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Deep-sea tubeworms (Annelida, Siboglinidae) represent dominant species in deep-sea
chemosynthetic communities (e.g. hydrothermal vents and cold methane seeps) and occur in
muddy sediments and organic falls. Siboglinids lack a functional digestive tract as adults,
and they rely on endosymbiotic bacteria for energy, making them of evolutionary and physi-
ological interest. Despite their importance, inferred evolutionary history of this group has
been inconsistent among studies based on different molecular markers. In particular, place-
ment of bone-eating Osedax worms has been unclear in part because of their distinctive biol-
ogy, including harbouring heterotrophic bacteria as endosymbionts, displaying extreme
sexual dimorphism and exhibiting a distinct body plan. Here, we reconstructed siboglinid
evolutionary history using 12 newly sequenced transcriptomes. We parsed data into three
data sets that accommodated varying levels of missing data, and we evaluate effects of miss-
ing data on phylogenomic inference. Additionally, several multispecies-coalescent
approaches and Bayesian concordance analysis (BCA) were employed to allow for a compar-
ison of results to a supermatrix approach. Every analysis conducted herein strongly sup-
ported Osedax being most closely related to the Vestimentifera and Sclerolinum clade, rather
than Frenulata, as previously reported. Importantly, unlike previous studies, the alternative
hypothesis that frenulates and Osedax are sister groups to one another was explicitly rejected
by an approximately unbiased (AU) test. Furthermore, although different methods showed
largely congruent results, we found that a supermatrix method using data partitioning with
site-homogenous models potentially outperformed a supermatrix method using the CAT-
GTR model and multispecies-coalescent approaches when the amount of missing data varies
in a data set and when taxa susceptible to LBA are included in the analyses.
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Introduction
Siboglinids are annelid worms that can be the dominant
species in deep-sea chemosynthetic communities (e.g.
hydrothermal vents, cold seeps, mud volcanoes, large
organic falls; Schulze & Halanych 2003; Halanych 2005).
Despite several phylogenetic studies, relationships among
major siboglinid lineages lack resolution (Black et al. 1997;
Halanych et al. 1998, 2001; Glover et al. 2005, 2013; Li
et al. 2015). These animals were formerly recognized as the
phyla Pogonophora and Vestimentifera due to their highly
distinctive morphology (Ivanov 1963; Jones 1988), but they
were later found to form a monophyletic clade within
Annelida (Halanych et al. 2002; Southward et al. 2005).
Adult siboglinids are gutless and nutritionally dependent
on bacterial endosymbionts, which are typically housed in a
specialized organ called the trophosome (Southward et al.
2005). To date, approximately 200 species have been
described within 4 major siboglinid lineages: Vestimen-
tifera, Monilifera (Sclerolinum Southward 1961), Osedax
(Rouse et al. 2004); and Frenulata (Hil�ario et al. 2011).
Each lineage is generally associated with a specific type of
reducing habitat and group of bacterial symbionts, with
vestimentiferans typically living in hydrothermal vents or
cold seeps, frenulates mainly inhabiting reducing sediments,
Sclerolinum living on decaying organic matter (e.g. wood or
rope) or in reduced sediments and Osedax found on verte-
brate bones (Schulze & Halanych 2003; Hil�ario et al.
2011). In regard to siboglinid habitat preference, organic-
rich sediments are hypothesized to have been the ancestral
habitat types and more derived taxa moved into increas-
ingly reducing habitats such as vents or seeps (Schulze &
Halanych 2003).
Endosymbionts of siboglinids are passed through

horizontal transmission mechanisms that promote uptake
and retention of bacteria from surrounding habitats and
may allow them to exploit new habitats and resources
(Nussbaumer et al. 2006; Lane 2007). Siboglinids are
generally dominated by a single ribotype of chemo-
synthetic endosymbiont (Southward 1982; Thornhill et al.
2008; but see Chao et al. 2007; Vrijenhoek et al. 2007).
Whereas most siboglinids use chemoautotrophic

gammaproteobacteria hosted in the trophosome (Thornhill
et al. 2008), Osedax harbour Oceanospirillales in a root-like
system that facilitates heterotrophic degradation of large
organic compounds from vertebrate bones (Goffredi et al.
2005). Unlike other lineages of Siboglinidae, most bone-
eating Osedax species exhibit extreme male dwarfism (Rouse
et al. 2004, 2015).
To date, most morphological (Rouse 2001; Schulze

2003) and molecular (Black et al. 1997; Halanych et al.
2001; Rouse et al. 2004; Rousset et al. 2004; Glover et al.
2005, 2013; Li et al. 2015) phylogenetic studies indicate
that (i) Siboglinidae is monophyletic, (ii) the four major
groups within Siboglinidae are each monophyletic, (iii)
Vestimentifera is sister group to Sclerolinum, and (iv)
Frenulata is sister group to all other siboglinids. However,
aspects of siboglinid phylogeny are still debated, especially
the placement of Osedax. In contrast to previous molecular
and morphological phylogenetic studies (Rouse et al. 2004;
Glover et al. 2005) that inferred Osedax as closely related to
the Vestimentifera and Sclerolinum clade (Fig. 1A), recent
molecular phylogenetic studies using five nuclear and mito-
chondrial loci reported Osedax as the sister group to Frenu-
lata (Glover et al. 2013; Rouse et al. 2015; Fig. 1B).
Additionally, a recent study using whole mitochondrial
genomes supported the original hypothesis that Osedax is
the sister group to the Vestimentifera/Sclerolinum clade, but
explicit hypothesis testing could not reject the alternative
hypothesis of Osedax as the sister group to Frenulata (Li
et al. 2015). Given that mitochondrial genomes represent a
single locus and that mitochondrial-based trees occasionally
are inaccurate due to introgression, saturation or selection
(Funk & Omland 2003), phylogenetic analyses based on
multiple nuclear loci are desirable for elucidating evolu-
tionary history of siboglinids.
The ability to utilize genome-scale data for phylogenetic

analyses, or ‘phylogenomics’, has significantly improved
our understanding of metazoan evolution (Delsuc et al.
2005; Matus et al. 2006; Dunn et al. 2008; Kocot et al.
2011; Bond et al. 2014; Misof et al. 2014; Weigert et al.
2014; Whelan et al. 2015). Currently, two different system-
atic approaches are primarily used for phylogenetic

Vestimentifera

Sclerolinum

Osedax

Frenulata Frenulata
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Fig. 1 Phylogenetic hypotheses from previous molecular studies. (A) Hypothesis of Osedax as the sister group to Vestimentifera and
Sclerolinum clade (Rouse et al. 2004; Glover et al. 2005; Li et al. 2015). (B) Hypothesis of Osedax closely related to Frenulata (Glover et al.
2013; Rouse et al. 2015).
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inference with large multilocus data sets: (i) the supermatrix
(i.e. concatenation) approach and (ii) methods that use mul-
tispecies-coalescent models to resolve conflict among inde-
pendently generated trees (Gatesy & Springer 2014;
Edwards et al. 2016); methods such as *BEAST (Heled &
Drummond 2010) that co-estimate gene and species trees
are generally too computationally expensive for phyloge-
nomic sized data sets. However, performance of the
supermatrix approach relative to coalescent-based estima-
tion is still debated (Gatesy & Springer 2013; Oliver 2013;
Wu et al. 2013; Zhong et al. 2013, 2014; Springer &
Gatesy 2015). The supermatrix approach assumes that
phylogenetic signal from genes that do not share the
species phylogeny will be overwhelmed by the signal from
the majority of genes whose genealogy mirrors that of the
species evolutionary history (Lanier & Knowles 2012). In
contrast, multispecies-coalescent approaches can account
for gene tree heterogeneity (Rannala & Yang 2003) by
taking incomplete lineage sorting into account. Most multi-
species-coalescent approaches (e.g. STAR; Liu et al. 2009;
MP-EST; Liu et al. 2010; NJst; Liu & Yu 2011; and
ASTRAL; Mirarab et al. 2014) resolve gene tree conflict by
estimating species trees from individual gene trees (i.e.
gene trees are the required input for multispecies-coales-
cent methods).
To further explore siboglinid phylogeny, including test-

ing the placement of Osedax as the sister group to a clade
of Vestimentifera and Sclerolinum or to Frenulata (Fig. 1),
we sequenced 12 transcriptomes including representatives
from all major siboglinid lineages and 3 outgroups. We
also evaluated the relative performance of supermatrix
approaches employing maximum likelihood and Bayesian

inference, multispecies-coalescent methods and the
Bayesian concordance analysis (BCA; Larget et al. 2010)
with our data sets to understand how these different
approaches performed on inferring evolutionary events that
occurred presumably 60–126 millions of years ago (Little
& Vrijenhoek 2003; Hil�ario et al. 2011).

Methods
Taxon sampling, sequencing and assembling

Specimen information is given in Tables 1 and S1. Upon
collection, all specimens were either stored at �80 °C or
preserved in RNAlater (Life Technologies Inc.). RNA
extraction and cDNA preparation for high-throughput
sequencing followed Kocot et al. (2011) and Whelan et al.
(2015). Briefly, total RNA was extracted using TRIzol
(Invitrogen) and purified using the RNeasy kit (Qiagen)
with on-column DNase digestion. Next, single-strand
cDNA libraries were reverse-transcribed using the SMART
cDNA Library Construction kit (Clontech) followed by
double-stranded cDNA synthesis using the Advantage 2
PCR system (Clontech). Illumina sequencing library prepa-
ration and sequencing of Osedax mucofloris Glover, et al.
2005; Osedax rubiplumus Rouse, et al. 2004; Lamellibrachia
luymesi van der Land & Nørrevang, 1975; Sclerolinum bratt-
stromi Webb, 1964; Siboglinum fiordicum Webb, 1963; Sibo-
glinum ekmani J€agersten, 1956; Sternaspsis sp. Otto, 1821;
Flabelligera mundata Gravier, 1906; and Cirratulus spectabilis
Kinberg, 1866 were performed by the Genomic Services
Lab at the Hudson Alpha Institute in Huntsville, Alabama
using 2 9 100 paired-end sequencing on an Illumina
HiSeq 2000 platform (San Diego, California). cDNA for
Escarpia spicata Jones, 1985, Galathealinum brachiosum

Table 1 Taxon sampling and source of data used in phylogenomic analyses

Taxon Clade Data Reads Source Accession #s

Riftia pachyptila Siboglinidae – Vestimentifera 454 1 333 110 NCBI SRA SRR346550
Riftia pachyptila Siboglinidae – Vestimentifera 454 623 927 NCBI SRA SRR346549
Escarpia spicata Siboglinidae – Vestimentifera 454 283 594 This study SRR3554587
Lamellibrachia luymesi Siboglinidae – Vestimentifera Illumina 50 537 812 This study SRR3556248
Lamellibrachia luymesi Siboglinidae – Vestimentifera 454 760 876 This study SRR3556245
Ridgeia piscesae Siboglinidae – Vestimentifera 454 1 092 906 NCBI SRA SRR346554
Ridgeia piscesae Siboglinidae – Vestimentifera Sanger 515 NCBI EST EV802484 - EV802997, EV823675
Seepiophila jonesi Siboglinidae – Vestimentifera 454 382 144 This study SRR3554599
Sclerolinum brattstromi Siboglinidae – Sclerolinum Illumina 44 207 372 This study SRR3560108
Osedax mucofloris Siboglinidae – Osedax Illumina 56 067 578 This study SRR3574511
Osedax rubiplumus Siboglinidae – Osedax Illumina 50 339 804 This study SRR3574382
Spirobrachia sp. Siboglinidae – Frenulata Illumina 46 610 870 This study SRR3571603
Siboglinum fiordicum Siboglinidae – Frenulata Illumina 35 922 776 This study SRR3560206
Siboglinum ekmani Siboglinidae – Frenulata Illumina 63 511 320 This study SRR3560562
Galathealinum sp. Siboglinidae – Frenulata 454 456 440 This study SRX1842875
Sternaspsis sp. Sternaspidae Illumina 54 186 104 This study SRR3574594
Flabelligera mundata Flabelligeridae Illumina 66 330 138 This study SRR3574613
Cirratulus spectabilis Cirratulidae Illumina 57 767 330 This study SRR3574861
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Ivanov, 1961, L. luymesi and Seepiophila jonesi Gardiner,
McMullin & Fisher, 2001 were sent to the University of
South Carolina Environmental Genomics Core Facility
(Columbia, SC, USA) for Roche 454 GS-FLX sequencing.
Additionally, transcriptome data were obtained from the
NCBI SRA database (Table 1).
Prior to assembly, Illumina paired-end transcriptome

sequence data were digitally normalized to a k-mer cover-
age of 30 using normalize-by-median.py (Brown et al. 2012).
Remaining reads were then assembled using Trinity r2013-
02-25 (Grabherr et al. 2011) with default settings. Raw 454
data were assembled using Newbler v2.5.3 (Margulies et al.
2005) with -cdna and -large parameters.

Orthology determination, filtering and data matrix assembly

A brief schematic of the phylogenomic pipeline for this
study is shown in Fig. 2A. Putative orthologous groups

(OGs) were retrieved from each transcriptome following
bioinformatics pipelines of Kocot et al. (2011) and Whelan
et al. (2015). Briefly, each assembled transcriptome was
scanned for open reading frames and translated using
TransDecoder (Grabherr et al. 2011). Initial orthology
determination was performed with HaMStR local v13
(Ebersberger et al. 2009) and the ‘Lophotrochozoa-Kocot’
core ortholog set, which consisted of 2,046 nuclear genes
(Kocot et al. 2016) using Capitella teleta as the reference
taxon.
Because missing data can mislead phylogenetic recon-

struction (Lemmon et al. 2009), three filtering strategies
were used to evaluate how missing data may affect phy-
logenomic performance (Fig. 2B). First, a data set was gen-
erated by removing any OG sampled for fewer than 13
taxa. After creation of this first data set, we found that
Spirobrachia sp. had more missing data than other taxa

Full data set

15 taxa 
                 14 taxa 
(removal of Spirobrachia)

Conserved filtering
(less missing data)
           

Liberal filtering
(more missing data)

           

D98 (98 OGs) D150 (150 OGs) D289 (289 OGs)

Removal of paralogs,    
genes with high LB scores   
and RCFV values 

Supermatrix
Multispecies 
coalescence BCA (34 OGs) SupermatrixSupermatrix

Multispecies 
coalescence

 D98

 D150

 D289
Genes

Genes

Genes

ta
xa

ta
xa

ta
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Fig. 2 (A) Chart of data filtering during
data matrix construction and tree
reconstruction methods employed for the
D98, D150 and D298 data sets. Data
statistics for each data set is shown in
Table. 2. (B) Occupancy of orthologous
groups in data matrices for phylogenetic
analyses. Genes are ordered along the x-
axis and taxa are ordered along the y-axis.
For any given gene fragment, black
squares represent sampled sequence data,
and white squares represent missing data.
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(only 24.5% of total orthologs present, Table 2), and thus,
it was removed in two subsequent filtering data sets to
accommodate more OGs. For these two additional filtering
strategies, any gene with fewer than 10 or 12 taxa, respec-
tively, was removed. All three data sets (D98, D150, D289
– numbers refer to numbers of OGs included; Fig. 2B)
were processed by first discarding sequences that were
shorter than 50 amino acid residues. Sequences of each
OG were then aligned using MAFFT (Katoh et al. 2002)
with the ‘-auto’ and ‘-localpair’ parameters and 1000 maxi-
mum iterations. Uninformative and ambiguously aligned
positions were trimmed with Aliscore (Misof & Misof
2009) and Alicut (K€uck 2009). Alignment columns with
only gaps were subsequently removed, and any OG with
an alignment less than 50 amino acid residues after trim-
ming was discarded. For each OG, a custom javascript,
AlignmentCompare.java, was used to remove any sequence
that did not overlap other sequences by at least 20 amino
acids. After these filtering steps, any OG that had fewer
than the minimum taxa thresholds of the three filtering
strategies (see above) was removed. FastTreeMP (Price
et al. 2010) with the ‘-slow’ and ‘-gamma’ parameters was
then employed to generate single-gene trees for each OG
to screen for suspected paralogs that were then trimmed
from the data matrix using PhyloTreePruner (Kocot et al.
2013) with a minimum bootstrap support value of 95%. All
scripts used for initial orthology determination, except Phy-
loTreePruner, can be found at https://github.com/kmko-
cot/basal_metazoan_phylogenomics_scripts_01-2015.
To further identify potential causes of systematic error,

TreSpEx (Struck 2014) and BaCoCa (Kuck & Struck 2014)
were employed to examine and parameterize tree-based
information to filter potential sources of systematic error
from the three data sets generated under different mini-
mum taxon values. To do this, ProtTest 2.4 (Abascal et al.
2005) was used to select the best-fitting protein evolution-
ary model for each OG, and then, individual gene trees
were inferred using RAxML 8.0.23 (Stamatakis 2014) with
100 fast bootstrap replicates. Next, possible paralogs and
exogenous contamination missed by HaMStR and Phylo-
TreePruner were further filtered using the tree- and blast-
based method of TreSpEx. For this method, we used gene

trees generated by RAxML and the Capitella teleta and
Helobdella robusta BLAST databases packaged with TreSpEx.
Both ‘certain’ (high-confident paralogs) and ‘uncertain’ (po-
tential paralogs) sequences, as identified by TreSpEx, were
removed. Standard deviation of LB scores, a metric
designed to quantify a gene’s potential for causing long-
branch attraction (LBA; Struck 2014), was also calculated
with TreSpEx. Amino acid compositional heterogeneity for
each gene, as measured by relative composition frequency
variability (RCFV; Zhong et al. 2011), was calculated for
each OG from each data set using BaCoCa (Fig. S1). Both
genes with high RCFV values and standard deviation of
LB scores can cause systematic error in phylogenetic infer-
ence. Therefore, genes with outlier values for both of these
metrics were identified based on density plots generated in
R (R Core Development Team, 2015). Outliers were sub-
sequently removed from all three data sets.

Phylogenetic analyses

Fifteen siboglinid taxa were included in phylogenomic anal-
yses. Sternaspsis sp., F. mundata and C. spectabilis were
selected as outgroups based on data availability and current
understanding of annelid phylogeny (Struck et al. 2011;
Weigert et al. 2014). Three major approaches were used to
reconstruct phylogenetic relationships: supermatrix, multi-
species-coalescent methods and BCA. For the supermatrix
approach, matrices of concatenated OGs were analysed
using both maximum likelihood (ML) in RAxML and
Bayesian inference (BI) in PhyloBayes 1.5a (Lartillot et al.
2009). Prior to ML analyses, PartitionFinderV1.1.1 (Lan-
fear et al. 2012, 2014) was used to evaluate best-fit partition
schemes and associated best-fit amino acid substitution
models for each partition using 20% relaxed clustering
(Lanfear et al. 2014). Each ML analyses employed best-fit
models and partitions indicated by PartitionFinder and a
gamma distribution to model rate heterogeneity. Nodal
support for ML analyses was evaluated with 100 fast boot-
strap replicates. For BI, the CAT+GTR +Γ model (Lar-
tillot & Philippe 2004) was employed because it accounts
for site-specific heterogeneity in the substitution process.
PhyloBayes analyses were run with four parallel chains for
10 000–20 000 generations, depending on the data sets.

Table 2 Statistics for phylogenomic data
set Data set Taxa

HaMStR
OGs

TreSpEx
OGs

LB scores
and RCFV values Sites

Gene
occupancy%

Missing data
(Including gaps) %

D98 15 244 128 98 31 276 90.1 25.0
D150 14 265 171 150 48 125 91.p 21.5
D289 14 715 301 289 103 421 81.7 34.8
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Burn-in of 20% was determined with trace plots as viewed
in Tracer (Rambaut et al. 2014; available from http://
tree.bio.ed.ac.uk/software/tracer/). Chains were considered
to have reached convergence when the maxdiff statistic
among chains was below 0.3 (as measured by bpcomp)
and effective sample size > 50 for each parameter (as mea-
sured by tracecomp). A 50% majority-rule consensus tree
was computed with bpcomp, and nodal support was esti-
mated by posterior probability (Huelsenbeck & Rannala
2004).
Four multispecies-coalescent approaches (i.e. STAR,

MP-EST, NJst and ASTRAL) were also used for phyloge-
netic inference. Differences in these methods are briefly
summarized here. STAR estimates a species tree from aver-
age ranks of coalescent units from each rooted gene tree
(Liu et al. 2009). MP-EST estimates a species tree from a
set of rooted individual gene trees by maximizing a
pseudo-likelihood function of triplets (Liu et al. 2010). In
contrast to the former approaches, NJst can incorporate
unrooted gene trees to infer a species tree. The NJst
method estimates the species tree using neighbor-joining
trees built from a distance matrix in which the distance is
defined as the internode distance between two species (Liu
& Yu 2011). Similarly, ASTRAL can also estimate the spe-
cies tree from unrooted gene trees by minimizing the quar-
tet distance between gene trees and the species tree
(Mirarab et al. 2014). Unlike multispecies-coalescent
approach, BCA does not make any biological assumptions
about drivers of gene tree heterogeneity (Ane et al. 2007).
Thus, BCA is not a strictly coalescent-based method. We
also employed BUCKy, a phylogenetic program for BCA
that summarizes the proportion of sampled loci that sup-
port each clade by revising posterior distributions from
every individual gene trees (Barrow et al. 2014; Liu et al.
2015). However, this method has not been widely used in
deep-level phylogeny because it requires that all taxa must
be present in the gene tree for every locus (i.e. no missing
data is permitted).
As input for these multispecies-coalescent approaches,

individual gene trees from the D98 and D150 data sets
were estimated and nodal support was calculated with 100
fast bootstrap replicates using RAxML 8.0.23. We did
not analyse data set D289 with multispecies-coalescent
approaches because of computational demands and pre-
liminary analyses suggested similar results to those of
analyses with D150. The best-fitting evolutionary model
for each gene was evaluated in ProtTest, and best-fit
models were determined with Bayesian information crite-
ria. STAR, MP-EST and NJst were conducted on the
Species TRee Analysis Web server (STRAW; Shaw et al.
2013) with 100 multilocus bootstraps. A species tree was
also estimated using ASTRAL with default parameters

and 100 bootstrap replicates. OGs that included all taxa
were used to estimate the primary concordance tree (34
OGs from D150 data set, without Spirobrachia) using
BUCKy 1.4.3. BUCKy required posterior distributions of
individual gene trees, and these were estimated using
MrBayes 3.2.2 (Ronquist & Huelsenbeck 2003). MrBayes
analyses of the 34 OGs comprised two independent runs,
with four coupled chains that were run for 2,000,000
generations. The first 10% of generations were discarded
as burn-in based on trace plots. BUCKy 1.4.3 was run
using four Markov chain Monte Carlo chains for 1 mil-
lion generations with four different priors (a = 0.1, 1, 10,
100; a = 0 indicates all gene trees possess the same topol-
ogy; a = ∞ indicates topology of each gene tree is com-
pletely incongruent), discarding the first 10% generations
as burn-in.

Hypothesis testing

To assess the robustness of the inferred phylogenetic posi-
tion of Osedax, an approximately unbiased (AU; Shimodaira
2002) test was used to determine whether any a priori
hypothesis of phylogenetic position of Osedax could be
rejected (Fig. 1). Per site log-likelihoods for trees were cal-
culated in RAxML, and AU test were employed in CON-
SEL 0.20 (Shimodaira & Hasegawa 2001).

Results
Data matrix assembly

Initial orthology filtering of assembled transcriptomic data,
followed by additional paralog screening and removal of
genes that may cause systematic error using TreSpEx and
BaCoCa (Fig. S1), resulted in 98 OGs for D98, 150 OGs
for D150 and 289 OGs for D289. On average, 90.1% of
orthologs were sampled per taxon in D98 data set and the
overall matrix completeness value, which considers align-
ment gaps as missing data, was 75.0%. For the D289 data
set, on average 81.7% of orthologs were sampled per taxon,
with an overall matrix completeness of 65.2%; for the
D150 data set, 91.0% of the orthologs were sampled per
taxon, with an overall matrix completeness of 79.5%
(Table 2).

Phylogenetic analysis using the supermatrix approach

Resulting tree topologies from all supermatrix analyses are
shown in Fig. 3 (D289; 14 taxa), Fig. 4 (D98; 15 taxa) and
Supplementary Fig. S2 (D150; 14 taxa). Supermatrix analy-
sis with data set D289 recovered an identical branching
order to the tree inferred with data set D150, but with
slightly higher nodal support values (Figs. 3, S2). Both data
sets recovered strong support for Osedax as closely related
to Vestimentifera/Sclerolinum rather than Frenulata
(bs=100; pp=1.00). Importantly, the hypothesis of Osedax as
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the sister group to Frenulata was explicitly rejected by AU
tests on all three data sets (Table 3). The topology inferred
from data set D98 also supported Osedax as the sister group
with the Vestimentifera/Sclerolinum clade (bs=100;
pp=1.00). Spirobrachia, which had the most missing data
(Table 2) and highest LB score compared with any other
taxon, exhibited long branches in both analyses. In the BI
tree inferred using CAT-GTR and data set D98,

Spirobrachia was placed unexpectedly as sister to all other
Siboglinidae (Fig. 4B), whereas it was sister to the other
frenulates in the ML analysis (Fig. 4A). Spirobrachia was
not included in the other two data sets in order to accom-
modate data sets with less missing data and more loci.
Both ML and BI recovered identical topologies in data
sets D289 and D150, but variability among interrelation-
ships within Vestimentifera and Frenulata were noted in
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Fig. 3 Phylogenetic reconstructions of Siboglinidae based on data set D289 using supermatrix approach and a Bayesian inference approach
with a CAT-GTR model. Majority-rule consensus phylogram is shown. The black square indicates the node joining the Osedax lineage to
the vestimentiferan/Sclerolinum clade. All nodes were supported with 100% bootstrap value or posterior probabilities of 1.0 unless otherwise
noted. Values shown next to nodes are posterior probabilities on the left and ML bootstrap support values on the right. “Other
polychaetes” form a basal polytomy but are shown here as a group for simplicity.
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D98 data set (Figs. 3, 4, S2). For example, in data sets
D289 and D150, Ridgeia was sister to Seepiophila and
Escarpia, whereas it formed a clade with Riftia in the anal-
ysis of data set D98. This result suggests that data set size
had more of an effect on relationships within Vestimen-
tifera and Frenulata than differences between ML and BI
with CAT-GTR.

Phylogenetic analysis using multispecies-coalescent

approaches

Given that our supermatrix analyses showed congruent
topologies between data sets D289 and D150 (Figs. 3, S2),
multispecies-coalescent analyses were only performed on
the smaller D150 and D98 data sets due to computational
demands of some coalescent-based methods. In general,
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vestimentiferan/Sclerolinum clade. All nodes were supported with 100% bootstrap value or posterior probabilities of 1.0 unless otherwise
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Tree Topology

D98 D150 D289

Log-likelihood AU test Log-likelihood AU test Log-likelihood AU test

Osedax + Vestimentifera/
Sclerolinum

�342993.31 1.00 �542050.62 1.00 �1021627.38 1.00

Osedax + Frenulata �343600.84 3e-60 �542961.36 5e-41 �1022921.31 3e-18

Table 3 AU tests of competing phyloge-
netic hypothesis
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topologies derived from STAR, NJst, MP-EST and
ASTRAL were largely in agreement with trees generated
by the supermatrix approach, although some variations in
branching patterns were observed (Figs. 5, S3, S4). For
example, consistent with the analysis of D98, Riftia was
placed as sister to Ridgeia in all multispecies-coalescent
approaches (albeit with low nodal support values), but they
were not sister taxa in the D289 and D150 supermatrix
analyses. Importantly, all multispecies-coalescent analyses
inferred Osedax as the sister group to Vestimentifera/Sclero-
linum with 100% multilocus bootstrap support. For both
the D150 and D98 data sets, species trees derived from
STAR, NJst and MP-EST exhibited the same tree topol-
ogy (Figs. 5A, S3). Siboglinum ekmani was placed as sister
to other Frenulata from all D98 multispecies-coalescent

analyses, whereas S. fiordicum was sister to other frenulates
based on ASTRAL in both data sets (Figs. 5B, S4) and in
supermatrix analyses. Similar to the BI analysis of D98
using the CAT-GTR model, Spirobrachia was placed as sis-
ter to all other siboglinids in the multispecies-coalescent
analyses.

Bayesian concordance analysis

The BCA tree (Fig. S5) derived from the reduced D150
data set that only included the 34 OGs with every taxon
present also exhibited a similar overall topology to other
analyses in that a sister relationship between Osedax and
Vestimentifera/Sclerolinum was recovered, albeit with mod-
erate support (CF = 0.42; a CF = 0.5 indicates 50% of
individual gene trees support this clade). Two differences
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the node joining the Osedax lineage to the vestimentiferan/Sclerolinum clade. Nodal support values (A) left: STAR; middle: MP-EST; right:
NJst (B) ASTRAL indicate bootstrap proportion based upon 100 multilocus bootstraps. “Other polychaetes” form a basal polytomy but are
shown here as a group for simplicity.
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were recovered between relationships estimated using BCA
and the supermatrix approach. Within the Vestimentifera
clade, placement of Riftia and Ridgeia was different com-
pared with the supermatrix approach and multispecies coa-
lescent, but these branches were weakly supported (CF =
0.27), and the lower CFs indicate the high level of gene
tree discordance. Similar to topologies derived from multi-
species-coalescent analyses, S. ekmani was placed as sister
to other frenulates (CF = 0.61), instead of S. fiordicum as
inferred from supermatrix analyses.

Discussion
Siboglinid phylogeny

Different analyses have yielded conflicting hypotheses
regarding the phylogenetic position of Osedax (Rouse et al.
2004, 2015; Glover et al. 2005, 2013; Li et al. 2015). Our
results are consistent with previous molecular phylogenetic
studies based on combinations of nuclear 18S rDNA, mito-
chondrial 16S rDNA and COI (Rouse et al. 2004; Glover
et al. 2005), indicating that Osedax is the sister group to the
vestimentiferan/Sclerolinum clade. A recent mitogenomic
analysis (Li et al. 2015) yielded the same topology as this
study, but the nodal support for Osedax with the Vestimen-
tifera/Sclerolinum clade was relatively low. Furthermore, Li
et al. (2015) failed to reject the alternative placement of
Osedax as the sister group to Frenulata with AU hypothesis
tests. The lack of statistical support for the placement of
Osedax in Li et al. (2015) and previous molecular studies
with a limited number of loci (Rouse et al. 2004, 2015;
Glover et al. 2005, 2013) could be explained as stochastic
effects from a small number of loci (Delsuc et al. 2006) or
saturation of the mitochondrial genes. Moreover, given that
the entire siboglinid family can be traced back to a late
Mesozoic–Cenozoic origin (Little & Vrijenhoek 2003;
Danise & Higgs 2015), utilizing only several mitochondrial
and/or nuclear ribosomal loci may result in analyses with
too little signal for resolving evolutionary relationships of
major groups within siboglinids.
Both supermatrix and multispecies-coalescent analyses

robustly supported placement of bone-eating Osedax as the
sister group to a Vestimentifera plus Sclerolinum clade in all
three data sets. More importantly, contrary to mitogenomic
analyses (Li et al. 2015), our hypothesis testing strongly
rejected the hypothesis of Osedax as the sister group to
Frenulata (Table 3). Our results imply that bone-eating
Osedax, the only lineage of siboglinids utilizing hetero-
trophic endosymbionts, is most likely derived from a lin-
eage relying on chemoautotrophic bacteria that lived in
deep-sea muddy sediments. Given that the association
between non-Osedax siboglinids and chemoautotrophic bac-
teria is an obligate symbiosis, understanding the evolution-
ary transition from a chemoautotrophic endosymbiont to a

heterotrophic one in Osedax is of interest as the switch
likely involved several changes in host physiology.
The monophyly of Frenulata was strongly supported in

the supermatrix analyses of the D150 and D289 data sets
(Figs. S2, 3), but not in data set D98 because the tree
inferred with CAT-GTR placed Spirobrachia as sister to all
other siboglinids. This placement of Spirobrachia was also
recovered by all multispecies-coalescent approaches; Spiro-
brachia was not included in BCA because of a high level of
missing data. As seen in previous analyses (Halanych et al.
2001; Li et al. 2015), our results also strongly supported
Lamellibrachia sister to other vestimentiferans (Figs. 3-5,
S2-S5). Lamellibrachia and Escarpia mainly inhabit seeps,
whereas more derived vestimentiferans (e.g. Riftia, Ridgeia)
live in association with vents, which is consistent with the
hypothesis that habitat preferences of vestimentiferans have
proceeded from less to more reducing sediments (Schulze
& Halanych 2003).

Performance of supermatrix vs. multispecies-coalescent

approaches

Large phylogenomic data sets potentially contain genes
with conflicting signal – for example due to incomplete lin-
eage sorting, introgression and paralogs – that can con-
found phylogenomic analyses (Smith et al. 2015).
Additionally, given the recent debate between supermatrix
and multispecies-coalescent approaches (Gatesy & Springer
2014; Edwards et al. 2016), we wished to explore the per-
formance of these approaches on a phylogenomic data set
of manageable size.
In our analyses, relationships among the four major sibo-

glinid lineages were largely consistent across approaches.
Although variability among interrelationships within Vesti-
mentifera and Frenulata was noted above, some of these
conflicts were likely due to differences in data set size.
Notably, conflicting results were obtained from supermatrix
and multispecies-coalescent methods with data set D98. BI
analysis using CAT models has been widely used for phy-
logenomic analyses because of its purported superiority in
handling LBA (Delsuc et al. 2008; Philippe et al. 2009,
2011). Yet Spirobrachia was unexpectedly placed as sister to
all other siboglinids in BI with data set D98 (Fig. 4B), the
same result as multispecies-coalescent-based analyses
(Figs. 5, S4) of the D98 data set. In contrast, ML analyses
of the D98 supermatrix supported a monophyletic Frenu-
lata as previously reported in molecular and morphological
studies (Rouse 2001; Li et al. 2015). ML analysis using data
partitioning with site-homogeneous models is a common
alternative approach to site-heterogeneous models for han-
dling substitutional heterogeneity in large data sets (Lan-
fear et al. 2012). Several synapomorphies support the
monophyly of frenulates including the presence of a
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cuticular and ventral ciliated band in the forepart region
(Ivanov & Petrunkevitch 1955; Hil�ario et al. 2011). Given
that sequences resulting from sample contamination (e.g.
endosymbionts) have also likely been removed with TreS-
pEx, misplacement of Spirobrachia was most likely a result
of this taxon having a large amount of missing data and
consequently the highest LB score of any taxon rather than
a paraphyletic group of frenulates. Thus, placement of
Spirobrachia sister to all other siboglinids seems unlikely
(Rouse 2001; Halanych et al. 2001). As such, BI with CAT-
GTR and multispecies-coalescent analyses are both poten-
tially more susceptible to error when at least one taxon has
large amounts of missing data compared with ML with
data partitioning and site-homogeneous models. This con-
clusion implies that BI with the CAT-GTR model, as well
as multispecies-coalescent analyses, likely produced trees
not representative of siboglinid phylogeny.
BCA is similar to multispecies-coalescent approaches in

that it does not assume loci share the same underlying topol-
ogy, but unlike other methods, it reports proportions of
genes supporting inferred relationships. However, BUCKy
requires that all taxa must be present in the posterior distri-
bution of trees for every locus. In this transcriptome-based
study, only 34 OGs had full taxon representation and could
be used to estimate the primary concordance tree (Fig. S5).
Although topologies derived from both methods were lar-
gely congruent, variation occurred in the placement of Riftia
and Ridgeia, a node with low concordance (CF = 0.266).
Given that performance of most phylogenetic methods can
be dramatically improved by increasing the number of genes
(Liu et al. 2015), this conflict should not be surprising, espe-
cially as only a small number of OGs could were suitable for
analysis with BUCKy.
In conclusion, the three contrasting phylogenetic

approaches used in this study produced largely congruent
results, especially for data sets D289 and D150. In contrast
to previous studies, we failed to recover an Osedax/Frenu-
lata sister relationship with any data sets across analytical
methods. Explicit hypothesis testing with AU tests also sig-
nificantly rejected Osedax as the sister group to Frenulata.
Moreover, a significant discrepancy was found in data set
D98 in terms of the placement of Spirobrachia. Given that
placement of Spirobrachia sister to all other siboglinids is
not consistent with other sources of data (Rouse 2001; Li
et al. 2015) and that Spirobrachia shares putative morpho-
logical synapomorphies with Frenulata, the supermatrix
approach with ML using data partitioning with site-homo-
genous models appears to have outperformed both the
supermatrix method with CAT-GTR and multispecies-coa-
lescent approaches. In particular, methods that recovered
Spirobrachia sister to all other siboglinids appear to be sus-
ceptible to error associated with missing data. The well-

supported phylogenetic hypotheses generated here should
serve as a foundation for future studies on siboglinid evolu-
tion including the evolution of different obligate symbioses,
adaptation and colonization to different reducing habitats.
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