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Abstract

SINEs (Short INterspersed Elements) are widely distributed among eukaryotes. Some SINE families are organized in superfamilies
characterized by ashared central domain. These central domains are conserved across species, classes, and even phyla. Here we report
the identification of two novel such superfamilies in the genomes of gastropod and bivalve mollusks. The central conserved domain of
the first superfamily is present in SINEs in Caenogastropoda and Vetigastropoda as well as in all four subclasses of Bivalvia. We
designated the domain MESC (Romanian for MElc—snail and SCoica—mussel) because it appears to be restricted to snails and
mussels. The second superfamily is restricted to Caenogastropoda. Its central conserved domain—Snail—is related to the Nin-DC
domain. Furthermore, we provide evidence that a 40-bp subdomain of the SINE V-domain is conserved in SINEs in mollusks and
arthropods. It is predicted to form a stable stem-loop structure that is preserved in the context of the overall SINE RNA secondary
structure in invertebrates. Our analysis also recovered short retrotransposons with a Long INterspersed Element (LINE)-derived 5" end.
These share the body and/or the tail with transfer RNA (tRNA)-derived SINEs within and across species. Finally, we identified CORE
SINEs in gastropods and bivalves—extending the distribution range of this superfamily.

Key words: SINE, retrotransposon, Mollusca.

Introduction sequences in the mollusk genomes is comparatively smaller

Mollusks are a megadiverse phylum. It is subdivided into eight
classes, among them are Gastropoda (snails and slugs),
Bivalvia (mussels, clams, oysters, etc.), and Cephalopoda
(squid, octopus, cuttlefish, nautilus). Mollusks are second in
the number of species only to arthropods. Yet, compared with
the much less numerous vertebrates, the structure and evolu-
tion of mollusk genomes are only poorly understood. Only five
complete genomes have been published: Bubble cone (Hu
et al. 2011), oyster (Zhang et al. 2012), pearl oyster
(Takeuchi et al. 2012), owl limpet (Simakov et al. 2013), and
California two-spot octopus (Albertin et al. 2015), and for
three more species (pygmy squid, nautilus, and Japanese scal-
lop) partial genome sequences have been reported (Yoshida
et al. 2011). The fraction of TE (transposable element)-derived

than in vertebrate genomes (35-52%) and varies between
2% and 8% (Yoshida et al. 2011; Takeuchi et al. 2012;
Zhang et al. 2012; Simakov et al. 2013; Albertin et al. 2015).

SINEs (Short INterspersed Elements) have been character-
ized in a variety of eukaryotic genomes (for reviews on SINEs,
see Okada 1991; Kramerov and Vassetzky 2011). They are
nonautonomous non-LTR (long terminal repeat) retrotran-
sposons. A typical SINE is between 80- and 500-bp long.
SINEs are derived from small RNAs: tRNA (Ohshima and
Okada 1994) and 5S ribosomal RNA (rRNA) (Kapitonov
and Jurka 2003). Primate Alu and rodent B1 SINEs represent
processed 7SL RNA genes (Ullu and Tschudi 1984). Recently,
SINEs derived from U1/U2 small nuclear RNA (snRNA)
(SINEU; Kojima 2015) and from the 3’ end of 28S rRNA
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(SINE28; Longo et al. 2015) have been characterized. In its
simplest form a SINE consists of a single tRNA-derived
module. Such SINEs were first discovered in Galago crassi-
caudatus (Daniels and Deininger 1991). Complex SINEs are
either dimers/trimers of tRNA subunits (Piskurek et al. 2003;
Schmitz and Zischler 2003; Churakov et al. 2005) or are
composed of a tRNA- or 55 rRNA-derived head, a tRNA-
unrelated body and a tail. SINE bodies in some cases contain
central conserved domains. The origin of additional se-
guences present in SINE bodies is mostly unknown. SINE 3’
tails are in some cases shared with the LINE autonomous
partner that provides the retrotransposition machinery nec-
essary for their mobilization (Okada et al. 1997; Kajikawa
and Okada 2002; Ohshima and Okada 2005). SINEs often
terminate in either homogeneous or more complex A-rich
segments (Borodulina and Kramerov 2001) or carry 3’ termi-
nal tandem repeats (Gilbert and Labuda 1999; Ogiwara et al.
2002). Some authors confine the term “tail” to the 3’ ter-
minal simple repeats and include the LINE-derived region in
the SINE body (Vassetzky and Kramerov 2013). As in most of
the literature on complex SINEs containing a central con-
served domain, the term tail is used for the LINE-derived
segment at the 3’ end of SINEs; we will use it in this sense
throughout the article. All SINEs described to date are tran-
scribed by RNA polymerase |II.

Central conserved domains found in SINE bodies range in
length between 45 and 150 bp. To date, eight such domains
have been described: CORE (Gilbert and Labuda 1999;
Munemasa et al. 2008), V (Ogiwara et al. 2002), Ceph
(Akasaki et al. 2010), Deu (Nishihara et al. 2006), Nin-DC
(Piskurek and Jackson 2011), Inv/alpha (Luchetti and
Mantovani 2013; Vassetzky and Kramerov 2013), beta
(Vassetzky and Kramerov 2013), and PIn (Luchetti and
Mantovani 2013). In some cases central conserved domains
were found to be part of others or to overlap with them: The
Nin-DC domain makes up part of the Deu domain (Piskurek
and Jackson 2011); Inv/alpha overlaps with the 5" end of Nin-
DC (Luchetti and Mantovani 2013).

Central domains are conserved across species, families,
classes, even phyla and are combined with variable head
and tail regions as well as additional body sequences in specific
SINE families. Two SINE superfamilies with central conserved
domains (Ceph and Nin-DC) have been described in mollusks
(Akasaki et al. 2010; Piskurek and Jackson 2011).

SINEs present a remarkable variety. As of May 2015, SINE
Base (Vassetzky and Kramerov 2013) lists a total of 213 dif-
ferent SINE families. Diversification of SINE families in evolu-
tion is frequently the result of the exchange of modules
between them and between SINEs and LINEs (Kramerov and
Vassetzky 2011). Nonallelic homologous recombination and
template switch of the LINE reverse transcriptase (RT) are dis-
cussed as mechanisms facilitating the exchange of modules
(Nishihara et al. 2006; for review, see Kramerov and Vassetzky
2011).

Taking advantage of the rapidly growing amount of next
generation and other sequencing data for nonmodel taxa, we
set out to identify and characterize SINE families in gastropod
and bivalve mollusks. Here we report two novel superfamilies
of SINEs containing a central conserved domain: MESC
(Romanian for MElc—snail and SCoica—mussel) SINEs and
Snail SINEs. We provide evidence for the presence of Nin-
DC SINEs—previously reported in Aplysia californica and
Lottia gigantea (Piskurek and Jackson 2011)—in additional
mollusk species. We describe and characterize SINEs related
to V-SINEs in bivalves and CORE SINEs in the genomes of Ap.
californica and Crassostrea gigas. Finally, we demonstrate that
the head region of SINEs can be derived from LINE elements.

Materials and Methods

SINE Identification and Sequence Retrieval

SINEs in the Littorina saxatilis BAC sequences (GenBank acces-
sion numbers CR974470, CT476813, (1027673, and
CT757510) were identified using PILER (Edgar and Myers
2005). They are listed in supplementary table ST,
Supplementary Material online. SINEs in all other species
were identified by homology search using BLAST (Altschul
et al. 1990) at http:/blast.nchi.nim.nih.gov/Blast.cgi, last
accessed January 6, 2016. Either complete SINEs or individual
SINE modules were used as query sequences. The queries used
for identification of particular SINE superfamilies or families are
specified in the respective sections. In case of matches to SINE
modules, between 200 and 500 bp of flanking sequences (de-
pending on the position of the module in the SINE) were re-
trieved for a smaller number of matches. These were aligned
and a provisional consensus sequence was constructed. The
provisional consensus was then used to retrieve a larger
number of elements. In case of SINEs in species for which
the entire genome sequence is available, the provisional con-
sensus sequences were used to repeat-mask the genomic se-
guence using a locally implemented version of RepeatMasker
(Smit et al.). Output files were filtered by “in-house” R scripts
in order to keep only elements that lacked extensive
truncations.

Multiple alignments were constructed using Bioedit. Bioedit
was also used for the generation of consensus and contig
sequences and the calculation of identity to the consensus
sequence. The databases accessed through BLAST as well as
the number and characteristics of individual sequences used
for construction of consensus/contig sequences are listed in
supplementary table S2, Supplementary Material online.

SINE Annotation and Analysis

Target site duplications (TSDs) were annotated manually.
Homology to mollusk tRNAs was established using BLAST
(Altschul et al. 1990). Homology to previously described
SINE modules and LINEs was identified using RepeatMasker
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(Smit et al.), CENSOR (Kohany et al. 2006), and SINE Base
(Vassetzky and Kramerov 2013). Subfamilies were identified
manually based on shared substitutions when compared with
the overall consensus of the SINE family. For the identification
of partner LINEs of Vhc_1 SINEs in Cr. gigas, 3" UTR (untrans-
lated region) sequences of autonomous non-LTR is now
explained at first occurence in line 49 retrotransposons were
obtained from Repbase (Jurka et al. 2005) and subsequently
aligned to the tail sequences of Pteriomorpha Vhc_1 SINEs.
RNA secondary structure prediction was performed using the
Vienna RNA package (Lorenz et al. 2011).

Extraction of Genomic DNA and PCR (polymerase chain
reaction) Amplification

Littorina saxatilis were kindly provided by Stefano Mariani,
Jennifer Coughlan—University College Dublin/School of
Biology and Environmental Science, Dublin, Ireland.
Genomic DNA was isolated using the Nucleospin Tissue Kit
(Macherey and Nagel) according to the manufacturer’s in-
structions. SINE internal sequences were amplified using the
primer A_tRNA 5'-TAGCTCAGTCGGTAGCGCGC-3" in combi-
nation with either 3'REV 5'-GGTTACGTGTGAGGTCGTTTGCC
C-3' (Lsa_6) or Lsa_7_REV 5-GGAAAGCGAGCTGCCATAC-3
(Lsa_7). PCR products were subcloned into pTZ57R/T
(Fermentas) and Sanger sequenced. Sequences obtained
were deposited under the GenBank accession numbers
KJ549622- KJ549636.

Results and Discussion

As a starting point, we identified SINE families in Li. saxatilis
(rough periwinkle) BAC sequences (Wood et al. 2008) by
PILER (Edgar and Myers 2005) analysis. Characterization of
the repetitive sequences obtained revealed the presence of
five different SINE families (Lsa_1 to Lsa_5). While our analysis
was under way, two of the families (Lsa_2 [Wood et al. 2008]
and Lsa_3 [Mclnerney et al. 2011]) were reported by other
groups. A detailed structural characterization, however, had
not been performed. The Li. saxatilis SINE sequences were
subsequently used in homology searches across bivalve and
gastropod sequences available in databases. All SINE families
identified, their host species, and the source of the sequences
analyzed are listed in table 1.

MESC—A SINE Core Domain for Snails and Mussels

Sixteen copies of Lsa_1 were identified in the Li. saxatilis BAC
sequences. Six of the copies were found to be 5’ truncated.
TSDs could be identified for ten elements, both full length and
5’ truncated (supplementary table S1, Supplementary Material
online). The 5 part of Lsa_1 SINEs can be folded in a tRNA-like
structure (not shown). A and B promoter boxes for RNA poly-
merase Il transcription are discernible (fig. 1). To date,
Cr. gigas is the only mollusk species for which tRNA genes

are annotated. Comparison of the Lsa_1 5 domain with the
Cr. gigas set provided at Ensembl (http:/metazoa.ensembl.
org/Crassostrea_gigas/Info/index, last accessed January 6,
2016) identified tRNA-Arg as its most likely source. A se-
guence homologous to Cr. gigas tRNA-Arg could also be re-
trieved from a Li. saxatilis short-read archive. Among SINE
tRNA-derived heads, the Lsa_1 5 domain is most closely re-
lated to that of sea urchin SINE2-1_SP (Kapitonov and Jurka
2005b) and SINE2-2_SP (Kapitonov and Jurka 2005¢) (supple-
mentary fig. S1, Supplementary Material online). The tRNA-
unrelated region of Lsa_1 does not show any homology to
previously described SINE or LINE sequences. Lsa_1 SINEs ter-
minate with CAAA repeats.

BLAST search using the Lsa_1 consensus as query retrieved
sequences from 16 gastropod and bivalve species with homol-
ogy covering the tRNA-related region and the 5 part of the
tRNA-unrelated region. The availability of sufficient sequence
information up- and downstream of the elements permitted
the identification of TSDs in 10 of the 16 species. For the
remaining species, partial sequences retrieved from short-
read archives and the expressed sequence tags (EST)/non-
redundant (nr) sections of GenBank (Argopecten) were used
to generate contigs (supplementary table S2, Supplementary
Material online). Alignment of the consensus/contig se-
quences (fig. 1) shows that a 95-bp segment immediately
downstream of the head region (as defined by homology to
the sea urchin SINEs and marked by an arrowhead in fig. 1) is
highly conserved in Caenogastropoda and Vetigastropoda
and in  SINEs from all four bivalve subclasses
(Paleoheterodonta,  Heterodonta,  Pteriomorpha, and
Protobranchia; fig. 2). This central part appears to be restricted
to SINEs in Caenogastropoda, Vetigastropoda, and Bivalvia.
SINEs containing the conserved domain could not be identi-
fied in the available sequences of Heterobranchia and
Patellogastropoda, the other two major gastropod clades.
Neither could homologous sequences be retrieved in other
classes of the phylum Mollusca. As all of the species in
which the domain could be identified to date are either
snails or mussels, we named it MESC domain.

At the 3’ end the MESC domain is followed by an approx-
imately 50-bp region shared between the SINEs in bivalves and
in the vetigastropod Haliotis (abalone) (boxed in fig. 1; dark
gray boxes in fig. 2). SINE tails are shared by MESC elements in
Paleoheterodonta, Heterodonta, and Protobranchia (fig. 1),
suggesting that these elements are mobilized by the same
as yet unidentified LINE element. The most frequently found
terminal tandem repeats are (CA),, or (CAAA),,. Haliotis MESC
SINEs terminate with (CACCT),, and Bathymodiolus elements
with (CACT),. Within Haliotis MESC SINEs expansion of a
(CA),, microsatellite is observed (fig. 1).

The analysis also recovered potential SINEs from pectinoid
bivalves (scallops). Homology between the pectinoid se-
guences identified extends up- and downstream of the
MESC domain (fig. 1). For Farrer's scallop (Chlamys farreri/
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Table 1

Summary of the SINE Families Identified in the Study?

SINE Superfamily

Class_subclass/clade®

Species

SINE family

Sequence Source®

MESC

na (Lsa_1 head)

LP

LP/Nin
Nin
V//hc

Snail

Nin

na (Lsa_5/Lsa_6 head)
CORE

Gp_Caenogastropoda

Gp_Vetigastropoda
Bv_Pteriomorpha
Bv_Heterodonta

Bv_Pteriomorpha

Bv_Anomalodesmata
Bv_Paleoheterodonta

Bv_Protobranchia
Bv_Pteriomorpha
Bv_Heterodonta
Gp_Caenogastropoda
Gp_Vetigastropoda

Bv_Pteriomorpha

Bv_Pteriomorpha

Bv_Protobranchia
Gp_Caenogastropoda
Insecta
Insecta
Gp_Caenogastropoda

Gp_Caenogastropoda

Gp_Caenogastropoda
Gp_Heterobranchia
Bv_Pteriomorpha
Gp_Caenogastropoda

Littorina saxatilis
Littorina littorea
Crepidula fornicata
Strombus gigas
Haliotis discus/Haliotis sp.
Bathymodiolus azoricus
Mercenaria mercenaria
Sinonovacula constricta
Arctica islandica
Argopecten irradians
Chlamys farreri
Mizuhopecten yessoensis
Laternula elliptica
Elliptio complanata
Villosa lienosa
Hyriopsis cumingii
Nucula tenuis
Tegillarca granosa
Meretrix meretrix
Littorina saxatilis
Haliotis diversicolor
Haliotis midae
Ostrea sp.
Saccostrea glomerata

Crassostrea gigas
Tegillarca granosa
Chlamys farreri
Mizuhopecten yessoensis
Nodipecten subnodosus
Argopecten irradians
Yoldia limatula
Strombus gigas
Thermobia domestica
Empusa pennata
Littorina saxatilis

Potamopyrgus antipodarum

Nucella lapillus
Strombus gigas
Littorina saxatilis
Nucella lapillus
Littorina saxatilis
Aplysia californica
Crassostrea gigas
Cre. fornicata

Lsa_1
Lli
Cfo
Sgi
Hdi
Baz
Mme
Sco
Ais
Air
Cfa
Mye
Lel
Eco
Vi
Hcu
Nte
Tor_1
Mme_1
Lsa_2
Hdi_LP
Hmi_LP
Oco/Oed_LP
Sgl_LP
Sgl_tRNA_1; Sgl_tRNA_2
Cgi_Vhc_1
Tgr_Vhc_ 1
Cfa_Vhc_1; Cfa_Vhc_2
Mye_Vhc_1; Mye_Vhc_2
Nsu_Vhc_1
Air_Vhc_1; Air_Vhc_2
Yli_Vhc
Sgi_Vhc
Tdo_Vhc
Epe_Vhc
Lsa_3; Lsa_4; Lsa_5; Lsa_6
Pan_1; Pan_2; Pan_3
Nla_1; Nla_2; Nla_3
Sgi_1
Lsa_Nin_1; Lsa_Nin_2
Nla_Nin
Lsa_7; Lsa_8
Aca_CORE_1; Aca_CORE_2
Cgi_CORE_1; Cgi_CORE_2
Cfo_CORE

Genomic
Transcriptome
Transcriptome
Transcriptome

Genomic
Transcriptome

Genomic
Transcriptome
Transcriptome

Transcriptome genomic

Genomic
Transcriptome
Transcriptome

Transcriptome genomic
Transcriptome
Transcriptome genomic
Transcriptome
Transcriptome
Transcriptome

Genomic

Genomic
Transcriptome

Genomic
Transcriptome
Transcriptome

Reference genome
Transcriptome

Genomic
Transcriptome
Transcriptome
Transcriptome
Transcriptome
Transcriptome
Transcriptome
Transcriptome

Genomic
Transcriptome
Transcriptome
Transcriptome

Genomic transcriptome
Transcriptome
Genomic
Reference genome
Reference genome
Transcriptome

Note.—na, not applicable.

Details for the data sets are provided in supplementary table S2, Supplementary Material online.

bGp, Gastropoda; Bv, Bivalvia.

“Genomic sequences were retrieved from the nr and GSS subsets of GenBank. Transcriptome refers to sequences retrieved from short-read archives (SRA), transcriptome
assemblies (TSA and other sources), and ESTs.

Azumapecten farreri), a total of 16 sequences spanning the
entire length of the potential SINE was retrieved. TSDs could
be determined for 11 of them (supplementary fig. S2,

Supplementary Material online).

The elements found in Farrer’s scallop are 520-bp long. The
sequence of the 5'-most 68 bp is repeat-masked by Censor
(Kohany et al. 2006). It is similar to the first 68 bp (5 UTR)

of Nimb-17_LMi—an autonomous non-LTR retrotransposon
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Cfa ACCCCCTGCAGGTAGGGTGTAAGAATTGTACCTGCTGCCCCC-ATTGCATGATCGTAAGAGGCGACTAAGTATGGGATCTTATCTTTTCTCTTCTTTCTAACCAACTTTCTACTTCCTAACGTCTCCCTTGA-—

Mye --ACCCTGCAGGTAGGGCGTAAGAATTGTACCTGCTGCCCCCAATTGCATGATCGTAAGAGGCGACTAAATTTG!
A B

CCTTATCTCTTCTCTCCTTTCTAAATAACTTTCTTCTTCCTAATGTCTCCCTTGA-~

Lsa --CCGGC-ACGG-TILGGCCTAGT -GGT|AAGGCGTCCGCCCCGTGATCGGGAGGTCGTEGCTTCCAACCCT- - -
Ll1i --GTAAC-ACGG--TGGCCTAGT-GGTTAAGGCGTCCGCCCAGTGAGCGGGAGGTCGTGGGTTCGAATCCC-
Cfo --LCGGC-CLGC-TTAGCTCAGTTGGT TAGA-CGTCCGCTTCGGGATCGGGAGGT TCDGGGTTCGAACCCT -

Sgi -ACCGCC-TCGT--TGGCCTAGT -GGT TAAGGCGTCCGCCTCGAGAGCGGAAGATCCCGEGETTCGAATCCCGCTTGCGCCGGGATTTTTTCGGGGTCGAGTCATACCA -GTGACTTAAAAA - TTGGCA-CTCCAGTGGCT

Hdi GACCGCC-TCCG--TGGTCTAGT-GGT-AGAGCGTCCGCCCGGAGAGCGGAAGGTCCGEGGGTTCGATCCCC-—~
NEe GACCACT-GCGG--TGGCCTAGT-GGT-AGAATGCTCGCTCCGCATEGTEGEGAGACLCG-GEETTCCATCCCT -
l --CCGCT-CCGG--TGGCCTAGT-GGTTAGAGCATCCGCCTCGGATGCGGGAGGTCGTGGGTTCGATCCCC-

-ACCGCT-CCGG--TGGCCTAGT-GGTTAGAGCGTCCGCCTCGGATGCGGGAGGTCGTGGGTTCGARCCCC-
GACCGCT-CCAG--TGGCCTAGT-GGTTAGAGTGTCCGCCTCGGATGCGGGAGGTCGTGGGTTCGARCCCT
Air GCTCTGGGTTCTGTCCCC-
Cfa CAATGCCTCACTTTTGGCCATAT-GTT--GAGCGTTCGCCCCT-GTGAGGAAGGCTTTGGGTTCTGTCCCC—
Mye CAATGCCTCACTTTTGGCCATTT-GTT--GAGCGTTCGCCCLCT-GTEGAGGAAGGCTTTGEETTCTGTCCCC--—

BE2 TAACCGCATCGG--TGGTGTAAT-GGTTAGCGTECTCGCCTCGAGTGCEETAGATCGTCEEGTTCCAGLLCLCC
Sco -ACCGGACCTGG--TAGCGCAATCGGT-AGAGCGTCGGCTCCAGGTACGGGAGGCCCCGGGTTCGATCCC!

Ais -ACCGCA-GCGG--TGGTCTAGT-GGT-AGAGCGTCCGCCCCGTAAGCGGGAGGTCGTGGGTTCGATCCC -~ - -~

Mme cC

wen ACCCEET--GEE--TCECCCACT-GEATAGAGCET TTECCTEETACTCEEEACETCECEEETICEACECCE—————————

MESC domain

Lsa GETCCCGCCTGGCGTCTGGC-ATTATGGGGT TATAGTGCTAGGACTGGTTGGTCCGGTGTCAGAATAATGTGACTGGGTGAGACAT-GAAGCCTGTGCTGCGACTTCTGTCTTGT-GTGTGGCGCACGTTATA-TGTCAA]
L1i GECCC-GCCTGGCEGTCTGGC-ATTATGGGGT --TAGTGCTAGGACTGGTTGGTCCGGTGTCAGAATACTGTGACTGGGTGAGACAT-GAAGCCTGTGCTGCGACTTCTGTCTTGT-GTGTGGCGCACTTTARAA-TGTCTA
Cfo GECTC-GCCTGGCGTCTGGC-ATTATGGGGT --AAGCACTAGGACTGGTTGGCCCGGTGTCAGTATACTGTGACTGGGTGAGACAC-GAAGCCTGTGCTGCGACTTCTGTCTCGT-GTGTGGCGCACDTTAAC-TGTCTA
Sgi ACCCT-GCCAGGCGCCTGGC-GTTATAGGGT --CAGCGCTGGGACTGCTCGGCCCGEGTGTCAGTATACTGTGACTGGETGAGGTAG-AAAGT TTGATCTGCAACT TCTATCTCAG-TGTGG T, TTGTCTG

Hdi ACCCT-GTCTGGCGCTCGGC-ATTAAGGGGC--TAAAACAAGGACTGGTCGGCTCGGAGTCAGTATACTGTGTCTG.

NEe -CTTC-GCTAAGCATTCGGC-AT-AAGAAGT---AGAGCTAGGACTGGTCGGCTCGGTCTCAGGATAATGTGACCGEGGTGGAGTGT {CATGTCAGGTGTGTGGGGCGTGACACTT-CAGTG--AGGCAGCACTATAAATT|  Nuculoida

GCCTC-GCTTGGCGCTCAGC-ATTAAGAGGT --TAGTGTTAGGACTGGTCGGCCTGGTGTCAGCATAATGTGACTGGGTGGGACAT{CATGCTACATGTCTGCGGCATGATGCCC-CAGTGCTAGACATCACTATAAANCT
l GCCTC-GCTTGGCGCTCAGC-ATTAAGAGGT - -TAGTGTTAGGACTGGTCGGCCTGGTGTCAGGATAATGTGACTGGGTGGGACAT {CATGCTACATGTCTGCGGCATGATGCCC-CAGTGCTAGACATCACTATAAACT(! Unionoida

GCCTC-GCTTGGCGCTCAGC-ATTAAGAGGT --TAGTGTTAGGACTGGTCGGCCTGGTGTCAGGATAATGTGACTGGGTGGGACAT{CATGCTACATGTCTGCGGCATGATGCCC-CAGTGCTAGACATCACTATAAACT
Ai¥ -CCT--GCTTARCRCTCAGC-ATTAAGGGAG--TGGGAC---GACTGCTTCGCCCGTTGTCAGTATAATGTGACCGEETGGEETGT{GTTGCTTGGTGTCTTCGGCGGCATGCTT-CAGTG--ATATAGCACTATAAN
Cfa -CCT--GCTTAGCGCTCAGC-ATTATGGGAG--TGGGAC---GACTGGTTCGCCCGTTGTCAGTATAATGTGACCGGGTGGGATGT {TCTGCTGGGTGTCTTCGGCAGGATGT TT-CAGTG--AGATAGCACTATAANGT(| Pectinoida
Mye -CCT--GCTTAACGCTCAGC-AAATTAGGAG--TGEGAC---GACTGETTCGCCCCGTTETCAGTATAATGTGACCECEEGTGGGGCGT{CCTGCTGGGTGTCTTCCGGCAGTATGTTT-CAGTG- -AGGTAGCACTATAAAGT
BEE TCTCC-GCTAAGCACGCAGC-ATTAAGGAGA--AAGAGC. GACTGGTTGGCTCGGAATCAGAATAATGTGTCCGAGTGGAGCGACATGTCTAC---CCGCGGACTGTTGTTT-CAGTG--AGCTAGCACTAT. ytiloi
Sco CCCTT-GCTAACGCTCAAGCAAATATAAGGG--TAGTTCCACGACTGGTTGGCCCGGTGTCAGGATAATGTGACTGGGTGTGGTAT{CATGCCAGGTGTTCACGGCATGCTATACACAGTGA-AGGCAGCACTATAT |-~
Ais TCCTC-GCTTGGCGCTCAGC-ATTAAGAGGG--TAGTACTAGGACTGGTCGGCCCAGTGTCAGAATAATGTGACTGGGTGGGGTAT {CATGCCATGTGTCTGCGGCGTGATATTC-CAGTGA-AGGCAGCACTAT.
Mme TCCTC-GCTTGGCGCTCAGC-ATTAAGAGGA--TAGTGCTAGGACTGGTCAGCCCGGTGTCAGTATAATGTGACTGGGTGGGGTAT{CATGTCACGTGTCTACGGCGTGATATTC-CAGTG-~AGGCAGCACTATAAAGT

————— GGCCGGGTCATACCT-AAGACTTTARAA-TTGGCAA-TCTAGTCGCT
-GGCCGAGTCATACCT-AAGACTTTAAA--TTGGCAA-TCTAGTGGCT|  GASTRO-
---GGCCGCGTCATATCT -AAGACGTAAAAA - -TGGACACTCTAGTGGCT
PODA
- GGCCGCGTCATACCARAAGACGTTARAAGATGGTA--~CTTGTTGTT
---GGTCGGGTCATACCA-AAGACCTTAAARA-TGGTA---CTAGCTGCT (| Nuculoida
---GGCCGAGTCATACCA-ARGACTTATARAARTGGTA- - ~CTARCAGCT
---GGCCGAGTCATACCA-ARGACTTACAARA-TGGTA---CTAACAGCT(| Unionoida
---GGCCGAGICATACCA - AAGACTTAT TGGTA---CTAACAGCT w
--TGGCCGAGACACACCA-TAGTCTATAAAAG-TGGTA---GITTCTGCT <
-—TGGCCGAGACATACCA-AAGTCTATAARAA-TGGTA---GITTCTACT| Pectinoida 3>
----TGGCCGAGACATACCA-AAGTCTTTAAAAA-TGGTA-~~GTTTCTACT <
TCGGGICAAACCA-AAGACTATARAA-TIGGTA---TITEITECT || Mytiloida 35
CGCGACATACCA-AAGTCGTTAARAA-TGGTA-GTGGTATAGCT
————————————— GGCCGCGTCATACCA-AAGACTTTARAAA-TGGTA---CTAGTAGCT| Veneroida
GCCGCGTCATACCA-AAGACGTAAAAAA-TGGTA-~~CTAGTAGCT
————————————— GGCCGCACCARACCA-AAGGTGTTAARA-TTGGTA---CTGGTTETT|| A-desmata
GASTRO-
PODA
TGGGGTATICATGTTAAA--~CTGCGGCATGGTATCT-CAGTG--GGCTAGCACTATARATC
e
<
5
s
>

Lel TCCTC-GCTARACGCTCAGC-ATTAAGAGGA--TAARACCAGGACTGGTTGGCCCGGTGTCAGGATAATGTGACTGGGTGGTGTATICCTGTCTTGTGTCTGCGGCACGGTGCAT-CAGTGTTGG-CAGCACTTARRACC(! A

Lsa AAGCAGCACCG-CCCTGATATGGCCCTTCGT--GGTCGGCTGGGCGTTAAG(CAAA)N

L1i A-GCAGCACCG-CCCTGATATAACCCTTCGT--GGTGGACTGGGCGTTAAGCAAACA(AAGTTT)n
Cfo A-GCAGCACCG-CCCTGATATCACCCTATCTGCGGTTGGCTGGGCGTAAAGCACCAA(TARA)N
S5gi A-GCAGATCCGTCCCTGAGATACACTAGCAT---GTTGCTGGGACGTTAAGCAACCAA (CARA)N

Hdi GGCATCAGTCCGGACTAGTACAAG (CA)n GCCGTGCATGCACGTCGCTATATAAGTGCAATAATCTTGGACGCGACGTTAAACCCCATTT (CACCT)n

NEE CTGIT---————-————————- CACATCCATACACCGTCGTG:
l GCCACACTGCAGACATCGTAGC

GCCACACTGCAGACATCGTAGCG
GCCACACTGCAGACATCGTAGC!

ATATGACTGAAAAATTGTTGAAAGCGACG--AAAAACCCAACA(CACT)n
ATATGACTGAAAAATTGTT-AAAGCTACGTTAAAAATCCAAAT(CA)n
ATATGACTGAAAAATTGTT-AARAGCTACGTTAAAAATCAAAAT (CA)n
ATATGACTGAAAAATTGTT-AAAGCTACGTTAAAAATCCAAAT (CA)n

AiF GGGCAACAGTTCCA--CTA-TACAAGAAGACACAACATGAATATACCGCAGTCTCCCAAAACACGCACCGCGCACAACATACACGCAA-CACACCGCATACATGGGAGGCCGTCCTTACATGACCCTGGCTGTTAATAGGACGTTAATTCAT (CAAA)N

CACATGCACTACACACATGCATTTTGCAT.

Cfa CGGCATCAGATCCGCGCTATTACAAGGAGACAATACACGAACATACCGCTGCCTCCCAAAA

CGTCCTTAAATGACCTTAGCTGTTGATAGGACGTTAAACAAAATAAA (CCAAA)N

Mye CGGCATCAGTTCCGCGCTATCACAAGGAGACAA-ACACGAACATATCGCAGCCTCCCAAAATACACACACATACACTACACGCATGCATCTTGCACACAGGGGAGGCCGTCCTTAAATGACCTTAGCTGTTAATAGGACGTTARACAAAAT (CARA)N
B&EE TCCAACTCAGCGTGTTGGTCTAGAACAAAGCGGACCTCATCATCATCTCATTGAAAATTAACTTGTTCTCGCCATGATATAGCTGAAAAATTGCTGATTTGG-CATTAAGCAACAAT (CACT)n

SCO —m=-mmmmmmmmm o C-TGCTTCAAGTGGACACCGTCTCC
Ais TGGGCATTGA--GCTCTC-TGCTACAAGTAGACACCGTCGTG:
Mme TGGGCATTGT--GCTCAC-TGCTACAAGTAGACACCGTCGTTT
&l CGAGCGCTATCGCGTCTCATGCAACAAGCAGCCACCGTCGTG

AGATAACTGAAATACTGTTGGT-GGGACGATAAACCCAATAARA (CAAA)N
ATATGACTGAAAAATTGTTGAAAGCGACGTTAAACAATA (CAARA)N
ATATGACTGAAARATTGTTGAAAAAGACGTTAAACCCGAA(CA)n
ATATAACTGAAAGATTGTTGAAAGCGACGT-AAAACACCAA (TCAC)n

Fic. 1.—MESC SINEs in gastropods and bivalves. A multiple alignment of consensus/contig sequences is shown. The shaded sequence at the 5" end of
Chlamys farreri (Cfa) and Mizuhopecten yessoensis (Mye) SINEs are homologous to the 5" end of Nimb-17_LMi (compare fig. 3C, see text for details). The
tRNA-derived region is marked with a bold line on top of the alignment block; A and B promoter boxes are boxed in the Littorina saxatilis (Lsa) sequence. The
arrowhead indicates the 3’ end of homology to the heads of Strongylocentrotus purpuratus SINE2-1_SP and SINE2-2_SP (for an alignment to these two
SINEs, see supplementary fig. S1, Supplementary Material online). The broken line indicates the MESC central conserved domain. The approximately 50-bp
sequence shared by MESC SINEs in bivalves and the vetigastropod Haliotis is boxed. Conservation of the 3’ end in all bivalve MESC SINEs (except those of
Pectinoida) is indicated by identity shading. The putative polyadenylation signal in Ch. farreri MESC SINEs is underlined. Color coding of related species
corresponds to that in figure 2. Lli, Littorina littorea; Cfo, Crepidula fornicata; Sgi, Strombus gigas; Hdli, Haliotis discus; Nte, Nucula tenuis; Eco, Elliptio
complanata; Vi, Villosa lienosa; Hcu, Hyriopsis cumingii; Air, Argopecten irradians; Baz, Bathymodiulus azoricus, Mme, Mercenaria mercenaria; Sco,

Sinonovacula constricta; Ais, Arctica islandica; Lel, Laternula elliptica.

present in the genome of Locusta migratoria. Nimb-17_LMi
belongs to the Nimb clade of I-like non-LTR retrotransposons
that comprises elements in fish, mollusks, sea squirts, sea
urchins, and insects (Kapitonov and Jurka 2009). The LINE-
derived 5’ domain of the pectinoid MESC SINEs is followed
by an 88-bp CT-rich region of unknown origin (fig. 1).
The acquisition of additional sequences upstream of the
tRNA-derived head is reminiscent of the situation found in a
subgroup of Deu-SINEs in which a 5S rRNA sequence has been
fused to the 5" end of the tRNA-derived head and, following
loss of the 3’ part of the tRNA-derived region, has taken over
promoter function (Nishihara et al. 2006). As we will demon-
strate and discuss in the next section, the LINE-derived
sequence as it is found at the 5 end of MESC SINEs in pecti-
noid bivalves (fig. 1) cannot only be added to but can also
replace tRNA-derived heads in SINEs (fig. 3B).

None of the sequences available for Argopecten irradians
and Mizuhopecten yessoensis covers an entire element. In
these cases, contig sequences were generated and used in
the alignment. Sequences indicating the presence of MESC-
domain SINEs containing a LINE-derived 5 domain are also
found in Placopecten magellanicus (sea scallop) and Pecten
maximus (king scallop) transcriptome shotgun assemblies.
However, the frequent occurrence of sequences with identical
5’ flanking sequence/different 3 flanking sequences or different
5" flanking sequence/identical 3’ flanking sequences suggests
misassembly across highly similar SINE internal sequences.

LP-SINEs: Harnessing a LINE Promoter

Based on the observation that the head regions of all SINEs
characterized so far are derived from small cellular RNAs and
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FiG. 2.—MESC SINEs are widely distributed among gastropods and bivalves. A schematic representation of MESC domain SINEs (not drawn to scale) and
their distribution in gastropod/bivalve subclasses and families is shown. A and B denote the promoter boxes in the tRNA-derived head regions. Pectinoid
MESC domain SINEs are characterized by a LINE element-derived segment (L) and a short C/T-rich sequence at their 5" ends. Dark gray boxes indicate a
sequence stretch conserved in bivalves and the vetigastropod Haliotis. (CA), denotes a microsatellite present in Haliotis MESC SINEs. Dotted boxes represent
tail sequences shared between all bivalve MESC SINEs except those in Pectinoida. Empty boxes at the 3’ ends of SINEs in Gastropoda and Pectinoida represent
tails of unknown origin that are not shared across clades or subclasses. The topology of the schematic representation for bivalves is based on Gonzalez et al.

(2015); the two gastropod clades were added at the appropriate position.

that they are transcribed by RNA polymerase lll (for review, see
Kramerov and Vassetzky 2011), transcription by this polymer-
ase has been included into the definition of this type of retro-
transposon. However, as described above, in the genomes of
pectinoid bivalves there are SINEs whose head region/putative
promoter is derived from a LINE element. It is, therefore, pos-
sible that they are transcribed by RNA polymerase Il. The pres-
ence of variable size TSDs directly flanking the elements and of
3’ terminal short tandem repeats (typical for SINEs) suggests
that they are mobilized by a LINE-dependent mechanism.
SINEs with a similar LINE-derived 5" domain are also found
in Li. saxatilis (family Lsa_2). Nine copies of Lsa_2 could be
identified in the BAC sequences. Six of these display variable
size TSDs (supplementary table S1, Supplementary Material
online). Homology search using the Lsa_2 head as a query
and subsequent analysis of the sequences retrieved revealed
that TSD-flanked elements with similar LINE-derived heads are
also present in the vetigastropod Haliotis (Haliotis diversicolor
and Haliotis midae) and in the ostreoid bivalve Ostrea (Ostrea
conchaphila and Ostrea edulis) (fig. 3A; for statistics on TSDs,
see supplementary table S2, Supplementary Material online).
In the Sydney rock oyster (Saccostrea glomerata, Ostreoida), a
SINE family with the LINE-derived head shares the body and
tail with two families of tRNA-derived SINEs (fig. 3B). The body
of the three Saccostrea SINE families contains a partial Nin-DC
domain. The Haliotis SINEs and the SINEs in Ostrea and

Saccostrea share the tail sequence (fig. 34), which suggests
that they are mobilized by the same, as yet unidentified, LINE
element.

Its position suggests that the 5 LINE-derived sequence
might function as the promoter of the elements. We will
therefore refer to these retrotransposons as “LP"” (LINE pro-
moter) SINEs.

Experimental work is necessary to confirm the promoter
function of the LINE-derived fragment and to establish
which RNA polymerase transcribes this type of retrotranspo-
son. Interestingly, the 3’ terminal tandem repeats in Lsa_2
elements and Chlamys MESC SINEs are preceded by a canon-
ical polyA signal (underlined in figs. 1 and 3A). This is similar to
the setting found in RNA polymerase Il transcribed LINEs that
terminate with tandem repeats (e.g., Unal2 [Kajikawa and
Okada 2002] and ZfL3 [Ogiwara et al. 2002]). The hexamers
found upstream of the Haliotis and Ostrea LP-SINE tandem
repeats (AATATA and ACTAAA; fig. 3A) represent polyA
signal variants that were shown to be functional in humans
(Beaudoing et al. 2000). The sequence found in Saccostrea
Sgl_LP SINEs (AGTATA) has not been reported as a polyade-
nylation signal. However, a comprehensive survey of polyA
site usage in mollusks is not available.

Outside mollusks a family of SINEs carrying a similar LINE-
derived head could be identified in the genome of the
Mediterranean fruit fly (Ceratitis capitata, data not shown).
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Mobile Element Evolution Playing Jigsaw

GBE

A

Lsa_2
Hdi/Hmi_LP
Sgl_LP
Oco/Oed_LP
Nimb-17_ LMi

Lsa_2
Hdi/Hmi_LP
Sgl_LP
Oco/Oed_LP
Nimb-17_ LMi

Lsa_2
Hdi/Hmi_ LP
Sgl_LP
Oco/Oed_LP
Lsa_2
Hdi/Hmi LP
Sgl LP
Oco/Oed LP
Lsa_2

Cgi_ tRNA-Arg
Sgl tRNA 1
Sgl tRNA 2
Sgl LP

Inv

Sgl tRNA 1
Sgl tRNA 2
Sgl LP

Aplysia Nin
Lottia Nin

Inv n

Sgl tRNA 1

Sgl tRNA 2

Sgl LP

Aplysia Nin
Lottia Nin

Sgl_tRNA 1

Sgl tRNA 2

Sgl_LP

Sgl_tRNA 1
Sgl_tRNA_2
Sgl_LP

Cc

Lsa 2
Hdi/Hmi_ LP
Sgl LP
Oco/Oed_LP
Cfa MESC
Mye_ MESC
Nimb-17 LMi
I-3_DR
RTE-9 CPB

Lsa_2
Hdi/Hmi_LP
Sgl_LP
Oco/Oed_LP
Cfa MESC
Mye MESC
Nimb-17 LMi
I-3_DR
RTE-9 CPB

-CCCCCCGCGGGTTAGGGGGAA-GAATTTACCCGATGCTCCCC--AGCATGTCGTAAGAGGCGACTAACGGATTCTGTTT
GACCCGTGAAGGTCCCGGGGTA-GAATAGGCCTTCAGCAACCC-AGGCTTGCTATAAAAGGCGACTTGCTTGTCGTAAAA
GCCCCGTGGGGATCC-GGGTTA-GAATAGGTCCTCAGTACCCCCTTGCTTGTCGTAAAAGGCGACTAAATGGGGCGGTCC
-CCCCGTGGGGATCCCGGGTTA-CAATAGGTCCTCAGTACCCC-TTGCTTGTCGTAAGAGGCAACTAAATGGGGCAGCCC
CCCCCCTGCGGGTTCGGGGGTAAGAATAGGCCCGCGGTATTCC--TGCCTGTCGTAAGAGGCGACTAAAAGGAGTCCTCA

CTCCTTTTACCCTTGTTAAGTGTTTCTTGTATAGAATATAGTCAATGTTTGTAAAGATTTTAGTCAAGCAGTATGTAAGA
GGCGACTAACGGGATCGTTTGGTCAGGCTCACTGACTTGGTTGACACATGTCATCGGTTCCCAATTGCGCAGATCGATGC
TTCGGATGAGACCGTATAAACCGAGGCCCCGTGTCACAGCAGGTGTGGCACGATAAAGATCCCTCCCTGCTCAAAGGCCG
GTCGGATGAGACCGCAAAAACCGAGGCCCCGTGTCACAGCAGGTGTGGCACGATAAAGATCCCTCCCTGCTCAAAGGCCA
TACGTTTCGGCTTATACA

AATGTTAAGTCCTTTGTACTGGAAACTTGCATTCTCCCAGTAAGGTCATATATTGTACTACGTTGCAAGCCCCTGGAGCA
TCATGCTGTTGATCACTGGATTGTCTGGTCCAGACTCGATTATTTACAGACCGCCTCCATATAGCTGGAATATTGCTGAG
TAAGTGCCGAGCATAGGCCTAAATTT-GCAGCCCTTCACCGGCAATGGTGACGTCTCCATATCAGTGAAATATTCTGGAG
TAAGCGCCGAGCATAGGCCTAAATTTTGCAGCCCTTCACCGGCAATGGTGACGTCTCTATATGAGTGAAAAATTCTCGAA

AWTTTTTGATTAGTGCTTTTGTGAACAAGAAACAATTRACAAGTGGCTCTATCCCATCTCCCCCCTTTCCCCGTCGCGAT
TGTGGCGT-AAA-ACTAAA (CTCA)n
AGGGACGTTAAACAGTATA (CAAT)n
CGGGACGTTAAACAATATA (CAAT)n

ATAACCTTCGTGGTTGAAAACGACGTTAAACACCAAATAAA (GAAA)n

---GGCCGCG-TGGCCTAATGGATAAGGCGTCCGACTTCGGATCGGAAGATTGCGAGTTCGAGTCTCG-TCGTGGTCA

ACCGGTCACGGTAGCCTAGTGG-TAGAGCGTTCGCTTCGTGATCGGGAGGCC-CGGGTTCGATTCTCGATCGCGGCGCCG
GTCGCCCGCG-TGGCGCAGTGGTTAGAGCGTCTGCTCTAGAGTCGCGAAGTAAGGAGTCAATCCTTACGTICGCGGGTTCG
GCCCCGTGGGGATCCGGGTTAGAATAGGTCCTCAGTACCCCCTTGCTTGTCGTAAAAGGCGACTAA- - —— == === —————

ACGMCTTCE
CGTCATACCTAAGACGTAAACAAAGGTAGTGACTGTTCCTTCGCCAAGCGCTCGGCACTAGAAGTGARAGTCACGGGTCT
AATCCCACTGTGGGAC == === == == = = = = = — GTGGAGACCGGTCC
———————————————————————————————————————————————————————————————————— ATGGGGCGGICE

---GGACAAGGGCGAAAAATCTCGGAGGGCCCGTGTGC---AAGTTG--CGCACGTTAAAGATCCCTTGGTGGTCTAAAA
---TCGGATGGGACAATAAACC--GAGGCCCCGTGTGCTACAGGCTG--TGCACGTTAAAGATCCCTCGACAGTTGGAAA
TTCGGAGGGGAM-GTAAA-GCC-GTCGGTCCC

TTCGGATATGACCTTAAAAAC--GTAGGTCCCGTGTCACGGTAGGCGTTGGCACGATAAAGAACCCTCACTGCTCAATGG
TTCGGATGAGACCGTATAAACC--GAGGTCCCGTGTCGCAGTAGGTGCTGGCACGAAAAAGATCCCTCCCTGCTCAATGG
TTCGGATGAGACCGTATAAACC--GAGGCCCCGTGTCACAGCAGGTG-TGGCACGATAAAGATCCCTCCCTGCTCAAAGG

TCGATAA-GAGTAGGCTTCGGCCGCCACCCGGGCAAAATT
TCGAAAAAGAGCAGGCTAATGCCGCTGTCCTGGCAAAATT
CCCTGAGTGCCGAGTATAGGTCTAAATTTGAAGCCCTTCACCGGCAT-CGGTGACGTCTCCATATGAGTGAAAAATTCTC
CCCTGAGTGCCGAGTATAGGACAAAATTTGCAGCTCTCCACCGGCAAGTGGTGGCGTCTCCATATGAGTGAAAAATTCTC
CCGTAAGTGCCGAGCATAGGCCTAAATTTGCAGCCCTTCACCGGCAA-TGGTGACGTCTCCATATCAGTGAAATATTCTG

AAGAGGGACGTTAAACAATATA (CAAT)n
GAGAGGGACGTTAAACAATATA (CAAT)n
GAGAGGGACGTTAAACAGTATA (CAAT)n

80
|

--CCCCCCGCGGGTTAGGGGGAAGAATTTACCCGATGCTCCCCA---GCATG-TCGTAAGAGGCGACTAACGGATTCTGT
-GACCCGTGAAGGTCCCGGGGTAGAATAGGCCTT-CAGCAACCC-AGGCTTG-CTATAAAAGGCGACTTGCTTGTCGTAA
-GCCCCGTGGGGATCC-GGGTTAGAATAGGTCCT-CAGTACCCCCTTGCTTG-TCGTAAAAGGCGACTAAATGGGGCGGT
--CCCCGTGGGGATCCCGGGTTACAATAGGTCCT-CAGTACCCC-TTGCTTG-TCGTAAGAGGCAACTAAATGGGGCAGC
-ACCCCCTGCAGGTAGGGTGTAAGAATTGTACCTGCTGCCCCCA-TTGCATGATCGTAAGAGGCGACTAAGTATGGGATC
-—--ACCCTGCAGGTAGGGCGTAAGAATTGTACCTGCTGCCCCCAATTGCATGATCGTAAGAGGCGACTAAATTTGGGACC
-CCCCCCTGCGGGTTCGGGGGTAAGAATAGGCCCGCGGTATTCC--TGCCTG-TCGTAAGAGGCGACTAAAAGGAGTCCT
GCCCCCGTGGGGACCCGGGGT-AGAATAGGTCCC-TAGCACCCCCTTGC-TGTTCGTAAGAGGCGAC-AAATGGGGCAAC
--TCCCCTGTGGGTCCGGGGACAGAATAGGCCCACCGCTCCTCC--TGCATG-CCGTAAGAGGCGACTAAAAGGGGGCTG

TTCTCCTTTTACCCTTGTTAAGTGTTTCTTGTATAGAATATAGTCAATGTTTGTAAAGATTTTAGTCAAGCAGTATGTAA
AAGGCGACTAACGGGATCGTTTGGTCAGGCTCACTGACTTGGTTGACACATGTCATCGGTTCCCAATTGCGCAGATCGAT
CCTTCGGATGAGACCGTATAAACCGAGGCCCCGTGTCACAGCAGGTGTGGCACGATAAAGATCCCTCCCTGCTCAAAGGC
CCGTCGGATGAGACCGCAAAAACCGAGGCCCCGTGTCACAGCAGGTGTGGCACGATAAAGATCCCTCCCTGCTCAAAGGC
TTATCTTTTCTCTTCTTTCTAACCAACTTTCTACTTCCTAACGTCTCCCTTGACAATGCCTCACTTTTGGCCATATGTTG
TTATCTCTTCTCTCCTTTCTAAATAACTTTCTTCTTCCTAATGTCTCCCTTGACAATGCCTCACTTTTGGCCATTTGTTG
CATACGTTTCGGCTTATACATCTGTGGTCCCCTATGTGGGTTTGACCTTCCATTTTTCAAAATTTTTTCAGAAGAGCGAA
TTGTTGGCCGTGAGTTGCGACTCGTGTTGGTGGAGGAAGAGATCCTGGTGATTGAGGATTTTGATTTGCTGCGGCTATCA
CCTGGAGGGATGGGCTCCGCCAGGTTAGAAATTTGCCCAAGACACACCATEAT GAGCAAKTCAACCATGWCCWTACMG

Fic. 3.—SINEs with a LINE-derived head in gastropods and bivalves. (4) Multiple alignment of SINE consensus sequences from gastropods (Littorina
saxatilis, Lsa_2; Haliotis diversicolor/Haliotis midae, Hdi/Hmi_LP) and bivalves (Saccostrea glomerata, Pteriomorphia, Ostreoida, Sgl_LP; Ostrea edulis/Ostrea
conchaphila, Pteriomorphia, Ostrecida—Oco/Oed_LP) and the 5" part of the 5" UTR of Nimb-17_LMi, a Nimb-clade LINE element from the migratory locust

(continued)
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Template switching of the LINE RT has been suggested as
the mechanism facilitating the acquisition and exchange of
modules in SINE evolution (Akasaki et al. 2010; Kramerov
and Vassetzky 2011). This mechanism likely also mediates
the recruitment of the LINE 5 UTR fragment by pectinoid
MESC SINEs, the replacement of the tRNA head in the
Saccostrea SINEs and the generation of the other LP SINE fam-
ilies from as yet unknown ancestors. Interestingly, though, LP
SINEs appear to be the only known instance in which LINE
sequence constitutes the head of the element. Head regions
usually recruited by SINEs are small RNAs—tRNA or 5S rRNA.
The preference for switching template to small RNAs is also
obvious in the structure of chimeric retrogenes identified in
the human genome (Buzdin et al. 2003).

The homology between the LP SINEs identified in Li. saxatilis,
Haliotis sp., Sa. glomerata, and the pectinoid MESC-domain
SINEs described above is restricted to the first approximately
70bp (fig. 3Q). Intriguingly, comparison of the three known
LINE families carrying this sequence at their 5" ends (two Nimb
clade families—Nimb-17_LMi and |-3_DR—and an RTE ele-
ment from the painted turtle—RTE-9_CPB) shows that homol-
ogy between these is restricted to the same domain as well
(fig. 30). In the two Nimb LINEs, the 5" UTR extends a further
ca. 300 bp that do not show any homology. In the turtle RTE
LINE, the conserved sequence makes up roughly half of the 5’
UTR (ATG marked in fig. 30). Acquisition of novel 5" UTRs has
been shown to be a frequent event in the evolution of mam-
malian L1. In these cases, however, the entire UTR differs be-
tween subfamilies—with the notable exception of the L1
subfamilies present in the human genome which all share
the first approximately 50bp and the last 20 bp of the UTR
(Khan et al. 2006). No hypothesis has been brought forward to
explain this phenomenon.

An interesting case in which only the 5 extremity is
conserved between LINE families is represented by the trypa-
nosomatid ingi and L1Tc elements (Bringaud et al. 2002).
Promoter (Heras et al. 2007) as well as ribozyme (Sanchez-
Luque et al. 2011) activity has been demonstrated for the 77-
bp fragment shared between the otherwise very different
elements. Recently, Tx1 LINE families from crocodilians that
share U1 or U2 snRNA derived 5" ends with SINEU families
have been reported (Kojima 2015).

Once additional LINEs and SINEs carrying the particular 5/
end found in the locust, zebrafish, and turtle LINE elements
will have been identified, it will be interesting to see how they
evolved, and how frequently exchanges between them and
SINEs have taken place.

The V Domain in Mollusk SINEs

Whereas the central MESC domain appears to be widely dis-
tributed among bivalves, homology search using the Lsa_1
head retrieved SINE sequences from only two bivalve species
(Tegillarca granosa, Arcoida and Meretrix meretrix, Veneroida;
supplementary fig. S3, Supplementary Material online). In
both cases, it was found to be combined with different
bodies and tails. The tail of the Me. meretrix elements, how-
ever, is shared by yet another superfamily of bivalve SINEs
(fig. 4A). Surprisingly, these were found to exhibit homology
to V-SINEs, which were first described in vertebrates (Ogiwara
et al. 2002). Subsequently, using the V-domain as query, we
were able to identify a second bivalve SINE superfamily dis-
playing homology to this domain (fig. 4C). In both superfami-
lies homology to the vertebrate VV-domain covers its 5 end and
terminates at the position of the 3’ end of the V-domain as it is
found in the lamprey Lam1 SINE (Ogiwara et al. 2002). A
highly conserved block of 39bp is found at the 3’ end of
the V-homology in the bivalve SINEs. On average, 90% (first
superfamily) and 78% (second superfamily) of the nucleotides
in this block are identical to the consensus across all fish
V-SINEs reported by Ogiwara et al. (2002) (fig. 5A4). The
same subdomain is highly conserved (>80% identity to the
“all fish” consensus) also in SINE families identified in a gas-
tropod (Strombus gigas), a protobranch bivalve (Yoldia lima-
tula) and in arthropods (Empusa pennata, Thermobia
domestica, consensus sequences for these SINE families are
provided in supplementary fig. S4, Supplementary Material
online, fig. 54). We, therefore, suggest to refer to these
SINEs as “Vhc" (V highly conserved) SINEs.

SINEs of the first bivalve Vhc superfamily (Vhc_1; fig. 4A)
were identified in Pteriomorpha (saltwater clams). They are
found in Ostreidae (Cr. gigas), Arcidae (T. granosa), and
Pectinidae (Ch. farreri, Mi. yessoensis, Nodopecten subnodo-
sus, and Ar. irradians). The head region of these SINEs is

Fic. 3.—Continued

(Locusta migratoria). The Nimb-17_LMi sequence was obtained from Repbase (Jurka et al. 2005). Threshold for identity shading of the head and tail
sequences is 50%. Putative polyadenylation signals are boldface and underlined. (B) The Saccostrea Sgl_LP SINE shares a partial Nin-DC domain and the tail
with two tRNA-derived SINEs (Sgl_tRNA_1 and Sgl_tRNA_2). A tRNA-Arg from Crassostrea gigas (Cgi; SuperContig scaffold42556: 10,784-10,856), the Nin-
DC domains of SINEs from Aplysia californica (Aplysia_Nin) and Lottia gigantea (Lottia_Nin) (Piskurek and Jackson 2011), and a consensus sequence of the
recently described Inv domain (Luchetti and Mantovani 2013) are given for comparison. Note that homology to the Nin-DC domain extends 3" of the part
covered by Inv. Residues identical to Cr. gigas tRNA-Arg are highlighted in gray. Threshold for identity shading in the Inv/Nin domain is 50%. (C) Homology
among LP-SINEs, pectinoid MESC SINEs (Chlamys farerri, Cfa_MESC; Mizuhopecten yessoensis, Mye_MESC), and LINE elements is restricted to the 5’ part of
the LINEs’ 5 UTR. LINE sequences shown are Nimb-17_LMi (Loc. migratoria, Nimb clade), I-3_DR (Danio rerio, Nimb clade), and RTE-9_CPB (Chrysemys picta
bellii, RTE clade). The ATG of RTE-9_CPB is indicated, the start codons of the other two LINE elements are located approximately 400 bp downstream of the
transcription start site. LINE sequences were retrieved from Repbase (Jurka et al. 2005). Threshold for identity shading is 50%.
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A

Cgi_ tRNA-Glu

Cgi Vhc 1
Tgr Vhc 1
Cfa Vhc 1
Mye Vhc 1
Nsu Vhc 1
Air Vhc 1

V-domain
Cgi Vhc 1
Tgr Vhc 1
Cfa Vhc 1
Mye Vhc 1
Nsu Vhc 1
Air Vhc 1

V-domain
Cgi Vhc 1
Tgr Vhc 1
Cfa Vhc 1
Mye Vhc 1
Nsu Vhc 1
Air Vhc 1

Cgi Vhc 1
Tgr Vhc 1
Cfa Vhc 1
Mye Vhc 1
Nsu Vhc 1
Air Vhc 1

B

CR1-1 CGi
CR1-14 CGi
Cgi Vhc 1
Cfa Vhc 1
Tgr Vhc 1
Nsu Vhc 1
Mye Vhc 1

Cc

Cfa Vhc2
Mye Vhc2
Air Vhc2

V-domain
Cfa Vhc2
Mye Vhc2
Air Vhc2

V-domain
Cfa Vhc2
Mye Vhc2
Air Vhc2

t-RNA related

—————— TCCGATGTGGTCTAGTGGTTAGGATTCCTGGTTTTCACCCAGGCGGCCCGGGTTCGATTCCCGGCATCGGAA

—--GGTGTCCAA-GTAGCGTAGTGGACAATGCACTCGCTTTTCACCGCTGCGACCCGAGTTCGATCCCCGTGATCGACAGT
—--GGTGITCAA-GTGGCGCAGTGGTTAGCGCTCCCGCCTATCACCAATGCGACCGGGGTTCGATTCCCAGCGTCGTAT -~
—--GGTGGTCGG-GTGGTGCAGTGGATAGCGCACTTGCCTTTCACCAAGGCGGCCGGGGTTCGATTCCCC-GATCGGAC-—
-GGGTGGTCGG-GTGGTGCAGTGGATAGCGCACTTGCCTTTCACCAAGGCGGCCGGGGTTCGATTCCCC-GATCGGAC-—
-GGGTGGTCGG-GTGGCACAGTGG-TAACACACTTIGCCTTTCACCWAGGCGGCCGGGGTTCGATTCCCC-GATCGGAC-—
TGGGTGATCGG-GTGGTGTAGTGGTTAAGCCACTCGCCTTYCACCTAGCCGGCCGGGGTTCGATCCCCGGCA-NGGAC-—

V domain

-------- GTG-TGGAGTTTGCATGTTCTCCCTGTGT-CT]
GGTTGTATGTGATAGGGTATGGCGGTCGCCCGCTTGGACA -
-------- GTGATAAGGTATGA-GGTCACCTGCTTGAGCA
———————— GTGAAAAGGTATGG-GGTCACCTGCCCGACCA
———————— GTGAAAAGGTATGG-GGTCACCTGCCCGACCA
———————— GTGAAAAGGTATGG-GGTCACCTGCCCGACCA-

CGTGGGTTTC-CTCCGGGTGCTCCGGTTT-CCTCCCACA
CGTGGGTTCT-CTCCGGGTACTCCGGCTT-CTTCCCACA]
CGTGGGTTTTTCTCCGGGTTCTCCGGTTTTCCTCCCACA]
CGTGGGTTTT-CCCCGGGTACTCCGGTTT-CCTCCCACA]
CGTGGGTTTT-CTCCGGGTACTCCGGTTT-CCTCCCACA]
CGTGGGTTTT-CCCCGGGTACTCCGGTTT-CCTCCCACA]

———————— GTGAAAAGGTTAGG-GGTCAACTGCCCGATCA-

CGTGGGTTTT-CTCCGGGTACTCCGGTTT-CCTCTCACA|

EEEER
GTCCAAA

CC--AATGACCCCCTCGCGCTAACATCCGTGCCAACGAGAGATATTAATATAAGTTGTAGA-ACTTGTTTATCAATCGTT
AT--AAGACCTCACGCGCGCTACAATTCGGGCCAACGAGCTAGATTAATATAAGTTG-CACAACTTGTTTCTAAATCGTT
GT--AAGACCCCTCGCGCGCTTCCATCCGGGCCAACAAGAGTGATTAATATAAGTTGATATAACTTGTTTCGCAATTGTT
TT--AAGACCCCCCGCGCGCTAACATCCGGGCCAACAAGAGTGATTAATATAAGTTGAAATAACTTGTTTCATAATTGTT
GT--AAGACCCCTCGCGCGCTTCCATCCGGGCCAACAAGAGTGATTAATATAAGTTGATATAACTTGTTTCGCAATTGTT
CT--AAGACCCCTCGCGCGCTTACATCCGGGCCATCGAGAGTGATTTGCATAAGTTGTA-TAACTTGTTTTGCAATCGAT

GTAAAATAAATAAAGTT (CAGTT)
GTAAAAGAAATAAAGTTT
GTAAAATAAATAAAGTTT
GTAAAATAAATAAAGTTT
GTAAAATAAATAAAGTTT
GTAAAATAAATAAAGTTT

TGTAAGTTGTAAGAACTTGTTTCCGA-TCCTTTTGTGTTACTTACACAATAAAATATGTTCAAATCAAAA

TGTAAGTTGTTAGAACTTGTTTCTGA-TCCTITTT---—-— GTTTAGTCAATAAAATATGTTCAAAACAAA
TATAAGTTGT-AGAACTTGTTTATCAATCGTTGT---————-—-———— AAAATAAATAAAGTT (CAGTT)n
TATAAGTTGATATAACTTGTTTCGCAATTGTTGT-———————————— AAAATAAATAAAGTTT
TATAAGTTG-CACAACTTGTTTCTAAATCGTTGT---————-—-———— AAAAGAAATAAAGTTT
TATAAGTTGATATAACTTGTTTCGCAATTGTTGT-———————————— AAAATAAATAAAGTTT
TATAAGTTGAAATAACTTGTTTCATAATTGTTGT———————————— AAAATAAATAAAGTTT

-GGGGCCGCGGTGGCCAAGTGGTTAAGGCGTCT-GACAT-CTGCTACCACTAGCCCTCCACCGCTGGGTCGCGGGTTCGA
GGGGGCCGCGGTGGCCAAGTGGTTAAGGCGTCT-GACATTCTGCTACCACTAGCCCTCCACCACTGGGTCGCGGGTTCGA
GGGGGCCGCGGTGGCCGAGTGGTTAAGATGTCNCGACATAT---TACCACAAGCCCTCCACCTCTGGGTNGCGAGTTCGA

V domain

——————— GTGTG-GAGTTTGCATGTTICTCCCTGTGTCTGCGTGGGTTTC-CTCCGGGTGCTCCGG-TTTCCTCCCACAGT

GACCTACGTGGGGCAGTC-GCCAGGTACTGGCCGTCGGT]
GGCCTACGTGGGGCAGTC-GCCAGGTACTGGCCGTAGGT]
ATCCCATGTGGGGCAGTT-GCCAGGTACTGACCGCTGGT]

CGGTGGTTTTTCTCCGGGAACTCCGGCTTTCCTCC-AC(
CGGTGGTTTTTCTCCGGGAACTCCGGCTTTCCTCC-AC(
CGGTGGTTTTTCTCCGGGTACTCCGGCTTTCCTCC-ACG

IAA
IAC
AA

CCAAA

CAAAACCTGGCACGTCCTTAAATGACCATAGCTGTTAATAGGACGTAAAACAAAAATAAA (CCAAA)N
CAAAACCTGGCACGTCCTTAAATGACCATAGCTGTTAATAGGACGTAAAACACAAACAAA (CCAAA)N
C-AAACCTGGCACGTCCTTACATGACCCTGGCTGTTAATAGGACGTTAAACTAATAAAA (CCAAA)N

Fic. 4.—Bivalve Vhc SINEs and their partner LINEs. (4) Alignment of Vhc_1 SINEs identified in pteriomorph bivalves. V-domain denotes a consensus
sequence over the V domains of the V SINEs reported by Ogiwara et al. (2002). Cgi_tRNA-Glu represents a Crassostrea gigas tRNA
(supercontig:GCA_000297895.1:scaffold474:30309-30980). The tRNA-derived head is marked by a bold line on top of the aligned sequences; the

(continued)
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tRNA derived; the best match in the Cr. gigas genome being
tRNA-GIlu. Vhc_1 SINEs lack well-defined 3’ terminal tandem
repeats, with exception of Cr. gigas (pacific oyster) where
some elements terminate in (CAGTT),. TSDs could be iden-
tified for Vhc_1 SINEs in five of the six species in which they
are found (supplementary table S2, Supplementary Material
online). In Cr. gigas, for which the sequence of the entire
genome is available, 725 Vhc_1 SINE copies were identified
by RepeatMasker (Smit et al.). They cover 0.03% of the
genome (supplementary table S3, Supplementary Material
online). On average, Cgi_Vhc_1 SINEs show 11% divergence
from the consensus. However, there are smaller groups (9-
20 elements per group) that are on average up to 99.6%
identical to their respective group consensus (supplementary
fig. S5, Supplementary Material online). This indicates that
Vhc_1 SINEs in Cr. gigas might still be active.

Homology between the 3’ tail sequence of Vhc_1 SINEs
and those of the Cr. gigas autonomous non-LTR retrotranspo-
sons CR1-1_CGi and CR1-14_CGi (Jurka 2012; Zhang et al.
2012; Bao and Jurka 2013; fig. 4B) suggests that elements of
these LINE families could be the autonomous partners of
Vhc_1 SINEs. Both LINE elements belong to the CR1 clade.

Elements of the second bivalve Vhc SINE superfamily—
Vhc_2 (fig. 4C)—are absent from the Cr. gigas (Ostreidae)
genome and could not be identified in the T. granosa
(Arcidae) ESTs available in the database. In Pectinidae,
Vhc_2 SINEs are present in Ch. farreri, Mi. yessoensis, and
Ar. irradians. No closely matching mollusk tRNA could be iden-
tified for the Vhc_2 SINE 5" domain. Potential partner LINEs
that share the tail with Vhc_2 SINEs could not be identified in
the available database sequences.

It is worthwhile noticing that Vhc_1 and Vhc_2 SINEs dis-
play internal stretches of four and five consecutive T residues,
respectively. OligodT stretches >4 bp are also found in the
recently described crocodilian SINEU families (Kojima 2015)
and in some of the gastropod Snail SINEs described below.
Clusters of four or more consecutive T residues were demon-
strated to act as RNA polymerase lll terminators (Bogenhagen
and Brown 1981). A more recent study, however, has shown
that the recognition of termination signals by RNA polymerase
il is context dependent. In yeast, a C residue immediately
downstream of the T stretch weakens its termination potential
and favors read-through (Braglia et al. 2005). Interestingly, in
the mollusk Vhc and Snail SINEs all potential internal termina-
tors are followed by a C residue; in some cases even by a CT

dinucleotide that is even more favorable for read-through
(Braglia et al. 2005) (figs. 4 and 7).

As mentioned above, SINE families containing the 37- to 39-
bp Vhc subdomain are present in other mollusks (protobranch
bivalves and gastropods) and in arthropoda. The corresponding
block in the sea anemone (Nematostella vectensis, Cnidaria)
SINE2-2_NV (Putnam et al. 2007; recently categorized as
V-SINE in Vassetzky and Kramerov 2013) is 79% identical to
the all fish V-consensus (fig. 54). Thus with representative SINE
families in the major eumetazoan phyla Cnidaria, Ecdysozoa
(Arthropoda), Lophotrochozoa (Mollusca), and Deuterostomia
(as part of the V-domain), the phylogenetic distribution of the
Vhc subdomain equals that of the Nin-DC domain (Piskurek
and Jackson 2011). The persistence of highly conserved SINE
domains across a wide range of species and phyla has been
discussed in the context of a possible function of such domains
in the host genome, e.g., by providing regulatory sequences
(Santangelo et al. 2007; Sasaki et al. 2008). An alternative
hypothesis suggests that these domains might be important
in maintaining the integrity of the elements and their prolifer-
ative capacity (Gilbert and Labuda 2000). The CORE and V
conserved domains have been suggested to facilitate the ex-
change of SINE 3’ ends with active LINE elements (Gilbert and
Labuda 2000; Ogiwara et al. 2002). It has also been discussed
that the conserved central domain-mediated acquisition of
SINE segments might accelerate the formation of complex sec-
ondary structures (Sun et al. 2007).

The isolated Vhc subdomain is predicted to form a stable
hairpin structure with an internal loop (Minimum Free Energy
(MFE) 14.44 kcal/mol; fig. 5B). This stem-loop structure is pre-
served in the context of the entire SINE secondary structure—
either as a separate hairpin followed by a stretch of unpaired
nucleotides (in Vhc_1 SINEs; fig. 64) or as terminal part of a
larger stem loop (in Vhc_2 SINEs; fig. 6B). Interestingly, despite
the fact that they do not share any other sequence elements
with Vhc_1 or Vhc_2 pteriomorph SINEs, the SINEs identified
in the protobranch bivalve, the gastropod, and the arthropods
fall into either one of the two categories as far as the “em-
bedding” of the Vhc stem loop into the overall secondary
structure is concerned: The Strombus (Gastropoda) and
Empusa (Arthropoda) SINEs display the Vhc as separate stem
loop comparable with Vhc_1 SINEs (fig. 64), and in the Yoldia
(Protobranchia), Thermobia (Arthropoda), and Nematostella
(Cnidaria) SINEs the Vhc domain forms the terminal part of
a larger stem loop as seen in Vhc_2 SINEs (fig. 6B). In the

Fic. 4—Continued

V domain by a dotted line. The highly conserved Vhc subdomain is boxed. Residues identical to Cgi_tRNA-Glu and to the fish V domain are highlighted in
gray. (B) Alignment of Cr. gigas CR1 element 3’ ends (Jurka 2012; Zhang et al. 2012; Bao and Jurka 2013) to the tails of Vhc_1 SINEs identified in
Pteriomorpha. Threshold for identity shading is 50%. (C) Multiple alignment of the consensus sequences of Vhc_2 SINEs. The V domain is indicated by a
dotted line. The highly conserved Vhc subdomain is boxed. Species names are abbreviated as follows: Cgi, Crassostrea gigas; Tgr, Tegillarca granosa; Cfa,
Chlamys farreri; Nsu, Nodipecten subnodosus, Mye, Mizuhopecten yessoensis, Air, Argopecten irradians. Residues identical to the fish V domain are

highlighted in gray.
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A B
V_fish CGTGGGTTTIC-CTCCGGEGTGCTCCGG-TTTCCTCCCACA c A
Cgi_vhc 1  CGTGGGTICT-CTCCGGGTACTCCGG-CTTCTTCCCACA ¢
Tgr Vhe 1  CGTGGGTTTTTCTICCGGGTTCTCCGGTRTTCETCCCACA U-A
Cfa Vhc 1  CGIGGGTTIT-CCCCGGGTACTCCGG-TTTCCTCCCACA 5
Mye Vhc 1  CGIGGGTTTT-CICCGGGTACTCCGG-TTTCCTCCCACA b5 3]
Nsu Vhe 1  CGIGGGTTTT-CCCCGEGTACTCCGGE-TTTCCTCCCACA I Y
Air Vhc_1  CGTGGGTTTT-CTCCGGGTACTCCGG-TTTCCTCTCACA Y €
Cfa vhc 2  CGGTGGITTTTCTCCGGGAACTCCGGCTTTCCTCEACCA v ¥
Mye Vhc 2  CGGTGGTTTTTCTCCGGGAACTCCGGCTTTCCTCCACCA kS Y
Air Vhc 2  CGGTGGTTTTTCTCCGGGTACTCCGGCTTTCCTCCACCA Y
Y1i Vhe CGGTGGTTTT-CTCCGGGCACTCCGG-TTTCCTCCACCA G
Sgi_Vhe CAGGGGTTTT-CTCCGGGTACTCCGG-TTTCCTCCCCTC o
Epe_Vhc GGCGGETTTT-CTCCGEGTTCTCCGG-TTTCCCCCGCCA £l
Tdo_Vhc CGIGGGTTTT-CTCGGGGTTCTCCCG-TTTCCTCCCACT u €

SINE2 -2_NV CGAGGGTTTTTCTCCGGGTTCTCCGGTTTTCATCCCTCC

Fic. 5.—Conservation and predicted secondary structure of the Vhc subdomain. (4) Multiple alignment of the Vhc subdomains from fish (consensus
over all SINEs described in Ogiwara et al. 2002), pteriomorph bivalve Vhc_1 and VVhc_2 SINEs (Cgi, Crassostrea gigas, Tgr, Tegillarca granosa; Cfa, Chlamys
farreri; Nsu, Nodipecten subnodosus; Mye, Mizuhopecten yessoensis; Air, Argopecten irradians), and SINEs found in a protobranch bivalve (Yli, Yoldia
limatula), a gastropod (Sgi, Strombus gigas), two arthropods (Epe, Empusa pennata; Tdo, Thermobia domestica), and the sea anemone (SINE2-2_NV,
Nematostella vectensis; Jurka et al. 2005). (B) Secondary structure of the Vhc subdomain predicted based on the multiple alignment shown in (A)—excluding
the fish consensus. Complete consensus sequences for all non-pteriomorph SINE families (except SINE2-2_NV) are provided in supplementary fig. $4,
Supplementary Material online.

A Vhc_1 (Lophotrochozoa, Mollusca, Bivalvia) Epe_Vhc (Ecdysozoa, Arthropoda, Insecta)

Fic. 6.—The Vhc stem loop is maintained in the context of the overall secondary structure of Vhc SINEs as either a separate stem loop (A) or as terminal
part of a larger stem loop (B). Secondary structure predictions are based on multiple alignments of consensus sequences of Vhc SINEs present in Pteriomorpha
(Vhc_1 and Vhc_2) or on single consensus sequences (all other species). The Vhc stem loop is highlighted in red. Complete consensus sequences for all non-
pteriomorph SINE families (except SINE2-2_NV) are provided in supplementary figure S4, Supplementary Material online. Epe, Empusa pennata; Sgi,
Strombus gigas; Tdo, Thermobia domestica; Yli, Yoldia limatula; NV, Nematostella vectensis.
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B Vhc_2 (Lophotrochozoa, Mollusca, Bivalvia)

SINE2-2_NV
(Cnidaria, Anthozoa)

Fic. 6.—Continued.

context of the entire V-domain in fish V-SINEs, in contrast, the
Vhc stem loop does not appear to be preserved (data not
shown). To establish the significance of the preservation of
the Vhc stem loop in invertebrate SINEs, a more detailed struc-
tural analysis of a larger number of Vhc SINEs across phyla will
be necessary.

Tdo_Vhc (Ecdysozoa, Arthropoda, Insecta)

The Snail Domain Is Related to Nin-DC and Restricted to
SINEs in Caenogastropoda

Finally, PILER analysis identified three more SINE families
(Lsa_3, Lsa_4 and Lsa_5, for details see supplementary table
S1, Supplementary Material online) that are characterized by
either identical heads/5 parts of the body (Lsa_3 and Lsa_4) or
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A t-RNA related
Hsa tRNA-Thr ----GGCGCGGTGGCCAAGTGGTRAGGCGTCGGTCTCGTAAACCGAAGATCGCEGGTTCGAACCCCETCCGTG
AcaitRNA—Thr AACAGCCTCTGEIGGCCAAGTGGTIAAGGCGTCGGTCTCGTAAACCGAAGATCCAGGTTCGATCCCCIIGCGGAGGCA
Lsa_3 GACGGGCGCTGIGGCGGGETGGTAAGACGTCGGCCTCCTAATCGGAAGGTCGTEAGTTCGAATCCCEGCCGCGGECGCCT
Lsa74 GACGGGCGCAGIGGCGTGGTGGTAAGACGTCGGCCTCCTAATCGGGAGGTCGTEGAGTTCGAATCCCIGGTCGCTGCCGCCT
Lsa 5 GGGCGGGGATGAGCTCAGTCGGTRGCGCGCTGGATTTGTATCCAGTTGGCCGCTGTCAGCGTGAGTTCGTCCCLACGTT
Lsa 6 —mmm——————o I‘Z—\GCTCAGTCGGTAGCGCGCTGGATTTGTATCCAGTTGGCCGCTGTCAGCGTEAGTTCGTCCCEACGTT
EEER
Lsa 3 GGTGGGTTAAGTGTGGAGATTTTTCCGATCTCCCAGGTCAACTTATGTGCAGACCTGCTAGTGCCTTATCCCCCTTCGTG
Lsa74 GGTGGGTTAAGAGTGGAGATTTTTCCGATCTCCCAGGTCAACTTATGTGCAGACCTGCTAGTGACTTAACCCCCTTCGTG
Lsa 5 CGGCGAGAGATTTATTTCTCAGAGTCAACTTTGTGTGCAGACTCTCCTCGGTGTCCGAACACCCC——————————— CGTG
Lsa76 CGGCGAGAGATTTATTTCTCAGAGTCAACTTTGTGTGCAGACTCTCCTCGGTGTCCGAACACCCC———==—==——— CGTG
Snail domain
S EEEEE N E N EEEEEEEEEEEEENEEEEEEEEEEEEEEEEEEEEEENEEEEEEEEEEEEEEEEEESR
Lsa73 TGTACACGCAAGCACAAGACCAAGTGCGCACGGAAAAGATCCTGTAATCCATGTCAGAGTTCGGTGGGTTATAGAAACAC
Lsa_4 TGTACACGCAAGCACAAGACCAAGTGCGCACGGAAAAGATCCTGTAATCCATGTCAGAGTTCGGTGGGTTATGGAAACAS
Lsa75 TGTACACGCAAGCACAAGACCAAGTGCGCACGAAAAAGATCCTGTAATCCATGTCAGAGTTCGGTGGGTTATAGAAACAC
Lsa 6 TGTACACGCAAGCACAAGACCAAGTGCGCACGAAAAAGATCCTGTAATCCATGTCAGAGTTCGGTGGGTTATGGAAACAC
- SN EEEEEEEEEEER
Lsa_3 GAAAATACCCAGCATGCuyee SAAATCGGCGTATG-CTGCCTGAATGGCGGGGTAAAAACGGTCATACACGTAAAAA]
Lsa 4 GAAAATACCCAGCATGCCTACTCAACGAAAGCGGAGTGAAGCTGACTATGCTCTCAGAGTATAGTGTGGGGAACCCAAAT
Lsa:5 ARAAAATACCCAGCATGCINNe{euKe! AAACGGCGTATGGCTGCCTAAATGGCGGGGTAAAAACGGTCATACACGTAAAAT)
Lsa_6 GAAAATACCCAGCATGCCTACTCAACGAAAGCGGAGTGAAGCTGACTATGCTCTCAGAGTATAGTGTGGGGAACCCAAAT
Lsa_3
Lsa_4
Lsa 5
Lsa_6 GGGCAAACGACCTCACACGTAACC
B
Lsa73 CGTGTGTACACGCAAGCACAAGACCAAGTGCGCACGGAAAAGATCCTGTAATCCATGTCAGAGTTCGGTGGGTTATAGAAACACGAAAATACCCAGCATG
Nlail .............. T...G....T..... A...... B Cuoviniieiieen GCG...... T Cooeiiiiiee e
Nla72 .............. T...G.. Teo.o.. A...... R Coveiieieen GCG...... T Coueiii i ieeee
Nla73 .............. T...G....T..... A...... B Coviniie e GCG. st it it ettt et
Pan71 A...... GT..A..T...G....T..T.CA..... AT e e et e e et et ettt et eeneeneenaennns Coat e ettt ie e Teveenn.
Pan72 A...... GT..... T...G....T..T.CA..... TR e e et et e et e et ettt eeeeeeeaananns GC...G.. Cou e et e i e
Pan 3 A...... GT..... T...G....T..T.CA..... AT e ettt e et et e e e e e [cIoT N o B
Sgi71 A..C .G...A..T LITTC.T.—-—.CAL.G..TC. v v v e v e e e ACG.T...... CT..ACG....AA.GCCG.C....AA..C.Cuv.n. C

Fi. 7.—The Snail domain is conserved in SINEs in Caenogastropoda. (A) A central domain is shared by four SINE families in Littorina saxatilis (Lsa_3 to
Lsa_6). Note that the heads/5’ part of the body and the 3’ parts of the body/tails are reciprocally combined with the central domain. The heads of Lsa_3 and
Lsa_4 are derived from tRNA-Thr. 3" parts of the body/tails in Lsa_3 and Lsa_5 are highlighted in black to illustrate the reciprocal exchange. A and B RNA
polymerase lll promoter boxes are boxed. Identity shading in the head regions is relative to the tRNA sequences. Hsa_tRNA-Thr, human tRNA-Thr; Aca_tRNA-
Thr, Aplysia californica tRNA-Thr (scaffold_1753:118827-118902). Lsa_6 sequences used for consensus generation were obtained by PCR using internal
primers. (B) The Snail domain is found in SINE families in Littorinimorpha (Lsa, Littorina saxatilis; Pan, Potamopyrgus antipodarum; Sgi, Strombus gigas) and
Neogastropoda (Nla, Nucella lapillus). Complete consensus sequences for the Potamopyrgus, Strombus, and Nucella SINE families are provided in supple-

mentary figs. S6-S8, Supplementary Material online.

identical 3’ parts of the body/tails (Lsa_3 and Lsa_5) linked by a
common central domain (fig. 7A). Subsequent PCR amplifica-
tion revealed that the fourth possible combination of 5" and 3’
ends (head/5’ part of the body identical with Lsa_5 and 3’ part
of the body/tail identical with Lsa_4) is also present in the Li.
saxatilis genome (Lsa_6; fig. 7A).

The SINE head found in Lsa_3 and Lsa_4 is tRNA derived.
No corresponding tRNA could be identified in the Cr. gigas
genome. The sequence shows, however, a good match to
human tRNA-Thr. Homology search using this tRNA retrieved
five potential tRNAs clustered on Ap. californica scaffold 1753
(a representative sequence from the cluster is shown in
fig. 7A). The head of Lsa_5 and Lsa_6 SINEs can be folded
into a tRNA-like structure using tRNA scan (Schattner et al.
2005) (data not shown). However, no corresponding mollusk
tRNAs could be identified. Interestingly, the tRNA-derived

head regions of Lsa_3 to Lsa_6 SINEs are not directly fused
to the central shared domain (see below), but separated from
it by an approximately 50-bp “linker” sequence of unknown
origin. The linker segments are specific for the respective
heads of the elements (fig. 7A).

In contrast to the MESC domain described above, the cen-
tral conserved domain of Lsa_3 to Lsa_6 SINEs appears to be
more restricted in its species distribution. It could not be found
in the available bivalve sequences and is also absent from the
two sequenced (and online available) gastropod genomes of
Ap. californica (California sea slug, Heterobranchia, sequence
available at http://genome.ucsc.edu, last accessed January 6,
2016) and Lo. gigantea (ow!l limpet, Patellogastropoda;
Simakov et al. 2013). Analysis of sequences retrieved by ho-
mology search suggests that SINEs containing this core
domain are present in the genomes of the Atlantic dogwinkle
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Patellogastropoda/
Heterobranchia

> Caenogastropoda

CGCATGCAGAAGATCAAGTACGCACGTTAAAGATCCCegy:vuNeley:
CGCATGCAGAAGATCAAGTACGCACGTTAAAGATCCCeivv:NINeley

————— GTGCACGTTAAAGATCCCTCGACAGT
————— GCGCACGTAAAAGAACCCACGGCA-A
——————— GTGCACGTTAAAGATCCCACGATTGA
——————— GTGCACGTTAAAGATCCCACGATTGA

Nin
= ~
Lottia/Aplysia [ GT| var ] Nin
Littorina/Nucella | ot[var] | Nin
Littorina/Nucella rfwr] | ] snail
1
1
1
Potamopyrgus/ \ .
Stronfgug [ il I ] Snail
1
R ~
Snail
LottiaiNin AGTCGTTCGGATGGGACAATAAACCGAGGCCCCGT--GTGCTACAGGCT-——=-——————
NlaiNin AGTCTTTCGGATGAGACGATAAACCGAGGTCCCGT--GTGCAACACGCATTCA-—-—=-——
Lsa_Nin_l AGTCTTTCGGATGAGACGAAAAACCGAGGTCCCTTC-GTG-TACACTACATTGGGGT
Lsa_Nin_Z AGTCTTTCGGATGAGACGAAAAACCGAGGTCCCTTC-GTG-TACACTACATTGGGGT
Pan71 AGTCTTTCGGATGAGACTCAAAACCGAGGTCCAGTGTGTG-TACA--CATGCAGAAGATCATGOACGCACTATAAAGATCCT cavaviuye{ey:
Pan72 —-——--CTTCGGATGAGACGTTAAACCGAGGTCTAGTGTGTG-TACH--CATGCAGAAGATCATGUACGCACTRTAAAGATCC T [cp:ViuKeley:\
Pan_3 TGTCCTTCGGATGAGACGTTAAACCGAGGTCTAGTGTGTG-TACH--CATGCAGAAGATCATGOACGCACTATAAAGATCC Tciv:v:NNe
Sgi_l —CTCTTTCGGATGAGAGTATAAACCGAGGTCTAGTCTGTG—CACA——CATGCATTTCATC——GCACGGACTCAAAAGATCCT
Lsa73 ———————————————————————————————— CGT--GTG-TACACGCAAGCACAAGACCAAGTIGCGCACGGAAAAGATCCT caw:viuNeley:\
Lsa75 ———————————————————————————————— CGT--GTG-TACACGCAAGCACAAGACCAAGTIGCGCACGAAAAAGATCCT caw:v:uKe{ey:\
Nla_l ———————————————————————————————— CGT--GTG-TACH
Nla 2 mmmmmmmm e CGT--GTG-TACH
Nla 3 —mmmmmmmmmmmmmmm e CGT--GTG-TACH

Lottia Nin

CGCATGCAGAAGATCAAGTIACGCACGTTAAAGATCCCEiN VNSO

TGGAAATCGAAAAAGAGCAGGCTAATGCCGCTGTCCTGGCAAAATT

Nla Nin CAAGAGAGTTGTCCCTGGCAAAATTCTGTAGAAAACCCACCCTAAT
Lsa Nin 1  CAAAAGGGTCTTTCCTGGCAAAATTGTATAGGCATAGATAAAAATG
Lsa Nin 2  CAAAAGGGTCTTTCCTGGCAAAATTGTATAGGCATAGATAAAAATG
Pan_1 TGTCAGAGTTCGGTGGGT TICAGARACACGAAAATANCCAGCATGC
Pan_2 TGTCAGAGTTCGGTGGGTTGCAGAGACACRAAAATACCCAGCATGC
Pan_3 TGTCAGAGTTCGGTGGGTTGCAGAJACACEAAAATAC

Sgi 1 AciEccTCEATES CEcEAA AN ABARAC

Lsa_3 > TTCGGTGGGTTEMAG CGAAAATAC

Lsa 5 A C

Nla 1

Nla 2

Nla 3

Fic. 8. —Relationship between the Nin-DC and Snail domains. (A) Schematic representation of the Nin-DC and Snail domains found in gastropod SINEs.
The 3’ part of the Snail domain (highlighted in gray) is unrelated to Nin-DC. Snail SINEs in Littorina and Nucella lack the 5’ part of the Nin-homology. GT
denotes a potentially recombinogenic tract of 2-3 GT dinucleotides. Var refers to a variable region interrupting homology (boxed in B). (B) Multiple alignment
of the Nin-DC and Snail domains of caenogastropod SINE families to the Lottia gigantea Nin-DC domain (Lottia_Nin; Piskurek and Jackson 2011). Identity
shading in the 5’ part is relative to the Lo. gigantea sequence. The variable region interrupting homology is boxed. Identity in the 3" Nin-DC-unrelated part of
the Snail domain is indicated by black shading. Complete consensus sequences for the Potamopyrgus, Strombus, and Nucella SINE families are provided in
supplementary figs. S6-S8, Supplementary Material online. Lsa, Littorina saxatilis; Pan, Potamopyrgus antipodarum; Sgi, Strombus gigas; Nla, Nucella lapillus.

(Nucella lapillus, Neogastropoda), of the New Zealand mud
snail (Potamopyrgus antipodarum, Littorinimorpha), and of
the queen conch (St. gigas, Littorinimorpha). However, TSDs
could not be identified for the potential SINE elements in these
three species, due to insufficient sequence/assembly quality
and/or availability of flanking sequences. Figure 7B shows an
alignment of the central domain across all four species (Li.
saxatilis, Nu. lapillus, P. antipodarum, and St. gigas). Based

on its limited species distribution, we decided to refer to this
domain as Snail domain. Alignments of the consensus se-
guences of the entire elements found in Nu. lapillus, P. anti-
podarum, and St. gigas to Lsa_3 is provided in supplementary
figures S6, S7, and S8, Supplementary Material online.
Elements of the three Nucella SINE families have the head,
“linker,” and core domain in common with Lsa_3 (supple-
mentary fig. S6, Supplementary Material online). Potential
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T CCCCACGT]
ATCCCCACGT]
ATCCCCACGT]

IEERNCIN  GEl® G G GEAIG TAGC TCAGT CGGTAGCGCGCTGGRTTTGTAMCCAGT TGGECGCT@TCAGCGTG

IEY AN C ColeCGGRARG TAGC TCAGTCGGTAGCGCGCTGGET TREMAARNCCAGT TCCGC TRTC8GCGTCE

IENE I G lele G G GlXSlel T A GC TCAG GG TAGCGCGCTGG@TTTGTAGCCAGT TGGIICGCTITCAGCGTGE

IENCIN T C GGCGAGAGATTTATTTC TCAGAGTCAACT TIH@TGTGCAGACTCTCCTCGGTGTCCGAACACCCCoehieiehvNeNelelor:y

IE AN T C GGCGAGEGATTTATTTCCAGAGTCAACT TRRITGTGCAGACTCTCCTCGGTGTCCGAACACCCCEelNeiNeRtieNeleley

IENE I T CGGCGAGAGATTTATTTC TCRGAGTCAACT TRRITGTGCAGACTCTCHTCGGTGTCCGAACACCCCoelNeiNeREieNerNe:y

Snail domain

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESR

Lsa_5 AGCACAAGACCAAGTGCGCACGAAAAAGATCCTGTAATCCATGTCAGAGT TCGGTGEGTTATAGAAACACAARAATACCE

Lsa 7 —-————————————- TGCGCACGATAAAGAACCCAAGTTCACAGCGAAAGTCTCAGGGCTTG--GAAA-CATGAA-TACAC

Lsa 8 —————————--——- TGCGCACGAAAAAGATCCCACGTTCACAGCGAAAGTCTCAGGGCTTG--GAAAACACGAA-GACAC
EEEEEN

Lsa 5 ABCATGCTTCCTCCGAAAACGGCGTATGGCTGCCTAAATGGCGGGGTAAAAACGGTCATACACGTAAAATTCCACTCGTG

Lsa 7 -GCATGCAGGAAAAADAAAAATGGGTAGCGCCGTATACTGTATGGCAGCTCGCTTTCCCCAGGGAGAAAGCAGCCCGAAT

Lsa_8 -GCATGCATCATCTCTCGTCTCTGATTATCATGATCGTATTTCGATACTTTGACGAGACAAACCCAATGCTGGTGTGTCG

Lsa_5 CAAAAAACACGAGTGTACGTGGGAGTTTCAGCCCACGAACGCA (GAA)n

Lsa_7 TTCCATGAGGTTACCCTCATGGACTATATAAAAT (CTTATC)n

Lsa_8 AAGAAGACAGCCACAGCGGGCTTGTTCGAATCAAAGTATCACACCATATCTTCAGCGTATTACCAATACCTGTCCCAATA

Lsa 8 TAGACCAGTTGGTCTAAGAGGACGTTAAACCCTAATAGT (CAGT)n

Fic. 9.—Littorina saxatilis SINEs sharing the Lsa_5 5" end. Identity to Lsa_5 is indicated by black and gray shading in the 5" part and Snail domain,
respectively. The Lsa_5 Snail domain is marked with a broken line on top of the sequences.

SINEs in the mud snail and queen conch share the core
domain only with Lsa_3 (supplementary figs. S7 and S8,
Supplementary Material online).

Interestingly, the sequence directly upstream of the Snail
domain (in P. antipodarum and St. gigas) and its 5" part (in all
Snail SINEs) exhibits homology to the Nin-DC domain (fig. 8).
Homology is interrupted by a 15- to 20-bp sequence whose
position coincides with that of a variable region in the align-
ment of Nin-DC domains across distantly related species
(Piskurek and Jackson 2011). The 3’ part of the Snail
domain is not related to Nin-DC. In an attempt to, possibly,
shed more light on the evolution of the Snail domain from the
Nin-DC domain, we set out to identify “true” Nin-DC SINEs in
the species where Snail SINEs are present. In the available
transcriptome sequences of P. antipodarum and St. gigas (sup-
plementary table S2, Supplementary Material online), no such
elements could be identified using the Nin-DC domain as a
query. From Li. saxatilis and Nu. lapillus sequences represent-
ing Nin-DC SINEs could be recovered (supplementary fig. S9
and table S2, Supplementary Material online). Homology of
their central domains to Nin-DC extends over the 5’ part of the
domain only. The 3’ end point of homology coincides with
that found in Snail SINEs and in Ne. vectensis Nin-DC SINEs
(Piskurek and Jackson 2011). However, the sequence inter-
rupting homology to Nin-DC (see above) clearly differs in
Nin-DC SINEs and in the (5" Nin-truncated) Snail SINEs in
Littorina and Nucella (fig. 8). Based on this finding we con-
clude that the Nin-DC SINEs currently found in the two species
are not the direct precursors of their Snail SINEs. The two types
of SINEs have most likely evolved in parallel for a longer period
of time after a common ancestor acquired the 3’ part of the

Snail domain. The replacement of the 5 part of the Nin-
homology in Littorina and Nucella Snail SINEs occurred at a
TG tract. The recombinogenic potential of such TG tracts has
been referred to in explaining the acquisition of different tails
by V-SINEs (Ogiwara et al. 2002).

Surprisingly, the distribution of Snail SINEs with and with-
out 5 truncation of the Nin-homology does not match the
currently accepted phylogenetic relationships between their
host species. All four species in which Snail SINEs are found
belong to the clades Caenogastropoda/Hypsogastropoda.
Hypsogastropoda are further subdivided into Littorinimorpha
and Neogastropoda. The two species displaying Nin-DC 5
complete Snail SINEs (P. antipodarum, Hydrobiidae and St.
gigas, Strombidae) are Littorinimorpha. Snail SINEs lacking
the 5 part of the Nin-homology are found in a neogastropod
(Nu. lapillus, Muricidae) and a littorinimorph (Li. saxatilis,
Littorinidae). In this context, it is worthwhile noticing that at
least one study has recovered Li. saxatilis within
Neogastropoda, albeit with low support (Cunha et al. 2009).
In general, a number of molecular studies could not provide
support for the monophyly of Neogastropoda, although the
latest and—allegedly—most comprehensive one did so (Zou
etal. 2011, and references therein). It will be interesting to see
how the distribution of the two different types of Snail SINEs
fits the phylogeny established using other markers—once se-
guence information for a larger number of Hypsogastropoda
will be available.

The tails of Lsa_3 to Lsa_6 could not be traced in any other
genome. Neither are there any potential LINE sequences ter-
minating in homologous sequences present in the available
Littorina BAC sequences. Homology search using the Lsa_5/
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A

Aca tRNA-Thr-AACAGCCTCTGTGGCCAAGTGGTAAGGC-GTCGGTCTCGTAAACCGAAGATCCAGGGTTCGATCCCCTGCGGAGGCA

Aca CORE 1 --GTGGCGTCGGTGGCCTAGTGGTTAGGCTCTCGGACTCGCAACCGTAAGGTCGTGGGTTCGAATCCCGTCAGGGGC--—
Aca CORE 2 GGGTGGCGTCGGTAGCCTAGTGGTTAGGCTACCGGACTCGTAATCGTGAGATTGCGGGTTCGGGGGTTCGAGCCTCAGCT
Cgi CORE 1 ATRTGGCGTCGGTAGCCGAGTGGTTAAGGTGCAGGACTCATGACCGAAAGGTTGTGGGTTCGAATCCTGGCCGCGGCA--
Cgi CORE 2 -AGAGGTGITGGCG--CATTIGATAGCGTCGACCGATTITGGACACGETAGCC-CCGGETTCGAGTCTGCTCTGTCGCTAT
Cfo CORE --GAGGCGG-ACTGGCCGAGTGET TACGGTGTCCGATICGGAAT CAAAAGGETCCGGGTTCGAATCCTGACAGGCTCG--
CORE --TACTAGCTGYWTGACCTTGGGTAAGTCACTTAACCYWCVTT-TGCCTCAGTTYCCYCAGCTGT--AAAATGGGTACCT
Aca CORE 1 ----CCGACGTIGIGTCCTTGGGAAAGGCACTTTACACGAATT-TTCCTCACTTCACCCAGGTG-—-GGAATGGGTACCC
Aca CORE 2 CGGTCCGACGTTGIGTCCTTGGGAAAGGCACTTTACACGAACT-T--CCCACTTGGCTCGETCC—-—-- TATCGGAGACG
Cgi CORE 1 --AGTCGACGTIGTGTCCTTGGGAAAGACACTTTACATGTATT-T-CCTCACTCCACCCAAGTGT--AAAATGGGTACCT
Cgi CORE 2 CGCGGTAACATIGTAACCTTGGGCAAGTTACTTTACTCTACTAGTGCACTCTCICCACCCAGGGGTTAAAATGGGTACCT
Cfo CORE --GTTATTTCGTATACCCTTGGAAAAGGTATTTTACCTCGATT-TTCC-CACTCCACCCAGGTGT ---GAATGGGTACCT
CORE RGYA

Aca CORE 1 GGCTATAGACAGCGAAAGATCTTGTCAGTTTGTTAGTGTTTGAGCGCTTAATCGGCTGCTTGCACTGTATGCTTCCCGGG
Aca CORE 2 GACGTTAAACTAGGAGGTCCCGCCTCTTAAATAACCTAATAGTGTTGATAGGGGCGTTAAACCCAT (ACCATTTC)n
Cgi CORE 1 GGCTATAGACAGTGAAAGATATTGTCAGAATGTGAGTGTTTGAGCGCCTTAACGGCTGCCGCACTGAGAAGGCTCTGGAR
Cgi CORE 2 GGCACATGAGACGAGCTGGHTATGTGAATGTAAAGCATTAGCGCCGTAATTTGGCAGCTCTGCTTGTATGCTCCCCAGGG
Cfo CORE GGCTTCGGCTGGGGAAGGTATAAGGCAGCGGAAGGAGAGGGATGGGCTCCGCCTTCCTACGCTGTGCCCTAGACACGGTG
Aca CORE 1 AAGCTGAGAATGTTTCGGAGTGTTCTATGGTCTGCTGGGGTAATAATATAGTGTAAAGCGCATAGAGCCTGCTGTTGAGC
Cgi CORE 1 TGCTTTAAGGTCTGCTGGGGTAATAATTGTAAAAGCGCTTTGAGAAATGCTTCGGCAATTTTAAAAGCGCTATATAAAAA
Cgi CORE 2 AGTTGAGGATGCTATGGATTGTACAGGTCTCGCCAGGGGGTAATATGTAGAAGTCGTGCGAGGCAATNTACTTTGCGAGC
Cfo CORE GACTTTGTTCACCGCCCCTACGGCCCTTTCCGGGCTATGGGACCCCTTTACCTTTAC

Aca CORE 1 GGGGATATGCGCTATACAAATGCTATCT (ATT)n

Cgi CORE 1 CTTGCA(ATT)n

Cgi CORE 2 AAGACTATAAACCCCT (ACCTTT)n

B

Cgi CORE 1 ATTGTAAAAGCGCTTTGAGAAATGCTTCGGCAATTTTAAAA-——--———-— GC-GCTATATAAARACTTGCA (ATT) n
Cgi CORE 2 --TGTAGAAGTCGTGCGAGGCAATNTA---——- CTTTGCGA-----———- GCAAGACTATAAACCCCT (ACCTTT) n
Aca CORE 1 AGTGTAAA-GCGCATAGAG-------——- CCTGCTGTTGAGC--------- GGGGATATGCGCTATACAAATGCTATCT (ATT) n
L2-52 DR TGTGTAAA-GCGCTTTGAGAATTA-—————- AGTTTTAAA-————————— GGCGCTATATAAGAATAA (ATT) n

AFC ATTGTAAA-GCGCTTTGGEG-——————————= TCCTTAGGGACCAGAAAAGC-GCTATATAAATACAGTCCATTTAYY (ATT) n

Fic. 10.—CORE SINEs in gastropod and bivalve mollusks. (4) Comparison of Aplysia californica (Gastropoda, Heterobranchia—Aca), Crassostrea gigas
(Bivalvia, Pteriomorpha—Cgi) and Crepidula fornicata (Gastropoda, Caenogastropoda—Cfo) CORE SINEs with the CORE consensus sequence (Vassetzky and
Kramerov 2013). The head regions of the two Aplysia SINE families, of Cgi_CORE_1, and of Cfo_CORE are related to tRNA-Thr (compare fig. 7). SINE sequences
shown represent consensus sequences. Identity shading is relative to the topmost sequences. (B) The tails of Cgi_CORE1, Cgi_CORE_2, and Aca_CORE_1 show
homology to the 3’ ends of an L2 clade LINE (L2-52_DR; Jurka et al. 2005) and a SINE mobilized by an L2 element (AFC; Takahashi et al. 1998).

Lsa_6 head as a query identified two more SINE families in Li.
saxatilis: Lsa_7 and Lsa_8 (fig. 9).

CORE SINEs in Gastropods and Bivalves

The Lsa_3/Lsa_4 head matches a total of four SINE families in
the databases. Three of these are found in Ap. californica
(Gastropoda, Heterobranchia), one in the genome of Cr.
gigas (Bivalvia, Pteriomorpha). One of the matches in Aplysia
is the previously identified and characterized Aca-Nin-DC-SINE
(Piskurek and Jackson 2011). Interestingly, homology between
the remaining two Aplysia families (Aca_CORE_1 and
Aca_CORE_2) and the one identified in Crassostrea
(Cgi_CORE_1) extends downstream of the tRNA-derived
head and covers a 74-bp sequence with 65-70% identity to
the CORE domain (Gilbert and Labuda 1999). This domain is

also shared by another Cr. gigas SINE family (Cgi_CORE_2;
fig. 10A4). The partner LINE of Aca_CORE_1 and the
Cgi_CORE SINEs most likely belongs to the L2 clade, as their
tails match those of an L2 element from zebrafish and of a
SINE mobilized by L2 (fig. 10B).

Copy numbers of CORE SINEs differ significantly between
Cr. gigas and Ap. californica. In the Cr. gigas genome,
Repeatmasker (Smit et al.) analysis identified 47 and 81
copies of Cgi_CORE_1 and Cgi_CORE_2, respectively (supple-
mentary table S3, Supplementary Material online). In case of
Cgi_CORE_1, four subfamilies are clearly distinguishable. The
members of the subfamilies are on average 97.5% identical to
their respective subfamily consensus sequences (supplemen-
tary fig. S10, Supplementary Material online). Full-length and
nearly full-length (5" truncation < 20bp) Cgi_CORE_2 ele-
ments are on average 85% identical to the consensus.
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Both Aca_CORE_1 and Aca_CORE_2 are represented by a
higher number of copies in the Aplysia genome (supplementary
table S3, Supplementary Material online). A total of 9,951 3
complete Aca_CORE_1 elements harboring at least the CORE
domain were identified by Repeatmasker (Smit et al.). In case of
Aca_CORE_2, 6,375 elements with these characteristics were
found. Divergence from the consensus (by RepeatMasker) is
around 10% for both Aplysia CORE SINE families. Subfamily
structure is discernible in both Aca CORE_1 and
Aca_CORE_2—given the large number of elements a detailed
analysis is, however, beyond the scope of this study.

Finally, employing homology search with the Aca_CORE_1
CORE domain as query, a family of CORE SINEs could also be
identified in a caenogastropod, Crepidula fornicata
(Littorinimorpha; fig. 104). Elements of the family lack well-
defined 3’ terminal tandem repeats. TSDs were found for 4 of
34 elements analyzed.

CORE SINEs have been described in a wide range of species
(for a comprehensive list see SINE Base at http:/sines.eimb.ru,
last accessed January 6, 2016), mostly vertebrates. Outside
vertebrates CORE SINEs have been reported in amphioxus
(BfISINET; Nishihara et al. 2006), sea squirt (Cisc-1; Simmen
and Bird 2000), sea urchin (SP-4 [Nisson et al. 1988], SP-5
[Carpenter et al. 1982], and SP-6 [Kapitonov and Jurka
2005a)) and Octopus (Mollusca, Cephalopoda, OR2;
Ohshima and Okada 1994).

The results of our analysis now add two more mollusk
classes  (Gastropoda—Heterobranchia/Caenogastropoda—
and Bivalvia) to the distribution range of CORE SINEs.
Interestingly, CORE SINEs are the only superfamily shared be-
tween Heterobranchia and Caenogastropoda among the SINE
superfamilies identified in this study. Against the background
that our analysis recovered a considerable number of SINEs
shared between Caenogastropoda and Bivalvia—which
are more distantly related to Caenogastropoda than
Heterobranchia—the finding that only one of the superfami-
lies identified is shared between the two gastropod clades is
remarkable. Sequence representation in the databases is
unlikely to be the reason—the nucleotide section of
GenBank contains more than three times the number of
sequences from Heterobranchia (excluding Aplysia) than
from Caenogastropoda (722707 vs. 295888). Nine hundred
short-read archives are available for Heterobranchia, 455 for
Caenogastropoda. Possibly, in the course of evolution differ-
ent sets of SINEs have been favored in Heterobranchia when
compared with Caenogastropoda (and Bivalvia). It will be
interesting to see whether the future analysis of additional
genomes and transcriptomes confirms this hypothesis.

Supplementary Material

Supplementary figures S1-S10 and tables S1-S3 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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