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hydrothermal vent ectosymbionts
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Summary

The marine oligochaete worm Tubificoides benedii is
often found in high numbers in eutrophic coastal
sediments with low oxygen and high sulfide concen-
trations. A dense biofilm of filamentous bacteria on
the worm’s tail end were morphologically described
over 20 years ago, but no further studies of these
epibiotic associations were done. In this study, we
used fluorescence in situ hybridization and compara-
tive sequence analysis of 16S rRNA and protein-
coding genes to characterize the microbial
community of the worm’s tail ends. The presence of
genes involved in chemoautotrophy (cbbL and cbb)
and sulfur metabolism (aprA) indicated the potential
of the T. benedii microbial community for chemosyn-
thesis. Two filamentous ectosymbionts were specific
to the worm’s tail ends: one belonged to the Leuco-
thrix mucor clade within the Gammaproteobacteria
and the other to the Thiovulgaceae within the Epsi-
lonproteobacteria. Both T. benedii ectosymbionts
belonged to clades that consisted almost exclusively
of bacteria associated with invertebrates from deep-
sea hydrothermal vents. Such close relationships
between symbionts from shallow-water and deep-sea
hosts that are not closely related to each other are
unusual, and indicate that biogeography and host
affiliation did not play a role in these associations.
Instead, similarities between the dynamic environ-
ments of vents and organic-rich mudflats with their
strong fluctuations in reductants and oxidants may
have been the driving force behind the establishment
and evolution of these symbioses.
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Introduction

Until recently, the epibiotic microflora of animals was often
thought to be just a consortium of casual associates, but
it is now becoming increasingly clear that it consists of a
highly specialized community of microbes that form spe-
cific and stable symbioses with their hosts (McFall-Ngai,
2008). In chemosynthetic environments such as hydro-
thermal vents or sulfide-rich sediments, some marine
animals are regularly colonized by ectosymbiotic bacteria
(Dubilier et al., 2008; Goffredi, 2010). In coastal sedi-
ments these include nematode worms, amphipods and
colonial ciliates all of which generally host only a single
sulfur-oxidizing gammaproteobacterial symbiont (Gillan
and Dubilier, 2004; Bayer et al., 2009; Rinke et al., 2009).
Hosts from deep-sea hydrothermal vents such as
shrimps, polychaete worms, crabs and barnacles often
have a more diverse epibiotic community that is domi-
nated by Gamma- and Epsilonproteobacteria (Goffredi
et al., 2008; Suzuki et al., 2009; Watsuji and Takai, 2009;
Petersen et al., 2010). The role of these epibiotic bacteria
is generally not well understood. They have been hypoth-
esized to contribute to their hosts’ nutrition (Rieley et al.,
1999; Rinke et al.,, 2006; Suzuki et al., 2009), detoxify
sulfide and heavy metals (Alayse-Danet etal, 1987;
Prieur et al,, 1990), or provide defense against patho-
genic microbes and predators (Gil-Turnes and Fenical,
1992; Goffredi et al., 2004a).

The tubificid oligochaete  Tubificoides benedii
(d’'Udekem, 1855) is a marine worm that is commonly
found in coastal mudflats of the North Atlantic, especially
those with a high input of organic matter (Timm and
Erséus, 2009). As other tubificids (Guérin and Giani,
1996), T. benedii feeds head down in the sediment and
uses its tail end for respiration by holding it above the
sediment in the oxygenated seawater and moving it in a
swaying motion (Dubilier et al.,, 1995a). The worms can
tolerate extended periods of low oxygen concentrations or
anoxia by switching to an anaerobic metabolism, a strat-
egy that is also used when sulfide concentrations become
too high (Dubilier et al., 1994).

Tubificoides benedii from mudflats in the Wadden
Sea off the coast of Germany are covered with a
morphologically diverse assemblage of ectobacteria in
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the mucus layer covering their body wall (Giere and
Rhode, 1987). Their tail ends are regularly colonized by a
dense film of filamentous bacteria. Some of these pen-
etrate the body wall and the basal cells are anchored in
the cuticle just above the worm’s epidermis, suggesting a
highly specific association (Dubilier, 1986). Seasonal
‘blooms’ of the filamentous bacteria have been observed,
with the densest abundance occurring in the summer and
fall months when sulfide concentrations are high in the
worm’s habitat (Dubilier, 1986). This observation together
with the morphological similarity of the filamentous bacte-
ria to sulfur-oxidizing bacteria such as Thiothrix lead to the
hypothesis that these ectofilaments might be chemoau-
totrophic sulfur oxidizers (Dubilier, 1986), but no further
studies on this association followed. The purpose of this
study was therefore to characterize the phylogeny and
metabolic potential of the filamentous ectobionts of T.
benedii using fluorescence in situ hybridization (FISH)
and comparative sequence analysis of 16S rRNA genes
as well as genes involved in chemoautotrophy (cbbL,
cbbM and aclB) and sulfur metabolism (aprA and soxB).

Results and discussion
General bacterial diversity

Comparative 16S rRNA gene analyses and FISH of T.
benedii tail ends revealed a diverse bacterial community.
The filamentous ectosymbionts were identified as
Gamma- and Epsilonproteobacteria (see below). As
this study focuses on these ectosymbionts, all other bac-
teria associated with this worm are only briefly described
here.

Gammaproteobacterial sequences dominated the 16S
rRNA clone libraries (52.4%), Deltaprotobacteria (20.5%)
and  Cytophaga/Flavobacterium/Bacteroides  (CFB;
19.2%) were also abundant, and 4% of the sequences
belonged to the Epsilonproteobacteria (Table 1 and
Figs S1 and S2). FISH analyses with group specific
probes for Deltaproteobacteria and CFB (Table 2) con-
firmed that bacteria from these phyla colonized the mucus
layer covering T. benedii tail ends (Fig. S3). Sequences
found in only low abundance in single individuals made up
only 2.7% of all 16S rRNA clone library sequences and
belonged to the Acidobacteria, Verrucomicrobia, Plancto-
mycetes and candidate Division OD1 (Table 1).

Phylogenetic analyses revealed that many of the
gamma- and epsilonproteobacterial sequences from the
T. benedii 16S rRNA clone libraries were most closely
related to symbiotic and free-living bacteria from chemo-
synthetic environments (Fig. 1). Specific FISH probes
were developed for all dominant gamma- and epsilonpro-
teobacterial phylotypes (Tables 2 and S1). Aside from the
filamentous ectosymbionts described below, the only
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other gamma- or epsilonproteobacterial phylotype from
the 16S rRNA clone libraries that could be found with
FISH was a rod- to cocci-shaped bacterium named the
Gamma 2 ectobiont (Fig. S3). This phylotype was highly
abundant in the 16S rRNA clone libraries (23% of all
clones, Table 1), but with FISH, the Gamma 2 ectobiont
was only observed occasionally in the mucus membrane
of the worm’s tail end. Phylogenetic analyses placed this
ectobiont in a clade that included the Gamma 3 endosym-
bionts of the gutless oligochaete worms Olavius ilvae and
Olavius algarvensis from Mediterranean seagrass sedi-
ments (Fig. 1) (Ruehland et al., 2008). Such a close phy-
logenetic relationship between ecto- and endosymbionts
of hosts that are separated by large geographic distances,
live in different habitats, and are not closely related to
each other have rarely been described but are not unprec-
edented. They have, for example, also been observed
between the ectosymbionts of nematodes and the
Gamma 1 endosymbionts of gutless oligochaetes (Bayer
et al., 2009).

Morphology and phylogeny of the
filamentous ectosymbionts

Transmission electron microscopy (TEM) showed that two
filamentous morphotypes co-occurred on T. benedii tail
ends (Fig.2). Thinner filaments of 0.4-0.65 um pen-
etrated the worm’s cuticle, with the basal cells embedded
within the cuticle just above the host’'s epidermis
(Fig. 2B-D). Vesicle-like structures were regularly
observed between the basal cell of these filaments and
the worm’s epidermal cells (Fig. 2D), indicating interac-
tions between the filaments and host tissues (Dubilier,
1986). Thicker filaments of 0.9—1.1 um were attached to
the cuticle but were never observed penetrating it
(Fig. 2B). FISH with probes specific to the Gamma 1 and
Epsilon 1 sequences shown in Fig. 1 revealed that these
originated from two filamentous morphotypes on the
worm’s tail (Fig. 2B-D). The diameters of these two fila-
ment types in FISH micrographs corresponded to those
measured with TEM in the thinner and thicker morpho-
types (0.4-0.7 um for the Epsilon 1 and 0.7-1.3 um for
the Gamma 1). This indicates that the thinner filaments
observed with TEM in the worm’s cuticle belonged to the
Epsilon 1 ectosymbionts. This conclusion is supported by
FISH analyses that show the Epsilon 1 ectosymbionts
embedded within the cuticle (Fig. 2H). The distribution
and abundance of the two filamentous ectosymbionts
varied considerably within and between individual worms.
In some cross-sections only one filament type was
observed, in others, especially towards the posterior end
of the tail, both the Gamma 1 and Epsilon 1 ectosym-
bionts co-occurred in thick patches (Fig. 2E). Overall, the
abundance of both ectosymbionts was equal based on
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[38) Tubificoides benedii Gamma 1 ectosymbiont, GU197434 ]
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94 Loihi Seamount hydrothermal vent microbial mat clone, FJ001800
_ i 98, Olavius ilvae Gamma 3 endosymbiont, AJ620499

y-Proteobacteria Elba sediment clone, AM039959
100 Olavius algarvensis Gamma 3 endosymbiont, AJ620496

East Lau deep-sea hydrothermal field clone, FJ205278

100~ Petrasma sp. endosymbiont, FM213426

Solemya velum endosymbiont, M90415
(4) Tubificoides benedii associated Gamma 4, GU197445
Guayamas Basin hydothermal sediment clone, AF420353
Solemya occidentalis endosymbiont, U41049
shallow water hydrothermal vent sulfur-oxizing bacterium NDII1.2, AF181991

[Tubificoides benedii filamentous ectosymbionts |

Tubificoides benedii associated bacteria

cultivated sulfur-oxidizing bacteria

deep-sea vent and seep free-living bacteria
deep-sea vent and seep animal associated bacteria
shallow-water chemosynthetic symbionts 72

88

invertebrate endo- and ciliate ectosymbionts, diverse environmental clones
(35) Tubificoides benedii associated Gamma 5, GU197422
Guayamas Basin hydrothermal sediment clone, AF420363
Yonaguni Knoll hydrothermal vent field clone, AB252427
Maorithyas hadalis endosymbiont Il, AB188780
Alviniconcha sp. type1 endosymbiont, AB235237

Thiomicrospira spp., e.g. AF013974
100 100{ —— sulfur-oxidizing mussel and clam endosymbionts, e.g. AF035721

100 Bathymodiolus spp. methane-oxidizing endosymbionts, e.g. AM236326
and methylotrophic fee-living bacteria, e.g. DQ400508

60

100, Rimicaris exoculataEpsilon 1 and

Epsilon 2 ectosymbionts, e.g. FM203376
Kiwa hirsuta associated clone, EU265785
Alvinella pompejana associated clone, AJ575963
East Pacific Rise hydrothermal vent clone, AY672499 .
LYy ) ) g-ectobiont
!? Rimicaris exoculata Epsilon 3 ectosymbionts, e.g. FM203392 clade
Vulcanolepas osheai ectosymbiont, AB239758

Rimicaris exoculata Epsilon 4 ectosymbiont, FN393026

Mid Atlantic Ridge hydrothermal vent clone, AY225624

jI79hinkaria crosnieri associated clones, e.g. AB440167

(4) Tubificoides benedii Epsilon 1 ectosymbiont, GU197436 |
IRimicaris exoculata Epsilon 5 ectosymbionts, e.g. FM203398
hrysomallon squamiferum associated clone, AY327881

73

86

methane seeps and
hydrothermal vent clones, e.g. FJ264679
(5) Tubificoides benedlii associated Epsilon 2, GU197448
Eel River Basin methane seep clone, EU622290
Guayamas Basin hydrothermal vent clone, AY197396
77¢ East Pacific Rise hydrothermal site clone, EF218990
& % Alvinella pompejana associated clone, AJ575971
Riftia pachytila tube clone, AF449240
68 Alviniconcha aff. hessleri endosymbiont, AB205405
_ml_—|_— Kiwa hirsuta associated clone, EU265789
Chrysomallon squamiferum associated clone, AY531592
100r Shinkaia crosnieri associated clone, AB440161
Shinkaia crosnieri associated clone, AB476185

¢e-Proteobacteria n

g8 — Vulcanolepas osheai associated clone, AB239759
100 Alvinocaris longirostris ectosymbiont, AB232530
100 Sulfurovum lithotrophicum, AB091292
{ Alvinella pompejana epibiont 135523
« 100] Alvinella pompejana epibiont, L35520

100
1 Arcobacter spp

Fig. 1. Phylogenetic placement of Gamma- and Epsilonproteobacteria associated with T. benedii tail ends. Consensus tree based on
maximum likelihood (ML) analyses of 16S rRNA sequences with nodes that differed in other treeing analyses collapsed to a consensus
branch. Sequences from this study in red, in parentheses the number of sequences with > 99.0% to the given sequence. Bacterial sequences
from the clone libraries that were not found with FISH on the worms were named ‘T. benedii associated’. Five deltaproteobacterial sequences
were used as an outgroup (arrow). Scale bar = 0.10 estimated substitutions per site. Numbers next to nodes correspond to bootstrap values
based on 1000 ML replicates (only values above 60% are shown).
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Fig. 2. Microbial community of T. benedii tail ends.

A. Light microscopy showing the numerous filaments on the worm’s tail.

B-D. Transmission electron microscopy. Only the thinner filaments penetrate the cuticle (B, C, D), while the thicker filaments (B) are attached
to the surface of the worm. D. Vesicle-like structure between the worm’s epidermis and the basal cell of a thin filament.

E-H. Epifluorescence microscopy using FISH (E) and CARD-FISH (F—H). The thinner Epsilon 1 ectosymbionts are shown in green with the
general epsilonproteobacterial probe EP404 (E) and the specific Epsilon 1 symbiont probe TbEP1-94 (F-H). The thicker Gamma 1
ectosymbionts are shown in red with the specific Gamma 1 symbiont probe ToGAM1-138 (E-H).

FISH analyses. The much lower abundance of Epsilon 1 reaction (PCR) bias, as described from many other
sequences in the 16S rRNA clone libraries could have studies of mixed microbial communities (Gonzalez and
been caused by differences in the extraction efficiency of Moran, 1997; Kanagawa, 2003; Sipos et al., 2007; Hong
their DNA, primer mismatch and/or polymerase chain etal., 2009).
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Phylogenetic analyses revealed that the Epsilon 1 ecto-
symbiont belonged to the newly established family Thio-
vulgaceae within the Epsilonproteobacteria (Campbell
etal, 2006) and the Gamma 1 ectosymbiont to the
Leucotrix/ Thiothrix group within the Gammaproteobacte-
ria (Fig. 1). Both T. benedii ectosymbionts belonged to
clades consisting nearly exclusively of bacteria associ-
ated with invertebrate hosts from deep-sea hydrothermal
vents (y- and e-ectobiont clades in Fig. 1). These hosts
included the galatheid crab Shinkaia crosnieri (Watsuji
and Takai, 2009), the Yeti crab Kiwa hirsuta (Goffredi
et al., 2008), the scaly foot snail Chrysomallon squam-
iferum (Goffredi et al., 2004b), the stalked barnacle Vul-
canolepas osheai (Suzuki et al., 2009), and the shrimp
Rimicaris exoculata (Petersen et al., 2010). Filamentous
ectobionts have been described from all of these hosts
but a clear assignment of sequences from the y- and
e-ectobiont clades to bacteria with a filamentous morphol-
ogy has only been shown for R. exoculata (Petersen
etal.,, 2010) and V. osheai (Suzuki et al., 2009). Free-
living filamentous bacteria of the genus Thiothrix fall in a
more distantly related but neighbouring clade to the T.
benedii Gamma 1 ectosymbionts (Fig. 1), and within this
clade filamentous ectosymbionts have been identified
from two other animal hosts, the marine amphipod
Urothoe poseidonis (Gillan and Dubilier, 2004) and the
freshwater cave amphipod Niphargus ictus (Dattagupta
et al., 2009).

The closest cultured relative of the T. benedii Gamma 1
ectosymbiont is the filamentous bacterium Leucothrix
mucor, while the Epsilon 1 ectosymbiont is most closely
related to the coccoid- to oval-shaped Sulfurovum
lithotrophicum (Table 1, Fig. 1). Both L. mucor and S.
lithotrophicum are sulfur oxidizers (Grabovich et al., 1999;
Inagaki et al., 2004) and there is evidence for autotrophy
and the use of reduced sulfur compounds as energy
sources by the filamentous ectobionts of R. exoculata
(Polz et al., 1998) and N. ictus (Dattagupta et al., 2009).
The close relationship of the T. benedii ectosymbionts to
symbiotic and free-living chemosynthetic bacteria and the
sulfidic environment of the worms therefore led us to
examine the potential of the T. benedii association to gain
its energy through chemoautotrophic sulfur oxidation.

Metabolic potential for chemoautotrophy and
sulfur oxidation

The metabolic potential of the T. benedii bacterial com-
munity was assessed by analysing protein-coding genes
for sulfur metabolism (aprA and soxB) and chemoautotro-
phy (cbbl and acIB) (Table 1). The aprA gene, coding for
the alpha-subunit of adenosine-5-phosphosulfate (APS)
reductase, is widespread in sulfur-oxidizing microorgan-
isms including many Gammaproteobacteria, but has not

yet been found in Epsilonproteobacteria (Meyer and
Kuever, 2007). The majority of AprA sequences from the
T. benedii microbial community (95% or 231 clones)
belonged to the AprA lineage Il of sulfur-oxidizig bacteria
that includes sequences from both symbiotic and free-
living Gammaproteobacteria (Meyer and Kuever, 2007).
Two sequences were highly abundant within this lineage
(T. benedii AprA 112 and [14) and both were closely related
to AprA sequences from the sulfur-oxidizing gammapro-
teobacterial endosymbionts of tubeworms from cold
seeps (Table 1, Fig. 3). Given the absence of the aprA
gene from Epsilonproteobacteria, it is most likely that the
AprA lineage Il sequences from T. benedii originated from
their gammaproteobacterial ectobionts, thus indicating
their potential for the use of reduced sulfur compounds as
an energy source. However, because of the incongruence
of AprA phylogeny with 16S rRNA phylogeny, it is not clear
which AprA sequence(s) might have originated from the T.
benedii Gamma 1 ectosymbiont.

A small number of T. benedii AprA sequences (4%)
belonged to the lineage of AprA sequences from sulfate-
reducing bacteria (Fig.3). In sulfate reducers, the
enzyme functions in the opposite direction as in sulfur
oxidizers (Meyer and Kuever, 2007). The presence of
AprA sequences in T. benedii from the sulfate reducer
lineage corresponds well with our 16S rRNA results
showing that deltaproteobacterial sequences related to
sulfate-reducing bacteria were abundant in the clone
libraries (20%, see Table1 and Fig. S2). Sulfate-
reducing bacteria are well known as endosymbionts in
gutless marine oligochaetes where they co-occur with
sulfur-oxidizing endosymbionts and engage in syntrophic
cycling of reduced and oxidized sulfur compounds (Dubi-
lier etal, 2001; Woyke etal., 2006). Evidence for
co-occurring sulfur-oxidizing and sulfate-reducing bacte-
ria has also been described for the ectosymbiotic
community of the Yeti crab K. hirsuta (Goffredi et al.,
2008).

To determine the potential of the Epsilon 1 ectosym-
biont for sulfur oxidation, we attempted to amplify the
soxB gene, coding for the SoxB component of the Sox
enzyme complex. This gene is widespread among sulfur-
oxidizing bacteria and has been found in all epsilonpro-
teobacterial and some gammaproteobacterial sulfur
oxidizers (Meyer et al., 2007; Ghosh et al., 2009). We
were not able to amplify this gene from DNA extracted
from T. benedii tail ends, despite the use of degenerate
primers that work well for a phylogenetically wide range of
bacteria (Petri et al., 2001; Meyer et al., 2007). It is pos-
sible that the concentrations of Epsilon 1 ectosymbiont
DNA were too low for successful amplification. This sym-
biont was underrepresented in the 16S rRNA clone librar-
ies (1.3%, Table 1), despite our FISH studies showing its
high abundance (Fig. 2E,H).
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Fig. 3. AprA phylogeny based on ML analyses of deduced amino acid sequences of the aprA gene. Sequences from this study in red, in
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quence. Scale bar = 0.10 estimated substitutions per site. Numbers next to
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We assessed the potential of the T. benedii microbial
community for autotrophic carbon fixation by analysing
key genes of the Calvin Benson Bassham (CBB) cycle
(cbbL and cbbM) and the reductive tricarboxylic acid
(rTCA) cycle (aclB). The cbbL and cbbM genes, coding for
the large subunits of the form | and Il ribulose-1,5-
bisphosphate carboxylase/oxygenase (RubisCO),
respectively, are widespread among autotrophic organ-
isms including many Gammaproteobacteria, but have not
been found in Epsilonproteobacteria. Both genes could be

amplified in DNA extracted from T. benedii tail ends, indi-
cating the potential of its microbial community for autotro-
phy. The dominant sequences in the cbbL clone libraries
were most closely related to sequences from the
chemoautotrophic sulfur-oxidizing endosymbiont of the
clam Solemya velum, while for cbbM, the dominant
sequences grouped with sequences from bacteria asso-
ciated with the seep tubeworm Lamellibrachia sp. (Fig. 4,
Table 1). As with the aprA gene, given the many inconsis-
tencies between phylogenetic trees based on cbbL and
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cbbM genes versus the 16S rRNA gene, it is not possible
to identify which of these genes might have originated
from the Gamma 1 ectosymbiont.

To examine the potential of the Epsilon 1 ectosymbiont
for autotrophy, we examined the aclB gene, coding for the
beta subunit of ATP citrate lyase. This gene is widespread
in Epsilonproteobacteria including those commonly found
at deep-sea hydrothermal vents but is not known from
Gammaproteobacteria (Campbell et al., 2006; Nakagawa
and Takai, 2008). We were not able to amplify this gene
from DNA extracts of T. benedii tail ends, paralleling the
lack of amplification products for the indicator gene soxB
for sulfur oxidation in Epsilonproteobacteria. The metabo-
lism of T. benedii’s epsilonproteobacterial ectobionts
therefore remains unclear. Epsilonproteobacteria are

highly versatile and can live autotrophically, as well as
mixo- or heterotrophically (Campbell et al., 2006). In the
organic and sulfide-rich sediments in which T. benedii
lives, any of these metabolisms are conceivable.

Nature of the T. benedii ectosymbiont association

The ectosymbiotic community associated with T. benedii
has the potential for chemoautotrophic sulfur oxidation
and it is possible that the symbionts fix inorganic carbon to
organic carbon compounds that they pass on to their host.
This has been suggested (but rarely proven) for other
hosts with chemoautotrophic ectosymbionts such as stil-
bonematinid nematodes (Polz etal, 1992; Ott etal,
2004), the vent shrimp R. exoculata (Rieley et al., 1999;
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Zbinden and Cambon-Bonavita, 2003), the vent barnacle
V. osheai (Suzuki et al., 2009), the vent crab S. crosnieri
(Watsuji and Takai, 2009) and the cave amphipod N. ictus
(Dattagupta et al., 2009). As mixo- or heterotrophs, the T.
benedii ectosymbionts could use the waste products the
host excretes during anaerobic metabolism such as suc-
cinate, acetate and propionate (Dubilier et al., 1994) and
recycle these back to the host as suggested for gutless
oligochaetes (Dubilier et al., 2001; Woyke et al., 2006).
They could also take up organic compounds directly from
the environment and pass these or essential amino acids
and vitamins to the host. However, T. benedi has a fully
functional digestive system and like other aquatic oli-
gochaetes ingests sediment and the organic material and
microorganisms therein to gain nutrition. It is therefore
hard to imagine that its ectobiotic community can play an
important role in its nutrition in comparison to the organic
matter available in its surroundings. Furthermore, only the
basal cells of the filamentous ectosymbionts are in direct
contact with the worm, and thus provide very little surface
area for the exchange of organic compounds.

Another function hypothesized to play a role in symbio-
ses with sulfur-oxidizing bacteria is that these detoxify
hydrogen sulfide, a potent inhibitor of aerobic respiration,
for their hosts (Somero et al., 1989; Dattagupta et al.,
2009). However, our calculations show that diffusion rates
of sulfide through the body wall of the worms are so fast
that bacterial sulfide oxidation would not be able to out-
compete it (Dubilier etal, 1995a). Finally, it is also
unlikely that the ectosymbionts are involved in pathogenic
interactions, as we saw no differences in the vitality of
worms lightly and heavily covered with the filaments in
this study and an earlier one (Dubilier, 1986).

While the benefit of the ectosymbionts for T. benedii
remains unclear, the advantages for these in associating
with the worm are obvious. The sulfur-oxidizing ectosym-
bionts have access to an ideal environment on the worm’s
tail with access to sulfide rising up from the sediments and
oxygen available from the water above the sediment
surface. There is a strong selective advantage for sulfur-
oxidizing bacteria in associating with animals that can
provide them with both sulfide and oxygen. For example,
Roy and colleagues (2009) showed that the sulfur-
oxidizing symbionts of the ciliate Zoothamnium niveum
take up 100 times more sulfide than bacteria on flat inert
surfaces. This selective advantage is so strong that these
types of associations have evolved multiple times in
numerous lineages of sulfur-oxidizing bacteria and in a
wide array of host groups (Dubilier et al., 2008). For the
mixo- and heterotrophic members of the T. benedii micro-
bial community, the association with an animal that
excretes large amounts of carbon and nitrogen waste
compounds provides a rich source of nutrition, and this
advantage is hypothesized to play a role in many asso-
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ciations between bacteria and marine invertebrates
(Carman and Dobbs, 1997; Robidart et al., 2008).

Specificity of the association

The T. benedii Gamma 1 and Epsilon 1 ectosymbionts
belong to clades that consist almost exclusively of bacte-
ria associated with hydrothermal vent invertebrates. This
suggests that bacteria from these clades have developed
an adaptive trait that enables them to easily colonize
marine invertebrates. In the symbiotic associations
between bioluminescent Vibrio fischeri and their marine
hosts, Mandel and colleagues (2009) hypothesize that
only a single regulatory gene was needed to confer free-
living V. fisheri with the ability to colonize their hosts,
possibly by ‘switching “on” pre-existing capabilities for
interacting with an animal’. Intriguingly, the closest cul-
tured relative to the T. benedii Gamma 1 ectosymbiont,
the filamentous sulfur oxidizer L. mucor, forms a basal
node to the y-ectobiont clade (Fig. 1). Leucothrix mucor
has been described from surfaces as diverse as marine
algae, fish eggs, and dead and live aquatic invertebrates
(Johnson etal, 1971; Sieburth, 1975; Carman and
Dobbs, 1997; Payne et al., 2007), suggesting a less spe-
cific interaction between these bacteria and the surfaces
they colonize. This could indicate that there is a progres-
sion from these possibly ancestral L. mucor associations
to the highly stable and specific associations within the
y-ectobiont clade. However, given that most studies used
only morphological characteristics to identify the filamen-
tous epibionts as L. mucor, unambiguous identification
through 16S rRNA sequencing and FISH is needed to test
this hypothesis.

Conclusions

Symbiotic associations with Epsilonproteobacteria have
only been described from deep-sea invertebrates, making
T. benedii, to our knowledge, the first invertebrate from
shallow environments with symbiotic Epsilonproteobacte-
ria. Tubificoides benediiis an opportunistic species that is
well adapted to estuaries and mudflats with organic-rich
sediments and rapid environmental fluctuations, including
low oxygen and high sulfide concentrations (Giere, 2006).
Similarly, Epsilonproteobacteria have been described as
uniquely suited to thrive in extreme environments such as
deep-sea hydrothermal vents, where they can rapidly
colonize dynamic environments with suboxic to anoxic
conditions (Campbell et al., 2006). Thus, T. benediiand its
epsilonproteobacterial ectosymbionts make good part-
ners in sharing similar ecological niches.

Symbiotic associations with Gammaproteobacteria are
widespread in both shallow-water and deep-sea chemo-
synthetic environments (Dubilier et al., 2008). However,
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the T. benedii Gamma 1 ectosymbiont belongs to a clade
that consists exclusively of symbiotic and free-living bac-
teria from deep-sea hydrothermal vents, while the chemo-
synthetic symbionts of other hosts from shallow waters
belong to clades distant from the vy-ectobiont clade
(Fig. 1). Thus, T. benediiis, to date, unique in its symbiotic
association with gamma- and epsilonproteboacterial sym-
bionts related to those from deep-sea hydrothermal vents.

The discovery of the T. benedii ectosymbiosis shows
that factors other than biogeography and host affiliation
must have been the driving force behind the associations
within the y- and e-ectobiont clades. Instead, the environ-
ment appears to have been crucial for the establishment
and evolution of these ectosymbiotic associations,
namely highly dynamic environments with strong fluctua-
tions of oxidants and reductants. We hypothesize that
symbioses with bacteria from these clades may be more
widespread in shallow-water environments such as
sulfide-rich intertidal mud flats than currently recognized.
Morphological and molecular analyses of ectobionts from
coastal marine sediments combined with analyses of their
metabolic potential will be useful in providing a better
understanding of the factors defining distribution patterns
and function of associations between marine hosts and
their symbiotic bacteria.

Experimental procedures
Specimen collection

Tubificoides benedii were collected in 1998 from Wadden
Sea sediments at the Lister Haken in the Kénigshafen Bay on
the Island of Sylt (55.03 N 8.10 E). The collection site is
characterized by eutrophication and in the warmer months,
massive green algal mats cover the sediment and lead to
high sulfate reduction rates and sulfide concentrations (Kris-
tensen et al., 2000; Reise and Kohlus, 2008).

To ensure as little contamination as possible, worms were
allowed to defecate their gut contents before fixation, and
only worms with visibly clear guts were used. Individual
specimens were rinsed three times in 0.2 um filtered seawa-
ter and fixed as described below.

Electron microscopy

For TEM specimens were fixed and prepared as described
previously (Dubilier, 1986).

Cloning and sequencing of 16S rRNA, aprA, soxB,
cbbL, cbbM and aclB genes

The tail ends of four T. benedii individuals were prepared
individually for PCR as described previously (Dubilier et al.,
1999) using the isolation protocol of Schizas and colleagues
(1997). Briefly worms were digested with Proteinase K and
DNA was extracted with Gene Releaser (BioVentures, Mur-

freesboro, TN, USA). Amplification, cloning and sequencing
of the 16S rRNA, cbbL, cbbM and aprA genes was carried out
as described previously (Blazejak etal, 2006) with the
following modifications: only 28-30 cycles and an extra
reamplification procedure of five cycles. The annealing
temperature for cbbL was set to 56°C instead of 48°C, for
aprA to 58°C instead of 54°C. For the amplification of cbbM,
the primers cbbMF_Els (Elsaied and Naganuma, 2001) and a
modified cbbM1R (Blazejak et al., 2006) with the sequence 5’
MGA GGT SAC SGC RCC RTG RCC RGC MCG RTG 3
were used with an annealing temperature of 62°C. PCR of
the soxB gene was carried out with soxB1446b and soxB432f
with an annealing temperature of 47°C as described (Petri
etal., 2001). For aclIB the primer combinations used were
aclB892F or aclB275F with aclB1204R with an annealing
temperature of 42°C (Campbell etal., 2003; Takai etal,
2005).

For all genes, PCR products were purified with the
QlAquick PCR purification kit (QIAGEN, Hilden, Germany)
and cloned using the pGEM-T/pGEM-T Easy Kit (Promega,
Madison, WI, USA) or the TOPO Kit (Invitrogen, Paisley, UK)
according to the manufacturers’ protocols. Plasmid DNA was
purified from overnight cultures using the QlAprep plasmid kit
(QIAGEN, Hilden, Germany). Clones with correct insert size
were partially sequenced (approximately 450-900 bp) and
grouped according to phylogentic positioning and similarity
values from a distance matrix in ARB (Ludwig et al., 2004).

Sequencing reactions were run on the ABI PRISM 3100
Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA). For each host individual, at least one representative
clone from each dominant clone group was fully sequenced
in both directions. Full sequences within each clone group
shared at least 99.0% sequence similarity (% identical nucle-
otides) for the 16S rRNA gene and at least 95% sequence
similarity (% identical amino acids) for the protein coding
genes. Closely related sequences of representative
sequences were identified with BLAST (Altschul et al., 1990)
queries and through phylogenetic analyses.

Phylogenetic analyses

16S rRNA chimeras were identified using CHIMERA_CHECK
from the Ribosomal Database Project (Cole et al., 2007) and
by eye in sequence alignments, and trimmed or excluded
from further analyses. Alignments were based on the 16S
rRNA secondary structure without partitioning into stem and
loops (Pruesse etal., 2007). Phylogenetic analyses were
performed with the ARB program (Ludwig et al., 2004) and
the online version of RaxML (Stamatakis et al., 2008). For the
16S rBNA gene, phylogenetic trees were calculated with
sequences no shorter than 1300 bp using neighbour-joining,
parsimony and maximum likelihood (ML, HKY substitution
model) as well as RaxML. Group filters for ML calculations
(25%-, 30%-, 40%- and 50%-filters) were constructed from
published gamma- and epsilonproteobacterial sequences in
ARB. Bootstrap values for the gamma- and epsilonproteo-
bacterial 16S rRNA trees were based on 1000 ML bootstraps
calculated with ARB. Short sequences in the CFB and deltap-
roteobacterial 16S rRNA trees (Figs S1 and S2) were added
to the ML-tree using parsimony with a positional variability
filter, bootstraps resulted from whole tree ML calculations.
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Phylogenetic trees of protein-coding genes were generated
from translated gene sequences of 131 (aprA), 133 (cbbM)
and 230 (cbbL) amino acids using the ML algorithm and a
JTT model with a 25% positional conservation filter. Trees
were reconstructed using the standard operating procedure
for phylogenetic inference SOPPI (Peplies et al., 2008), by
visually comparing different methods, parameters and filters
to identify the most stable tree topologies. All trees shown in
this study were constructed based on ML analyses with
nodes that were not stable (i.e. differed in more than two
methods) collapsed to a consensus branch.

Accession numbers

The sequences from this study are available through
GenBank under the accession numbers GU197394-
GU197482.

Fluorescence in situ hybridization (FISH)

Worm tail ends were fixed, embedded and sectioned as
described previously for gutless oligochaetes (Dubilier et al.,
1995b) with the omission of the redundant postfixation step
with 4% paraformaldehyde during the rehydration process.
Sections of T. benedii posterior ends were prepared for FISH
with monolabeled cy3 and cy5 probes and catalyzed reporter
deposition (CARD) FISH with horseradish peroxidase labeled
probes and tyramide signal amplification (with the fluorescent
dyes Alexa 488 and 633) as described previously (Blazejak
et al., 2006) with the following modifications: To decrease the
loss of FISH signal in the mucous layer of the worm, addi-
tional digestion procedures were added. After 12 min of 0.3 M
HCI, instead of a 5 min digestion with Proteinase K, the slides
were immersed for 30 min to 1 h in 0.1% lysozyme in 0.1 M
Tris/HCI / 0.05 M EDTA, 30 min to 1 h in 0.005% amylase in
1 x PBS (60 U mI”") and 5 min in 0.0005% Proteinase K in
20 mM Tris/HCI (all enzyme incubations at 37°C). Washing
for CARD-FISH in 1 x SSC buffer was increased to 1 h.
Probe concentrations in the hybridization buffer were
3.3 ng ul™" in FISH and 0.05 ng pl™" in CARD-FISH)

Specific and group oligonucleotide probes targeting the
dominant gamma- and epsilonproteobacterial 16S rRNA
sequences found in T. benedii clone libraries (Table 1) were
created with the ARB program and checked against
sequences in GenBank with BLAST and in the RDP database
with Probe Match (Cole et al., 2007) (Table 2). The specificity
of the ectosymbiont probes was tested against reference
bacteria with 16S rRNA sequences containing one or more
mismatches unless otherwise noted. General probes for the
Bacteria, Gammaproteobacteria, Deltaproteobacteria and
the CFB served as positive controls and the nonsense probe
NON338 as a negative control. Hybridizations were per-
formed at formamide concentrations ensuring specificity for
the targeted groups (Table 2). Images were recorded with the
Axiovision camera (Zeiss) and optimized with the accompa-
nying program AxioVision LE 4.5.

Acknowledgements

We thank Sabine Lenk for her help with soxB amplifications,
and Silke Wetzel and Lisa Drews for excellent technical

Ectosymbionts of a marine oligochaete worm 2323

assistance. We are grateful to Claudia Bergin, Jan Kiver and
Sabine Lenk for fruitful discussions. This work was supported
by the Max Planck Society, Munich, Germany.

References

Alayse-Danet, A.M., Desbruyéres, D., and Gaill, F. (1987)
The possible nutritional or detoxification role of the epibiotic
bacteria of alvinellid polychaetes: review of current data.
Symbiosis 4: 51-62.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., and Lipman,
D.J. (1990) Basic local alignment search tool. J Mol Biol
215: 403-410.

Bayer, C., Heindl, N.R., Rinke, C., Llcker, S., Ott, J.A., and
Bulgheresi, S. (2009) Molecular characterization of the
symbionts associated with marine nematodes of the genus
Robbea. Environ Microbiol Rep 1: 136—144.

Blazejak, A., Kuever, J., Erséus, C., Amann, R., and Dubilier,
N. (2006) Phylogeny of 16S rRNA, ribulose 1,5-
bisphosphate carboxylase/oxygenase, and adenosine
5’-phosphosulfate reductase genes from gamma- and
alphaproteobacterial symbionts in gutless marine worms
(Oligochaeta) from Bermuda and the Bahamas. Appl
Environ Microbiol 72: 5527-5536.

Campbell, B.J., Stein, J.L., and Cary, S.C. (2003) Evidence of
chemolithoautotrophy in the bacterial community associ-
ated with Alvinella pompejana, a hydrothermal vent poly-
chaete. Appl Environ Microbiol 69: 5070-5078.

Campbell, B.J., Engel, A.S., Porter, M.L., and Takai, K.
(2006) The versatile epsilon-proteobacteria: key players in
sulphidic habitats. Nat Rev Microbiol 4: 458-468.

Carman, K.R., and Dobbs, F.C. (1997) Epibiotic microorgan-
isms on copepods and other marine crustaceans. Microsc
Res Tech 37: 116-135.

Cole, J.R., Chai, B., Farris, R.J., Wang, Q., Kulam-Syed-
Mohideen, A.S., McGarrell, D.M., et al. (2007) The riboso-
mal database project (RDP-II): introducing myRDP space
and quality controlled public data. Nucleic Acids Res 35:
D169-D172.

d’Udekem, J. (1855) Nouvelle classification des Annélides
sétigéres abranches. B Cl Sci Ac Roy Belg 22: 533-555.

Daims, H., Bruhl, A., Amann, R., Schleifer, K.H., and Wagner,
M. (1999) The domain-specific probe EUB338 is insuffi-
cient for the detection of all Bacteria: development and
evaluation of a more comprehensive probe set. Syst App!
Microbiol 22: 434—444.

Dattagupta, S., Schaperdoth, I., Montanari, A., Mariani, S.,
Kita, N., Valley, J.W., and Macalady, J.L. (2009) A novel
symbiosis between chemoautotrophic bacteria and a fresh-
water cave amphipod. ISME J 3: 935-943.

Dubilier, N. (1986) Association of filamentous epibacteria
with Tubificoides benedii (Oligochaeta, Annelida). Mar Biol
92: 285-288.

Dubilier, N., Giere, O., and Grieshaber, M.K. (1994) Con-
comitant effects of sulfide and hypoxia on the aerobic
metabolism of the marine oligochaete Tubificoides benedii.
J Exp Zool 269: 287-297.

Dubilier, N., Giere, O., and Grieshaber, M.K. (1995a) Mor-
phological and ecophysiological adaptations of the marine
oligochaete Tubificoides benedii to sulfidic sediments. Am
Zool 35: 163-173.

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 2312-2326



2324 C. Ruehland and N. Dubilier

Dubilier, N., Giere, O., Distel, D.L., and Cavanaugh, C.M.
(1995b) Characterization of chemoautotrophic bacterial
symbionts in a gutless marine worm (Oligochaeta, Anne-
lida) by phylogenetic 16S rRNA sequence analysis and in
situ hybridization. App! Environ Microbiol 61: 2346—2350.

Dubilier, N., Amann, R., Erséus, C., Muyzer, G., Park, S.Y.,
Giere, O., and Cavanaugh, C.M. (1999) Phylogenetic
diversity of bacterial endosymbionts in the gutless marine
oligochete Olavius loisae (Annelida). Mar Ecol Prog Ser
178: 271-280.

Dubilier, N., Mulders, C., Ferdelman, T., de Beer, D., Pern-
thaler, A., Klein, M., et al. (2001) Endosymbiotic sulphate-
reducing and sulphide-oxidizing bacteria in an oligochaete
worm. Nature 411: 298-302.

Dubilier, N., Bergin, C., and Lott, C. (2008) Symbiotic diver-
sity in marine animals: the art of harnessing chemosynthe-
sis. Nat Rev Microbiol 6: 725—-740.

Elsaied, H., and Naganuma, T. (2001) Phylogenetic diversity
of ribulose-1,5-bisphosphate  carboxylase/oxygenase
large-subunit genes from deep-sea microorganisms. Appl
Environ Microbiol 67: 1751-1765.

Ghosh, W., Mallick, S., and DasGupta, S.K. (2009) Origin of
the Sox multienzyme complex system in ancient thermo-
philic bacteria and coevolution of its constituent proteins.
Res Microbiol 160: 409-420.

Giere, O. (2006) Ecology and biology of marine oligochaeta —
an inventory rather than another review. Hydrobiologia
564: 103-116.

Giere, O., and Rhode, B. (1987) Anatomy and ultrastructure
of the marine oligochaete Tubificoides benedii (Tubifi-
cidae), with emphasis on its epidermis-cuticle-complex.
Hydrobiologia 155: 159-159.

Gillan, D.C., and Dubilier, N. (2004) Novel epibiotic Thiothrix
bacterium on a marine amphipod. App/ Environ Microbiol
70: 3772-3775.

Gil-Turnes, M.S., and Fenical, W. (1992) Embryos of
Homarus americanus are protected by epibiotic bacteria.
Biol Bull 182: 105-108.

Goffredi, S. (2010) Indigenous ectosymbiotic bacteria asso-
ciated with diverse hydrothermal vent invertebrates.
Environ Microbiol Rep 2: 313-321.

Goffredi, S.K., Barry, J.P., and Buck, K.R. (2004a) Vesi-
comyid symbioses from Monterey Bay (Central California)
cold seeps. Symbiosis 36: 1-27.

Goffredi, S.K., Waren, A., Orphan, V.J., Van Dover, C.L., and
Vrijenhoek, R.C. (2004b) Novel forms of structural integra-
tion between microbes and a hydrothermal vent gastropod
from the Indian Ocean. Appl Environ Microbiol 70: 3082—
3090.

Goffredi, S.K., Jones, W.J., Erhlich, H., Springer, A., and
Vrijenhoek, R.C. (2008) Epibiotic bacteria associated with
the recently discovered Yeti crab, Kiwa hirsuta. Environ
Microbiol 10: 2623—2634.

Gonzalez, J.M., and Moran, M.A. (1997) Numerical domi-
nance of a group of marine bacteria in the alpha-subclass
of the class Proteobacteria in coastal seawater. Appl/
Environ Microbiol 63: 4237—-4242.

Grabovich, M.Y., Muntyan, M.S., Lebedeva, V.Y., Ustiyan,
V.S., and Dubinina, G.A. (1999) Lithoheterotrophic growth
and electron transfer chain components of the filamentous
gliding bacterium Leucothrix mucor DSM 2157 during

oxidation of sulfur compounds. FEMS Microbiol Lett 178:
155-161.

Guérin, C., and Giani, N. (1996) Analytical study of the
locomotor and respiratory movements of tubificid worms
by means of video recording. Hydrobiologia 333: 63—
69.

Hong, S.H., Bunge, J., Leslin, C., Jeon, S., and Epstein, S.S.
(2009) Polymerase chain reaction primers miss half of
rRNA microbial diversity. ISME J 3: 1365-1373.

Inagaki, F., Takai, K., Nealson, K.H., and Horikoshi, K. (2004)
Sulfurovum lithotrophicumgen. nov., sp. nov., a novel sulfur-
oxidizing chemolithoautotroph within the e-Proteobacteria
isolated from Okinawa Trough hydrothermal sediments. Int
J Syst Evol Microbiol 54: 1477-1482.

Johnson, P.W., Sieburth, J.M., Sastry, A., Arnold, C.R., and
Doty, M.S. (1971) Leucothrix mucor infestation of benthic
Crustacea, fish eggs, and tropical algae. Limnol Oceanogr
16: 962-969.

Kanagawa, T. (2003) Bias and artifacts in multitemplate poly-
merase chain reactions (PCR). J Biosci Bioeng 96: 317—
323.

Kristensen, E., Bodenbenderb, J., Jensenc, M.H., Rennen-
bergb, H., and Jensena, K.M. (2000) Sulfur cycling of inter-
tidal Wadden Sea sediments (Konigshafen, Island of Sylt,
Germany): sulfate reduction and sulfur gas emission. J Sea
Res 43: 93—-104.

Loy, A., Lehner, A., Lee, N., Adamczyk, J., Meier, H., Ernst,
J., etal. (2002) Oligonucleotide microarray for 16S rRNA
gene-based detection of all recognized lineages of sulfate-
reducing prokaryotes in the environment. Appl Environ
Microbiol 68: 5064—-5081.

Loy, A., Maixner, F., Wagner, M., and Horn, M. (2007) probe-
Base — an online resource for rRNA-targeted oligonucle-
otide probes: new features 2007. Nucleic Acids Res 35:
D800-D804.

Ludwig, W., Strunk, O., Westram, R., Richter, L., Meier, H.,
Yadhukumar, et al. (2004) ARB: a software environment for
sequence data. Nucleic Acids Res 32: 1363—1371.

Macalady, J.L., Lyon, E.H., Koffman, B., Albertson, L.K.,
Meyer, K., Galdenzi, S., and Mariani, S. (2006) Dominant
microbial populations in limestone-corroding stream bio-
films, Frasassi Cave System, ltaly. App/ Environ Microbiol
72: 5596-5609.

McFall-Ngai, M. (2008) Are biologists in ‘future shock’? Sym-
biosis integrates biology across domains. Nat Rev Micro-
biol 6: 789-792.

Mandel, M.J., Wollenberg, M.S., Stabb, E.V., Visick, K.L., and
Ruby, E.G. (2009) A single regulatory gene is sufficient to
alter bacterial host range. Nature 458: 215—-218.

Manz, W., Amann, R., Ludwig, W., Wagner, M., and Schleifer,
K.-H. (1992) Phylogenetic oligodeoxynucleotide probes for
the major subclasses of Proteobacteria: problems and
solutions. Syst Appl Microbiol 15: 593—600.

Manz, W., Amann, R., Ludwig, W., Vancanneyt, M., and
Schleifer, K.-H. (1996) Application of a suite of 16S rRNA-
specific oligonucleotide probes designed to investigate
bacteria of the phylum Cytophaga-Flavobacter-
Bacteroides in the natural environment. Microbiology 142:
1097-1106.

Meyer, B., and Kuever, J. (2007) Molecular analysis of the
distribution and phylogeny of dissimilatory adenosine-5'-

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 2312-2326



phosphosulfate reductase-encoding genes (aprBA) among
sulfur-oxidizing prokaryotes. Microbiology 153: 3478-
3498.

Meyer, B., Imhoff, J.F., and Kuever, J. (2007) Molecular
analysis of the distribution and phylogeny of the soxB gene
among sulfur-oxidizing bacteria — evolution of the Sox
sulfur oxidation enzyme system. Environ Microbiol 9:
2957-2977.

Nakagawa, S., and Takai, K. (2008) Deep-sea vent chemoau-
totrophs: diversity, biochemistry and ecological signifi-
cance. FEMS Microbiol Ecol 65: 1—14.

Ott, J., Bright, M., and Bulgheresi, S. (2004) Symbioses
between marine nematodes and sulfur-oxidizing chemoau-
totrophic bacteria. Symbiosis 36: 103—126.

Payne, M.S., Hall, M.R., Sly, L., and Bourne, D.G. (2007)
Microbial diversity within early-stage cultured Panulirus
ornatus phyllosomas. Appl Environ Microbiol 73: 1940—
1951.

Peplies, J., Kottmann, R., Ludwig, W., and Gldckner, F.O.
(2008) A standard operating procedure for phylogenetic
inference (SOPPI) using (rRNA) marker genes. Syst App/
Microbiol 31: 251-257.

Petersen, J., Ramette, A, Lott, C., Cambon, Bonavita, M.-A.,
Zbinden, M., and Dubilier, N. (2010) Dual symbiosis of the
vent shrimp Rimicaris exoculata with filamentous Gamma-
and Epsilonproteobacteria at four Mid-Atlantic Ridge
hydrothermal vent fields. Environ Microbiol (in press):
doi:10.1111/j.1462-2920.2009.02129.x.

Petri, R., Podgorsek, L., and Imhoff, J.F. (2001) Phylogeny
and distribution of the soxB gene among thiosulfate-
oxidizing bacteria. FEMS Microbiol Lett 197: 171-
178.

Polz, M.F., Felbeck, H., Novak, R., Nebelsick, M., and Ott,
J.A. (1992) Chemoautotrophic, sulfur-oxidizing symbiotic
bacteria on marine nematodes: morphological and bio-
chemical characterization. Microb Ecol 24: 313-329.

Polz, M.F., Robinson, J.J., Cavanaugh, C.M., and Van Dover,
C.L. (1998) Trophic ecology of massive shrimp aggrega-
tions at a Mid-Atlantic Ridge hydrothermal vent site. Limnol
Oceanogr 43: 1631-1638.

Prieur, D., Chamroux, S., Durand, P., Erauso, G., Fera, P,
Jeanthon, C., et al. (1990) Metabolic diversity in epibiotic
microflora associated with the Pompeii worms Alvinella
pompejana and A. caudata (Polychaetae: Annelida) from
deep-sea hydrothermal vents. Mar Biol 106: 361-367.

Pruesse, E., Quast, C., Knittel, K., Fuchs, B.M., Ludwig, W.,
Peplies, J., and Glockner, F.O. (2007) SILVA: a compre-
hensive online resource for quality checked and aligned
ribosomal RNA sequence data compatible with ARB.
Nucleic Acids Res 35: 7188-7196.

Reise, K., and Kohlus, J. (2008) Seagrass recovery in the
Northern Wadden Sea? Helgol Mar Res 62: 77-84.

Rieley, G., Dover, C.L.V., Hedrick, D.B., and Eglinton, G.
(1999) Trophic ecology of Rimicaris exoculata: a combined
lipid abundance/stable isotope approach. Mar Biol 133:
495-499.

Rinke, C., Schmitz-Esser, S., Stoecker, K., Nussbaumer,
A.D., Molnar, D.A., Vanura, K., etal. (2006) Candidatus
Thiobios zoothamnicoli, an ectosymbiotic bacterium cover-
ing the giant marine ciliate Zoothamnium niveum. Appl
Environ Microbiol 72: 2014—2021.

Ectosymbionts of a marine oligochaete worm 2325

Rinke, C., Schmitz-Esser, S., Loy, A., Horn, M., Wagner, M.,
and Bright, M. (2009) High genetic similarity between two
geographically distinct strains of the sulfur-oxidizing sym-
biont Candidatus Thiobios zoothamnicoli. FEMS Microbiol
Ecol 67: 229-241.

Robidart, J.C., Bench, S.R., Feldman, R.A., Novoradovsky,
A., Podell, S.B., Gaasterland, T., etal. (2008) Metabolic
versatility of the Riftia pachyptila endosymbiont revealed
through metagenomics. Environ Microbiol 10: 727—-
737.

Roy, H., Vopel, K., Huettel, M., and Jargensen, B. (2009)
Sulfide assimilation by ectosymbionts of the sessile ciliate
Zoothamnium niveum. Mar Biol 156: 669—677.

Ruehland, C., Blazejak, A., Lott, C., Loy, A., Erséus, C., and
Dubilier, N. (2008) Multiple bacterial symbionts in two
species of co-occurring gutless oligochaete worms from
Mediterranean sea grass sediments. Environ Microbiol 10:
3404-3416.

Schizas, N.V., Street, G.T., Coull, B.C., Chandler, G.T., and
Quattro, J.M. (1997) An efficient DNA extraction method
for small metazoans. Mol Mar Biol Biotechnol 6: 381—
383.

Sieburth, J.M. (1975) Microbial Seascapes. Baltimore, MD,
USA: University Park Press.

Sipos, R., Szekely, A.J., Palatinszky, M., Revesz, S., Mari-
aligeti, K., and Nikolausz, M. (2007) Effect of primer mis-
match, annealing temperature and PCR cycle number on
16S rRNA gene-targetting bacterial community analysis.
FEMS Microbiol Ecol 60: 341-350.

Somero, G.N., Childress, J.J., and Anderson, A.E. (1989)
Transport, metabolism and detoxification of hydrogen
sulfide in animals from sulfide-rich marine environments.
Rev Aquat Sci1: 591-614.

Stamatakis, A., Hoover, P., and Rougemont, J. (2008) A rapid
bootstrap algorithm for the RAXML web servers. Syst Biol
57: 758-771.

Suzuki, Y., Suzuki, M., Tsuchida, S., Takai, K., Horikoshi, K.,
Southward, A.J., et al. (2009) Molecular investigations of
the stalked barnacle Vulcanolepas osheai and the epibiotic
bacteria from the Brothers Caldera, Kermadec Arc, New
Zealand. J Mar Biol Assoc UK 89: 727-733.

Takai, K., Campbell, B.J., Cary, S.C., Suzuki, M., Oida, H.,
Nunoura, T., et al. (2005) Enzymatic and genetic charac-
terization of carbon and energy metabolisms by deep-sea
hydrothermal chemolithoautotrophic isolates of Epsilonpro-
teobacteria. Appl Environ Microbiol 71: 7310-7320.

Timm, T, and Erséus, C. (2009) Tubificoides benedii
(Udekem, 1855). Accessed through the World Register of
Marine Species [WWW document]. URL http://www.
marinespecies.org/aphia.php?p=taxdetails&id=137571
(accessed on 13 August 2009).

Wallner, G., Amann, R., and Beisker, W. (1993) Optimizing
fluorescent in situ-hybridization with rRNA-targeted oligo-
nucleotide probes for flow cytometric identification of
microorganisms. Cytometry 14: 136-143.

Watsuiji, T., and Takai, K. (2009) Compositional and functional
transition in epibiotic symbionts of Shinkaia crosnieri:
morphology, structure, energy and carbon metabolisms
during rearing. Goldschmidt Conference 2009 — Chal-
lenges to Our Volatile Planet. Poster presentation. Davos,
Switzerland.

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 2312-2326


http://www.marinespecies.org/aphia.php?p=taxdetails&amp%3Bid=137571
http://www.marinespecies.org/aphia.php?p=taxdetails&amp%3Bid=137571

2326 C. Ruehland and N. Dubilier

Woyke, T., Teeling, H., lvanova, N.N., Huntemann, M.,
Richter, M., Gloeckner, F.O., etal. (2006) Symbiosis
insights through metagenomic analysis of a microbial con-
sortium. Nature 443: 950-955.

Zbinden, M., and Cambon-Bonavita, M.A. (2003) Occurrence
of Deferribacterales and Entomoplasmatales in the deep-
sea alvinocarid shrimp Rimicaris exoculata gut. FEMS
Microbiol Ecol 46: 23-30.

Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Phylogenetic placement of Cytophaga/Flavo-
bacterium/Bacteroides 16S rRNA bacterial sequences from
T. benedii tail ends based on ML analyses (sequences from
this study in red, in parentheses the number of sequences
with > 99.0% to the given sequence). Scale bar =0.10 esti-
mated substitutions per site. Numbers next to nodes corre-
spond to bootstrap values based on 100 ML replicates (only
values above 60% are shown).

Fig. S2. Phylogenetic placement of deltaproteobacterial 16S
rBRNA sequences from T. benedii tail ends based on ML
analyses (sequences from this study in red, in parentheses
the number of sequences with >99.0% to the given
sequence). Five sphingobacterial sequences were used as
an outgroup (arrow). Scale bar = 0.10 estimated substitutions
per site. Numbers next to nodes correspond to bootstrap

values based on 100 ML replicates (only values above 60%
are shown).

Fig. S3. CARD-FISH images of epibacteria on T. benedii tail
ends.

A. Cross section through the tail end showing the thick layer
of bacteria covering the surface of the worm (eubacterial
probe EUBI-III).

B. The general gammaproteobacterial probe (GAM42a, red)
hybridized with rods and cocci in the mucus membrane, while
the Gamma 1 ectosymbionts hybridized with specific probes
(shown in green: TbGAM1-138) but not with the GAM42a
probe.

C. The T. benedii Gamma 2 ectobionts (hybridized with the
specific probe TbGAM2-447, green) were cocci-shaped and
found occasionally in the mucous membrane. D.-E. Deltap-
roteobacteria (probe DELTA495a, red) and Bacteroidetes
(probe CF319a, green) populated the worm’s mucous layer.
Deltaproteobacteria occurred singly as rods in groups of
coccoid or oval shaped cells. Bacteroidetes mostly occurred
in patches within the mucus and were often rod-shaped, and
sometimes elongated or filamentous.

Table S1. Additional oligonucleotide probes used in this
study that did not result in reproducible clear signals.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the
article.
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