GAG.CAT..AGT...G..A.A...
Tnigmar-Mb TC.A.GA.ATGAT.....G...T.GCAA.....C.....GCCG..T...ACA......CCA..C..AG.A.TGT.GAA.TCA....G....G.....T.A

Tnigmar-Si TCGTATCCAGCGTACTCTCTAGACTTGACACCGTTAAATTACCATTTCTTCCGGTCGATGCAACACACATTTACGGACACACACTCCTCCAGATACGAAA
Tnigmar-Mr .T.C..G.G..T.....A.........G.T....CC......T.C..A..TGCA..T...GG....G..C..G.T..GCAG.G..TTA.TTCT.......
Tnigmar-Mb ...C.C..GC.........C....C..G.T..A.CCG.C.....CC.T...GCA......GGG...G.GC..G.A..GCAG....T.G..GAT.T....G

Tnigmar-Si AAATCAAAAAATGGGTGGATAAATGAATCGCCTTTAAAGA-CACCACATTCTACGTCGTCAGATTGCCCTGTTGTCGGAGAAATGAGAAAAAATAGTAGA
Tnigmar-Mr .TG.ACG.......C.C...G.C..GT.T....CA.....G..A..GT..T.T-.GT..GGC..CCA.AAA...C.A....G...G......TGT....C
Tnigmar-Mb ..G.T.........C.C...G....GT.TAG..CA..G..GA.A.TGT.CT.TT.GAA.GGC...CATAAA.....T....G...GAC....TGTA....

Tnigmar-Si AAATAGAGAAAATTACTTTTATTAAGATTAATTC--ATCTTTTCTTTGAAATAAATTAATTTTTATTAACAAAAAACGGCAGGAATTAAGTTACCTTCA-
Tnigmar-Mr T.GCGAT.GGC.A......G.A...-.A..T..TTT.C.A...TCA.T.......CGTG.A...TC.T.A......ATT.C..TT.C.TA..T---A..G
Tnigmar-Mb .TCA.AT.GCC.A......G.A...-..A....TTA.CTA.CCA..CT..G..-.CGTG....CT.....G.....A--.C....AGG.A.....GA..C

Tnigmar-Si ATT--- 1265
Tnigmar-Mr .CCTGG 1271
Tnigmar-Mb .CCTGG 1286

Fig. 1 Alignment of the consensus sequences of the three full length different types of isolated mariner elements: Tnigmar-Si, Tnigmar-Mr, and
Tnigmar-Mb. The corresponding ITRs are shaded
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transposase (Fig. 4.) All together, the data suggest that
Tnigmar-Mb is an active TE.

Phylogenetic analyses

The three full-length mariner elements isolated from Tapi-
noma nigerrimum belong to the mauritiana subfamily al-
though they were clearly different as revealed by the large
levels of synonymous nucleotide divergence between them.
KS between Tnigmar-Mr and Tnigmar-Mb is 0.76±0.100,
and between them and Tnigmar-Si slightly exceeds 1.00 in
both cases (Table 1).

The evolutionary relationships among the MLEs found in
T. nigerrimum and those from other ants and the bumblebee
are depicted in Fig. 3. The phylogenetic tree shows three

highly supported clades that correspond to the Solenopsis,
Messor and Myrmica mariner groups previously described.
Tnigmar-Si and Tnigmar-Mr are well differentiated from the
other members of their respective groups, which is consis-
tent with the expected phylogenies of their hosts and sup-
ports the hypothesis that these elements have been vertically
transmitted (Fig. 3). The phylogenetic analyses using all
sequences of each type of mariner also showed the same
results (Fig. S5). Contrastingly, Myrmar is more closely
related to Botmar that to Tnigmar-Mr which seems at odds
with the host’s phylogeny, since Botmar was isolated from
Bombus terrestris, a bumblebee from a different Hymenop-
tera family. Furthermore, Mboumar and Tnigmar-Mb clus-
tered together in a single monophyletic group and they
are nearly identical (see above). Such high similarity is

Fig. 2 Schematic representation of the clones obtained using as a
primer the ITRs of the mariner transposable element Myrmar isolated
from the ant Myrmica ruginodis (Bigot et al. 1994; Rouleux-Bonnin et
al. 2005), showing the Azteca element (Tnigmar-Az) inserted into a
Tnigmar-Mr mariner (a and b). The duplication of TA dinucleotide

and the nucleotide insertion site are also represented. The nucleotide
positions of the internal deletions shown by clones of 900–901 bp (c)
and 392 bp (d) are also indicated. Only clones marked with an asterisk
have been obtained by PCR amplification techniques

Fig. 3 Maximum-likelihood tree depicting the phylogenetic relation-
ships of the mariner elements. The sequences of four elements were
retrieved from GenBank: Ssaemar1.1 (Solenopsis saevissima),
AF518177; Sricmar1.2 (Solenopsis richteri), AF518176; Smacmar1
(Solenopsis macdonaghi), AF518174 and Ammar1 (AY155490).
Ammar1 a mariner element from Apis mellifera was used as outgroup.
When several sequences for the same mariner were available consensus

sequences were used: Botmar (Bombus terrestris, AJ312716, AJ312717,
AJ312720, AJ312722); Sinvmar (Solenopsis invicta, AF518169 to
AF518173), and Myrmar (Myrmica ruginodis, AY652423 to
AY652426). Branches with bootstrap support values greater than 80 %
are indicated. The scale bar represents the number of substitutions per site
units. Neighbor-joining (NJ) methods produced similar topologies
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ITR                                          TATA box
Mboumar-9 CCAGGTGTGTCGGTAATTCCTTTCCGGTTTTTCCGGCAGATGTCACTAGCCATAAGTATGAAATGTTATGATTTGATACATATGTCATTTTATTCTACTG 100
Tnigmar-Mb-1 ...............-....................................................................................
Tnigmar-Mb-2 ....................................................................................................
Tnigmar-Mb-3 ...........................................................................G........................
Tnigmar-Mb-5 .............................................................G......................................

ORF 
Mboumar-9 ACATTAACCTTAAAACTACACAAGTTACGTTCCGCCAAAATAACAGCGTTATAGATTTATAATTTTTTGAAAATGTCGAGTTTTGTGCCTGAAAACGTGC 200
Tnigmar-Mb-1 ....................................................................................................
Tnigmar-Mb-2 ....................................................................................................
Tnigmar-Mb-3 ....................................................................................................
Tnigmar-Mb-5 ....................................................................................................
Mboumar-9  M  S  S  F  V  P  E  N  V  H 10
Tnigmar-Mb-1                                                                         .  .  .  .  .  . .  .  .  . 
Tnigmar-Mb-2                                                                         .  .  .  .  .  .  .  .  .  .
Tnigmar-Mb-3                                                                         .  .  .  .  .  .  .  .  .  .
Tnigmar-Mb-5   .  .  .  .  .  .  .  .  .  . 

Mboumar-9 ATTTGCGGCACGCATTACTTTTCTTGTTTCATCAAAAGAAAAGAGCCGCTGAAAGTCATCGTTTGCTAGTAGAGACTTACGGTGAGCATGCTCCAACCAT 300
Tnigmar-Mb-1 ..........................................A.........................................................
Tnigmar-Mb-2 ............................C.............A.........................................................
Tnigmar-Mb-3 ..........................................A.........................................................
Tnigmar-Mb-5 ...........................C..............A.........................................................
Mboumar-9  L  R  H  A  L  L  F  L  F  H  Q  K  K  R  A  A  E  S  H  R  L  L  V  E  T  Y  G  E  H  A  P  T  I  43
Tnigmar-Mb-1   .  .  .  .  .  .  .  .  .  .  .  .  .  K  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
Tnigmar-Mb-2   .  .  .  .  .  .  .  .  .  .  .  .  .  K  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   
Tnigmar-Mb-3   .  .  .  .  .  .  .  .  .  .  .  .  .  K  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .    
Tnigmar-Mb-5   .  .  .  .  .  .  .  .  S  .  .  .  .  K  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   

Mboumar-9   AAGAACATGTGAAACGTGGTTTCGACAATTCAAATGTGGTGATTTCAACGTTCAAGACAAAGAACGTCCTGGTAGGCCGAAAACGTTTGAAGACGCGGAA 400
Tnigmar-Mb-1 ....................................................................................................
Tnigmar-Mb-2 ....................................................................................................
Tnigmar-Mb-3 ....................................................................................................
Tnigmar-Mb-5 ....................................................................................................
Mboumar-9   R  T  C  E  T  W  F  R  Q  F  K  C  G  D  F  N  V  Q  D  K  E  R  P  G  R  P  K  T  F  E  D  A  E   76
Tnigmar-Mb-1  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . .  .  .  .  
Tnigmar-Mb-2  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
Tnigmar-Mb-3  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
Tnigmar-Mb-5  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  

Mboumar-9  TTGCAGGAGTTATTGGATGAAGACTCAACACAAACTCAAAAACAATTAGCAGAAAAGTTGAATGTGAGCCGAGTAGCAATTTGTGAACGATTACAAGCGA 500
Tnigmar-Mb-1 ....................................................................................................
Tnigmar-Mb-2 ....................................................................................................
Tnigmar-Mb-3 ....................................................................................................
Tnigmar-Mb-5 .......................................................G............................................

HTH motif
Mboumar-9 L  Q  E  L  L  D  E  D  S  T  Q  T  Q  K  Q  L  A  E  K  L  N  V  S  R  V  A  I  C  E  R  L  Q A  M 110
Tnigmar-Mb-1 .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .
Tnigmar-Mb-2 .  .  .  .  .  .  . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .
Tnigmar-Mb-3 .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .
Tnigmar-Mb-5 .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  R  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .

Mboumar-9  TGGGAAAGATCCAAAAGATGGGAAGATGGGTGCCACATGAATTGAATGACAGGCAAATGGAAAATCGAAAAATCGTCAGTGAAATGCTGCTTCAAAGGTA 600
Tnigmar-Mb-1 ....................................................................................................
Tnigmar-Mb-2 .................................................................................................A..
Tnigmar-Mb-3 ....................................................................................................
Tnigmar-Mb-5 .................................................................T..................................

conserved motif bipartite nuclear location signal
Mboumar-9   G  K  I  Q  K M  G  R  W  V  P  H  E  L N  D  R  Q  M  E  N  R  K I  V  S  E  M  L  L  Q  R  Y 143
Tnigmar-Mb-1   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 
Tnigmar-Mb-2   .  .  .  .  .  .  .  .  .  .  .  .  . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 
Tnigmar-Mb-3   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .
Tnigmar-Mb-5   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  *

Mboumar-9  TGAAAGGAAGTCATTTCTGCATCGAATAGTAACGGGTGATGAAAAATGGATTTATTTCGAAAATCCCAAGCGAAAAAAATCATGGTTATCACCTGGTGAA 700
Tnigmar-Mb-1 ....................................................................................................
Tnigmar-Mb-2 ................................................................................................C...
Tnigmar-Mb-3 ....................................................................................................
Tnigmar-Mb-5 ....................................................................................................

bipartite nuclear location signal   D
Mboumar-9 E  R  K S  F  L  H  R  I  V  T  G  D E  K  W  I  Y  F  E  N  P  K  R  K  K  S  W  L  S  P  G  E   176
Tnigmar-Mb-1  .  .  . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .
Tnigmar-Mb-2  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .
Tnigmar-Mb-3  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .

Mboumar-9 GCCGGCCCATCGACTGCAAGGCCAAATCGCTTTGGTCGCAAGACCATGCTCTGTGTCTGGTGGGACCAGATTGGTGTCGTATATTATGAACTGTTGAAAC 800
Tnigmar-Mb-1 ....................................................................................................
Tnigmar-Mb-2 ....................................................................................................
Tnigmar-Mb-3 ....................................................................................................
Tnigmar-Mb-5 ....................................................................................................
Mboumar-9 A  G  P  S  T  A  R  P  N  R  F  G  R  K  T  M  L  C  V  W  W  D  Q  I  G  V  V  Y  Y  E  L  L  K  P 210
Tnigmar-Mb-1 .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .
Tnigmar-Mb-2 .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
Tnigmar-Mb-3 .  .  .  .  .  .  .  .  .  . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .

Mboumar-9  CTGGAGAAACAGTTAATACTGATCGCTACCGACAACAAATGATCAATTTGAACTGTGCATTGATCGAAAAACGTCCACAATACGCTCAAAGACATGATAA 900
Tnigmar-Mb-1 ......................................................A.............................................
Tnigmar-Mb-2 .....................................................................G..............................
Tnigmar-Mb-3 ....................................................................................................
Tnigmar-Mb-5 ....................................................................................................
Mboumar-9   G  E  T  V  N  T  D  R  Y  R  Q  Q  M  I  N  L  N  C  A  L  I  E  K  R  P  Q  Y  A  Q  R  H  D  K  243
Tnigmar-Mb-1   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  Y  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .
Tnigmar-Mb-2   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  R  .  .  .  .  .  .  .  .  .  .  
Tnigmar-Mb-3   .  .  .  .  .  . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .

Mboumar-9 AGTGATTTTGCAACATGACAACGCGCCGTCTCATACAGCAAAACCAGTCAAAGAAATGTTGAAATCACTTGGATGGGAAGTTTTATCGCACCCGCCGTAC 1000
Tnigmar-Mb-1 ....................................................................................................
Tnigmar-Mb-2 ....................................................................................................
Tnigmar-Mb-3 ....................................................................................................

D
Mboumar-9 V  I  L  Q  H  D N  A  P  S  H  T  A  K  P  V  K  E  M  L  K  S  L  G  W  E  V  L  S  H  P  P  Y 276
Tnigmar-Mb-1  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . .  .  .  .  .  .  .  .  .  .  .  .  
Tnigmar-Mb-2  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   
Tnigmar-Mb-3  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . .  .  . 

Mboumar-9  TCTCCAGACCTGGCTCCATCCGACTACCACCTTTTCGCATCGATGGGGCACGCGCTTGCAGAGCAGCACTTCGCCGATTTCGAAGAAGTTAAAAAATGGC 1100
Tnigmar-Mb-1 ....................................................................................................
Tnigmar-Mb-2 ....................................................................................................
Tnigmar-Mb-3 ....................................................................................................
Tnigmar-Mb-5 ....................................................................................................

conserved motif      D
Mboumar-9 S  P  D  L  A  P S  D Y  H  L  F  A  S  M  G  H  A  L  A  E  Q  H  F  A  D  F  E  E  V  K  K  W  L  310

Tnigmar-Mb-1 .  .  .  .  . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
Tnigmar-Mb-2 .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 
Tnigmar-Mb-3 .  .  .  .  .  .  .  .  .  .  .  .  . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

Mboumar-9 TCGATGAATGGTTTAGCTCAAAGGAGAAACTGTTCTTTTGGAATGGCATTCATAAATTGTCTGAGAGATGGACAAAATGTATAGAATCAAATGGCCAATA 1200
Tnigmar-Mb-1 ....................................................................................................
Tnigmar-Mb-2 ....................................................................................................
Tnigmar-Mb-3 ....................................................................................................
Tnigmar-Mb-5 ....................................................................................................
Mboumar-9 D  E  W  F  S  S  K  E  K  L  F  F  W  N  G  I  H  K  L  S  E  R  W  T  K  C  I  E  S  N  G  Q  Y  343
Tnigmar-Mb-1   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
Tnigmar-Mb-2   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 
Tnigmar-Mb-3   .  .  .  .  .  .  .  . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

Poliadenilation signal ITR
Mboumar-9  CTTTGAATAAATAAATTTGAACTATCCATTCTAAGTAACGTGTTTTCTTTAACGAAAAAACCGGAAAAGAATTACCGACACTCCTGG 1287
Tnigmar-Mb-1 ..................T................................................G.............A.....
Tnigmar-Mb-2 ..................T................................................G.............A.....
Tnigmar-Mb-3 ..................T...........................T....................G.............A.....
Tnigmar-Mb-5 ..................T................................................G.............A.....
Mboumar-9  F  E  *  345
Tnigmar-Mb-1  .  .                                                      
Tnigmar-Mb-2  .  .                                                      
Tnigmar-Mb-3  .  .                                                    
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unexpected as their host species belong to different ant
subfamilies (Myrmicinae and Dolichoderinae, respective-
ly), whose split has been dated about 110 mya (Moreau
et al. 2006).

Estimates of KS between the mariner element and same
data from nuclear genes are shown in Tables 1 and 2,
respectively. We obtained the nucleotide sequences of three
single-copy nuclear genes, abdominal-A (abdA), long wave-
length rhodopsine (lw Rh) and wingless (wnt-1) from T.
nigerrimum, and of lw Rh and wnt-1 from M. bouvieri
and M. ruginodis (GenBank accession no. HE963096 to
HE963102). We also retrieved from GenBank sequences
of these same loci from S. invicta, B. terrestris and other
species of all genera (Table S2). Although we were unable
to obtain the abdA sequence from M. bouvieri samples after
repeated attempts, this locus has been sequenced in other
Messor species (M. julianus, M. denticornis and M. andrei;
Brady et al. 2006; Table S2). The synonymous differentia-
tion between T. nigerrimun and M. bouvieri at lw Rh and
wnt-1 were 0.28±0.083 and 0.40±0.080, respectively. Mean
KS at abdA locus between different Messor species (Table
S2) and T. nigerrimun was of the order of 0.42, which was
not significantly different from that observed at the other
two loci between T. nigerrimum and M. bouvieri. These
values are in good agreement with our estimate of average
KS00.36±0.010 across the three loci between various species
of these two genera (Table 2).

Chromosomal location of mariner elements

The chromosome number of T. nigerrimum is n09. All
chromosomes showed heterochromatin on pericentromeric
regions according to standard C-banding technique results

(Palomeque et al. 1988). The results showed that each type
of mariner element has a different hybridization pattern
(Fig. 5). Only one or two positive hybridization signals in
some chromosomes were found when Tnigmar-Si sequence
was used as probe. In addition, the positive signals were not
located in the pericentromeric regions (Fig. 5a). On the
contrary, Tnigmar-Mr and specially Tnigmar-Mb were more
widespread in the genome of T. nigerrimum and numerous
hybridization signals were visible in all chromosomes
(Fig. 5b, and c). These signals appeared both in pericentro-
meric regions as in the euchromatic chromosome arms. In
this species the rDNA genes are located in the proximal
region of short arm of chromosome 6 (Lorite et al. 1997).
This region presented hybridization signals when Tnigmar-
Mr or Tnigmar-Mb was used as a probe (Fig. 5c and b).
However, the distribution patterns of both types of mariner
were not the same. First and overall, positive hybridization
signals were more numerous when Tnigmar-Mb was used as
a probe. In addition there were regions with numerous
copies of the Tnigmar-Mb but few or none of the Tnig-
mar-Mr (e.g., the long arm of chromosome 2), with the
opposite pattern (e.g., the long arm of chromosome 4) or
with a similar hybridization patterns (e.g., chromosome 5)
(Fig. 5b3 and c3).

Analysis of new transposable elements-related sequences

Inserted into Tnigmar-Mr sequences, we found a sequence
related to the TE, as mentioned above. Tnigmar-Az was
inserted into a TA dinucleotide, as usual for mariner elements
(Fig. 2 and Fig. S4). All sequences were very similar, with
901–902 bp in length and with perfect ITRs of 29–30 bp
(Fig. S6). They could codify a polypeptide (208 aa) according
to the results obtained using the ORF Finder program from
NCBI. DELTA-BLAST (Boratyn et al. 2012) analysis showed
that the conceptual translated nucleotide presented a possible
motif HTH and part of the catalytic motif of the MLEs trans-
posase. The comparison between the 208-aa polypeptide and
the transposases of otherMLEs suggested that the Tnigmar-Az
sequences might have been generated by an internal deletion
from a full length mariner which would include part of the
catalytic motif, consequently the polypeptide would not active
(Fig. S7). On the insertion into Tnigmar-Mr could be involved
an active Tnigmar-Az in which the internal deletion took place
quickly or a deleted sequence and a trans-acting transposase
generated by a functional transposon. The phylogenetic anal-
yses indicated that Tnigmar-Az was near to the marmoratus
mariner subfamily (Fig. S3), defined by Bui et al. (2008).

This element was also present in the Azteca instabilis ant
genome and we named it Ainsmar-Az. Ainsmar-Az was
found inserted into the TA dinucleotide (position 507) from
the carbomoylphosphate synthase (CAD) gene (Ward et al.
2010; GenBank accession no. FJ939902). It was inserted

Fig. 4 Alignment of the Mboumar-9 sequence (Palomeque et al. 2006)
and all Tnigmar-Mb sequences. The ITRs are shaded. The putative
proteins codified by Mboumar-9 and Tnigmar-Mb sequences are also
shown as well as the TATA box, the bipartite nuclear location signal
(NLS), the conserved D,D(34)D motif and other important features. An
asterisk indicates the stop codon in the ORF on Tnigmar-Mb-5 sequence

R

Table 2 Estimates of mean synonymous divergence at abdA, lw-Rh
and wnt-1 between ant and bumblebee genera

Tapinoma Myrmica Messor Solenopsis Bombus

Tapinoma 0.011 0.010 0.011 0.022

Myrmica 0.31 0.015 0.017 0.099

Messor 0.36 0.25 0.009 0.005

Solenopsis 0.31 0.22 0.21 0.037

Bombus 0.80 1.05 0.88 0.91

Mean KS values and standard errors are indicated below and above the
diagonal, respectively. These values were obtained using the sequences
of the three loci from several species of each genus (see Table S2 for
details)

Naturwissenschaften (2012) 99:1007–1020 1015



into the first intron of the gene sequence according to the
study of corresponding protein (GenBank accession no.
ADD13205.1) (Fig. S8). A similar sequence was found in
a BAC clone from the butterfly Heliconius melpomene
(Lepidoptera, Nymphalidae) (GenBank accession no.
CU856076) (Fig. S9). It was also inserted into a TA dinu-
cleotide (position 15.872). In addition, the Ainsmar-Az se-
quence was present only in the gene of A. instabilis, but not
in the same gene from related species (Ward et al. 2010,
GenBank accession no. FJ939903 and FJ939904). This fact
suggests that at some point in time it had to be active.
Similar results have been reported in the study of Bmmar2,
a type of mariner element isolated from the silkworm
Bombyx mori (Lepidoptera, Bombycidae) and in other relat-
ed species (Kumaresan and Mathavan 2004), with incom-
plete versions of the transposon inserted in non-coding
regions of some genes.

Discussion

In this study, we report the coexistence of three mariner
elements (Tnigmar-Si, Tnigmar-Mr, and Tnigmar-Mb) in
the genome of a single species, Tapinoma nigerrimum (sub-
family Dolichoderinae). They belong to the mauritiana sub-
family of MLEs and are closely related to the three different
types of mariner TEs that have been described in three ant
genera of the Myrmicinae subfamily: Solenopsis, Myrmica,
and Messor.

Tnigmar-Si sequences showed high similarity and they
were predictably inactive. Similar results have been reported
by Krieger and Ross (2003) from other mariner elements
described in Solenopsis invicta (Sinvmar) and in other spe-
cies of the same genus (Krieger and Ross 2003). The
high similarity between Tnigmar-Si sequences could be
explained by biological processes such as their recent non-

Fig. 5 Chromosomal location of the three types of mariner elements.
Metaphase plates of T. nigerrimum with chromosomes stained with
DAPI fluorochrome (a, d, and g) and in situ hybridization with

Tnigmar-Si (b), Tnigmar-Mr (e), and Tnigmar-Mb (h) as probes.
Karyotypes showing the different hybridization pattern obtained with
Tnigmar-Si (c), Tnigmar-Mr (f), and Tnigmar-Mb (i). Bar05 μm
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autonomous mobilization by transposases coded by other
active transposons, or a high rate of gene conversion among
insertions. However, the facts that all the substitutions are
found just in a single sequence of the samples (singletons)
and that a similar scenario was obtained for most other
elements in this, as well as other studies (Krieger and
Ross 2003; Bigot et al. 1994; Rouleux-Bonnin et al.
2005; Palomeque et al. 2006), mean that we cannot
discard the possibility that these singletons substitutions
correspond to nucleotide miss-incorporations during the
PCR amplification procedure.

The Tnigmar-Mr elements were closely related to Myr-
mar of M. ruginodis, and also to Botmar of Bombus terrest-
ris (Rouleux-Bonnin et al. 2005). The Tnigmar-Mr
sequences also were predictably inactive sequences. A sim-
ilar situation occurred with the mariner sequences from M.
ruginodis and B. terrestris (Bigot et al. 1994; Rouleux-
Bonnin et al. 2005). Elements corresponding to internally
deleted forms of Tnigmar-Mr were also found. Deletion
derivatives have also been isolated in M. ruginodis and B.
terrestris by Bigot et al. (1994) and Rouleux-Bonnin et al.
(2005) as well as other organisms (Rezende-Teixeira et al.
2010, among others). The transposition mechanism of “cut-
and-paste” of these elements requires the repair of the gaps
left in the excision process; incorrect repairs may give
rise to the observed deletions, as suggested by other authors
(Brunet et al. 2002).

A new defective MLE sequence Tnigmar-Az was inserted
into Tnigmar-Mr. It showed the structure of a mariner
element with an internal deletion. Tnigmar-Az was inserted
always in the same position into Tnigmar-Mr sequences
suggesting a single transposition event, followed by the
subsequent transposition of the surrounding element. A
similar sequence was found inserted into an intron of
a gene from Azteca instabilis ant. It is the first time in
Hymenoptera that a mariner has been described inserted
into an intron of a gene. This situation is very common
in mammalian genomes (Sironi et al. 2006) and probably also
in non-mammalian vertebrates and invertebrates genomes
(Sela et al. 2010).

Evidence for horizontal transfer events of MLEs

The patterns of genetic divergence and the phylogenetic
relationships of Tnigmar-Mb and Mbourmar, as well as
those between Myrmar, Botmar and Tnigmar-Mr do not
seem to be consistent with the expectations assuming verti-
cal transmission. In principle, the discrepancies between the
phylogenetic relationships of the elements and those of their
hosts could have two explanations. One is that the mariner
elements described in this study splitted from a common
ancestor, before the divergence of the ants and the bumble-
bees, and have been transmitted vertically ever since; only

one of them, more closely related to Myrmar, has been
found in B. terrestris (Botmar). However, the identity be-
tween Tnigmar-Mb and Mboumar could not be explained
under this scenario. Alternatively, the closer relationships
observed between Botmar and Myrmar and between Tnig-
mar-Mb and Mboumar could be explained by recent HT
events of these elements to their current hosts. One way to
address this problem is to compare the phylogenies of the
elements and the species that harbor them. As a proxy for
the patterns of neutral divergence among the host species we
estimated KS and compared them with analogous estimates
from the elements. With this purpose we estimated KS of
three single-copy nuclear genes between the host’s species
and the analogous estimates from the mariner elements. We
have estimated an average KS00.36±0.010 (Table 2) across
the three loci between various species of Tapinoma and
Messor genera. Under the assumption that coding sequences
of TEs and host genes experience a similar mutation rate
(this is discussed at length in Bartolomé et al. 2009), the fact
that the elements isolated from T. nigerrimum and M. bou-
vieri are nearly identical, suggests that they have not been
inherited by vertical transmission, and that recent HT pro-
cesses were involved in the evolution of these mariners. The
observed KS between Botmar and Myrmar (0.04±0.010
from Table 1) was nearly 20 times smaller than that found
between the two host species they were described in (mean
KS01.05±0.099 from Table 2). Again, the most parsimoni-
ous explanation is that a common ancestor of Botmar and
Myrmar entered the genomes of one (or both) of these
species long after their split. However, the greater diver-
gence between the two elements, together with the fact
that none of the sequenced insertions contained an intact
coding sequence suggests that this HT event took place
a long time ago.

If we consider that the divergence time for the Myrmici-
nae and Dolichoderinae subfamilies is of around 110 mya
(Moreau et al. 2006), and that the mean KS for abdA, lw Rh
and wnt-1 between several species representative of the
genera Messor, Solenopsis and Myrmica from Myrmicinae,
and four species of Tapinoma (Dolichoderinae) is 0.33±
0.015 (from Table 2), the mean divergence rate would be
of 0.0014±6.5×10−5 substitutions per nucleotide per mya
(the rate of neutral divergence equals the observed diver-
gence divided by the time to the most recent common
ancestor of the species compared multiplied by two; Li
1997). Thus, the HT of the element could be roughly dated
around 14.3±3.57 mya. Contrastingly, the neutral diver-
gence rate estimated for other model insect species such as
Drosophila is significantly larger (0.011; Tamura et al.
2004). Using this estimate, the HT event would be dated
about 1.8±0.455 mya. Given that molecular clock rates are
known to vary across organisms and over time (Li 1997; Nei
and Kumar 2000), we are inclined to trust the dating from
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the molecular rate obtained from the ant data, although it
was estimated using fewer nuclear loci.

On the other hand, the full identity of the consensus
coding sequences of Tnigmar-Mb and Mboumar suggests
that the time since the HT event approximates zero. If we
assume that neutral mutations follow a Poisson distribution,
the probability of observing exactly zero changes is e−m,
where m is the expected number of changes. If we allow for
the probability of zero to be 0.05, m02.996. The upper limit
for the time since the HT event can then be estimated as
(2.996/512)/(2×0.0014)02 million years, where 512 is the
total number of synonymous sites analyzed. However, cau-
tion is recommended when interpreting these results. It
should also be noted that the HT hypothesis is further
supported by the fact that the consensus sequence of the
four Tnigmar-Mb elements have a full length intact ORF,
which means that they are or have recently been potentially
active, as demonstrated in vitro for Mboumar (Muñoz-
López et al. 2008). It is likely that TE activity is needed
for HT, as extrachromosomal copies of the elements pro-
duced during transposition are expected to be more easily
transported to new hosts, and new copies need to be inte-
grated into their genomes.

Chromosome distribution and Mariner Life Cycle

The chromosome localization of Tnigmar-Si, Tnigmar-Mr,
and Tnigmar-Mb mariner TEs showed that each type of
mariner element has a different hybridization pattern, which
could reflect that these elements are at different stages of the
Mariner Life Cycle in the host genomes. When a young and
active transposon invades a new host by horizontal trans-
mission, it has to multiply within the genome and colonize
the germ line to expand within the species and population.
At the same time mutations may be accumulated giving rise
to inactive or partially inactive copies (reviewed by Miskey
et al. 2005). At this stage the transposon copies should be
numerous and scattered all over the genome. Consequently,
widespread hybridization signals should be detected on the
host’s chromosomes. The hybridization patterns obtained in
the study of Tnigmar-Mb element suggest that it could be at
this stage of the mariner cycle. Mutation accumulation
causes the vertical inactivation of the elements, which
eventually determines their stochastic loss from the
genomes. Thus, the transposon to survive could be hori-
zontally transferred to new host and the cycle would
begin again (reviewed by Miskey et al. 2005). MLEs,
especially in an inactive state, may persist in a genome
through evolutionary time including speciation processes
(Hartl et al. 1997). Although we cannot discard the pos-
sibility that other intact copies may still exist undetected
in the ants’ genomes, the fact that all Tnigmar-Si and
Tnigmar-Mr copies were defective due to accumulation

of null mutations suggest that these two families could be
in the decaying phase of their cycle, with comparatively
reduced copy numbers, approaching their stochastic loss
from their host genomes.
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