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Abstract

The level of integration between associated partners can range from ectosymbioses to
extracellular and intracellular endosymbioses, and this range has been assumed to
reflect a continuum from less intimate to evolutionarily highly stable associations. In
this study, we examined the specificity and evolutionary history of marine symbioses
in a group of closely related sulphur-oxidizing bacteria, called Candidatus Thiosym-
bion, that have established ecto- and endosymbioses with two distantly related animal
phyla, Nematoda and Annelida. Intriguingly, in the ectosymbiotic associations of stil-
bonematine nematodes, we observed a high degree of congruence between symbiont
and host phylogenies, based on their ribosomal RNA (rRNA) genes. In contrast, for
the endosymbioses of gutless phallodriline annelids (oligochaetes), we found only a
weak congruence between symbiont and host phylogenies, based on analyses of sym-
biont 16S rRNA genes and six host genetic markers. The much higher degree of con-
gruence between nematodes and their ectosymbionts compared to those of annelids
and their endosymbionts was confirmed by cophylogenetic analyses. These revealed 15
significant codivergence events between stilbonematine nematodes and their ectosym-
bionts, but only one event between gutless phallodrilines and their endosymbionts.
Phylogenetic analyses of 16S rRNA gene sequences from 50 Cand. Thiosymbion spe-
cies revealed seven well-supported clades that contained both stilbonematine ectosym-
bionts and phallodriline endosymbionts. This closely coupled evolutionary history of
marine ecto- and endosymbionts suggests that switches between symbiotic lifestyles
and between the two host phyla occurred multiple times during the evolution of the
Cand. Thiosymbion clade, and highlights the remarkable flexibility of these symbiotic
bacteria.
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(Margulis & Fester 1991; McFall-Ngai et al. 2013). How-
ever, the evolutionary processes by which symbioses
are established and maintained within host lineages are
less clear for many symbioses. Several forms of sym-
biont integration are known. These range from ectosym-
biotic associations, in which the symbionts are attached
to the outside of the host, to endosymbiotic associations,
in which the symbionts live extracellularly or intracellu-
larly inside the host. It is often assumed that this range
of lifestyles corresponds with their intimacy and evolu-
tionary stability, that is the extent of metabolic and
other biochemical interactions between host and sym-
biont, and the stability of the symbiotic association over
time.

For example, intracellular endosymbioses with strict
vertical transmission from the host to its offspring are
the most intimate and evolutionarily stable associations
(Bennett & Moran 2015). These symbioses often share
long co-evolutionary histories between symbionts and
hosts and are accompanied by severe symbiont genome
degradation (Moya et al. 2008; Toft & Andersson 2010;
McCutcheon & Moran 2012). These types of associations
are well known from insects, but also from marine
hosts such as Paracatenula flatworms, and are often
reflected in congruent phylogenies of host and sym-
biont as a result of codiversification of the symbiotic
partners over evolutionary time (Gruber-Vodicka et al.
2011; de Vienne et al. 2013). However, not all vertically
transmitted endosymbioses are evolutionarily stable
over extended periods of time. Symbiont loss and
replacement can disrupt codiversification patterns, even
in highly intimate intracellular symbioses (e.g. Stewart
et al. 2008). Further evidence that intracellular sym-
bioses are not always evolutionarily stable comes from
those that are horizontally transmitted, that is sym-
bionts are acquired from the environment. For example,
in the highly intimate intracellular symbioses of the
hydrothermal vent tube worm Riftia pachyptila and
deep-sea bathymodiolin mussels, the endosymbionts
are acquired from the surrounding seawater or co-
occurring adults (Won et al. 2003; Nussbaumer et al.
2006; Fontanez & Cavanaugh 2014), and there is no evi-
dence for codiversification (Vrijenhoek 2010). Ectosym-
bioses are often considered to be less intimate and
evolutionarily stable than endosymbioses. Ectosymbiotic
associations can be highly specific within an extant host
species or genus (Goffredi 2010; Petersen et al. 2010; Flot
et al. 2014), but almost nothing is known about their
evolutionary stability over longer periods of time. Con-
vincing evidence in ectosymbioses for evolutionary sta-
bility, that is strict codiversification, has to our
knowledge only been described in the associations
between termite gut flagellates and their ectosymbiotic
bacteria (Desai et al. 2010).

Many studies have investigated the evolutionary sta-
bility of symbioses within a closely related group of
either ecto- or endosymbiotic bacteria. Very few groups
of closely related symbionts are known that contain
both types of bacteria. One such example is a mono-
phyletic clade of marine sulphur-oxidizing Gammapro-
teobacteria within the Chromatiaceae, here referred to
as Candidatus Thiosymbion (H. R. Gruber-Vodicka, M.
Kleiner, N. Leisch, C. Wentrup, J. Zimmermann, S. Bul-
gheresi, J. A. Ott, N. Dubilier, in preparation). Sym-
bionts from this clade have adapted to different
mutualistic lifestyles with three very distantly related
animal groups, two from the phylum Nematoda and
one from the Annelida (Ott et al. 2004; Dubilier et al.
2006, 2008). Cand. Thiosymbion species live (i) as
ectosymbionts attached to the cuticle of stilbonematine
nematodes (family Desmodoridae) (Ott et al. 2004), (ii)
as extracellular endosymbionts in the space just below
the cuticle and above the epidermal cells of gutless
phallodriline annelids (oligochaetes, Clitellata, Naididae
sensu Erséus et al. 2008) and (iii)) as intracellular
endosymbionts in the mouthless astomonematine nema-
tode Astomonema jenneri (family Siphonolaimidae) (Ott
et al. 1982). While not much is known about the diver-
sity and distribution of astomonematine nematodes,
numerous species of stilbonematines and gutless phallo-
drilines have been described from around the world,
particularly from tropical and subtropical shallow-water
habitats (Erséus 1992; Tchesunov 2013), where these
hosts often co-occur (Dubilier ef al. 2006).

In the ectosymbiotic associations between stilbone-
matine nematodes and Cand. Thiosymbion, different
symbiont morphotypes, including rods, cocci and fila-
ments, have been described, and most host species are
associated with a single symbiont morphotype (Ott
et al. 1991; Polz et al. 1992). The hosts are assumed to
use their ectosymbionts as a food source by grazing on
their symbiotic coat (Powell et al. 1979; Ott et al. 2004).
Previous studies have shown that some Cand. Thiosym-
bion ectosymbionts are specific to a given host species,
but nothing is known about their evolutionary stability
over time (Polz et al. 1994; Bayer et al. 2009; Pende et al.
2014).

In the endosymbiotic associations of gutless phallo-
driline annelids with Cand. Thiosymbion, these bacteria
have been found in all investigated host species so far
and are called the primary symbionts. Each host species
harbours a specific and phylogenetically distinct Cand
Thiosymbion species, as well as up to five additional
endosymbionts (which are not closely related to Cand.
Thiosymbion) (Dubilier ef al. 1999, 2001; Blazejak et al.
2005, 2006; Ruehland ef al. 2008). Gutless phallodrilines
have completely reduced digestive and excretory sys-
tems, and their endosymbionts provide them with
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nutrition and recycle their waste compounds (Woyke
et al. 2006; Kleiner et al. 2012). It is assumed that the
Cand. Thiosymbion bacteria are transmitted vertically
from adult worms to the embryo (Krieger 2000;
Dubilier et al. 2006), but nothing is known about how
or whether these symbionts have diversified with their
hosts.

The goal of this study was to better understand the
evolutionary history of the Cand. Thiosymbion clade. To
achieve this goal, we reconstructed the phylogeny of 19
species of stilbonematine nematodes and their Cand.
Thiosymbion ectosymbionts and 22 species of gutless
phallodriline annelids and their Cand. Thiosymbion
endosymbionts, collected from locations around the
world. We used a combined approach of multilocus
phylogeny, codiversification analyses and statistics to
examine the evolutionary stability of these associations,
that is whether these ecto- and endosymbionts codiver-
sified with their hosts. Second, we investigated the evo-
lutionary processes that might explain the close
phylogenetic relationships between the Cand. Thiosym-
bion bacteria associated with nematodes and annelids.
Our question here was whether ecto- and endosymbi-
otic lifestyles evolved only once or multiple times
within the Cand. Thiosymbion clade.

Material and methods

Meiofauna collection and preparation

Stilbonematine nematodes and phallodriline annelids
were collected from sites in the Atlantic and Pacific
Oceans, the Mediterranean and the North Sea (Fig. 1),
Table S1 and S2, Supporting information). Sediments
containing the worms were collected using buckets or
sediment cores, and the worms were extracted by
decantation with a 64-um mesh sieve for stilbonematines
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and a 250-um mesh for phallodrilines. Live animals
were sorted with a dissecting microscope and identified
to the genus level (for stilbonematines) or species level
(for phallodrilines) based on morphological characters.
If a morphological identification of phallodrilines to the
species level was not possible in the field, specimens
were cut in two: the anterior part was fixed in Bouin’s
fluid, stained and mounted on a microscope slide as
described in Erséus (1994) for a posteriori host species
identification, while the posterior part was preserved in
95% ethanol for molecular analyses. All other specimens
were washed in 0.2 um filtered seawater (stilbonemati-
nes) or unfiltered seawater (phallodrilines) and immedi-
ately fixed in 70-95% ethanol for molecular host and
symbiont identification. Samples were stored at 4 °C or
—20 °C until further processing.

DNA extraction, PCR and sequencing

For stilbonematine nematodes, two different DNA
extraction methods were used. For nematodes from Sylt
(North Sea, Germany) and Elba (Mediterranean, Italy),
DNA was extracted and purified from single specimens
as described previously (Schizas et al. 1997). Nematodes
from Heron Island (Australian Great Barrier Reef) and
the Caribbean (surrounding Carrie Bow Cay, Belize)
were treated with three 25- to 40-s ultrasonication
pulses (Bandelin Sonoplus HD 70, Berlin, Germany)
and vortexed between pulses to mechanically remove
the symbionts from the worms. DNA from worm and
symbiont fractions was extracted separately and the lat-
ter pelleted by centrifugation, with the DNAeasy Tissue
Kit (Qiagen, Hilden, Germany) following the manufac-
turer’s instructions. For the host, we sequenced the 185
ribosomal RNA (rRNA) gene, because it has been
shown to provide good phylogenetic resolution for
nematodes, including the subfamily Stilbonematinae
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nematodes and gutless phallodriline
annelids. Specimens were sampled from
shallow-water habitats in the West Atlan-
tic, Mediterranean Sea, North Sea, Aus-
tralia, and one deeper site on the
continental margin off Peru in the East
Pacific. For details, see Tables S1 and S2
(Supporting information). The figure was
generated using PanMap (Diepenbroek
et al. 2002).
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(e.g. Meldal et al. 2007; Van Megen et al. 2009; Ott et al.
2014). For the symbionts, we sequenced the partial 16S-
23S rRNA operon, including the 165 rRNA gene, the
internal transcribed spacer (ITS) between the 165 and
23S rRNA genes and the first 200 bp of the 23S rRNA,
because the 165 rRNA gene alone did not provide suffi-
cient resolution for relationships within some clades
(e.g. Leptonemella, Catanema and Laxus) (Fig. S1, Support-
ing information). Genes were amplified by PCR with
Phusion® DNA polymerase (Finnzymes, Finland) and
the primers listed in Table S3 (Supporting information).
Cycling conditions were as described in Ott et al. (2014).
The purified host PCR products were sequenced bidi-
rectionally with internal forward and reverse primers
listed in Table S3 (Supporting information). For the
analysis of symbionts in DNA extracts from whole
worms collected on Sylt and Elba, partial 165-23S rRNA
operon clone libraries were constructed and screened
for inserts with the correct size as described previously
(Zimmermann et al. 2014). Up to 52 clones were par-
tially sequenced with the universal primer 907RM
(Table S1, Supporting information), and compared with
sequences in GenBank using BLASTn (Altschul et al.
1997). The majority of the clones contained sequences
with top BLASTn hits to previously sequenced stilbone-
matine ectosymbionts (>95% nucleotide identity), of
which one to eight clones were selected per nematode
specimen for bidirectional sequencing of the entire
cloned fragment. Similar to previous studies showing
that the ectosymbiont coat consisted of a specific
gammaproteobacterial symbiont phylotype (Polz et al.
1994; Pende et al. 2014), the vast majority of the clones
from each worm contained the same partial 165-ITS
ectosymbiont sequence. However, a few clones con-
tained sequences from other marine bacteria that may
have originated from the gut lumen. We therefore mod-
ified our sequencing approach for worms collected from
Heron Island and Carrie Bow Cay and used DNA
extracted from the ectosymbionts only (these were
removed from the host cuticle through ultrasonification;
see above). Partial 165-235 rRNA PCR products of these
ectosymbiont extracts were sequenced bidirectionally
without cloning, with internal forward and reverse pri-
mers listed in Table S3 (Supporting information). Sanger
sequencing of the PCR products from these extracts
always yielded a single, very clear chromatogram, indi-
cating that only a single ectosymbiont phylotype was
dominant on these worms. For the stilbonematine
nematode Laxus oneistus from Carrie Bow Cay, host
18S rRNA gene and symbiont 16S-23S rRNA operon
sequences were extracted from a preliminary draft
assembly of Illumina HiSeq short reads from a single
worm metagenome. The optimization of the assembly
including binning of host and symbiont genomes is

currently in progress. The raw reads and preliminary
assemblies are available upon request.

For gutless phallodrilines, DNA was either extracted
from whole or halved specimens using the DNAeasy
Tissue Kit or the QlAamp DNA Mini Kit (Qiagen, Hil-
den, Germany) following the manufacturer’s instruc-
tions. For the host, we sequenced a total of six nuclear
and mitochondrial genetic markers because neither the
nuclear 185 rRNA gene, nor the mitochondrial 16S
rRNA and COI (cytochrome oxidase I) genes alone pro-
vide sufficient phylogenetic resolution (Nylander et al.
1999; Sjolin et al. 2005). We sequenced the mitochondrial
(mt)12S rRNA, mt16S rRNA, mtCOI, 18S rRNA and 28S
rRNA genes, as well as the ITS between the 185 and
285 rRNA genes. All PCR and sequencing reactions
were carried out as described previously (White et al.
1990; Palumbi 1991; Folmer et al. 1994; Jamieson et al.
2002; Kallersjo et al. 2005; Sjolin et al. 2005; Blazejak
et al. 2006; Envall ef al. 2006). Previous studies using
clone library analyses of bacterial 165 rRNA gene PCR
products showed that in all investigated individuals of
a given gutless phallodriline species, the 16S rRNA
gene sequences of the Candidatus Thiosymbion sym-
bionts were identical (>99.95% nucleotide identity) (e.g.
Blazejak et al. 2006; Ruehland et al. 2008). In this study,
we therefore only amplified the 16S rRNA gene using a
newly designed Cand. Thiosymbion-specific forward
primer (G1_55_all) and a general bacterial reverse pri-
mer (GM4R, Muyzer et al. 1995) (Table S3, Supporting
information). If available, we also amplified and
sequenced host and symbiont genes from additional
specimens of the same species. All host and symbiont
PCR products were purified and sequenced bidirection-
ally with the primers listed in Table S3 (Supporting
information).

Sequencing was performed either with an ABI PRISM
3100 or 377 genetic analyser (Applied Biosystems, Fos-
ter City, CA, USA), or outsourced to Macrogen Inc.,
South Korea. Sequences were assembled using
SEQUENCHER V4.6 (GeneCodes Corporation, Ann Arbor,
MI), manually curated and chimera-checked with the
BELLEROPHON program (Huber et al. 2004). Host and sym-
biont genes were sequenced from multiple individuals
per species, where available. For details, see Tables S1
and S2 (Supporting information).

Phylogenetic analyses of host genes

For the nematode phylogeny, all generated 185 rRNA
gene sequences and previously published sequences
from other stilbonematine nematode species from which
also the corresponding symbiont sequence was pub-
lished, as well as four Draconematidae nematodes
sequences as outgroup (Prochaetosoma sp. 2 and 3
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(FJ182223 - 4), Draconema japonicum (FJ182217) and
Draconematidae gen sp. (FJ182219)), which were down-
loaded from GenBank, were used for phylogenetic
reconstruction. For the phallodriline annelid phylogeny,
the generated mt12S, mt16S, 18S, 285 rRNA gene, ITS
and mtCOI sequences of gutless phallodriline as well as
five gut-bearing phallodriline annelid species as out-
group taxa were used for phylogenetic reconstruction
(not every gene was obtained for every species, see
Table S4, Supporting information).

Sequences for each gene were aligned separately
using MarT v7 (Katoh & Standley 2013) with the
Q-INS-I setting (Katoh & Toh 2008) that considers
the predicted secondary structure of the RNA for the
alignment for ribosomal genes and the L-INS-I setting
(Katoh et al. 2005), that also considers gaps for phallo-
driline ITS and COI sequences. Alignments were manu-
ally adjusted and 5 and 3’ end-trimmed using GENEIOUS
v6.3 (Biomatters, New Zealand). For the phallodriline
annelid phylogeny, the six separately aligned host
markers were concatenated into one matrix and the
matrix was partitioned according to genetic locus.
Additionally, within the COI alignment, each codon
position (1, 2 and 3) was treated as a separate unit to
account for the fact that these evolve differently. The
optimal substitution model for each alignment was
assessed using the Akaike information criterion as
implemented in jMODELTEST 2.1.4 (Guindon & Gascuel
2003; Darriba et al. 2012), and the following nucleotide
substitution models were chosen for phylogenetic
analyses: GTR+I+G for the nematode 18S rRNA and the
phallodriline ITS genes, GTR+G for the 125 and 165
rRNA genes and K80 + I+G for the 18S and 28S
rRNA genes. To account for codon position in the COI
gene, the alignment was partitioned into three parts,
and the models assessed were GTR+G for the first,
HKY+G for the second, and SYM+I+G for the third
codon position.

Phylogenetic trees were reconstructed using Bayesian
inference (MRBAYES v. 3.2.1) (Ronquist & Huelsenbeck
2003) and  maximum-likelihood-based = methods
(RAXML) (Stamatakis et al. 2008). As specific nucleotide
substitution models cannot be assigned separately to
each gene partition using RAXML, the GTR+G+I substi-
tution model was assigned to all partitions. For each
single gene alignment as well as the concatenated data
set, two separate MCMC analyses were run in MRBAYES
with 4 Markov chains each (one cold and three hot) for
20 million generations and sampling every 1000 genera-
tions. For the concatenated data set, all loci were
unlinked from each other for all parameters except
topology. Prior to concatenation, we determined that no
incongruences were statistically supported between the
single-gene trees (Fig. S2, Supporting information). Con-

vergence was evaluated by plotting the generations
versus logL, and the resulting trees were summarized
into a majority-rule consensus tree, after discarding the
first 5000 sampled trees as the burn-in. Node stability
was evaluated using posterior probabilities (pp, Baye-
sian inference) and bootstrap support (100 RAXxML
rapid bootstrap runs) with values above 0.80 considered
significant.

Phylogenetic analyses of symbiont genes

For the stilbonematine nematode ectosymbiont phy-
logeny, analyses were carried out with both the partial
165-235S rRNA  operon and the 165 rRNA gene
sequences to test whether including the ITS and partial
235 rRNA sequences affects the ectosymbiont phy-
logeny (Fig. S1, Supporting information). In addition to
the specimens examined in this study, we also included
published stilbonematine 16S rRNA gene symbiont
sequences in our phylogenetic reconstructions, if the
corresponding host 185 rRNA gene sequence from the
same individual was also available. The only exception
was the ectosymbiont sequence from Catanema sp. (‘Rob-
bea sp. 2’ in Figs 2 and 4), which was obtained from a
pooled sample of 200 host individuals and may there-
fore not have originated from the same individual as
the gene used for the host phylogeny. Sequences from
pure cultures of free-living gammaproteobacterial sul-
phur-oxidizing bacteria (Allochromatium vinosum strain
DSM180, Marichromatium purpuratum 984, Thiorhodococ-
cus drewsii AZ1, Thiocapsa marina 5811, Thiorhodovibrio
sp. 970) were downloaded from GenBank and used as
an outgroup.

Both 165 rRNA and 23S rRNA genes (where avail-
able) were aligned separately using MarrT Q-INS-I as
described above. Because the ITS regions were difficult
to align, ITS clusters were identified based on cluster
analysis using CD-HIT (Li & Godzik 2006; Fu et al.
2012) applying a similarity threshold of 85%. Sequences
that did not fall into a cluster or were single representa-
tives of a host genus were excluded from the analysis.
Five ITS clusters were identified in total (symbionts of
‘undescribed genus A’ species, Leptonemella species,
Laxus Heron Island species, Stilbonema Heron Island
species and Eubostrichus species) and aligned separately
using MAFFT G-INS-I (Katoh et al. 2005). The optimal
substitution model was assessed for all alignments sep-
arately as described above, which were GTR+I+G for
the 16S and 23S rRNA genes, and HKY, HKY+I or
GTR+G for the different ITS alignments. The 165 rRNA,
five ITS and partial 235 rRNA gene alignments were
concatenated and all loci unlinked from each other in
all parameters except topology. All characters were
weighted equally, and all gaps, including the missing
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ITS regions of some symbionts, were treated as missing
data and did not contribute phylogenetic information to
the trees.

For the phylogenetic reconstructions of the gutless
phallodriline endosymbionts, we only used symbiont
sequences produced in this study, as previously pub-
lished symbiont sequences were not always sequenced
from single individuals. We used the same outgroup as
for the stilbonematine ectosymbiont phylogeny. The
16S rRNA data set was aligned, manually adjusted and
trimmed as described for the host phylogenies above.
The optimal substitution model suggested by JMODELTEST
(Guindon & Gascuel 2003; Darriba et al. 2012) was the
GTR+I+G.

For reconstruction of the combined Cand. Thiosym-
bion phylogeny based on the 16S rRNA gene, we
included all sequences from this study as well as previ-
ously published 16S rRNA gene symbiont sequences
from single nematodes (stilbonematines and Astomo-
nema sp.) or gutless phallodriline annelids. Two previ-
ously published sequences amplified from coral
samples off Panama were included in the tree, but their
origin is not clear (GU118064, -120 Sunagawa et al.
2010) (Fig. 4) (see Discussion). To better reconstruct the
ancestral state (described below), we added three of the
most closely related 165 rRNA environmental sequences
of bacteria from marine sediments (JF344100, -324, -607)
to the analysis. The outgroup sequences were the same
cultured sulphur oxidizers as described above. The
optimal substitution model suggested by JMODELTEST
(Guindon & Gascuel 2003; Darriba et al. 2012) was the
GTIR+H+G.

All symbiont phylogenetic trees were reconstructed
with MRBAYES (Ronquist & Huelsenbeck 2003) and
RAXML (Stamatakis et al. 2008) using the respective
optimal substitution model but the same settings as
described for the host trees. As specific nucleotide sub-
stitution models cannot be assigned separately to each
gene partition using RAXML, the GTR+G+I substitution
model was assigned to all partitions separately.

Codivergence analysis of host and symbiont trees

To investigate codivergence between the ecto- or
endosymbionts and their invertebrate hosts, we used
the program JaNE (version 4, http://www.cs.hmc.edu/
~hadas/jane/; Conow et al. 2010). JANE is an event-
based software tool that reconciles tree topologies of
hosts and symbionts by taking co-evolutionary events
(codivergence, host switch, duplication, loss, failure to
diverge) into account to find the best reconstruction by
minimizing the global costs of these events. JANE auto-
matically resolves polytomies so that the total cost of
the resulting cophylogeny reconstruction is minimized.

We used 1000 generations, a population size of 30 and
the default cost settings of codivergence as the most
likely event (cost = 0); duplication, loss and failure to
diverge unlikely events (cost = 1); and host switches as
least probable events (cost =2) (0, 1, 1, 1, 2). When host
switches were assigned equally likely events (cost = 1)
as duplication, loss and failure to diverge (0, 1, 1, 1, 1,)
or when loss was assigned the least probable event (0,
1, 2, 1, 1), results were similar to those obtained when
using default parameters (data not shown). Global con-
gruence was assessed by 1000 random tip mapping per-
mutations with the same cost scheme used for the
codivergence analyses. We used the consensus trees of
the hosts and their respective symbionts to run the
analyses (Figs 2-4 and S1, Supporting information).
One of the supported codivergence events was pre-
dicted between two individuals of the same stilbone-
matine species (Robbea hypermnestra) and was therefore
neglected in our results (Figs 2, S3 and S4, Supporting
information). Furthermore, one of the supported codi-
vergence events between host and symbionts of Cata-
nema sp. and C.’st. andrea’ should be treated with
caution because the ectosymbiont sequence of Catanema
sp. was obtained from multiple individuals as
explained above and may not have originated from the
same individual used for the host phylogeny.

To investigate co-evolutionary events between all
members of the Cand. Thiosymbion clade and both
animal phyla, we ‘artificially’ connected the stilbone-
matine and phallodriline host trees as sister groups
(Figs 2 and 3). Before the analysis, we removed all
symbiont sequences from the Cand. Thiosymbion tree
for which no corresponding host sequence was avail-
able, without changing the tree topology (Fig. 4). The
analysis was run with the cost scheme, generation
number and population size described above. Only
events with support values higher than 80% were con-
sidered.

Ancestral state reconstruction

Ancestral character state reconstructions were carried
out with the combined ecto- and endosymbiont 165
rRNA phylogeny, using BavestRaITs V2.0 (Pagel &
Meade 2014). Gutless phallodriline and Astomonema sp.
sequences were assigned the character state ‘endosym-
biont’, stilbonematine sequences the character state ‘ec-
tosymbiont’. The three closely related environmental
sequences from marine sediments (JF344100, -324, -607)
were assigned the character state ‘uncertain’. We used
5 million post burn-in trees and ran the analyses for
50 million generations, 500 000 burn-in generations and
three runs each. Statistical support for the Bayesian
ancestral state reconstruction was determined using

© 2016 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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Fig. 2 Phylogeny of stilbonematine nematodes and their ectosymbiotic Candidatus Thiosymbion bacteria. Consensus tree of Bayesian
inference (MrBAYES) and maximum-likelihood (RAxML) analyses of host 185 rRNA gene and partial 165-23S rRNA operon sequences
of their ectosymbiotic bacteria. For phylogeny based on the 165 rRNA gene only, see Fig. S1 (Supporting information). Coloured
boxes show monophyletic groups of hosts and their symbionts, respectively, and coloured names the sampling locations. Sequences
published prior to this study are discernible by their accession numbers. Accession numbers for sequences from this study are listed
in Table S1 (Supporting information). Stars indicate 12 of the 15 statistically supported codivergence events and red vertical arrows
statistically supported host switching events (>80%, JANE v.4, Conow et al. 2010) (for more details, see Fig. S3, Supporting informa-
tion). Nodes that were statistically supported in both analyses (>80% bootstrap value and 0.80 posterior probability (pp) value) are
highlighted in black, and nodes that were statistically supported only in Bayesian inference are highlighted in white. Provisional
working names for undescribed species are in quotes. The scale bars represent average nucleotide substitutions per site. The host
and symbiont trees were rooted with four Draconematidae and five free-living Chromatiaceae sequences, respectively.

posterior probabilities calculated with the ‘MRCA’
command in BAYESTRAITS. To test for significance of the
reconstructed ancestral state, we used the log Bayes fac-
tor test on the harmonic means calculated by the ‘fossil’
command.

Correlation analyses

Patristic distance matrices, estimated from Bayesian
Inference phylogenies of stilbonematines, gutless phallo-
drilines and their respective symbionts were calculated
with the program paTrisTic (Fourment & Gibbs 2006).
Jukes—Cantor distance matrices of single genes
(165 rRNA gene of endo- and ectosymbionts and 185
rRNA gene of stilbonematines) and concatenated gene
alignments (mt12S, mtl16S, 18S, 285 rRNA, ITS and
mtCOI of gutless phallodrilines) were calculated with the
software package Ars (Ludwig et al. 2004). Gutless phal-
lodriline hosts that had one of the marker sequences
missing were excluded from the Jukes—Cantor genetic
distance analyses. Geographical distance matrices were
calculated based on sampling coordinates (Table S1 and

52, Supporting information) using the GEOGRAPHIC DIs-
TANCE MATRIX GENERATOR v1.2.3 (Ersts 2014) while consider-
ing a sphere shape of the Earth. We used single-line
linear distances between coordinates and did not take
dispersal barriers such as continents into account. Linear
distances were similar to the distances taking continents
into account in all cases except for one (stilbonematine
nematodes sampled in the Mediterranean and Sylt). We
assumed that current geographical distances, whether
they include dispersal barriers or not, have little meaning
for the routes taken during diversification of stilbone-
matines and gutless phallodrilines millions of years ago.
As the age of these symbioses is not known (there is no
fossil record for these soft-bodied worms), we cannot
estimate how continents were shaped during their distri-
bution and the routes these worms took while diversify-
ing. Mantel and partial Mantel tests to test the association
of symbiont distances with host and geographical dis-
tances were performed with r (http://www.r-projec-
t.org/) using Pearson’s r-statistic and 999 Monte Carlo
permutations implemented in the R package ‘vegan’
(Oksanen et al. 2012).

© 2016 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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o. issil
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symbiont /. leukodermatus A Bermuda
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symbiont O. algarvensis SA, Elba i

symbiont O. ‘pianosa 1’ Pianosa

symbiont O. issil

0.07
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Fig. 3 Phylogeny of gutless phallodriline annelids and their endosymbiotic Candidatus Thiosymbion bacteria. Consensus tree of Baye-
sian inference (MrBAYES) and maximum-likelihood (RAXML) analyses of six concatenated genetic markers for the host (mitochondrial
(mt)12S, mt16S, 18S, 28S rRNA genes, internal transcribed spacer between 185 and 285 rRNA (ITS), mtCOI (cytochrome oxidase I))
and the 165 rRNA gene for their endosymbiotic bacteria. For trees based on single genes, see Fig. S2 (Supporting information).
Coloured boxes show monophyletic groups of gutless phallodriline hosts and their endosymbiotic bacteria, respectively, and
coloured names the sampling locations. Accession numbers for sequences from this study are listed in Table S4 (Supporting informa-
tion). Stars indicate statistically supported codiversification events (>80%, JaNE v.4, Conow et al. 2010). Nodes that were statistically
supported in both analyses (>80% bootstrap value and 0.80 posterior probability (pp) value) are highlighted in black and nodes that
were statistically supported only in Bayesian inference are highlighted in white. Provisional working names for undescribed species
are in quotes. The scale bars represent average nucleotide substitutions per site. The host and symbiont trees were rooted with five
gut-bearing Phallodrilinae and five free-living Chromatiaceae sequences, respectively.

and found that it provided sufficient phylogenetic reso-
lution to distinguish between closely related species
(Fig. 2). The 185 rRNA gene phylogeny was consistent
with the current morphological classification of host
genera (Fig. 2). All stilbonematine nematode sequences

Results

Cophylogeny analyses of the stilbonematine nematode
ectosymbiosis

Host phylogeny: confirmation of the current host genus clas-
sification. To investigate the evolutionary history of stil-
bonematine nematode hosts and their Candidatus
Thiosymbion ectosymbionts, we reconstructed host and
symbiont phylogenies based on genetic markers from
19 nematode species collected around the world (Fig. 1,
Table S1, Supporting information). We sequenced the
18S rRNA gene from individual stilbonematine worms

formed a highly supported monophyletic group clearly
distinct from the nonsymbiotic desmodorid nematodes
that we used as an outgroup (not shown), confirming
previous studies on stilbonematines (Kampfer et al.
1998; Bayer et al. 2009; Ott et al. 2014). All stilbone-
matine species from the same genus formed highly sup-
ported clades independent of their sampling location
(Fig. 2). In addition to the six previously described

Fig. 4 Candidatus Thiosymbion phylogeny showing the evolutionary history of stilbonematine nematode and gutless phallodriline
annelid symbionts. Consensus tree of Bayesian inference (MrRBAYES) and maximum-likelihood (RAXML) analyses based on the 16S
rRNA gene. Brown and yellow boxes highlight ectosymbiotic bacteria of stilbonematine nematodes and endosymbiotic bacteria of
gutless phallodriline annelids, respectively. The red box highlights endosymbiotic bacteria of astomonematine nematodes. Coloured
names show the sampling location of the symbionts. Sequences published prior to this study are discernible by their accession num-
bers. Accession numbers for sequences from this study are listed in Tables S1 and S4 (Supporting information). Nodes that were sta-
tistically supported in both analyses (>80% bootstrap value and 0.80 posterior probability (pp) value) are highlighted in black and
nodes that were statistically supported only in Bayesian inference are highlighted in white. Stars indicate statistically supported codi-
versification events (>80%, JANE v.4, Conow et al. 2010, for more details, see Fig. 56, Supporting information). Red stars show well-
supported clades that contain both ecto- and endosymbiotic bacteria. Provisional working names for undescribed species are in
quotes. The scale bar represents average nucleotide substitutions.per site.
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stilbonematine nematode genera, we discovered two We preliminarily named these ‘undescribed genus A’
new host genera that had 185 rRNA gene sequences (two new species from Australia and Belize) and ‘unde-
that were distinct from all previously described genera. scribed genus B’ (one species from Belize) (Fig. 2).
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While the relationships of species within the different
genera were well resolved, the relationships between
the different host genera were not well resolved (Fig. 2).
The basal position of the Eubostrichus clade to all other
nematode genera was the only node that was statisti-
cally supported in both maximume-likelihood and Baye-
sian inference analyses (Fig. 2).

Ectosymbiont phylogeny: high congruence with host phy-
logeny. To analyse the Cand. Thiosymbion ectosymbiont
phylogeny, we sequenced the 16S rRNA gene, the 165-
23S internal transcribed spacer (ITS) and the partial 23S
rRNA gene (partial 165-235 rRNA operon) from the
same individuals used for the host analyses in this
study. Analyses of up to 52 clones from the same host
individual revealed highly similar to identical Cand.
Thiosymbion sequences (>99.93% nucleotide identity),
indicating that each individual is associated with a
dominant ectosymbiont type, as shown in earlier stud-
ies (Table S1, Supporting information, Polz et al. 1994;
Bayer ef al. 2009; Pende et al. 2014). Different individu-
als of a given stilbonematine species had symbionts
with highly similar to identical 16S rRNA gene
sequences (>99.7% nucleotide identity), but the ITS
sequences sometimes differed considerably between
individuals of the same species with as little as 96.4%
nucleotide identity, and occasionally ITS regions con-
tained long gaps or insertions. Symbionts were never
shared among stilbonematine species suggesting highly
species-specific  associations. Nucleotide identities
between 16S rRNA gene sequences ranged from 98.1%
to 99.95% between symbionts of hosts from the same
genus and from 93.9% to 98.3% between symbionts of
hosts from different genera (Fig. 3).

Symbiont sequences from hosts that belonged to the
same genus formed highly supported clades indepen-
dent of their geographical location in both maximum-
likelihood and Bayesian inference analyses based on
partial 165-235 rRNA operon sequences (Fig. 2). The
only exceptions were symbionts of the genus Eubostri-
chus that were nested within the Laxus symbiont clade.
Phylogenetic analyses of the 165 rRNA gene alone
resulted in almost identical branching patterns, but with
lower statistical support (Fig. S1, Supporting informa-
tion). Within each host genus, symbiont and host
branching patterns were always congruent (Fig. 2). The
only exception was the genus Laxus, where host and
symbiont phylogenies were not congruent (Fig. 2). In
contrast to the congruence between host and symbiont
phylogeny within each host genus, no congruence was
observed between host genera and their corresponding
symbiont clades. For example, Eubostrichus species
belonged to a basal branch of the host tree and were
not closely related to Laxus host species, while Eubostri-

chus symbionts were more derived and most closely
related to the symbionts of Laxus hosts (Fig. 2). Mantel
test results confirmed the highly significant correlation
between symbiont and host genetic distances (R* = 0.4,
P <0.001 (partial 165-23S rRNA), P =0.001 (165
rRNA)), and the lack of correlation between symbiont
genetic distances and their geography (R*=0.11,
P =0.078) (Table 1).

Cophylogeny analysis of the gutless phallodriline
endosymbiosis

Host phylogeny: the current host genus classification needs
revision. To investigate the evolutionary history of gut-
less phallodriline annelids and their Cand. Thiosymbion
endosymbionts, we sequenced host and symbiont
genetic markers from 22 host species (of which two are
cryptic in the nominal Olavius imperfectus) collected
around the world (Fig. 1, Table S2, Supporting informa-
tion). Many of the gutless phallodriline symbioses co-
occurred with the stilbonematines analysed in this
study (Tables S1 and S2, Supporting information). Six
host genetic markers encoding the mt12S rRNA, mt16S
rRNA, mtCOI, 185 rRNA, 285 rRNA genes, and the ITS
region between the 185 and 285 rRNA genes were anal-
ysed, because none of these alone could sufficiently
resolve the host phylogeny (Fig. S2, Supporting infor-
mation). A concatenated phylogenetic analysis of all six
host genetic markers supported the monophyly of the
gutless phallodrilines with their clear separation from
Phallodrilinae species with a mouth and digestive tract
(Fig. 3), as shown previously in phylogenetic analyses
based on morphological and molecular characters (e.g.
Erséus 1984, 1992; Ferraguti & Erséus 1999). Our analy-
ses also confirmed the monophyly of the four Inanidrilus
species we analysed in this study (nanidrilus clade)
(Nylander et al. 1999; Erséus et al. 2000, 2002). However,
the 18 Olavius species investigated here did not form a
monophyletic group (Fig. 3). This result contradicts pre-
vious morphological and molecular analyses that indi-
cated the monophyly of this genus (Sjolin et al. 2005),
but supports an earlier molecular study with only four
Olavius species and a single mitochondrial gene (Nylan-
der et al. 1999). We identified four highly supported
Olavius clades (1, 2, 3, 4 in Fig. 3). Four Olavius species
did not fall into any of these four clades, and two fur-
ther Olavius species fell basal to all other gutless phallo-
drilines (Fig. 3). The paraphyly of the genus Olavius
indicates that the taxonomy of gutless phallodrilines
needs revision. Given the discrepancy between our
molecular phylogeny and the current classification that
names only two host genera, Inanidrilus and Olavius, in
the gutless phallodrilines, we use the term ‘host clades’
instead of host genera in this paper.

© 2016 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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Table 1 Mantel test of correlation between host and symbiont genetic distances and geographical distances, based on Pearson’s pro-

duct-moment correlation and 999 Monte Carlo permutations

Target group Distance measure  Matrix A

Probability

Matrix B R? (P-value)

Gutless phallodriline  Patristic

Host multigene distances

Symbiont 165 rRNA gene distances ~ 0.26  0.015

endosymbioses distances Geographical distance matrix* ~ Symbiont 165 rRNA gene distances ~ 0.24  0.006
Jukes—Cantor Host multigene distances Symbiont 16S rRNA gene distances —0.2 0.95
distances Geographical distance matrix* ~ Symbiont 165 rRNA gene distances 0.3 0.001
Stilbonematine Patristic distances Host 18S rRNA gene distances Symbiont partial 165-23S rRNA 0.42 <0.001
ectosymbioses operon distances

Host 185 rRNA gene distances Symbiont 16S rRNA gene distances 0.4 0.001

Geographical distance matrix*  Symbiont partial 165-235 rRNA 0.11 0.078

operon distances

Geographical distance matrix* ~ Symbiont 165 rRNA gene distances ~ 0.08  0.136

Jukes—Cantor
distances

Host 185 rRNA gene distances Symbiont 16S gene rRNA distances ~ 0.22  0.068
Geographical distance matrix* ~ Symbiont 16S gene rRNA distances ~ 0.07  0.187

*Based on geographical coordinates.

Similar to stilbonematine nematodes, our analyses
revealed little congruence between the phylogeny of
gutless phallodrilines and their geographical location
(Fig. 3). Many closely related gutless phallodriline spe-
cies have a disjunct distribution, that is they are widely
separated from each other geographically (Fig. 3). Only
two clades, Olavius 1 and 4, consisted exclusively of
species from the same geographical region, although
Olavius 4 with only two species was most likely under-
sampled.

Endosymbiont phylogeny: weak congruence with host phy-
logeny but high congruence with geographical location. To
analyse the phylogeny of the Cand. Thiosymbion
endosymbionts of gutless phallodrilines, we sequenced
the 165 rRNA gene from the same individuals used for
host analyses (Fig. 3, Table S4, Supporting information).
Symbiont 16S rRNA gene sequences from individuals
of the same species were highly similar to identical
(>99.93% nucleotide identity), indicating that each spe-
cies is associated with a specific Cand. Thiosymbion
phylotype, a result also shown in earlier analyses (e.g.
Blazejak et al. 2005, Ruehland et al. 2008). Cand.
Thiosymbion phylotypes were never shared between
any of the 22 host species, suggesting highly species-
specific associations. Endosymbiont 165 rRNA gene sequence
similarities ranged from 99.93% nucleotide identity
(Olavius algarvensis and O. ‘pianosa 1’), corresponding
to a consistent single bp difference, to 94.7% nucleotide
identity (O. imperfectus A and O. crassitunicatus) (for
details on the investigated number of specimens per
species, see Table S4, Supporting information). The only

exception was the 165 rRNA gene sequence of the
Olavius geniculatus symbiont, which had a 65-bp
insertion not present in the other symbionts.

The phylogeny of the endosymbiotic Cand. Thiosym-
bion showed little congruence with host phylogeny
(Fig. 3). For example, the symbionts of hosts from three
of the four highly supported Olavius clades did not clus-
ter according to the phylogeny of their hosts but were
rather interspersed throughout the tree. Furthermore,
basal taxa in the host tree, such as O. ‘st andrea 3’ and
Olavius loisae have symbionts with a more derived posi-
tion in the symbiont tree, and vice versa, basal taxa in the
symbiont tree, such as the O. algarvensis and O. ‘pianosa
1" symbionts have hosts with a more derived position in
the host tree (Fig. 3). Similarly, while all Inanidrilus spe-
cies formed a highly supported clade, not all of their
symbionts clustered together. Congruent phylogenies
were only observed in closely related hosts from similar
geographical regions, such as within the Olavius clade 1,
and Inanidrilus species from the West Atlantic (Belize,
Bermuda and the Bahamas) (Fig. 3).

In contrast to the weak congruence between symbiont
and host phylogeny, both treeing methods showed strong
support for the clustering of endosymbionts according to
their geographical location (Fig. 3). For example, the sym-
bionts of Inanidrilus species from the West Atlantic formed
a well-supported clade and were not closely related to the
Australian I. manae symbiont, while their Inanidrilus hosts
were very closely related and formed a monophyletic
clade (Fig. 3). Similarly, the symbiont of the Australian
Olavius ‘heron island A’ clustered with symbionts from
other Australian hosts in the Olavius 1 clade, but their
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hosts did not (Fig. 3). In fact, the four symbiont clusters
with significant statistical support always contained sym-
bionts from similar geographical locations. These analyses
suggest that the phylogeny of the Cand. Thiosymbion
endosymbionts of gutless phallodrilines was more
strongly affected by geography than divergence of their
hosts. This observation was also supported by the results
of our Mantel test (Table 1) that showed strong support
for a correlation between symbiont genetic distances and
geographical distances (R* = 0.24, P = 0.006). However,
the Mantel test also showed a significant correlation
between symbiont and host genetic distances (R* = 0.26,
P = 0.015; Table 1), although with less support than for
geographical distances.

Phylogenetic reconstruction of the symbiont clade
Candidatus Thiosymbion

Phylogenetic analyses of the 16S rRNA genes from Cand.
Thiosymbion bacteria sequenced in this study as well as
those available in sequence databases revealed that these
formed a monophyletic group that also included the
endosymbionts of marine nematodes from the genus Asto-
monema (Fig. 4). The closest relatives of Cand. Thiosym-
bion are uncultured Gammaproteobacteria from marine
sediments and cultivated, free-living phototrophic sulphur
oxidizers of the family Chromatiaceae (Fig. 4).

The Cand. Thiosymbion clade consisted of 25 well-
supported clades (represented by black and white nodes
in Fig. 4). Five of these clades contained only stilbone-
matine ectosymbionts while a sixth clade contained
both stilbonematine ectosymbionts of Eubostrichus and
sequences from coral reef sediments (Fig. 4) (Sunagawa
et al. 2010). Four clades contained only phallodriline
endosymbionts and another clade the published
sequences of Astomonema nematode endosymbionts
(Musat et al. 2007). Seven of the well-supported clades in
the Cand. Thiosymbion phylogeny contained both ecto-
and endosymbionts (red stars in Fig. 4) and three of these
consisted of ecto- and endosymbionts that originated
from hosts collected in the same geographical region
(Fig. 4). For example, the ectosymbiont of the nematode
Laxus ‘heron 2’ from Australia formed a monophyletic
group with the endosymbionts of Australian gutless
phallodrilines (Fig. 4). Similarly, the ecto- and endosym-
bionts of Laxus oneistus and O. longissimus as well as
those of Robbea hypermnestra and O. imperfectus fell into
well-supported subclades, and all were sampled in the
Caribbean region (i.e. Belize and Bahamas).

Ancestral state reconstruction

The ancestral state of the character association type (ec-
tosymbiont or endosymbiont) was reconstructed based

on the Cand. Thiosymbion consensus tree (Fig. 4). The
analyses suggested that the ancestral state ectosymbiont
had a slightly higher posterior probability (0.513) than
endosymbiont (0.487). However, this result was not well
supported by the log Bayes factor test (logBF = 0.3)
where logBF > 6 is considered significant (Pagel &
Meade 2014).

Codivergence analyses

Codivergence analysis of stilbonematine nematodes and
their Cand. Thiosymbion ectosymbionts with JANE based
on the phylogeny of the partial 165-235 rRNA operon
resulted in a total of 15 codivergence events that were
highly supported, as well as one host switch from Laxus
oneistus to the ancestor of all Eubostrichus species
(Table 2, Figs 2 and S3, Supporting information). Ran-
domized trees showed an average overall cost of
35.4 &+ 2.1, which was more than four times higher than
the observed optimal cost, indicating highly significant
global codivergence (P = 0.001) between stilbonematine
nematodes and their ectosymbionts (Table 2). Codiver-
gence analyses based on the phylogeny of the 16S
rRNA ectosymbiont gene alone (without the ITS-23S
sequences) revealed nearly identical results. The only
differences to the analyses with the ITS-23S sequences
were one less codivergence event (14 instead of 15), and
one additional symbiont loss event, both caused by the
different phylogenetic branching patterns within the
Leptonemella symbiont clade (Table 2, Figs 2, S1 and 54,
Supporting information). This indicates that the pro-
nounced pattern of codivergence between stilbone-
matine hosts and their symbionts was not biased by our
choice of phylogenetic markers.

For gutless phallodrilines and their Cand. Thiosym-
bion endosymbionts only one codivergence event
between the Australian hosts O. albidoides and O. prodi-
gus and their endosymbionts was highly supported
(Table 2, Figs 3 and S5, Supporting information). Ran-
domized trees showed an average overall cost of
35 + 2.6, which was 1.4 times higher than the observed
optimal cost indicating global congruence, that is that
the phylogenies of these symbionts and their hosts are
more similar than expected by chance alone (P = 0.002).

We next compared the phylogeny of all Cand.
Thiosymbion ecto- and endosymbionts shown in Fig. 4
with a host tree that linked the stilbonematine nema-
todes and the gutless phallodriline annelids as sister
groups (i.e. a host tree that combined the trees shown
in Figs 2 and 3). JANE analyses resulted in three equally
likely solutions, each of them revealing nine highly sup-
ported codivergence events between stilbonematines
and their ectosymbionts. Additionally, up to 20 host
switches were identified, of which 12 occurred between
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Table 2 Codivergence analyses with JANE version 4

Statistically supported

Statistically supported

Global cost
Statistically supported Global cost randomized tip
(P-value)*

codivergence events/total host switch events/total loss events/total mappings
Phallodrilinae and 1/10 0/12 0/1 25 (0.001) 35
their endosymbionts
Stilbonematinae and ~ 15/19 1/3 0/2 8 (0.001) 35
their ectosymbionts*
Stilbonematinae and ~ 14/18 1/4 1/5 13 (0.001) 35
their ectosymbionts’
Both hosts and their Solution 1: 9/25 0/20 0/5 45 77
symbionts Solution 2: 9/26 0/19 0/7 45 77
Solution 3: 9/27 0/18 0/9 45 77

For more details, see Fig. S3-S6 (Supporting information).

*Based on the consensus partial 165-235 rRNA operon tree of the ectosymbionts.

"Based on the consensus 165 rRNA gene tree of the ectosymbionts.

‘The overall sum of events multiplied by the cost we attributed to each event.

stilbonematine nematodes and gutless phallodrilines,
but none of the 20 host switches was statistically
supported (Table 2, Fig. S6, Supporting information).
Randomized trees showed an average overall cost of
77.2 + 2.4, which was more than 1.7 times higher than
the observed optimal cost, indicating highly significant
global codivergence (P = 0.001) between Cand. Thiosym-
bion ecto- and endosymbionts and their hosts (Table 2).

Discussion

Long-term evolutionary stability of stilbonematine
nematode ectosymbioses

Closely related stilbonematine nematode hosts were
almost consistently associated with closely related Can-
didatus Thiosymbion ectosymbionts. This was visible in
the clear congruence within all host and symbiont
clades, with only the Laxus symbioses forming the only
exception to this consistent pattern (Fig. 2). In contrast
to the high congruence of host and symbiont phyloge-
nies within each host genus, no congruence was
observed between the different host genera and their
corresponding symbionts. This could be due to the poor
phylogenetic resolution of the trees at the nodes con-
necting host genera and symbiont clades, but could also
indicate that symbiont switches between host genera
occurred in the past. Mantel test results confirmed the
highly significant relationship between symbiont and
host patristic distances (Table 1), and JANE analyses
confirmed the marked congruence between host and
symbiont phylogeny with the identification of up to 15
codivergence events (Table 2, Figs S3 and S4, Support-
ing information).

The pronounced codivergence between stilbone-
matine nematodes and their ectosymbiotic bacteria is
remarkable given that the symbionts are attached to the
surface of their hosts and constantly exposed to the sur-
rounding sediment. This exposure could cause detach-
ment of the symbionts when the worms migrate
through the sediment. Furthermore, as all marine nema-
todes, stilbonematines moult and shed their cuticle four
times during their life cycle (Ott et al. 1995). This life-
style would provide ample opportunities for free-living
bacteria or symbionts from other hosts to invade and
displace the host’s symbionts, but our analyses revealed
only one replacement event (symbionts of an ancestor
of Eubostrichus were replaced by an ancestral Laxus
symbiont (Fig. 2)).

The high genus and species specificity as well as
evolutionary stability of the stilbonematine ectosymbio-
sis implies that highly specific mechanisms for recogni-
tion and maintenance have evolved to sustain these
symbioses. These could include morphological adapta-
tions such as a reduced body diameter of the nema-
tode host to accommodate the thickness of the
symbiont coat (Polz et al. 1992), possibly to avoid fric-
tion and thus detachment of symbionts during move-
ment through the sediments. Longitudinal division of
the symbionts with an unusual shift in the fission
plane may prevent the symbionts from losing contact
with their host’s surface during growth, as suggested
for some rod-shaped bacterial symbionts (Polz et al.
1992; Leisch et al. 2012). Furthermore, unique glandular
sensory organs contribute to specificity by secreting
species-specific lectins on the hosts’ cuticle that recog-
nize sugar residues on the symbiont’s cell membrane
and show symbiont specificity at the isoform level
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(Bauer-Nebelsick et al. 1995, Nussbaumer et al. 2004;
Bulgheresi et al. 2006, 2011).

Transmission of the symbionts from one generation
to the next and during the four moults of the stilbone-
matines life cycle is also critical for maintaining the
symbiosis. It has been assumed that the symbionts are
acquired horizontally from a free-living population in
the environment or co-occurring hosts based on (i) the
absence of symbionts on juvenile worms that had not
yet hatched from their egg (Bulgheresi and Ott unpub-
lished in Bayer et al. 2009), and (ii) the amplification of
partial 165 rRNA gene sequences with high similarity
to symbiont sequences of stilbonematine nematodes
from surface seawaters (Heindl et al. 2011) (but see
below under ‘Repeated host switches between animal
phyla’ for a more detailed discussion of environmental
sequences closely related to stilbonematine ectosym-
bionts). Convincing evidence for codivergence in sym-
bioses with horizontal acquisition is, however, rare
(Bright & Bulgheresi 2010). It is therefore possible that
vertical transmission between stilbonematine hosts and
their symbionts or a mixed mode of vertical and occa-
sional horizontal transmission occurs in these associa-
tions (Ebert 2013). The ectosymbionts could be
transferred onto the egg or juvenile during passage
through the female genital opening, called the vulva.
Intriguingly, the glandular sensory organs described
above that secrete symbiont specific lectins are espe-
cially numerous and large in the vulva region of many
stilbonematine nematodes (e.g. Hopper & Cefalu 1973;
Ott et al. 1991, 1995). A similar mode of transmission, in
which symbionts are transmitted ‘pseudo-vertically’
onto eggs or juveniles in the brood pouch, has also been
suggested for the ectosymbionts of Niphargus amphi-
pods found in freshwater caves (Dattagupta et al. 2009).

Evidence for codivergence in ectosymbiotic associa-
tions has so far only been shown for termite gut flagel-
lates and their Bacteroidales ectosymbionts (Desai et al.
2010). Our study provides an example for a highly
specific marine ectosymbiosis in which host and sym-
biont phylogenies showed a pronounced pattern of
codivergence and highlights that ectosymbiotic associa-
tions can be highly stable over long evolutionary time
periods.

Weak congruence between gutless phallodriline hosts
and endosymbiont phylogenies suggests repeated
symbiont replacements

Our analyses of the phylogeny of gutless phallodrilines
and their Cand. Thiosymbion endosymbionts showed
little congruence between host and symbiont branching
patterns (Fig. 3). This result was supported by our
codivergence analyses with JaNE that predicted only a

single codivergence event between two closely related
species (Table 2, Fig. 3). On the other hand, Mantel test
analyses revealed a significant correlation between sym-
biont and host genetic distances, and JaNE analyses
showed significant support for global codivergence.
These results indicate that the evolution of the annelid
endosymbioses was influenced in part by the codiversi-
fication of the symbionts and their host. However, our
phylogenetic analyses revealed that geography also had
a strong influence on endosymbiont diversity, as shown
by the many symbiont clades that contained symbionts
from the same geographical region (Fig. 3). Mantel test
results provided further support for a strong correlation
between symbiont genetic distance and geographical
distances (Table 1). Clearly, geographical location had a
major impact on the evolutionary history of these sym-
bioses.

The lack of consistent codivergence between gutless
phallodrilines and their obligate Cand. Thiosymbion
endosymbionts is surprising given that these symbionts
are assumed to be transmitted vertically via a smear
infection from the parent to offspring during egg depo-
sition (Giere & Langheld 1987; Krieger 2000). Our data
suggest recurring events of symbiont displacements,
but how these occurred is not clear. One possible win-
dow of opportunity for displacement are the early
developmental stages of the host. Gutless phallodrilines
lay single eggs together with sperm into a cocoon that
they deposit into the sediments they inhabit (Giere &
Langheld 1987; Krieger 2000). The embryo develops
within the cocoon before the juvenile worm eventually
hatches. During this phase of exposure to the environ-
ment, symbionts from the environment or co-occurring
hosts would have the opportunity to invade the cocoon,
infect the developing embryo or juvenile and displace
the vertically transmitted symbiont. For successful dis-
placement, the newly acquired symbiont would have to
have a strong selective advantage over the original sym-
biont to be able to be sustained in the population. For
example, the newly acquired symbiont could be better
adapted to the host’s environment or enable it to invade
new habitats or niches.

Occasional events of horizontal symbiont acquisition
are well known from associations where the symbionts
are predominantly transmitted vertically (reviewed by
Bright & Bulgheresi 2010; Ebert 2013). For example,
marine vesicomyid and solemyid clams that live in
symbiosis with sulphur-oxidizing bacteria predomi-
nantly transmit their symbionts vertically, but molecu-
lar analyses indicate that horizontal acquisition of
symbionts has happened in the past (Stewart et al. 2008,
2009; Decker et al. 2013). Other examples include
bryozoan Bugula species and their Cand. Endobugula
symbionts (Lim-Fong et al. 2008) and leaf-cutter ants
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that cultivate specific symbiotic fungi strains for food
(Bot et al. 2001; Green et al. 2002).

In some hosts, such as insects, where vertically trans-
mitted symbionts have undergone genome reduction,
horizontal acquisition of a novel symbiont enables the
host to escape dependency on a degenerated, inefficient
symbiont (Lefevre et al. 2004; Conord ef al. 2008; Koga
et al. 2013). So far, the genome of only one Cand.
Thiosymbion has been sequenced from the gutless phal-
lodriline Olavius algarvensis (Woyke et al. 2006). This
symbiont does not appear to have a reduced genome
although unusually high amounts of transposases indi-
cate that it may be in transition to an obligate, host-
associated lifestyle (Kleiner et al. 2013). Additionally,
we never found any evidence for the co-occurrence of
more than one Cand. Thiosymbion species in any of the
phallodriline hosts we examined. This suggests that co-
occurrence of a primary vertically transmitted symbiont
and a novel horizontally acquired Cand. Thiosymbion is
rare in these hosts and that symbiont displacement
occurs rapidly within a host population.

Repeated host switches between animal phyla

Our phylogenetic reconstruction of 50 Cand. Thiosym-
bion ecto- and endosymbionts from three very distantly
related host groups (Stilbonematinae, Astormonema and
Phallodrilinae) from two animal phyla (Nematoda and
Annelida), and from a wide range of environments
around the world, showed that these are monophyletic
and share a single common ancestor (Fig. 4). These
results confirm earlier studies with lower taxonomic
coverage that showed the remarkably close relation-
ships between these ecto- and endosymbionts despite
the large phylogenetic distances between their three
host groups (e.g. Musat et al. 2007; Bulgheresi et al.
2011; Heindl et al. 2011; Pende et al. 2014). Seven highly
supported clades contained both stilbonematine
ectosymbionts and phallodriline endosymbionts (Fig. 4).

Two scenarios that are not mutually exclusive could
explain the intermingled evolutionary history of the
Cand. Thiosymbion ecto- and endosymbionts (we only
discuss scenarios for the stilbonematine and phallodri-
line symbionts, because the Astomonema nematode sym-
biosis with only two published symbiont sequences is
undersampled): (i) closely related free-living bacteria
from the environment repeatedly displaced symbionts
associated with stilbonematine and/or gutless phallo-
driline hosts, or (ii) the phallodriline endosymbionts
evolved multiple times from stilbonematine ectosym-
bionts and/or vice versa. The first scenario is less likely
for the stilbonematine ectosymbiosis because our phylo-
genetic and statistical analyses indicated that the evolu-
tion of these symbionts was largely driven by

codivergence with their hosts. For the gutless phallodri-
line endosymbiosis, this scenario is possible given the
lack of codivergence and the strong influence of geogra-
phy on their evolution. However, to date there is little
evidence for free-living bacteria from the Cand.
Thiosymbion clade despite intensive sequencing of mar-
ine environments (including those in which stilbone-
matines and gutless phallodrilines occur) by others (e.g.
Musat et al. 2006; Schottner et al. 2011; Aravindraja et al.
2013) and ourselves (J. Wippler and N. Dubilier, unpub-
lished results). 165 rRNA gene sequences that fall
within the Cand. Thiosymbion clade have only been
described in two studies. In the first study on shallow-
water coral-associated bacteria (Sunagawa et al. 2010),
two sequences were found (GU118064 and GU118120),
which form a monophyletic clade with the ectosym-
bionts of stilbonematines from the genus Eubostrichus
based on our analyses (Fig. 4). These sequences may
have originated from symbionts of Eubostrichus individ-
uals contained in the sampled coral fragments. The
other sequences were found in surface waters close to
sediments containing stilbonematines and gutless phal-
lodrilines, but could only be amplified using the highly
sensitive, and contamination-prone nested PCR
approach (Heindl et al. 2011).

The second scenario for explaining the intermingled
evolutionary history of seven clusters that contain Cand.
Thiosymbion ecto- and endosymbionts is that these
symbionts repeatedly switched between the two animal
phyla, that is stilbonematine ectosymbionts displaced
phallodriline  endosymbionts and/or phallodriline
endosymbionts displaced stilbonematine ectosymbionts.
JANE analyses predicted 12 host switches between stil-
bonematine nematodes and gutless phallodrilines,
although none of these were statistically supported
(Fig. S6, Supporting information). This lack of statistical
support for host switching can be explained by the low
resolution of the Cand. Thiosymbion 165 rRNA gene
phylogeny at critical nodes, which hampered a more
precise reconstruction of their evolutionary history
(Fig. 4). Assuming that host switching between the two
animal phyla occurred, it appears more likely to have
occurred from nematodes to annelids given that the
evolution of the stilbonematine nematode ectosymbionts
was much more closely linked to their host phylogeny
than the evolution of the gutless phallodriline endosym-
bionts. Geography played a key role in the evolution of
gutless phallodriline symbioses, and their common co-
occurrence with stilbonematine nematodes would have
provided numerous opportunities for uptake of the stil-
bonematine symbionts.

Host switching of Cand. Thiosymbion between the
two animal phyla Nematoda and Annelida is intriguing
as it predicts the ability of the bacterial symbiont to
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shift between ecto- and endosymbiotic lifestyles. One
explanation for this evolutionary flexibility is the similar
function of the symbionts in the stilbonematine and
phallodriline associations. All Cand. Thiosymbion bacte-
ria are assumed to be autotrophic sulphur oxidizers that
provide their hosts with nutrition. (It should be noted,
however, that evidence for chemolithoautotrophy has
only been shown in some symbionts (Schiemer et al.
1990; Polz et al. 1992; Hentschel et al. 1999; Blazejak
et al. 2006; Woyke et al. 2006; Kleiner et al. 2012), and
the contribution of the symbionts to their host’s nutri-
tion remains to be clarified.) A second explanation for
the flexibility of these associations is that stilbonemati-
nes and phallodrilines provide similar benefits to their
symbionts. Both hosts migrate between the upper oxi-
dized and the lower reduced layers of the sediment and
thus provide their symbionts with access to electron
acceptors such as oxygen in the surface layers and elec-
tron donors such as reduced sulphur compounds in the
lower layers (Giere et al. 1991; Ott et al. 1991). A third
explanation is that major physiological adaptations
might not have been needed for switches between an
ectosymbiotic and an endosymbiotic lifestyle. Although
the phallodriline associations are endosymbiotic, the
bacteria are not intracellular, but extracellular and only
separated from the sediment environment by a very
thin cuticle that is highly permeable for charged and
uncharged molecules of up to 70 kDa (Dubilier et al.
2006). Thus, in shifts from an ectosymbiotic lifestyle
with nematodes to the endosymbiotic habitus with
phallodrilines, these symbionts did not have to evolve
the intricate adaptations that are needed to maintain
and persist intracellularly within host cells.

Conclusions and outlook

The Candidatus Thiosymbion association is, to our
knowledge, the only known marine symbiosis in
which host switches appear to have occurred repeat-
edly between animal phyla. There is one other group
of closely related marine symbionts that associates
with different animal phyla: sulphur-oxidizing bacteria
that live as intracellular symbionts in deep-sea bathy-
modiolin mussels, in the tissues of a poecilosclerid
sponge and as ectosymbionts on a marine terebellid
polychaete (Nishijima et al. 2010; Petersen et al. 2012).
However, the symbionts from these three host groups
are not most closely related to each other, but rather
to free-living sulphur-oxidizing bacteria in the environ-
ment, and there is no phylogenetic evidence for host
switching between the mussels, sponge and polychaete
(Petersen et al. 2012). In associations between terrestrial
hosts and bacteria, host switching within an animal
phylum is common, especially among arthropods (e.g.

Heath et al. 1999; Russell et al. 2003; Huigens et al.
2004; Weinert et al. 2009). However, clear evidence for
host switching between animal phyla is rare. Intracel-
lular Wolbachia bacteria that live in mutualistic and
parasitic associations with nematodes and arthropods
may have switched between these two host phyla
(Casiraghi et al. 2005), but more recent studies indicate
that this cannot be resolved with current phylogenetic
methods (Bordenstein et al. 2009; Comandatore et al.
2013).

The intermingled evolutionary history within the
Cand. Thiosymbion clade of ecto- and endosymbiotic
bacteria therefore raises a number of questions: Are
there conserved recognition mechanisms in Cand.
Thiosymbion bacteria that allow them to engage in
symbiotic associations with hosts from three animal
groups and two animal phyla? Which factors favour
codivergence, which lead to host switching? What are
the morphological and physiological mechanisms that
determine an ecto- or endosymbiotic lifestyle, and how
have these evolved in switches between these two life-
styles? To answer these questions, comparative analyses
of the symbionts’ genomes, transcriptomes, proteomes
and metabolomes would help identify the similarities
and differences in their functional and metabolic inter-
actions with phylogenetically distant hosts. In parallel,
the collection and analysis of more hosts from a wider
range of environments and locations would improve
the reconstruction of the phylogenetic history of Cand.
Thiosymbion and shed light on the factors that enabled
their evolutionary flexibility and success.
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