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Introduction
Short interspersed elements (SINEs) are one of the major
groups of retroposons that are widely dispersed throughout eukaryotic genomes (Kramerov and Vassetzky 2005).
They are nonautonomous retroposons lacking the machinery to replicate themselves. They propagate in the genome
via cDNA intermediating and are reintegrated into the host
genome by retroposition (Ray 2007). Typical SINEs vary
from 100 to 500 bp in length and all SINEs characterized to
date can be divided into three classes: (i) the major classes
of SINEs derived from tRNA (Shedlock and Okada 2000);
(ii) the minor classes of SINEs originated from 7SL RNA
(Rogers 1985); and (iii) 5S rRNA (Gogolevsky et al. 2009).
A typical tRNA-derived SINE consists of three distinct
regions: a tRNA-derived region which contains internal promoter (A box and B box) sequences specific for RNA polymerase III, a tRNA-unrelated region, and an AT-rich (or
poly-A) region (Okada 1991a, b).
SINEs have been proposed as perfect molecular markers
for studies of systematics, phylogeny, evolution and population biology, etc. (Shedlock and Okada 2000; Kriegs et al.
2006). They have been successfully applied to resolve phylogenetic relationships among various groups at different taxonomic ranks (Nikaido et al. 2003; Chen et al. 2011). Integration of a SINE sequence at a specific site in the genome
is irreversible and its target site is chosen at random (Okada
et al. 1997). They cannot be removed, as no precise excision mechanism for multiple copies is known (Shedlock and
Okada 2000). Thus, absence of an insertion at a certain locus
is likely to be the ancestral state and shared derived insertions
can be regarded as evidence for synapomorphy.
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The first step to apply SINEs in phylogenetics, evolution and population biology is to search a set of SINE
loci. In this study, 27 informative SINEs were identified
and isolated from the genomic libraries for three cetaceans.
Analysis of subfamily-specific genetic variability and insertions/deletions suggested the redefinition of two distinct
CHR-2 SINE subfamilies specific for cetaceans. Additionally, a clone (BA10) with the structure different from other
CHR-2 SINEs was isolated from the genomic library for
Balaenoptera acutorostrata (common minke whale). Analysis of the complex structure of this clone suggested that the
second independent SINE occurred in another SINE locus,
which is the first record of SINE specifically inserted into
another SINE locus. Therefore, the present study could provide indispensable groundwork for future studies to explore
the origin and evolution of cetacean SINEs and phylogenetic
analysis of cetacean using more SINE markers.

Materials and methods
Applying a standard phenol–chloroform procedure followed
by ethanol precipitation (Sambrook and Russell 2006),
genomic DNA was extracted from muscle tissue samples
from two river dolphins including Lipotes vexillifer (Yangtze
river dolphin), Platanista gangetica (Ganges river dolphin)
and a sample of common minke whale.
To construct genomic libraries for isolating novel SINEs
from cetaceans, genomic DNA was first digested separately
with HindIII, and then a fraction containing fragments in the
range of 1.5–2.5 kb was cut out from the gel and the DNA
was purified using QIAquick Gel Extraction Kit (Qiagen,
Hilden, Germany). DNA was subsequently ligated into
the plasmid vector pUC118 HindIII/BAP (TaKaRa, Dalian,
China) at 16◦ C overnight. Aliquots of the ligation reactions
were transformed into Escherichia coli Top10 competent
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cells. The libraries were used for screening of SINE loci
using the DIG-labelled probes. The probes were prepared
and labelled as suggested by Chen and Yang (2010). The
libraries were transferred to a nylon membrane (hybondN+, Amersham Biosciences, Buckinghamshire, UK) and
hybridized with the above prepared DIG-labelled DNA
probes. The nylon membranes were hybridized with the
DIG-labelled probes overnight at 68◦ C in a solution containing 50% formamide, 5× SSC (standard saline citrate), 0.1%
(w/v) N-lauroylsarcosine, 0.02% (w/v) SDS, and 2% blocking reagent. The prepared CHR-2 SINE PCR purified products were cloned into the plasmid vector pMD-18T (TaKaRa)
using a TA cloning kit and then were used as a positive control. Following hybridization, the nylon membranes were initially washed twice with 2× SSC-0.1% SDS at room temperature for 5 min each time and twice with 0.5× SSC-0.1%
SDS at 68◦ C for 15 min each. Probe detection was performed
using the DIG Luminescent Detection Kit (Roche, Penzberg,
Germany) according to the manufacturer’s protocol. In short,
blots were incubated in blocking solution for 30 min and then
in antibody solution (anti-DIG, alkaline phosphatase conjugated antibody) for 30 min, followed by washing twice in
washing buffer. After equilibration in detection buffer, blots
were incubated with chemiluminescent substrate CSPD at
37◦ C for 10 min and finally exposed to Kodak Biomax X-ray
film (Eastman-Kodak, Rochester, USA) for 20 min.
Positively hybridized clones were isolated, purified and
the inserts were then sequenced in both directions with an
ABI 3730 Automated Genetic Analyzer (Applied Biosystems,
Foster City, USA). Sequences were analysed and compared
with the GenBank NCBI database using the BLAST network
service (http://www.ncbi.nlm.nih.gov/BLAST/). Multiple sequence alignments were performed by using Clustal X
(Thompson et al. 1997) and manually adjusted in GeneDoc.
Retrotransposons including the cetacean specific, tRNAderived SINEs were identified and classified by using the
RepeatMasker software (Smit and Green Repeat Masker at
http://ftp.genome.Washington.edu/RM/RepeatMasker.html).
Novel sequences were deposited in GenBank under accession numbers KF938605–KF938631.

Results and discussion
Twenty-seven clones that contained SINEs from genomic
libraries of the Ganges river dolphin, Yangtze river dolphin
and the common minke whale were isolated and determined.
Figure 1 showed the aligned nucleotide sequences of the presently obtained clones. The length of the SINEs varies from
200 to 360 bp exclusive of the poly-A tail. Accordingly,
these repetitive sequences appeared to have many characteristics of SINEs, they are composed of a 5 tRNA-related
region, a tRNA-unrelated region and 2 a 3 AT-rich region
(Okada 1991a,b; Okada et al. 1997). Additionally, other
essential SINE features are present, including clearly recognizable flanking direct repeats (DRs) that are diagnostic of

amplification via RNA intermediates during retrotransposition (Weiner et al. 1986; Deininger 1989), A and B boxes for
internal RNA polymerase III that are a noticeable hallmark
of SINEs.
Presently all the isolated SINEs appeared to belong to
a single family and this family was named as CHR-2. As
shown in figure 1, clone BA10a, BA20 and LV31 are the
longest and homology search of the nucleotide sequence
database indicated that they belong to the CHR-2 SINE FL
subfamily. Further, BLASTN homology search revealed that
BA35 belong to the CHR-2 SINE MD I subfamily. A 61 nt
deletion located from position 188 to 239 in 21 clones (clones
BA02, BA04, BA05, BA08, BA10b, BA11, BA19, BA21a,
BA21b, BA22, BA23, BA24, BA26, BA27, BA33, LV10,
LV24, LV33, LV47, PG23 and PG24) and several diagnostic nuleotides shared by these SINEs were found and recognized (figure 1). The length of six SINEs (BA19, LV10,
LV24, LV33, PG23 and PG24) was obviously shorter than
that of the other 15 SINEs and the diagnostic nucleotides of
these six clones were G at nt positions 58 and 69, T at 90 and
284, TG at 149 and 150; whereas A, A, A, C, CA was found
in other 15 SINEs respectively (figure 1). Homology search
further showed that clones BA19, LV10, LV24, LV33, PG23
and PG24 are members of CHR-2 SINE CDO subfamily,
whereas clones BA02, BA04, BA05, BA08, BA10b, BA11,
BA21a, BA21b, BA22, BA23, BA24, BA26, BA27, BA33
and LV47 are members of CHR-2 SINE CD subfamily.
CHR SINEs were first described by Shimamura et al.
(1997) and named CHR based on the distribution of their
members in the genomes of cetaceans (C), hippopotamuses
(H) and ruminants (R). CHR SINEs are further divided into
two families CHR-1 and CHR-2, with the latter derived from
the former (Shimamura et al. 1999). In the CHR-2 family,
several distinct subfamilies were previously defined: FL (full
length), MD I (middle deletion I), MD II (middle deletion
II), DT (deletion type), CD (cetacean deletion) and CDO
(cetacean deletion odontocete), according to the distribution of various diagnostic nucleotides and deletions (Nikaido
et al. 2001). According to definitions for the CHR-2 SINE
subfamilies, no members of the CHR-2 CDO subfamily were
isolated from baleen whales. However, the newly characterized BA19 SINE isolated from the genomic library of common minke whale (baleen whale) belongs to CHR-2 SINE
CDO subfamily. In order to investigate this scenario, other
published CHR-2 SINE family members were downloaded
from the GenBank and further aligned with the presently isolated SINEs of CHR-2 SINE CDO subfamily (BA19, LV10,
LV24, LV33, PG23 and PG24). Obviously, BA19 SINE and
the other five SINEs have the same length, share several
similar diagnostic nucleotides and deletions (figure 2). Thus,
CHR-2 CD I and CD II subfamilies are suggested to replace
the former designations of CD and CDO subfamilies for
SINEs specific in the genome of cetaceans.
In addition, a clone (BA10) with the structure different
from other CHR-2 SINEs was isolated. Initially, like the
majority of other tRNA-derived SINE families that have
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Figure 1. Sequence alignments of the newly identified SINEs isolated from the genomic libraries of the Ganges river dolphin (clones
designated as PG23 and PG24), Yangtze river dolphin (clones designated as LV10, LV24, LV31, LV33 and LV47) and the common minke
whale (BA02, BA03, BA04, BA05, BA08, BA10a, BA10b, BA11, BA19, BA20, BA21a, BA21b, BA22, BA23, BA24, BA25, BA26,
BA27, BA33 and BA35). Dots indicate nucleotides identical to the sequence at the top. The line above the sequences represents the tRNArelated region of the SINEs. Box A and box B, promoters for RNA polymerase III are boxed. Deletions are highlighted in dark grey.
Diagnostic nucleotides for each subfamily are shaded in weak grey. Putative flanking direct repeats are underlined.

been reported, a tRNA-related sequence with conserved
internal promoters of boxes A and B for RNA polymerase
III (Galli et al. 1981) was found in the 5 regions of the

presently isolated sequence (BA10b, see below) and it was
flanked clearly by recognizable direct repeats. Further, the
sequence located 14 bp downstream from the poly-A tail of
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Figure 2. Alignment of CHR-2 SINE sequences for representatives of the FL subfamily (Minke14, AB071537), MD I subfamily
(Minke12, AB071542), MD II subfamily (Macco13, AB071567), DT subfamily (Minke30, AB071543), CD subfamily (Minke13,
AB071546), CDO subfamily (Mago8, AB071585; Amaz11, AB071592; Tuti24, AB071595) and the newly identified six SINEs of CHR2 CDO subfamily (BA19, LV10, LV24, LV33, PG23 and PG24). Diagnostic features of different, subfamilies are highlighted: deletions
are indicated by ‘–’ and higlighted in dark grey; diagnostic nucleotides of the CD and CDO subfamilies are dark grey and weak grey,
respectively. Ploy-AT regions of SINEs are not shown.

the putative SINE appeared to be a SINE (BA10a). Surprisingly, only internal promoters of box B for RNA polymerase
III can be found in the 5’ end of the tRNA-related region
(figure 3). Further analysis of the BA10 sequences showed
that another box A located 28 bp upstream from the head of
the first presumptive box A (figure 3). The first characterized SINE (BA10b) in clone BA10 appeared to have many
features of typical SINEs and was flanked by direct repeats
(figure 4, A&B) and analysis of the remaining sequence
without BA10b enabled us to determine that BA10 contains
two independent SINE insertions. As shown in figure 4A,

BA10a SINE, the first insertion occurred in the BA10,
is flanked by direct repeats of a 15 bp sequence, which
was the BA10a target site sequence. Also, a second SINE
(BA10b) inserted in the 20-bp downstream from the end of
the box A of the SINE BA10a (figure 4A). In the alignment of the two SINE sequences, it was found that there was
a 60-bp deletion in BA10b, indicating they were different
SINE copies (figure 4B). SINEs are nonautonomous retroposons lacking the machinery to replicate themselves and
they cannot propagate without the help of RTase encoded
by the related LINE (Shedlock and Okada 2000). Thus, the
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Figure 3. Schematic structure of BA10 SINE and typical SINEs. Boxes A and B show the promoters of pol
III. The tRNA-related regions, tRNA-unrelated regions and AT-tail regions are weak grey, empty and dark grey,
respectively. Arrows indicate direct repeats. For other explanations, see text.

Figure 4. Target site duplications generated by insertion of BA10a and BA10b (A) and alignments of the two different SINE insertions
(B). Critical portions of the sequences are shown. Target site sequences of BA10a and BA10b are boxed and highlighted, respectively.
Dots indicate nucleotides identical to the consensus sequence at the top. Line above the sequences represents the tRNA-related region of
the SINE. Box A and box B, promoters for RNA polymerase III are boxed and highlighted. Deletions are highlighted in dark grey.
Putative flanking direct repeats are underlined.

secondary independent insertion of a SINE into another
SINE (BA10) cannot occur according to the procedure used
in our study and it was not an artifact. To confirm this secondary independent insertion, we designed and synthesized
a pair of primers that flanked the unit based on the clone
(BA10) to amplify the whole locus for two additional common minke whales and they all generated the same insertions. Other secondary insertions have been reported in primates during Alu SINE insertion (Li et al. 2009). However, the secondary insertion pattern in primates was a second insertion which occurred in the site adjacent (or near) to
the first independent insertion, which was different from the
insertion pattern in BA10 in the present study. It remains to

be determined whether this secondary insertion has occurred
in the other cetacean species, which may shed light on the
origin and evolution of cetacean SINEs.
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