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Abstract
Two new short retroposon families (SINEs) have been found in the genome of springhare Pedetes capensis (Rodentia). One of them, Ped-1,
originated from 5S rRNA, while the other one, Ped-2, originated from tRNA-derived SINE ID. In contrast to most currently active mammalian
SINEs mobilized by L1 long retrotransposon (LINE), Ped-1 and Ped-2 are mobilized by Bov-B, a LINE family of the widely distributed RTE
clade. The 3′ part of these SINEs originates from two sequences in the 5′ and 3′ regions of Bov-B. Such bipartite structure of the LINE-derived
part has been revealed in all Bov-B-mobilized SINEs known to date (AfroSINE, Bov-tA, Mar-1, and Ped-1/2), which distinguishes them from
other SINEs with only a 3′ LINE-derived part. Structural analysis and the distribution of Bov-B LINEs and partner SINEs supports the horizontal
transfer of Bov-B, while the SINEs emerged independently in lineages with this LINE.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
The genomes of higher eukaryotes contain repetitive elements.
These are divided into tandem and interspersed repeats. While
some interspersed repeats (DNA transposons) replicate via a DNA
intermediate, the replication of retrotransposons involve the
transcription of their genomic copies followed by reverse
transcription of an RNA intermediate and DNA integration into
the genome. Retrotransposons are divided into LTR elements, long
interspersed nuclear elements (LINEs), and short interspersed
nuclear elements (SINEs). In mammals, retroelements amount to
30–40% of the genome size.
The structure of LINEs is similar; they have one or two open
reading frames coding for reverse transcriptase, commonly for
apurinic/apyrimidinic endonuclease, and often for ribonuclease H
(Malik et al., 1999). LINE DNA is transcribed by cellular RNA
polymerase II; the RNA is reverse transcribed and inserted to a new
genomic location. LINEs have a common history that was
Abbreviations: SINE, short interspersed element; LINE, long interspersed
element; 5′-LDR, 5′ LINE-derived region; 3′-LDR, 3′ LINE-derived region.
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reconstructed by Malik et al. (1999). Currently, LINEs are divided
into at least 15 clades (Malik and Eickbush, 2000; Lovsin et al.,
2001; Burke et al., 2002). The RTE clade is widely distributed
among eukaryotic taxa from Caenorhabditis elegans to mammals
(Malik and Eickbush, 1998). The Bov-B family of RTE LINEs
includes representatives of ruminants, snakes, lizards, and
marsupials (Kordis and Gubensek, 1998).
SINEs are short (100–500 bp) and encode no proteins; they are
transcribed by cellular RNA polymerase III, while the subsequent
reverse transcription and integration into the genome is mediated by
the LINE machinery (Jurka, 1997; Kajikawa and Okada, 2002;
Dewannieux et al., 2003). Unlike all other transposons, most SINE
families do not share a common origin and were independently
generated in different host lineages from cellular and LINE
modules (Kramerov and Vassetzky, 2005). Typically, the 5′ end of
SINEs is derived from a cellular tRNA; however, it can also
descend from 7SL RNA (Alu, B1, and their derivatives in primates,
rodents, and tree shrews) (Ullu and Tschudi, 1984; Quentin, 1994;
Kriegs et al., 2007) or 5S rRNA (SINE3 and some DeuSINEs)
(Kapitonov and Jurka, 2003; Nishihara et al., 2006). The origin of
the central part of most SINE families is obscure, although some
otherwise unrelated SINEs share the same ‘core’ region (three such
cores are known to date (Gilbert and Labuda, 1999; Ogiwara et al.,
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2002; Nishihara et al., 2006)). The 3′ end of SINEs descends from
the 3′ end of the partner LINE (Ohshima and Okada, 2005), the
retropositional machinery of which is utilized.
Most currently active mammalian SINEs are mobilized by
LINE1 (L1) with a few documented exceptions; e.g., Mon-1
SINE in monotremes is mobilized by L2 (Gilbert and Labuda,
2000) or Bov-tA SINE in ruminants is mobilized by Bov-B1
(Okada and Hamada, 1997). All these LINEs belong to different
clades, and Bov-B represents a group in the RTE clade found in a
particularly wide range of animals including reptiles and
mammals (Zupunski et al., 2001). There is one more Bov-Bmobilized SINE Mar-1 in marsupials; it remains unclear if it is
extinct or still active (Gilbert and Labuda, 2000). In this work,
we describe two more SINEs mobilized by Bov-B in the
genome of springhare (Rodentia, Pedetidae), one 5S rRNAderived (Ped-1) and the other tRNA-derived (Ped-2). We have
also found Bov-B sequences in afrotherian AfroSINE described
previously by Nikaido et al. (2003). Analysis of all Bov-Bmobilized SINEs known to date demonstrates a common bipartite
pattern in their LINE-derived part. The origin of Bov-B LINEs and
SINEs are considered in the context of their structure and
distribution.
2. Materials and methods
2.1. DNA Samples
Animal, tissue, and DNA sources are shown in Supplementary
Table 1. DNA was isolated from fresh frozen or ethanol-preserved
tissues (liver, kidney, or muscle) by incubation with proteinase K
followed by phenol/chloroform extraction. DNA was quantified by
fluorometry using Hoechst dye 33258.

purified by two additional rounds of colony hybridization. PCR
products containing regions of P. capensis Bov-B LINE were
cloned into pGEM-T Vector (Promega) according to the
manufacturer's instructions.
2.3. Preparation of hybridization probes
Hybridization probes were generated by PCR using template
DNAs and primers shown in Supplementary Table 2. For
radioactive labeling, 1/50 of isolated PCR product was added to
PCR mix (25 μl) containing 30 μCi [α-32P]dATP, and 20 PCR
cycles (95 °C for 1 min, annealing temperature (Supplementary
Table 2) for 1 min, and 72 °C for 2 min) were carried out.
2.4. Dot–blot hybridization and estimation of SINE copy numbers
Genomic DNAs (500 ng) were incubated in 10 μl of 0.5 M
NaOH for 1 h at 37 °C. After the incubation, 20 volumes of 6×
SSC, 6% formaldehyde, and 0.025 M NaH2PO4 were added, and
the DNA was transferred to a Hybond N membrane. Hybridization and washing conditions as well as radioactive probe
preparation were the same as in colony screening of the genomic
libraries. Filters were autoradiographed and the hybridization
signal intensity measured with a Cyclone phosphorimager
(Packard).
The number of Ped-1 copies was determined from the signal
intensity of dot hybridization with 5S rRNA probe (Fig. 5B)
relative to the mean genomic signal of three species where the
number of 5S rRNA genes and pseudogenes is known (human,
mouse, and rat) (Quincey and Wilson, 1969; Sorensen and
Frederiksen, 1991; Hallenberg et al., 1994). The number of Ped-1
and Ped-2 copies was also determined from the number of positive
clones during screening the genomic library.

2.2. Library construction and screening
2.5. DNA sequencing and computer analysis
Pedetes capensis DNA (5.0 μg) was digested with EcoRI
and HindIII and separated by electrophoresis in 1% agarose gel.
DNA fragments of 0.5–1.2 kb were collected by reverse
electrophoresis on a DEAE membrane inserted in the gel. DNA
was eluted from the membrane in 400 μl of 1 M NaCl, 1 mM
EDTA, and 10 mM Tris–HCl, pH 8.0, for 30 min at 60 °C. The
isolated genomic fragments (0.2 μg) were ligated into 0.1 μg
pGEM3Z, digested with EcoRI and HindIII, and used to
transform XL-1 Blue Escherichia coli cells. Colony hybridization was carried out at 60 °C in 4× SSC, 0.5% SDS, 5×
Denhardt's solution, 0.1 mg/ml boiled herring sperm DNA, and
32
P-labeled mouse ID, Bov-B/Ped-2, or bovine 5S rRNA probe.
Nitrocellulose filters were washed in 0.1 × SSC and 0.1% SDS
at 42 °C, and positive colonies were identified by autoradiography. Colonies with hybridization signal were selected and

1
There is one more ruminant retroposon, Bov-A2, referred to as SINE. It is a
dimer of LINE-derived sequences found in Bov-tA but no tRNA-derived part.
Bov-A2 (as well as truncated copies of Bov-B LINE sometimes called Bov-B
SINE) are unlikely transcribed by RNA polymerase III, and hence cannot be
considered as SINE.

Cloned SINE- or LINE-containing DNA fragments were
sequenced using standard M13 primers, the BigDye Terminator
sequencing kit, and an ABI Prism 3100-Avant sequencer
(Applied Biosystems). The nucleotide sequences of cloned
DNA fragments were deposited in GenBank under accession
numbers EF633697–EF633716, EU155135, and EU155136.
All consensus sequences were manually corrected for hypervariable CpG/CpA/TpG methylation targets. Consensus sequences
of Bov-B LINE as well as Ped-1 and Ped-2 SINEs of springhare
were generated from sequences obtained in this work, while other
consensus sequences of Bov-B and partner LINEs were generated
from sequences available in data banks. SINE consensus sequences
were generated for Bov-tA of cow (Bos taurus), Mar-1 of opossum
(Monodelphis domestica), and AfroSINE of elephant (Loxodonta
africana) and tenrec (Echinops telfairi). Full-length Bov-B
consensus sequences were generated for species where partner
SINEs were identified whenever possible: elephant, tenrec,
opossum, and cow. Their boundaries were confirmed by both
target site duplications (TSDs) and end of sequence similarity
(elephant, tenrec, and cow) or just end of sequence similarity
(opossum). In addition, 3′ consensus sequences were generated
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Fig. 1. Alignment of Ped-1 SINE sequences from the springhare genome. Rat 5S rRNA, springhare Bov-B consensus, and Ped-1 consensus sequences are included. Flanking genomic sequences are shown in lowercase.
Target site duplications are underlined. RNA polymerase III promoter elements (boxes A and C as well as intermediate element) are shown above the sequences. Shaded boxes mark the 5S rRNA and Bov-B LINEderived regions.
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Fig. 2. Alignment of Ped-2 SINE sequences from the springhare genome. Rat ID SINE, springhare Bov-B consensus, and Ped-2 consensus sequences are included. Flanking genomic sequences are shown in lowercase.
Target site duplications are underlined. RNA polymerase III promoter elements (boxes A and B) are shown above the sequences. Shaded boxes mark the ID and Bov-B LINE-derived regions.
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for sheep (Ovis aries), phalanger (Trichosurus vulpecula),
platypus (Ornithorhynchus anatinus), deers (Cervidae), snakes
(Serpentes), skinks (Scincomorpha), geckos (Gekkota), and
iguanas (Iguanidae).
The phylogenetic analysis was carried out using the Bayesian
method (MrBayes 3.1, GTR model with γ-distributed rate
variation across sites and a proportion of invariable sites
(Ronquist and Huelsenbeck, 2003); 4 chains; 1,000,000 generations; 280,000 burn-in) as well as maximum likelihood and
parsimony methods (PHYLIP, (Felsenstein, 1989)).
3. Results
3.1. Bov-B-mobilized SINEs
3.1.1. Two novel SINE families in springhare
Rodentia is a huge mammalian order including 35 families and
more than 40% of mammalian species. Recently, we have shown
that B1 SINE is found in a wide range of (most likely, in all)
rodents (Vassetzky et al., 2003; Veniaminova et al., 2007). While
studying ID, a tRNAAla-derived SINE also widespread in rodents
(Kim et al., 1994), we have found a novel SINE with 5′-terminal
ID and an unrelated 3′ region in springhare (P. capensis) by
screening its genomic library with mouse ID probe. Further
screening using this 3′ region as a probe allowed us to identify one
more SINE with a similar 3′ end but with a 5S rRNA-derived 5′
region instead of ID. In total, 10 and 16 sequences of these 5S
rRNA- and ID-derived SINEs called Ped-1 and Ped-2, respectively, have been obtained (Figs. 1 and 2).
The consensus sequence of Ped-1 is 270 bp long (Fig. 1). It
includes a 117-bp 5S rRNA-related region at the 5′ end (82%
identity to mouse or rat 120-bp 5S rRNA) immediately followed
by two regions similar to Bov-B LINE (see below): a 78 bp region
similar to a region in the 5′ part of Bov-B (83% similarity with
springhare sequence) and a 61 bp 3′-terminal similar to the very 3′
end of Bov-B (82% similarity). These regions were designated as
the 5′ LINE-derived region (5′-LDR) and 3′ LINE-derived region
(3′-LDR), respectively. Ped-1 ends with a (CAA)n tail; such tails
composed of a simple repeat (usually, 3–5 bp long) are found in
many non-mammalian SINEs (Kramerov and Vassetzky, 2005).
Finally, all but one full-length Ped-1 copies are flanked by short
direct repeats generated during retroposition (TSDs). The Ped-1
sequences are very similar (their median similarity is 82%, which
is high for a SINE family).
The consensus sequence of Ped-2 is 202 bp long (Fig. 2). Ped-2
contains a 80-bp ID-related 5′ region with a short (A)5 spacer.
Similar to Ped-1, the downstream region in Ped-2 includes largely
the same two regions of similarity with Bov-B covering the 5′
region (66 bp including a 11-bp insertion in Ped-2; 74%
similarity) and the very 3′ end (38 bp; 84% similarity). Note
that these regions are shorter compared to Ped-1 in all but two
Ped-2 copies with 83–94 bp 5′-LDR and 81 bp 3′-LDR (Fig. 2).
Ped-2 also ends with a (CAA)n tail and nearly all copies are
flanked by TSDs. The median similarity of Ped-2 is 81%.
The number of Ped-1 copies determined from dot hybridization of genomic DNA data is 4 × 104. This corresponds to the copy
number of Ped-1 determined from the library screening data
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(8× 104). The number of Ped-2 copies could not be accurately
evaluated by hybridization since Ped-2 is not the only ID-derived
SINE in springhare. The copy number of Ped-2 determined from
the library screening data was 2.5 × 105.
3.1.2. Bov-B-mobilized SINEs in other animals
Two more SINEs have been previously described as Bov-Bmobilized: Bov-tA in ruminants (Okada and Hamada, 1997) and
Mar-1 in marsupials (Gilbert and Labuda, 1999). Our search has
identified one more SINE as Bov-B-mobilized, AfroSINE
previously described by Nikaido et al. (2003) in afrotherians
(elephants, hyraxes, sea cows, aardvark, tenrecs, elephant shrews,
and golden-moles). Interestingly, all Bov-B-mobilized SINEs
including Ped-1 and Ped-2 have the same pattern of the LINEderived part composed of a ∼60 bp region from the same 5′
location in Bov-B and a ∼50 bp region at the very 3′ end of Bov-B
followed by a simple-repeat tail (Fig. 3). At the same time, the
exact limits of these 5′- and 3′-LDRs are not the same and their
length ranges from 51 to 67 and from 37 to 68 bp, respectively
(Fig. 4). The 5′ head of all Bov-B-mobilized SINEs except Ped-1
descends from tRNA, and all Bov-B-mobilized SINEs except
Mar-1 have the 5′ RNA-derived part followed by the Bov-Bderived part, while Mar-1 has a CORE region between them. Ped1, Ped-2, and Mar-1 have the same (CAA)n tail, while the tails of
AfroSINE and Bov-tA are (GGTTT)n and (ACT2–3C)n, respectively (Fig. 3).
The estimated number of genomic copies of these SINEs is
comparable to those for Ped-1 and Ped-2: Bov-tA, 2 × 105
(Lenstra et al., 1993); Mar-1, 4.5 × 105 (Gilbert and Labuda,
2000); and AfroSINE, 8 × 105 (Nikaido et al., 2003).
3.1.3. Distribution of Bov-B-mobilized SINEs
The distribution of Bov-B-mobilized SINEs was assessed by dot
hybridization of genomic DNA from a wide range of vertebrates
with the 3′ Bov-B and 5S rRNA probes (Fig. 5). The list of tested
species included 24 rodent species covering all major rodent
lineages, 11 species of other mammals, 3 reptile species, and 1
amphibian and bird species each. In the case of the Bov-B probe, a
positive signal indicated the presence of a considerable number of
Bov-B-related repetitive elements in the genome, either LINE or
both LINE and SINE. Thus, the positive signals were observed in
springhare (Pca), afrotherian elephant shrew (Mpr), cow (Bta), and
three reptile species (Iig, Bco, and Edi) (Fig. 5A). Note that positive
signals were observed in neither of rodents tested except
springhare.
The interpretation of the results of dot hybridization with the
5S rRNA probe is also not straightforward. The genomes can
contain numerous 5S rRNA genes and pseudogenes. For instance,
they amount to ∼2000 in the human, mouse, and rat genomes
(Quincey and Wilson, 1969; Sorensen and Frederiksen, 1991;
Hallenberg et al., 1994), while the genomes of amphibians have at
least ten times more 5S rRNA genes (24000–61000; (Hilder et al.,
1983)), which is attributed to very large ovum size requiring
additional ribosomes. Thus, weak positive signals (Fig. 5B) in
many mammalian species and the strong signal in common frog
(Rte) likely correspond to such 5S rRNA (pseudo)genes. This can
also be true for green iguana (Iig) since reptiles are also known to
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Fig. 3. Structure of Bov-B-mobilized SINEs.

have large ovum (although two snake species had low signals).
However, the strong signal in the case of Egyptian fruit bat (Rae)
can point to a 5S rRNA-derived SINE in its genome.
Computer search for Ped-1 and Ped-2 sequences has found no
such elements in the available sequences of other rodent families
as well as of other animals. This agrees with our extensive search
for ID-related SINEs in 22 rodent families involving genomic
library screening by hybridization with ID probe, which has
yielded no Bov-B-derived SINEs except for Pedetidae (data not
shown).
A similar search has revealed full-length Bov-tA copies in the
nucleotide data banks of all main lineages of Ruminantia
(Antilocapridae, Bovidae, Cervidae, Giraffidae, and Tragulina)
except Moschidae (possibly due to the low number of sequences,
134, available by the time of publication), which agrees with
previous data (Nijman et al., 2002). No Bov-tA copies have been
found in the related suborders Cetacea, Hippopotamidae, Suina,
and Tylopoda (although some of them have CHR-2 SINE
(Nikaido et al., 2001) with a highly similar tRNA head but no
similarity with Bov-B).
The search for Mar-1 has identified full-length SINEs in
relatively well represented (N500 sequences) marsupial orders
(Dasyuromorphia, Didelphimorphia, Diprotodontia and Peramelemorphia) but not in underrepresented (b50 sequences) Microbiotheria, Notoryctemorphia, and Paucituberculata. However, a
related SINE called WSINE1 (Jurka et al., 2005) was found in these
marsupial orders except Paucituberculata (33 sequences). WSINE1
has a very similar structure (∼90% identity) at the 5′ end (tRNA
head and CORE), which points to their common origin, but unlike
Mar-1, WSINE1 appears to be mobilized by L1 and thus has an Atail instead of Bov-B-derived sequence. If WSINE1 and Mar-1
indeed have a common origin, the presence of WSINE1 in
marsupials suggests that Mar-1 can also be present in marsupial
genomes at least in minor quantities. Likewise, two full-length Mar1 copies have been found in platypus (∼500,000 sequences),
clearly indicating that it is a minor SINE, while the genomes of
monotremes are populated by another CORE SINE Mon-1.

The distribution of AfroSINE was extensively studied by
Okada et al. who have identified it by hybridization and
obtained AfroSINE sequences in representatives of all afrotherian orders but not in other mammals (Nikaido et al., 2003). Our
analysis also confirms this pattern.
3.2. Bov-B LINEs
3.2.1. Distribution of Bov-B LINEs
Bov-B LINE was initially found in cow, later in other
Bovidae species; and for a long period, it was thought to be
limited to Ruminantia (Lenstra et al., 1993). Interestingly,
Kordiš and Gubenšek have found Bov-B LINEs in all snake
species tested (Serpentes), in some but not all lizard species
(Sauria), but in neither crocodiles (Crocodylia) nor turtles
(Testudines) (Kordis and Gubensek, 1998; Martirosian et al.,
2006). The presence of Bov-B-mobilized Ped-1/Ped-2 in
springhare, AfroSINE in afrotherians, and Mar-1 in primitive
mammals (see above) assumed that this LINE is also present in
their genomes (which has been recently confirmed for shorttailed opossum and Tamar wallaby (Gentles et al., 2007)).
Our dot hybridization data confirm these views (Fig. 5A). BovB positive signals were found in springhare (Pca), cow (Bta),
afrotherian elephant shrew (Mpr), and three reptile species (Iig,
Bco, and Edi) but not in other animals including a variety of
rodents. We further explored the distribution of Bov-B by
searching the available nucleotide databases. In Rodentia, no
Bov-B-related sequences were found in the available databanks
including the genomes of mouse, rat, and guinea pig (Pedetidae is
represented by b100 sequences). No Bov-B or Ped-1/Ped-2
sequences were found in the related orders (Primates, Scandentia,
Dermoptera, and Lagomorpha) including a number of more or
less completely sequenced genomes.
In Bovidae, Bov-B sequences were found in the bovine (B.
taurus) genome as well as in sheep (O. aries) and goat (Capra
hicrus). In other families of the suborder Ruminantia, Bov-B
was found in relatively well represented deers (Cervidae, N 3000
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Fig. 4. Alignment of Bov-B LINEs and their partner SINEs. SINE names are shaded. SINE 5′ sequences unrelated to LINEs cannot be aligned and are shown without shading. Bta, cow Bos taurus; Oar, sheep Ovis aries;
Mdo, opossum Monodelphis domestica; Laf, elephant Loxodonta africana; Ete, tenrec Echinops telfairi; and Pca, springhare Pedetes capensis. The 5′- and 3′-LINE-derived regions are shown as shaded boxes above the
sequences.
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GenBank sequences). Pronghorn (Antilocapridae, b100
sequences), giraffes (Giraffidae, ∼ 200 sequences), and chevrotains (Tragulidae, b 100 sequences) had Bov-tA, suggesting that
their genomes contain Bov-B as well; while neither Bov-B nor

Fig. 5. Dot hybridization of genomic DNAs of some vertebrates with the 3′
(Bov-B) part of Ped-2 (A) or bovine 5S rRNA probe (B). Rodents: Mmu, Mus
musculus (house mouse); Rno, Rattus norvegicus (Norway rat); Mso, Microtus
socialis (social vole); Tin, Tatera indica (Indian gerbil); Smi, Spalax
microphthalmus (Russian mole rat); Tsp, Tachyoryctes splendens (East African
mole rat); Sti, Sicista tianshanica (Tien Shan birch mouse); Eli, Eremodipus
lichtensteini (Lichtensten's jerboa); Pca, Pedetes capensis (springhare); Asp,
Anomalurus sp. (scaly-tailed flying squirrel); Cfi, Castor fiber (Eurasian
beaver); Tbo, Thomomys bottae (Botta's pocket gopher); Cpo, Cavia porcellus
(guinea pig); Hhy, Hydrochoerus hydrochaeris (capybara); Mac, Myoprocta
acouchy (acouchi); Tgr, Thryonomys gregorianus (lesser cane rat); Ode, Octodon degus (degu); Mco, Myocastor coypus (nutria); Dni, Dryomys nitedula
(forest dormouse); Mbe, Menetes berdmorei (Indochinese ground squirrel);
Mca, Marmota caudata (long-tailed marmot); Sca, Sciurus carolinensis (grey
squirrel); Aru, Aplodontia rufa (mountain beaver); Hin, Hystrix indica (Indian
crested porcupine). Other mammals: Hsa, Homo sapiens (human); Ocu, Oryctolagus cuniculus (rabbit); Fca, Felis catus (domestic cat); Mpr, Macroscelides
proboscideus (short-eared elephant shrew); Mda, Myotis daubentoni (Daubenton's bat); Ttr, Tursiops truncates (bottle-nosed dolphin); Rae, Rousettus
aegyptiacus (Egyptian fruit bat); Eam, Erinaceus amurensis (Chinese
hedgehog); Sar, Sorex araneus (common shrew); Tgl, Tupaia glis (common
tree shrew); Bta, Bos taurus (domestic cow). Amphibian: Rte, Rana temporaria
(common frog). Bird: Fti, Falco tinnunculus (common kestrel). Reptiles: Iig,
Iguana iguana (green iguana); Bco, Boa constrictor (boa); Edi, Elaphe dione
(Dione ratsnake). Mammals and rodents are framed by solid and dotted line,
respectively. All dots contain 500 ng DNA except Pca (springhare) in blot A
(50 ng).

Bov-tA were found in musk deers (Moschidae, N100
sequences). In other Cetartiodactyla suborders, no Bov-B/
Bov-tA has been found (Cetacea, 8668 sequences; Hippopotamidae, 231; Suina, 1281734; Tylopoda, 2247).
In afrotherians, Bov-B sequences were found in elephants,
hyraxes, sea cows, and tenrecs; and the presence of AfroSINE
assumes their presence in other afrotherian families (aardvarks,
elephant shrews, and golden-moles). Finally, positive hybridization
signal was observed in elephant shrew (Fig. 5A).
In primitive mammals, Bov-B was found in three marsupial
orders (Didelphimorphia, Diprotodontia, and Peramelemorphia).
Two more orders (Dasyuromorphia and Microbiotheria) have Mar1 and, hence, should have Bov-B as well. Neither Bov-B nor Mar-1
were found in Notoryctemorphia and Paucituberculata, possibly,
due to low number of available sequences (b 50). Finally, many
Bov-B copies were found in platypus representing monotremes.
Computer search in reptile nucleotide databanks agrees with the
previous data: Bov-B has been found in Scleroglossa (lizards and
snakes) and Iguania (agamas, chameleons, and iguanas), but not in
other reptiles.
No Bov-B has been found in other vertebrates, invertebrates,
plants, or fungi (including all complete and incomplete genomes
available to us by the time of publication).
For springhare, we have cloned and sequenced two regions
of Bov-B including both the 5′- and 3′-LDRs of Ped-1/Ped-2
SINEs (∼ 300 bp covered by 4 independent clones and several
overlapping segments ∼ 2.2 kb in total covered by 17
independent clones).
3.2.2. Relationships between Bov-B LINEs
First, consensus sequences were generated for all taxa (or
species), where sufficient number of Bov-B sequences were
available in sequence databanks. Full-length consensus sequences
were made for cow, sheep, opossum, elephant, and tenrec. An
individual full-length Bov-B sequence was available for horned
viper (Zupunski et al., 2001). In addition, partial consensus
sequences (covering at least ∼600 bp at the 3′ end) were generated
for deers (Cervidae), platypus (Ornithorhynchus anatinus), brushtailed phalanger (T. vulpecula), tammar wallaby (Macropus
eugenii), snakes (Serpentes), iguanas (Iguanidae), skinks (Scincomorpha), and geckos (Gekkota).
Multiple alignment of these sequences (Fig. 4; Supplementary Fig. 1) demonstrated two clear similarity groups: elephant,
tenrec, and springhare and all other animals including
ruminants, marsupials/monotremes, and reptiles. For long
(N 2.3 kb) sequences (including springhare), the similarity of
consensus sequences within and between these groups was 78–
92 and 56–59%, respectively.
Phylogenetic analysis of these multiple alignment involving
Bayesian method (Fig. 6) confirms these two distinct groups. In
addition, the grouping of LINEs of ruminants (cow, sheep, and
deers) and primitive mammals (opossum, phalanger, wallaby,
and platypus) were supported by high posterior probabilities in
the second group of Bov-B LINEs. This pattern was reproduced
by other methods (maximum likelihood and maximum
parsimony), although the nodes of reptile (snakes, iguanas,
skinks, and geckos) LINEs had low bootstrap support (data not
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Fig. 6. Phylogenetic tree of Bov-B LINEs (Bayesian consensus tree, GTR + I + γ model).

shown). The tree topology was also conserved for the alignment
of longer sequences (including less species; data not shown).
4. Discussion
4.1. Bov-B-mobilized SINEs
The first discovered SINEs, human Alu and mouse B1,
originated from cellular 7SL RNA (Ullu and Tschudi, 1984;
Kriegs et al., 2007); however, most SINEs known to date descend
from tRNAs (Kramerov and Vassetzky, 2005). Unlike some other
cellular RNAs transcribed by RNA polymerase III (U6 and 7SK),
7SL and transfer RNA genes have internal promoter elements
(that reside within the transcribed sequence) and this is essential
for mobile elements. Indeed, SINE-like sequences derived from
RNAs with promoter elements outside of the transcript
occasionally occur (Buzdin et al., 2003) but never become
mobile elements. At the same time, there is abundant 5S rRNA
with an internal RNA polymerase III promoter, which prompted
Weiner to predict 5S rRNA-derived SINEs (Weiner, 2002). Quite
soon, such element (SINE3) has been found in zebrafish
(Kapitonov and Jurka, 2003). Later Nishihara et al. have
described several DeuSINEs sharing the central core, Deudomain. Some of them (AmnSINE of amniotes, SINE3_IP of
catfish, and OS-SINE1 of two salmonids genera Oncorhynchus
and Salmo) originated from 5S rRNA (Nishihara et al., 2006).
The structural pattern of all these SINEs (including SINE3) is
similar: the 5S rRNA-derived head is followed by a short tRNArelated region (with the A box of the RNA polymerase III
promoter), Deu-domain, LINE-derived 3′-part, and tail. All but
one 5S rRNA-derived DeuSINEs are mobilized by a CR1-like

LINE, while OS-SINE1 is mobilized by RSg-1 LINE (Nishihara
et al., 2006).
Here we report another 5S rRNA-derived SINE, Ped-1, in the
springhare genome. Comparison of the 5S rRNA-related part of all
these SINEs reveals five conserved regions (two terminal regions
and the regions corresponding to the A, IE, and C boxes of the RNA
polymerase III promoter) and a variable region of ∼20 bp
preceding the A-box.
Apart from the 5S rRNA-derived region, Ped-1 has a
different structural pattern: there is neither tRNA-related
sequence nor Deu-domain and its LINE-derived part is directly
adjacent to the 5S rRNA-derived one (Fig. 1).
The 5′ part of another SINE from springhare, Ped-2, is quite
similar to ID SINE and its RNA polymerase III promoter includes
two elements, A- and B-boxes (Fig. 2). Unlike Ped-1, the ID part is
separated from the LINE-derived part by a short (A)5 spacer.
The LINE-derived part of Ped-1 and Ped-2 is quite similar. It
includes sequences originating from the 3′-terminal region of BovB (3′-LDR), which is observed in many SINEs, and sequences
from its 5′ part (5′-LDR) but not from the very end of LINE (Fig. 3).
Such bipartite pattern previously revealed for Bov-tA and Mar-1
(Okada and Hamada, 1997; Gilbert and Labuda, 1999) has been
extended to Ped-1, Ped-2, and AfroSINE here. Reverse transcriptases of some LINEs can only process RNA templates with a
specific 3′-terminal sequence (Luan and Eickbush, 1995; Kajikawa
and Okada, 2002), which prevents the reverse transcription of
foreign RNAs. Accordingly, partner SINEs of such LINEs share
their 3′-terminal sequences (Ohshima and Okada, 2005). The
presence of the 5′-LDR in all Bov-B-mobilized SINEs from very
diverse organisms suggests that this segment can also be involved
in the reverse transcription. Indeed, Eickbush and coworkers have
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recently demonstrated that the reverse transcriptase of R2 LINE can
specifically bind an R2 RNA segment near its 5′ end, and the
binding and later release of this segment are required for the second
DNA cleavage by reverse transcriptase (an essential stage in reverse
transcription) (Christensen et al., 2006). It is of interest that,
although the 5′-LDR spans the same region, its limits and length
varies from SINE to SINE (from 51 to 67 bp; Fig. 4), which
supports the independent origin of these SINEs. Note also that the
distance of this region from the 5′ end is similar (60–150 bp) in
SINEs and some of their partner Bov-B LINEs (in elephant, tenrec,
and opossum), although it is longer in ruminant Bov-B (∼0.7 kb).
It is not improbable that these functional regions remain close to
each other during reverse transcription; in this case, template
switching can give rise to such bipartite structures. Otherwise, an
internal deletion (at the level of DNA or RNA) can underlie their
formation.
One more SINE has been recently described in reptiles
(Sauria SINE) as a partner of Bov-B LINE based on the
similarity of their 3′ ends (Piskurek et al., 2006). However, the
similarity spans only 20 bp and includes one mismatch and one
gap. Coupled with the absence of the 5′-LDR in Sauria SINE,
this strongly questions that it is mobilized by Bov-B LINE.
The tails of Bov-B LINEs and partner SINEs are represented by
a simple repeat such as (CAA)n in springhare and marsupials.
Interestingly, the repeat units are different in AfroSINE, (GGTTT)n,
and Bov-B of elephant and tenrec, (CAA)n, as well as in Bov-tA,
(ACT2–3C)n or (CA)n, and Bov-B of ruminants, (ACTGA)n. This
agrees with the data that the presence of the tail repeats rather than
their sequence is important for SINE retroposition (Kajikawa and
Okada, 2002).
The sequence similarity of springhare SINEs and the presence of
long perfect TSDs in nearly all full-length copies suggest a recent
origin of Ped-1 and Ped-2. It corresponds to a relatively narrow
distribution of these SINEs (springhare is the only representative of
the family Pedetidae), while more diverse Mar-1 sequences are
found in a wider taxon.
Bov-B-mobilized SINEs were observed in all lineages with
Bov-B LINEs except reptiles, suggesting that Bov-B is a
convenient SINE partner. At the same time, their different structure
(apart from the bipartite LDRs, which also demonstrate some
variation between SINEs) supports an independent origin of BovB-mobilized SINEs.

B in snakes and some lizards but not in other reptiles (Kordis
and Gubensek, 1998). Here we report the presence of Bov-B
LINE in the springhare genome, while it is missing in a wide
range of other rodents tested. In addition to the hybridization
data (Fig. 5B), this is supported by highly conclusive search in
the available complete genomic databases.
The most straightforward interpretation of such distribution
pattern is horizontal transfer of Bov-B (Zupunski et al., 2001).
While horizontal transfer of DNA transposons and LTR
elements has been documented (Hua-Van et al., 2005), LINE
horizontal transfer was objected (Malik et al., 1999). The new
data presented in this work clearly support horizontal transfer of
Bov-B LINEs.
One can argue that Bov-B LINE was present in the mammalian
ancestor (let alone reptiles) but later became inactive and vanished.
However, it seems highly unlikely that Bov-B survived in a single
rodent family (or species) and no traces of it remained in other
rodents. Moreover, no Bov-B sequences have been found in the
available complete (as well as incomplete) genome databases of
other mammals (apart from ruminants and primitive mammals). It
looks like there are two Bov-B pools (ruminants/primitive
mammals/reptiles and afrotherians/springhare) and independent
horizontal transfers occurred in both of them. One can propose that
springhare or its ancestors received Bov-B from an afrotherian,
which is further corroborated by their shared range in Africa.
Overall, while horizontal transfer is not common in LINEs, it is
observed in Bov-B elements. At the same time, there is no
documented horizontal transfer of SINEs and our data also suggest
that SINEs de novo emerged in lineages where Bov-B LINEs
appeared.

4.2. Bov-B LINEs
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