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Deep-sea tubeworms in the annelid family Siboglinidae have drawn considerable interest regarding their
ecology and evolutionary biology. As adults, they lack a digestive tract and rely on endosymbionts for
nutrition. Moreover, they are important members of chemosynthetic environments including hydrother-
mal vents, cold seeps, muddy sediments, and whale bones. Evolution and diversification of siboglinids
has been associated with host-symbiont relationships and reducing habitats. Despite their importance,
the taxonomy and phylogenetics of this clade are debated due to conflicting results. In this study, 10 com-

m;vogg;ﬁ c plete and 2 partial mitochondrial genomes and one transcriptome were sequenced and analyzed to
Osedgx address siboglinid evolution. Notably, repeated nucleotide motifs were found in control regions of these

mt genomes, which may explain previous challenges of sequencing siboglinid mt genomes. Phylogenetic
analyses of amino acid and nucleotide datasets were conducted in order to infer evolutionary history.
Both analyses generally had strong nodal support and suggest Osedax is most closely related to the
Vestimentifera + Sclerolinum clade, rather than Frenulata, as recently reported. These results imply
Osedax, the only siboglinid lineage with heterotrophic endosymbionts, evolved from a lineage utilizing
chemoautotrophic symbionts.

Control region
Size variations

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Deep-sea tubeworms, Siboglinidae, are annelids that typically
lack a digestive tract and instead rely on endosymbionts for
nutrition. Because of their highly unusual morphology and nutri-
tional mode with respect to other annelids, siboglinids were previ-
ously classified in the phyla Pogonophora and Vestimentifera. To
date, approximately 180 species of Siboglinidae have been
described, with four major siboglinid lineages being recognized:
Vestimentifera, Frenulata, Sclerolinum (Monilifera), and Osedax
(Fig. 1). Each group is generally associated with a specific habitat
type (Schulze and Halanych, 2003; Halanych, 2005; Thornhill
et al., 2008; Hilario et al., 2011), with Vestimentiferans typically
living in reducing habitats (e.g. hydrothermal vents or cold seeps),
frenulates on muddy sediments, Sclerolinum species found on
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decaying organic matter (e.g. woods or ropes) or mud volcanoes
(Hilario et al,, 2011) and Osedax inhabiting large vertebrate (i.e.,
whale) bones (Rouse et al., 2004; Glover et al., 2005). While the first
three of these groups host chemoautotrophic gammaproteobacteria
as endosymbionts (Thornhill et al., 2008), with the exception of
methanotrophs in Siboglinum poseidoni (Schmaljohann, 1991).
Heterotrophic gammaproteobacteria belonging to the order
Oceanospirillales are harbored by Osedax species (Goffredi et al.,
2005).

To date, morphological (Rouse, 2001; Schulze, 2003) and mole-
cular (Halanych et al., 2001; Rouse et al., 2004; Rousset et al., 2004;
Glover et al., 2005, 2013) approaches applied towards understand-
ing siboglinid phylogeny suggest: (1) siboglinids form a
monophyletic clade, (2) Vestimentifera Sclerolinum, Osedax and
Frenulata are all monophyletic lineages, and (3) Sclerolinum is sis-
ter to Vestimentifera. Nonetheless, important aspects of siboglinid
evolutionary history are still debated. A recent study (Glover et al.,
2013; Rouse et al., 2015), using combined nuclear small subunit
(18S) ribosomal DNA (rDNA), 28S (28S) rDNA, histone H3 (H3)
gene, mitochondrial large subunit (16S) rDNA and cytochrome oxi-
dase subunit I (COI) data inferred Osedax as sister to Frenulata
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(c) 2003 MBARI

Fig. 1. Major siboglinid lineages and their habitat preferences. (A) Lamellibrachia growing near a hydrocarbon seep. (B) Sclerolinum inhabiting decaying ropes (Image courtesy
of Eve Southward). (C) Bone-eating Osedax worms living on a piece of dead gray whale bone in Monterey Canyon (Image courtesy of Monterey Bay Aquarium Research

Institute). (D) Frenulata species growing in deep-sea muddy habitats.

rather than the Vestimentifera + Sclerolinum clade, in contrast to
previous reports (Rouse et al, 2004; Glover et al, 2005).
Furthermore, habitat preference has been hypothesized to have
proceeded from deep-sea muddy environments (similar to where
frenulates inhabit) to more specialized reducing environments
such as hydrocarbon cold seeps and hydrothermal vents (Schulze
and Halanych, 2003). However, nodal support values within
Vestimentifera have been generally low (Halanych, 2005), obscur-
ing our understanding of habitat shifts as well as the evolutionary
history of the group in general. Thus, important aspects of siboglin-
id evolution are still elusive and additional phylogenetic analyses
are needed towards elucidating them.

Phylogenetic analyses of mitochondrial (mt) genomes have pro-
ven useful in resolving phylogenetic relationships across a wide
range of metazoans (e.g. Osigus et al., 2013; Miya et al,, 2001). In
Bilateria, mt genomes are circular, usually range from 14 to
17 kb (but see Shao et al., 2009; Osigus et al., 2013; Boore, 1999)
and typically possess 37 genes: 13 protein-coding genes (i.e.,
ATP6, ATP8, COX1-3, COB, NAD1-6 and NAD4l), two ribosomal
RNA genes, 22 tRNA genes, and the control region (also called
the unknown [UNK] region or D-loop). Within Annelida, arrange-
ment of these genes is relatively conserved (Jennings and
Halanych, 2005; Vallés and Boore, 2006; Zhong et al., 2008), but,
as of March 2014, complete mitochondrial genomes were only
publicly available (i.e., in GenBank) for 17 annelid species.
Furthermore, only two partial siboglinid mitochondrial genomes
have so far been sequenced: Galathealinum brachiosum (Boore
and Brown, 2000) and Riftia pachyptila (Jennings and Halanych,
2005). In both cases, difficulties with recovering the control region,
despite considerably effort, were reported. This region of the mt
genome putatively plays a role in controlling transcription and
replication of mitochondrial genes (Shadel and Clayton, 1997;
Boore and Brown, 2000), which may explain this situation.

Recent advances in high-throughput sequencing and bioinfor-
matics allow novel approaches to sequencing whole mt genomes.
To further explore siboglinid phylogeny, including placement of
Osedax as either sister to Vestimentifera + Sclerolinum or
Frenulata, and to understand the structure of siboglinid mitochon-
drial control region, we sequenced mt genomes from representa-
tives of all major siboglinid lineages. These efforts included 10
complete and two partial mt genomes, and well as one transcrip-
tome, to explore siboglinid evolutionary history.

2. Materials and methods
2.1. Specimen collection and mitochondrial genome sequencing

Specimen information is shown in Table 1. All were either
stored frozen at —80 °C or preserved in 80-100% non-denatured
ethanol following collection. Due to a limiting amount of tissue
from Osedax mucofloris, only RNA was extracted since (1) mito-
chondrial protein-coding and ribosomal RNA genes, which were
used in reconstructing the phylogeny of this family, can be recov-
ered from whole transcriptome sequencing (Neto et al., 2000) and
(2) gene order of mt genomes within siboglinids is highly con-
served (see Sections 3 and 4). RNA was extracted from Osedax
mucofloris using TRIzol (Invitrogen) and purified using the
RNeasy kit (Qiagen) with on-column DNase digestion.
Complimentary DNA (cDNA) libraries were constructed using the
SMART cDNA library construction kit (Clontech). Total genomic
DNA was extracted from all other samples using the DNeasy
Blood & Tissue Kit (Qiagen) according to the manufacturer’s
protocols.

For Escarpia spicata, Seepiophila jonesi, Galathealinum sp. and O.
mucofloris, sequencing of genomic DNA or cDNA were performed
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Table 1
Specimen data for sequenced taxa.

Species Clade Specimen collection
Location Depth  GPS
(m) coordinates
Riftia Vestimentifera East Pacific ~2522  N9°50.89
pachyptila Rise W104°17.49
Tevnia Vestimentifera East Pacific ~2537 N9°47.13'
jerichonana Rise W104°16.13'
Oasisia alvinae ~ Vestimentifera  East Pacific ~2630 N9°48.12
Rise W103°56.12’
Ridgeia Vestimentifera Hulk, Canada 2190 N47°56.95'
piscesae W104°16.87
Seepiophila Vestimentifera Mississippi 754 N28°11.58’
jonesi Canyon, US W89°47.94
Escarpia Vestimentifera Mississippi 754 N28°11.58’
spicata Canyon, US W89°47.94'
Lamellibrachia  Vestimentifera Mississippi 754 N28°11.58’
luymesi Canyon, US W89°47.94'
Sclerolinum Monilifera Storfjorden 660 N62°27.26
brattstromi Fjord, Norway E6°47.57
Siboglinum Frenulata Skoge Inlet, 36 N60°16.17
fiordicum Norway E5°05.53’
Spirobrachia Frenulata Aleutian 4890 N57°27.39
sp. Trench, US W148°00.01
Galathealinum  Frenulata Mississippi 754 N28°11.58’
sp. Canyon, US W89°47.94’
Siboglinum Frenulata Storfjorden 515 N62°23.30
ekmani Fjord, Norway E6°54.58’
Osedax Osedax Near Bergen, N/A On artificial
mucofloris Norway whale fall

by The Genomic Services Lab at the Hudson Alpha Institute in
Huntsville, Alabama using Illumina (San Diego, California)
2 x 100 paired-end TruSeq protocols on a Illumina HiSeq 2000
platform. For Tevnia jerichonana, Oasisia alvinae, Ridgeia piscesae,
Sclerolinum brattstromi, Siboglinum fiordicum, Siboglinum ekmani,
sequencing libraries were prepared from total genomic DNA using
[llumina’s Nextera DNA sample preparation kit and run on an
[llumina Miseq sequencer with 2 x 250 paired-end reads in the
Molette Laboratory, Department of Biological Sciences
Department, Auburn University.

2.2. Mitochondrial genome assemblies and annotation

All Illumina paired-end genomic sequence data were assembled
de novo using Ray 2.2.0 (Boisvert et al., 2010) with k-mer = 31 (val-
ue chosen based on comparing a range of k-mer values relative to
final assembly). To identify putative mt contigs, BLASTN (Altschul
et al., 1997) was performed on contigs produced by Ray using
the partial mt genome from Riftia pachyptila (GenBank Accession
AY741662, Jennings and Halanych, 2005) as the query sequence.
In 10 out 12 cases, the top-hitting contigs identified via BLASTN
represented the entire mitochondrial genome (~15 kbp; Table 2).
For R. piscesae and S. ekmani, however, 2 and 3 partial contigs were
recovered, respectively. In an attempt to join these partial contigs,
Price 1.0.1 (Ruby et al., 2013) was employed to extend existing
contigs by iteratively adding raw sequence reads to the contig ends
as appropriate using default settings. For R. piscesae, two mt con-
tigs increased in size by 14 bp and 89 bp, respectively. In the case
of S. ekmani, two contigs were bridged together into a single contig.
The raw paired-end reads were then remapped to each of their
respective draft mt genomes using Bowtie 2-2.2.1 (Langmead
and Salzberg, 2012), and visualized in Tablet 1.13.12.17 (Milne
et al., 2013).

Annotation of the 13 protein-coding genes (ATP6, ATP8, COX1-3,
COB, NAD1-6 and NADA4I) and two ribosomal RNAs was conducted
with MITOS web server (Bernt et al., 2013) while tRNAs identified
via the tRNAscan-SE web server (Lowe and Eddy, 1997; Schattner

Table 2
Taxa used in phylogenetic analysis.
Species Clade Mt genome GenBank
size number

Riftia pachyptila Siboglinidae, 14,987 KJ789166
Vestimentifera complete

Riftia pachyptila Siboglinidae, 12,016 AY741662

(Genbank) Vestimentifera partial

Tevnia jerichonana Siboglinidae, 14,891 KJ789172
Vestimentifera complete

Oasisia alvinae Siboglinidae, 14,849 KJ789164
Vestimentifera complete

Ridgeia piscesae Siboglinidae, 14,146 KJ789165
Vestimentifera partial

Seepiophila jonesi Siboglinidae, 15,092 KJ789168
Vestimentifera complete

Escarpia spicata Siboglinidae, 15,445 KJ789161
Vestimentifera complete

Lamellibrachia luymesi Siboglinidae, 14,991 KJ789163
Vestimentifera complete

Sclerolinum brattstromi Siboglinidae, 15,383 KJ789167
Sclerolinum complete

Osedax mucofloris Siboglinidae, N/A N
Osedax

Siboglinum fiordicum Siboglinidae, 19,502 KJ789170
Frenulata complete

Spirobrachia sp. Siboglinidae, 15,581 KJ789171
Frenulata complete

Galathealinum sp. Siboglinidae, 14,779 KJ789162
Frenulata complete

Galathealinum brachiosum  Siboglinidae, 7568 AF178679

(Genbank) Frenulata partial

Siboglinum ekmani Siboglinidae, 14,838 KJ789169
Frenulata partial

Helobdella robusta Hirudinea, 7553 AF178680
Glossiphoniidae partial

Lumbricus terrestris Oligochaeta, 14,998 NC_001673
Lumbricidae complete

Orbinia latreillii Scolecida, 15,558 NC_007933
Orbiniidae complete

Sipunculus nudus Polychaeta, 15,502 NC_011826
Sipunculidae complete

2 GenBank Numbers of 11 protein-coding and 1 ribosomal RNA genes of O.
mucofloris are KJ806974, KJ806975, KJ806976, KJ806977, KJ806978, KJ806979,
KJ806980, KJ806981, K]806982, K]806983, KJ806984 and KJ806985, respectively.

et al., 2005). Gene boundaries were examined and subsequently
adjusted manually by comparison with sequenced siboglinid mt
genomes (Riftia pachyptila, Jennings and Halanych, 2005 and
Galathealinum brachiosum, Boore and Brown, 2000) in Artemis
(Rutherford et al., 2000), with boundaries of control regions in each
mt genome inferred by identifying flanking tRNA sequences.
Sequences of control regions were tested for potential tandem
repeats by RepeatMasker open-4.0.3 (Smit et al., unpublished data,
www.repeatmasker.org, last accessed 01.08.14). Secondary struc-
tures of putative control regions and their thermodynamic proper-
ties were predicted using the mfold web server v2.3 (Zuker, 2003;
mfold.rna.albany.edu).

To assemble the Osedax transcriptome, raw paired-end reads
were first digitally normalized to a k-mer coverage of 30 using
the normalize-by-median.py script (Brown et al., 2012; this step
discards redundant data, thus decreasing memory usage).
Remaining reads were then assembled using Trinity r2013-02-25
(Grabherr et al., 2011) with default settings. Mitochondrial pro-
tein-coding genes and ribosomal RNAs were identified by
TBLASTX and BLASTN (Altschul et al., 1997), respectively (using
the recovered siboglinid mt genomes above as queries). Since tran-
scriptome data were used for O. mucofloris, tRNAs sequences as
well as specific gene order information are lacking for this taxon.
GenBank accession numbers for the above complete and partial
mt genomes are provided in Table 2. Mitochondrial genome
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sequences (accession KJ789161-K]J789172) and individual Osedax
genes (accession K]J806974-KJ806985) have been deposited to
GenBank.

2.3. Southern blot

Based on results from the mt genome assemblies (see Sections 3
and 4), Southern blot analyses were conducted on a subset of the
examined taxa to confirm whether mitochrondrial genomes were
circular, rather than linear, in nature. Genomic DNA from R.
pachyptila, L. luymesi, E. spicata and Galathealinum sp. was submit-
ted to Transviragen in Chapel Hill, North Carolina for Southern
blotting. Individuals of other species were too small to provide suf-
ficient amounts of high quality DNA for Southern blotting. For each
species, restriction enzymes that would only cut the mt genome
once were identified. Based on mtDNA sequencing in hand, we
used the enzymes Sbfl, Drd I, BamHI, and NDel for R. pachytila, L. luy-
mesi, E. spicata, and Galathealinum sp., respectively. With these
enzyme-species combinations, a circular mitochondrial genome
would produce a single band of roughly 15 Kb, whereas a linear
genome would produce two bands in which the largest would be
no more than 10.3 Kb in length. Whole genomic DNA was restrict-
ed to completion and run on a 0.7% TAE agarose gel adjacent to an
unrestricted sample. The agarose gel was then blotted to a nitrocel-
lulose filter and probed with an oligonucleotide designed to hybri-
dize to CO1. The blot was visualized using the PCR DIG Probe
Synthesis Kit (Roche).

2.4. Phylogenetic analyses

Nineteen Operational Taxonomic Units (OTUs) were included in
the phylogenetic analyses. In addition to sequence data generated
here, two partial siboglinid mitochondrial genome and four out-
group species were acquired from GenBank (Table 2). Helobdella
robusta, Lumbricus terrestris, Orbinia latreillii and Sipunculus nudus
were selected as outgroups based on data availability as well as
current understanding of annelid evolutionary history (Struck
et al.,, 2007, 2011; Weigert et al., 2014).

Two data sets were constructed - one being amino acid (AA)
and the other being nucleotide (NUC) sequences. Nucleotide
sequences were converted into amino acids using the standard
invertebrate mitochondrial translation code implemented in
MEGA 5.2 (Tamura et al., 2011). For amino acid and nucleotide
data, each gene was individually aligned in MUSCLE 3.8.31
(Edgar, 2004), followed by manual correction. All genes were
trimmed using the default settings in Gblocks 0.91b (Talavera
and Castresana, 2007) to remove ambiguously aligned regions.
Genes were then concatenated into final datasets using
FASconCAT (Kiick and Meusemann, 2010) for phylogenetic analy-
sis. The NUC dataset consisted of nucleotide sequences of the 13
protein-coding and the 2 ribosomal RNA genes while the AA data-
set included the amino acids sequences of the 13 protein-coding
genes only.

Phylogenetic relationships of siboglinids were inferred using
maximum likelihood (ML) in RAXML 7.3.8 (Stamatakis, 2006) and
Bayesian inference (BI) in PhyloBayes MPI 1.4f (Lartillot et al.,
2009). For phylogenetic analyses, ProtTest 2.4 (Abascal et al,
2005) was performed to evaluate all evolutionary models, howev-
er, since the MtZoa evolutionary model (Rota-Stabelli et al., 2009)
for amino acid data is not available on ProtTest, we evaluated tree
topologies based on MtZoa and MtArt +1+ G (the best-fit model
according to ProtTest) separately, and MtZoa was chosen as the
best-fit model because it provided better likelihood scores and less
computational time.

For ML analyses, both NUC and AA datasets were partitioned by
gene. Analysis of the NUC dataset was done under the GTR (general

time reversible) model of substitution rate with a gamma distribu-
tion (the GTRGAMMA option) while the AA dataset was analyzed
using MtZoa model with a gamma distribution using empirical
base frequencies (the PROTGAMMAMTZOAF option). Topological
robustness for the ML analysis was evaluated with 100 replicates
of nonparametric bootstrapping. Competing phylogenetic
hypotheses for both datasets were evaluated using the
Approximately Unbiased (AU) test (Shimodaira, 2002) in CONSEL
0.20 (Shimodaira and Hasegawa, 2001). Per site likelihoods values
were determined using RAXML with same evolutionary models.

For BI analyses, the CAT model (Lartillot and Philippe, 2004) was
employed for both NUC and AA datasets. The CAT model in
Phylobayes is a site heterogeneous model that estimates site-
specific substitution rates for the 4 nucleotides or 20 amino acids
in an alignment. Thus, for BI analyses, the CAT+GTR and
CAT + MtZoa models were employed in analyses of the NUC and
AA datasets, respectively. Five parallel chains were each run for
25,000 generations, discarding the first 5000 generations as
burn-in based on log likelihood scores for each chain once station-
ary was reached. A 50% majority rule consensus tree was computed
from the remaining 20,000 trees from each chain, and nodal sup-
port was estimated in the post-burnin tree sample, with posterior
probability values >0.95 taken as significant (Huelsenbeck and
Rannala, 2004). All phylogenetic analyses were conducted on the
Auburn University Molette Laboratory’s SkyNet server.

3. Results
3.1. Mt genome composition
Results from the high-throughput sequencing and contig assem-

bly for the 12 mitochondrial genomes and transcriptome of O. muco-
floris (missing the NAD4I, ATP8 and small subunit 12S-rDNA genes)

Table 3
Sequencing information.

Species Number of  Total Average Average
mt reads of  sequencing sequencing
contig(s) mt depth of control  depth of mt
recovered contig(s) region (X) genome (X)

Vestimentifera

Riftia 1 4632 45 71

pachyptila

Tevnia 1 1484 5 22

jerichonana

Oasisia alvinae 1 2802 9 39

Ridgeia 2 1883 22 29

piscesae

Seepiophila 1 32,811 98 220

jonesi

Escarpia 1 35,127 133 232

spicata

Lamellibrachia 1 4193 24 67

luymesi

Sclerolinum

Sclerolinum 1 1504 21 23

brattstromi

Osedax

Osedax 12 120,480 N/A 802

mucofloris

Frenulata

Siboglinum 1 11,297 213 90

fiordicum

Spirobrachia 1 8706 104 45

sp.

Galathealinum 1 38,282 103 261

sp.

Siboglinum 3 1969 35 36

ekmani
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Fig. 2. Gene orders of mitochondrial genomes in all Siboglinidae sampled to date. Different colors show conserved gene clusters that were previously reported (Zhong et al.,
2008). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Base composition and skewness measures.
Species A+T% 3rd position% GC-skew AT-skew
Whole Protein-coding A T C G Whole Protein-coding  3rd Whole Protein-coding  3rd
genome genes genome genes position  genome genes position

Vestimentifera

Riftia pachyptila  66.76 66.31 4213 36.81 18.68 239 -0.26 -0.31 -0.77 —-0.06 -0.11 0.07

Tevnia 64.51 63.53 3947 3257 2451 318 -03 -0.35 -0.77 —-0.06 -0.1 0.1
jerichonana

Oasisia alvinae 64.92 64.35 39.73 3411 2258 358 -0.28 -0.32 -0.73 —-0.06 -0.11 0.08

Ridgeia piscesae  63.11 62.29 38,55 30.08 2720 4.18 -0.05 -0.35 -0.73 -0.32 —-0.09 0.12

Seepiophila 64.83 64.17 38.98 34.58 22,50 394 -029 -0.33 -0.7 —-0.06 -0.11 0.06
jonesi

Escarpia spicata  66.09 65.02 4034 3561 2071 334 -0.26 -0.33 -0.72 -0.07 -0.11 0.06

Lamellibrachia 64.56 63.77 39.48 34.19 23.74 258 -03 -0.36 -0.8 —-0.05 -0.11 0.07
luymesi

Sclerolinum

Sclerolinum 64.9 64.46 39.79 32.63 2345 413 -03 -0.33 -0.7 —-0.05 -0.09 0.1
brattstromi

Osedax

Osedax N/A 62.88 36.77 28.46 2898 578 NJ/A -0.35 —-0.66 N/A -0.12 0.13
mucofloris

Frenulata

Siboglinum 74.49 71.18 315 4832 1575 443 -0.27 -0.29 -0.56 -0.13 -0.25 -0.21
fiordicum

Spirobrachia sp. ~ 74.57 73.57 39.21 45.68 1262 25 -0.23 -0.02 -0.67 -0.11 —-0.02 —-0.08

Galathealinum 77.93 77.07 39.03 5229 7.05 163 -0.17 -0.83 —-0.62 -0.14 -0.2 -0.15
sp.

Siboglinum 75.02 73.59 38.71 45.27 13,57 245 -0.25 -0.31 —0.69 -0.1 -0.14 —-0.08
ekmani

are presented in Table 3. Two mt genomes were partial; R. piscesae
(14,146 bp) was missing the 12S-rDNA and trnV gene and S. ekmani
(14,838 bp) was missing trnR as well as part of atp6 and the control
region. Nine of the complete mt genomes were ~15 kbp in length,
varying in size from 14,779 bp (Galathealinum sp.) to 15,581 bp
(Spirobrachia sp.). However, S. fiordicum has a substantially larger
mt genome (19,502 bp, see below). All genomes had the same gene
order (Fig. 2; gene order unknown for Osedax).

All the mt genomes exhibited nucleotide and codon biases
(Table 4). For example Vestimentifera, Osedax, and Sclerolinum
were ~65% AT whereas Frenulata was ~75% AT. In all of these spe-
cies, T was the most common base and G the least common base on
the coding strand. Furthermore, the anti-G bias was especially pro-
nounced in the third codon position, where G was only present at
1.63% (Galathealinum sp.) to 5.78% (0. mucofloris). GC-skew and AT-
skew for a given strand were calculated as (G — C)/(G +C) and
(A —T)/(A+T), respectively (Perna and Kocher, 1995), with nega-
tive values in skewness meaning the coding strand is enriched
for T or C. In contrast, positive values infer more As and Gs. On
the whole, AT-skew was slightly negative, or positive in the third
codon position of vestimetiferans, and GC-skew was more negative
than AT-skew (Table 4).

3.2. Protein-coding genes

All complete siboglinid mt genomes in this study possessed the
13 protein-coding genes, two ribosomal RNA genes, and 22 tRNA
genes (Fig. 2) that are typical of bilaterian mt genomes (Boore,

1999). As in previously reported siboglinid (Boore and Brown,
2000; Jennings and Halanych, 2005) and other annelid mt genomes
(e.g., Boore and Brown, 1995, 2000; Jennings and Halanych, 2005;
Zhong et al., 2008; Shen et al., 2009), mitochondrial genes
sequenced herein are transcribed from the same strand and gene
order was conserved. The start and stop codon features of siboglin-
id mt genomes also showed patterns of bias (Table S1). For exam-
ple, only ATG is used as an initiation codon, whereas most
metazoan mt genomes use a combination of codons (i.e., ATA,
ATC, GTG, GCC and GTT; Boore and Brown, 2000; Zhong et al.,
2008). Most genes end with the stop codon TAA or TAG.
Nevertheless, an incomplete termination codon, either a single T
or TA, was observed for several protein gene sequences (Table S1).

3.3. Control region

Putative control regions were identified in 12 mt genomes, occur-
ring between trnR and trnH (Table 5). Although the exact boundaries
for this region are difficult to precisely define, all sequences are AT-
rich and contain simple repetitive or microsatellite-like motifs (also
see Table 5). Notably, lengths of control regions are highly variable in
size, ranging from 186 bp (T. jerichonana) to 4,737 bp (S. fiordicum).
To further investigate size variability in the control region, raw
paired-end reads were remapped to the putative control region
(Table 3). In general, presence of repetitive motifs and hairpin-like
secondary structures reduced read coverage in most cases.
However, S. fiordicum putatively showed higher than average cover-
age in the control region. For example, one ~400 nt sequence was
mapped at >2000x coverage compared to the 213 x average across
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Table 5
Structural features of control region.

Species Size (bp) (A+T)% Proportion Repeat motifs
of of the mt
control genome (%)
region
Vestimentifera
Riftia 303 81.19 2.02 (TA)y
pachyptila
Tevnia 186 81.72 1.25 (TA),
Jjerichonana
Oasisia alvinae 147 66.67 0.99 (TA)n
Ridgeia 309 67.31 2.18 (TA),
piscesae
Seepiophila 381 76.12 2.52 (TA)y
Jjonesi
Escarpia 741 82.05 4.8 (TA)n; (TATATG),
spicata
Lamellibrachia 309 80.91 2.06 (TA),
luymesi
Sclerolinum
Sclerolinum 654 63.61 4.25 (TA),
brattstromi
Osedax
Osedax N/A N/A N/A N/A
mucofloris
Frenulata
Siboglinum 4737 79.23 24.29 (TA)n; (CACA)y;
fiordicum (CATA),.; (TATATG),;
(CA)n; (CATATA),; AT
rich
Spirobrachia 975 71.90 6.26 (TA)n; (GA)n; AT rich
sp.
Galathealinum 240 87.92 1.62 (TA)n; (A)n; AT rich
sp.
Siboglinum 645 75.97 435 (TA)n; AT rich
ekmani

the rest of the control region. Potential secondary structure in this
region has been reported in Lumbricus terrestris (Boore and Brown,
1995) and Platynereis dumerilii (Boore, 2001). However, mfold ana-
lyses failed to identify similar potential structures or even conserva-
tion of secondary structure among siboglinid mitochondrial control
regions (Fig. S1).

Several of the mt genome contigs obtained from assemblies
started and stopped in the control region. This could be due to
the repetitive nature of the control region (repetitive elements
can hinder assembly; Nagarajan and Pop, 2013) or if the molecule
is linear. Either situation would offer an explanation on reported
difficulties in sequencing the control region of annelids in general
(see Section 1). To differentiate between these two possibilities,
Southern blot experiments were performed. These experiments
confirmed the circular nature of the siboglinid mt genomes (R.
pachyptila and E. spicata) by exhibiting a restriction pattern consis-
tent with a circular molecule being linearized rather than a linear
molecule being cut into two fragments (Fig. S2). Lamellibrachia luy-
mesi failed to cut and Galathealinum sp. DNA was too degraded for
Southern blot analysis.

3.4. Phylogenetic analysis

The AA and NUC datasets contained 3813 and 13,923 parsi-
mony-informative characters, respectively. Both ML and BI
(Fig. 3) analyses of the two concatenated datasets yielded congru-
ent tree topologies with high bootstrap support values (bs) or pos-
terior probabilities (pp). In terms of higher-level relationships,
both Vestimentifera and Frenulata were recovered as monophylet-
ic clades with strong support (Fig. 3), consistent with previous
molecular (Black et al., 1997; Halanych et al., 1998, 2001) and

morphological analyses (Rouse, 2001; Schulze, 2003). Moreover,
Sclerolinum was recovered sister to Vestimentifera (AA pp = 1.00,
bs = 100; NUC pp = 0.98, bs = 100). Importantly, Osedax was placed
sister to the Sclerolinum + Vestimentifera clade with moderate
bootstrap support (bs=90) in analyses of the AA dataset (but
pp = 0.88) and stronger support (pp = 1.00, bs = 90) in analyses of
the NUC dataset. Although less likely than our consensus topology
(Fig. 3), the hypothesis of Osedax as sister to Frenulata was not
explicitly rejected by AU test (Table 6). Notably, vestimentiferans
generally had shorter branch lengths when compared to other
clades. Within Frenulata, Siboglinum was not monophyletic;
Spirobrachia and Galatheallinum were nested as a monophyletic
clade within the paraphyletic Siboglinum (Fig. 3).

4. Discussion

In this study, analyses of siboglinid mitochondrial genomes sup-
port placement of Osedax as sister to a Vestimentiferan + Sclerolinum
clade. Furthermore, although the overall gene order is similar to
other annelids, the control regions of siboglinid mt genomes contain
highly repetitive elements that generate substantial length variation
among lineages.

4.1. Siboglinid phylogeny

Phylogenetic analyses supported traditional monophyletic
clades of Vestimentifera and Frenulata. As seen in previous mor-
phological (Rouse, 2001) and molecular analyses (Halanych et al.,
2001; Rouse et al., 2004; Rousset et al., 2004; Glover et al., 2005,
2013), Sclerolinum is closely allied to Vestimentifera. Our analyses
support the phylogenetic position of Osedax as sister to the
Vestimentifera + Sclerolinum clade, rather than Frenulata, in agree-
ment with previous studies based on combinations of nuclear 188,
and mitochondrial 16S or COI data (Glover et al., 2005; Rouse et al.,
2004) but in contrary to the combined analysis of Glover et al.
(2013) and Rouse et al. (2015). Although an AU test could not reject
the hypothesis of Osedax as sister to Frenulata, likelihood scores
and nodal support values support our consensus topology
(Table 6). In addition, similar to Glover et al. (2013) and Rouse et
al. (2015), placement of Osedax was variable in analyses based on
a limited number of genes (i.e., 18S, 16S and COI; Hatleberg,
Thornhill, Santos, and Halanych unpublished data). Although the
mt genome is a single chromosome, it contains several genes with
variable rates of evolution (Mueller, 2006). Our results imply that
Osedax, which associates with heterotrophic endosymbionts and
lives on whale bones, evolved from a lineage depending on
chemoautotrophic symbionts that might have dwelled in deep-
sea muddy sediments.

Within Vestimentifera, Lamellibrachia is sister to the remaining
sampled vestimentiferans. Relatively low molecular diversity
within vestimentiferans has been observed in all molecular studies
to date (Halanych et al., 1998, 2001; Rouse et al., 2004; Rousset
et al., 2004; Glover et al., 2005, 2013), including this study. This
limited diversity may be due to selection pressures in extreme
habitats or a recent evolutionary origin of this lineage (Halanych,
2005). Within Frenulata, Siboglinum is not monophyletic, consis-
tent with previous molecular and morphological studies (reviewed
by Halanych, 2005), suggesting that Siboglinum characters - for
instance, possession of a single tentacle - are symplesomorphies.

4.2. Genome composition and structure

Prior to this study, only 17 complete annelid mt genomes, and
two partial siboglinid mt genomes, had been reported. Siboglinid
mitochondrial genomes exhibit the same gene order as most
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Fig. 3. Phylogenetic reconstructions of Siboglinidae based on (A) concatenated amino acids of the 13 mitochondrial protein-coding genes and (B) concatenated nucleotides of
the 13 mitochondrial protein-coding and 2 ribosomal RNA genes. Majority rule (50%) consensus phylograms from each of the Bayesian analyses of the concatenated data
matrices are shown. Values are shown next to nodes with posterior probabilities left and ML bootstrap support values right. Filled circles indicate fully supported nodes

(bs =100, pp = 1.00).

Table 6
AU tests of competing phylogenetic hypothesis.

Tree topology AA dataset NUC dataset
Log- AU test Log- AU test
likelihood  (P- likelihood (P-
value) value)
Osedax + Vestimentifera/  —58555.90 0.882 -151727.36 0914
Sclerolinum
Osedax + Frenulata -58570.38 0.118 -151750.80 0.083

annelids (Fig. 2); this gene order could be assumed to be a synapo-
morphy for annelids in general (Jennings and Halanych, 2005;
Zhong et al., 2008). Along with this and unlike most metazoans,
all genes of annelid mt genomes are transcribed on the same
strand, which was hypothesized to prevent inversions that
occurred on the non-transcribed strand (Boore, 1999).
Additionally, only ATG is used as a start codon, whereas most
metazoan mt genomes use a variety of combinations (Boore,
1999). An incomplete stop codon, either a single T or TA, is also
common for many protein-genes in the examined siboglinid mt
genomes. Incomplete stop codons such as T or TA may be assigned
to the adjacent down-stream gene, and then modified to a com-
plete TAA stop codon via post-transcriptional polyadenylation
(Zhong et al., 2008; Boore and Brown, 2000; Yuan et al., 2012).
Similar patterns are also observed in molluscs (Hrbek and Farias,
2008; Yuan et al, 2012) and other groups (Ivey and Santos,
2007). Typically, all siboglinid mt genomes sampled to date are
characterized by an anti-G bias that is relatively strong at the third
codon position, where G is present at an average of only ~3.4%. The
low G content may be a result of the asymmetrical replication of
the mt genome (Clayton, 1982; Hrbek and Farias, 2008) or a ten-
dency of mutational bias (Boore and Brown, 2000).

4.3. Control regions

The control region is typically the longest non-coding region in
mt genomes and is believed to play a role in controlling mitochon-
drial replication and transcription (Clayton, 1991; Zhang and
Hewitt, 1997; Boore, 1999). However, this region remains poorly
characterized in annelids since previous efforts to sequence it in
many annelid mt genomes have been unsuccessful (Boore and
Brown, 2000; Jennings and Halanych, 2005; Zhong et al., 2008).
We initially hypothesized that siboglinid mt genomes may be lin-
ear rather than circular for two reasons. First, the available pub-
lished siboglinid mt genomes contained control regions that
were difficult to amplify by long PCR primers, even though this
technique has been successfully employed to amplify entire mt
genomes in a variety of metazoan lineages (Yuan et al., 2012;
Zhong et al., 2008; Shen et al., 2009). Secondly, a remapping-based
approach identified highly repetitive motifs at the ends of the mt
genome contigs similar to the telomeres of linear chromosomes
(Zakian, 1995; Table 3). To test this hypothesis, Southern blot ana-
lyses were performed. Contrary to our predictions, Southern blots
implied the mt genomes of siboglinid are circular. Thus, the most
reasonable conclusion is that the control region has historically
been difficult to amplify and sequence due to secondary structure
formation, such as hairpins, among the tandem repeat regions.

The putative length of the control region among siboglinid mt
genomes shows variability among taxa, ranging from 186 bp (T.
jerichonana) to 4737 bp (S. fiordicum), which represents a nearly
25-fold difference in length. Of these cases, the unusually large
control region of S. fiordicum may be due to false extensions occur-
ring in de novo assembly due to this highly repetitive region or
independent transposable elements insertions from the nuclear
genome, or possibly both. Notably, repeated motifs are more
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extensive, especially in S. fiordicum, compared to previously report-
ed genomes (Boore and Brown, 2000; Jennings and Halanych,
2005; Zhong et al., 2008), and may again signal issues with artifi-
cial concatenation of repeats during assembly. Moreover, no obvi-
ous conserved regions or secondary structures (Fig. S2) have been
observed in control regions across mt genomes from different
siboglinid species and clades, except that all contained TA tandem
repeats (Table 5). Since intronic microsatellites can affect gene
transcription, mRNA splicing or export to cytoplasm (Li et al.,
2004), these TA tandem repeats may have functional significance
in the mt genomes of siboglinids. Interestingly, the presence of
Type 2 transposons has been reported in other annelid mt gen-
omes, which is virtually unknown among other bilaterians
(Valles et al., 2008). Although the present study represents a fur-
ther step in the characterization of the mitochondrial control
region in annelids, the function and reasons for variations or
assembly artifacts in this region requires further study.

Note added in proof

Further work in our lab confirms that Osedax rubiplumus pos-
sesses the same mitochondrial gene order as other siboglinids.
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