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‘La simbiosis, la unión de distintos organismos para formar nuevos

colectivos, ha resultado ser la más importante fuerza de cambio sobre la

Tierra’

L. Margulis & D. Sagan, 1995

‘La unión hace la fuerza’

- Frase popular



Abstract

Symbiotic associations are complex partnerships that can lead to new metabolic

capabilities and the establishment of novel organisms. The diversity of these as-

sociations is very broad and there are still many mysteries about the origin and

the exact relationship between the organisms that are involved in a symbiosis

(host and symbiont). Some of these associations are essential to the hosts, such

as the chemosynthetic symbioses occurring in invertebrates of the deep-sea. In

others the host probably would rather not be the host, as in the case of parasitic

microbes. My PhD research focuses on symbiotic and parasitic associations in

chemosynthetic and non-chemosynthetic invertebrates. This thesis describes and

discusses three different aspects of associations between bacteria and marine in-

vertebrates. The first aspect focuses on chemosynthetic associations from a unique

asphalt seep called Chapopote in the Gulf of Mexico (GoM). Phylogenetic analyses

of host genes (cytochrome-c-oxidase subunit I) and bacterial genes (16S rRNA) in

two Bathymodiolus mussel species and an Escarpia tubeworm showed that both

the hosts and their chemosynthetic symbionts are very similar to their congeners

from the northern GoM. Unexpectedly, a novel symbiont most closely related to

hydrocarbon degrading bacteria of the genus Cycloclasticus was discovered in B.

heckerae. Stable carbon isotope values in B. heckerae tissues of lipids typical for

Cycloclasticus spp. were consistently heavier by 2.5� than other lipids indicating

that the novel symbiont might use isotopically heavy hydrocarbons from the as-

phalt seep as an energy and carbon source. The discovery of a novel symbiont that

may be able to metabolize hydrocarbons is particularly intriguing because until

now only methane and reduced sulfur compounds have been identified as energy

sources in chemosynthetic symbioses. The large amounts of hydrocarbons available

at Chapopote would provide these mussel symbioses with a rich source of nutri-

tion. The second aspect of this thesis deals with bacteria that infect the nuclei of
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marine invertebrates and were recently found to be widespread in deep-sea Bathy-

modiolus mussels. Because of their potentially lethal effect on bivalve populations,

I looked for the presence of intranuclear bacteria in economically important and

commercially available bivalve species, i.e. oysters (Crassostrea gigas), razor clams

(Siliqua patula and Ensis directus), blue mussels (Mytilus edulis), Manila clams

(Venerupis philippinarum), and common cockles (Cerastoderma edule). Fluores-

cence in situ hybridization (FISH) revealed the presence of intranuclear bacteria in

all investigated bivalves except oysters and blue mussels. Preliminary tests with

real-time PCR showed massive amounts of intranuclear bacteria in some of the

bivalve species, raising the question if these might affect not only the health of

the bivalves but possibly also of the humans that eat them. In the third and

final aspect of my thesis, I examined the general diversity of bacteria in the gill

tissues of deep-sea and shallow-water mussels and clams. Comparative 16S rRNA

sequence analysis and cultivation experiments revealed a much higher diversity

than previously recognized. This thesis shows that bivalves are ideal models for

studying the microbiota of marine invertebrates because of the high diversity of

both highly specific and more generalized symbiotic and parasitic bacteria in their

gill tissues.



Zusammenfassung

Symbiotische Assoziationen sind komplexe Partnerschaften, die zu neuen metabo-

lischen Fähigkeiten und der Etablierung neuartiger Organismen führen können.

Die Vielfalt dieser Assoziationen ist sehr hoch, und in vielen Fällen bleiben ihr

Ursprung und die genaue Beziehung zwischen den in die Symbiose eingebunde-

nen Organismen (Wirt und Symbiont) ungeklärt. Einige dieser Verbindungen sind

unverzichtbar für den Wirt, wie etwa die chemosynthetische Symbionten, die bei

Invertebraten in der Tiefsee vorkommen. In einigen anderen wäre der Wirt wohl

lieber nicht der Wirt, wie im Fall von parasitischen Mikroorganismen. Die For-

schung meiner Dissertation konzentriert sich auf symbiotische und parasitische

Assoziationen in chemosynthetischen und nicht-chemosynthetischen Wirbellosen.

Die vorliegende Arbeit beschreibt und diskutiert drei verschiedene Aspek-

te der Assoziationen zwischen Bakterien und marinen Invertebraten. Der erste

Aspekt konzentriert sich auf chemosynthetische Assoziationen an einem einzigarti-

gen Asphaltvulkan, dem Chapopote im Golf von Mexico (GoM). Phylogenetische

Analysen von Wirtsgenen (Cytochrom-c-Oxidase Untereinheit I) und bakteriel-

len Genen (16S rRNA) in zwei Bathymodiolus-Muschelarten und einem Escarpia-

Röhrenwurm haben gezeigt, dass sowohl die Wirte als auch ihre chemosynthe-

tischen Symbionten ihren Artverwandten aus dem nördlichen GoM sehr ähnlich

sind. Unerwarteterweise wurde in B. heckerae ein neuer Symbiont entdeckt, der

am nächsten mit den Kohlenwasserstoffe abbauenden Bakterien des Genus Cy-

cloclasticus verwandt ist. Die stabilen Kohlenstoffisotope der für Cycloclasticus

typischen Lipide in den Geweben von B. heckerae waren durchgängig um 2.5�
schwerer als bei anderen Lipiden. Dies deutet darauf hin, dass der neuartige Sym-

biont isotopenschwere Kohlenwasserstoffe aus dem Asphaltvulkan als Energie- und

Kohlenstoffquelle nutzen könnte. Die Entdeckung eines neuartigen Symbionten,

der in der Lage sein könnte, Kohlenwasserstoffe zu metabolisieren, ist besonders
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faszinierend, da bisher nur Methan und reduzierte Schwefelverbindungen als Ener-

giequelle in chemosynthetischen Symbiosen identifiziert worden sind. Die großen

Mengen von Kohlenwasserstoffen, die bei Chapopote verfügbar sind, würden dieser

Muschelsymbiose eine reichhaltige Nährstoffquelle zur Verfügung stellen.

Der zweite Aspekt dieser Arbeit beschäftigt sich mit Bakterien, die die Zellker-

ne von marinen Invertebraten infizieren und vor Kurzem weit verbreitet in Bathy-

modiolus-Muscheln der Tiefsee gefunden wurden. Wegen ihrer potentiell tödlichen

Auswirkungen auf Bivalven-Populationen habe ich besonders nach der Präsenz von

intranuklearen Bakterien in ökonomisch bedeutsamen und kommerziell erhältlichen

Muschelspezies gesucht, d.h. in Austern (Crassostrea gigas), Schwertmuscheln (Si-

liqua patula und Ensis directus), Miesmuscheln (Mytilus edulis), Venusmuscheln

(Venerupis philippinarum) und Herzmuscheln (Cerastoderma edule). Die Fluores-

zenz-in-situ-Hybridisierung (FISH) brachte intranukleare Bakterien in allen unter-

suchten Muscheln zum Vorschein, außer in Austern und Miesmuscheln. Vorläufige

Tests mit Hilfe der Real-time PCR zeigten hohe Mengen von intranuklearen Bak-

terien in einigen der Bivalvenspezies, was die Frage aufwirft, ob diese nicht nur die

Gesundheit der Muscheln, sondern möglicherweise auch die der sie verzehrenden

Menschen beeinträchtigen könnten.

Im dritten und letzten Aspekt meiner Doktorarbeit habe ich die allgemeine

Diversität von Bakterien in den Kiemengeweben von Tiefsee- und Flachwassermu-

scheln untersucht. Vergleichende 16S rRNA-Sequenzanalyse und Kultivierungsex-

perimente haben eine deutlich höhere Diversität enthüllt, als vorher bekannt war.

Diese Dissertation zeigt, dass Bivalvia aufgrund der hohen Diversität von sowohl

hochspezifischen als auch generalisierten symbiotischen und parasitischen Bakteri-

en in ihren Kiemengeweben ideale Modellorganismen sind, um die Mikrobiota von

marinen Invertebraten zu studieren.
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Preface

About the structure of this thesis

This thesis is composed of four general parts. Part I is the Introduction,

where all the concepts on which this thesis is based are summarized. Within

this part Chapter 1 describes the main models of symbiosis in a general

context. Chapters 2-5 describe the habitats, hosts, symbionts and methods

relevant to this thesis. The aims of this thesis are explained in Chapter 6.

Part II is the summary and discussion of the results obtained during the PhD

period. Three manuscripts are anticipated as a result of this thesis work and

they are included in Part III. Part IV is the conclusion of the thesis. Herein

I summarize and bring up the outlook of my area of investigation. The main

objective of this thesis is accomplished in the moment you reader have fun

learning about symbiosis through these pages.

xvi
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Chapter 1

Invertebrate-bacteria associations

Symbiotic bacteria are widespread within almost all invertebrate animals.

Insects are the most studied group and they overwhelm the pool of described

invertebrate species, 1 million species are formally described but it is esti-

mated that there are about 3 to 30 million species (Gaston 1994). Far less

is known about the biodiversity of marine species than terrestrial ones but

it is estimated that there are 1-10 million species of only deep-sea inverte-

brates (May 1992), and that marine invertebrates have the greatest phylo-

genetic diversity among animals (Brusca and Brusca 1990, McFall-Ngai and

Ruby 2000). Thus, it is likely that the greatest variety of animal-bacterial

symbioses occurs within this group. Marine bacteria-invertebrate associ-

ations have been greatly studied in marine annelids like Riftia pachyptila

(Cavanaugh et al. 1981, Di Meo et al. 2000, Bright and Sorgo 2003, Bright

and Bulgheresi 2010), Olavius algarvensis (Dubilier et al. 2001, Ruehland

et al. 2008) or Escarpia and Lamellibrachia vestimentiferans (reviewed by

McMullin et al. 2003, Bright and Bulgheresi 2010), in sponges (Vacelet and

Donadey 1977, Friedrich et al. 1999, Radjasa and Sabdono 2009), and among

the mollusks, the squid Euprymna scolopes (McFall-Ngai and Kimbell 2001,

McFall-Ngai et al. 2010), clams (Southward 2009, Fisher 1990, Newton et al.

2007), mytilids (Distel1994, Nelson et al. 1995, Van Dover and Trask 2000,

Duperron et al. 2009) and other mussels such as Lyrodus pedicellatus (Distel

et al. 2002). Three types of metabolic interactions have been recognized in

symbioses in general, and also in bacteria-marine invertebrates symbioses in

particular: ‘phototrophic’ - where bacteria like cyanobacteria live associated
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INTRODUCTION

to sponges, ascidians, or echiuroid worms and gain energy from light (Usher

2008); ‘heterotrophic’ - where bacteria use organic compounds as carbon

source. Examples are sponges (e.g. Friedrich et al. 1999) and Osedax spp.

symbioses (e.g. Rouse et al. 2004); and ‘chemosynthetic’ - where bacteria

convert one or more carbon molecules (usually carbon dioxide or methane)

and nutrients into organic matter using methane (methanotrophs) or inor-

ganic compounds such as hydrogen sulphide (thiotrophs) as electron donors

(for a review on chemosynthesis see Dubilier et al. 2008). Chemoautotrophic

bacteria (as thiotrophs) would use CO2 as carbon source. If we track back

and observe the symbiotic associations in the whole invertebrate group we

find that the insect symbiosis research is the oldest within the symbiology

studies (Hertig and Wolbach 1924, Buchner 1965). This is the cutting edge

area and I think we should learn about it and discuss general results com-

pared with insect models. Then, we will be able to standardize names and

concepts and expand the symbiology studies with a better foundation.

1.1 The different models

This section summarizes some of the most important models of invertebrate

symbiosis. They are the most studied models and the most advanced in the

sense of information and understanding; therefore they are the most com-

plete. I have chosen examples to include one of each case of symbiosis: het-

erotrophic, chemoautotrophic, mixed, intracellular, extracellular, obligatory,

and facultative (see Glossary for explanation of concepts). The focus of this

thesis is on marine symbioses, however I start by introducing a terrestrial

model because of its great importance to symbiology studies: the insect-

bacteria symbioses. I do not choose only one insect model because I would

like to show the symbiosis diversity in insect studies. These diverse associa-

tions are not strict and are even dynamic, making their study more difficult

and challenging, however concepts are broad and well accepted. For example

the ‘S’ concept, about facultative symbionts, (more details in Section 1.1.1)

is a very dynamic concept that leaves the door open to include many differ-

ent associations and gives importance to the non-obligatory associations. We
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INTRODUCTION

find in insect-bacteria associations all the main different symbioses described

so far: intracellular or extracellular, obligate or facultative, mutualistic, com-

mensalistic or parasitic. Some of these bacteria have been cultivated, which

permits a better understanding about the transmission process, the ecological

importance, and the physiological intricacies of the different symbioses. We

know now that bacterial symbionts influence many physiological functions

of insects. In conclusion, insect studies teach us many biochemical path-

ways used by the insect-bacteria association, the experimental design used

for their study, and the ecological importance that they might have. Perhaps

we would find all these functions in bacterial symbionts from marine organ-

isms but the studies are far too few in comparison. Comparisons of marine

and terrestrial symbioses should improve our understanding of both. In next

section (Section 1.1.2) I go directly to the marine systems and introduce the

heterotrophic symbiosis of squid-Vibrio bacteria. As this bacterium has also

been cultivated, the study at the molecular and physiological level is remark-

able, being perhaps the most understood marine symbioses at the molecular

level. In Section 1.1.3 I do a synthesis of the gutless worm symbiosis, as

this might be one of the most studied models where there is the presence of

both chemoautotrophic and non-chemoautotrophic bacteria. This is a very

particular symbiosis because it is a well studied extracellular but endogenous

marine symbiosis. Finally in section 1.1.4 I introduce vesicomyids clams as

they maintain a very well studied chemoautotrophic symbiosis. It is a one-

to-one (bynarian) host-symbiont obligatory association and they are a group

close-related to the main group of interest in this thesis, the Bathymodiolus

mussels, which I will be introducing in Section 3.1. Also, they belong to the

bivalves, which are the focus of the third manuscript.

1.1.1 Insects

Insects are the largest described group of eukaryotic organisms where symbi-

otic microorganisms are universally present. It is believed that they have the

most diversified symbiotic associations, both inside and outside their bodies

(Bourtzis and Miller 2003). Symbionts influence insect nutrition, develop-
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INTRODUCTION

ment, reproduction and speciation, immunological responses, and habitat

selection (Bourtzis and Miller 2003, Siozios et al. 2008, Bourtzis 2008, Buch-

ner 1965), making insects the most versatile organisms on Earth. Insect

symbionts are classified under two categories: ‘primary’ (P) and ‘secondary’

(S) symbionts, based on characteristic traits that for S-symbionts are com-

plex and therefore difficult to define. P-symbionts are large bacteria hosted

in specialized host cells (bacteriocytes), transmitted in a vertical mode (from

parents to offspring), and have a coevolutionary history with their hosts.

Insects with P-endosymbionts have a nutrient-poor diet, therefore their sym-

bionts are nutritionally important to gain essential amino acids, vitamins,

and other cofactors. S-symbionts are a very heterogeneous group because

they are usually incidental infections with a highly variable function (Bau-

mann 2005, Bourtzis 2008). Both positive and negative effects on the host

have been observed in symbiotic associations involving secondary symbionts.

Some of the positive effects are the capacity of infected hosts to survive heat

stress, develop resistance to parasitic wasps, or exhibit altered host plant

preference (e.g. Montllor et al. 2002, Oliver et al. 2005, Oliver et al. 2003,

Scarborough et al. 2005, Tsuchida et al. 2004). In other cases, the facultative

symbionts affect growth, reproduction, and longevity of the host (Chen et al.

2000; Min and Benzer 1997, Stouthamer et al. 1999). The importance of the

S-symbiont is undetermined in part because of the dynamism that a sym-

biosis can have, e.g. ‘replacement’ can occur in aphids: an S-symbiont can

take over the nutritional role of the disappeared P-endosymbiont (Koga et al.

2003). Furthermore, bacteria likeWolbachia that are members of the obligate

intracellular rickettsiales forge not only parasitic relationships with arthro-

pods, but also mutualistic relationships, primarily with nematodes (Merçot

and Poinsot 2009). To date only S-symbionts have been cultivated (e.g.

Burkhordelia of the broad-headed bug Riptortus clavatus (Heteroptera: Aly-

didae)). Nevertheless, non-cultivating methods like whole genome sequencing

let us now gain insight into several species, and even more completely, the

genome sequencing of both, the host and symbiotic bacteria. As example we

have now the aphid-Buchnera association that have been sequenced twice

(International Aphid Genomics Consortium 2010, Shigenobu et al. 2000).
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INTRODUCTION

Figure 1.1: Aphid-Buchnera symbiosis. In the inset, the aphid scheme showing
Buchnera in green. Left image showing symbiont-containing bacteriocytes within
aphid abdomen revealed by FISH specific probes. Blue is a general DNA stain,
highlighting aphid nuclei, in green Buchnera bacteria (P-symbionts) and in red
Regiella (S-symbionts). In the right image, a micrograph showing elongate Regiella
cells within a bacteriocyte (pink arrows) and nerby bactetiocytes containing Buch-
nera (green arrows). Black arrows indicate the bacteriome cell membrane. Scale
bars are in microns. (From IAC 2010)

Buchnera genome analysis uncovered a large number of genes that likely

code for amino acid biosynthesis genes and almost none for non-essential

amino acids. It also revealed that obligate bacterial endosymbionts of in-

sects have lost many genes and are among the smallest of known bacterial

genomes. Another interesting observation is the absence of immunological

response elements in the host, as it is the immune deficiency (IMD) pathway,

which is present in other non-symbiotic insects and controls the recognition

of Gram-negative bacteria. Also, the host lacks peptidoglycan recognition

proteins (PGRPs), that detect certain pathogens and trigger immunological

responses. In parallel with this genomes analysis there has been also great

progress in the study of molecular processes that govern host-bacteria phys-

iology, many genetic studies show the importance and evolution of certain

genes. In conclusion the area of the insect symbiology is an important area

with most advanced research.
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Figure 1.2: The light organ of the Euprymna scolopes squid is located in the ventral
part of the body. The internal components of the squid light organ at hatching
have very well developed appendages to which bacteria are attracted. Appendages
regress when Vibrio fisheri has successfully colonized the crypt epithelium. The
image below-right depicts the progression of the colonization. (a) Mucus is secreted
in appendages as a positive feedback response to bacteria peptidoglycans. (b) Only
viable Gram-negative bacteria form dense aggregations. (c) Motile or non-motile
V. fischeri out-compete other bacteria and become dominant in the aggregation.
(d) V. fischeri are the only bacteria able to migrate through the pores and colonize
the host tissue. (e) Symbiotic V. fischeri become non-motile and induce host-
epithelial cell swelling. Only bioluminescent V. fischeri will sustain long-term
colonization of the crypt epithelium. (E. scolopes photo: E. Roettinger. Schemes
from Nyholm and McFall-Ngai 2004)
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1.1.2 Squid

The symbiotic association between the Hawaiian bobtail squid Euprymna

scolopes and the bioluminescent bacterium Vibrio fischeri has been utilized

as a model system for understanding many symbiologically essential ques-

tions, i.e., the effects of beneficial bacteria on animal development, the trans-

mission hypothesis, and the role of the immune system in the acquisition and

maintenance of symbiosis. V. fischeri is a heterotroph and it is found in free-

living stage. When associated to the light-organ crypt (Fig. 1.2), its host

provides to the bacteria carbon and nitrogen in the form of peptides and

proteins (Graf and Ruby 1998). Over-population of the crypt spaces is con-

trolled by a daily venting event at dawn, involving the expulsion of 95% of the

crypt contents via the pores each dawn (Lee and Ruby 1994). The remaining

crypt symbionts will then multiply to repopulate the crypts over the follow-

ing day, completing the day-dawn cycle that the symbiosis has. The light

produced by the symbiont is emitted downward, and the squid can manip-

ulate the intensity of the light to match the intensity of down-welling moon

and starlight, thus masking its silhouette to evade bottom-dwelling preda-

tors (Jones and Nishiguchi 2004). Whole genome sequencing (Ruby et al.

2005, Mandel et al. 2009) has brought also many insights into the poten-

tial functions of symbiosis. V. fischeri is an extracellular bacterial symbiont

and it is transmitted horizontally (taken newly from the environment in each

generation). The acquisition occurs thanks to the activation of the juvenile

ciliated special tissue by bacterial peptidoglycans. After hatching, the host

tissue enters in contact with many microbe membrane-associated molecules

and starts secreting mucus abundantly. This mucus permits adhesion of bac-

teria, especially Gram negative, but at the end of 2-3 hours the aggregation

is dominated by V. fischeri (McFall-Ngai et al. 2010). From here on, sym-

bionts induce morphological changes in the host tissue and in the behaviour

of hemocytes that flow through the host’s hemolymph. It is not clear what

the function of these hemocytes may be, but it seems they have some type

of memory that make them distinguish symbionts from host cells and clear

other bacteria by phagocytosis (Nyholm et al. 2009, McFall-Ngai et al. 2010).
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Molecular signalization pathways are still unknown but very active research

on the matter is underway.

1.1.3 Gutless oligochaetes

As their name indicates, gutless oligochaetes have no mouth or gut, there-

fore, these worms (2-50 mm long and 0.1 - 0.3 mm thick) depend obligatorily

on symbiotic bacteria for nutrition (Dubilier et al. 2008). The symbionts are

extracellular but occur endogenously between the cuticule and epidermis. An

oligochaete like Olavius algarvensis can harbor as many as six co-occurring

symbionts that belong to the Gamma-, Delta-, or Alphaproteobacteria, and a

spirochaete has also been found (Blazejak et al. 2006, Ruehland et al. 2008).

Enzyme assays, immunohistochemistry, and labeled carbon experiments in-

dicate that at least some of the bacterial symbionts are thiotrophic, using

reduced sulfur compounds as electron donors and fixing CO2 autotrophically

to generate organic carbon compounds (Dubilier et al. 2006, Ruehland et al.

2008). A metagenomic analysis performed in the oligochaete Olavius algar-

vensis showed that most probable the symbionts are engaged in a syntrophic

sulfur cycle where Deltaproteobacteria are sulfate reducers and produce the

reduced sulfur compounds that thiotrophic gammaproteobacteria oxidize as

their primary energy source (Dubilier et al. 2001, Woyke et al. 2006). It is

been proposed that some of the symbionts in these worms have a vertical

transmission (Dubilier et al. 2006). Furthermore, the genome is not reduced

but contains a high number of transposable elements. This may mean that

symbionts are vertically transmitted and they are in an early stage of genome

reduction (Dubilier et al. 2008).

1.1.4 Vesicomyid clams

Large vesicomyid clams (e.g. Calyptogena spp., “Ectenagena” extenta) have

only a vestigial digestive tract, thus they depend nutritionally on their intra-

cellular gammaproteobacteria symbionts. Individual bacteria are contained

in a membrane-bound vacuole, and these are housed within host bacterio-

cytes. Symbionts are chemoautotrophs using energy from sulfide oxidation.
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Figure 1.3: Gutless oligochaete symbiosis. As they lack a digestive system, gutless
oligochaetes host bacterial symbionts to get their nutrition. (a) One of the model
gutless oligochaete Olavius algarvensis (Photo: N.Dubilier). (b) Transmission
electron micrograph of symbiont-containing region below the worm cuticle (cu).
Small and large symbiont morphotypes are shown with smaller and larger arrows,
respectively. Scale bar: 2 μm. (From Dubilier et al. 1995). (c and d) FISH
identification of bacterial symbionts with specific probes. Two of the six contained
phylotypes are localized, Gamma 1 (green) and Gamma 3 (red). Scale bars: 20
μm in (c) and 10 μm in (d). (From Ruehland et al. 2008)

It seems that vesicomyids synthesize a di-globular, non-heme molecule that

runs within the blood serum and binds free sulfide, perhaps via Zn2+ residues

(Childress et al. 1993; Franck et al. 2000), to provide their symbionts with the

required electron donor. The transfer of nutritional compounds to the host

is still not clear, but detection of lysozymes in the gills of the vent bivalve

Calyptogena magnifica (Fiala-Médioni et al. 1994) could be an evidence of

the digestion of the symbionts by the host. Symbionts are transmitted ver-

tically between host generations via the egg (Cary and Giovannoni 1993);

this model is supported by the phylogenetic coupling of mitochondrial with

symbiont genes (Hurtado et al. 2003). As symbionts have not been cultured,
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Figure 1.4: Calyptogena-thiotrophs symbiosis. A large �20 cm Calyptogena clam
is shown in left image (photo: www.exploretheabyss.com). In the right (A) Trans-
mission electron micrograph of gill filament, showing coccoid-shaped symbiotic
bacteria within a bacteriocyte and intercalary cells lacking symbionts; b: bacte-
ria; mv: microvilli (of both cell-types); nb: nucleus of bacteriocyte; ni: nucleus of
intercalary cell. (B) Higher magnification. Ultrastructure typical Gram-negative
bacteria and peribacterial membrane (arrow). Scale bars: A, 5 μm, B, 0.25 μm.
(From Cavanaugh 1985).

metagenomics have been used to sequence the bacterial genomes. Two differ-

ent whole genome sequencings were performed by Kuwahara et al. 2007 and

Newton et al. 2007: after a small process of tissue homogenization, filtration

and host DNA digestion, bacterial cells were separated from the host which

permitted submission of the bacterial DNA to a whole genome sequence anal-

ysis with little host DNA interference. The symbiont genomes sequencing

has shown that these are the smallest genomes within autotrophic bacteria,

and also has given the possibility of linking the symbiosis metabolism and

transmission hypothesis, with the potential implicated genes, as well as a

better overview of the diversification and genomic evolution. One of the lat-

est descriptions shows that vesicomyid symbionts have two different sulfur

oxidation pathways, one for thiosulfate and one for sulfide, which could be

an adaptation to the resource competition between tubeworms and bivalves

(Harada et al. 2009).
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1.2 Summary: The role of symbioses

Symbiosis is a way to obtain shelter, nutrients (needed compounds), or en-

ergy. But this is not the only level of importance that an association between

organisms has: it also stamps evolutionary traces on both sides, and some-

times it brings a new organism into play. We know now many of the roles

that symbionts have in some of the well studied symbioses, however there

are still many unclear pathways and many mysterious processes, such as how

nutrients are transmitted or how obligatory an association is. After physio-

logical, stable isotopic, enzymatic, and molecular studies, we know now that

essential amino acids, vitamins, and other cofactors are transmitted from

symbionts to insects; also that C1-elements are transferred from methan-

otrophs to mussels, snails, and tubeworms (for a review of methanotrophs

see Petersen and Dubilier 2009) in an organic source form, and that new

fixed carbon compounds are provided by chemoautotrophic (sulfur oxidiz-

ers) symbionts to their hosts that vary from ciliates to arthropods, including

nematodes, mollusks, and annelids (see Dubilier et al. 2008 for a review).
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Box 1. Symbiosis Concept and Symbiology. Symbiosis is a greek
word (συμβιωση) meaning: coexistence. As there are inconsistencies in
the use of the term symbiosis, this thesis will refer to the concept as
defined here. This word was first introduced as a biological descriptor in
the second half of the 19th century. The study of lichens made explicit
the need for a term to describe the coexistence of different organisms
that result in a ‘”new”’ entity with distinct morphological, genetic and
metabolic capabilities. The concept was brought into use by two dif-
ferent lichen biologists, the Swiss, Simon Schwendener (1829-1919) and
the German, Anton de Bary (1831-1888), who was likely the first to use
the term ‘”symbiosis”’ (de Bary 1878). Sometime before, the German
botanist, Albert Bernhard Frank (1839-1900), proposed the term ‘”sym-
biotism”’ (Frank 1877) but his work was less widely read than that of de
Bary’s. Around the same time, the terms mutualism and commensalism
were coined by P.J. Van Beneden (1845-1910) referring to a ‘benefit to
both organisms’ or a ‘benefit to one of the associated organisms, with no
benefit or harm to the other’, respectively. Symbiosis with a mutualistic
concept is used nowadays very often thanks to the historical connec-
tion to sociology, economy, politics, philosophy and other non-scientific
endevours (Margulis and Fester 1991). However, to strictly define an
association between organisms as parasitic, mutualistic, or otherwise, is
not an easy matter, as certain associations are not stable and the def-
inition of a benefit is not straightforward. Furthermore, the molecular
mechanisms enabling the establishment of a parasitic, mutualistic, or any
other association, are often similar (Hentschel et al. 2000), thus it is most
logical to study these associations as ‘symbiosis’ sensu lato: This thesis
shall be considered a symbiological study, contributing with novel de-
scription and understanding of two different systems: an endosymbiotic
and an endonuclear one. Though not commonly used in literature, the
term symbiology is the ‘study of the symbioses’ (Read 1970). I con-
sider symbiology to refer to and focus on the different symbiotic systems
and the mechanisms that govern them. A symbiological study aims to
describe the different members of an association, their role, and their
relationship, to model the symbiosis on a holistic system level. This con-
tributes to the understanding of the physiology, ecology and evolution of
the organisms involved in the association.
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Chapter 2

Habitats

In this chapter I will introduce the habitats that are of interest to this thesis,

from a general view to the specific habitat. Two main marine ecosystems

are reviewed: deep-sea cold seeps and shallow-water coastal zone. These

habitats differ greatly, but they both host a stable bivalve community.

2.1 Deep-sea cold seeps

As a general description, a ‘cold seep’ is a site where there is seepage of

hydrocarbons (in gas or liquid state), other gases such as hydrogen sulfide,

carbon dioxide, and also brines, which combine to make the environment very

energy-rich. The main hydrocarbon gas in most seeps is methane. There is

not yet an unequivocal explanation about how the seepage composition in

cold seeps is so highly charged in methane, it seems that phase partitioning

and fractionation during upward migration of hydrocarbons, and interaction

with water, minerals, and catalytically active transition metals in sedimen-

tary basins determine the final gas and oil composition (Seewald 2003). This

would be the explanation for the petrogenic origin of methane. Nevertheless,

there is active microbial activity in the subsurface that would be respon-

sible for the biogenic methane and sulfide supply. Methanogenic archaea

and sulfate reducers, carry out diverse anoxic processes: methane genera-

tion, anaerobic methane oxidation (AOM) and sulfide production. These

processes determine habitat geochemistry.
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Figure 2.1: Gulf of Mexico. The most studied sites are mapped with their respec-
tive Bathymodiolus and tubeworm fauna. The two pictures in the right show the
megafauna in Chapopote site (MARUM Copyright).

2.1.1 Gulf of Mexico

The Gulf of Mexico (GoM) is the ninth largest body of water in the world,

with an oval shape and a diameter of 1500 Km. It connects with the At-

lantic Ocean through the Florida Strait between the U.S.A. and Cuba, and

with the Caribbean Sea via the Yucatan Channel between Mexico and Cuba.

The GoM seafloor is composed principally of evaporates, red sediment, in-

trusive, and metamorphic rocks. Underneath, a few kilometers below the

surface floor, a huge deposit of hydrocarbons is found. These deposits date

from the upper Jurassic period and are considered to jointly represent one of

the biggest reserves in the world (Nehring 1991). Saline deposits are found

towards the surface sediment, creating a very dynamic floor. Diapirism, or

saline-density movements, commonly occur throughout the GoM. Cold seeps

(methane and hydrocarbon seepage) are widespread in the GoM as a result

of its special tectonics and geological history. Here, hydrocarbon seepage

and gas hydrates are two of the common settings. Methane and sulfide,

chemosynthetic life-sustaining elements, are normally present providing rich
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Figure 2.2: Salt domes. Diapirism, or saline-density movements, commonly occur
throughout the GoM allowing hydrocarbons to seep to the surface. Source rocks
are deeply buried beneath the allochthonous salt. Fluids migrate upward through
holes in the salt thrust (arrows). Within basins, salt and related faluts provide
conduits for vertical migration of fluids to reservoirs and to seafloor. (From Sassen
et al. 2004)

energy sources for chemosynthetic bacteria (Lanoil et al. 2001, Orcutt et al.

2005). The biology of the seeps in the northern Gulf of Mexico is well stud-

ied (e.g. Fisher 1993, Cavanaugh et al. 1987, Cavanaugh 1993, Carney 1994,

Cordes et al. 2005, 2007), but in the southern part the studies are scarcer,

making interesting a comparison between the symbiotic fauna of the northern

and southern sites. In the southern GoM, off the Mexican state of Campeche

there is a region called Campeche Knolls with a depth of almost 3000 m. This

area has a hummocky (many low ridges present) topography derived from

diapirism. Traps or paths of hydrocarbons in this zone are found frequently

seeping to the sediment surface and water column (Ewing 1991, Zhao and

Lerche 1993). A very unique area of the deep ocean was discovered here

in November 2003: among the large deserts of soft sediment a monticule of

solidified asphalt was found (MacDonald et al. 2004). Lava-like fluids and

well-developed metazoan communities living in between the asphalt layers

were observed. The locality was called Chapopote (“tar” in Spanish).
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2.1.2 Chapopote

Chapopote is a unique cold seep where asphalt, gas hydrates, and hydrocar-

bons are present all together in a deep-sea environment (2930 meters depth).

It seems that the asphalt flows out from time to time, making the habitat

very dynamic. It is suggested that shifts in this habitat occur in relatively

short time periods (MacDonald et al. 2004), consequently the biological com-

munity would have to re-structure constantly. Nevertheless, shrimps, tube-

worms, bivalves, and other fauna are abundant and coexist in this amazing

environment. What makes this site a special habitat with unique parameters

is that the oil has more asphaltenes that make it heavier, with a density

higher than water. Thus, the oil stays in the seafloor, while in other settings

the oil leaks upward to the water surface. And it is not just that it stays in

the depths but it stays in an oxic area and hydrocarbons can be aerobically

oxidized. Also, this is a system with new substrate for the megafauna to

settle, as there are not just carbonates but also solid asphalt formations.

2.2 Shallow-water coastal zone

The “coastal zone” is a transitional area in which terrestrial environments

influence marine environments and marine influence terrestrial ones (Carter

1988). This is a zone conformed mainly of shallow water habitats that are

characterized depending on their geographic location, and biogeochemical

parameters. Important parameters are the depth, grain size (fine-grained

or coarse-grained), sedimentology (soft bottom, carbonate concretions), and

hydrodynamics. Five trophic guilds are recognized within the shallow wa-

ter mollusks: suspension-feeders, deposit-feeders, carnivores, woodborers and

chemoautotrophs; and these are distributed within six habitat tiers: epifau-

nal cemented, epifaunal byssate, semi-infaunal, shallow infaunal, deep infau-

nal and boring (Stanley 1970, Grill and Zuschin 2001) (Fig. 2.3). In contrast

to the deep sea, where there is lack of organic matter from photosynthetic

primary production, shallow waters are organic rich at the pelagic and ben-

thic level. Additionally, loads of organic matter and nutrients from human

practices are deposited in these ecosystems (Andersson et al. 2005). For all
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Figure 2.3: Bivalves in their habitat tiers. (a) epifaunal cemented (e.g. oysters),
(b) epifaunal byssate (e.g. mytilids), (c) semi-infaunal (e.g. modiolids), (d) shal-
low infaunal (e.g. venerids), (e) deep infaunal (e.g. mactrids, razor clams), (f)
deep infaunal (lucinids) - that have a tube system which is formed with their ex-
tendable foot to obtain hydrogen sulfide from underlying sediments, (g) boring
(e.g. lithophagins). (From Grill and Zuschin 2001).

of the above reasons, life of bivalves in this ecosystem becomes very dynamic,

as they should be constantly adapting to the changing conditions. Yet, they

might not succeed and diseases would diminish bivalve populations (see also

Section 3.3: shallow-water bivalves).
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Chapter 3

Hosts

3.1 Deep-sea Bathymodiolus mussels

Deep-sea mytilid mussels of the genus Bathymodiolus have been found and

studied all around the world. The presence of this genus is limited to hy-

drothermal vents and cold seeps (Distel et al. 2000, Miyazaki et al. 2010).

Bathymodiolin mussels (Bathymodiolus spp. and relatives) rely for their nu-

trition on endosymbionts harbored in bacteriocytes, specialized cells of the

gill tissue. Some bathymodiolin species host thiotrophic symbionts, methan-

otrophs or both (see Section 4.1 for more details on symbionts). They retain

the ability to filter-feed which, in combination with their symbiotic associ-

ations, contributes to their broad geographic success (Fisher et al. 1987).

In the Gulf of Mexico seeps, five bathymodiolin species have been described,

three of them belonging to the Bathymodiolus genus: B. childressi, B. brooksi,

B. heckerae (Gustafson et al. 1998). B. childressi mussels have been found

all along the Louisiana slope including the Alaminos Canyon. B. brooksi has

been found in the Atwater Canyon and co-existing with B. childressi in the

Alaminos Canyon, and with B. heckerae in the West Florida Escarpment.

B. heckerae mussels have been reported from the West Florida Escarpment,

and also out of the GoM in Blake Ridge, off East Florida (see Figure 2.1

for species location in the GoM). Bathymodiolin mussels harbor different en-

dosymbionts. Whereas B. childressi has only methanotrophs (Fisher et al.

1987, Distel and Cavanaugh 1994, Duperron et al. 2007), B. brooksi and B.

heckerae possess a dual symbiosis of thiotrophic and methanotrophic bacte-
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Figure 3.1: Phylogeny of Bathymodiolus mussels based on COI and ND4 sequences.
The scale bar indicates 0.01 substitutions per site. (empty circles) hydrothermal
vent; (full circles) cold-water seep; (squares) wood/whale bone; (triangles) shallow.
(From Miyazaki et al. 2010).

ria (Cavanaugh et al. 1987, Fisher 1993, Duperron et al. 2007). Recently,

more than two phylotypes of bacteria were observed, namely in B. heckerae

which harbors four co-ocurring symbionts, a methanotroph, two phylogenet-

ically distinct thiotrophs, and a methylotroph-related one (Duperron et al.

2007). To date, phylogeny and distribution of Bathymodiolus spp. mussels

and their symbionts from the GoM have only been described in species from

northern locations (see Table 3.1), and it is not known how mussels and their

symbionts from the southern GoM are related to the former ones. Mitochon-

drial cytochrome c oxidase subunit I (COI) gene has been used to determine

the phylogeny within Bathymodiolus species (Miyazaki et al. 2004, Iwasaki

et al. 2006, Jones et al. 2006) with a good definition. However analysis with

several concatenated genes as ND4 and 28S rRNA (e.g. Won et al. 2008,
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Miyazaki et al. 2010) promise to give better phylogenetic histories.

Table 3.1: Distribution of Bathymodiolus mussels and their symbionts. T in-
dicates thiotrophic and M methanotrophic and their relative abundance. HV–
hydrothermal vent; CS–cold seep. (modified from DeChaine and Cavanaugh 2005
and Duperron et al. 2005

Zone Species Symb Hab Reference

PACIFIC

East P. Rise B. thermophius T HV Fiala-Médioni et al. 1986

North Fiji B. brevior T HV Distel and Cavanaugh

1994, Dubilier et al. 1998

Japan B. japonicus M HV and CS Hashimoto and Okutani

1994

B. platifrons M HV and CS Fujiwara et al. 2000, Barry

et al. 2002

B. septemdierum T HV Fujiwara et al. 2000

B. sp. T HV McKiness et al. 2005

ATLANTIC

Mid-Atlantic

Ridge

B. azoricus T>M HV Fiala-Medioni et al. 2002

B. puteoserpentis T>M HV Distel et al. 1995

Gulf of Mexico

& Blake Ridge

B. childressi M CS Fisher et al. 1987 Distel

and Cavanaugh 1994

B. heckerae M>T CS Cavanaugh et al. 1987,

Salerno et al. 2005, Duper-

ron et al. 2007

B. brooksi M>T CS Fisher 1993, Duperron

et al. 2007

Gabon Margin Bathymodiolus sp. M + T CS Duperron et al. 2005

Barbados B. boomerang M + T CS von Cosel and Olu 1998

3.2 Deep-sea Escarpia tubeworms

Adult vestimentiferan tubeworms lack a digestive tract and depend on their

chemoautotrophic symbionts for nourishment. They host their symbionts

in a specialized organ, the trophosome, a highly irrigated tissue complexed

with bacteriocytes. Tubeworm taxonomy has been intensively investigated
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Figure 3.2: Phylogeny of vestimentiferan tubeworms based on COI sequences.
Tubeworms from the three different deep-sea habitats are shown: vents (violet),
cold seeps (blue) and wood-fall (W - in brown). New specimen from this study
appears in bold. The tree was built based on all the sequences publicly available,
using RAxML, with 100 bootstrap replicates and rooted on Osedax japonicus.
Scale bar indicates 10% estimated base substitution.

in recent years (e.g. McHugh 2000, Halanych et al. 2001, Rousset et al. 2007,

McMullin et al. 2003). The current classification places all tubeworms in-

side the vestimentiferan group which belongs to the family Siboglinidae (Mc-

Mullin et al. 2003). They have many morphological and molecular features

in common, such as no mouth or functional gut, a trophosome tissue full of

symbiotic bacteria and closely related COI sequences. Tubeworms are found

generally in highly sulfidic habitats on continental margins, hydrothermal

vents, and cold seeps, with seeps inhabited mainly by escarpids and lamel-

librachids. Both groups are widely distributed in all ocean basins but the

Indian. Vestimentiferan tubeworms from the northern Gulf of Mexico have
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been well studied, for example by McMullin et al. 2003, who made an exten-

sive study of the phylogeny and biogeography of these tubeworms and their

symbionts using the 18S rRNA, COI, and 16S rRNA genes. A lot of data

was generated from this study which showed that there was no congruence

or clear pattern between both host and symbiont phylogeny. Two escarpid

species Escarpia laminata and Seepiophila jonesi, are characteristic in the

GoM basin, as is the lamellibrachid Lamellibrachia luymesi (Nelson et al.

1995, McMullin et al. 2003). Therefore, we expect to find these tubeworms

or closely related species at Chapopote. No molecular studies, as far as we

know, have been performed with species in the southern GoM and thus it is

of interest to compare these southern tubeworms and their symbionts from

an asphaltic location, with the not too distant northern tubeworms. Vent

vestimentiferan symbionts are related and belong to the Gammaproteobac-

teria group. Seep symbionts are phylogenetically more diverse; nevertheless,

lamellibrachid and escarpid symbionts form a cluster with the sulfide-oxidizer

symbiont bacteria of the vent vestimentiferans within the Gammaproteobac-

teria (Fig. 3.2).
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3.3 Shallow-water bivalves

Shallow water bivalves are widespread along coastal habitats. They are filter-

feeding animals that draw water in over their gills, extracting organic matter

from the water in which they live. An oyster can filter up to five liters of

water per hour (Prieur et al. 1990). Suspended matter (phytoplankton, zoo-

plankton, algae, and other nutrients and particles) is trapped in the mucus of

a gill, and from there is transported to the mouth, where it is eaten, digested,

and expelled as feces or pseudofeces. Due to this filter-feeding mechanism, a

high quantity of bacteria accumulates in the gill tissue. Bivalves harvested

for human consumption are submitted to a depuration process, where wa-

ter is run through their gills, to reduce the amount of particles and bacteria

present on this tissue. Bacterial communities of bivalves have been character-

ized, but mainly from the human health standpoint of view, biasing research

toward the study of the pathogenic bacteria diversity. There are also re-

search efforts in analyzing the potential of bivalve-bacteria associations as

producers of metabolites with antimicrobial agents (e.g. Zheng et al. 2005,

Lemos et al. 1985, Ivanova et al. 1998, Burgess 1999). Zheng et al. (2005)

described that more cultivated bacteria associated with invertebrates (20%)

have antimicrobial activity than bacteria isolated from seaweed (11%), water

(7%), or sediment (5%). These bacteria are not considered ‘true symbionts’

but only associated bacteria. However, depending on the symbiosis defini-

tion used (i.e. the sensu lato concept) these bacteria could be considered

real symbionts as their nutrition would be based on the vitamins, polysac-

charides, and fatty acids from the host tissue; and on the other hand they

would be excreting products such as amino acids and toxins, propitious to

their host’s development (Zheng et al. 2005, Armstrong et al. 2001).
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Box 2. Immunology of bivalves. Molecular studies of bivalve recog-
nition systems for bacteria are limited. Nevertheless, there is already
some knowledge about the bivalve immunological system and the re-
sponses that take place when confronting bacteria or pathogens. Bi-
valves possess various levels of defense mechanisms, and in general, they
have very effective humoral and cellular defense responses. The first
level includes natural physicochemical barriers, such as the exoskeletons,
cockles, cuticles and mucus. The second level of defense includes circu-
lating hemocytes and soluble factors in the hemolymph. Antimicrobial
peptides secreted by hemocytes have been identified: mytilins, myticins,
and defensis (Gestal et al. 2007). However, the main activity of the
hemocytes is the phagocytosis, as invertebrates lack leukocytes, mono-
cytes, or macrophages. And while they have not evolved a complex im-
munology (Canesi et al. 2002), hemocytes can have a response (chemo-
taxis or chemokinesis) to molecules or metabolites of bacteria (certain
lipopolysaccharides, formylated compounds, peptides, or lectins that are
undoubtedly involved in cell recognition by opsonization) and together
with the other hemolymph factors, trigger a wide range of defense mech-
anisms (Canesi et al. 2002). After nonself-recognition (by ligand-receptor
interactions not characterized to date) the foreign bacterium or the par-
ticle is internalized into a primary phagosome. Lysosomal granules fuse
with this phagosome to form the secondary phagosome and shortly after
integrate to mould a vacuole. Digestive glands provide enzymes to these
vacuoles, and these enzymes have been observed, for example, in Mytilus
edulis to possess N-acetyl-muramyl-hidrolases, lysozymes capable of de-
grading bacteria cell walls (Birkbeck et al. 1987). Different bacterial
sensitivities suggest that the role of surface interactions between bacte-
ria and hemolymph components is crucial in determining the fate of the
invading microorganism in the tissue (Prieur et al. 1990, Rinkevich and
Müller 1996).
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Chapter 4

Bacterial Symbionts

4.1 Chemosynthetic symbionts

Chemosynthetic symbiosis was discovered almost 30 years ago in marine in-

vertebrates, in particular within the megafauna from the hydrothermal vents

and cold seeps where it was observed that primary production is not based

on photo- but chemosynthesis (Cavanaugh et al. 1981). It has been inferred

that these symbioses (thiotrophic and methanotrophic) are based on a mutu-

alistic association where the host provides the substrates to the symbiont and

the symbiont pays in return by providing organic carbon. Chemosynthetic

symbioses are widespread in marine invertebrates, and the relationship varies

depending on the host organism. For example, in shrimps the association is

epibiotic (e.g. Segonzac et al. 1993, Petersen et al. 2010); with clams (e.g.

Van Dover and Trask 2000), mussels (e.g. DeChaine and Cavanaugh 2005),

and tubeworms (e.g. Cavanaugh 1985) it is intracellular; and finally extra-

cellular symbionts are found in gutless oligochaetes (e.g Dubilier et al. 2001,

Ruehland et al. 2008) and sponges (e.g Vacelet and Donadey 1977, Friedrich

et al. 1999). Intracellular symbiosis is very specific and few symbiont phylo-

types, based on electron microscopy, 16S rRNA sequence analysis, and FISH,

are detected in each host, meaning that the diversity is limited and probably

species-specific. The relative abundance of each phylotype is also variable.

The studies in bathymodiolin mussels where thiotrophic, methanotrophic, or

both bacterial symbionts are present with different relative abundances of

each phylotype are shown in Table 3.1.
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Figure 4.1: Bathymodiolin mussels host in their gills thiotrophic, methanotrophic
or both types of bacteria. Top-left image depicts the location of gills, how the water
flow through them (blue arrows) and a transversal cut normally used for micro-
scopical preparations (Scheme from: http://homes.bio.psu.edu). In the top-right
a transversal cut of a Bathymodiolus that harbours a dual symbiosis is hybridized
with FISH specific probes for thiotrophic (green) and for methanotrophic bacterial
symbionts (red). Scale bar: 10mum. (Photo: L.Raggi). Bottom-left image is a
scanning electron micrograph showing an opened bacteriocyte revealing abundant
intracellular bacteria. (Photo: Fisher et al. 1987). Bottom-right is a transmission
electron micrograph showing small morphotype (thitrophs) and large morphotype
bacteria (methanotrophs). Scale bar: 1 mum. (From Duperron et al. 2005).
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4.1.1 Thiotrophic symbionts

Thiotrophic or sulfur oxidizer bacteria (also called chemoautotrophic) are

able to get their energy from sulfide or other inorganic sulfur compounds,

oxidizing it with oxygen or nitrate. The ATP that is produced fuels au-

totrophic CO2 fixation (Figure 4.2). Although different phylotypes are found

in each host the majority belong to the Gammaproteobacteria group (Figure

4.4). In the recently sequenced chemosynthetic endosymbiont genomes of the

clams Calyptogena magnifica (Candidatus Ruthia magnifica) and C. okutanni

(Candidatus Vesicomyosocius okutanii), a large number of biosynthetic path-

ways were present (Newton et al. 2007, Kuwahara et al. 2007). The sulfur

oxidation process has been analyzed by means of genes and their transcripts

by Harada and collegues (2009) and it seems oxidation pathways function si-

multaneously. They proposed that thiotrophic symbionts oxidize sulfide and

thiosulfate. Sulfide is oxidized to sulfite by reversible dissimilatory sulfite

reductase (rdsr). Sulfite is oxidized to sulfate by adenosine 5́-phosphosulfate

(APS) reductase (apr) and ATP sulfurylase (sat). By means of the sulfur-

oxidizing multienzyme system (sox ), thiosulfate is oxidized to elemental sul-

fur, which is then reduced to sulfide by dissimilatory sulfite reductase (dsr).

In addition, thiosulfate may also be oxidized into sulfate by another compo-

nent of sox (Figure 4.2). The enzyme APR is present in both the reductive

and the oxidative sulfur pathways, catalizing the transformation between

APS and sulfite, in both directions. The aprA gene encodes for the alpha

subunit of this enzyme, and it has become a marker gene to identify the pres-

ence of thiotrophic bacteria in a symbiotic system. Thiotrophic bacteria are

potentially providing their host with the majority of its nutrition (Newton

et al. 2007, Harada et al. 2009).

4.1.2 Methanotrophic symbionts

Aerobic methanotrophs are bacteria that use methane as both an energy

(electrondonor) and a carbon source (for review see Cavanaugh et al. 2006,

McDonald et al. 2008 and Petersen and Dubilier 2009). They are included

in the broader class of the methylotrophs, which are defined as oxidizers of
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Figure 4.2: Oxidation of reduced sulfur compounds by sulfur chemolitotrophs
(thiotrophs). Sulfide is oxidized to sulfite by reversible dissimilatory sulfite re-
ductase rdsr. Sulfite is oxidized to sulfate by adenosine 5́-phosphosulfate (APS)
reductase apr and ATP sulfurylase sat. By means of the sulfur-oxidizing mul-
tienzyme system sox, thiosulfate is oxidized to elemental sulfur, which is then
reduced to sulfide by dissimilatory sulfite reductase dsr. In addition, thiosulfate
may also be oxidized into sulfate by another component of sox. Almost all sulfur-
oxidation pathways are present in a thiotrophic symbiont except for the sulfite
oxidoreductase pathway (green arrow), which does not have sulfite as intermedi-
ate compound. From all pathways electrons from sulfur compounds feed into an
electron transport chain (through membrane proteins: flavoprotein (FP), quinone
(Q) and cytochromes bc1, c, aa) and drive a proton motive force that results in
ATP production and a reverse electron flow that produce reducing power (NADH)
for C fixation.(Image modified from: Harada et al. 2009, Newton et al. 2007,
Madigan and Martinko 2009).
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Figure 4.3: Aerobic methane oxidation by methanotrophs. Methane (CH4) is con-
verted to methanol (CH3OH) by the enzyme methane monooxygenase. A proton
motive force is established from electron flow in the membrane, and this fuels AT-
Pase. Methanotrophs assimilate either all or one-half of their carbon (depending
on the pathway used) at the oxidation state of formaldehyde (CH2O). (Madigan
and Martinko 2009).

C1 compounds, such as methanol, formate, and carbon monoxide (Bowman

2006). The gene coding for the active subunit of the particulate methane

monooxygenase (pmoA) is an indicator of the aerobic methane oxidation

pathway. The particulate methane monooxygenase (pMMO) is a membrane

bound copper and iron containing enzyme and it is the first enzyme in the

aerobic oxidation of methane pathway (Figure 4.3). It has been found in all

methane-oxidizing bacteria investigated so far (Elsaied et al. 2006, Nerces-

sian et al. 2005) except for the genus Methylocella (Theisen et al. 2005). It

catalyzes the transformation of methane into methanol. Methanol is further

converted to formaldehyde, and this is easily recognized in the biosynthesis

pathways. The symbiont transfers the assimilated carbon rapidly to the host

(Fisher et al. 1987, Fisher and Childress 1992, Streams et al. 1997) and the

isotopic signature of the tissue (principally membrane lipids) becomes very

negative, close to the values of the biogenic methane (Jahnke et al. 1995,
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Pond et al. 1998, MacAvoy et al. 2002).

4.2 Hydrocarbon degraders

No hydrocarbon degrader symbiont has yet been described. However 79 bac-

terial species have been described that degrade hydrocarbons and use them as

the sole carbon and energy source (Prince 2005). Crude oil or petroleum is a

complex mixture (perhaps the most complex organic substance on Earth)

of more than 17,000 compounds that can be classified into four groups:

saturated and aromatic hydrocarbons, and non-hydrocarbon components:

resins, and asphaltenes (Head et al. 2006). There are two types of isolated

bacteria that use hydrocarbons almost exclusively as their carbon source,

the ones that use a variety of saturated hydrocarbons: Alcanivorax spp.,

Oleiphilus spp., Oleispira spp., Thalassolitus spp., and Planomicrobium spp.;

and Cycloclasticus spp. that use a range of polycyclic aromatic hydrocarbons

(PAH). However, there are a good number of bacteria that degrade PAH but

not as their only source belonging to the genus (Pseudomonas, Aeromonas,

Flavobacterium, Beijerinckia, Alcaligenes, Micrococcus, Vibrio, andMycobac-

terium). Cycloclasticus are thus unique and are commonly found blooming

in oil spills (Kasai et al. 2002, Maruyama et al. 2003). The first Cycloclasticus

sp. bacterium was isolated in 1995 being Methylobacter, Methylomonas and

the sulfur-oxidizing symbionts isolated from marine invertebrates Lucinoma

aequizonata and Thyasira flexuosa the closest relatives (Dyksterhouse et al.

1995). Fatty acid composition of isolated Cycloclasticus is not peculiar as

their predominant fatty acids are 16ω7cis and 16:0, which are characteristic

of general bacteria. However an unidentified fatty acid peak with a carbon

length of 11.798 was observed by Dyksterhouse et al. (1995). Methane has

not been observed to be degraded by Cycloclasticus but biphenyl, naphtalene,

anthracene, phenanthrene, salicylate, toluene, benzoate, acetate, propionate,

and glutamate were degraded and utilized as sole carbon source, after obser-

vations both in culture and in the environment (Dyksterhouse et al. 1995,

Kasai et al. 2002, 2003, Demaneche et al. 2004).
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Figure 4.4: Phylogeny of thiotrophic and methanotrophic endosymbionts hosted
by marine invertebrates and free-living gammaproteobacteria. Tree inferred from
16S rRNA gene sequences and based on 1000 maximum parsimony replicates. The
two usual phylotypes present in Bathymodiolus spp. are boxed and lettered (C and
M) for chemoautotrophic and methanotrophic respectively. All symbiotic bacteria
are labelled ‘symbiont’ while free-living are designated by taxonomic name alone.
(Modified from DeChaine et al. 2006). 35
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4.3 Intranuclear parasites

Endonuclear organisms have been observed and studied since the nineteenth

century (reviewed by Görtz 1983). The first studied organisms were eukary-

otes, such as flagellates present in ciliates nuclei. Nuclear bacteria in ciliates

were observed later and enough evidence to corroborate they were bacteria

was summarized by Preer (1975). Endonuclear symbiosis commonly occurs

in ciliates (Görtz 2006). It was not until 1986 that Elston (1986) described

an endonuclear pathogenic bacterium in the gills of the razor clam (Siliqua

patula) as unprecedented in metazoans, calling it ‘nuclear inclusion x’ (NIX).

Kerk et al. (1992) isolated the RNA of NIX bacteria to analyze the 16S rRNA

gene and they concluded it was a novel genus within the Gammaproteobac-

teria. Zielinski et al. (2009) found an intranuclear bacterium in gill tissues of

Bathymodiolus mussels calling it Candidatus Endonucleobacter bathymodi-

olin. The 16S rRNA gene sequences were not found in a regular clone library

with bacterial universal primers but with specific primers. A global distribu-

tion study showed the presence of the endonuclear bacteria in B. puteoser-

pentis (from the Mid-Atlantic Ridge), B. azoricus (the collection site is not

specified), B. brooksi (from the northern GoM), B. heckerae (from the south-

ern GoM) and other Bathymodiolus spp. from the Mid-Atlantic Ridge and

Pacific Antarctic Ridge. All 16S rRNA gene sequences group together within

the Gammaproteobacteria phylum. Closely related sequences to the ones

found in mussels have been found in other invertebrates as sponges, corals,

ascidians and sea slugs. It is suggested that this bacterium is host-specific,

as only one sequence of 16S rRNA is found in each host species. In Zielin-

ski et al. (2009) a name for the mussels phylotype is proposed: Candidatus

E. bathymodioli. How pathogenic these bacteria are for the mussels is still

unknown. Interestingly, the endonuclear bacteria are not found in the bacte-

riocyte nuclei but exclusively in intercalary cell nuclei, that are free of other

symbionts. This suggests that the methanotrophic and thiotrophic sym-

bionts might prevent the infection in bacteriocyte cells and thereby prevent

host death. In sponges, an endonuclear bacterium has been clearly observed

and its morphology is very similar to the one observed in the Bathymodiolus
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Figure 4.5: ‘Ca. E. bathymodioli’ in various mussel tissues and developmental
stages. BD. Non-ciliated gill tissue with intranuclear bacterium in intercalary cells
which alternate with bacteriocytes. E. Gut tissue. In images BE intranuclear
bacteria are shown in green and eukaryotic tissue is represented in yellow. Nuclei
and bacterial endosymbiotic DNA in bacteriocytes appear in blue. F. Non-ciliated
gill tissue with intranuclear bacteria; intranuclear bacteria appear in bright yel-
low, whereas eukaryotic tissue is represented by a yellowish to brownish colour.
Chemoautotrophic and methanotrophic bacterial endosymbionts in bacteriocytes
are shown in green and red respectively. Nuclei were stained with DAPI and
appear in blue. GP. Developmental stages of Ca. E. bathymodioli in B. puteoser-
pentis gill tissues. The intranuclear bacterium appears in green, the nucleus in
blue. Images HM result from projection of a stack of several two-dimensional
layers onto one single layer reflecting the overall three-dimensional structure on
a two-dimensional plane. GJ. Series showing growth from a single short rod to
a single filament in Stages 1 and 2. K. Two overlapping filaments or filament in
the process of longitudinal binary fission in transition from Stage 2 to Stage 3. L.
Two separate filaments (Stages 23). M. Filamentous assembly consisting of either
one single long coiled filament or several filaments (Stage 3). N. Stacks of shorter
filaments (Stage 4) resulting from transverse fissions of coiled filaments. O. Long
rods resulting from division of Stage 4 filaments. (Zielinski et al. 2009).
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mussels (Friedrich et al. 1999). No further studies about this bacterium in

sponges has been done yet. Zielinski et al. (2009) proposed a developmental

cycle for these novel bacteria in bathymodiolin mussels (Figure 4.5). It has

been reported that mussels inhabiting different habitats might be infested

with parasites in different abundances due to differences in their physio-

logical condition (Smith et al. 2000, Bergquist et al. 2004). Also, massive

mortalities have been reported without apparent explanation. Thus, it is of

interest to study the distribution and abundance of the endonuclear bacteria

in mussels coming from habitats with different environmental factors and

with economical importance as are the shallow-water bivalves.
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Methods of study

5.1 Cultivation

Most of what we know about physiology of organisms is based on laboratory

cultures. Cultivation is limited because so little is known about the needs for

growing a specific organism. Each organism has different needs. A culture

medium has to have all the nutrients, metals, and extra organic compounds

that the organism to grow requires. There are “selective”, “differential”, and

“enriched” media that define the isolation of a particular species. For the

intranuclear bacteria that I attempted to grow in this present work, we deal

with bacteria that grow in a high organic content environment: the bivalve

tissue. Therefore, enriched media were the preferred ones for the assay to

grow bivalve intranuclear bacteria. Three different media were used in solid

(with 1.5 % Agar) and liquid presentations: Marine Medium 2216 (Difco),

Minimum Medium with and without CTAB (0.1% yeast, 0.01% peptone,

1.5% agar, 100m CTAB, dissolved in sea water), and WL Nutrient Medium

(Difco) in 3.5% NaCl. To start the cultures bivalve sample was homogenated

with sterile sea water by using a homogenizer and was serially diluted with

sterile sea water. Then, an aliquot of each dilution was spread onto the

isolation medium plate or in bottles with liquid medium.

5.2 Molecular markers: 16S rRNA, aprA, pmoA

The study of symbiosis is not an easy task, especially because the system is

usually not separable and should be studied as a whole. Thus, independent-
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culture methods are essential to the study of symbioses. Molecular studies of

bacterial diversity probably started with the work of Lane et al. 1985 where

an easy method was proposed to rapidly analyze the 16S rRNA genes of a

non-isolated group of bacteria. This method permits the analysis of each

organism’s molecules separately, giving then the possibility of studying a

host and a symbiont simultaneously. The in situ hibridization (ISH) method

(Giovannoni et al. 1988) and then later the fluorescence in situ hibridiza-

tion (FISH) method (Amann et al. 1995) completed the analysis (full 16S

rRNA cycle analysis), because based on the same molecule is possible to lo-

calize specific bacteria, in this case the specific symbiont inside the host (e.g.

Dubilier et al. 1999, Blazejak et al. 2006, Duperron et al. 2007).

To investigate more about energy sources, the amplification and sequenc-

ing of metabolic marker genes was performed. The already well investigated

genes in mussel and tubeworm symbionts are the genes of the active subunit

of the particulate methane oxigenase (pmoA), marker of the methanotrophy,

and of the subunit A of the adenosyl-phosphate reductase (aprA) marker of

the thiotrophy. In addition in this thesis, assays to amplify metabolic marker

genes of hydrocarbon degradation, like mono- and di-oxygenases were per-

formed (see Manuscript I for more detail in material and methods).
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There are still many basic questions to be answered in the microbial symbi-

ology studies, questions inherited from the microbial ecology fundamentals.

Who is out there, or better said: which symbionts are out there? Where and

how many are there? What is their function? This thesis is a study aimed

to find answers to these questions.

The main objective of this thesis is to describe and analyze the symbiont-

host diversity in what it seems to be three different symbiosis scenarios: a

mutualistic, a parasitic, and a probable commensal. The first case is illus-

trated by the chemosynthetic Bathymodiolus mussels and tubeworms sym-

bioses. The second, by the intranuclear bacteria found in Bathymodiolus spp.

and shallow-water bivalves. What I call the third symbiosis consists of all

gill-associated bacteria found in all the studied bivalve species.

Chemosynthetic Symbiosis

In order to gain greater insight into this broad topic and re-investigate Bathy-

modiolus sp. and cold seep tubeworm symbioses, I had the opportunity to

be involved in a collaboration that my supervisor Dr. Nicole Dubilier had

forged with Dr. Antje Boetius, and be able to investigate the megafauna

and its associated symbiotic microbiota present in a newly discovered cold

seep that has the unique characteristic of presenting asphalt flows, giving a

series of new parameters that influence the life of the mentioned organisms.

These new settings that I have described in Section 2.1.2 are the explana-

tion for the discovery of a new hydrocarbon-degrading symbiont present in

Bathymodiolus heckerae. The results of this investigation are presented in

Chapter 6 and synthesized in the Manuscript I. During the search for this
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new symbiont mentioned above in other sites and other Bathymodiolus spp.,

I observed as yet undescribed so far epibiontic Epsilonproteobacteria lying

on apical filaments of the Bathymodiolus childressi gills. Epsilonproteobacte-

ria have been described as sulfur oxidizing symbionts in invertebrate species

(e.g. Rimicaris exoculata, Alvinoconcha hessli). I have included these results

in a review of the bivalve microbiota in the Manuscript III.

Intranuclear bacteria and other associated bacteria in bivalves

Based on the results of the study by Zielinski et al (2009) where I had the op-

portunity to participate in researching the presence of intranuclear bacteria in

Bathymodiolus spp. (Manuscript IV) and the state of the art that I described

in Section 4.3, I investigated the economically more important shallow-water

bivalves, focusing on the distribution of intranuclear bacteria. The objective

of this study was to determine whether these bacteria are broadly present in

bivalves and to develop a method to screen for these intranuclear bacteria.

The results of this investigation are shown in Manuscript II. After microbi-

ological and molecular studies, a high diversity of bacteria was found in the

studied bivalves. Some of these bacteria were isolated and many of them

were observed with FISH methods in association with the bivalve gill tissue.

The results of these investigations are summarized in Manuscript III, giving

an overview of past studies and showing how shallow-water bivalves could be

used as a model for studying bacteria-invertebrate associations.
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Results and Discussion

44



Chapter 6

Studies from an asphalt cold seep

Chemosynthetic life was discovered in Chapopote, southern Gulf of Mex-

ico (GoM) associated to lava-like flows of solidified asphalt, oil seeps and

gas hydrate deposits were also present (MacDonald et al. 2004). The site

is colonized by animals with chemosynthetic symbionts such as vestimen-

tiferan tubeworms, mussels, and clams. Morphological and molecular analy-

ses (COI gene) of 4 mussel individuals and 4 tubeworms, two mussel species

are present at Chapopote, Bathymodiolus heckerae and B. brooksi, and a

single Escarpia tubeworm species. Comparative 16S rRNA sequence analy-

sis and FISH showed that all three host species harbor intracellular sulfur-

oxidizing symbionts that are highly similar or identical to the symbionts

found in the same host species from northern GoM sites. The mussels also

harbor methane-oxidizing symbionts, and these are identical to their north-

ern GoM conspecifics. Unexpectedly, we discovered a novel symbiont in B.

heckerae, that is closely related to hydrocarbon degrading bacteria of the

genus Cycloclasticus. We found in B. heckerae the phenol hydroxylase gene

and stable carbon isotope analyses of lipids typical for heterotrophic bacteria

were consistently heavier in B. heckerae by 3 than in B. brooksi, indicating

that the novel symbiont might use isotopically heavy hydrocarbons from the

asphalt seep as an energy and carbon source. The discovery of a novel sym-

biont that may be able to metabolize hydrocarbons is particularly intriguing

because until now only methane and reduced sulfur compounds have been

identified as energy sources in chemosynthetic symbioses. The large amounts

of hydrocarbons available at Chapopote would provide these mussel sym-

45



RESULTS AND DISCUSSION

bioses with a rich source of nutrition. In this chapter I present all the results

obtained throughout the investigation of this subject.

6.1 Phylogeny of tubeworms and mussels from Chapopote

Phylogenetic resolution with the COI gene worked well for bathymodiolin

mussels, integrating the Chapopote individuals into defined groups of B.

heckeare and B. brooksi (Figure 6.2 a) species. However, as observed before

(for review see McMullin et al. 2003), the resolution of this gene is not suffi-

cient for determining tubeworm species (Figure 6.1 a), especially within the

escarpids which have a very similar COI sequence. In spite of that, it gives

a good definition of the tubeworm genera, in this case Escarpia. The phylo-

genetic analysis of the tubeworms including other molecular markers (as the

18S and ND4 mitochondrial gene) would be needed to differentiate between

Escarpia species. However, vestimentiferan tubeworms have a remarkable

plasticity (Black et al. 1997) and therefore E. laminata, E. southwardae and

E. spicata could be the same species. To resolve this, a population genetic

study would be required.

6.2 Phylogeny of chemosynthetic Bathymodiolus and Escarpia

symbionts

In the two tubeworm individuals that were analyzed by 16S rRNA, the pres-

ence of a single thiotrophic bacterial phylotype falling in the Group 1 (defined

by McMullin et al. 2003) was found (Figure 6.1b). The Escarpia sp. sym-

biont 16S rRNA sequence of this study was identical to the E. laminata

from the Florida Escarpment in the northern GoM (McMullin et al. 2003),

and E. spicata from the Guaymas seep (Vrijenhoek et al. 2007). Two Es-

carpia tubeworms from two collection sites in Chapopote were analyzed with

FISH specific probes designed for this study (see details sites and probes in

Manuscript I). Symbionts were localized in only one of the analyzed tube-

worms. High abundance through the whole transversal worm tissue could

be detected in a patchy distribution (Figure 6.3 c). DAPI signals correlated

with the symbiont signals. The explanation for the lack of FISH signals in
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Escarpia southwardae (Zaire Margin), AY326303
Escarpia laminata (Alaminos Canyon, GoM), AY129128
Escarpia laminata (Florida Escarpment, GoM), AY129131
Escarpia spicata (Santa Catalina Basin whale fall), U84262
Tubeworm 4 (Chapopote, GoM)
Escarpia spicata (Guaymas seep), U74065
Escarpia spicata (Guaymas vent), U74064
Tubeworm 2 (Chapopote, GoM)
Escarpia laminata, (Alaminos Canyon, GoM), AY129129
Escarpia laminata, (West Florida Esc, GoM), U74063
Escarpia laminata, (Alaminos Canyon, GoM), AY129130
Tubeworm 3 (Chapopote, GoM)
Tubeworm 1 (Chapopote, GoM)

Escarpia sp. (Louisiana Slope, GoM), AY129134
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Seepiophila jonesi endosymbiont (GB, nGoM), AY129092
Lamellibrachia cf. luymesi endosymbiont (Green Canyon, nGoM), AY129100
Lamellibrachia sp. endosymbiont (Bush Hill, nGoM), AY129110

unclassified escarpiid symbiont (GB, nGoM), AY129088
Lamellibrachia barhami endosymbiont (Monterey Canyon, EP), AY129094
Escarpia laminata endosymbiont (Atwater Canyon, nGoM), AY129102

Escarpia spicata endosymbiont (Whale fall, SCB), U77482
Lamellibrachia columna endosymbiont (Lau Basin, WP), U77481

Lamellibrachia barhami endosymbiont (Guaymas seep), DQ232902
Escarpia spicata endosymbiont (Guaymas seep), DQ232903
Escarpia laminata tubeworms endosymbiont (Chapopote, sGoM)
Lamellibrachia barhami endosymbiont (Middle Valley, NEP), AY129113
Lamellibrachia sp. endosymbiont (Green Canyon, nGoM), U77479
Escarpia laminata endosymbiont (Florida Escarpment, nGoM), AY129106

Vent group 

Escarpia spicata endosymbiont, AF165908
Escarpia spicata endosymbiont, AF165909
Solemya terraeregina gill symbiont, U62131

Thyasira flexuosa gill symbiont, L01575 0.10

Group 3

Group 2

Group 1

FIG 2. Phylogenetic affiliation of Escarpia tubeworms and their bacterial symbionts. (a) Tree 
based on COI gene sequences. Maximum-likelihood tree showing vestimentiferan tubeworm 
species from vent and seep environments including the 4 individuals of this study (sequences 
highlighted in gray). Only bootstrap values greater than 70 % are shown. (b) Tree based on 16S 
rRNA gene sequences. Maximum-likelihood tree shows within the gamma-proteobacteria 
phylum, thiotrophic symbionts of seep and vent vestimentiferans. Only one phylotype was 
present in the two investigated tubeworms (in bold), and fell in group 1 (McMullin at al 2003) 
within Escarpia spicata, Escarpia laminata and Lamellibrachia spp.

(a) COI

(b) 16S rRNA

Figure 6.1: Phylogenetic affiliation of Escarpia tubeworms and their bacterial
symbionts. (a) Tree based on COI gene sequences. Maximum-likelihood tree
showing vestimentiferan tubeworm species from vent and seep environments in-
cluding the 4 individuals of this study (sequences highlighted in gray). Only boot-
strap values greater than 70% are shown. (b) Tree based on 16S rRNA gene
sequences. Maximum-likelihood tree shows within the Gammaproteobacteria phy-
lum, thiotrophic symbionts of seep and vent vestimentiferans. Only one phylotype
was present in the two investigated tubeworm individuals (in bold), falling in group
1 (McMullin et al. 2003) with Escarpia spicata, Escarpia laminata and Lamelli-
brachia spp. symbionts.
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Figure 6.2: Legend on the next page
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Figure 6.2: Phylogenetic affiliation of Bathymodiolus mussels and their bacterial
symbionts. (a) Tree based on COI gene sequences. Maximum likelihood tree show-
ing Bathymodiolus spp. from vent and seep environments including the 4 individ-
uals of this study (highlighted in gray). Only bootstrap values greater than 70%
are shown. (b) Phylogenetic reconstruction of bacterial symbionts of Bathymodio-
lus mussels based on 16S rRNA gene sequences. Maximum-likelihood tree shows
within the Gammaproteobacteria phylum thiotrophic, Cycloclasticus-related, Psy-
chromonas-related and methanotrophic bacteria. The phylotypes investigated in
this study are shown in bold. Note that B. heckerae individuals have two different
thiotrophic phylotypes, one Cycloclasticus-related and one methanotrophic phy-
lotypes, and B. brooksi present only one thiotrophic, one Psychromonas-related,
and one methanotrophic phylotypes.

the second tubeworm analyzed might be because based on ROV images, the

sample was coming from a tubeworm community that looked dead, therefore

their symbionts might not be very active any more or tubeworms might be

loosing them. TEM observations of the sample would be necessary to corrob-

orate the absence of the symbionts. We might even observe many symbionts

being digested.

The 16S rRNA analysis of the bathymodiolin mussels showed that in

B. heckerae, two different thiotrophic bacteria phylotypes (TI and TII) and

one methanotrophic (M) were present (Figure 6.2. In B. brooksi, only one

thiotrophic (TI) and one methanotrophic (M) were recognized. With FISH

specific probes, each phylotype of thiotrophs and methanotrophs were lo-

calized in both individuals of each species (Figure 6.3). When comparing

to the mussels from the northern GoM (Duperron et al. 2007) they have

more thiotrophic bacteria based on the clone libraries and also with FISH

observations. In B. heckerae there is a clear dominance of TII symbiont over

TI and methanotrophs (Figure 6.3 e-g). This is a very interesting differ-

ence with the other Gulf of Mexico mussels investigated to date (Cavanaugh

1993, Fisher 1993, Duperron et al. 2007) where the dominant phylotype has

always been the methanotrophic one. Although there are not punctual mea-

surements for sulfide, or other sulfur sources, or methane compounds in the

collection site, we know that there is absence of sulfide in the water column

and there is high methane concentration (A. Boetius, personal comm). In
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consequence we suspect that the sulfide might be diffusing with difficulties

from below the asphalt and being consumed by the thiotrophic bacteria as

soon as it reaches the mussels. The presence of both thiotrophic phylotypes

present in one bacteriocytes (Figure 6.3 e and f), supports the idea that

each phylotype consumes a different sulfur source, however we can not dis-

card that they could be competing for the same resource and that is why in

some bacteriocytes one phylotype seem to dominate. It has been shown a

positive correlation between the amount of compounds present in the envi-

ronment and the quantity of each symbiont in bathymodiolin mussels (Trask

and Van Dover 1999, Fiala-Medioni et al. 2002, Salerno et al. 2005), however

it could also depend on the host needs, if the sulfur compounds provided

by thiotrophs (i.e. vitamins, amino acids, carbon compounds from CO2 as-

similation, etc) are low, they could stimulate augmentation of thiotrophic

bacterial content in the tissue to be able to increase the sulfur-compounds

uptake. Nevertheless, it is clear that the total and relative abundance of the

different phylotypes depends to a great extent on the biogeochemistry of the

environment (Duperron et al. 2007).

6.3 Novel symbionts in Bathymodiolus mussels

In addition to the symbionts described above, bacterial phylotypes that have

far never been found in close association with animals were found. A Psy-

chromonas-related species was found in the 16S rRNA clone library of B.

brooksi. With specific probes for this bacterial genus the presence of Psy-

chromonas-related bacteria in the mussel tissue was confirmed (Figure 6.3

k). Like the previously described thiotrophic and methanotrophic bacteria,

the Psychromonas-related phylotype also appeared to be present within the

host tissue, however they do not seem to be intracellular like the first ones

(Figure 6.3). They were far less abundant than the thiotrophic and methan-

otrophic symbionts, and could only be found by FISH in one of the two B.

brooksi individuals. Psychromonas are heterotrophic gammaproteobacteria

frequently found in cold-water sediments (Ivanova et al. 2004, Xu et al. 2003).
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Figure 6.3: Legend on the next page
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Figure 6.3: Bathymodiolus mussels and Escarpia tubeworms from Chapopote.
FISH images of bacteriocytes in the mussel gill filaments and in the tubeworm
trophosome. (a) Bathymodiolus brooksi and B. heckerae mussels together with es-
carpid tubeworms on the asphalt bottom at Chapopote, southern Gulf of Mexico.
Each species harbors its own specific bacterial phylotypes. (b) Escarpia tubeworms
from this study bear chemoautotrophic tubeworm symbionts. (c) Localization of
the symbionts (arrows) with a FISH specific probe through a tubeworm cross-
section. (d-g) B. heckerae mussel and respective FISH images: B. heckerae shell
has an elongated shape (d); its filamentous gills house methanotrophs (not shown
here) and two different chemoautotrophic bacterial phylotypes. The host nuclei
are in blue, thiotrophs TI in red, and thiotrophs TII in yellow (e, f). A new hy-
drocarbon degrader (Cycloclasticus-related) symbiont in green, co-exists with the
methanotrophic bacteria in blue and the thiotrophs in pink (g). (h-k) B. brooksi
mussel (h) and respective FISH images: The shape of the B. brooksi shell is rounder
and it is smaller than B. heckerae. B. brooksi gill filaments (autofluorescence of
the tissue is purple) house a methanotrophic bacterial phylotyope, in red, and a
thiotrophic one, in green (i). A detail of (i) shows host nuclei in blue, methan-
otrophs in red and thiotrophs in green (j). A Psychromonas-related bacteria was
associated with B. brooksi gill tissues (k). Scale bars: (c, e, i) = 50μm; (d, h) =
5 cm; (f, g, k) = 5 μm; (j) = 10 μm.

Only once, another Psychromonas-related phylotype has been observed as-

sociated with an animal, in the bones of a whale fall (Goffredi et al. 2004).

The presence of these bacteria seem to be related to a high organic matter

content in the environment, which in this case it exists at the Chapopote site

and would explain their presence in B. brooksi tissue.

A Cycloclasticus-related bacterium was found in B. heckerae 16S rRNA

clone library. With specific FISH probes I observed Cycloclasticus-related

bacteria co-existing in the same bacteriocytes as the thio- and methan-

otrophic endosymbionts in both B. heckerae individuals (Figure 6.3g). With

the PHLIP image software it was calculated that the Cycloclasticus-related

bacteria make up 6% of the total endosymbiont biovolume (results from D.

Fink, MPI Bremen). I suggest that the hydrocarbons in the environment

make Cycloclasticus sp. presence possible, as they have been found also in

oily sediments from shallow and deep waters (see section 4.2. However, this

is the first time that Cycloclasticus sp. is observed as an intracellular bac-

terium within animal tissues. The membrane molecules of this bacterium
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might be similar to the symbionts to the point that B. heckerae mussels let

them get inside them. The association might provide this bacterium the ad-

vantage of being in an aerobic habitat with available nutrients (as the flow

of water through the gills would bring the necessary resources) and for the

mussel this would provide a new nutrition source from the degradation of

aromatic compounds.

6.4 Host-bacteria specificity

The two different systems that I have been working with, Escarpia tube-

worms and Bathymodiolus mussels, show contrasting patterns in their sym-

biont specificity. A lack of host-specificity can be observed in Escarpia tube-

worms: the same symbiont phylotype is broadly distributed within different

tubeworm species. And the same tubeworm species from different habitats

or geographic locations can host a different bacterial phylotype (see Figure

6.1 b). This might be explained by a horizontal transmission of symbionts,

that in other tubeworms like Ridgeia piscesae and Riftia pachyptila has been

corroborated (Bright and Sorgo 2003, Nussbaumer et al. 2006). However,

a horizontal system could also have a very specific symbiont selection, like

in the squid-Vibrio symbiosis (see section 1.1.2). For the tubeworms, this

could mean that the molecular recognition process is not highly specific, al-

lowing promiscuity of bacterial phylotypes within the different hosts. This

is in contrast to the mussels where each mussel species hosts specific bacte-

rial phylotypes (Fig 7.2b). It might certainly be that some symbionts, like

the thiotrophs TI and methanotrophs from this study, are transmitted ver-

tically explaining why symbionts are exactly the same (based on 16S rRNA)

in mussels from distant places as northern and southern Gulf of Mexico,

but others like thiotroph TII (where northern and southern phylotypes are

close-related but not identical) are perhaps transmitted environmentally. An

alternative explanation to the vertical transmission is a very specific host-

symbiont recognition system, where methanotrophs and thiotrophs in each

host-species might have particular molecules and they would be recognized

and interiorized. Future studies focusing in the study of recognition molecules
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Figure 6.4: Stable carbon isotope measurements of lipids extracted from two B.
heckerae (heck), two B. brooksi (brook), and 4 Escarpia sp. (esc) tissue. Carbon
isotope values of lipids (circles and bars) and bulk tissue (red diamonds).The values
of methane (CH4) and heavier hydrocarbons (CnHx) that are characteristic of the
site are shonw.

(e.g.lectins) might reveal the mechanism for the host-symbiont specificity,

and might also reveal how novel associations e.g. B. heckerae-Cyclocasticus

can be established.

6.5 Metabolism of the symbioses

Genes aprA (subunit A gene of the adenosyl-phosphate reductase [APR])

and pmoA (active subunit gene of the particulate methane monooxygenase

[pMMO]) were analyzed. An aprA gene sequence was found in each host

species (6.5 a). After the 16S rRNA clone library there are two thiotrophic

bacterial phylotypes, thus two different aprA sequences were expected. Most

likely the aprA clone library was not screened enough to find the second

thiotrophic phylotype, that it is perhaps the low abundant phylotype (TI).

Based on 16S rRNA and aprA analyses both investigated tubeworms contain

only one identical thiotrophic phylotype, and each mussel species also bear

an own thiotrophic phylotype. One pmoA sequence was also present and

unique in each mussel species (6.5 b).
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The values of this study for the δ13C of the fatty acids of the Escarpia

tubeworms ranged from -27� for the short chain fatty acids to -43� for

the longer or complex lipids. As can be seen in Figure 6.4 the compound

specific stable carbon isotopes of the different Escarpia species are all very

similar between individuals. This is congruent with former studies as isotopic

measurements would show us a value close to -29� after the fractionation

of CO2 in the chemoautotrophic process (Fang et al. 1993). For the mussels

we have a bit more complex story because of the dual symbiosis. The close

phylogenetic relationship of the thiotrophic- and methanotrophic-related en-

dosymbionts found in this study with the previously described ones (i.e. in

the northern GoM and other basins), the presence of the pmoA and aprA

genes, and their lipid isotopic values (see Manuscript I), suggest that these

endosymbionts have the potential to oxidize both sulfur and methane. How-

ever, electron microscopy, and metabolic assays, like sulfide and methane

incorporations are needed to confirm this. The main isotopic values of both

mussel species are between -40 and -60� (see Figure 6.4). These values have

direct correlation to the isotopic value of the carbon source. Methane values

for the thermogenic methane in the northern GoM are between -44 and -46�
and for biogenic methane -64 to -65� (Sassen et al. 1999).

Specific biomarkers for the novel symbionts (6.3) would have been ideal to

track isotopic signatures, however no specific lipid markers are known from

cultivated Psychromonas spp., or Cycloclasticus spp. except for the short

length peak of 11.798 (see 4.2, but no short lipids were analyzed. Following

the hypothesis that Cycloclasticus-related bacteria could also be degrading

hydrocarbons, I looked for the genetic presence of an oxygenase. I found

the methyl-toluene-phenol hydroxylase (MTPH) gene in B. heckerae mussels

(Figure 6.5). Furthermore, when analyzing the lipid data (by F. Schubotz

and show with details in Manuscript I) we observed that lipids were heavier

in B. heckerae than in B. brooksi (Figure 6.4). In fact, bulk tissue and com-

pound specific stable carbon isotopes showed a mean average enrichment for

B. heckerae in comparison to B. brooksi. According to the fatty acid com-

position and the phylogenetic analyses it is clear that both mussels host a

dual symbioses. If both symbionts would utilize the same carbon sources
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we would expect them to have similar lipid isotopic values. Therefore, the

average 2.5� depletion of B. brooksi compared to B. heckerae is most likely

explained 1) by the presence of the additional hydrocarbon degrading sym-

biont, or 2) more active bacteria in one of the species. Although I have

showed the gene for the MTPH enzyme to be present, both results give us

only the clue for a potentially active association. Here we give first evidence

for the still incomplete study of the intracellular microbial community of

bathymodiolin mussels that seems to be more diverse than previously recog-

nized. In fact different microbial populations could cause the presence of all

these different lipids that we find among the hosts. Clearly more physiolog-

ical data are needed to explain the ecological role of these new mysterious

symbioses.

6.6 Summary

This is the first time that B. brooksi and B. heckerae) presented higher

abundance of thiotrophic than methanotrophic bacteria. Relative and total

symbiont abundance might depend on environmental geochemistry, and on

host and symbiont metabolism. The inhabitation of a new symbiont might

be provoked by the characteristic settings that this asphaltic cold seep has,

providing this bacterium the advantage of being in an aerobic habitat with

available nutrients (as the flow of water through the gills might be bringing

the necessary resources) and for the mussel this would provide a new nutrition

source coming from the degradation of aromatic compounds.
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Figure 6.5: Phylogenetic reconstruction of bacterial symbionts based on metabolic
marker genes. The three sequences of this study are highlighted in gray. (a)
Maximum-likelihood tree based on the alpha subunit of the APS reductase gene
(aprA) sequences. (b) Maximum-likelihood tree based on the active subunit of
the particulate MMO gene (pmoA) sequences. This gene was present only in
Bathymodiolus spp. The sequences of this study (in bold) grouped with former
Bathymodiolus sequences. (c) Maximum-likelihood tree based on the MTPH gene.
(d) MTPH gene was present only in B. heckerae (1.1 and 1.2) and not in B.brooksi
(2.1 and 2.2). The sequence fell within a cluster of sequences from hydrocarbon
environments.
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Chapter 7

Bacteria associated with bivalves

Bacteria associated with bivalves is a very extensive topic. If we have a

quick overview of all the bacteria that have been described as symbionts,

pathogens, or simply bacteria occasionally associated to a certain bivalve

tissue, many branches of the bacterial kingdom are covered (see Figure 7.1),

with a preference for Gram-negative bacteria. It is true that bacteria could

be opportunistic and be only in transit, however, it is interesting to note that

not all and every group of bacteria are covered, suggesting that certain bac-

teria do not live well in a bivalve habitat. For example Deltaproteobacteria

and Planctomycetes have never been found associated with bivalves. How-

ever, these bacteria have been found associated with other invertebrates like

sponges and in the case of Deltaproteobacteria even as part of an endosym-

biotic association (i.e. as in the oligochaete symbiosis described in Section

1.1.3). In the next sections I discuss the results obtained from molecular

analysis presenting the intranuclear bacteria and the general observed diver-

sity.

7.1 Intranuclear bacteria

Bacteria that invade eukaryotic nuclei are commonly found in protists but

have rarely been observed in multicellular eukaryotes. Recently, we described

intranuclear bacteria in deep-sea hydrothermal vent and cold seep mussels

of the genus Bathymodiolus (Zielinski et al. 2009). Phylogenetic analyses

showed that these bacteria belong to a monophyletic clade of Gammapro-

teobacteria associated with marine animals as diverse as sponges, corals,

58



RESULTS AND DISCUSSION

Candidate division OP1

Thermodesulfobacteria

Aquificales
Candidate division OP2 and OP5

Synergistetes
Candidate division OP10

Deinococcus-Thermus

Cyanobacteria
Candidate division OD1

Candidate division OP11

Chloroflexi
Actinobacteria

Firmicutes

Candidate division OP8
Nitrospirae

Acidobacteria
Deferribacteres

Candidate division OP9
Firmicutes-Clostridia

Planctomycetes

Candidate division OP3
Chlamydiae

Lentisphaerae

Verrucomicrobia
Fibrobacteres

Chlorobia

Bacteroidetes

Spirochaetes

Fusobacteria
Deltaproteobacteria

Epsilonproteobacteria

Magnetococcus

Alphaproteobacteria

Gammaproteobacteria4
Gammaproteobacteria3

Gammaproteobacteria2

Gammaproteobacteria-Piscirickettsiaceae

Betaproteobacteria

Gammaproteobacteria1

1.00

Figure 7.1: Phylogenetic tree of the main bacterial phyla based on 16S rRNA gene.
Most of the existing bacteria phyla are visualized here. Branches in purple are the
phyla for which bacterial species have been found associated to bivalves.
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bivalves, gastropods, echinoderms, ascidians, and fish. However, except for

the bathymodiolin mussels and a shallow water bivalve (the Pacific razor

clam Siliqua patula) none of these metazoa-associated bacteria have been

shown to occur inside nuclei. It has been suggested that intranuclear bacte-

ria may cause mass mortalities in bivalves but a causal relationship has never

been established. Because of their potentially lethal effect on bivalve pop-

ulations, I looked for the presence of intranuclear bacteria in economically

important and commercially available bivalve species, i.e. oysters (Cras-

sostrea gigas), razor clams (Siliqua patula and Ensis directus), blue mussels

(Mytilus edulis), manila clams (Venerupis philippinarum), and common cock-

les (Cerastoderma edule). Fluorescence in situ hybridization (FISH) revealed

the presence of intranuclear bacteria in all investigated bivalves except oys-

ters and blue mussels (see details in Manuscript II). A FISH probe targeting

all currently known intranuclear gammaproteobacteria was designed for fu-

ture high-throughput analyses of marine invertebrates. Furthermore, primers

were designed to quantify the abundance of intranuclear bacteria with real

time PCR. Preliminary tests with these primers showed massive amounts of

intranuclear bacteria in some bivalve species, raising the question if these

might significantly affect not only the health of the bivalves but possibly also

of the humans that eat them.

7.2 Diversity of bacteria associated with bivalves

A high diversity of bacterial phylotypes was found in our 16S rRNA sequence

analysis, some are recurrent bacteria that have shown up in previous bivalve

studies (Table 7.1). The representation of bacteria herein has a gammapro-

teobacteria dominance, as has been seen in the previous molecular studies of

bivalve-associated bacterial communities (Schulze et al. 2006, Cavallo et al.

2009). Bivalve sequences fell in clades with bacteria from organic-rich en-

vironments: oil spills, bone-falls, feces or invertebrate tissue. Most of them

belong to the Gammaproteobacteria group (Figure 7.2) but also there are

Alphaproteobacteria (Figure 7.3), Epsilonproteobacteria (Figure 7.3), Bac-

teroidetes (Figure 7.4), Actinobacteria and Spirochetes (Figure 7.5). It can
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be hypothesized that these bacteria are specialized on high-organic matter

habitats and that more analysis might show a host species-specific bacterial

community.

In the Epsilonproteobacteria group it was observed that there is a par-

ticular group that encloses hydrothermal vent sequences (7.3). Other two

sequences are from invertebrate tissue, Paralvinella palmiformis and B. plat-

ifrons. This last one is the closest relative to the sequence of B. childressi

analyzed herein. FISH analysis revealed that Epsilonproteobacteria are at-

tached to cilia-like structures of the mussel gill (see Fig. 2 in Manuscript

III). Other Epsilonproteobacteria have been described as invertebrate ec-

tosymbionts (e.g. in Rimicaris exoculata, which it is not surprising that the

diversity of this association is not limited to certain invertebrates (i.e. crus-

taceans) but it might extend widely in the whole invertebrate group.

Associated spirochaetes stand out because they seem to be a stable bac-

terial community in bivalve styles (Noguchi 1921, Bernard 1970, Paster et al.

1996, Prieur et al. 1990, Margulis and Fester 1991). In my FISH observations

(see Fig. 2 in Manuscript III) I see them well established in bivalve gill tissue.

Also, a spirochete sequence from DNA gills has been described in a Lucinoma

sp. cold-seep clam by Duperron et al. (2007). It might be worthwhile to do

a population genetics study to investigate the variability of these spirochetes

species within the different bivalves. It is not clear so far if spirochetes have

an ecological role or importance in the association with bivalves, but they

might be an ubiquitous microflora within the mollusks group (Prieur et al.

1990). Margulis et al. (1991) named as symbionts the studied spirochetes in

oysters. We might be able to study them as ubiquitous symbiotic bacteria

in bivalves.
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Vibrio sp. SOMBO17, cuttlelfish egg case, AJ936947
Vibrio sp. W-10, DQ923444

clone 6, Ensis directus, Sylt
Isolate Tapes semidecussatus
Mytilus edulis, Sylt
Listonella anguillarum, X71821

Crassostrea gigas., Sylt
Vibrio sp. 24A, ANG gland of Sepia officinalis, AJ936940

Vibrio splendidus, Pecten maximus, AJ515226
Mya sp., Crassostrea gigas., Mytilus edulis, Sylt
Vibrio sp. 3d, AF388392
Vibrio pomeroyi, AJ560649
mucus bacterium 55, mucus, Oculina patagonica, AY654793
Vibrio sp. A2, sea dragon, EF467288
Vibrio sp. Mel 34, Crassostrea gigas, AJ582805
Vibrio sp. P90, hydrocarbon polluted sediments, EU195934
Vibrio sp. LMG 23856, Ruditapes philippinarum, EF599163
Vibrio splendidus, AJ515230
Vibrio lentus, AM162659
Crassostrea sp., Ensis directus, Sylt

Mytilus edulis, Crassostrea sp., Ensis directus, Sylt
Antarctic bacterium PHNZ10C1, Antarctic surface seawater, DQ925852
Aliivibrio logei, AY771721
uncultured Vibrio sp., hindgut of Mudsuckers, DQ340191
Aliivibrio wodanis, Y17575

Aliivibrio logei, AY292925
Vibrio sp. 6(2006), diseased sporophyte, Laminaria japonica, DQ642809

Ensis directus clone, Sylt
clone 17, Crassostrea sp., Sylt

Psychromonas ossibalaenae, marine sediment adjacent to sperm whale carcasses, AB304808
gamma proteobacterium endosymbiont of Siboglinum fiordicum, EU086771
Psychromonas aquimarina, marine sediment adjacent to sperm whale carcasses, AB304805

Psychromonas japonica, marine sediment adjacent to sperm whale carcasses, AB304804

Psychromonas spp. cultivated

Bathymodiolus brooksi gill symbiont, (Chapopote Knoll, southern GoM)
Shewanella affinis, AF500080
Isolate Cerastoderma edule,Sylt
Shewanella colwelliana, AB205577
Shewanella sp. SOMBO46, cuttlelfish egg case, AJ936953

Alteromonadaceae bacterium T1, German Wadden Sea, AY177717
uncultured bacterium, Japan Trench sediment , AB013824

clone 3, Crassostrea sp.., Sylt
uncultured bacterium, temperate estuarine mud, AY216447
clone 37, Cerastoderma edule, Sylt
uncultured bacterium, Janssand intertidal sandy sediment, middle flat, EU707315

Alcanivorax sp. P75, hydrocarbon polluted sediments, EU195941
uncultured bacterium, orange microbial mat on a grey whale carcass, Pacific Ocean, AY922230
Alcanivorax borkumensis, Y12579
Alcanivorax sp. DG813, AY258105
Isolate 6 Tapes semidecussatus

Bathymodiolus thiotrophic group 

Cycloclasticus spp. 

Bathymodiolus methanotrophic group 

Vestimentiferan symbionts group 

NIX clade

Pseudomonas sp. 47, EU883662
Pseudomonas stutzeri, EU531806

Pseudomonas putida, oil contaminated soil, EU849665
Isolate 4 Tapes semidecussatus
Pseudomonas antarctica, soil, AM933495

Pseudomonas sp. Cam-1, AF098464
Pseudomonas sp. Sag-1, AF098467

0.10

Figure 7.2: Gammaproteobacterial diversity in bivalves. The clones and isolates
obtained in this study are highlighted in green. Clones or isolates are shown and
named after their host origin.
62



RESULTS AND DISCUSSION

clone 133, Ensis, Sylt
Ralstonia pickettii, lake sediment enriched with heavy metals, DQ997838
Ralstonia sp. SA-3, soil, DQ854843

unc. alpha proteobacterium, grey whale bone, Pacific Ocean, AY922181
alpha proteobacterium STF-07, North Sea oil reservoir, EU594271

clone 6, Crasosstrea sp., Sylt
Terasakiella pusilla, AB006768
Terasakiella sp. UST061013-067, EF587999

uncultured organism, deep-sea octacoral, DQ395939
Isolate, Tapes semidecussatus
Sulfitobacter litoralis, DQ097527
Sulfitobacter sp. BR1, AY902210
Sulfitobacter sp. S11-B-4, EU016167
Sulfitobacter sp. BSw20064, Arctic seawater, EU365589
Sulfitobacter sp. ARCTIC-P49, AY573043
Sulfitobacter sp. B7, AY902203
unidentified bacterium, AJ278782
Sulfitobacter sp. HEL-77, water sample from 10 m depth, AJ534229
Sulfitobacter sp. GAI-21, AF007257

clone B. childressi, nGoM
uncultured Bathymodiolus platifrons gill symbiont, AB250697

uncultured bacterium, Indian Ocean hydrothermal vent, AY531588
uncultured epsilon proteobacterium, Paralvinella palmiformis mucus secretions, AJ441206

uncultured epsilon proteobacterium, deep sea hydrothermal vent, AJ575999
uncultured bacterium, iron mat, FJ535279

uncultured epsilon proteobacterium, microbial fuel cell fed with marine plankton, EU052242
uncultured epsilon proteobacterium KTc1160, AF235116
uncultured bacterium, Montastraea faveolata - diseased tissue, FJ203167

epsilon clone, Ensis directus, Crasosstrea sp., Sylt
epsilon clone, Crassostrea sp. Mex
epsilon proteobacterium Oy-M7, adult oyster mantle, DQ357825

uncultured bacterium, Namibian upwelling system, EF645952
uncultured bacterium, Zostera marina roots, EF029017
epsilon clone, Mya sp., Sylt
clone 187, Crassostrea sp., France

uncultured bacterium, sediment from the Kings Bay, Svalbard, Arctic, EU050947
Arcobacter sp. BSs20195, DQ514311
uncultured bacterium, Pearl River Estuary sediments at 6cm depth, EF999357

uncultured bacterium, marine environment, AY548986
unidentified epsilon proteobacterium, deepest cold-seep area of the Japan Trench, AB015256

uncultured epsilon proteobacterium, Riftia pachyptila's tube, AF449239
uncultured bacterium, marine environment, AY548997
clone 27, Crassostrea sp., Sylt

0.10

Vents

Figure 7.3: Alpha- and Epsilonproteobacterial diversity in bivalves. The clones
and isolates obtained in this study are highlighted in blue. Clones from Ensis
directus, Crassostrea gigas, Tapes semidecussatus, B. childressi and Mya sp. 16S
rRNA libraries. Hydrothermal vent group is highlighted also.
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Flavobacteriaceae bacterium G1B2, AY285943
Polaribacter sp. SW019, coastal seawater, AF493675

unidentified marine eubacterium, aggregate, L10947
uncultured marine bacterium, diatom bloom, DQ372843
uncultured marine bacterium ZD0255, algal bloom, AJ400343

clone 196, Cerastoderma edule, Sylt
uncultured bacterium soil, sub-antarctic, AY794064
uncultured bacterium, sediment from the Kings Bay, Svalbard, Arctic, EU050901

uncultured bacterium, sponge endosome, Tethya aurantium, AM259819
uncultured bacterium, oxygen minimum zone in eastern South Pacific, DQ810319

sponge bacterium Zo9, Halichondria panicea, AY948376
uncultured bacterium, rural aerosol, EF451601
uncultured bacterium, aerobic activated sludge, EF648154
uncultured bacterium, compost, AM183001

clone, Crassostrea sp. Mex
clone, Ensis directus, Sylt

Gelidibacter sp. UL5, Marine, Ulva sp., AM180740
Olleya marilimosa, EF660466

uncultured bacterium, host egg, Sepia officinalis, AM162577
bacterial endosymbiont Idas sp., AM402958

0.10

Figure 7.4: Bacteroidetes in bivalves. The clones obtained in this study are high-
lighted in gray.

64



RESULTS AND DISCUSSION

S
p
ec

ie
s

Vibrio

Pse
udom

on
as

Achrom
ob

act
er-

Acin
eto

bact
er

Shew
an

ella
 sp

p.
Enter

ob
act

eri
a

oth
er 

Gam
ma Micr

oco
ccu

s Spiro
chete

s Bact
ero

idete
s Hyd

roc
arb

on
- 

deg
rad

ers oth
er 

Alpha Epsilo
n

Chlam
yd

ia Ph
oto

bact
eri

um
Pro

teo
lyt

ic b
act

.
Fer

men
tat

ive
 

bact
. Others

R
ef

er
en

ce
s

O
ys

te
rs

O
st

re
a 

ed
u
lis

M
N

o
g
u
ch

i 
1
9
2
1

C
ra

ss
o
st

re
a 

g
ig

as
C
S
C
IS

C
S

C
IS

S
IS

S
IS

S
IS

S
C

C
Pr

ie
u
r 

1
9
8
1
, 

S
u
g
it
a 

et
 a

l 
1
9
8
1
, 

S
ch

u
lt
ze

 e
t 

al
. 

2
0
0
6
, 

T
h
is

 s
tu

d
y

C
. 

vi
rg

in
ic

a
C
 2

5
%

C
3
1
%

M
C

C
2
6
%

C
 8

7
%

N
o
g
u
ch

i 
1
9
2
1
, 

M
u
rc

h
el

an
o
 

&
 B

ro
w

n
 1

9
6
8

C
. 

cu
cu

la
ta

C
C

C
C

C
C

N
ei

ss
er

ia
, 

C
o
ry

n
o
b
ac

te
ri
u
m

R
aj

ag
o
p
al

an
 &

S
iv

al
in

g
an

 
1
9
7
8

M
u
ss

el
s

M
yt

ilu
s 

ed
u
lis

C
S
C
S

S
M

C
C

N
o
g
u
ch

i 
1
9
2
1
, 

Pr
ie

u
r 

1
9
8
1
, 

th
is

 s
tu

d
y

M
er

ce
n
ar

ia
 m

er
ce

n
ar

ia

M
yt

ilu
s 

vi
ri
d
is

C
C

C
C

C
C

N
ei

ss
er

ia
, 

C
o
ry

n
o
b
ac

te
ri
u
m

R
aj

ag
o
p
al

an
 &

S
iv

al
in

g
an

 
1
9
7
8

M
yt

ilu
s 

co
ru

sc
u
s

C
C

C
C

M
o
ra

xe
lla

S
u
g
it
a 

et
 a

l 
1
9
8
1

C
la

m
s

C
er

as
to

d
er

m
a 

ed
u
li

C
S

S
th

is
 s

tu
d
y

T
ap

es
 (

V
en

er
u
p
is

) 
sp

p
.

C
IS

S
C

IS
C
C
S

IS
C
S

C
S

M
IS

 
E
C
S

C
S

IS
C

C
S
u
lf
it
o
b
ac

te
r

N
o
g
u
ch

i 
1
9
2
1
, 

Pr
ie

u
r 

1
9
8
1
, 

S
u
g
it
a 

et
 a

l 
1
9
8
1
, 

S
ch

u
lt
ze

 
et

 a
l.
 2

0
0
6
, 

T
h
is

 s
tu

d
y

S
ili

q
u
a 

p
at

u
la

E
n
si

s 
sp

p
.

C
S

S
M

S
S

S
N

o
g
u
ch

i 
1
9
2
1

M
ya

 a
re

n
ar

ia
C
C
S

C
C

S
M

C
S

C
o
ry

n
o
b
ac

te
ri
u
m

, 
A
rt

h
ro

b
ac

te
r

N
o
g
u
ch

i 
1
9
2
1
, 

C
u
n
d
el

l 
&

 
Yo

u
n
g
 1

9
7
5

M
ac

tr
a 

ve
n
er

if
o
rm

is
C

C
C

C
M

N
o
g
u
ch

i 
1
9
2
1
, 

S
u
g
it
a 

et
 a

l 
1
9
8
1

Ph
ac

o
so

m
a 

ja
p
o
n
ic

u
m

C
C

C
S
u
g
it
a 

et
 a

l 
1
9
8
1

S
ca

p
h
ar

ca
 b

ro
u
g
h
to

n
ii

C
C

C
S
u
g
it
a 

et
 a

l 
1
9
8
1

Pa
n
o
p
ea

 a
b
ru

p
ta

IS
IS

IS
IS

S
ch

u
lt
ze

 e
t 

al
. 

2
0
0
6

T
ab

le
7.
1
:
B
a
ct
er
ia
l
d
iv
er
si
ty

st
u
d
ie
s
in

b
iv
a
lv
es
.
S
tu
d
ie
s
w
h
er
e
b
a
ct
er
ia

h
av
e
b
ee
n
o
b
se
rv
ed

m
ic
ro
sc
o
p
ic
a
ll
y
(M

),
cu

lt
u
re
d

(C
),
is
o
la
te
d
(I
),
o
r
th
ei
r
1
6
S
rR

N
A

se
q
u
en
ce
d
(S
).
S
o
m
e
le
tt
er
s
a
re

re
p
ea
te
d
b
ec
a
u
se

m
o
re

th
a
n
o
n
e
st
u
d
y
h
av
e
ch
a
ra
ct
er
iz
ed

th
e
sp
ec
ie
s.

In
re
d
th
e
se
q
u
en
ce
s
a
n
d
cu
lt
u
re
s
fr
o
m

th
is

st
u
d
y.

65



RESULTS AND DISCUSSION

7.3 Bacterial cultivation

Bacteria belonging to the same monophyletic clade to which intranuclear bac-

teria belong (called here NIX-clade, Figure 7.6) have recently been isolated

from several organisms: a tropical sponge (Nishijima et al in prep), a sea slug

Elysia ornata (Kurahashi and Yokota 2007), and an echinoid Tripneustes

gratilla (Becker et al. 2007). Unluckily, in these studies there has not been

microscopical observations (Nishijima and Kurahashi, pers. comm.), and it

is not known if bacteria were in the host nuclei. Nevertheless, I decided to

try the cultivation of the intranuclear bacteria associated to Tapes semide-

cussatus, Cerastoderma edule, Crasosstrea gigas, and Ensis directus with the

media used in the two published studies and an enriched medium. Selected

bivalves were the ones that presented NIX-related bacteria in the 16S rRNA

analysis and glycerol samples were available.

No NIX-related bacteria were cultivable. However, many other types of

bacteria were isolated. Not very surprisingly I could isolate several Vibrio

spp. from T. semidecussatus. Vibrio spp. seem to be recurrent in bivalves

(see Table 7.1 for all the cultivated and observed bacteria in bivalves) and in

fact they are called facultative pathogens (Prieur et al. 1990, Beaz-Hidalgo

et al. 2010). The study of Vibrio spp. is very broad because of the hu-

man pathogenic strains that associate to and can be transmitted through

edible bivalves (e.g. Canesi et al. 2005, Paranjpye and Strom 2005). Vibrio

strains were also obtained from Tapes semidecussatus, including in the media

with CTAB, that was used before by Plante and coworkers (2008) to isolate

surfactant-resistant bacteria with the aim to obtain bacteria potentially usu-

ful for environmental remediation. Already observed in previous works (Ra-

jagopalan and Sivalingam 1978, Sugita et al. 1981) I could cultivate bacteria

from the Actinobacteria phylum (Kocuria sp. and Dermacoccus sp.), and

Bacillus sp. of the Firmicutes phylum. Krokinobacter sp. and Alcanivorax

sp. isolates are of special interest because the first ones are bacteria that

seem to be specialized in the degradation of organic matter (Khan et al.

2006) and the second ones are hydrocarbon-as sole source degrading bacteria

(Head et al. 2006). Many times coastal bivalve have been taken as a biologi-
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wall-less spirochete, M87055
clone, Crassostrea sp. Mex

Spirochaeta coccoides, host hindgut, Neotermes sp., AJ698092
spirochete endosymbiont lucinid bivalve, AM236337

uncultured Spirochaeta sp., termite gut homogenate, Reticulitermes speratus, AB088873
uncultured spirochete BHI80-158, Alvinella pompejana tubes, AJ431240
uncultured spirochete sp. anaerobic lake  hypersaline sediment, ASpC-2, AY995150
uncultured spirochete hypersaline lake, AF454308
clone, Ensis directus, Sylt

Borrelia sp. R57, Clethrionomys glareolus, AY626138
Cristispira sp. CP1, U42638

uncultured organism deep-sea octacoral, DQ395607
clones, Ensis directus, Cerastoderma edule., Sylt

Spironema culicis of mosquito Culex pipiens, AF166259
uncultured spirochete, microbial mat, AY605160

uncultured bacterium, hypersaline microbial mat, DQ154857
uncultured candidate, hypersaline microbial mat: Guerrero Negro, DQ329631

clone, Crassostrea sp., Sylt
uncultured spirochete, gut proctodeal, Nasutitermes sp., EF454267

uncultured spirochete, termite gut, Microcerotermes sp. 2, AB191843
uncultured spirochete, biofilm at hydrothermal vent orifice, AM712343

Ilyobacter psychrophilus, AJ877255
clone, Ensis directus, Sylt
uncultured bacterium, sediment from the Kings Bay, Svalbard, Arctic, EU050917
Fusobacteria bacterium HAW-EB21, AY579753
uncultured bacterium, Amsterdam mud volcano, deep Eastern Mediterranean, AY592371
uncultured Fusobacterium sp., cold seep sediment, AB189363
Fusobacteria bacterium Ko711, basalt, AF550592
uncultured Fusobacteria bacterium, Paralvinella palmiformis mucus secretions, AJ441229
uncultured bacterium, marine environment, AY548984
uncultured prokaryote, hot fluid vent, AM268765

uncultured bacterium, anaerobic methanogenic UASB reactor, EF063619
uncultured bacterium, full-scale anaerobic UASB bioreactor, AY426453

clone, Crassostrea sp. Mex
Kocuria sp. HNR05, root, Chinese cabbage, EU373345

Isolate 1 Tapes semidecussatus
Dermacoccus sp. Ellin183, AF409025

Isolate 2 Tapes semidecussatus
Micrococcus sp. 5, Carpodacus mexicanus, AY269868

0.10

Figure 7.5: Spirochaete and Fusobacteria diversity in bivalves. The clones and
isolates obtained in this study are highlighted in violet. Clones or isolates are
shown and named after their host origin.
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cal marker to assess pollution (e.g. Nishihama et al. 1998, Bresler et al. 1999,

Verlecar et al. 2006). The presence of Alcanivorax bacteria in clams tissue

could indicate a strong oil influence in North Sea beaches, and in fact this

can be an easy-to-evaluate biological marker for oil pollution: the presence

of Alcanivorax spp. in bivalves tissue.

7.4 Summary and Outlook

Bivalve gills provide to bacteria an ideal habitat, with protection from grazers

and constant fluid of nutrients. Bacteria might be complementing their host

nutrition or contributing to metabolite production. Degradation of bacteria

by bivalve enzymes has been observed and it seems that this degradation

provides dissolved compounds (Birkbeck and McHenery 1982, Amouroux

and Amouroux 1988, McHenery and Birkbeck 1985) and improves bivalve

nutrition (Delaunay et al. 1992). Bacteria could provide 5% to 10% carbon,

and 20% nitrogen from the bivalve requirements (Prieur et al. 1990). A stable

microbiota could be providing protection to bivalves thanks to competition

against other bacteria potentially pathogenic. Also, microbiota could be

secreting antimicrobial substances that have been observed to be commun in

bacteria isolated from bivalves (Zheng et al. 2005).

Ecological studies with molecular techniques are scarce and they could

help to disentangle the interaction patterns between the endemic microflora

and the invasive one, explaining the benefits and contrarieties that symbi-

otic or pathogenic bacteria bring along. It is important to understand the

distribution of pathogenic bacteria in the marine environments to predict po-

tential health concerns transmitted by seafood. Ecological parameters such

as nutrient availability, temperature, and salinity influence the presence and

persistence of bacteria. However, I suggest that bacteria like Vibrio, Pseu-

domonas, Spirochetes and Epsilonproteobacteria (see Table 7.1 for different

bacteria occurrence) present in bivalves are not only randomly there. It is

in part the result of the surrounding water community but it might also be

the result of a common evolution between host and bacteria that normally

associate to invertebrates or high organic matter content habitats. We would
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Endonucleobacter bathymodioli group * 

Ensis directus razor clam clone, Sylt NIX-I (4) *
Cerastoderma edule clam clone, Sylt NIX-I (5) *

90

100

Tripneustes gratilla echinoid isolate bacteria, AM495252
ocean water clone, Bohai Bay, ocean water, FJ154998

Oceanrickettsia ariakensis from Crassostrea ariakensis, DQ123914
Oceanrickettsia ariakensis, from Crassostrea ariakensis, DQ118733

100
98

81

Crassostrea gigas oyster clone, GoM
Siliqua Patula razor clam clone, full seq*

Pomacanthus sexstriatus fish tract clone, EU884930

65

Cystodytes dellechiajei ascidian clone, Mediterranean Sea, DQ884170

100

Alcyonium antarcticum coral clone, DQ312235
Alcyonium antarcticum coral clone, DQ312243
Alcyonium antarcticum coral clone, DQ312237

83

Alcyonium antarcticum coral clone, DQ312244

100
99

Crassostrea gigas oyster clone, GoM 
Ensis directus razor clam clone, Sylt

Cerastoderma edule clam clone, Sylt NIX-II

96

ocean water clone, Newport Harbour, USA, EU799933
Cystodytes dellechiajei ascidian clone, DQ884169

83

99

Endozoicomonas elysicola from Elysia ornata sea slug, AB196667
Salmo salar fish gill clone, AY494615

88

Pocillopora damicornis coral clone, AY700601
Venerupis philippinarum clam clone  **

84

Erythropodium caribaeorum octocoral clone, DQ889921
Erythropodium caribaeorum octocoral clone, DQ889931
Muricea elongata sponge clone, DQ917879

Muricea elongata bleached sponge clone, DQ917830

68

91

Spongiobacter nickelotolerans, isolated from marine sponge, AB205011
Muricea elongata sponge clone, DQ917877

89

Petrosia ficiformis sponge clone MOLA 531, AM990755
Chondrilla nucula sponge clone, AM259915

Halichondria okadia sponge  clone HOC2, AB054136

84

Asterias amurensis seastar clone KMD001, EU599216

79

Halichondria okadia sponge  clone HOC22, AB054156
Halichondria okadia sponge  clone HOC25, AB054159

Acesta excavata bivalve gill clone, EF508132

100

67

95

Ruppia maritima gill clone, seagrass beds, EU487857
Ruppia maritima gill clone, seagrass beds, EU487858

63

Bdellovibrio bacteriovorus, AF084850

0.10

Bnix-643/Bnix-64

Bnix-643II/Tnix-64

Snix-64/Snix-643

Cnix-64/Cnix-1249

Tnix-64/Tnix-643

Sequences from this study - shallow water bivalves

Cultured strains

*

Probes used in this study

Nix-721

Nix-721

Nix-805

Nix-805

Nix-721

Nix-721

N
IX

 c
la

de

Sequences from intranuclear bacteria confirmed by FISH

Sequences from deep-sea mussels Bathymodiolus spp.

Sequences that are found intranuclearly or sorrounding the nuclei (after FISH)**

Figure 7.6: 16S rRNA phylogenetic tree based on maximum likelihood (RAxML)
analysis. NIX-clade belongs to the Gammaproteobacteria. Sequences from this
study (highlighted in grey) and all closely related sequences found in the literature,
including the three cultivated strains (in blue) and the Candidatus Endonuclear
bathymodioli (in yellow) are shown. Probes (in green square) designed to target
each specific host were designed for use in FISH analysis and Nix-721 and Nix-805
for real time PCR. Sequences with a star (*) indicate nuclear phylotypes confirmed
by FISH. The T. semidecussatus sequence (with two stars **) was found typically
surrounding the nuclei and very rarely inside.
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need more studies to be able to say that these bacteria are symbiotic, but

from a point of view of the broad symbiosis concept they are, as they appear

to be consistent in the bivalves microflora.
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Abstract 

 

Chemosynthetic life was recently discovered in the southern Gulf of Mexico (sGoM) where 

lava-like flows of solidified asphalt cover a large area at 3000 m depth; with oil seeps and gas 

hydrate deposits also present (MacDonald et al. 2004). Animals with chemosynthetic 

symbionts such as vestimentiferan tubeworms, mussels, and clams colonize this site called 

Chapopote. Based on morphological and molecular analyses (COI gene), two mussel species 

are present at this site, Bathymodiolus heckerae and B. brooksi, and a single Escarpia 

tubeworm species. Comparative 16S rRNA sequence analysis and FISH showed that all three 

host species harbor intracellular sulfur-oxidizing symbionts that are highly similar or 

identical to the symbionts found in the same host species from northern GoM (nGoM) sites. 

The mussels also harbor methane-oxidizing symbionts, and these are identical to their 

northern GoM conspecifics. Unexpectedly, we discovered a novel symbiont in B. heckerae 

that is closely related to hydrocarbon degrading bacteria of the genus Cycloclasticus. We 

found in B. heckerae the Methyl-toluene-phenol hydroxylase (MTPH) gene and stable carbon 

isotope analyses of lipids indicative for heterotrophic bacteria were consistently heavier in B. 

heckerae by 3‰ than in B. brooksi., indicating that the novel symbiont might use isotopically 

heavy hydrocarbons from the asphalt seep as an energy and carbon source. The discovery of a 

novel symbiont that may be able to metabolize hydrocarbons is particularly intriguing 

because until now only methane and reduced sulfur compounds have been identified as 

energy sources in chemosynthetic symbioses. The large amounts of hydrocarbons available at 

Chapopote would provide these mussel symbioses with a rich source of nutrition. 
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Introduction 

 

The discovery of cold seeps was a surprising event showing great communities of big sized 

organisms living at these recondite places (Paull et al. 1984).  Cold seep ecosystems are some 

of the most productive on Earth, and it was initially unclear how, with what it seemed to be 

very little input of organic matter from photosynthesis, these new fauna could even survive 

down there (Van Dover 2000). Association of these organisms with chemosynthetic bacteria 

is the answer. More and more different sites and chemosynthetic-based habitats are been 

discovered, as the underwater tools are each time more equipped to stay longer and deeper in 

the sea floor. In April 2004 a natural asphalt (bitumen) deposit at 3000 m depth in the 

Campeche Knolls, southern Gulf of Mexico (sGoM), was discovered and was named 

Chapopote (MacDonald et al. 2004). Cold seeps with methane and hydrocarbon seepage are 

widespread in the GoM as a result of its unique tectonics and geological history (Macgregor 

1993, Bryant et al. 1991, Ewing 1991), however this is the first time that a classical cold-seep 

fauna community was found coexisting with natural asphalt. The biology and microbiology 

of the northern GoM seeps is well studied (e.g. Fisher 1993, Cavanaugh et al., 1987, 

Cavanaugh 1993, Carney et al. 2006, Cordes et al. 2005, 2007, Duperron et al. 2007), in 

contrast with the little studied southern GoM (Fig. 1). The presence of symbiotic bacteria in 

Bathymodiolus mussels and in escarpid tubeworms is one of the intensively studied topics in 

the nGoM. Three Bathymodiolus species in the northern Gulf of Mexico have been described; 

B. childressi, with methanotrophic bacteria, B. heckerae and B. brooksi, with a dual 

symbiosis of methanotrophic and thiotrophic bacteria. Also three different tubeworms genera 

are recognized and all of them bear thiotrophic symbionts: Escarpia sp., Lamellibrachia sp. 

and Sepiophila sp. The distribution of the different species varies along the GoM (Fig 1), in 

the Louisiana Slope B. childressi, L. luymesi, and S. jonesi are common and abundant; 

Atwater Canyon retain only B. brooksi and Missisipi Canyon only B. childressi. In the 

Florida Escarpment B. heckerae, B. brooksi and E. laminata are found. The Alaminos 

Canyon holds B. brooksi, B. childressi, and E. laminata. These species seem to be endemic of 

the GoM except B. heckerae that is found also in the Blake Ridge diapir (Salerno et al. 2005). 

All these species of both tubeworms and mussels get nutrients and benefits from their 
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chemosynthetic association using only sulfide, methane, or both as energy sources, no further 

sources are currently known.  

Lipid analysis of mussels in the northern Gulf of Mexico, that only contain methanotrophic 

symbionts have been performed in former studies. It has been observed that depending on 

whether methane has a biogenic or a thermogenic source, the isotopic values of the tissue 

vary between -79 to -80 ‰ and -45 to -40 ‰, respectively (Jahnke et al. 1995, MacAvoy et 

al. 2002). Methane values for the thermogenic methane in the northern GoM are between -44 

and -46 ‰ and for biogenic methane -64 to -65 ‰ (Sassen et al. 1999). At the Chapopote 

Knoll, the stable carbon isotope composition of methane is between -40 ‰ (in the asphalts) to 

-60‰ (in the sediments), representing a mixture of thermogenic and biogenic methane 

(Schubotz et al. subm.). In this study, we do genetic (phylogenetic and metabolic) and lipid 

analyses focusing on the question of whether the asphalt in Chapopote site might be shaping 

the community, in particular the bacterial symbiotic community of invertebrates, adding an 

extra carbon source. This habitat is a novel setting because of this heavy oil called asphalt. 

Asphalt has high amounts of asphaltenes that make it heavier than water. Thus, the oil stays 

in the seafloor, while in other settings the oil leaks upward to the water surface. It creates 

then an interface where hydrocarbons can be aerobically oxidized. Also, this is a system with 

new substrate for the megafauna to settle, as there are not just carbonates but also solid 

asphaltic formations.  
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Material and methods 

 

Specimen collection 

 

Mussels and vestimentiferan tubeworms were collected at the base of Chapopote Knoll with 

the ROV Quest aboard the RV Meteor during the M67/2 cruise (April 2005). Bathymodiolus 

mussels were collected from a mussel bed (21°53.98´N; 93°26.12`W) at a water depth of 

2923 m. Four mussels were recovered during dive 83; two were identified as species 1 and 

the other two as species 2. The mussel gills were dissected immediately after recovery and 

segments were frozen and stored at -20°C for DNA or lipid extraction. Other fragments were 

fixed for FISH with 2% PFA and stored at 4°C in 0.5X PBS / 50% ethanol. 

Tubeworms were collected in two different dives: dive 82 at 21°53.95´N; 93°26.23`W, 2918 

m water depth, and dive 83 at 21°53.94´N; 93°26.25`W and water depth 2915 m. Three 

tubeworms from dive 82 (Tbw 1, Tbw 2 and Tbw 3) and one from dive 83 (Tbw 4) were 

extracted from their tube and different pieces were frozen for DNA extraction or fixed for 

FISH. 

 

DNA extraction and PCR amplification 

 

DNA was extracted from frozen tissue according to Zhou et al. (1996) with the following 

modifications. Briefly, 2 ml of extraction buffer and 20 µl proteinase K (20 mg/ml) were 

added to approximately 100 mg of sample, and incubated for 1.5 hours at 37°C. Then 200 µL 

of 20% SDS were added and incubated for 2 hr at 56°C. The liquid phase was recovered after 

centrifugation at 14000 g for 20 min and cleaned once with 1 V 

phenol/chloroform/isoamylalcohol (25:24:1) and a second time with 

chloroform/isoamylalcohol (24:1). DNA was precipitated with 0.6 V isopropanol and 

dissolved in Tris-EDTA buffer. The extracted DNA was used for both host and bacterial 

symbiont analysis. 

Host COI genes were amplified using 36 PCR cycles.  For the mussels the primers LCO-

1560 and HCO-2148 (Jones et al. 2006) were used and for the tubeworms LCO1490 and 
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HCO2198 (Folmer et al. 1994). Bacterial 16S rRNA genes were amplified using 20 PCR 

cycles with universal primers GM3 (8F) and GM4 (1492R) (Muyzer et al. 1995). Metabolic 

marker genes were amplified using 23 PCR cycles. Primers aps1F and aps4R were used to 

amplify aprA gene (Blazejak et al. 2006) and the pmoA gene was amplified with A189F and 

MB661R primers (Costello & Lidstrom 1999). We tested all the ring-hydroxylating 

monooxygenases primers used by Baldwin et al. (2003), and only the RMO-F and RMO-R 

pair gave an amplification product of the expected size (see Table S2 for primer sequences 

and annealing temperatures). The expected 500 bp product was cloned and sequenced.  We 

obtained sequences of 300 bp length which resulted to be a fragment of a 

methane/toluene/phenol hydroxylase. 

  

Tubeworm genetic analysis 

 

COI PCR products of the four tubeworms were directly sequenced from the PCR product, in 

both directions. Symbiont 16S rRNA and aprA genes of tubeworms 1 and 3 were cloned 

using the TOPO-TA system (Invitrogen) and analyzed. Genes pmoA and MTPH could not be 

amplified in the tubeworms. 

 

Mussel genetic analysis 

 

COI PCR products of the four mussels were directly sequenced in both directions. Symbiont 

genes of each mussel (16S rRNA, aprA, pmoA and MTPH were cloned using the TOPO-TA 

(Invitrogen) or pGEM-T Easy (Promega) cloning vectors. 16S rRNA clones were partially 

sequenced with primer 907RC (Muyzer & Smalla 1998) and representative clones from each 

host individual were chosen for full sequencing in both directions. Metabolic marker genes 

were sequenced with the respective primers (both strands). aprA and pmoA genes were 

analyzed in one individual of each species. MTPH was amplified from both individuals of B. 

heckerae but the product of only one individual could be successfully cloned and sequenced. 

Sequencing was performed using the BigDye terminator v3.1 Cycle Sequencing Kit along 

with the Genetic Analyzer Abiprism 3130 (Applied Biosystems). 
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Phylogenetic analysis 

 

Sequences were analyzed with Sequencher (Genes Codes Corporation) and ARB (Ludwig et 

al. 2004) sofwares. 16S rRNA Sequences were aligned within the Ref_96 SILVA database 

(Pruesse et al. 2007). Databases for each metabolic marker gene were constructed with 

publicly available sequences for each gene, and the alignment was produced with 

CLUSTALW implemented in ARB (Ludwig et al. 2004). Phylogenetic trees were calculated 

with the ARB software. All sequence comparisons are given as percentage sequence identity 

(% similar nucleotides) after calculations of distance matrix. For tree reconstruction, only 

long sequences (~1400 bp for 16S rRNA, ~650 bp for COI, ~1200 bp for aprA, ~450 bp for 

pmoA) were used, except for the MTPH gene that we used the 300 bp sequence. Phylogenetic 

trees of 16S rRNA gene sequences were calculated by neighbor joining, maximum parsimony 

and maximum likelihood methods. As the differences in the resulting tree topographies were 

not significant we only present the maximum likelihood results. Sequences with more than 

99.7% identity (% identical nucleotides) were grouped and are shown as one single sequence. 

To assess nodes robustness in the trees, 1000ML bootstrap replicates were run. 

 

Probe design and testing 

 

All probes used in this study were checked for mismatches against our sequences of interest 

and the Silva 96 SSU Ref database (Pruesse et al. 2007). The Cycloclasticus probe (Cypu-

829) was originally used without formamide (Maruyama et al. 2003). We performed a 

formamide series between 10% and 70%, and the probe hybridized between 10% and 40% 

formamide. The probe NON338 (Amann et al. 1990) was used as a negative control and 

EUB338 (Wallner et al. 1993) as a positive control. Two new probes were designed (using 

the ARB Probe Design tool) to match the Escarpia symbiont, TbwT-643 and TbwT-139, 

both of which were tested for FISH at 20% formamide. Since these probes gave low intensity 

signals, we tested an HRP-labeled TbwT-643 probe. A 20% to 60% formamide series was 
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performed and signals were observed at all formamide concentrations (see probes and 

formamide concentrations for all probes in Table 1S). 

 

FISH and CARD-FISH 

 

 A piece of tubeworms and gills were dehydrated in an ethanol series and embedded in low-

melting temperature polyester wax (Steedman 1957). Wax cubes were cut into 5 or 6 µm 

sections with an RM2165 microtome (Leica, Germany) and mounted on Superfrost-Plus 

slides (Menzel-Gläser). Polyester wax was removed by washing three times in absolute 

ethanol (5 min each), and sections were rehydrated in a 96%-80%-70% ethanol series. 

Sections were permeabilized in Tris-HCl (20 mM, pH 8), proteinase K (0.05 mg ml-1 in Tris-

EDTA, pH 8, at 37°C), and washed in MilliQ water (5 min each). For in situ hybridizations 

with fluorochrome- (FISH) or horseradish peroxidase (HRP)-labeled probes (CARD-FISH) 

and subsequent staining with DAPI, sections were processed as described previously 

(Duperron et al. 2007, Lösekann et al. 2008, Pernthaler et al. 2002).  

 

Lipid biomarker/isotopic analysis 

 

Lipids of freeze-dried and homogenized mussel gill and tubeworm tissue were extracted four 

times with a modified Bligh and Dyer method described in Sturt et al. (2004). Briefly, in the 

first two steps, dichloromethanol (DCM), methanol and a phosphate buffer (2:1:0.8) were 

added to the soft tissue and cell lysis was initiated during microwave extraction (15 min at 

70°C; Brand), for the last two steps the phosphate buffer was exchanged with 0.5 M 

trichloroacetic acid. Total lipid extracts were collected after liquid-liquid extraction with 

DCM and deionized Milli-Q water. Aliquots of the total lipid extracts were saponified into 

free fatty acids and neutral lipids with aqueous 0.5M KOH in methanol (3 h at 80°C) 

following the protocol of Elvert et al. (2003). Fatty acids and neutral lipids were derivatized 

with Bis(trimethylsilyl)trifluoroacetamide (BSTFA), yielding trimethylsilyl (TMS) -

derivatives, before analysis by gas chromatography. Structural identification of compounds 

was achieved using a GC-MSplus-DSQ system (Finnigan Trace). An injection standard 
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(squalane) was added for quantification purposes prior to analysis on a Thermo-Finnigan 

Trace GC coupled to a FID. Determination of compound specific stable carbon isotopic 

compositions was performed on a gas chromatograph coupled to an isotopic ratio mass 

spectrometer (GC-IRMS). Intact polar lipids (IPLs) were also analyzed with a HPLC-ESI-

MS
n
 system as described previously (Sturt et al. 2004). All isotopic values are reported in the 

delta notation (d
13

C) and are relative to the Vienna PeeDee Belemnite Standard. The isotopic 

compositions of the TMS-derivatives were corrected for the isotopic values of the methyl 

groups attached during derivatisation (-47.2‰). The standard deviation of replicates and an 

injection standard (hexatriacontan) was <1 ‰.  

 

Statistics  

 

The statistical analyses were performed with the SigmaStat software (version 3.5; Jandell 

Scientific, San Rafael, CA). To determine differences in isotopic fatty acid values ANOVA 

was performed. As the data were not normally distributed, comparisons were analyzed using 

the nonparametric Kruskal-Wallis ANOVA on ranks with Dunn´s method as the post hoc 

test. 
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Results 

 

Host COI gene phylogeny 

 

Cytochrome oxidase I (COI) gene sequences from the four tubeworms were >99.7% 

identical, and shared >99.1% identity with the described species Escarpia laminata from the 

northern Gulf of Mexico, E. spicata from the Guaymas and Santa Catalina Basins and with E. 

southwardae from the Zaire Margin (McMullin et al. 2003, Black et al. 1997, Feldman et al. 

1998, Andersen et al. 2004). Four almost identical haplotypes were found within our 

sequences each with one synonymous substitution in three polymorphic sites. They fell 

within a well supported clade of Escarpia sequences (98% bootstrap support) and this clade 

grouped together with other seep vestimentiferans with 99% bootstrap support (Fig 2). 

COI gene sequences of the mussels identified morphologically as Bathymodiolus sp. 1 were 

99% identical and clustered with sequences from B. heckerae from the northern Gulf of 

Mexico (>98.4% identity). Sequences of the two mussels identified as Bathymodiolus sp. 2 

were 99.4% identical and clustered with B. brooksi sequences from the northern Gulf of 

Mexico (>98.8% identity). From here on, we call B. heckerae to Bathymodiolus sp.1 and B. 

brooksi to Bathymodiolus sp.2.  

 

Tubeworm symbiont 16S rRNA phylogeny and in situ localization 

 

The 9 full sequences obtained from the 16S rRNA clone libraries of both analyzed 

tubeworms were identical between each other (a total of 209 partial sequences were analyzed 

and also identical) and with the endosymbionts of Escarpia laminata and Lamellibrachia sp. 

from the Northern GoM (Nelson & Fisher 2000, McMullin et al. 2003), and E. spicata and 

Lamellibrachia barhami from the Guaymas Basin (Vrijenhoek et al. 2007). These sequences 

together with the almost identical symbiont sequence of L. columna (99.9%) from Lau Basin, 

and L. barhami from Middle Valley (Nelson & Fisher 2000, McMullin et al. 2003) formed a 

well supported clade with a 100% value (Fig. 3b). The bacterial symbionts were clearly 

observed in sections of the tubeworm trophosome tissue with the specific probe TbwT-643. 

Manuscript I

86



 

 

They are present in highly abundant groups and patchily distributed in the trophosomal tissue 

(Fig. 5a).  

 

Bathymodiolus heckerae symbionts and in situ localization 

 

The B. heckerae 16S rRNA clone library was dominated by sequences close related to 

thiotrophic B. heckerae symbionts. Two different thiotrophic-related sequences were found 

with a 96.3% identity between them and one of them was identical to a sequence from the 

nGoM, and the second one had a 98.4% identity with the closest relative from the nGoM as 

well. We also obtained one methanotroph-related phylotype, which matched exactly with 

methanotrophic-related sequence from the nGoM (Fig. 3b). In addition to the above-

described bacteria a Cycloclasticus-related species was found in the B. heckerae data-set 

which had a 97.9% identity with Cycloclasticus spirillensus and other cultivated 

Cycloclasticus sp. (see Fig. 3b). All different bacteria were localized with fluorescence in situ 

hybridization (FISH) in both individuals B. heckerae 1 and 2, including the Cycloclasticus-

related species (Fig. 4 and Fig. S2). This last one showed very low fluorescence intensity 

with FISH therefore a CARD-FISH probe was used to have a more evident observation. The 

different endosymbionts were observed with specific probes for thiotrophic- and 

methanotrophic- Bathymodiolus symbiont (Table S1). The methanotrophic- and thiotrophic-

related endosymbionts were co-localizing in the bacteriocytes showing a higher abundance of 

thiotrophic ones (4e-f, i-j). It is not clear in our observation if the biovolume of the thiotrophs 

is also larger than the methanotrophs due to the small size of the thiotrophs and the big size of 

the methanotrophs (Fig 4e). Cycloclasticus-related bacteria were co-localizing in B. heckerae 

with the other symbionts and with a triple hybridization it was estimated that the 

Cycloclasticus-related bacteria were making 6% of the total endosymbionts. These bacteria 

were not detected in other Bathymodiolus tissues, not B. heckerae from nGoM, nor B. 

childressi from the nGoM, neither B. brooksi from Chapopote. 
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Bathymodiolus brooksi symbionts and in situ localization 

 

The B. brooksi 16S rRNA clone library was dominated by sequences close related to 

thiotrophic symbionts of B. brooksi from the nGoM. A single thiotrophic- and one 

methanotrophic-related phylotypes were obtained in this library (100% and 99.8% identities 

to respective sequences from the nGoM). In addition a Psychromonas-related phylotype was 

found and was most closely related to Psychromonas profunda (96.5% identity) and to a 

whale-fall clone sequence (96.7% identity). All the different endosymbionts were localized in 

situ with specific probes in both B. brooksi individuals. Thiotrophic- and methanotrophic-

related symbionts were present both inside bacteriocytes. Psychromonas-related bacteria 

were present scarcely also within the mussel tissue; However, they do not seem to be in the 

same focus plain as the endosymbionts (Fig. S1).  

 

Metabolic marker genes 

 

The aprA gene coding for the alpha subunit of APS reductase was amplified in B. heckerae, 

B. brooksi and Escarpia sp. We analyzed 48 clones from B. heckerae 2 and as all the 

sequences were identical we decided to analyze only 2 to 8 clones from each host species. 

The sequences were identical between individuals for each species. The comparative 

sequence analysis (Fig. 5a) grouped Bathymodiolus spp. aprA sequences with other 

bathymodiolin spp. (72.5-93.9% identity). Escarpia sp. aprA grouped with other annelids 

(gutless oligochaetes) and Astomonema nematode symbionts (82.5-87.8%). The pmoA gene 

was only found in Bathymodiolus sp. No nucleotide differences were found within 

individuals of each Bathymodiolus species. Comparative sequence analysis (Fig. 5b) showed 

that B. heckerae and B. brooksi pmoA sequences are closely related to each other and to the 

other Bathymodiolus spp. (90–100% identity). Methane-oxidazing free-living bacteria 

sequences form a clade that is close-related (70-90%) to the Bathymodiolus group. The alpha 

subunit of the MTPH gene could be amplified only from both B. heckerae individuals (Fig. 

5c-d), suggesting that Cycloclasticus bacteria are only present in this species. 
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Lipid analysis 

 

The main fatty acids in all four investigated Escarpia species were 18:1ω7, 20:5, and 16:1ω7. 

Other major fatty acids were 16:0, 18:2, 20:4, 20:2, 20:1, 22:2 and 18:0. 18:1ω7 and 16:1w7 

are known biomarkers for sulfur oxidizing bacteria (Conway & Capuzzo 1991). Within all 

samples 18:1ω7 and 16:1ω7 fatty acids are always most enriched and the longer and 

unsaturated the fatty acids the more depleted they are (Fig. S4). This observation is consistent 

with findings by Pond et al. (2002), who described a synthesis of elongated and desaturated 

fatty acids from the bacterial starting product.  The values of this study for the δ
13

C fatty 

acids of the Escarpia tubeworms range from -27‰ for the short chain fatty acids up to -43‰ 

for the longer or complex lipids, having no variation between individual compounds. Lower 

values might be due to the fractionation during the chain elongation that takes place as the 

two carbon acetyl groups are added to the carbon chain (Deniro & Epstein 1977, Monson & 

Hayes 1982) or when the desaturating enzymes create monounsaturated acids from saturated 

fatty acids (Monson & Hayes 1982, Abrajano et al. 1994). The stable carbon isotope 

composition of the weighted average mean of all fatty acids is -31.2 ± 1.5 ‰. When plotting 

mean values of any tubeworm fatty acid stable carbon isotopic composition against any other 

tubeworm it can be observed that all values plot on the 1:1 slope (see example in Fig. 6c). 

Three sterols dominated the neutral fraction, cholesterol, ergosta-dien-ol, and cholesta-dien-ol 

(For a complete overview of compounds see table S3). Sterols have the most depleted values, 

between -37.7 for cholesterol to -39.2‰ for ergosta-dien-ol.. The intact polar lipid 

composition of the Escarpia species is very complex, among the most abundant head groups 

are phosphatidylcholines (PC) and of phosphatidyl-ethanolamines (PE) as diacylglycerols 

and plasmalogens. Also present are phosphatidyl-serines (PS) and glycosidic ceramides 

(sphingolipids) between many other unknown. 

The dominating fatty acids in both mussels were 16:1ω7 and 16:0. They also contained large 

amounts of 18:0, 16:1ω7, 20:1ω7 and polyunsaturated fatty acids 18:3, 18:2, 20:3, 20:2 and 

22:2. 16:1ω7, 16:1ω7 and 20:1ω7, biomarkers that have been used as indicators for 

thiotrophy were detected in both mussel species. On the contrary, the methanotrophic lipid 

16:1ω8 was only detected in B. brooksi , while diplopterol, which is also a marker for aerobic 
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methanotrophy (e.g. Hinrichs et al. 2003), was only observed in B. heckerae. Both mussels 

contain also 4-methyl sterols, which to date have only been found in methanotrophic bacteria 

(Jahnke et al. 1995, Schouten et al. 2000) and indeed they were always most depleted in 
13

C 

(-54.9 to -50.9‰). B. brooksi additionally contained moderate amounts of lanosterol, and 

4,4,-dimethylcholesta-dienol.  The weighted average stable carbon isotope composition of all 

fatty acids for both B. heckerae species was -41.9‰ and -44.4‰ for the two B. brooksi 

species (see Table S3 for complete list of fatty acid isotopic values). The bulk gill tissue of 

both B. brooksi species is also approximately 2‰ lighter compared to both B. heckerae 

species, consisting of -42.9 and -40.8‰ in average, respectively. And as general observation 

the carbon isotopic values of the fatty acids compared to the bulk tissue have an average 

offset of ca. 2.5 ‰ for all compounds (Fig. 6a). Compound specific stable carbon isotopes of 

fatty acids cluster closely together but a general trend can be observed towards the more 

unsaturated the fatty acids the more depleted values they have (e.g 18:3 and 20:3 being 

approx. 3 ‰ lighter than the 18:1 and 20:1). When plotting the mean B. heckerae fatty acid 

stable carbon isotopic composition against the mean B. brooksi fatty acids it can be observed 

that all values plot below the 1:1 slope, indicating an average depletion of B. brooksi fatty 

acids in comparison to B. heckerae (Fig. 6b). This is supported by ANOVA values with p = 

<0.001 (H=19,099 with 3 degrees of freedom) and the Dunn´s method, showing significant 

differences between species but not between individuals of the same species. The analysis of 

intact polar lipids (IPLs) revealed the fatty acid combinations and head groups of the intact 

membrane lipids. Main polar headgroups of both B. heckerae and B. brooksi were composed 

PE, PC, phosphatidylphosphonoethanolamines (Phos-phono), and minor amounts of PS and 

phosphatidylinositols (PI). Phosphatidyl-glycerols (PG) were only detected in B. heckerae. In 

B. brooksi also minor amounts of the Sphingolipid ceramide-PE (PE-Cer) were detected 

(Table S3). 
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Discussion 

 

Identity of tubeworms and mussels from the Chapopote asphalt seep 

 

The chemosynthetic fauna present at Chapopote in the sGOM is reminiscent of cold seeps in 

the nGOM, dominated by tubeworms and mussels. In the first description of the Chapopote 

site by MacDonald et al. (2004), the tubeworms were identified morphologically as 

Lamellibrachia sp., and the mussels as Bathymodiolus sp.. Our comparative pylogenetic 

analysis of the COI genes of four tubeworms identified these as belonging to the genus 

Escarpia. Analysis of the four mussels sampled identified these as belonging to two separate 

species, one of which is closely related to B. heckerae from the nGOM, the other to B. 

brooski from the nGOM. The phylogenetic resolution of the COI gene worked well for 

bathymodiolin mussels, integrating the new species into a defined group, we could name the 

two species B. heckerae and B. brooksi. However, as observed before (for rev. see McMullin 

et al. 2003), the resolution of this gene is not sufficient for determining tubeworm species, 

especially within the escarpids that have a very similar COI sequence. However it gives a 

good definition of the tubeworm genera, in this case Escarpia. The phylogeny analysis of the 

tubeworms including other molecular markers (as the ND4 mitochondrial gene) would be 

needed to differentiate between Escarpia species. However, we can not let drop that 

vestimentiferan tubeworms have a remarkable plasticity (Black et al. 1997) and therefore E. 

laminata, E. southwardae and E. spicata could be the same species. To resolve this, a 

population genetic study would be required. 

 

Phylogeny and in situ distribution of previously described symbionts 

 

The endosymbiotic bacteria of the Bathymodiolus mussels and Escarpia tubeworms  

investigated in this study are, like the hosts themselves, closely related or even identical to 

their counterparts in the nGOM. Although a clone library might not be representative of the 

true abundance because of well-characterized method-biases (Reysenbach et al. 1992, Suzuki 

& Giovannoni 1996, Acinas et al. 2005) our clone library analysis showed a dual symbiosis 
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in both mussel species, with a dominant abundance of sulfur-oxidizers. This was corroborated 

with FISH observations (Fig. 4). The high abundance of thiotrophs contrasts with previous 

studies of Bathymodiolus mussels from the nGOM. In all nGOM mussels investigated to 

date, methanotrophic symbionts had a dominating abundance based on FISH and RNA slot 

blot hybridizations (Cavanaugh 1993, Fisher et al. 1993, Duperron et al. 2007). Methane 

concentrations were generally high at Chapopote, indicating that this was not the limiting 

factor for the presence of methanotrophic symbionts (MacDonald et al. 2004). Unfortunately, 

there are no geochemical data available for the site at which the mussels were sampled. 

Methane and sulfide availability in the mussel habitat has been shown to directly influence 

the relative abundance of thiotrophs and methanotrophs in the mussel gill tissue (Trask and 

Van Dover 1999, Fiala-Medioni et al. 2002, Salerno et al. 2005, Duperron et al. 2007, Riou 

et al. 2008). If methane is only delivered to the surface in short bursts during asphalt 

eruptions, and shorter hydrocarbons are the first to diffuse out of the asphalt, then there may 

not have been much methane available in the mussel habitat at the time of sampling. In these 

areas, sulfide may be more abundant than methane, which would explain why thiotrophs are 

relatively more abundant in the mussels at this site compared to the nGOM. At Chapopote, it 

might be important that the hydrocarbons are trapped below the bituminous formations 

because anaerobic hydrocarbon degradation (with sulfate) would support higher production 

of sulfide (Boetius 2005). It will be important in future studies to carry out punctual 

measurements of sulfide and methane concentrations in the different habitats to be able to 

link them to the symbiotic microbial community. 

 

Metabolic capabilities of previously described symbioses 

 

Based on the phylogenetic relationship of the Escarpia tubeworm symbionts to the sulfur-

oxidizing symbionts of other tubeworms, we hypothesized that they are also sulfur-oxidizing 

chemolithoautotrophs. To investigate this further, we analyzed stable carbon isotopes and 

lipid profiles, and the presence of a key gene for sulfur oxidation, aprA, in the tubeworm 

tissues. Based on our geochemical analyses on the Escarpia tubeworms and the lipid profile 

showing 18:1w7 and 16:1w7 fatty acids presence in all four investigated individuals, we can 
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conclude that they contain thiotrophic symbionts. If the tubeworms rely entirely on their 

symbionts for their nutrition, we would expect the tubeworm tissue to have a carbon stable 

isotopic composition of around -29‰, based on the fractionation of CO2 during 

chemoautotrophy (Fang et al. 1993). The δ13
C values of this study for the fatty acids of the 

Escarpia tubeworms are indeed around this value, except for the lower values for the longer 

fatty acids, which could be explained by host fractionation while synthesizing the longer fatty 

acids. The compound-specific stable carbon isotope values of Escarpia sp. show no 

significant differences between individuals (Fig. 6), indicating a similar nutritional strategy 

for all tubeworm individuals investigated. We were able to amplify and sequence an aprA 

gene from tubeworm trophosome tissue (Fig. 5a). Our aprA sequences clustered with those of 

free-living sulfur-oxidizing bacteria and the other thiotrophic symbionts, suggesting that this 

bacterial phylotype is capable of oxidizing sulfide. Before this study, there was only a single 

published aprA sequence available from lamellibrachid or escarpid tubeworms, from a 

tubeworm found at mud volcanoes in the Mediterranean (Duperron et al. 2009). The aprA 

sequences from other thiotrophic symbionts from deep-sea chemosynthetic ecosystems such 

as the clam and mussel symbionts fall into lineage I, as defined by Meyer & Kuever (2007). 

In contrast, our sequence from the Chapopote Escarpia tubeworm symbiont falls into lineage 

II, and clusters with sequences from symbionts of oligochaete worms found in shallow 

marine sediments (Fig. 5).  

According to our metabolic marker and lipid analyses, both mussel species contain pmoA, 

aprA genes and lipids characteristic of thiotrophic (16:1w7 and 18:1w7) and methanotrophic 

bacteria (16:1w8, 16:1w5, and diplopterol). The pmoA gene separates well B. heckerae from 

B. brooksi bacterial phylotypes. Thus, the presence of the pmoA gene and the lipid profiles 

suggest that symbionts in the mussels have the potential to oxidize methane and use it as a 

source of energy and carbon, as was shown in previous studies for methanotrophy in 

bathymodiolin mussels (Fisher et al. 1987, 1993, Nelson et al. 1995, Cavanaugh 1993). The 

main isotopic values of both species are more enriched than typically observed for dual 

symbiont bearing mussels (i.e. methanotrophic and thiotrophic symbionts). Nevertheless, this 

is in direct correlation to the isotopic value of the carbon source in the Chapopote site. The 

heavier isotopic values for the mussel’s lipids are explained by the combination of the 
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fractionation by methanotrophic bacteria that deplete by 10 - 20‰ (Barker & Fritz 1981), and 

thiotrophic bacteria that provoke a depletion by 24.4‰ (Scott et al. 2004). The δ
13

C of the 

methane at Chapopote is between -41‰ and -70‰, and water column DIC has a δ
13

C of 

approximately 0‰ (Gruber et al. 1999). We could say then, that the isotopic values that we 

got in this study could be the result of the uptake of the different carbon sources (CO2, CH4 

and heavier hydrocarbons) in this complex symbiosis.  

 

Novel symbionts in Bathymodiolus mussels, an adaptation? 

 

Mussels in this novel environmental setting seem to have adapted well to this rare bituminous 

settling surface after their normal association to carbonates. And it could be that 

establishment of new symbioses helps this adaptation to happen. Independent of the host 

needs, the presence of potential new bacterial symbionts seem to be related to a high organic 

matter content in the environment, which in this case it does exist in Chapopote site and 

would explain the presence of Psychromonas bacteria in B. brooksi tissue, and of 

Cycloclasticus-related bacteria in B. heckerae. Psychromonas bacteria are heterotrophic 

organisms frequently found in cold-water sediments. Only once, another Psychromonas-

related phylotype has been observed associated with an animal tissue, in the bones of a whale 

fall (Goffredi et al. 2004). Cycloclasticus is a common organism that blooms in oil spills, and 

it is commonly found and detected in water analysis (Kasai et al. 2002, Maruyama et al. 

2003) . Here we suggest that the hydrocarbon load in the environment makes the presence of 

this Cycloclasticus bacterium possible, as they have been found also in oily sediments from 

shallow and deep waters. However, this is the first time to our knowledge that Cycloclasticus 

sp. is observed as an intracellular bacterium as it has been shown by our FISH analysis. We 

have showed here the presence of the gene for the MTPH enzyme in B. heckerae. We suggest 

that the presence of this gene is due to the Cycloclasticus-related bacteria. The association 

with the mussel host might provide this bacterium the advantage of being in an aerobic 

habitat with available nutrients (hydrocarbons flowing through the gills) and for the mussel 

this would provide a new nutrition source coming from the degradation of aromatic 

compounds, including a detoxification of them. We are not aware of any specific lipid 
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markers that have been found in the so far cultured Cycloclasticus spp. When analyzing the 

lipid data we can observe that all lipids are generally heavier in B. heckerae than in B. 

brooksi (Fig. 6). In fact, bulk tissue and compound specific stable carbon isotopes showed a 

mean average enrichment in δ
13

C for B. heckerae in comparison to B. brooksi. As we 

discussed before it is clear that both mussels host a dual symbioses. Since the mussels co-

occur, it is highly likely that the symbionts of both utilize the same carbon sources. In 

addition, the relative abundance of thiotrophs and methanotrophs is comparable for both 

species, indicating that the relative contribution of thiotrophy and methanotrophy to the 

nutrition of each mussel host is comparable. Based on these observations, we would expect 

them to have similar lipid isotopic values. However, B. brooksi is consistently lighter than B. 

heckerae, in bulk and compound-specific isotope analysis, and this is most likely explained 

by the contribution of the additional hydrocarbon degrading symbiont to host nutrition.  

 

Concluding remarks 

 

The sGOM Chapopote Knoll fauna is similar to that at the West Florida Escarpment, nGoM, 

having the presence of B. heckerae, B. brooksi and E. laminata. This gives an interesting 

comparison between hosts and symbionts of both places. This study shows that the input of 

hydrocarbons, derived probably from the asphalt, has directly influenced the diversity of 

symbionts found in the local chemosynthetic mussels. The use of improved molecular 

techniques and the discovery and investigation of novel environmental settings may reveal 

that this phenomenon is more common than previously assumed. The unique environmental 

conditions at Chapopote define not only the free-living microbial communities but also the 

symbiotic ones. 
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Tables and figures 

 

Fig. 1 Gulf of Mexico Basin. The most studied sites are shown with their respective 

Bathymodiolus and tube worm fauna. 

 

Fig. 2a Phylogenetic affiliation of Escarpia tubeworms based on COI gene sequences. 

Maximum-likelihood tree showing vestimentiferan tubeworm species from vent and seep 

environments including the 5 individuals of this study (sequences highlighted in gray). Only 

bootstrap values greater than 70 % are shown.  

 

Fig. 2b Phylogenetic reconstruction of bacterial symbionts of vestimentiferan tubeworms 

based on 16S rRNA gene sequences. Maximum-likelihood tree shows within the �-

proteobacteria phylum, thiotrophic symbionts of seep and vent vestimentiferans. Only one 

phylotype was present in the two investigated tubeworms (in bold), and fell in group 1 

(McMullin at al 2003) within Escarpia spicata, Escarpia laminata and Lamellibrachia spp. 

 

Fig. 3a Phylogenetic affiliation of Bathymodiolus mussels based on COI gene sequences. 

Maximum likelihood tree showing Bathymodiolus spp. from vent and seep environments 

including the 4 individuals of this study (highlighted in gray). Only bootstrap values greater 

than 70 % are shown. 

 

Fig. 3b Phylogenetic reconstruction of bacterial symbionts of Bathymodiolus mussels based 

on 16S rRNA gene sequences. Maximum-likelihood tree shows within the �γ-proteobacteria 

phylum thiotrophic, Cycloclasticus-related, Psychromonas-related and methanotrophic 

bacteria. The sequences from this study are shown in bold, Note that B. heckerae individuals 

have two different thiotrophic phylotypes, one Cycloclasticus- and one methanotrophic-

related phylotypes. In our B. brooksi datasets we have found one thiotrophic-, one 

Psychromonas, and one methanotrophic-related phylotypes.  
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Fig 4. Bathymodiolus mussels and Escarpia tubeworms from this study, and FISH images of 

bacteriocytes in the mussel gill filaments and in the tubeworm trophosome. (a) 

Bathymodiolus brooksi and B. heckerae mussels together with escarpid tubeworms settle in 

the asphaltic sediment at Chapopote cold seep in the southern Gulf of Mexico. Each 

metazoan species harbors its own specific bacterial phylotypes. (b) Escarpia tubeworms from 

this study bear chemoautotrophic tubeworm symbionts. (c) Localization of the symbionts 

(arrows) with a FISH specific probe through a tubeworm cross-section. (d-g) B. heckerae 

mussel and respective FISH images: B. heckerae shell has an elongated shape (d); Its 

filamentous gills house methanotrophic (pink) and thiotrophic (green) bacteria (e). Two 

different chemoautotrophic bacterial phylotypes have been recognized. The host nuclei are in 

blue, thiotrophs I in red, and thiotrophs II in yellow (f). A new hydrocarbon-degrader 

symbiont in green, is co-existing with the methanotrophic bacteria in blue and the thiotrophs 

in pink (g). (h-k) B. brooksi mussel and respective FISH images: the shape of the B. brooksi 

(h) shell is more round and smaller than B. heckerae.. When analyzed with FISH B. brooksi 

gill filaments (autofluorescence of the tissue is purple) house a methanotrophic bacterial 

phylotyope in red, and a thiotrophic one in green (i). A detail of (i) shows host nuclei in blue, 

methanotrophs in red and thiotrophs in green (j). A Psychromonas-related bacteria was found 

to be associated with B. brooksi gill tissue (k). Scale bars: (c, i) = 50µm; (d, h) = 5 cm; (e, f, 

g, k) = 5 µm; (j) = 10 µm. 
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Fig 5. Phylogenetic reconstruction of bacterial symbionts based on metabolic marker genes. 

Sequences highlighted in gray. (a) Maximum-likelihood tree based on the alpha subunit of 

the APS reductase gene (aprA) sequences. (b) Maximum-likelihood tree based on the alpha 

subunit of the particulate MMO gene (pmoA) sequences. We found this gene present only in 

Bathymodiolus spp. The sequences of this study grouped with former Bathymodiolus 

sequences. (c and d) Maximum-likelihood tree based on the phenol hydroxylase gene. We 

could amplify the gene in B. heckerae and not in B.brooksi (see d). The sequence fall within 

sequences related to high content hydrocarbon environments. 

 

Fig 6. Stable carbon isotope measurements of lipids extracted from B. heckerae, B. brooksi, 

and Escarpia sp. tubeworms tissue. (a) Carbon isotope values of lipids (circles and bars) and 

bulk tissue (diamonds) from Bathymodiolus spp. and Escarpia sp. tissues. (b) B. heckerae 

carbon isotope values plotted against B. brooksi values. (c) Escarpia tubeworms B and 4 

carbon isotope values plotted against A1 and A2.    

 

Table S1. Primers and probes. All the oligonucleotides used in this study are listed and their 

anneling temperature or formamide concentration that were applied to them. 

 

Table S2. Clone description of this study. In the case of the 16S rRNA gene the number of 

partial sequences are shown and complete ones are in parenthesis. No data means weather we 

did not obtained any sequence or we did not amplify from that individual. The dash meaning 

we run the PCR but no product was obtained. 

 

Table S3. Isotopic composition and quantity (mg of lipid per g of tissue) of fatty acids from 

Escarpia tube worms 

 

Table S4. Isotopic composition and quantity (mg of lipid per g of gill tissue) of fatty acids 

from Bathymodiolus mussels. 
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Fig. S1 Cross-section of gill filament of B. brooksi. (a) Methanotrophic-related bacteria 

(blue) and Psychromonas-related bacteria (orange). In gray the auto fluorescence of the 

tissue. Psychromonas-related bacteria are not abundant and seem to be filamentous-like 

bacteria. (Thiotrophic-related bacteria are not shown but they are similarly present as in B. 

heckerae tissue). (b) Psychromonas-related bacteria in pink and DAPI in blue. 

 

Fig. S2 Cross-section through gill filaments of B. heckerae. (a) Thiotrophic-related bacteria 

T1 (in red), and T2 (in yellow). Scale bar in 40 µm. (b) A detail from a, scale bar 10 µm. 
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Fig. 1. Gulf of Mexico Basin. The most studied sites are shown 
with their respective Bathymodiolus mussels and tubeworm fauna. 
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FIG 2. Phylogenetic affiliation of Escarpia tubeworms and their bacterial symbionts. (a) Tree 
based on COI gene sequences. Maximum-likelihood tree showing vestimentiferan tubeworm 
species from vent and seep environments including the 4 individuals of this study (sequences 
highlighted in gray). Only bootstrap values greater than 70 % are shown. (b) Tree based on 16S 
rRNA gene sequences. Maximum-likelihood tree shows within the gamma-proteobacteria 
phylum, thiotrophic symbionts of seep and vent vestimentiferans. Only one phylotype was 
present in the two investigated tubeworms (in bold), and fell in group 1 (McMullin at al 2003) 
within Escarpia spicata, Escarpia laminata and Lamellibrachia spp.

(a) COI

(b) 16S rRNA

Manuscript I

106



98

100

78

82

86

76

98

100

99

Bathymodiolus heckerae, (Florida Escarpment, GoM), DQ513441
Bathymodiolus heckerae, (South Florida, GoM), AY649794

Bathymodiolus heckerae, (Blake Ridge, Atl), AY649793
Bathymodiolus sp1 Ind1, (Chapopote Knoll, GoM)
Bathymodiolus sp1 Ind2, (Chapopote Knoll, GoM)

Bathymodiolus boomerang, (Barbados), DQ513449
Bathymodiolus sp., (Nigeria), EF051242
Bathymodiolus aff. boomerang, (Regab, Gulf of Congo), DQ513450

Bathymodiolus azoricus, (Lucky Strike, MAR), AB170061
Bathymodiolus puteoserpentis, (Snake Pit, MAR), AB170062

Bathymodiolus brevior, (Lau Back Arc, WP), AY275544
Bathymodiolus marisindicus, (Southern Central Indian Ridge), AB170042
Bathymodiolus thermophilus, (Eastern Pacific Rise), AF456301

Bathymodiolus brooksi, (Florida Escarpment, GoM), AY649798
Bathymodiolus brooksi, (Alaminos Canyon, GoM), AY649797
Bathymodiolus sp2 Ind1, (Chapopote Knoll, GoM)
Bathymodiolus sp2 Ind2, (Chapopote Knoll, GoM)

Bathymodiolus brooksi, (Alaminos Canyon, GoM), EF051244
Bathymodiolus sp., (New Zeland), AB255739
Bathymodiolus sp., (Manus, WP), AB101431

Bathymodiolus aduloides, (Japan margin), AB170054

B.childressi - japonicus group 

Idas washingtonia, (New Zealand), AY275546
Benthomodiolus lignicola, (New Zealand), AY275545

0.10

Vent

Seep

Seep

Vent

Seep-Vent

76

FIG 3. (a) Phylogenetic affiliation of Bathymodiolus mussels and their bacterial symbionts. (a) Tree 
based on COI gene sequences. Maximum likelihood tree showing Bathymodiolus spp. from vent and 
seep environments including the 4 individuals of this study (highlighted in gray). Only bootstrap values 
greater than 70 % are shown. (b) Phylogenetic reconstruction of bacterial symbionts of Bathymodiolus 
mussels based on 16S rRNA gene sequences. Maximum-likelihood tree shows within the Gammaproteo-
bacteria phylum thiotrophic, Cycloclasticus-related, Psychromonas-related and methanotrophic bacteria. 
The phylotypes investigated in this study are shown in bold. Note that B. heckerae individuals have two 
different thiotrophic phylotypes, one Cycloclasticus-related and one methanotrophic phylotypes, and B. 
brooksi present only one thiotrophic, one Psychromonas-related, and one methanotrophic phylotypes.
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B childressi endosymbiont, CAK55529

B brooksi endosymbiont, CAJ85650
B. brooksi symbiont (Chapopote Knoll, GoM)

B. childressi endosymbiont, CAK55528
B azoricus endosymbiont of, AAX48775

Methylosarcina fibrata, AAF04265
Methylomicrobium pelagicum, AAC61804

uncultured methanotroph, AAG16920
Methylobacter psychrophilus, AAX48776
Methylomonas sp., ABD62312

Methylobacter sp., ABD622990.10

uncultured bacterium, Sewage sludge compost, AB286802
uncultured bacterium, Sewage sludge compost, AB286772

uncultured bacterium, Hydrocarbon contaminated soil, DQ196344
uncultured bacterium, Sewage sludge compost, AB286781

Bathymodiolus heckerae symbiont (Chapopote Knoll) 
uncultured bacterium, Sewage sludge compost, AB286756

uncultured microorganism, Lab-scale activated sludge degrading phenol, EF589029
Burkholderia sp., Tomato rhizoplane, EF151008

Pseudomonas mendocina, Phenolic polluted river, AY875728
Pseudomonas sp., Phenol-degrading bacterium, EF687004

Pseudomonas fluorescens, Phenolic polluted river, AY875742
uncultured bacterium, Sewage sludge compost, AB286815
Variovorax sp., Phenol-stimulated enrichment, AB051715

uncultured microorganism, Phenol-stimulated enrichment, AB051730
uncultured bacterium, Sewage sludge compost, AB286796

Alicycliphilus sp., EF596778
uncultured bacterium, Sewage sludge compost, AB286777

uncultured bacterium, Sewage sludge compost, AB286767

0.10 1.1 1.2 2.1 2.2

Fig. 5 Phylogenetic reconstruction of bacterial symbionts based on metabolic marker genes. The three 
sequences of this study are highlighted in gray. (a) Maximum-likelihood tree based on the alpha subunit 
of the APS reductase gene (aprA) sequences.  (b) Maximum-likelihood tree based on the alpha subunit of 
the particulate MMO gene (pmoA) sequences. We found this gene present only in Bathymodiolus spp. The 
sequences of this study (in bold) grouped with former Bathymodiolus sequences. (c and d) Maximum-
likelihood tree based on the phenol hydroxylase gene. We could amplify the gene in B. heckerae and not 
in B.brooksi (see d). The sequence of this study fall within sequences related to high content hydrocarbon 
environments.

a b

c d

Fig 4. Bathymodiolus mussels and Escarpia tubeworms from this study, and FISH images of bacteriocytes 
in the mussel gill filaments and in the tubeworm trophosome. (a) Bathymodiolus brooksi and B. heckerae 
mussels together with escarpid tubeworms settle in the asphaltic sediment at Chapopote cold seep in 
the southern Gulf of Mexico. Each metazoan species harbors its own specific bacterial phylotypes. (b) 
Escarpia tubeworms from this study bear chemoautotrophic tubeworm symbionts. (c) Localization of the 
symbionts (arrows) with a FISH specific probe through a tubeworm cross-section. (d-g) B. heckerae 
mussel and respective FISH images: B. heckerae shell has an elongated shape (d); Its filamentous gills 
house methanotrophic (pink) and thiotrophic (green) bacteria (e). Two different chemoautotrophic 
bacterial phylotypes have been recognized. The host nuclei are in blue, thiotrophs I in red, and 
thiotrophs II in yellow (f). A new hydrocarbon-degrader symbiont in green, is co-existing with the 
methanotrophic bacteria in blue and the thiotrophs in pink (g). (h-k) B. brooksi mussel and respective 
FISH images: the shape of the B. brooksi (h) shell is more round and smaller than B. heckerae.. When 
analyzed with FISH B. brooksi gill filaments (autofluorescence of the tissue is purple) house a methano-
trophic bacterial phylotyope in red, and a thiotrophic one in green (i). A detail of (i) shows host nuclei in 
blue, methanotrophs in red and thiotrophs in green (j). A Psychromonas-related bacteria was found to 
be associated with B. brooksi gill tissue (k). Scale bars: (c, i) = 50μm; (d, h) = 5 cm; (e, f, g, k) = 5 μm; (j) 
= 10 μm.
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Gene Primers Primer sequence (5´-3´)
Anneling

temperature
Ref.

GM3 (8F) AGAGTTTGATCATGGC Muyzer et al., 1995

GM4 (1492R)
TACCTTGTTACGACTT Muyzer et al., 1998

907RC CCGTCAATTCCTTTGAGTTT

LCO-1560 ATRCTDATTCGWATTGA

HCO-2148 CCYCTAGGRTCATAAAAAGA

LCO-1490 GGTCAACAAATCATAAAGATATTG

 HCO2198
TAAACTTCAGGGTGACCAAAAAAT

CA

AprA-1-FW TGGCAGATCATGATYMAYGG

AprA-5-RV GCGCCAACYGGRCCRTA

A189F GGNGACTGGGACTTCTGG

MB661R CCGGMGCAACGTCYTTACC

RMO-F TCTCVAGCATYCAGACVGACG

RMO-R TTKTCGATGATBACRTCCCA

Species Probes Probe sequence (5´-3´)
Formamide

% (46°C)

Psychromonas
spp. Psychr-1453 GGTCATCGCCATCCCCGA 20 Eilers et al., 2000

This study
Escarpia sp.

thitrophs Tbw-139 TCCGAGTTGTCCCCCACTAC 20

This study

B. heckerae TII

Cycloclasticus
spp.

Escarpia sp.

thitrophs Tbw-643 TCTACCACACTCTAGTCAGGCAG 20-60

Duperron et al.,

2005

Cypu-829 GGA AAC CCG CCC AAC AGT 20-50
Maruyama et al.,

2003

Bathymodiolus
spp.

methanotrophs

BangM-138 ACCAGGTTGTCCCCCACTAA 20

Duperron et al.,

2007

Bheck-193 AAGAGGGCTCCTTTT 20
Duperron et al.,

2007

B. heckerae TI 

and B. brooksi T Bthio-193 CGAAGATCCTCCACTTTA 20

55 Folmer et al., 1994

hydroxylase 53 Baldwin et al., 2003

pmoA 55 Holmes et al., 1995

Table 1S. Primers and probes. All the oligonucleotides used in this study are

listed and their anneling temperature or formamide concentration that were

applied to them.

16S rRNA 44

COI 55

aprA 54
Meyer and Kuever

2007

Jones et al., 2006
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Species Specimen
T1 T2 M C P aprA pmoA hydrox

1 119 (5) 56 (5) 5 (2) 3 (3) 6 42 3

2 180 (3) 3 (1) 47 94

1 156 (3) 21 (2) 3 (3) 4 94 x

2 111 (3) 63 (3) 4 89 x

A1 140 (5) 2 x  - 

B1 69 (4) 2 x  - 

Table 2S. Clone description of this study. In the case of the 16S rRNA gene the number of partial

sequences are shown and complete ones are in parenthesis. No data means we did not obtained any

sequence, dash that we did not try to amplify from that individual. The x means we run the PCR but

no product was obtained.

B. heckerae

B. brooksi

Escarpia sp.
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Compound mg lipid/g gill MEAN DEV mg lipid/g gill MEAN DEV mg lipid/g gill MEAN DEV mg lipid/g gill MEAN DEV

? 0,12 0,23 0,05

14:1 0,10 0,07 -44,2 0,6 0,17 -42,5 0,04 -43,6

14:0 0,14 -39,3 0,06 -41,2 1,0 0,21 -43,8 0,04 -42,2

15:0 0,14 0,03 0,16 -38,7 0,04 -38,0

16:1�8 0,00 10,69 -40,6 2,9 2,52 -49,3 4,4

16:1�7 6,21 -41,2 1,0 2,18 -41,4 0,2 23,63 -45,0 0,1 5,07 -45,1 0,8

16:1�5 0,69 0,08 -42,5 0,2 2,05 0,48 -45,0 0,7

16:2 0,32 -41,9 0,3 0,19 -41,6 0,7 0,08

16:2 0,54 0,02

16:0 1,97 -39,5 1,7 0,60 -41,6 0,4 4,87 -43,9 1,2 1,07 -44,3 0,6

17:1 ? 0,03 0,08 0,01

17:0 ? 0,06 0,05 0,01

17:0 0,16 0,27

17:0 0,04 0,06 -39,5 0,1

18:3 2,58 -42,1 2,3 0,79 -44,7 0,8 1,09 -45,1 0,8 0,26 -46,3 0,2

18:3 0,29 0,09 -44,2 0,0

18:2 0,21 -45,2 0,8 0,07 -45,0 1,4 0,24 -42,2 0,9 0,08 -43,9 0,4

18:2 0,19 -40,0 0,5 0,09 -39,4 0,9 0,33 -42,4 1,0 0,11 -44,2 0,2

18:1�11 0,14 -40,0 1,6 0,08 -41,3 0,8 0,36 -39,3 1,7 0,10 -43,8 0,6

18:1�9 0,12 -41,8 3,1 0,11 1,08 -39,8 1,9 0,24 -41,1 0,2

18:1�7 0,76 -40,5 1,0 0,32 -41,8 0,3 2,06 -41,9 0,44 -44,7 0,3

18:1�5 0,14 0,02 0,35 -42,9 0,11 -54,5 0,1

18:0 0,23 -36,9 1,5 0,15 -39,1 0,7 0,85 -42,5 0,8 0,20 -42,7 0,1

? 0,06 0,06 -42,5

? 0,24 -42,7 1,1 0,06

20:3 0,10 -42,5 0,6

20:3 1,32 -43,8 1,1 0,46 -43,8 0,3 0,05 -46,3 2,1 0,11 -46,7 0,6

20:2 0,51 -42,0 3,1 0,11 -44,0 1,3 0,78 -45,7 0,5 0,20 -43,1 2,0

20:2 1,75 -41,3 0,4 0,58 -42,0 0,5 1,70 -44,1 0,4 0,35 -44,4 0,4

20:2 0,32 -43,5 0,0 0,05 -45,4 0,3

20:1�13 0,50 -41,1 0,5 0,16 -40,9 0,3 0,59 -43,2 0,3 0,13 -44,4 1,1

20:1�9 0,36 -40,6 1,7 0,12 -44,1 2,6 0,80 -43,3 1,0 0,18 -42,7 0,2

20:1�7 0,95 -40,7 0,9 0,36 -41,0 0,5 3,11 -43,2 0,6 0,63 -43,4 0,0

22:2 0,19 -42,0 0,7

16:1 MAGE 0,18 -47,2 1,0 0,08 -46,4 1,1 0,11 0,03 -43,9 0,0

C16:1 MAGE 0,02 -43,9

16:0 MAGE 0,11 -37,8 0,03 -49,5 0,12 0,03 -45,2 1,2

? 0,70 -41,8 0,7 1,00 -44,9 0,4 0,19 -44,5 0,4

C17 MAGE 0,00

18:1 MAGE ? 0,04 0,01 0,01 0,00

18:1 MAGE ? 0,05 0,01 0,05 0,01

18:0 MAGE 0,05 0,02 0,14 0,05 -42,9 0,0

? 0,09 -43,8 0,14 0,02

C20:2 MAGE 0,13 -42,0 0,02 0,00 -53,5 0,5 0,16 -48,9 1,4

C20:1 MAGE 0,14 -40,9 0,04 -41,7 0,6 0,51 -43,8 1,7 0,17 -43,9 1,1

Cholesterol 0,08 -42,9 0,01 -35,1 0,5 0,05 0,03

4-Methyl-cholesta-N-en-3b-ol 0,13 -51,3 0,02 0,11 -57,0 0,6 0,12

4-Methyl-cholesta-N,N-dien-3b-ol 3,76 -50,8 0,3 0,83 -51,6 0,5 3,79 -53,2 1,7 3,37 -54,2 1,5

4-Methyl-cholesta-N,N,N-trien-3b-ol 0,12 0,03 0,13 0,12

? 0,06 0,06 0,16

Lanosterol ? 0,06 0,16 -52,8 0,4 0,45 -46,4 0,5

Stigmasterol? 0,03 0,14 -48,8 1,2 0,40 -43,8 0,3

Diplopterol 0,01

? 0,12 -42,4 0,1 0,03 0,10 -45,6 0,0

? 0,25 -43,0 0,3

? 0,19 -41,1 0,1 -41,8 0,5 0,01

? 0,06 -43,7 1,0 0,03 -43,7 0,7 0,004 0,02

16:1 FAME 0,11 -41,3 0,4

16:1 FAME 0,81 -45,0 0,0

16:0 FAME 0,33 -40,9 0,8

C18:3 FAME 0,16 -40,9 0,3

C18:2 FAME 0,02

C18:2 FAME 0,04

C18:1 FAME 0,06 -35,5 0,2

C18:1 FAME 0,13 -42,6 0,1

C18:0 FAME 0,05 -40,3 0,0

C20:3 FAME 0,08 -36,3 0,4

C20:3 FAME 0,01

C20:2 FAME 0,17 -43,3 0,3

C20:2 FAME 0,23 -43,0 0,6

C20:1 FAME 0,05 -39,9 0,5

C20:1 FAME 0,16 -40,8 0,7

C20:1 FAME 0,17 -41,7 0,7

Table 4S. Isotopic composition and quantity (mg of lipid per g of gill tissue) of fatty acids from Bathymodiolus mussels

B.heck Ind.1 B.heck Ind.2 B.brook Ind.1 B.brook Ind.2
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head

Compound �13C (‰) mg/g �13C (‰) mg/g �13C (‰) mg/g �13C (‰) mg/g �13C (‰) mg/g �13C (‰) mg/g �13C (‰) mg/g �13C (‰)

14:0 FAs -38,0

16:1� FAs -28,8 4,93 -27,9 2,20 -29,1 2,19 -28,1 0,48 -28,2 -27,4 1,39 -26,83 -27,5

16:1� FAs 0,13 0,10 0,08 0,06 -31,6 0,10

16:0 FAs -36,5 3,39 -34,7 2,03 -35,7 1,74 -35,5 0,42 -34,0 -32,0 1,52 -31,85 -33,3

18:2 FAs -37,0 3,21 -36,1 1,60 -35,8 1,33 -36,4 0,28 -35,2 -33,2 1,30 -31,88 -36,0

18:2 FAs -37,0 1,03 0,51 0,65 0,04 0,24

18:1� FAs -28,8 14,55 -28,8 6,00 -28,7 5,82 -28,4 1,17 -28,8 -28,4 4,83 -27,11 -28,8

18:1� FAs 0,35 0,32 0,21 0,05 0,13

18:0 FAs -33,3 1,31 -36,6 0,76 -34,6 1,05 -34,9 0,08 -35,1 -30,7 0,25 -34,23

20:4 FAs -40,0 2,98 -37,3 1,72 -35,8 1,82 -36,5 0,43 -36,1 -34,9 2,36 -36,46 -36,8

20:5 FAs -38,1 4,77 -38,1 2,86 -36,2 2,20 -37,0 0,87 -36,6 -36,1 2,55 -37,33 -37,4

20:2 FAs -33,5 2,14 -34,2 1,03 -32,9 1,16 -31,7 0,26 -33,0 -31,8 0,73 -31,34 -34,1

20:1� FAs -39,1 2,71 -36,4 1,51 -34,4 1,86 -34,7 0,19 -34,8 -33,2 0,71 -32,31 -34,5

20:1� FAs -32,1 2,75 -31,5 1,48 -30,1 2,62 -29,0 0,11 -30,7 -30,5 0,32 -30,77 -32,1

22:2 FAs 1,33 -32,1 0,82 -30,6 0,95 -30,8 0,26 -33,6 -31,6 0,71

16:1 alcohol 0,17 -29,1

16:0 alcohol 0,19 -36,2 0,03 0,04 -36,2 0,01 -32,6 0,46 -34,7 0,04 -27,70 0,16 -33,1

18:1 alcohol 0,43 -30,2 0,04 0,11 -30,3 0,02 -29,3 0,91 -29,1 0,06 -33,01 0,32 -29,0

18:0 alcohol -42,0 0,45 -36,3 0,16 -36,4 0,19 -34,6 0,02 -35,2 0,18 -36,6 0,09 -32,26 0,28 -34,9

20:1 alcohol 0,51 -30,5 0,29 -30,8 0,21 -28,5 0,03 -32,6 0,14 -30,4 0,14 -29,42 0,21 -31,7

20:0 alcohol 0,01 0,10 -28,45

18:1 MAGE 0,01 -36,8

18:0 MAGE 0,18 -37,1 0,15 -35,6 0,14 -35,3 0,02 -36,1 0,09 -36,5 0,11 -31,80 0,07 -37,0

20:2 MAGE 0,05 -41,2 0,08 -41,6 0,01 -32,7

20:1 MAGE -24,7 0,22 -32,8 0,20 -32,3 0,16 -30,7 0,03 -32,4 0,08 -32,0 0,09 -37,24 0,09 -32,0

Cholesterol -41,8 5,05 -38,9 5,29 -36,6 2,75 -36,7 0,87 -38,7 0,51 -37,6 3,72 -35,48 0,81 -37,9

Cholesta-dien-ol -43,2 4,16 -40,9 3,81 -40,2 2,94 -39,7 0,53 -38,9 0,37 -38,3 1,93 -38,43 0,48 -36,1

Ergosta-dien-ol -42,6 2,24 -40,7 2,03 -38,7 1,52 -38,8 0,48 -40,2 0,33 -39,2 2,25 0,47 -38,1

Table 3S. Isotopic composition and quantity (mg of lipid per g of tissue) of fatty acids from Escarpia tube worms

Tube worm A1 Tube worm A2 Tube worm B Tube worm 4

body1 head bodybody head body head
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Abstract 

 

Marine intranuclear bacteria have a potentially lethal effect on bivalve populations, thus 

we set out to look for the presence of intranuclear bacteria in economically important and 

commercially available bivalve species. These included oysters (Crassostrea gigas), 

razor clams (Siliqua patula and Ensis directus), blue mussels (Mytilus edulis), manila 

clams (Venerupis philippinarum), and common cockles (Cerastoderma edule). 16S rRNA 

analysis and fluorescence in situ hybridization (FISH) revealed the presence of 

intranuclear bacteria in all investigated bivalves except oysters and blue mussels. A FISH 

probe targeting all currently known intranuclear Gammaproteobacteria was designed for 

future high-throughput analyses of marine invertebrates. Furthermore, primers were 

designed to quantify the abundance of intranuclear-related bacteria with real time PCR. 

Preliminary tests showed massive amounts of intranuclear bacteria in some bivalve 

species, raising the question as to whether these significantly affect not only the health of 

the bivalves, but possibly also of the humans that eat them. 

 

Introduction 

 

Bacteria that invade eukaryotic nuclei are commonly found in protists, but have rarely 

been observed in multicellular eukaryotes (Grandi et al. 1997; Arneodo et al. 2008). 

Recently, we described intranuclear bacteria in deep-sea hydrothermal vent and cold seep 

mussels of the genus Bathymodiolus (Zielinski et al. 2009). This bacterial parasite 

appears to infect a nucleus as a single cell, replicate in massive numbers and eventually 

cause the nucleus to burst, liberating thousands of bacteria with the possibility to infect 

contiguous nuclei.  Phylogenetic analyses showed that these bacteria belong to a 

monophyletic clade of Gammaproteobacteria associated with marine animals as diverse 

as sponges, corals, bivalves, gastropods, echinoderms, ascidians, and fish. However, 

except for bathymodiolin mussels and a shallow water bivalve, the Pacific razor clam 
Siliqua patula (Kerk et al. 1992), none of these metazoa-associated bacteria have been 

shown to occur inside nuclei.  When this intranuclear bacterium was first described, it 

was named “Nuclear Inclusion X” (NIX) (Elston, 1986), from here on we referrer to the 

monophyletic group described in Zielinski et al. (2009) as the NIX clade. Intranuclear 

non-Rickettsia-like bacteria have been observed by TEM in marine metazoans, such as 

sponges (Vacelet 1970, Friedrich et al. 1999), Ruditapes (Tapes, Venerupis)  decussatus 

clams (Azevedo 1989), Siliqua patula  razor clam (Elston 1986, Kerk et al. 1992) and 
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Bathymodiolus spp. mussels (Zielinski et al. 2009). With the exception of Kerk et al. and 

Zielinski et al., the observations were not associated with molecular data. It has been 

suggested that these intranuclear bacteria may cause massive mortality in bivalves, with 

potential impact on hatchery economics (Elston 1986, Ayres et al. 2004).  Within this 

bacterial group there are cultivated bacteria, the Endozoicomonas sp. (Kurahashi and 

Yokota 2007) and surfactant-resistant bacteria (Plante et al. 2008), all of which were 

isolated from marine invertebrates. In the current study, we investigated the presence of 

these intranuclear bacteria in coastal consumable bivalves with both culture-dependent 

and -independent methods. In contrast with deep-sea bivalves, shallow-water bivalves 

have a diverse and abundant microflora. Molecular studies of this diversity are limited 

(e.g. Cavallo et al 2009), in part due to the fact that research on bacterial-bivalve 

interactions is largely focused on known human pathogenic bacteria (e.g Vibrio spp.). 

These studies have never reported the presence of bacteria related to the intranuclear 

group. We report here that NIX bacteria belonging to the monophyletic group are 

commonly present in bivalves and have a widespread distribution. 

 

Material and Methods 

 

Sampling site and processing 
 
Bivalves were collected in April 2008 from intertidal zones in Sylt, Germany. Ensis sp. 

were collected in Königs Bay (Königshafen) and Mytilus edulis, Cerastoderma sp. and 

Crassostrea gigas at Oddewatt. Collection of Ensis sp. clams is traditionally known to be 

difficult due to their burying behavior. However, upon arrival to the beach, a small 

community of around 200 clams was observed on the surface of the intertidal sediment. 

Siliqua patula clams were collected from Kalaloch Beach on the Pacific coast of 

Washington State, USA. Crassostrea gigas (France and Mexico), and Tapes 
semidecussatus (Italy) were obtained in local markets in Bremen and Mexico City. The 

organisms were kept alive in seawater or on ice until further processing. The gills were 

dissected and segments were place in 96% ethanol and stored at -10°C for DNA analysis. 

Other fragments were fixed for FISH analysis with 1% PFA and stored at 4°C in 50% 

ethanol/PBS, and a third fragment was stored in 6% glycerol for cultivation attempts. 

Cultivation  
 

Three different media were used in solid (with 1.5 % Agar) and liquid presentations: 

Marine Medium 2216 (Difco), Minimum Medium with and without CTAB (0.1% yeast, 

0.01% peptone, 1.5% agar, 100µm CTAB, dissolved in sea water), and WL Nutrient 
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Medium (Difco) in 3.5% NaCl. No NIX were recovered, but many other bacteria were 

(results of the cultivated bacteria will be presented in a separate report). 

 

DNA extraction and PCR amplification 
 
DNA was extracted from frozen or ethanol fixed tissue following the Zhou et al. (1996) 

protocol with small modifications. Briefly, 2 ml of extraction buffer and 20 µl proteinase 

K (20 mg/ml) were added to approximately 100 mg of tissue, and incubated 1.5 hours. 

200 µL of 20% SDS were added and incubated 2 hr at 56°C. The liquid phase was 

recovered after centrifugation at 14000 g for 20 min and cleaned once with 1 V 

phenol/chloroform/isoamilalcohol (25:24:1) and a second time with 

chloroform/isoamylalcohol (24:1), precipitated with 0.6 V isopropanol and dissolved in 

TE buffer. DNA was extracted from a variety of animals, but we report here only those 

hosts for which a positive 16S rRNA sequence analysis confirmed the presence of NIX. 

The extracted DNA was used for both host and bacterial symbiont analysis. Hosts COI 

genes were amplified using 36 PCR cycles using the LCO1490 (5'-

GGTCAACAAATCATAAAGATATTG-3´) and HCO2198 (5´-

TAAACTTCAGGGTGACCAAAAAATCA-3´) primers (Folmer et al., 1994). Bacterial 

16S rRNA genes were amplified using 20 PCR cycles with universal primers GM3 (8F) 

and GM4 (1492R) (Muyzer et al., 1995).  

 

Quantification of bacteria: real time PCR 
 
Primers for the amplification of a 100 bp fragment of the 16S rRNA were designed using 

the probe design tool of ARB (Ludwig et al., 2004). The primers matched all sequences 

in the NIX-clade, with no match to other sequences from bivalve-associated bacteria: 

Nix-721F (5'-AGTGGCGAAGGCGACACT-3') and Nix-805R (5'-

GACATCGTTTACGGCGTGG-3'). Oligonucleotides were checked for their potential to 

form secondary structures using the analysis tool NetPrimer 

(http://www.premierbiosoft.com). For PCR conditions, the Eurogentech (Germany) 

protocol was followed. The annealing temperature was 60ºC and 50 cycles were used. 

 

Phylogenetic analysis 
 
COI products of the host invertebrates were directly sequenced (both strands). Bacterial 

16S rRNA of each organism was cloned using the TOPO-TA system (Invitrogen) and 

clones were partially sequenced with primer 907RC (Muyzer et al., 1998). Clone 

sequences belonging to the NIX-clade from each host individual were chosen for full 
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sequencing in both directions. Sequence data were analyzed with Sequencher (Genes 

Codes Corporation), 16S rRNA sequences were aligned with the ARB/SILVA aligner 

(Pruesse et al. 2007), and phylogenetic trees were calculated with the ARB software 

(Ludwig et al., 2004). All sequence comparisons are given as percentage sequence 

identity (% similar nucleotides) after calculations of a Neighbor-Joining distance matrix. 

For tree reconstruction, only long sequences (~1400 bp) were used. Maximum likelihood 

phylogenetic tree was calculated using RAxML (GTRGAMMA distribution model, 100 

bootstrap replicates). 

 

 

FISH and CARD-FISH 
 
A gill piece from each specimen was dehydrated in an ethanol series and embedded in 

low-melting polyester wax (Steedman, 1957). Wax cubes were sectioned with a Leica 

microtome (5-6 µm) and mounted on Plus Frosted Slides (Menzel-Gläser). Polyester wax 

was removed in three rinses in absolute ethanol (5 min each), and sections were 

rehydrated in a short ethanol series (3 concentrations). For better penetration of probes, 

sections were subsequently incubated in Tris-HCl (20 mM, pH 8), proteinase K (0.05 mg 

ml-1 in Tris-EDTA, pH 8, at 37°C), and washed in MilliQ water (5 min each). For in situ 
hybridizations with mono- or horseradish peroxidase (HRP)-labeled probes (CARD-

FISH) and subsequent staining with DAPI, sections were processed as described 

previously (Zielinski et al 2009, Duperron et al 2007). The probes used in this study were 

designed based on the primer sequences. EUB338 probe was used as a positive control. 

Probe NON338 was used as a negative control for background autofluorescence. All 

hybridizations were performed using 20% formamide.  
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Results and Discussion 

 

16S rRNA sequence analysis 
 
In our 16S rRNA sequence analysis (Fig. 1), we obtained roughly 30 sequences from 

each reported host (Table 1), with the exception of M. edulis, C. edule and T. 
semidecussatus, with 4, 61 and 51 clone sequences, respectively. We found sequences 

belonging to the monophyletic group described in Zielinski et al. (2009), which we call 

the NIX-clade, in five of the bivalve species analyzed: Ensis directus, Cerastoderma 
eduli, Crassostrea gigas, Siliqua patula, Tapes semidecussatus. The amount and quality 

of DNA was limited, due to inefficient DNA extractions for some organisms. Two 

different NIX phylotypes were found in some of the bivalves, however the phylotypes of 

each host were nearly always different. Among the phylotypes found in this study (Figure 

1), there are three cultivated strains isolated from a sponge (Nishijima et al. in prep), a 

sea slug (Kurahashi and Yokota 2007) and an echinoid (Becker et al 2007). These 

cultivated bacteria were not yet checked for in situ localization (personal communication 

from researchers), which, should they be confirmed as intranuclear, could pave the way 

towards physiological studies of intranuclear bacteria. All sequences in the NIX-clade 

except two (from marine water) belong to animal-associated bacteria (Figure 1). This 

suggests these bacteria are specialized at living within animal tissue and may get from 

them nutrients, protection and surface for attachment, parameters potentially essential for 

their life cycle. This study confirms previous findings that the NIX clade is a 

monophyletic group (Zielinski, et al. 2009).  

 

In situ localization and abundance 
 

We could localize intranuclear and not intranuclear bacteria belonging to the NIX-clade 

with specific probes (Table 2) in S. patula, E. directus, C. edule, and T. semidecussatus, 
which corresponded to only one of the phylotypes of each host (Fig. 2). We were not able 

to localize the second phylotype that occurred in C. edule and E. directus, as the specific 

probes (Cnix-643, Cnix-64, Cnix-1249 for C. edule, and Cnix-1249 for E. directus 

phylotype) did not show an intranuclear signal, and any positive signal other than nuclear 

could not be discern from background fluorescence. In the two different oysters, no 

positive signals with any bacterial probe (i.e. Eub-338, Gamma, and Tnix-64) were 

observed. In fact, the oyster tissue looked very clean (no bacteria or particles), which is 

likely due to the normal and extensive depuration process that oysters are put through for 

commercial use. In contrast, C. edule had a massive amount of particles and high 
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background, making it difficult to distinguish a positive signal outside nuclei. The second 

phylotype may be present, but could not be observed under these conditions.  S. patula 
and T. semidecussatus frequently had massive infections, as did C. edule, though to a 

lesser degree (see Fig. 2-4). T. semidecussatus was unique in that NIX bacteria were 

found normally surrounding the nucleus and rarely inside (Fig. 2). These FISH 

observations suggest that NIX-bacteria are not exclusively intranuclear. However, as 

observed in T. semidecussatus, they may need to live associated with nuclei, potentially 

providing a mechanism for nucleus entry, easier than first thought.  

The natural aggregation of NIX bacteria makes their quantification by FISH impossible. 

As such, we sought to develop a qPCR (real time PCR) based assay for high-throughput 

NIX-specific quantification, as described in the methods section. Preliminary results of 

qPCR are consistent with FISH observations (Table 1). S. patula had the highest quantity 

of NIXclade bacteria, as observed in both qPCR and in situ analyses (Fig 2X). According 

to the NIX life cycle proposed by Zielinski et al. (2009), the bacterial infections observed 

here are in the last developmental stage (Fig. 4). With the oligonucleotide probes 

designed in this study, it would now be possible to corroborate the presence of 

intranuclear-related bacteria in any of the organisms for which there is a published 

sequence, such as in the fish Pomacanthus sextriatus, the sponges Petrosia ficiformis, 

Chondrilla nucula, Muricea elongata, and the corals Halichondria okadia, 
Erythropodium caribaeorum.  
  

Mass mortalities 
 
What we observed in Sylt, a group of ~200 clams lying on the intertidal sediment is a 

low-scale mass mortalty. Some clams were dead and some did not perform their usual 

burying when feeling contact. The cause of the dying Ensis clams in Sylt coast is unclear. 

However, it is highly possible that the mortality was due to the presence of NIX-realted 

bacterial parasite. Siliqua patula razor clams have been observed to experience mass 

mortality related to a nuclear bacterial parasite (Elston 1986, Ayres et al. 2004) and it 

would not be surprising that a species as closely related as E. directus can become 

diseased by NIX bacteria as well. Typically, bacteria and parasites are persistent in 

certain species and it is a delicate equilibrium, likely dependent on environmental factors 

that keeps these organisms under control. An imbalance may cause certain parasites to 

bloom and opportunistically damage their host. As such, a NIX disease ecology or 

epidemiological study, requires a thorough assessment of environmental parameters, 

which, with the use of the qPCR primers designed and tested here, could be correlated 

with the emergence of the mass mortalities due to intracellular bacterial infections.  

Manuscript II

124



 

Conclusions 

 

It is clear that the distribution of these NIX-related bacteria is widespread, not only 

biogeographically, as was suggested by Zielinski et al (2009), but also among 

phylogenetically diverse host invertebrates.  The persistent occurrence of these bacteria 

suggests that they have both a parasitic stage and a non-parasitic host stage, some hosts 

appear to support high numbers of bacteria without presenting any physical disease. Is the 

symbiotic state of this bacteria-bivalve interaction in a host-commensal relationship 

rather than host-parasitic? Perhaps the observed association is a transition between these 

symbiotic concepts. The intranuclear presence of bacteria is an evolutionary process not 

well understood, requiring further ecological and physiological studies. Furthermore, the 

issue is of great importance due to the economical repercussions that mass mortality 

could have for aquaculture, as well as the consequences the infections of these bivalves 

have on human health. 
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Tables and Figures 

 

Figure 1.  

16S rRNA phylogenetic tree based on maximum likelihood (RAxML) analysis. NIX-

clade belongs to the Gammaproteobacteria. Sequences from this study (highlighted in 

grey) and all closely related sequences found in the literature, including the three 

cultivated strains (in blue) and the Candidatus Endonuclear bathymodioli (in yellow) are 

shown. Probes (in green square) designed to target each specific host were designed for 

use in FISH analysis and Nix-721 and Nix-805 for real time PCR. Sequences with a star 

(*) indicate nuclear phylotypes confirmed by FISH. The T. semidecussatus sequence 

(with two stars **) was found typically surrounding the nuclei and very rarely inside.  

Figure 2-4 

Fluorescence in situ hybridization (FISH) images of NIX bacteria in the different 

bivalves. We used two probes for detecting the precense of NIX bacteria. Only images 

with one probe are shown because they gave similar results. 2) Specific probes (Tnix-

1249 and Tnix-64) for NIX in T. semidecussatus. Nuclei stained with DAPI (blue). FISH 

signals (with Tnix-1249) are in green. Scale bars: 10 µm.  3) FISH with specific probes 

(Tnix-64 and Bnix-643-II) for NIX in C. edule. DNA is stained with DAPI (host nuclei in 

blue). FISH signals (with Tnix-64) are in red. Bar scales in a and b: 20 µm, for c: 10 µm. 

4) Specific FISH for razor clam sequences (signals in red and host nuclei in blue). (a-c) 

specific probes (Tnix-64 and Bnix-643_II) for E. directu, signals with Tnix-64 are shown. 

(d-e) and specific probes (Snix-64, Snix-643) for S. patula. FISH with Snix-64 is shown 

in images. Scale bars in a: 30 µm, in c: 10 µm, in d: 20 µm. 

 

Table 1. 

16S rRNA analysis. Number of clone sequences obtained from each host. NixI or NixII 

are different phylotypes in each host. Two different phylotypes could be found in 

E.directus, C.edule and C. gigas. The last line is the number of copies obtained in the 

qPCR assay. 

Table 2 

Oligonucleotide probes used in this study. Different probes matching each bivalve 

(green) and sometimes having a mistmatch (x). Matching squares are labelled with ‘nucl’, 

‘not nucl’, or ‘both’ after FISH observation showed nuclear or not nuclear. In the case of 

Ensis sp. bacteria were localized both inside and outside nuclei with the same probe. 
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Endonucleobacter bathymodioli group * 

Ensis directus razor clam clone, Sylt NIX-I (4) *
Cerastoderma edule clam clone, Sylt NIX-I (5) *

90

100

Tripneustes gratilla echinoid isolate bacteria, AM495252
ocean water clone, Bohai Bay, ocean water, FJ154998

Oceanrickettsia ariakensis from Crassostrea ariakensis, DQ123914
Oceanrickettsia ariakensis, from Crassostrea ariakensis, DQ118733

100
98

81

Crassostrea gigas oyster clone, GoM
Siliqua Patula razor clam clone, full seq*

Pomacanthus sexstriatus fish tract clone, EU884930

65

Cystodytes dellechiajei ascidian clone, Mediterranean Sea, DQ884170

100

Alcyonium antarcticum coral clone, DQ312235
Alcyonium antarcticum coral clone, DQ312243
Alcyonium antarcticum coral clone, DQ312237

83

Alcyonium antarcticum coral clone, DQ312244

100
99

Crassostrea gigas oyster clone, GoM 
Ensis directus razor clam clone, Sylt

Cerastoderma edule clam clone, Sylt NIX-II

96

ocean water clone, Newport Harbour, USA, EU799933
Cystodytes dellechiajei ascidian clone, DQ884169

83

99

Endozoicomonas elysicola from Elysia ornata sea slug, AB196667
Salmo salar fish gill clone, AY494615

88

Pocillopora damicornis coral clone, AY700601
Venerupis philippinarum clam clone  **

84

Erythropodium caribaeorum octocoral clone, DQ889921
Erythropodium caribaeorum octocoral clone, DQ889931
Muricea elongata sponge clone, DQ917879

Muricea elongata bleached sponge clone, DQ917830

68

91

Spongiobacter nickelotolerans, isolated from marine sponge, AB205011
Muricea elongata sponge clone, DQ917877

89

Petrosia ficiformis sponge clone MOLA 531, AM990755
Chondrilla nucula sponge clone, AM259915

Halichondria okadia sponge  clone HOC2, AB054136

84

Asterias amurensis seastar clone KMD001, EU599216

79

Halichondria okadia sponge  clone HOC22, AB054156
Halichondria okadia sponge  clone HOC25, AB054159

Acesta excavata bivalve gill clone, EF508132

100

67

95

Ruppia maritima gill clone, seagrass beds, EU487857
Ruppia maritima gill clone, seagrass beds, EU487858

63

Bdellovibrio bacteriovorus, AF084850

0.10

Bnix-643/Bnix-64

Bnix-643II/Tnix-64

Snix-64/Snix-643

Cnix-64/Cnix-1249

Tnix-64/Tnix-643

Sequences from this study - shallow water bivalves

Cultured strains

*

Probes used in this study

Nix-721

Nix-721

Nix-805

Nix-805

Nix-721

Nix-721

N
IX

 c
la

de

Sequences from intranuclear bacteria confirmed by FISH

Sequences from deep-sea mussels Bathymodiolus spp.

Sequences that are found intranuclearly or sorrounding the nuclei (after FISH)**

Fig. 1 16S rRNA phylogenetic tree based on maximum likelihood (RAxML) anal-
ysis. NIX-clade belongs to the Gammaproteobacteria. Sequences from this study
(highlighted in grey) and all closely related sequences found in the literature, in-
cluding the three cultivated strains (in blue) and the Candidatus Endonuclear
bathymodioli (in yellow) are shown. Probes (in green square) designed to target
each specific host were designed for use in FISH analysis and Nix-721 and Nix-805
for real time PCR. Sequences with a star (*) indicate nuclear phylotypes confirmed
by FISH. The T. semidecussatus sequence (with two stars **) was found typically
surrounding the nuclei and very rarely inside.
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Fig. 2 FISH with specific probes (Tnix-1249 and Tnix-64) in T. semidecussatus
gill tissue. In both images nuclei are stained with DAPI (blue). FISH signals (with
Tnix-1249) are in green. Scale bar: 10 μm.
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Fig. 3 FISH with specific probes (Tnix-64 and Bnix-643-II) in C. edule gill tissue.
In a-c DNA is stained with DAPI (in blue), and FISH signals (with Tnix-64) are
in red. Bar scales for a and b: 20 μm, for c: 10 μm. (a) image is without probe
and a huge bacterial infection can be observed labeled with DAPI. Background
fluorescence of host tissue is observed in red.
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Fig. 4 Specific FISH for NIX-related sequences in razor clams (i.e. E.directus and
S. patula gill tissue. Signals are in red and host nuclei labeled with DAPI in blue.
(a-c) specific probes (Tnix-64 and Bnix-643-II) for E. directus, signals with Tnix-
64 are shown. Background from tissue autofluorescence is seen in green. (d-e)
specific probes (Snix-64, Snix-643) for S. patula. FISH with Snix-64 is shown in
images (red). Autofluorescence of tissue is blue. Scale bars in a: 30 μm, in c: 10
μm, in d: 20 μm.
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Table 1. 16S rRNA analysis. Number of clone sequences obtained from each host.
NixI or NixII are different phylotypes in each host. Two different phylotypes could
be found in E.directus, C.edule and C. gigas. The last line is the number of copies
obtained in the qPCR assay.

Table 2. Oligonucleotide probes used in this study. Different probes matching
each bivalve (green) and sometimes having a mistmatch (x). Matching squares are
labelled with nucl, not nucl, or both after FISH observation showed nuclear or not
nuclear. In the case of Ensis sp. bacteria were localized both inside and outside
nuclei with the same probe.
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Abstract 

 

Bacterial diversity in bivalves is a multidisciplinary topic, from biological 

and basic research to economical interests, including aquaculture and 

medicine. In this paper we review how these different disciplines have 

influenced the few bivalve microbiota studies available. We present new 

data from 16S rRNA analysis, including sequences from clone libraries and 

isolates, and fluorescence in situ hybridization (FISH) from shallow-water 

bivalves: Ensis directus, Cerastoderma edule, Crassostrea gigas, Siliqua 

patula, Tapes semidecussatus, Mytilus edulis, and Mya arenaria, localizing 

specific groups of bacteria associated with them. We also performed 

cultivations from C. edule, and T. semidecussatus. The isolated bacteria 

belong to bacteria phyla that are frequently found in organic rich 

environments: oil spills, bone-falls, feces or invertebrate tissue. Most of 

them belong to the Gammaproteobacteria group, and others to the 

Alphaproteobacteria, Bacteroidetes, Actinobacteria and Spirochetes. 

These associations might be occurring not only because of the surface 

that bivalves provide to bacteria, but also because the association could 

provide nutritional or protection benefits for both partners. 
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Fig. 1 Phylogentic tree of the main bacterial phyla based on 16S rRNA  gene. Almost all existing bacteria phyla 

are visualized here. Branches in purple are the phyla for which bacterial species have been found associated to 

bivalves. 

 

Bacteria-bivalve associations 

 

Bacteria-bivalve association studies have been enriched by the discovery 

of intracellular bacterial symbionts of mussels and clams in the deep-sea. 

However, most studies have been focused on species with intracellular 

symbionts and there are scarce studies in the other associated bacteria. 

Through its history, two topics have inspired the study of bacteria-bivalve 

associations in shallow waters, the first one is the human pathogens that 

edible bivalves can concentrate (Kueh and Chan 1984, Prieur et al. 1990, 

Cabello et al 2005), and the second the economical importance that  
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Fig. 2 Mya arenaria transversal sections of gill tissue in left panels. FISH with specific 

probes for spirochetes (Spiro-1400 – 5’-CTCGGGTGGTGTGACGGGCG–3’). In right 

panels B. childressi, with spirochete specific probe (Spiro-1400) in top image, and in image 

below with specific probe for epsilonproteobacteria (Epsy-682 – 5’ 

CGGATTTTACCCCTACAC-3’). Scale bars: 10 µm in left panels and bottom right image; 5 

µm in top right image. 
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healthy hatcheries have in aquaculture (Prieur 1987, Romero and Espejo 

2001). In fact, because of these two reasons, already more than one 

century ago the depuration processes (cleaning based on maximizing the 

natural filtering activity of shellfish holding it in tanks of clean seawater) 

in particular for oysters were implemented. The study of these 

associations to use them as models for studying physiological interactions 

between eukarya and bacteria, and the possibility to study evolutionary 

pathways of symbiosis has seldom been the focus. With this last 

intention, we synthesize all the available information about bacteria and 

their association to shallow-water bivalves, and with molecular studies we 

contribute to the understanding of bacterial diversity in bivalves. the 

bacterial diversity of these living habitats. The first surprising thing that it 

is noted when reviewing described bacteria associated with bivalves is 

that their diversity is very broad and they cover almost all main branches 

of the Bacteria kingdom (see Fig. 1).  

 

Microflora diversity 

 

Pathogenic, commensal and beneficial bacteria have all been described as 

members of bivalve microflora. Most of the diversity studies performed 

with bivalves are culture-dependent (Lovelace et al. 1968, Murchelano 

and Brown 1968, Brisou 1962, Prieur 1981), meaning that the knowledge 

that we have about bivalve microflora diversity is limited to the estimated 

1% bacterial population that is cultivable (Kjelleberg et al. 1993) or even 

less than 0.001% as described for oysters (Romero and Espejo 2001). 

Occurrence of bacteria has been studied intensively in the bivalve 

digestive tract (Prieur 1981, Minet et al. 1987) and in the crystalline style 

(Bernard 1970, Paster et al. 1996, Prieur et al. 1990) Various bacterial 

genera have been observed to be commonly  
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Table 1 Isolates from T. semidecussatus, C. edule and E. directus. Gill pieces 

stored in glycerol were homogenized and cultivated in three different media.  

Isolate Host Medium1 Identity2 Closest relative Acc.3 

TI-1 T. semidecussatus HNM Kocuria sp. MOLA 658 AM990771  

TI-2 T. semidecussatus HNM Dermacoccus sp. Ellin183 AF409025 

TI-3 T. semidecussatus HNM Sulfitobacter sp. MOLA 8 AM990784 

TI-4 T. semidecussatus HNM Uncultured bacterium clone PL-10B7 AY570580 

TI-5 T. semidecussatus HNM Uncultured Vibrionaceae AY627367 

TI-6 T. semidecussatus HNM Alcanivorax sp. PA23 EU647559 

TI-7 T. semidecussatus HNM Pseudoalteromonas sp. BSs20060 EU433327 

CI-1 C. edule HNM Shewanella sp. P117 EU195929 

Vm1-1 T. semidecussatus MM+CTAB  1084/1121 (96%)  FJ025776 

Vm1-2 T. semidecussatus MM  GQ149233 

Os1 C. gigas MA AB198089 

Vm1-3 T. semidecussatus MA AY292936 

Vm1-4 T. semidecussatus MA DQ146980 

Hs1-1 C. edule MA AB198089 

Hs1-2 C. edule MA EU375181 

E1-1 E.directus MA FN395284 

E1-2 E.directus MA CP000903 

Vm1-5 T. semidecussatus MA+CTAB FJ457601 

Vm1-6 T. semidecussatus MA+CTAB FJ457601 

1
Media were used in solid (with 1.5 % Agar) and liquid presentations: MA - Marine 

Medium 2216 (Difco), MM - Minimum Medium with and without CTAB (0.1% yeast, 

0.01% peptone, 1.5% agar, 100µm CTAB, dissolved in sea water), and HNM - WL 

Nutrient Medium (Difco) in 3.5% NaCl. 
2
This identity is with respect to closest relative of next column, it is shown first the number 

of base pairs ration of the isolate sequence over the closest relative. 
3
Accesión numbers correspond to the published closest relatives. 

 

associated to shallow-water bivalves: Vibrio, Pseudomonas, Spirochaetes, 

Achromobacter, Flavobacteria, Micrococcus, Bacillus and also anaerobic 

bacteria Bacteroidetes and Chlostridium. 

Many studies have focused on Vibrio spp. since they are facultative 

pathogens of humans and bivalves. Vibrio spp. are a regular component 
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of the microflora and they might have an “important ecological niche” 

(Prieur et al. 1990). Some have been related with the few described 

bivalve diseases like bacillary necrosis or brown ring disease 

(Grishkowsky and Liston 1974, Tubiash et al. 1970, Elston et al. 2008). 

Recently, a review on the diversity and pathogenesis of Vibrio spp. was 

made by Beaz-Hidalgo et al. (2010). With respect to bivalve lethality the 

only two associated species are V. aestuarianus and V. splendidus. Other 

species that seem to be commonly associated to bivalves are V. 

alginolyticus and V. harveyi, and it is been observed that environmental 

parameters such as salinity and temperature influence their diversity 

(Pujalte et al 1999, Arias et al 1999, Beaz-Hidalgo et al 2010). Using 

different media (High Nutrient Media, Minimum Media and Marine Agar, 

with or without CTAB [Cetyl trimethylammonium bromide]), we have 

been able to cultivate 18 different bacterial strains belonging to a variety 

of bacterial phyla (Table 1). As expected, we obtained Vibrio strains from 

Tapes semidecussatus, including in the media with CTAB, that was used 

before by Plante and coworkers (2008) to isolate surfactant-resistant 

bacteria with the aim of obtaining bacteria useful for environmental 

remediation. As already observed in previous studies (Rajagopalan & 

Sivalingan 1978, Sugita et al 1981) we could cultivate bacteria from the 

Actinobacteria phylum (Kocuria sp. and Dermacoccus sp.), and Bacillus 

sp. of the Firmicutes phylum. Krokinobacter sp. and Alcanivorax sp. 

isolates are of special interest because the first ones are bacteria that 

seem to be specialized in the degradation of organic matter (Khan et al. 

2006) and the second are bacteria that use hydrocarbons as a sole carbon 

and energy source (Head et al. 2006). Many times coastal bivalves have 

been taken as a biological marker to assess pollution (e.g. Nishihama et 

al 1998, Bresler et al 1999, Verlecar et al 2006). For example, the 

presence of Alcanivorax bacteria in clam tissue indicates a strong oil 

contamination in North Sea beaches (Brakstad and Lodeng 2005). Many 

bacterial phylotypes were found in our 16S rRNA sequence analyses, 
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some are recurrent bacteria that have shown up in previous bivalve 

studies (Table 2). Most of these sequences are from 

gammaproteobacteria, as it has been seen in previous molecular studies 

of bivalve-associated bacterial communities (Schulze et al. 2006, Cavallo 

et al. 2009). We could detect groups of bacteria that seem to associate 

with high-content organic matter: oil spills, bone-falls, feces or 

invertebrate tissue. In addition to gammaproteobacteria there were also 

Alphaproteobacteria, Bacteroidetes, Actinobacteria and Spirochetes. We 

hypothesize that these bacteria are specialized in high-organic matter 

habitats and that further analysis of more individuals and more species 

will show a characteristic community perhaps host species-specific. 

Associated spirochaetes stand out because they seem to be a stable 

bacterial community in bivalves (Bernard et al. 1970, Paster et al. 1996, 

Prieur 1990, Margulis and Fester 1991). Our FISH observations (Fig 2) 

show them well established in bivalve gill tissue. It might be interesting to 

study the variability of these spirochetes species within the different 

bivalves. It is not clear so far if spirochetes have an ecological role or 

importance in the association with bivalves, but they seem to be 

ubiquitous microflora within the mollusk group (Prieur 1990) and perhaps 

the whole invertebrate group, as other spirochetes have been found in 

oligochaete worms (Ruehland et al. 2008). Margulis et al. (1991) named 

as symbionts the studied spirochetes in oysters. 

 

Do intracellular symbionts reduce microflora diversity? 

 

Six families of bivalves have been found to be associated with intracellular 

symbiotic bacteria: Vesicomyidae (Calyptogena , Vesicomya), Mytilidae 

(Bathymodiolus, Idas), Solemyidae (Solemya, Acharax),  Lucinidae 

(Lucina, Codakia), Thyasiridae (Thyasira), and Teredinidae (Lyrodus). All 

are deep-sea water organisms except for Solemya, Thyasira and lucinids. 

It is remarkable that these organisms associate with such a restricted 
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diversity of bacteria, perhaps due to the presence of the endosymbionts. 

However it is still possible that diversity is in fact not reduced and we 

have not been able to see it in cultures or in clone library analyses due to 

the high abundance of the bacterial symbionts. In our 16S rRNA analysis 

(sequencing and FISH) of B. childressi, we observed the presence of 

different bacteria associated with the tissue apart from the well 

characterized methanotrophic symbiont: an epsilon proteobacterium, a 

Candidatus Endonuclear bathymodiolin and a spirochete phylotype. This 

could suggest that the B. childressi recognition system is not as specific 

as in the other Bathymodiolus spp. In fact B. childressi is one of the 

lowest positioned bathymodiolin mussels in the COI phylogenetic analysis 

except for the latest described B. sp. from Juan de Fuca (Duperron et al. 

2009) and could have an immunological system more similar to the 

shallow water bivalves. However, in-depth studies of other species might 

reveal that the diversity of bathymodiolin mussels is much higher than 

previously assumed. 

 

Nutrition and protection 

 

Bivalve gills provide an ideal habitat for bacteria, with protection from 

grazers and constant flow of nutrients. Bacteria might be complementing 

their host nutrition or contributing to metabolite production. Degradation 

of bacteria by bivalve enzymes has been observed and it seems that this 

degradation provide dissolved compounds (Birckbeck & McHenery 1982, 

Amouroux & Amouroux 1988) and improves bivalve nutrition (Samain et 

al. 1987). Bacteria could provide 5% to 10% of the carbon, and 20% of 

the nitrogen from the bivalve requirements (Prieur et al 1990). A stable 

microbiota could be providing protection to bivalves thanks to competition 

against other, potentially pathogenic bacteria. Also, microbiota could be 

secreting antimicrobial substances that have been observed to be 

commun in bacteria isolated from bivalves (Zheng et al. 2005). 
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Table 2 Bacteria found in the different bivalves.  Studies where bacteria have been observed microscopically (M), cultured (C), isolated (I), or 

their 16S rRNA sequenced (S). Some letters are repeated because more than one study have characterized the species. In red the sequences 

and cultures from this study.
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Summary and conclusions 

 

Bacterial diversity in bivalves is a multidisciplinary topic, with from 

researches in biological, medical, aquaculture and basic research. 

Ecological studies with molecular techniques are scarce and they could 

help to disentangle the interaction patterns between the endemic 

microflora and the invasive ones, as well as the benefits that symbiotic or 

the harm that pathogenic bacteria bring along. It is important to 

understand the distribution of pathogenic bacteria in the marine 

environments to predict potential health concerns transmitted by seafood. 

Ecological parameters such as nutrient availability, temperature, and 

salinity influence the presence and persistence of bacteria. However we 

suggest that bacteria present in bivalves are not only randomly 

associated with their hosts. It is in part the result of the surrounding 

water community but also the result of a common evolution between host 

and bacteria that normally associate with invertebrates or occur in 

habitats with high organic matter content. We would need more studies to 

be able to say that these symbiotic bacteria, consistently associated with 

many diverse bivalves, are beneficial or harmful to their hosts. 
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Summary

Many parasitic bacteria live in the cytoplasm of multi-
cellular animals, but only a few are known to regularly
invade their nuclei. In this study, we describe
the novel bacterial parasite “Candidatus Endonucleo-
bacter bathymodioli” that invades the nuclei of deep-
sea bathymodiolin mussels from hydrothermal vents
and cold seeps. Bathymodiolin mussels are well
known for their symbiotic associations with sulfur-
and methane-oxidizing bacteria. In contrast, the para-
sitic bacteria of vent and seep animals have received
little attention despite their potential importance for
deep-sea ecosystems. We first discovered the intra-
nuclear parasite “Ca. E. bathymodioli” in Bathymodio-
lus puteoserpentis from the Logatchev hydrothermal
vent field on the Mid-Atlantic Ridge. Using primers
and probes specific to “Ca. E. bathymodioli” we found
this intranuclear parasite in at least six other bathy-
modiolin species from vents and seeps around the
world. Fluorescence in situ hybridization and trans-
mission electron microscopy analyses of the devel-

opmental cycle of “Ca. E. bathymodioli” showed that
the infection of a nucleus begins with a single rod-
shaped bacterium which grows to an unseptated fila-
ment of up to 20 mm length and then divides
repeatedly until the nucleus is filled with up to 80 000
bacteria. The greatly swollen nucleus destroys its
host cell and the bacteria are released after the
nuclear membrane bursts. Intriguingly, the only nuclei
that were never infected by “Ca. E. bathymodioli” were
those of the gill bacteriocytes. These cells contain the
symbiotic sulfur- and methane-oxidizing bacteria,
suggesting that the mussel symbionts can protect
their host nuclei against the parasite. Phylogenetic
analyses showed that the “Ca. E. bathymodioli”
belongs to a monophyletic clade of Gammaproteobac-
teria associated with marine metazoans as diverse as
sponges, corals, bivalves, gastropods, echinoderms,
ascidians and fish. We hypothesize that many of the
sequences from this clade originated from intra-
nuclear bacteria, and that these are widespread in
marine invertebrates.

Introduction

Bacteria inhabit every imaginable place on earth. With the
evolution of the eukaryotes, numerous bacteria have
established a symbiotic or parasitic relationship inside
eukaryotic cells. Most of these bacteria live in the cyto-
plasm, but some have found their way into eukaryotic cell
compartments, including mitochondria (Chang and Mus-
grave, 1970; Epis et al., 2008), chloroplasts (Wilcox,
1986; Schmid, 2003a,b) and nuclei (Maillet and Folliot,
1967; Grandi et al., 1997; Arneodo et al., 2008). Although
eukaryotic cell compartments have been investigated for
decades with light and electron microscopy, little is known
about intracompartimental bacteria, particularly those that
live in the nuclei of eukaryotes. Most commonly described
from protists (Fokin, 2004; Görtz, 2006), almost nothing is
known about intranuclear bacteria of metazoans. Rickett-
sial Alphaproteobacteria occasionally invade nuclei of
their arthropod or mammalian hosts but occur mainly in
the cytoplasm (Burgdorfer et al., 1968; Urakami et al.,
1982; Pongponratn et al., 1998; Ogata et al., 2006). Apart
from these facultative intranuclear Rickettsia, reports of
intranuclear bacteria that are morphologically or phy-
logenetically distinct from the Rickettsiales are rare in
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metazoans. Only a single 16S rRNA sequence is currently
known from an intranuclear bacterium that does not
belong to the Rickettsiales (Kerk et al., 1992). This Gam-
maproteobacterium, called ‘Nuclear Inclusion X’ (NIX),
causes mass mortalities in the Pacific razor clam Siliqua
patula (Elston, 1986; Ayres et al., 2004). A few morpho-
logical observations of non-Rickettsiales-like intranuclear
bacteria have been described from the venerid clam
Ruditapes decussatus (Azevedo, 1989), and two marine
Aplysina sponges (formerly Verongia) (Vacelet, 1970;
Friedrich et al., 1999).
Deep-sea hydrothermal vents and cold seeps have

been studied extensively since their discovery
25–30 years ago. Given the high diversity of metazoans
currently described from vents and seeps (Sibuet and
Olu-Le Roy, 2002; Wolff, 2005; Desbruyères et al.,
2006a), remarkably little is known about their parasites
(de Buron and Morand, 2004). To date about a dozen
metazoan macroparasites have been described (de
Buron and Segonzac, 2006a,b). A few studies, using 18S
rRNA-based molecular techniques, have suggested that
there may be a high abundance of parasitic protist at
vents (Atkins et al., 2000; Edgcomb et al., 2002; López-
García et al., 2007), and the morphology of fungal, protist,
bacterial and viral parasites has been described in more
detail in some vent and seep mussels, clams and limpets
(Powell et al., 1999; Terlizzi et al., 2004; Ward et al., 2004;
Mills et al., 2005; Van Dover et al., 2007). These studies
suggest the potential importance of parasites for vent and
seep ecosystems, yet comprehensive investigations of
the taxonomy, phylogeny, and life cycle of vent and seep
parasites are still lacking.
Mussels of the genus Bathymodiolus (Bivalvia: Mytil-

idae) occur worldwide at deep-sea hydrothermal vents
and cold seeps (Tarasov et al., 2005; DeChaine and
Cavanaugh, 2006; Génio et al., 2008). In the absence of
light and thus, photosynthetic carbon fixation, these
mussels depend on chemosynthetic bacterial symbionts
for their nutrition (Stewart et al., 2005; Cavanaugh et al.,
2006). These endosymbionts occur in the mussel’s gill
tissue, in the cytoplasm of bacteriocytes that regularly
alternate with symbiont-free intercalary cells (Fiala-
Médioni and Le Pennec, 1987; Distel et al., 1995).
Bathymodiolin mussels can harbour two types of
chemosynthetic bacteria: a chemoautotrophic sulfur oxi-
dizer, capable of fixing CO2 in the presence of sulfide or
thiosulfate as energy sources, and a methane oxidizer
that uses methane as both a carbon and an energy
source (Fisher et al., 1987; Nelson et al., 1995; Pimenov
et al., 2002). Some mussel species harbour only
thiotrophic or only methanotrophic symbionts, while other
mussel species harbour both types and thus live in a dual
symbiosis (DeChaine and Cavanaugh, 2006). The energy
sources for the bacterial symbionts, reduced sulfur com-

pounds and methane, are provided by the hydrothermal
fluids at vents and through hydrocarbon seepage at cold
seeps. Both the mussels and their chemosynthetic bacte-
ria mutually benefit from their symbiosis: the mussel
facilitates access to the reductants and oxidants that
are necessary for energy production (such as sulfide,
methane and oxygen) by supplying its symbionts with a
constant fluid flow. In exchange, the bacterial symbionts
provide carbon compounds that support the growth and
maintenance of host biomass (Stewart et al., 2005;
Cavanaugh et al., 2006). In addition to their symbiotic
bacteria, some vent and seep mussels have recently
been described that are colonized by parasites such as
viruses, Rickettsia- and Chlamydia-like bacteria, ciliates,
fungi and trematodes, but beyond their morphological
description, almost nothing is known about these para-
sites (Powell et al., 1999; Ward et al., 2004; Van Dover
et al., 2007).
This study describes a novel bacterial parasite of

bathymodiolin mussels. Using comparative 16S rRNA
sequence analysis, fluorescence in situ hybridization
(FISH) and transmission electron microscopy (TEM), we
show that this parasite lives in the nuclei of mussels from
vents and seeps around the world. We describe the life
cycle of this intranuclear parasite through reconstruction
of its developmental cycle from a solitary cell to the pro-
liferation of up to 80 000 bacteria within a single greatly
enlarged nucleus. We propose the name “Candidatus
Endonucleobacter bathymodioli” for this bacterium. The
genus name ‘Endonucleobacter’ translates freely into
‘bacterium living inside the nucleus’ and the species name
‘bathymodioli’ refers to the host genus of vent and seep
mussels, Bathymodiolus, in which we discovered this
parasite.

Results

Discovery of intranuclear bacteria in Bathymodiolus
puteoserpentis

Three gammaproteobacterial 16S rRNA phylotypes
were found in gill tissues of B. puteoserpentis from the
Logatchev hydrothermal vent field on the Mid-Atlantic
Ridge (Fig. 1A). In addition to the sequences already
known from the sulfur- and methane-oxidizing symbionts
(Duperron et al., 2006), a novel 16S rRNA sequence was
discovered (“Candidatus Endonucleobacter bathymodioli”
in Fig. 1A). This novel sequence fell in a clade consisting
of 16S rRNA sequences from bacteria associated with
marine animals including sponges, corals, a sea slug, an
ascidian, a sea urchin and a fish (93–97% identity,
Table S1). This clade also included the sequence from the
‘Nuclear Inclusion X’ parasite of the Pacific razor clam
S. patula (Kerk et al., 1992). The monophyly of this clade
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was supported in both maximum likelihood and Bayesian
analyses (support values: 60 and 1.00). The cultivated
species within this clade were all heterotrophic: Endozo-
icomonas elysicola, a strictly aerobic and mesophilic bac-
terium from the gastrointestinal tract of the sea slug Elysia
ornata (Kurahashi and Yokota, 2007), and three species
from marine sponges, one rod-shaped (H425) and one
spirillum-like (H262) bacterium (Sfanos et al., 2005), and
Spongiobacter nickelotolerans (unpublished information
from GenBank). The closest relatives to the clade con-
taining “Ca. E. bathymodioli” were Zooshikella gangwhen-
sis, a chemoorganotrophic, aerobic and halophilic isolate
from sediments of a Korean tidal flat (Yi et al., 2003) (91%
identity to the “Ca. E. bathymodioli” sequence from
B. puteoserpentis) and two sequences from Rickettsia-
like bacteria causing mass mortality in the oyster Cras-
sostrea ariakensis (unpublished information in GenBank
under accession numbers DQ118733 und DQ123914).
Fluorescence in situ hybridization analyses with probes

specific to the “Ca. E. bathymodioli” phylotype showed
that it originated from bacteria that occurred exclusively in
the nuclei of B. puteoserpentis cells (Fig. 2). Gill tissues
were most heavily colonized (Fig. 2A–D and F), but the
bacteria were also observed in nuclei of the gut (Fig. 2E),
digestive gland, labial palp, mantle and foot (data not
shown). In the gill tissues, only nuclei of the symbiont-free
intercalary cells were infected, whereas intranuclear bac-
teria were never observed in the bacteriocytes containing
the thiotrophic and methanotrophic symbionts (Fig. 2B–D
and F). Transmission electron microscopy analysis of gill
filaments confirmed that the bacteria were inside the host
nuclei (Fig. 3).

Widespread occurrence of “Ca. E. bathymodioli” in
deep-sea mussels

Using PCR primers and FISH probes specific to the “Ca.
E. bathymodioli” phylotype found in B. puteoserpentis, we
searched for these bacteria in other bathymodiolin hosts
from hydrothermal vents and cold seeps in the Atlantic
Ocean, the Gulf of Mexico, and the Pacific Ocean (Fig. 4,
Table 1, Table S2). We found “Ca. E. bathymodioli” in all
host species except B. aff. boomerang (Southeast Atlan-
tic) and B. brevior (West Pacific). All “Ca. E. bathymodioli”
sequences were very closely related to each other with
98.8% identity between sequences on average and
98.1% identity between the two most distant phylotypes
(Fig. 1B). In most host species, a single 16S rRNA phy-
lotype dominated the clone libraries. Less dominant phy-
lotypes that differed by at most 2 bp from the dominant
phylotypes were also found in several host species.
These phylotypes often co-occurred in the same host
individuals and were shared between individuals
(Table S2). In B. sp. from Wideawake (Mid-Atlantic

Ridge), a single 16S rRNA clone was found with a
sequence that differed by 1.9% (26 bp) from all other “Ca.
E. bathymodioli” phylotypes found in this species (called
‘minor phylotype III’ in Table S2). This phylotype was most
closely related to the sequence from B. aff. thermophilus
(Pacific-Antarctic Ridge) (Fig. 1B). With the exception of
this minor phylotype III, all other “Ca. E. bathymodioli”
sequences fell into three clusters reflecting their geo-
graphic origins from the Mid-Atlantic Ridge, the Pacific-
Antarctic Ridge, and the Gulf of Mexico (Fig. 1B). The
correlation between genetic distances of the “Ca. E.
bathymodioli” 16S rRNA phylotypes and geographical dis-
tances of sample locations was statistically significant
for all phylotypes (P = 0.04 with minor phylotype III and
P = 0.01 without minor phylotype III).

Developmental cycle of “Ca. E. bathymodioli”

Detailed FISH and TEM analyses of “Ca. E. bathymodioli”
in B. puteoserpentis gill tissues revealed six distinct
developmental stages (Figs 2, 3 and 5). In Stage 1, a
single rod-shaped bacterium (1.8 ¥ 0.4 mm) is present
inside the nucleus (Fig. 2B and G). In Stage 2, the
bacterium has grown to an unseptated filament of up
to 18–20 mm length (Fig. 2H–J). In Stage 3, a loosely
wrapped filamentous coil is visible inside the host nucleus
(Fig. 2M). We could not clearly discern if this coil consists
of several separate filaments or one long unseptated
filament. However, on rare occasions we observed two
filaments of equal length (Fig. 2L) and filaments that
appeared to be in the process of longitudinal division in
some nuclei (Fig. 2K), suggesting that the Stage 3 coil
consists of several filaments. The host nuclei in Stage 3
have become more irregular in shape and chromatin is
reduced to a thin layer along the nuclear membrane
(Fig. 3A and D). Transverse binary fission of the filamen-
tous coils leads to Stage 4 in which stacks of shorter
filaments of up to 8–10 mm length fill the host nucleus
(Fig. 2E and N). At this stage, host nuclei are at least two
to three times the volume of uninfected nuclei. Repeated
transverse binary fissions lead to the formation of numer-
ous rods in Stage 5 with the nuclei further enlarged to
about five times the volume of uninfected nuclei. Chroma-
tin is nearly completely reduced and barely visible along
some parts of the nuclear membrane (Fig. 3E). In Stage
6, the bacteria have reproduced massively forming a
round to oval aggregate of up to 30 mm in diameter that is
still surrounded by a membrane (Fig. 2P). At this stage,
the infected nuclei are no longer visible within structurally
intact host cells, but occur extracellularly within the gill
epithelium. At average bacterial sizes of 1.8 ¥ 0.4 mm,
Stage 6 nuclei can contain between 10 000 and 80 000
bacteria. These aggregates are eventually disrupted and
the bacteria released into the fluids surrounding the
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mussel gills. Three-dimensional examples of the develop-
mental Stages 2, 3, 4 and 6 can be viewed as supporting
animations (Videoes S1–S4). In addition to the detailed
FISH and TEM analyses of the “Ca. E. bathymodioli”
developmental stages in B. puteoserpentis, FISH analy-
ses of B. azoricus, B. sp. (Wideawake), B. aff. thermophi-
lus, B. brooksi, B. heckerae, and “B.” childressi gill tissues
showed the presence of similar developmental stages in
these host species as well.

Discussion

Developmental cycle

The colonization of a nucleus requires several steps: the
infection of the host cell, passage through the cytoplasm,
and penetration of the nuclear membrane. None of these
stages were observed in this study, presumably because
these events occur on very short time scales and are
therefore only rarely visible. The first discernible infection
stage in our study was the presence of a single rod-
shaped bacterium in the mussel nuclei that grows to an
unseptated filament of about 20 mm and possibly longer
(Stages 1 and 2 in Fig. 2G–J). This may be a character-
istic feature of intranuclear bacteria. In the marine sponge
Aplysina, intranuclear bacteria can form filaments up to
350 mm in length (Vacelet, 1970; Friedrich et al., 1999),
and infectious forms of Holospora obtusa can reach
20 mm in length in the macronucleus of the ciliate Para-
mecium caudatum (Görtz, 2006). Unseptated filamentous
growth has also been observed in Bdellovibrio bacterio-
vorus, a deltaproteobacterial predator of Gram-negative
bacteria (Angert, 2005; Dworkin, 2006). The transition
from Stage 2 to Stage 3 appears to take place through
longitudinal fission (Fig. 2K). Longitudinal division is rare
among bacteria and has only been described in the sulfur-
oxidizing symbionts of three marine host genera, the
nematode Laxus sp. (Polz et al., 1992; 1994), the gutless
oligochaete Olavius (Giere and Krieger, 2001; Bright and
Giere, 2005), and the sand-dwelling ciliates of the genus
Kentrophoros (Fauré-Fremiet, 1951; Raikov, 1971).

The shift from filamentous growth to massive reproduc-
tion through transverse fission may be triggered by nutri-
ent limitation. The chromatin of Stage 3 nuclei is greatly
reduced to a thin layer along the nuclear membrane
(Fig. 3A and D). Given that this reduction does not appear
to be physically induced because the bacteria do not
completely fill out the nucleus at this stage, it is likely that
the bacteria have used the chromatin for nutrition (see
below). In B. bacteriovorus, transition to the multiple
fission phase occurs when the cytoplasm is consumed
and the host’s resources are exhausted (Horowitz et al.,
1974; Angert, 2005; Lambert et al., 2006).
Multiple rounds of transverse binary fission between

Stages 3 and 6 lead to massive swelling of the host nuclei.
Greatly enlarged nuclei are typical for protists infected
with intranuclear bacteria (Table S3) and have also been
described in the Pacific razor clam S. patula infected with
the intranuclear pathogen ‘NIX’ (Elston, 1986). It is intrigu-
ing that in two of the host species shown to be infected
with “Ca. E. bathymodioli” in this study (B. heckerae and
B. puteoserpentis), previous light microscopical analyses
indicated the presence of hypertrophied nuclei in some
tissues (Ward et al., 2004). Transmission electron micros-
copy and FISH analyses are needed to clarify if these
nuclear distortions were caused by viruses, as suggested
by Ward and colleagues (2004), or by intranuclear bacte-
ria. Similarly, bacteria described as ‘Rickettsia-like’ and
‘Chlamydia-like’ based on light microscopical analyses of
gill tissues of vent and seep mollusks (Powell et al., 1999;
Terlizzi et al., 2004; Ward et al., 2004; Mills et al., 2005)
might not be bacteria belonging to the Rickettsia and
Chlamydia but rather “Ca. E. bathymodioli” parasites.
The completion of the “Ca. E. bathymodioli” cell cycle

requires the release of the infected nuclei from the host
cell. This most likely occurs through the destruction of the
host cell and rupture of the host cytoplasmic membrane.
In ‘NIX’-infected S. patula, the host cells are ruptured by
the greatly enlarged nuclei, indicating a greater resiliency
of the nuclear over the cytoplasmic membrane (Elston,
1986). When the “Ca. E. bathymodioli”-infected nuclei
become extracellular, they are still surrounded by a mem-

Fig. 1. 16S rRNA phylogenetic tree inferred from maximum likelihood and Bayesian analysis.
A. The tree shows the “Candidatus Endonucleobacter bathymodioli” clade (grey trapezoid) together with its closest relatives. Colours of
sequences from marine invertebrates were assigned according to host phylogeny, with bacteria from bivalves shown in red, from sponges in
blue, and from ascidians in purple (sea slug, sea urchin and fish bacteria are shown in black). Also included in the tree are (i) the closest free
living relatives within the Oceanospirillales and Alteromonadales; (ii) the methane-oxidizing endosymbionts of bathymodiolin mussels (blue
box); (iii) the sulfur-oxidizing endosymbionts of bathymodiolin mussels (yellow box); and (iv) intranuclear bacteria belonging to the Rickettsiales
from ciliates and ticks (purple box). Bdellovibrio bacteriovorus was used as an outgroup. The phylogenetic reconstruction is based primarily on
nearly full sequences. Partial sequences (508–983 bp) are marked (°). Methane- and sulfur-oxidizing symbionts of bathymodiolin mussels are
labelled MOX and SOX respectively. Values at nodes represent maximum likelihood bootstrap values in percentage (first value) and posterior
probabilities (second value). Scale bar represents 10% estimated base substitution. Only bootstrap values � 60 and posterior probabilities
> 0.80 are shown. MAR, Mid-Atlantic Ridge; PAR, Pacific-Antarctic Ridge; GoM, Gulf of Mexico.
B. Tree of “Ca. E. bathymodioli” sequences from vent and seep mussels (collection sites of mussels are shown). The “Ca. E. bathymodioli”
sequences form a monophyletic clade.
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brane. This membrane is most likely of nuclear origin,
because it stained positively with 4,6-diamidino-2-
phenylindole (DAPI), suggesting remnants of nuclear
DNA along the inside of the membrane. Finally, the bac-
teria must escape from the membrane-surrounded Stage
6 nuclei, but how they do this remains unclear. Not unex-
pectedly, we only very rarely saw single extracellular “Ca.
E. bathymodioli”, as the washing procedure for the fixation
of gill tissues would have removed most loosely attached
cells. Little is known about how other intranuclear bacteria
escape their hosts. In the ciliate Paramecium caudatum,
infectious forms of the intranuclear bacterium Holospora
obtusa make use of the division apparatus of the host
nucleus to escape from the nucleus (Fokin, 2004; Görtz,
2006). In the bacterial predator B. bacteriovorus, 15
lipases have been identified that dissolve the outer mem-
brane of its hosts and enable its release (Rendulic et al.,
2004). We do not currently know if “Ca. E. bathymodioli”
contribute actively to their release from the membrane-
bound aggregate, for example, through the excretion of
lipases, or if this process is passive, for example, through
mechanical disruption of the greatly swollen aggregrate
membrane.

Chromatin as a nutritional source

The disappearance of chromatin during the development
of “Ca. E. bathymodioli” suggests that the host DNA with
its surrounding chromosomal proteins provides the nutri-
tion for the growing and reproducing parasites. Chroma-
tin reduction has also been observed in protists infected
with intranuclear bacteria (Table S3). Clearly, DNA pro-
vides a rich source of sugar, nitrogen and phosphorus.
ATP for biomass synthesis could be acquired by break-
ing down host DNA or host nucleotides could be used for

DNA synthesis. Recent studies have shown the impor-
tance of extracellular DNA as a nutritional source for
free-living bacteria (Lennon, 2007; Pinchuk et al., 2008),
but nothing is known about the metabolism of intra-
nuclear bacteria and their genomes have not yet been
sequenced. Although not an intranuclear bacterium but
rather a bacterial parasite, B. bacteriovorus efficiently
consumes its prey’s cellular contents including nucleic
material. It has been studied extensively (reviewed in
Jurkevitch, 2006) and its genome contains 20 different
deoxyribonuclease genes for DNA hydrolysis (Rendulic
et al., 2004). A further source of nutrition for “Ca. E.
bathymodioli” may also be cytosolic substrates, particu-
larly during later developmental stages in which the
extreme enlargement of the nuclear membrane might
enable the leakage of substrates from the cytosol to the
nucleus.
A few bacteria that fall within the monophyletic clade to

which “Ca. E. bathymodioli” belongs have been cultivated:
E. elysicola (isolated from a sea slug – Kurahashi and
Yokota, 2007) and three bacteria isolated from marine
sponges, Spongiobacter nickelotolerans (unpublished
information from GenBank) and two unnamed species
called H262 and H425 (Sfanos et al., 2005). Cultivation
information is only available for E. elysicola which is an
aerobic, mesophilic heterotroph but details for growth
substrates of E. elysicola were not described and it is not
clear if this species can grow on DNA alone (Kurahashi
and Yokota, 2007).

Host–parasite–symbiont interactions

Both our FISH and TEM analyses showed that only
symbiont-free intercalary gill cells were infected by “Ca. E.
bathymodioli” whereas the nuclei of bacteriocytes con-

Fig. 2. “Ca. E. bathymodioli” in various mussel tissues and developmental stages. (This figure was prepared as an RGB image and converted
to CMYK mode for print. The original RGB image is provided as Figure S1 in Supporting Information).
A. Cross-section through a juvenile mussel showing the distribution of the intranuclear bacterium throughout the gill tissue. Intranuclear
bacteria are shown in green and mussel tissue appears in orange. The morphology results from staining nuclei and bacterial endosymbiotic
DNA with DAPI which was assigned an orange colour. AB, ascending gill branch; DB, descending gill branch; ID, inner demibranch; M,
mantle; OD, outer demibranch.
B–D. Non-ciliated gill tissue with intranuclear bacterium in intercalary cells which alternate with bacteriocytes.
E. Gut tissue. In images B–E intranuclear bacteria are shown in green and eukaryotic tissue is represented in yellow. Nuclei and bacterial
endosymbiotic DNA in bacteriocytes appear in blue.
F. Non-ciliated gill tissue with intranuclear bacteria; intranuclear bacteria appear in bright yellow, whereas eukaryotic tissue is represented by a
yellowish to brownish colour. Chemoautotrophic and methanotrophic bacterial endosymbionts in bacteriocytes are shown in green and red
respectively. Nuclei were stained with DAPI and appear in blue.
G–P. Developmental stages of “Ca. E. bathymodioli” in B. puteoserpentis gill tissues. The intranuclear bacterium appears in green, the nucleus
in blue. Images H–M result from projection of a stack of several two-dimensional layers onto one single layer reflecting the overall
three-dimensional structure on a two-dimensional plane.
G–J. Series showing growth from a single short rod to a single filament in Stages 1 and 2.
K. Two overlapping filaments or filament in the process of longitudinal binary fission in transition from Stage 2 to Stage 3.
L. Two separate filaments (Stages 2–3).
M. Filamentous assembly consisting of either one single long coiled filament or several filaments (Stage 3).
N. Stacks of shorter filaments (Stage 4) resulting from transverse fissions of coiled filaments.
O. Long rods resulting from division of Stage 4 filaments.
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Fig. 3. Transmission electron microscopy images showing different stages in the development of “Ca. E. bathymodioli”.
A. Oval elongated nucleus with intranuclear bacteria in longitudinal, transversal and cross-section most likely representing the filamentous
assembly of Stage 3. Note the filamentous appearance of bacteria in this stage and that the filaments are unseptated.
B. Uninfected nucleus (left) and infected nucleus (right). The infected nucleus represents a cross-section of either a twisted Stage 2 filament
or an early Stage 3 filamentous coil.
C. Stage 4 nucleus showing a stack of shorter filaments in cross-section.
D. Pear-shaped nucleus with intranuclear bacteria in longitudinal, transversal and cross-section most likely representing the multifilamentous
coil of Stage 3. The nucleus, normally at the basal end of the cell when uninfected, is now at the apical end.
E. Swollen Stage 5 nucleus with bacteria in longitudinal and cross-section. Note the reduced length of each single bacterium as compared
with the elongated form in Stage 3. Also notice the absence of chromatin except for narrow remnants along the nuclear membrane.
F. Dividing filament (middle) showing transverse binary fission.
G. Single bacterium showing electron dense particles distributed throughout the cell.
H. One single bacterium in cross-section. Note the inner and outer membrane characteristic of Gram-negative bacteria.
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taining the thiotrophic and methanotrophic endosym-
bionts were never infected. This suggests that these cells
are protected against infection, either because the bacte-
riocytes differ from other host cells in a manner that pre-
vents parasite infection or because the symbionts provide
protection. How this protection might be afforded is not
clear, but the consequences are substantial. As the bac-
teriocyte nuclei are not infected, it is likely that chemosyn-
thetic energy production and carbon fixation by the
endosymbiotic primary producers remains fully functional,
thus assuring the nutritional supply of the host. While the
infection may be deleterious to the intercalary cells, the
overall health of the host does not appear to be signifi-
cantly affected because its power plants, the bacterio-
cytes, are not infected. This assumption is supported by
the fact that we have not observed mass mortality of the
B. puteoserpentis population at the Logatchev hydrother-
mal vent field during the four research cruises we have
had to this field between 2004 and 2007, despite the
regular presence of “Ca. E. bathymodioli” within the popu-
lation throughout this period. This is in contrast to the
mass mortality caused by the intranuclear bacteria of the
clam S. patula and the Rickettsia-like bacteria of the
oyster Crassostrea ariakensis that do not have symbiotic
bacteria in their gills (Elston, 1986; Ayres et al., 2004;
unpublished information in GenBank under accession
numbers DQ118733 und DQ123914).
What is not currently known is if chemosynthetic sym-

bionts protect their hosts against other parasites besides
“Ca. E. bathymodioli”. Mass mortality of symbiont-
containing mussels and clams was observed at the Blake
Ridge seep off the southeastern coast of the USA and
morphological analyses of the clams and mussels
showed that both were infested with eukaryotic and
prokaryotic parasites (Ward et al., 2004; Mills et al.,

2005). However, mortality could not be clearly linked to
parasitism as shifts in seepage might also have caused
mussel and clam deaths (Ward et al., 2004; Mills et al.,
2005).

Global occurrence

Our studies show that “Ca. E. bathymodioli” occurs in
seep and vent mussels from around the world. We could
not find the intranuclear parasite in only two species, B.
aff. boomerang from the Gabon continental margin and
B. brevior from the West Pacific. It is possible that some
bathymodiolin species are not infected by “Ca. E. bathy-
modioli”. However, there are no shared characteristics
between the two mussel species lacking “Ca. E. bathy-
modioli” that would explain why these hosts would not be
infected with this global intranuclear parasite: Neither are
they closely related to each other, nor do they occur in the
same geographic region. An alternative explanation is that
these species contained intranuclear bacteria at levels too
low to be detected with PCR and FISH. Although we did
not quantify infestation levels, we did observe differences
in the abundances of “Ca. E. bathymodioli” both between
hosts from different fields and between individuals of the
same species (Table S2).

Biogeographical clusters

In the Gulf of Mexico, B. brooksi and B. heckerae share
the same “Ca. E. bathymodioli” 16S rRNA phylotype
despite the fact that these hosts are not closely related to
each other (Jones et al., 2006; Cordes et al., 2007).
Together with the fact that the “Ca. E. bathymodioli” phy-
lotypes fall into three regional clusters that reflect the
origin of their hosts, this suggests that host geography

Fig. 4. Sampling sites of bathymodiolin
mussels investigated in this study. Circles
show hydrothermal vents (red) and cold
seeps (yellow). MG, Menez Gwen; LO,
Logatchev; WA, Wideawake; LI, Lilliput
(Mid-Atlantic Ridge); AL, Alaminos Canyon;
AT, Atwater Valley; CH, Chapopote; MC,
Mississippi Canyon; WF, West Florida
Escarpment (Gulf of Mexico); RE, Regab
(Gabon Continental Margin); GF, German
Flats (Pacific-Antarctic Ridge); WL, White
Lady (North Fiji Back-Arc Basin).
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and not cospeciation played a role in the establishment of
these associations. This hypothesis is supported by our
statistical analyses that showed a significant correlation
between genetic and geographic distances. However, the
investigation of more host species from different geo-
graphic regions, particularly the West Pacific, is needed
before this hypothesis can be substantiated.
One mussel species, B. sp. from the Wideawake vent

field on the southern Mid-Atlantic Ridge harboured two
“Ca. E. bathymodioli” phylotypes that differed from each
other by 1.9%. One falls into the Mid-Atlantic Ridge
cluster whereas the other one falls in the Pacific-Antarctic
Ridge cluster (Fig. 1B). This indicates that although most
“Ca. E. bathymodioli” bacteria cluster according to their
geography, there may have been transoceanic crossing in
the past, in this case from vent sites on the Pacific-
Antarctic Ridge to the southern Mid-Atlantic Ridge. His-
torical dispersal across ocean basins has been suggested
for some bathymodiolin host species (Jones et al., 2006;
Olu-Le Roy et al., 2007), and there is no reason to
assume that it would not have occurred in their intra-
nuclear bacteria. Extensive comparative analyses of the
phylogeny of bathymodiolin hosts, their symbionts and
their intranuclear bacteria will provide an ideal data set for

a better understanding of historical dispersal patterns in
these deep–sea associations.

Conclusions

This study shows that intranuclear bacteria are wide-
spread in bathymodiolin mussels from hydrothermal vents
and cold seeps. The 16S rRNA sequences of “Ca. E.
bathymodioli” belong to a monophyletic clade that con-
sists of sequences from bacteria associated with marine
metazoans as diverse as sponges, corals, sea slugs,
clams, ascidians, sea urchins and fish. Only one of the
sequences within this clade is known to originate from an
intranuclear bacterium, the previously described ‘NIX’
parasite from the razor clam S. patula (Elston, 1986; Kerk
et al., 1992; Ayres et al., 2004) but morphological descrip-
tions of intranuclear bacteria exist for other animal hosts
within this clade, for example, from two species of Aply-
sina sponges (Vacelet, 1970; Friedrich et al., 1999) and
the venerid clam Ruditapes decussatus (Azevedo, 1989)
(Table 2). We postulate that many of the sequences within
this clade originate from intranuclear bacteria, and that
these parasites are widespread in marine animals, includ-
ing clams and other shellfish consumed by humans.

Fig. 5. Proposed developmental cycle of “Candidatus Endonucleobacter bathymodioli”. The infection begins with a single rod-shaped
bacterium inside the nucleus (Stage 1) that grows into an unseptated filament of up to 18–20 mm in length (Stage 2). Multiplication, possibly
by longitudinal fission, yields several such filaments that are loosely wrapped in a filamentous coil (Stage 3). These subsequently form stacks
of shorter filaments of up to 8–10 mm in length (Stage 4). Repeated transverse binary fissions lead to numerous rod-shaped bacteria (Stage
5). Further multiplication results in a voluminous membrane-surrounded bacterial aggregate containing up to 80 000 rod-shaped bacteria and
the destruction of the host cell (Stage 6). These aggregates are eventually disrupted and the bacteria released.
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Experimental procedures

Sampling sites and processing

Nine Bathymodiolus species from six deep-sea hydrothermal
vent fields and five cold seep sites located in the Atlantic and
Pacific Ocean were investigated (Fig. 4, Table 1). One to four
individuals of each species were examined (Table 1). Upon
recovery mussels were immediately transferred into chilled
bottom sea water and processed as previously described
(Duperron et al., 2005; 2006; 2007). Briefly, gill tissue was
frozen and stored at -20°C for DNAextraction as well as fixed
for FISH and TEM investigations.

Cloning and sequencing “Ca. E. bathymodioli” from
B. puteoserpentis (Logatchev)

Genomic DNA was extracted from gill tissue according to
Zhou and colleagues (1996). PCR was performed using the
universal bacterial primers GM3F and GM4R (Muyzer et al.,
1995) and a high-quality Taq DNA polymerase (error rate
2.7 ¥ 10-5; Eppendorf, Hamburg, Germany). Amplification
products were purified and ligated into pGEM-T Easy vectors
(Promega). One Shot TOP10 competent E. coli cells (Invitro-
gen) were subsequently transformed. A total of 1108 positive
transformants from four individuals (277 clones per indi-
vidual) were picked by blue/white screening and grown over-
night in V96 MicroWell Plates (Nunc, Wiesbaden, Germany)
containing 200 ml Luria–Bertani/ampicillin broth per well. A
total of 1009 clones were screened for the right sized insert
(252 clones per individual) by PCR using the M13F/M13R
primer pair (Yanisch-Perron et al., 1985) and 854 clones had
an insert with the expected size of approximately 1500 bp.
384 clones with the right sized insert were partially
sequenced (96 clones per individual). PCR products were
purified in MultiScreen-HV plates (Millipore) using Sephadex
G50 Superfine resin (Amersham Biosciences) and
sequenced using the BigDye Terminator v2.0 Cycle Sequenc-
ing Kit along with the Genetic Analyzer Abiprism 3100
(Applied Biosystems). The GM3F oligonucleotide (Muyzer
et al., 1995) was used as sequencing primer. The resulting
partial sequences were analysed with BioEdit Sequence
Alignment Editor version 7.0 (Hall, 1999) using the ClustalW
implementation (Thompson et al., 1994). Uniquely occurring
sequences were ignored. Repetitive sequences were
grouped. Three clones per group and individual were fully
sequenced by sequencing both the coding and non-coding
DNA strands with the sequencing primers M13F, M13R
(Yanisch-Perron et al., 1985), 534R (Muyzer et al., 1993),
518F, 1099F and 1193R (Buchholz-Cleven et al., 1997).
Cycle sequencing accessories, equipment and conditions
were as described for partial sequencing. Sequences were
assembled using Sequencher (Gene Codes Corporation,
http://www.genecodes.com). The vectorial remnants and the
primer sites were discarded.

Cloning and sequencing “Ca. E. bathymodioli” from
other bathymodiolin mussels

Primers specifically targeting the 16S rRNA gene of “Ca. E.
bathymodioli” (Logatchev) were designed using the reverseTa
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and complementary sequence of probe Bnix64 as a forward
primer (bnix-64F: AGCGGTAACAGGTCTAGC) and the
sequence of probe Bnix1249 as a reverse primer (bnix-
1267R: GCAGCTTCGCGACCGTCT) resulting in a 1203 bp
amplification product (for probe design see below). A combi-
nation of the bnix-64F primer together with the universal
bacterial reverse primer GM4R was eventually chosen to
cover 1409 bp of the 16S rRNA gene. Steps for cloning,
sequencing and analysing intranuclear bacteria belonging to
“Ca. E. bathymodioli” were as described above for B. puteo-
serpentis with the exception that only 16 transformants per
individual were picked and screened for the right sized insert,
and the positive clones fully sequenced. The annealing tem-
peratures for the bnix-64F/bnix-1267R and bnix-64F/GM4R
primer pairs were 56°C and 45°C respectively. Sequencing
was performed using the BigDye Terminator v3.1 Cycle
Sequencing Kit along with the Genetic Analyzer Abiprism
3130 (Applied Biosystems).

Accession numbers

The 16S rRNA gene sequences belonging to “Candidatus
Endonucleobacter bathymodioli” have been registered at the
EMBL database (Kulikova et al., 2007) under accession
numbers FM162182 to FM162195, and FM244838
(Table S2).

Phylogenetic reconstruction

Sequences were analysed using ARB (Ludwig et al., 2004)
and compared with the NCBI nucleotide database using
nucleotide BLAST (McGinnis and Madden, 2004), the RDP-X
database using the Sequence Match tool (Cole et al., 2007),
and the Silva rRNA database using the SINA webaligner
(Pruesse et al., 2007). Highly similar sequences were
included in the analysis and aligned using ClustalX. Positions
displaying more than 25% gaps as well as positions ambigu-
ously aligned were removed from the analysis. The final
alignment comprised 1416 positions. Phylogenetic analyses
were performed using Bayesian as well as maximum likeli-
hood analysis. The former was run using MrBayes 3 (v3.1.2)
(Ronquist and Huelsenbeck, 2003) under a General Time
Reversible model along with Gamma-distributed rates of evo-
lution and a proportion of invariant sites. Analyses were per-
formed for 2 000 000 generations using four parallel Monte
Carlo Markov chains. Sample trees were taken every 1000
generations. Posterior probabilities calculated over 5000 best
trees were used as support values for nodes in the tree. The
maximum likelihood analysis was performed using PHYLIP

based on 100 jumble replicates. To assess the robustness of
nodes, 1000 ML bootstrap replicates were run. The alignment
used for the phylogenetic analysis can be obtained from the
EMBL database (accession number: Align_001264).

Statistical analyses

To test the hypothesis that genetic distances between “Ca. E.
bathymodioli” 16S rRNA sequences were correlated with
their geographical distances, a Mantel test was performed
using the program R-package (Casgrain and Legendre,

2008). Geographical distances were estimated using Google
Earth v.4 based on minimum oceanic distances between
sample locations.

Design of probes targeting “Ca. E. bathymodioli”

Based on the 16S rRNA full sequence (1468 bp) of “Ca. E.
bathymodioli” from B. puteoserpentis (Logatchev) three
probes were designed using the probe design tool of ARB
(Ludwig et al., 2004). To verify their specificity, probes Bnix64
(GCTAGACCTGTTACCGCT), Bnix643 (CCGTACTCTAGC
CACCCA) and Bnix1249 (GCAGCTTCGCGACCGTCT)
were checked against the 16S dataset of the Ribosomal
Database Project X using the online Probe Match tool (Cole
et al., 2007). The most recent probe match against the
RDP-X dataset 10.4 (October 2008) revealed that probe
Bnix64 targeted also 12 gammaproteobacterial sequences
belonging to the Oceanospirillales and Alteromonadales.
Probe Bnix643 targeted also 13 cyanobacterial sequences,
five unclassified gammaproteobacterial sequences and one
deltaproteobacterial sequence. However, probe Bnix1249
was confirmed to specifically target “Ca. E. bathymodioli”
(Logatchev). With the amplification of more “Ca. E. bathymo-
dioli” phylotypes from other bathymodiolin species it became
evident that the probes Bnix1249 and Bnix643 had one mis-
match each to some of the other intranuclear phylotypes
(Table S2). All three probes are deposited in the oligonucle-
otide probe database ‘probeBase’ (Loy et al., 2007) under
accession numbers pB-01516 to pB-01518.
All probes were fluorescently labelled (biomers.net, Ulm,

Germany). Specific hybridization conditions for all three
probes were determined by varying the formamide concen-
tration in the hybridization buffer (Pernthaler et al., 2002). All
probes hybridized equally well with the target organism at
35% formamide concentration. Probe EUB338 (Amann et al.,
1990) covering most bacteria was used as a positive control
and the NON338 probe (Wallner et al., 1993) as a control for
background autofluorescence.

Fluorescence in situ hybridization

Subsamples of B. puteoserpentis tissues such as gill, gut,
digestive gland, labial palps, mantle and foot were fixed in 1¥
phosphate buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, 2 mM KH2PO4) containing 2% paraformal-
dehyde at 4°C for 9–18 h. Samples were washed three times
by placing them in fresh 1¥ PBS for 10 min each time and
subsequently transferred into cold PBS/ethanol solution con-
taining 1¥ PBS and pure ethanol in equal parts. Samples
were kept at 4°C on board the research vessel, air-freighted
back to the laboratory at 4°C and finally stored at -20°C.
Fixed specimens were embedded in Steedman’s Wax
(Steedman, 1957) and sectioned with a microtome into
10 mm thick sections. The sections were placed onto Super-
Frost slides (Fisher Scientific), dewaxed in three successive
baths of absolute ethanol for 5 min each and air dried. Sec-
tions were then covered with 200 ml of hybridization buffer
(Pernthaler et al., 2002) containing fluorescently labelled oli-
gonucleotide probes (5 ng ml-1 final concentration), covered
with a glass coverslip and hybridized at 46°C for 10 min in a
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histological microwave oven (Microwave Research andAppli-
cations, Laurel, MD, USA) with the power output set to 20%.
The slides were rinsed in 1¥ PBS, MQwater, and absolute
ethanol for 1 min each. Single hybridizations targeting spe-
cifically “Ca. E. bathymodioli” (Logatchev) were performed
using probe Bnix1249 labelled with Cy3. For visualization of
all bacteria in B. puteoserpentis, Cy3-labelled EUB338 was
used (Amann et al., 1990). Double hybridizations targeting
eukaryotic 18S rRNA were performed using Cy5-labelled
EUK516 (Amann et al., 1990). Triple hybridizations targeting
the chemoautotrophic endosymbiont, the methanotrophic
endosymbiont and the eukaryotic 18S rRNA were performed
using the probes BMARt-193 (Cy3), BMARm-845 (Cy5)
(Duperron et al., 2006) and EUK516 (Fluos). For quadruple
hybridizations targeting additionally “Ca. E. bathymodioli”
(Logatchev) Fluos-labelled Bnix1249 was used.

Deconvolution (restoration) microscopy

The air dried slides were embedded in a DAPI-amended
mountant and evaluated on a DeltaVision RT Restoration
Microscopy System (Applied Precision, Issaquah, WA, USA)
using an Olympus IX71 (Olympus, Center Valley, PA, USA)
equipped with appropriate filter sets for Cy3, Cy5, DAPI and
fluorescein. For image capture and deconvolution the Soft-
Worx image analysis software was used (Applied Precision,
Issaquah, WA, USA). Images were further processed and
analysed using the Imaris software package (http://
www.bitplane.com) that was also used to assign colours to
the different wavelengths.

Transmission electron microscopy

Gill filaments of B. puteoserpentis from Logatchev were fixed
in a modified Trump’s fixative (McDowell and Trump, 1976)
(0.05 M sodium cacodylate solution containing 2% glutaral-
dehyde and 2% paraformaldehyde, pH 7.3) and stored
therein for several months. The tissues were dehydrated in
an ethanol series and embedded in the acrylic resin LR White
(Sigma). Ultrathin sections were stained with uranyl acetate
and lead citrate, and examined with a Zeiss EM 109-S2.
Transmission electron microscopy was performed on five
adult specimens. Fifty-seven gill filaments were investigated
in total.

Estimation of “Ca. E. bathymodioli” numbers in Stage 6
aggregates

The total number of “Ca. E. bathymodioli” cells in a Stage 6
aggregate was estimated by dividing the volume of an aggre-
gate by the volume of a single rod-shaped bacterial cell. The
volume of aggregates was calculated by assuming that these

were spheres V d=( )1
6

3p . The diameter d of Stage 6 bac-

terial aggregates was determined from several FISH and four
TEM images which ranged between 16 and 32 mm. The
volume of single rod-shaped bacterial cells was calculated by
assuming that these were cylinders capped at both ends

by hemispheres spherocylinder,V d h d= +( )⎡
⎣⎢

⎤
⎦⎥

1
2

1
2

1
3

2p . The

length h and diameter (width) d was determined for several
intranuclear cells using TEM images (average size
1.8 ¥ 0.4 mm, it follows that h = 1.4 mm, d = 0.4 mm).
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Fig. S1. Figure 2 of main document in original RGB mode
(for figure caption, see Fig. 2 in main document).
Table S1. Closest relatives of “Candidatus Endonucleo-
bacter bathymodioli” (Logatchev).
Table S2. Nucleotide differences of dominant and minor
“Ca. E. bathymodioli” 16S rRNA sequences.
Table S3. Intranuclear bacteria described from protists.
Videos. Animations show stacks of 2D images created by
moving the focal plane through the z-axis of 10 mm thick

sections at 0.2 mm intervals. S1: developmental stage 2; S2:
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developmental stage 6.
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Chapter 8

General Summary, Conclusions and Outlook

8.1 Symbiont diversity in Chapopote

My marine microbiology studies started after the discovery of the Chapopote

Seep in the Gulf of Mexico. I finished my Bachelor studies analyzing the mi-

crobial diversity of sediment samples coming from this unusual site. It was

quite interesting to see that microbial communities were different in two dif-

ferent but nearby spots within the site. It seemed that the presence/absence

of oil in the samples was determining the microbial diversity profile. I was

very excited when I was allowed to analyze the Bathymodiolus spp. com-

ing from this same site as part of my PhD thesis work. These mussels had

been studied all around the world and in particular in the northern Gulf

of Mexico (GOM). Then, it was very interesting to get to characterize this

Bathymodiolus-bacteria symbiosis in this new habitat. If the free-living bac-

terial community of two very close spots was already very different, I thought

with more reasons the symbionts from two very distant sites on each side of

the Gulf of Mexico would differ greatly. My knowledge about symbiosis was

very limited at that time and I never took into account the very fine system

that these associations are. Symbiosis is such a specific systems that when

I analyzed the mussels from the southern GoM, mussels and their bacteria

were exactly the same (based on standard COI and 16S rRNA analysis) as the

ones from the north. 1000 miles of separation was meaning nothing for the

symbiosis profile. However, two bacterial phylotypes, different to the classi-

cal symbionts, seemed to be present after the 16S rRNA sequence analysis.
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They were indeed present after localization by FISH. The most surprising

one was the phylotype related to cultivated Cycloclasticus sp. bacteria, be-

cause this bacterium seemed to cheat the host-symbiont recognition system

and could co-habit with the chemosynthetic symbionts. Whether this new

symbiosis described with detail in the body of this thesis is a stable associa-

tion, we do not know. I have analyzed the two B. heckerae organisms where

Cycloclasticus phylotype was found, but we would need to have a better

sample collection to be able to do statistical analysis about the distribution

of this new association. The re-visit of Chapopote site is essential to do a

further characterization of this symbiosis. Experiments in situ could be then

performed, as the injection of labeled hydrocarbons to site and the collection

of the mussels to analyze C incorporation. Alternatively, incubation of fresh

gills on board with the labeled hydrocarbons could be done. However, if this

is not performed in a pressurized chamber and with all the abiotic factors

controlled, the metabolic mechanisms might be very far from the original

ones. It might also be interesting to try cultivation of bacteria from homog-

enized gills as not being an obligate symbiont might make easier to growth

it on culture. Actually, the current knowledge of the Bathymodiolin mussels

about transmission tells us that transmission in this system is horizontal (or

environmental) and bacterial symbionts should have a free-living stage. With

the right conditions the symbiotic bacteria should be cultivable. However,

cultivation is not an easy task and therefore cultivation-independent methods

are an alternative. Isolation or enrichment of symbionts with physical mech-

anisms are in development and this is opening the doors to have complete

genomes to analyze genomic evolution and biochemical pathways important

in the description of symbiotic interactions. But for performing any of these

experiments that I mentioned here above, more Bathymodiolus mussels from

Chapopote would be needed.

8.2 The S and P concept

The S concept is applicable to many of the bacteria associated with the

bivalves studied in this thesis, while the thiotrophic and methanotrophic en-
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dosymbionts of Bathymodiolus mussels are clearly P-symbionts. S-symbionts

from this study could be Cycloclasticus-related phylotype, the NIX phylo-

types and possibly all bacteria described in shallow-water mussels. Of course

more physiological characterization to determine whether these bacteria are

mutualists, commensalists, or parasites is still needed. Nonetheless, this

study is one of the first molecular characterizations about bacterial diversity

in bivalves. It is clear that bacteria like NIX-bacteria are S-symbionts as they

are not always present in the organism, the host does not need them obligato-

rily and the bacteria have a parasitic behavior. For Cycloclasticus-bacterium

we have a different set up as this bacterium might be becoming a P-symbiont.

However, population ecology and physiology studies to analyse the specific

recurrence and activity of this phylotype would be needed to describe this

species as a P-symbiont. The shallow-water bivalves of this study seem to

be associated only to S-symbionts, however, it is still an early hypothesis

because not many studies are at hand. After this study and the previous

ones there are some non-pathogenic bacteria that seem to be present regu-

larly: Vibrio spp., Shewanella spp. and spirochetes. Vibrio species present

in bivalves are most of the time non-pathogenic. I suggest they could be

protecting pathogenic ones of infecting the host. Having then a mutualis-

tic role as in the symbiosis of squid-Vibrio, where Vibrio has a function of

protection. In this case, the Vibrio function would be through competition

and not through luminescence. Shewanella are marine bacteria that have

the ability to chelate metals, they might then be protecting bivalves from

the accumulation of them. Spirochetes seem to be also well adapted to bi-

valves tissue. They are frequently present in bivalves and with a particular

distribution. However the role of any of the non-chemosynthetic bacteria in

bivalves has not been studied in a process-oriented way and there is the lack

of information not just in the whole physiological direction but also in the

pure phylogenetic characterization and biological distribution. I think the

cultivation of bacteria associated to bivalves should be further established to

then be able to do experiments with sterile bivalves (as treated with antibi-

otics) and not just observe the effect on the bivalves but study the active

proteins and sugars to unveil the interaction processes.
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8.3 Conclusions

This PhD thesis contributes to the understanding of the diversity of chemosyn-

thetic and non-chemosynthetic bivalve symbioses. Bivalves are a worthy

model to study symbiosis: 1) they have a simpler immunological system than

vertebrates, 2) many of the species are large organisms which gives more area

and biological material to work with, 3) they are vectors for transmission of

bacterial and virus diseases to humans. And finally, 4) in the phylogenetic

evolution of bivalves we can observe the different physiological behaviours

with every different association: from extracellular heterotrophic to the in-

tracellular chemosynthetic ones. Thus it is always important to analyze both

bivalve and symbiotic bacteria phylogenies to be able to characterize the evo-

lution of bivalve symbioses. Bivalve communication system might be similar

within the whole group, then non-chemosynthetic bivalves could give us an-

swers about the communication between bacteria and their bivalve hosts in

a chemosynthetic symbiosis.
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Glossary

Bacteriocyte specialized cell of an eukaryotic organism that bears symbi-

otic bacteria.

Ectosymbiont inhabiting outside the organism.

Endosymbiont inhabiting inside the host cell (endocellularly).

Endogenous that live inside the organism, but not necessarily endocellu-

larly.

P-symbiont the primary and most abundant symbiont in a host organism.

Generally they are vertically transmitted endosymbionts.

S-symbiont the secondary and less abundant symbiont in a host organism.

Generally they are horizontally transmitted and their presence is facultative.

Vertical transmission symbionts are transmitted from the parents to the

offspring.

Horizontal transmission symbionts are taken from the environment whether

direct or indirect contact with host related organism.

Facultative symbionts their presence is not obligatory for host survival.

Chemosynthesis - Chemosynthetic organisms convert one or more carbon

molecules (usually carbon dioxide or methane) and nutrients into organic

matter using methane (methanotrophs) or inorganic molecules such as hy-

drogen sulphide (thiotrophs) as a source of energy, rather than sunlight, as

in photosynthesis.

Thiotrophy Thiotrophic organisms or sulphur oxidizers (also called chemoau-

totrophic) use reduced sulphur compounds (e.g. hydrogen sulphide) as elec-

tron donors and fix CO2 to generate their organic matter.

Methanotrophy - is a special case of methylotrophy, using single-carbon

compounds that are more reduced than carbon dioxide, as a carbon and

energy source.

Autotroph - organism able to synthesize organic compounds from CO2.

Heterotroph organism with a nutrition that is not based in CO2 but in

the uptake of organic compounds.
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