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SINEs are short interspersed repetitive elements found in many eukaryotic genomes and are believed to propagate
by retroposition. Almost all SINEs reported to date have a composite structure made of a 59 tRNA-related region
followed by a tRNA-unrelated region. Here, we describe a new type of tRNA-derived SINEs from the genome of
the mosquito Culex pipiens. These elements, called Twins, are ;220 bp long and reiterated at approximately 500
copies per haploid genome. Twins have a unique structure compared with other tRNA-SINEs described so far. They
consist of two tRNAArg-related regions separated by a 39-bp spacer. Other tRNA-unrelated sequences include a 5bp leader preceding the left tRNA-like unit and a short trailer located downstream of the right tRNA-like region.
This 39 trailer is a 10-bp sequence that is ended by a TTTT motif and followed by a polyA tract of variable length.
The right tRNA-like unit also contains a 16-bp sequence which is absent in the left one and appears to be located
in the ancestral anticodon stem precisely at a position expected for a nuclear tRNA intron. According to this singular
structure, we hypothesize that the Twin SINE family originated from an unprocessed polymerase III transcript
containing two tRNA sequences. We suggest that some peculiar properties acquired by this dicistronic transcript,
such as a polyA tail and a 39 stem-loop secondary structure, promote its retroposition by increasing its chances of
being recognized by a reverse transcriptase encoded elsewhere in the C. pipiens genome.

Introduction
Retroposons are DNA sequences generated by the
reverse transcription of RNA and reintegrated into the
genome (Weiner, Deininger, and Efstratiadis 1986). This
process is widely spread among eukaryotes (Weiner,
Deininger, and Efstratiadis 1986; Xiong and Eickbush
1990; Malik, Burke, and Eickbush 1999), so retroposons, being represented by retrogenes as well as short
and long interspersed elements (SINEs and LINEs), often represent a large fraction of their genomes. For example, over 30% of the human genome is made of retroposed sequences which have accumulated over a long
evolutionary period (Smit 1999).
Retroposons have long been considered selfish
DNA, but a growing number of examples indicate that
some of them can play major roles in genome evolution.
They can mediate chromosome rearrangements (Brosius
1991; Schmid 1998), provide or define regulatory domains for gene expression (McDonald 1995; Britten
1996; Willoughby, Vilalta, and Oshima 2000), give rise
to new genes or new gene regions (Brosius 1991, 1999;
Long, Wang, and Zhang 1999), or even assume a cellular function (Pardue et al. 1996; Schmid 1998). Thus,
retroposition, being an important mediator of genomic
plasticity, has emerged as a major evolutionary force.
Retrogenes are retroposons derived from a messenger RNA transcript (Weiner, Deininger, and Efstratiadis
1986). They are usually found in low copy numbers and
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are generally nonfunctional because they lack their original regulatory elements. Therefore, they are doomed to
degenerate by neutral drift unless they integrate near sequences which can promote their transcription (Weiner,
Deininger, and Efstratiadis 1986; Brosius 1991) or they
become part of a new gene (Brosius 1999; Long, Wang,
and Zhang 1999).
SINEs define another group of retroposons, which
are 100–400-bp sequences derived from small structural
RNA genes transcribed by RNA polymerase III (pol III)
(Deininger 1989; Okada 1991). Consequently, unlike retrogenes, reintegrated SINE copies retain their own internal promoter (A and B boxes) and can potentially
give rise to new transcripts capable of further retroposition (Deininger 1989; Schmid 1998; Weiner 2000).
Consequently, SINE families can be represented in very
high copy numbers in genomes.
One of the most prolific SINE families, the primate
Alu family, is present in up to one million copies in the
human genome (Smit 1999). Most Alus are about 300
bp long and are composed of two imperfect monomeric
repeats. The original monomers were derived from 7SL
RNA, one of the components of the signal recognition
particle (Ullu and Tschudi 1984; Quentin 1992). Since
the dimerization of the ancestral Alu element, the two
monomers diverged, and only the left monomer has retained a functional pol III promoter (Deininger 1989;
Schmid and Maraia 1992; Schmid 1998). Like most retroposed sequences, Alus are ended by a polyA stretch
and flanked by target site duplications, reflecting integration at a staggered DNA break (Weiner, Deininger,
and Efstratiadis 1986).
With the exception of the primate Alu and rodent
B1 elements, all SINEs described to date are related to
tRNAs (Okada 1991; Shedlock and Okada 2000). tRNA
SINEs share three distinct regions: a 59 tRNA-related
region containing the internal pol III promoter, a tRNAunrelated region, and a 39 tail which is AT-rich or com-
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posed of simple repeats (Okada 1991). While 7SL-derived SINEs are found only in primate and rodent genomes, tRNA-derived SINEs have been described in a
wide range of organisms, including vertebrates, invertebrates, plants, and fungi (reviewed in Shedlock and
Okada 2000).
Since SINEs lack coding capacity, it is obvious that
their retroposition depends on reverse transcriptase produced elsewhere in the genome. Several lines of evidence suggest that SINEs may have borrowed the retrotransposition machinery of autonomous LINEs, which
can code for reverse transcriptase (RT) and endonuclease activities. Indeed, the 39 ends of several tRNA-derived SINEs share sequence homology with the 39 end
of a LINE present in the same organism (Ohshima et al.
1996; Okada et al. 1997; Gilbert and Labuda 1999; Ogiwara et al. 1999). Hence, the LINE-encoded RT might
be able to recognize the 39 end of the SINE transcript
and initiate cDNA synthesis. The 39 end of an Alu does
not share significant sequence similarity with any LINE
identified so far. Nevertheless, Alu flanking sequences
share homology with the target motif recognized and
cleaved by the human L1 LINE endonuclease, which
suggests an intimate relationship between Alu and L1
(Boeke 1997; Jurka 1997).
Here, we report the characterization of a SINE family named Twin from the vector mosquito Culex pipiens.
High sequence conservation between Twin copies, as
well as their distribution among culicine mosquitoes,
suggests a relatively recent amplification history for this
SINE family. Interestingly, the structure of Twin defines
a new type of SINE, sharing two tRNA-related regions
separated by a 39-bp spacer and followed by a short
polyA tract. Based on primary- and secondary-sequence
analysis, we propose a scenario for the origin of this
new type of SINEs involving reverse transcription of a
dimeric tRNA precursor.
Materials and Methods
Mosquito Strains and Genomic DNAs
The first Twin-Cp1 copy was identified in a l clone
previously isolated from a genomic library of the TemR strain of C. pipiens (California). The Twin-Cp2 element was isolated from the MSE strain of C. pipiens
(France). All other copies were from the Ravenna strain
of C. pipiens (Italy). For Southern and PCR experiments, we also used genomic DNAs from the C. pipiens
strains Idron (collected in the field, south of France),
Montpellier (collected in the field, south of France),
Frankfurt (collected in the field, Germany), Pro-R, Pat,
Willow (California), C. pipiens cells (Taiwan), Culex
hortensis, Aedes triseriatus cells (Trois Rivières, Canada), A. albopictus Oahu 71 (Hawaı̈), Aedes aegypti Hanoı̈ (Vietnam), Anopheles stephensi (obtained from the
MNHN, Paris), Toxorynchites emboinensis (Polynésie,
ORSTOM), and nonculicid dipterans Drosophila melanogaster (Canton strain) and Ceratitis capitata (collected
in the field, Italy). Total genomic DNA was prepared
from adult insects as described previously (Mouchès et
al. 1986).
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Southern Blot Hybridization of Genomic DNA
Aliquots of 10 mg of genomic DNA were digested
to completion with EcoRI restriction endonuclease. Resulting fragments were separated on 1% agarose gels,
transferred to a Nytran membrane (Amersham Pharmacia Biotech, Upsala, Sweden) and hybridized at high
stringency (658C) with radiolabeled probes. Other procedures were as previously described (Mouchès et al.
1990). Twin probes were obtained by PCR amplification
from a plasmid carrying the Twin-Cp1 copy using primers TP1 and TP2 (see below), gel-purified, and labeled
with a32P-dCTP by random priming (Amersham Pharmacia Biotech).
PCR Amplification of Twin-Related Elements in
Several Culex Species
Genomic DNA (;10 ng) from various C. pipiens
strains and several insect species were subjected to PCR
amplification using a pair of Twin internal primers (TP1:
59-CCGAGCTWCCGTGGCCGTGA-39; TP2: 59TCCCGGTACGAGMATCGACGAACT-39). PCR reactions were performed according to standard procedures,
and cycling conditions were as follows: 5 min at 948C,
followed by 30 cycles of 45 s at 948C, 90 s at 558C,
and 60 s at 728C, followed by a final 10-min elongation
at 728C. PCR products were analyzed on agarose gels,
and those related to Twin were identified by Southern
hybridization using a Twin-Cp1 probe.
Isolation of Additional Twin Copies from a C. pipiens
Genomic Library and Estimation of Twin Copy
Number
A library was prepared by complete EcoRI digestion of genomic DNA from the Ravenna strain of C.
pipiens and ligation into a l-gt11 cloning vector (Stratagene, La Jolla, Calif.). About 20,000 recombinant
phages were plated and screened using a Twin-Cp1
probe. Prehybridization, hybridization, and washing
were carried out at 658C as previously described
(Mouchès et al. 1990). After a first round of screening,
a large number of positives were obtained. Several positive plaques were plugged in SM buffer and amplified,
and each was used as a template for PCR amplification
with primers for the arms of the l-gt11 vector. PCR
parameters were the same as those described above except that the annealing temperature was reduced to 548C
and the elongation time was increased to 2 min 30 s.
PCR products containing Twin elements were identified
by Southern hybridization with a Twin-Cp1 probe, gelpurified, and subcloned into pCR-TOPO plasmid vectors
(Invitrogen, Groningen, the Netherlands).
Copy number for Twin elements was estimated
based on the ratio of positive phage plaques to the total
number of plaques screened, taking into account the
haploid genome size of C. pipiens of 540 Mb (Black
and Rai 1988) and an average 4-kb insert size of the
genomic library.
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Sequence Analysis
Sequencing was done by the Eurogentec sequencing department (Seraing, Belgium) with synthetic primers, using an ABI-377 automatic sequencer. Most sequence analysis was done with tools available at the
Infobiogen server (http://www.infobiogen.fr). Database
searches were performed with BLASTN (Altschul et al.
1997) using default parameters. Multiple-sequence
alignments were constructed by CLUSTAL W, version
1.7 (Thompson, Higgins, and Gibbons 1994), using default parameters. The ability of Twins to form secondary
structures was estimated by the M. Zuker DNA and
RNA mfold programs, available through the server http:
//mfold.wustl.edu. We also used the S. Eddy tRNAscanSE program (Lowe and Eddy 1997) to assess the presence of tRNA-like sequences in Twin elements (http://
www.genetics.wustl.edu/eddy/tRNAscan-SE).
Results
Discovery of the Twin Family of Repetitive Elements
in the C. pipiens Genome
The first Twin copy, Twin-Cp1, was discovered as
a 215-bp sequence inserted into the second intron of the
C. pipiens homolog of the Drosophila white gene. The
C. pipiens white gene was cloned from a genomic library of the California Tem-R strain (unpublished data).
The 215-bp sequence was PCR-amplified and used as a
probe in Southern experiments against C. pipiens genomic DNA. A long continuous smear was obtained
(data not shown), showing that this insertion sequence
belongs to a family of repetitive interspersed elements.
By using sequence analysis, we identified a second
member of this repeat family, Twin-Cp2, in another C.
pipiens lambda clone previously isolated from a genomic library of the French MSE strain of C. pipiens.
Twin-Cp2 shares 90.7% similarity with the 215-bp insertion sequence found in the white gene, while the
DNA flanking the two elements shares no obvious similarity. We conclude that these elements are members of
the same family of interspersed repeats from the C. pipiens genome that we called the Twin family.
Structure of Twin Elements
Sequence analysis of the C. pipiens MSE clone reveals that Twin-Cp2 is inserted in a tandem repeat sequence named TRCp. TRCp units are 116 6 1 bp long
and well conserved in sequence, with pairwise identity
between units ranging from 84% to 97%. Based on sequence analysis, it is obvious that TRCp4 is the ‘‘youngest’’ tandem unit (not shown). Thus, integration of
Twin-Cp2 in TRCp4 can be considered a relatively recent event. This insertion allows us to define the boundaries of this Twin copy by comparing sequences of the
four tandem repeats (fig. 1). The insertion sequence in
TRCp4 is 229 bp long and is ended by a 14-bp pure A
stretch.
Twin-Cp2 and Twin-Cp1 have no coding capacity
and no specific terminal sequence arrangements like inverted terminal repeats, which characterize transposons

FIG. 1.—Insertion of Twin-Cp2 in a tandem repeat sequence,
TRCp. A partial sequence alignment of the four tandem repeats is
shown. Twin-Cp2 is defined as a 229-bp sequence inserted in TRCp4,
starting with GCCG and ending with a 14-bp polyA stretch (see text).
Dashed lines indicate gaps corresponding to the insertion of Twin-Cp2.

moving via a DNA intermediate. Rather, the polyA tract
at the 39 end of Twin-Cp2 is reminiscent of the end of
retroposed DNA sequences (Weiner, Deininger, and Efstratiadis 1986). Therefore, it appeared that Twins might
belong to a new family of non-LTR retroelements,
namely, a SINE or a LINE family.
In order to define the structure of Twin elements,
we isolated additional copies by screening a C. pipiens
genomic library using the 215-bp Twin-Cp1 element as
a probe. Four positive phage clones were randomly chosen and further characterized. Each genomic clone contained one copy of the repeat family. According to the
alignment of the six Twin copies (fig. 2), it is possible
to define the 59 end of the element without ambiguity.
The 39 end is more difficult to define because all Twin
copies, with the exception of Twin-Cp1, are ended by
an AT-rich region with variable length and sequence.
Based on the alignment shown in figure 2, Twin elements can be defined as a 217-bp consensus sequence
terminated by a TTTT motif and followed by a variable
number (0–13) of A residues. One element, Twin-Cp6,
lacks 124 bp at its 39 end, and Twin-Cp3 and Twin-Cp5
are slightly truncated at their 59 ends. However, sequence of truncated copies is as well conserved as the
‘‘full-length’’ copies. Excluding deleted regions, pairwise similarity between Twin copies ranges from 83%
to 96%.
Retroposons are frequently surrounded by short direct repeats (;5–20 bp) due to integration at staggered
chromosomal breaks (Weiner, Deininger, and Efstratiadis 1986). No obvious target site duplications are recognizable in genomic DNA flanking Twin copies. Nevertheless, Twin-Cp2 is flanked by the sequence AAAACAAAA at its 59 end, and its 39 polyA tract is much
longer than those of other Twin copies. Therefore, part
of the polyA tract might represent a 2–8-bp target site
duplication as well (see fig. 2). Alternatively, target site
duplications could be very short (1–3 bp), or Twin elements might not integrate at staggered chromosomal
breaks. Otherwise, it is possible that Twin copies were
frequently integrated via the host recombination machinery. Twin elements analyzed in this study are all
surrounded by AT-rich DNA, except Twin-Cp5, which
is flanked by a 39 GC-rich sequence (fig. 2). Further
analysis revealed that this GC-rich sequence represents
one of the terminal inverted repeats of a putative miniature transposable element inserted within the 39 AT-rich
end or immediately downstream of Twin-Cp5 (data not
shown). It is noteworthy that the six Twin elements are
all found in genomic regions which are highly enriched
in transposable elements (unpublished data).
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FIG. 2.—A multiple-sequence alignment of representatives of the Twin SINE family. Each copy was isolated from a genomic library of C.
pipiens. Twin-Cp1 is from the Tem-R strain (California), Twin-Cp2 is from the MSE strain (France), and Twin-Cp3–Twin-Cp6 are from the
Ravenna strain (Italy). A consensus sequence was deduced from the alignment of the six copies (Twin-CpC). Dots indicate nucleotides identical
to those in the consensus sequence, and dashes denote gaps introduced to improve the alignment. Nucleotide positions in the consensus are
indicated above its sequence. Sequences similar to the conserved A and B motifs for the polymerase III promoter are boxed. Flanking sequences
of the Twin copies are also shown. Nucleotides that belong to the TR-Cp4 tandem repeat are italicized (see fig. 1). The 39 flanking sequence of
Twin-Cp5 (open arrow) may belong to the terminal inverted repeat of a putative miniature transposable element.

Copy Number and Distribution of Twin Elements in
Dipteran Insects

ing pattern suggest that several Twin insertions may be
polymorphic among C. pipiens strains (data not shown).

The copy number of the Twin elements in the C.
pipiens genome was estimated by screening a genomic
library from the Ravenna strain with Twin-Cp1 as a
probe. Based on the ratio of positive plaques to the total
number of plaques screened and assuming a haploid genome size for C. pipiens of 540 Mb (Black and Rai
1988), the copy number of Twin elements is ;500 per
haploid genome.
We used PCR with two specific internal primers for
the Twin family to investigate the presence of related
sequences in genomic DNA of several C. pipiens strains
and various dipteran species, including Aedes and
Anopheles mosquitoes. A single strong band of the expected size (;200 bp) was obtained in all Culex strains
analyzed, as well as in the close relative species C. hortensis (fig. 3, upper panel). The identification of PCR
products as members of the Twin family was confirmed
by hybridization of PCR products with a Twin-Cp1
probe (fig. 3, lower panel). No amplification was detected from dipterans outside the genus Culex. These
findings were corroborated by Southern hybridization of
total genomic DNA digests from the same insect species
and from additional Culex species using the Twin-Cp1
probe. Again, hybridization signals were obtained only
for Culex species. Besides, some variations in the band-

Twins Contain Two tRNA-Related Regions
Twin elements have no coding capacity for a protein. However, a computer-assisted search in DNA databases using the Twin consensus sequence as a query
revealed that the 59 region (positions 6–78) shares significant nucleotide similarity (56%–67%) with tRNAArg
genes from various organisms and with the tRNA-related regions of several SINEs from the AFC family of
Cichlidae fishes (Takahashi et al. 1998). Interestingly,
sequence similarity between Twin and AFC is not restricted to the pol III promoter boxes, but is even higher
in the region located between the two boxes (fig. 4B).
This feature does not necessarily imply a phylogenetic
relationship between the two SINE families, but suggests that they may be derived from the same species
of tRNA, namely, tRNAArg.
In addition, a short region located near the 39 end
(positions 174–204 in the consensus), displays up to
85% similarity to the 39 ends of several tRNA genes.
Further sequence analysis showed that Twins are indeed
dimeric in structure, being broadly composed of two related units separated by a 39-bp sequence (fig. 4A). Both
Twin units can be well aligned except for a 16-bp sequence which is absent in the left unit. When this 16-

78

Feschotte et al.

otic tRNA introns (Ogden, Lee, and Knapp 1984; Abelson, Trotta, and Li 1998). Moreover, the size of this
insertion sequence fits well with those of eukaryal tRNA
intervening sequences, which range from 14 to 60 nt
(Abelson, Trotta, and Li 1998).
Until recently, introns in tRNA genes were thought
to be very rare in higher eukaryotes, since they had been
detected only in tRNA genes coding for tRNATyr and
tRNALeu (Arends, Kraus, and Beier 1996). However, introns have now been identified in tRNAMet from plants
(Akama and Kashihara 1996), in tRNALys genes from
mollusks (Matsuo et al. 1995), and in a human tRNAArg
gene (Bourn et al. 1994). By searching current DNA
databases, we found three human tRNAArg genes that
contain an intron as well as several tRNAArg genes without introns. Introns all are located 1 nt downstream of
the anticodon, range from 14 to 18 bp, and are highly
variable in sequence (fig. 5). Interestingly, the only conserved nucleotide is the first G residue, which is also
the first nucleotide of the 16-bp sequence interrupting
the left tRNAArg-like region of Twins (fig. 5). Together,
these data strongly suggest that the right tRNA-like region of Twins may have derived from an intron-containing tRNAArg gene. Furthermore, this implies that the
two tRNA-related regions are derived from two distinct
tRNAArg cistrons.

FIG. 3.—Distribution of Twin SINEs among dipteran insects. Genomic DNA from various insects was used for PCR experiments using
internal primers for Twin elements (TP1 and TP2; see Materials and
Methods). PCR products were separated on a 1.5% agarose gel (upper
panel) and hybridized with a Twin-Cp1 radioactive probe (lower
panel). A plasmid carrying Twin-Cp1 was used as a template for positive control, while water provided negative control. The phylogenetic
relationship between these species is schematically represented at the
top. The black arrow indicates the emergence of Twin SINEs in the
Culex lineage.

bp sequence is removed, both units share significant sequence similarity to tRNAArg genes from various organisms and to the 59 tRNA-related region of AFC SINEs
(fig. 4B). Accordingly, both tRNA-like regions can be
folded into cloverleaf secondary structures similar to
those established for tRNAArg (fig. 4C). Strikingly, most
of the invariant and semi-invariant residues in the ‘‘universal’’ tRNA structure (according to Sprinzl et al.
1987) are still present in Twin tRNA-like monomers (fig.
4C). Finally, the left unit is still predicted as a tRNA
gene by the tRNAScan-SE program using default parameters (score 38.3). Guided by these analyses, we conclude that Twin is a new family of tRNA-derived SINEs
containing two tRNAArg-related regions. The left tRNAlike unit spans from position 6 to position 78 in the Twin
consensus sequence, and the right one spans from nucleotide 118 to nucleotide 207 (figs. 2 and 4A).
It is noteworthy that the 16-bp insertion sequence
found in the right tRNA-like region of Twins is located
in the anticodon loop, 1 bp 39 of the putative anticodon
(fig. 4B and C), a position identical to those of eukary-

Discussion
Twin Is a Novel SINE Family from the Vector
Mosquito C. pipiens
We have characterized a family of repetitive DNA
elements called Twin from C. pipiens. One member of
this family was recently integrated into a copy of a tandem repeat sequence. Analysis of additional copies
shows that Twins possess some features that define the
SINE class of retroposons, including a short size (;220
bp), the presence of consensus motifs for pol III promoter (A and B boxes), and a 39 polyA tract. We estimated that there were at least 500 Twin copies per haploid genome and we found that this family was present
in all C. pipiens strains analyzed, as well as in the close
relative C. hortensis. We were unable to detect any
Twin-related element in Aedes species, which are members of the same subfamily, Culicinae. We conclude that
the Twin family arose specifically in the lineage leading
to the genus Culex (fig. 3).
Consistent with their relatively recent origin, the
six Twin copies isolated from the C. pipiens genome
share an average sequence divergence of 15%. Assuming that the substitution rate for retroposons is similar
to those defined for Drosophila pseudogenes (1.5%/Myr;
Petrov et al. 2000), a major amplification of Twin SINEs
in the C. pipiens genome may have occurred approximately 10 MYA. Furthermore, several preliminary results indicate that intraspecific dimorphism exists for
some Twin insertions among different populations (data
not shown), which suggests that Twin amplification
might be an ongoing process in some C. pipiens strains.
Dimorphic SINE insertions are potentially a rich source
of genetic markers for population biology studies, as
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FIG. 4.—A, Structure of Twin SINEs. A and B boxes refer to sequences similar to the promoter for RNA polymerase III. The interrupting
sequence in the right tRNA-related region is indicated by i. The TTTT motif found at the 39 end of Twin SINEs could potentially act as a
terminator signal for RNA polymerase III. B, Multiple-sequence alignment of Twin tRNA-related regions with the tRNA-related region of an
AFC SINE member from Julidochromis transcriptus (AFCJt, GenBank accession number AB016552) and with tRNAArg genes from Trypanosoma brucei (ArgTb, X57045), Saccharomyces cerevisae (ArgSc, K00159), Drosophila melanogaster (ArgDm, X04988), Leishmania tarentolae
(ArgLt, X69891), Caenorhabditis elegans (ArgCe, X51770), and Homo sapiens (ArgHs, Z26635). ‘‘TwinL’’ refers to the left tRNA-related
region of the Twin consensus sequence (see fig. 2), while ‘‘TwinR’’ refers to the right one, excluding the 16-bp insertion sequence (i). The
alignment was constructed with CLUSTAL W (Thompson, Higgins, and Gibbons 1994) using default parameters. Conserved residues in at least
five of the nine aligned sequences are marked in white type on a black background; those conserved in four of the nine sequences are shaded
in gray. Dashes indicate gaps introduced for the alignment. Consensus sequences for the RNA polymerase III promoter (A and B boxes) are
shown. The position of the 16-bp insertion is indicated by an arrowhead. Stars indicate nucleotides which appear to be conserved only in Twin
tRNA-like units, possibly reflecting their common evolutionary origin. C, Comparison between the cloverleaf secondary structure of a tRNAArg
gene from T. brucei and those obtained for the left and right tRNA-related regions of Twin SINEs. Notice that cloverleaf-like base pairing is
recovered in the right tRNA-related region only when the 16-bp insertion sequence is removed from the anticodon stem region. Nucleotides
corresponding to the anticodon are boxed. Nucleotides marked with plus signs are those that agree with invariant or semi-invariant residues of
the tRNA molecule (according to Sprinzl et al. 1987); those marked with minus signs do not.

was previously illustrated for the SINEs of some vertebrate species (Batzer et al. 1994; Hamada et al. 1998).
Given the current recrudescence of mosquito-transmitted
diseases, the development of powerful genetic markers
is of major importance for a better understanding of the
population structure and dynamics of each vector mosquito species in the field, and thus for better control of
these insects.

Origin of the Twin Family of tRNA-Derived SINEs
Twin is the first SINE family to be described from
the genome of the vector mosquito C. pipiens. However,
Twins are atypical SINEs in terms of their structure,
consisting of two related regions, both similar to a tRNAArg gene, separated by a 39-bp sequence (fig. 4A).
Therefore, Twins share a dimer-like structure with two
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FIG. 5.—Comparison between the 16-bp sequence interrupting the right tRNA-related region of Twins (Twin-R) and intervening sequences
found in human tRNAArg genes. GenBank accession numbers are given for each human tRNA Arg gene. Intervening sequences are shown in
bold. The first conserved G residue is highlighted. Nucleotides corresponding to the anticodon are shaded in gray.

sets of potential pol III promoters (see below). Most
SINEs described so far possess a single tRNA-related
region located in their 59 half, while their 39 half is made
up of a tRNA-unrelated region followed by a polyA tail
or short tandem repeats (Shedlock and Okada 2000).
Other multimeric SINEs include the primate Alus
(Deininger 1989; Quentin 1992), the chironomid insect
Cp1 elements (He et al. 1995), and the zebrafish DANA
elements (Izsvák et al. 1996). It is believed that all of
these elements arose by multimerization of at least two
ancestral retroposons through a mechanism that remains
unclear. In the case of Cp1, the two tRNA-related modules are tandemly arranged, and both start with a 22-bp
sequence strikingly similar to the insertion site of the
R2 LINE in the 28 S preribosomal gene. According to
this structure, it is hypothesized that Cp1 arose by duplication of an ancestral tRNA retrogene integrated into
the R2 insertion site (He et al. 1995). Alu monomers are
also tandemly arranged, and it is proposed that the progenitor of the dimeric Alu family is the result of the
fusion of a free left monomer (FLAM) with a right
monomer (FRAM). Indeed, FLAM and FRAM elements
are still present in the genome but are found at lower
copy numbers than the dimeric Alu (Quentin 1992).
Each monomer originated from an ancestral retroposon
(FAM) which has been derived from 7SL RNA (Ullu
and Tschudi 1984; Quentin 1992). Consequently, both
FLAM and FRAM are ended by an A-rich tail, and an
A-rich region remains between the two arms of dimeric
Alu sequences (Deininger 1989).
Although we cannot rule out the possibility that
such recombinational events lead to the Twin structure,
we prefer an alternative scenario for the origin of this
SINE family for the following reasons. First, unlike Cp1
and Alu, the two related Twin units are not truly tandemly arranged, since they are separated by a 39-bp
sequence. Moreover, this spacer sequence found between the two tRNA-like regions of Twins is not particularly A-rich. Thus, it seems unlikely that it represents
a ‘‘fossil’’ of a polyA tail from an ancestral tRNA
retrogene.
What is the origin of this 39-bp sequence? According to our hypothesis, it may correspond to the DNA
region ancestrally separating two tRNAArg genes. In other words, we believe that the structure of Twin SINEs
reflects the ancient clustered organization of two tRNAArg genes. It is known that many nuclear tRNA
genes are frequently clustered in the same chromosomal
region. For example, 10 tRNA genes are clustered with-

in a 1.9-kb chromosomal region in Leishmania tarentolae (Shi, Chen, and Suyama 1994), 4 tRNAArg genes
are found within a 1-kb region of the D. melanogaster
genome (GenBank accession number L09196), and a
Xenopus laevis tRNA gene cluster contains a tRNAPhe
and a tRNATyr separated by only 72 bp of DNA (Hosbach, Silberklang, and McCarthy 1980). These genes are
organized as individual transcriptional units, since each
gene contains its own internal pol III promoter, and a
termination signal for pol III (i.e., at least four consecutive T residues) is present in the downstream sequence
of each gene. However, this rule has often been found
to be broken in yeast. In this organism, two tRNA genes
can be cotranscribed into dimeric precursors and then
are processed into two mature tRNAs. To date, two examples of such polycistronic tRNA transcripts are
known: a Saccharomyces cerevisiae tRNAArg-tRNAAsp
precursor, in which the two genes are separated by a 10bp spacer (Schmidt et al. 1980), and a Schizosaccharomyces pombe dimeric precursor, which consists of an
intron-containing tRNASer gene and a tRNAMet gene separated by a 7-bp spacer (Mao, Schmidt, and Soll 1980).
We believe that such a dimeric tRNA precursor
could have been produced in C. pipiens as well and
might have given rise to the Twin SINE family. Consistent with this hypothesis, the pol III termination motif
(four or more T residues) is absent from the Twin 39bp spacer while being present at the 39 end of the Twin
consensus, downstream of the right tRNA-like unit.
Such a motif also agrees with the polyU sequence typical of the 39 end of pol III transcripts (Bogenhagen and
Brown 1981). Therefore, the 10 nt found downstream
of the right tRNA-like region may correspond to a ‘‘relic’’ of the 39 trailer of a tRNA precursor. Similarly, the
5 nt located upstream of the left tRNA-like unit could
represent the short 59 leader of a tRNA precursor. In this
regard, the presence of a 16-bp intervening sequence in
the ancestral downstream tRNAArg (fig. 4B and C) is in
agreement with previous reports, showing that splicing
can be a relatively late event in tRNA maturation and
often occurs after end-processing (Bertrand et al. 1998;
Wolin and Matera 1999). Taken together, these data are
consistent with the idea that Twin SINEs have originated
from an unprocessed dimeric pol III transcript containing two related, but distinct, tRNA cistrons.
Nevertheless, we have no indication that such a dimeric precursor could have ever been efficiently processed into functional tRNAs in the mosquito genome.
Indeed, such a cotranscription event can be viewed as
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accidental, possibly resulting from mutations in the termination signal for the upstream tRNA gene. Consequently, many structural features of the aberrant dimeric
transcript might have prevented its maturation but, in
the same way, could have increased its chances of becoming an efficient template for a reverse transcriptase
(see below).
Are Twin SINEs Amplified Through an RNA
Intermediate?
Our model for the origin of Twin SINEs involves
an ancestral retroposition event of an unprocessed pol
III transcript. This event could be considered very unusual, since retroposons are generally derived from fully
processed transcripts (Weiner, Deininger, and Efstratiadis 1986), although some exceptions are well known
(Weiner, Deininger, and Efstratiadis 1986; Brosius
1999). This also raises the possibility that Twin amplification could have occurred through a DNA intermediate. Yet, several features indicate that, rather, Twins
were most likely to be generated by retroposition.
The first step in retroposition is transcription of the
entire DNA element by RNA polymerase. Consequently,
retroelements usually contain an internal promoter.
While Twins diverge significantly from their ancestral
tRNA progenitors, the left tRNA-related region still has
well conserved A and B boxes, i.e., a potential internal
promoter for RNA polymerase III (fig. 4B). In addition,
the polyT termination signal for RNA polymerase III is
found at the 39 end of the Twin consensus sequence and
nowhere else in the sequence. Thus, it is plausible that
Twin source genes could be transcribed by RNA polymerase III. We were able to detect Twin transcripts of
the expected size (approximately 220 bp) by Northern
blot analysis, showing that Twin is efficiently transcribed in vivo (data not shown). However, additional
studies are needed to determine if Twin is actually transcribed by polymerase III.
The second step in retroposition involves recognition of the 39 end of the retroposon RNA by an RT,
followed by first-strand cDNA synthesis (Luan et al.
1993; Kazazian and Moran 1998). Because first-strand
synthesis is often an incomplete process, many 59-truncated LINEs and SINEs are reintegrated in the genome
(Weiner, Deininger, and Efstratiadis 1986; Luan et al.
1993; Takasaki et al. 1994; Kazazian and Moran 1998).
It is noteworthy that two out of the six Twin copies
randomly isolated from the C. pipiens genome are
slightly truncated at their 59 ends (Twin-Cp3 and TwinCp5; fig. 2). This suggests that these copies may be the
products of incomplete reverse transcription and, by extension, further supports the hypothesis that Twins are
retroposed sequences.
What Is the Source of RT for Twin SINEs?
Most SINEs described so far resemble a fusion
product of a tRNA-derived sequence with a tRNA-unrelated sequence. In some cases, the tRNA-unrelated region can be further divided into a 59 part and a 39 part,
with the latter being derived from the 39 tail of a LINE
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(Ohshima et al. 1996; Okada et al. 1997; Ogiwara et al.
1999). In this way, it is thought that SINEs can ‘‘hijack’’
the retropositional machinery of the corresponding
LINE.
In the case of Twins and in some other cases, such
as those of CHR-1 and CHRS families (Shimamura et
al. 1999) or the rodent ID and B2 families (Deininger
1989), the 39 tRNA-unrelated region is so short that it
appears unlikely that they share extensive similarity
with a LINE tail sequence. The same conclusion can be
drawn for the primate Alu and rodent B1 elements, since
their sequences are derived exclusively from 7SL RNA.
Therefore, if we assume that Twins and these other
SINEs transpose by using the enzymatic machinery of
a partner LINE, it is obvious that additional factors may
influence the propensity of these SINE families to be
efficiently and frequently recognized by a LINE-encoded RT.
One key feature is probably the secondary or tertiary structure of the SINE transcript. Such structures
not may only facilitate recognition of and access to the
LINE RT, but may also influence SINE transcript stability and localization, as well as priming of reverse
transcription (Sinnett et al. 1991; Schmid and Maraia
1992; Boeke 1997; Mathews 1997; Schmid 1998; Brosius 1999). Interestingly, the single-stranded Twin consensus sequence can be potentially folded into an elaborate secondary structure (data not shown and fig. 6).
While the Twin left unit has retained a cloverleaf tRNAlike structure, the right tRNA-related region can form a
long stem-loop structure including the 16-bp putative
intron relic. We do not know if such a structure exists
in vivo, but if so, it might reflect a structural evolution
of the Twin transcript leading to efficient retroposition.
It is also possible that the inability of the right monomer
to form a tRNA-like structure stabilizes the dimeric transcript and increases its propensity for retroposition. Indeed, it was shown that the first step in the maturation
of the yeast dimeric transcript is endonucleolytic cleavage between the two tRNA sequences (Mao, Schmidt,
and Soll 1980; Schmidt et al. 1980). This cleavage is
mediated by RNase P, which recognizes the tRNA structure of the downstream tRNA (Pearson et al. 1985).
Therefore, the inability of the Twin downstream unit to
form a tRNA-like structure may have provided positive
selection for Twin by stabilizing its transcript and increasing its chances of being retroposed (R. Maraia, personal communication).
Another key feature which might increase retroposition efficiency resides in the presence of a polyA
tail in the retroposon transcript. Indeed, it was shown
that the polyA tail of the human LINE L1 transcript was
critical for its retroposition, with the L1 RT interacting
with the polyA itself rather than with the 39 untranslated
region of the L1 transcript (Moran et al. 1996; Kazazian
and Moran 1998; Moran, DeBerardinis, and Kazazian
1999). More recently, it was also shown that L1 products are able to generate retropseudogenes (Esnault,
Maestre, and Heidmann 2000). These findings reveal
that there is no primary RNA sequence specificity for
L1-mediated retroposition events, which further sup-
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FIG. 6.—Schematic folded representation of the single-stranded Twin consensus sequence. Hypothetical relics of a dimeric tRNA transcript,
including the 59 leader, the spacer, the intron, and the 39 trailer are shown, along with their possible boundaries (arrowheads). This representation
was deduced from RNA secondary predictions (not shown) established by the M. Zuker mfold server at http://mfold2.wustl.edu/.

ports the hypothesis that L1 LINEs are the most probable candidate to mediate Alu retroposition. It is believed that the presence of a polyA tail in Alu RNAs,
probably in concert with some structural properties, may
greatly increase their chances of being recognized and
reverse-transcribed by the L1 enzymatic machinery
(Boeke 1997; Schmid 1998; Weiner 2000). In a similar
manner, we speculate that acquisition of a polyA tail by
the ancestral Twin transcript may have contributed to its
reverse transcription. Although polyadenylation of such
a putative pol III transcript might be considered aberrant, it has often been reported for several stable RNAs
(Yokobori and Pääbo 1997; Li, Pandit, and Deutscher
1998; Komine et al. 2000). Besides, this acquisition is
very likely to have taken place at the RNA level, which
further argues that Twin SINEs arose by retroposition.
As discussed by Okada et al. (1997), there might
be two different type of LINEs, a stringent type and a
relaxed type. L1 may belong to the relaxed type of
LINEs, for which the 39 region is not required for retroposition (Kazazian and Moran 1998), and the recognition specificity by RT became relaxed or changed from
the 39 end tail to the polyA stretch (Boeke 1997; Weiner
2000). These can explain why in mammals there are so
many SINEs and pseudogenes ending in a polyA stretch.
The present report of a SINE family lacking an obvious
39 tail in the Culex genome provides evidence that some
relaxed LINEs may also exist in an insect genome. L1like elements have been described in a wide range of
eukaryotes, ranging from plants to higher vertebrates,
and are considered one of the oldest LINE clades (Ma-

lik, Burke, and Eickbush 1999). Although to date no L1like LINEs have been described from C. pipiens, it is
very likely that some are present in its genome. Alternatively, it is possible that some LINEs belonging to
other clades could encode for an RT that is ‘‘relaxed,’’
i.e., able to recognize the polyA tail of Twin SINEs. For
example, Juan-C elements are polyA-ended LINEs reiterated in more than 2,500 homogeneous copies in the
genome of C. pipiens (Agarwal et al. 1993). This suggests recent activity for this LINE family, and some recent data revealed that some Juan-C elements are actively transcribed in mosquito cells (unpublished data).
Therefore, it would be very interesting to test in vitro
whether Juan-C LINE products can mediate Twin SINE
reverse transcription.
Supplementary Material
Nucleotide sequences reported in this paper will
appear in the GenBank database under accession numbers AF282724–AF282729. A consensus sequence for
Twin SINEs was deposited in Rybase Update (available
at http://www.girinst.org).
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MOUCHÈS, C., N. PASTEUR, J. B. BERGÉ, O. HYRIEN, M. RAYMOND, B. R. DE SAINT VINCENT, M. DE SILVESTRI, and G.
P. GEORGHIOU. 1986. Amplification of an esterase gene is

84

Feschotte et al.

responsible for insecticide resistance in a California Culex
mosquito. Science 233:778–780.
OGDEN, R. C., M. C. LEE, and G. KNAPP. 1984. Transfer RNA
splicing in Saccharomyces cerevisiae: defining the substrates. Nucleic Acids Res. 12:9367–9382.
OGIWARA, I., M. MIYA, K. OHSHIMA, and N. OKADA. 1999.
Retropositional parasitism of SINEs on LINEs: identification of SINEs and LINEs in elasmobranchs. Mol. Biol.
Evol. 16:1238–1250.
OHSHIMA, K., M. HAMADA, Y. TERAI, and N. OKADA. 1996.
The 39 ends of tRNA-derived short interspersed repetitive
elements are derived from the 39 ends of long interspersed
repetitive elements. Mol. Cell. Biol. 16:3756–3764.
OKADA, N. 1991. SINEs. Curr. Opin. Genet. Dev. 1:498–504.
OKADA, N., M.. HAMADA, I. OGIWARA, and K. OHSHIMA 1997.
SINEs and LINEs share common 39 sequences: a review.
Gene 205:229–243.
PARDUE, M. L., O. N. DANILEVSKAYA, K. LOWENHAUPT, F.
SLOT, and K. L. TRAVERSE. 1996. Drosophila telomeres:
new views on chromosome evolution. Trends Genet. 12:48–
52.
PEARSON, D., I. WILLIS, H. HOTTINGER, J. BELL, A. KUMAR,
U. LEUPOLD, and D. SOLL. 1985. Mutations preventing expression of sup3 tRNASer nonsense suppressors of Schizosaccharomyces pombe. Mol. Cell. Biol. 5:808–815.
PETROV, D. A., T. A. SANGSTER, J. S. JOHNSTON, D. L. HARTL,
and K. L. SHAW. 2000. Evidence for DNA loss as a determinant of genome size. Science 287:1060–1062.
QUENTIN, Y. 1992. Origin of the Alu family: a family of Alulike monomers gave birth to the left and the right arms of
the Alu elements. Nucleic Acids Res. 20:3397–3401.
SCHMID, C. W. 1998. Does SINE evolution preclude Alu function? Nucleic Acids Res. 26:4541–4550.
SCHMID, C., and R. MARAIA. 1992. Transcriptional regulation
and transpositional selection of active SINE sequences.
Curr. Opin. Genet. Dev. 2:874–882.
SCHMIDT, O., J. MAO, R. OGDEN, J. BECKMANN, H. SAKANO,
J. ABELSON, C. R. TROTTA, H. LI, and D. SOLL. 1980. Dimeric tRNA precursors in yeast. Nature 287:750–752.
SHEDLOCK, A. M., and N. OKADA. 2000. SINE insertions: powerful tools for molecular systematics. Bioessays 22:148–
160.
SHI, X., D. H. CHEN, and Y. SUYAMA. 1994. A nuclear tRNA
gene cluster in the protozoan Leishmania tarentolae and
differential distribution of nuclear-encoded tRNAs between
the cytosol and mitochondria. Mol. Biochem. Parasitol. 65:
23–37.
SHIMAMURA, M., H. ABE, M. NIKAIDO, K. OHSHIMA, and N.
OKADA. 1999. Genealogy of families of SINEs in cetaceans
and artiodactyls: the presence of a huge superfamily of
tRNA(Glu)-derived families of SINEs. Mol. Biol. Evol. 16:
1046–1060.

SINNETT, D., C. RICHER, J. M. DERAGON, and D. LABUDA.
1991. Alu RNA secondary structure consists of two independent 7 SL RNA-like folding units. J. Biol. Chem. 266:
8675–8678.
SMIT, A. F. 1999. Interspersed repeats and other mementos of
transposable elements in mammalian genomes. Curr. Opin.
Genet. Dev. 9:657–663.
SPRINZL, M., T. HARTMANN, F. MEISSNER, J. MOLL, and T.
VORDERWULBECKE. 1987. Compilation of tRNA sequences
and sequences of tRNA genes. Nucleic Acids Res 15:153–
188.
TAKAHASHI, K., Y. TERAI, M. NISHIDA, and N. OKADA. 1998.
A novel family of short interspersed repetitive elements (SINEs) from cichlids: the patterns of insertion of SINEs at
orthologous loci support the proposed monophyly of four
major groups of cichlid fishes in Lake Tanganyika. Mol.
Biol. Evol. 15:391–407.
TAKASAKI, N., S. MURATA, M. SAITOH, T. KOBAYASHI, L.
PARK, and N. OKADA. 1994. Species-specific amplification
of tRNA-derived short interspersed repetitive elements (SINEs) by retroposition: a process of parasitization of entire
genomes during the evolution of salmonids. Proc. Natl.
Acad. Sci. USA 91:10153–10157.
THOMPSON, J. D., D. G. HIGGINS, and T. J. GIBSON. 1994.
CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 22:4673–4680.
ULLU, E., and C. TSCHUDI. 1984. Alu sequences are processed
7SL RNA genes. Nature 312:171–172.
WEINER, A. M. 2000. Do all SINEs lead to LINEs? Nat. Genet.
24:332–333.
WEINER, A. M., P. L. DEININGER, and A. EFSTRATIADIS. 1986.
Nonviral retroposons: genes, pseudogenes, and transposable
elements generated by the reverse flow of genetic information. Annu. Rev. Biochem. 55:631–661.
WILLOUGHBY, D. A., A. VILALTA, and R. G. OSHIMA. 2000.
An Alu element from the K18 gene confers position-independent expression in transgenic mice. J. Biol. Chem. 275:
759–768.
WOLIN, S. L., and A. G. MATERA. 1999. The trials and travels
of tRNA. Genes Dev. 13:1–10.
XIONG, Y., and T. H. EICKBUSH. 1990. Origin and evolution of
retroelements based upon their reverse transcriptase sequences. EMBO J. 9:3353–3362.
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