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"Mutual aid is met with even amidst the lowest animals, and we must be prepared to learn 

some day, from the students of microscopical pond-life, facts of unconscious mutual support, 

even from the life of micro-organisms. Of course, our knowledge of the life of the 

invertebrates, [...], is extremely limited; and yet, even as regards the lower animals, we may 

glean a few facts of well-ascertained cooperation. The numberless associations [...] are 

practically quite unexplored; but the very fact of their existence indicates that they must be 

composed on about the same principles [...]." 

 

Petr Alekseevich Kropotkin, 1902 

(*1842 †1921 - Geologist, Anarchist, Revolutionist) 

 

Mutual Aid: A factor of evolution. 1902. London: William Heinemann, p. 13 
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Summary 

This thesis was accomplished within the Priority Program SPP 1144 “From Mantle to Ocean” 

which investigates the energy-, material-, and life cycles at hydrothermal vents on the slow-

spreading Mid-Atlantic Ridge. Two hydrothermal settings which differ prominently in their 

fluid composition are examined within the SPP: the ultramafic-hosted Logatchev vent field 

(14°45’N) and a cluster of basalt-hosted vent fields at 4°48’S. In contribution to the SPP the 

research group “Hydrothermal Symbioses” investigates the conversion of geochemical energy 

into biomass, particularly of hydrothermal vent mussels belonging to the genus 

Bathymodiolus through their chemoautotrophic and methanotrophic endosymbionts. To 

address this energy transfer the symbiosis research project focuses on the diversity, 

abundance, distribution, biomass, and activity of these endosymbiotic bacteria in regard to 

differing physico-chemical conditions. This PhD project aimed to (i) describe the physico-

chemical conditions in Logatchev mussel habitats by means of in situ measurements, (ii) 

investigate the endosymbiotic diversity of B. puteoserpentis (Logatchev) using the 16S rRNA 

gene as a phylogenetic marker, and (iii) evaluate the activity of endosymbiotic bacteria as 

judged from H2 and H2S consumption and CO2 assimilation in response to the two differing 

hydrothermal settings. (I) In situ measurements using microsensors revealed abundant H2S 

and O2 in diffuse fluids emanating from the mussel beds. Thus, Logatchev mussel habitats, 

previously suggested to be deficient in free sulfide, comply with the requirements of aerobic 

sulfur-oxidation. (II) Cloning and sequencing of the 16S rRNA gene revealed three 

phylotypes in B. puteoserpentis. Two were related to sulfur- and methane-oxidizing 

symbionts. The third phylotype was identified as an intranuclear bacterial parasite which was 

subsequently found to be widespread in hydrothermal vent and cold seep mussels of the genus 

Bathymodiolus and termed “Candidatus Endonucleobacter bathymodioli”. FISH and 

deconvolution microscopy revealed an unusual cell cycle, the first to be reported from an 

intranuclear parasite of metazoans. (III) Consumption of H2 and H2S along with CO2 

assimilation, indicative of energy conservation and thus actively metabolizing endosymbionts, 

implied that endosymbiotic chemoautotrophy may be sulfur-based at basalt-hosted vent 

settings but hydrogen-based at ultramafic-hosted vents. Indeed, the mussel population 

inhabiting the ultramafic-hosted Logatchev vent field may oxidize 270-670 liters of hydrogen 

per hour. Endosymbionts of B. puteoserpentis may therefore play an appreciable role as H2-

oxidizing primary producers and thus in converting H2-derived geochemical energy into 

biomass. In fact, H2 has not been shown previously to be utilized by symbionts of 

invertebrates from reducing environments. 
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Zusammenfassung 

Die vorliegende Arbeit wurde im Rahmen des Schwerpunktprogramms SPP 1144 “Vom Mantel zum 

Ozean” angefertigt, das die Energie-, Stoff-, und Lebenszyklen an Hydrothermalquellen des langsam 

spreizenden Mittel-Atlantischen Rückens untersucht. Zwei sich vornehmlich in ihrer 

Fluidzusammensetzung unterscheidende Hydrothermalfelder werden im Rahmen des SPP untersucht: 

Logatchev bei 14°45’N, geologisch charakterisiert durch das Auftreten von ultramafischem Mantelgestein, 

und eine Ansammlung von Hydrothermalfeldern bei 4°48’S auf basaltischem Untergrund. Die 

Arbeitsgruppe “Hydrothermale Symbiosen” untersucht im Rahmen des SPP die Umwandlung 

geochemischer Energie in Biomasse, insbesondere von Muscheln der Gattung Bathymodiolus mittels ihrer 

chemoautotrophen und methanotrophen Endosymbionten. Dazu konzentriert sich das Symbioseprojekt auf 

die Diversität, Abundanz, Verteilung, Biomasse und Aktivität dieser endosymbiontischen Bakterien unter 

Berücksichtigung unterschiedlicher physikalisch-chemischer Bedingungen. Das Ziel der vorliegenden 

Doktorarbeit war es, (i) physikalisch-chemische Parameter in Muschelhabitaten des Logatchev 

Hydrothermalfeldes (LHF) mit Hilfe von in situ Messungen zu beschreiben, (ii) die endosymbiontische 

Diversität in B. puteoserpentis (Logatchev) mit Hilfe des 16S rRNA Gens als phylogenetischem Marker zu 

untersuchen und (iii) die Aktivität endosymbiontischer Bakterien auf der Basis des Verbrauches an H2- und 

H2S und der Assimilation von CO2 zu evaluieren, und zwar in Abhängigkeit der geologisch 

unterschiedlichen hydrothermalen Standorte. (I) In situ Messungen mit Mikrosensoren offenbarten 

reichlich H2S und O2 in diffusen Fluiden über den Muschelansammlungen. Muschelhabitate des LHF 

erfüllen demnach die Vorraussetzungen für die aerobe Oxidation reduzierter Schwefelverbindungen. Bisher 

wurde angenommen, dass diffuse Fluide des LHF nur unzureichend freie Sulfide enthalten würden. (II) Das 

Klonen und Sequenzieren der 16S rRNA Gene offenbarte drei Phylotypen in B. puteoserpentis. Zwei davon 

zeigten eine Verwandtschaft mit schwefel- und methanoxidierenden Endosymbionten. Der dritte Phylotyp 

konnte als bakterieller Zellkernparasit identifiziert werden und wurde als „Candidatus Endonucleobacter 

bathymodioli“ beschrieben. Nachfolgende Untersuchungen zeigten, dass dieser Phylotyp in Muscheln der 

Gattung Bathymodiolus weitverbreitet ist, sowohl an Hydrothermalquellen als auch an kalten Gasaustritten 

(cold seeps). Mit FISH und Dekonvolutionsmikroskopie konnte ein ungewöhlicher Zellzyklus 

nachgezeichnet werden. Zellkernbakterien waren bisher so gut wie unbekannt in der Gruppe der Metazoa 

und ein Entwicklungszyklus ist zuvor nicht in vielzelligen Tieren beschrieben worden. (III) H2- und H2S-

Verbrauch bei gleichzeitiger Assimilation von CO2, ein Indikator für Energiekonservierung und folglich für 

aktiv Stoffwechsel-betreibende Endosymbionten, deuten darauf hin, dass endosymbiontische 

Chemoautotrophie an basaltischen Hydrothermalquellen auf reduzierten Schwefelverbindungungen basiert 

während ultramafische Hydrothermalquellen eher H2-verstoffwechselnde Endosymbionten untersützen. 

Tatsächlich deuten H2-Verbrauchsexperimente darauf hin, dass die LHF Muschelpopulation 270-670 Liter 

H2 pro Stunde oxidiert. Die Endosymbionten von B. puteoserpentis spielen demnach eine beachtliche Rolle 

als H2-oxidierende Primärproduzenten und folglich bei der Umwandlung von H2-basierter geochemischer 

Energie in Biomasse. In dieser Arbeit wurde erstmals nachgewiesen, dass H2 eine Energiequelle für 

Invertebratensymbionten in reduzierenden Habitaten darstellen kann. 
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I Introduction 
The work presented in this thesis was 

accomplished within the Priority Program 

SPP 1144 (“From Mantle to Ocean”) funded 

by the German Research Foundation (Fig. 1). 

The multi-disciplinary program was 

launched in October 2003 and aims to 

investigate the energy-, material-, and life 

cycles at HYDROTHERMAL VENTS on the 

SLOW-SPREADING MID-ATLANTIC RIDGE 

(MAR). Two integrated study sites were 

chosen to address the energy and mass 

transfer from the mantle to the ocean: the ULTRAMAFIC-HOSTED Logatchev hydrothermal 

vent field at 14°45’N and the BASALT-HOSTED hydrothermally active area at 4°48’S (Fig. 2). 

As many as four hydrothermal vent fields have been discovered in this region as a result of 

this Priority Program: Red Lion, Comfortless Cove, Turtle Pits and Wideawake [1]. The 

occurrence of hydrothermal vents in two different geological settings, a characteristic thus far 

unique to the MAR provides a unique chance to study their relative contribution to the overall 

energy and mass transfer at a slow-spreading MID-OCEAN RIDGE. 

In contribution to the Priority Program 

the research group “Hydrothermal 

Symbioses” in which this PhD was based 

investigates the transfer of geochemical 

energy to HYDROTHERMAL VENT MUSSELS 

via their bacterial ENDOSYMBIONTS. In the 

absence of light these symbionts synthesize 

organic carbon compounds de novo from 

dissolved CO2 or CH4 by means of 

CHEMOSYNTHESIS and thus form the basis of 

a hydrothermal food chain. The energy for 

carbon primary production comes from 

reduced chemical species and is provided 

with HYDROTHERMAL FLUIDS.  

 

Fig. 1. Logo of the Priority Program SPP 1144. The 
manifold scientific disciplines involved in the pro-
gram are shown. 

 

Fig. 2. Map showing currently known hydrother-
mal vent fields along the Mid-Atlantic Ridge. The 
study sites investigated during the Priority Program 
SPP 1144 are underlined. White and black circles 
denote ultramfic-hosted and basalt-hosted vent fields, 
respectively. Fluids of the Nibelungen field (grey cir-
cle) indicate an ultramafic-hosted setting, however, 
only basaltic rocks were recovered thus far [2]. 
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Hydrothermal vent research is located at the interface of geology, chemistry, and biology. 

Vent ecosystems can not be understood in detail without basic knowledge in all of these fields 

and more detailed knowledge in, for example, plate tectonics, fluid chemistry, microbiology, 

and physiology. The following chapters aim to provide this background and the terms 

highlighted in bold will be explained and defined. 

Chapter 1 gives an introduction to the global system of oceanic spreading ridges along 

which hydrothermal venting occurs throughout the oceans. Chapter 2 explains the principle of 

hydrothermal circulation and introduces the different geological settings in which 

hydrothermal convection cells occur. The emphasis will here be on ultramafic-hosted settings 

as much of the work presented in the 'Results and Discussion' section and the manuscripts is 

based on samples from the ultramafic-hosted Logatchev vent field. Chapter 2 will end with a 

short note on the life-supporting role of hydrothermal vents as a result of chemosynthesis 

before Chapter 3 will briefly deal with the symbiosis concept from a historic point of view. 

Chapter 4 will explain hydrothermal vent ecosystems and vent chemosynthetic symbioses in 

more detail but also make a detour to cognate communities of cold seeps, whale falls, sunken 

wood, and marine reducing sediments to present the bigger picture of the phylogeny and 

physiology of chemosynthetic symbionts. Chapter 5 introduces the chemosymbiotic bivalves 

in general and the deep-sea vent and seep mussels of the genus Bathymodiolus in particular 

since B. puteoserpentis and an undescribed Bathymodiolus species along with their 

endosymbionts are the main topics of this thesis. After introducing the goal of this PhD thesis 

in Chapter 6 the 'Results and Discussion' section will deal with the three major projects of this 

thesis: (i) in situ habitat characterization of B. puteoserpentis, (ii) bacterial diversity in B. 

puteoserpentis, and (iii) endosymbiont activity of B. puteoserpentis and B. sp. as judged from 

hydrogen and sulfide consumption and carbon assimilation in response to ultramafic- and 

basalt-hosted hydrothermal settings. 

1 The global system of oceanic spreading ridges 

1.1 What are oceanic spreading ridges? 

Oceanic spreading ridges (OSR) are part of the boundaries that separate Earth’s plates 

and are as such a result of plate tectonics themselves (Fig. 3) [3]. It is at OSR that plates are 

pulled apart by tectosnic forces resulting in seafloor spreading and thus substantial continental 

drift over geological times [4]. OSR are hence also referred to as seafloor spreading centers. 

As magma ascends from Earth’s interior (mantle) it partially melts and feeds volcanoes which 

eventually erupt to generate fresh oceanic crust [4,7,9]. While a small proportion of these 
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volcanic systems is found as spreading centers in back-arc basins close to subduction zones 

[10], the vast majority of all Earth’s OSR forms a single, continuous, globe-encircling 

volcanic underwater mountain chain, known as the global mid-ocean ridge system, that 

typically lies at around 2000 to 5000 m depth [7]. This mountain range is divided into distinct 

actively spreading ridge segments bound by deep transform faults that offset the spreading 

axis resulting in a distinctive stepped appearance of the global mid-ocean ridge system (Fig. 

3) [4]. Oceanic spreading ridges comprise ~67,000 km in length and account for almost nine-

tenths of Earth’s total area production (88%) while oceanic transform faults total 48,000 km 

contributing only negligibly to this production (1%). Together, they account for 44% of 

earth’s plate boundaries [3]. 

1.2 Types of oceanic spreading ridges 

According to their spreading rates, i.e. the speed at which two tectonic plates are pulled 

apart from each other, oceanic-spreading ridges can be classified into ultraslow- 

(< 20 mm a-1), slow- (20-50 mm a-1), intermediate- (50-90 mm a-1), fast- (90-130 mm a-1), and 

superfast- (130-170 mm a-1) spreading ridges (Table 1). 

With the exception of ultraslow-spreading ridges all other mid-ocean ridges share certain 

characteristics. First, they have roughly the same crustal thickness (6-7 km), second, in plan 

view they have a characteristic stair-step geometry of volcanic rifts separated by 

perpendicular transform offsets (Fig. 3), and third, they generate a characteristic outcrop 

pattern of elongate, fault-bounded abyssal hills trending normal to the spreading direction [5]. 

Their differences lie primarily in their across-axis morphology (Fig. 4). Slow-spreading ridges 

have rugged rift mountains [5]. The paired flanks of the ridge axis are separated by a deep 

(typically 1-3 km) and wide (5-15 km) central rift valley. In contrast, intermediate-, fast-, and 

Table 1. Classification of mid-ocean ridges according to their spreading rates 

Ridge category a Spreading rate b Example a 

ultraslow-spreading < 20 mm a-1 America-Antarctic Ridge, Gakkel Ridge, Knipovich Ridge, 
Lena Trough, Mohns Ridge, Southwest Indian Ridge 

slow-spreading 20-50 mm a-1 Central Indian Ridge, Mid-Atlantic Ridge 

intermediate-spreading 50-90 mm a-1 
Galapagos Spreading Center, Gorda Ridge, East Pacific Rise 
(e.g. 21°N), Explorer Ridge, Juan de Fuca Ridge, Lau Basin 

Back-Arc Spreading Center, Southeast Indian Ridge 

fast-spreading 90-130 mm a-1 East Pacific Rise (e.g. 8-13°N) 

superfast spreading 130-170 mm a-1 East Pacific Rise (e.g. 27-32°S) 

a Ridge categories and examples compiled from various sources [4,5,7,11-13]; b Spreading rates from [7] 
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superfast-spreading ridges have an only small axial rise (e.g. 100 m at 9°N on the East-Pacific 

Rise) with a very shallow (10-50 m) and narrow (50-1000 m) linear summit graben that is the 

locus for most volcanic and tectonic activity. Intermediate-, fast-, and superfast-spreading 

ridges tend to be dominated by volcanism, while the morphology of slow-spreading ridges is 

dominated more by tectonics [4,5,7,14]. 

Ultraslow-spreading ridges have only 

recently emerged as a unique, new class of 

mid-ocean ridges [5]. At ultraslow-spreading 

ridges the seismic crust is thinner (~1-4 km) 

than at other ridges. They uniquely possess 

amagmatic rifts that expose mantle rocks 

(peridotite) directly on the seafloor, with only 

scattered basalt and gabbro. Amagmatic 

segments can assume any orientation to the 

spreading direction sometimes forming 

oblique rifts and they can produce a unique 

“smooth” seafloor [5]. For example, the Gakkel ridge, the slowest-spreading ridge on earth, 

with spreading rates from 6-15 mm a-1, has no transform offsets [9]. 

2 Hydrothermal circulation 

Nearly 3.3 km2 of oceanic crust are newly formed at mid-ocean ridges each year [15]. 

Along with the magma, heat is released from the Earth’s interior. While the majority of this 

heat loss occurs through conduction, approximately one-fifth of Earth’s total heat loss at mid-

ocean ridges is effected by a convective process in which cold seawater percolates downward 

through fractured oceanic crust, is geothermally heated, and finally expelled back into the 

water column [12,15,16]. This process has been termed hydrothermal circulation. 

It is a heat source such as a magma chamber underneath the volcanic mid-ocean ridge 

system that drives hydrothermal circulation. Other prerequisites are a permeable oceanic crust 

typically in the form of faulted and fissured igneous crust and seawater that saturates the crust 

[17]. During hydrothermal circulation seawater reacts with the host rock and is chemically 

modified. The composition of hot fluids that exit at vent fields thus reflects the composition of 

the rock, but also provides insights into rock structure, and the depth, size, and shape of the 

heat source [17]. The estimated yearly flux of hydrothermal fluids is of the order of 1014-1016 

tons [16]. Thus, it has been estimated that the oceans circulate through hydrothermal systems 

 

Fig. 4. Comparison of across-axis morphology of 
fast-, intermediate-, and slow-spreading mid-ocean 
ridges. From [14]. EPR – East Pacific Rise; MAR – 
Mid-Atlantic Ridge. 
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on a timescale of 1 to 10 million years [18]. 

Recently, this number has been corrected to 

even shorter timescales by one order of 

magnitude to 1 to 10 thousand years [19]. 

Hydrothermal circulation has long been 

studied in basalt-hosted settings in which the 

host rock is exclusively or predominantly 

composed of mid-ocean ridge basalt. This 

was mainly a result of the fact that 

hydrothermal vent fields, initially discovered 

at the Galapagos Spreading Center and the 

East Pacific Rise are basalt-hosted. However, 

with further exploration of the global mid-

ocean ridge system it became evident that 

hydrothermal circulation can occur in 

different settings in which the host rock is all 

but basaltic. For example, at ultra-slow 

spreading ridges mantle-derived ultramafic 

rocks (peridotite) dominate with only 

scattered basalt and gabbro [5], a situation 

that is also present at some portions of slow-

spreading ridges [17,21]. At back-arc basin 

spreading centers the host rock composition 

can be felsic (comprising andesite, rhyolite, 

and dacite) instead of basaltic [10,17]. 

Finally, hydrothermal settings can also be 

sediment-hosted if they are associated with 

ridges in close vicinity to continental 

margins. Sediment-hosted vent fields are 

common at the Northeast Pacific Ridges (e.g. 

Juan de Fuca Ridge and Gorda Ridge) and at 

the Gulf of California section of the East 

Pacific Rise [17,22]. 

 

Fig. 5. Schematic drawing of a hydrothermal sys-
tem. (A) Zones, components and processes involved 
in the generation of hydrothermal fluid. (B) Chemical 
evolution of the hydrothermal fluid during circulation 
through basaltic crust. From [17]. (C) Cartoon illus-
trating hydrothermal flow and the penetration depths 
of seawater at 9°50’N East Pacific Rise. Black arrows 
indicate a well-defined hydrothermal cell, while grey 
arrows denote inferred hydrothermal flow in adjacent 
cells. Light blue dots illustrate the area where tectonic 
stresses are likely to dominate, creating a zone of per-
meability. Light grey dots illustrate where hydrother-
mal stresses probably dominate. AMC – axial magma 
chamber. From [20]. 
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2.1 The principle of hydrothermal circulation 

The principle of hydrothermal circulation has been elucidated using experimental and 

theroretical consideration but has primarily been developed for basalt-hosted hydrothermal 

settings [17]. Nevertheless, it is in general valid for all other hydrothermal settings as well, 

except for differences in the endmember fluid composition, i.e. the composition of the 

expelled fluid after hydrothermal circulation. Fig. 5 shows a schematic drawing of this 

principle. Table 2 summarizes the physico-chemical properties of endmember hydrothermal 

fluids venting from different settings. 

According to the depth of the percolating seawater, the temperature within the crust, and 

chemical reactions between the seawater and the host rock, hydrothermal circulation can be 

subdivided into three distinct zones: a low-temperature “recharge” zone as part of the down-

flowing limb, a high-temperature “reaction” zone, and a “discharge” zone as part of the up-

flowing limb [17,19]. In the down-flowing limb and at temperatures up to about 40°C to 

60°C, reactions between seawater and basalt result in alteration of basaltic minerals. As 

seawater penetrates deeper and is heated to temperatures above ~150°C, Mg2+ is removed 

from the fluid through precipitation with clays in exchange for Ca2+, Na+, and H+, the latter of 

which contributes to fluid acidification. Uptake of Ca2+ guarantees sufficient SO4
2- 

precipitation (anhydrite: CaSO4) as the SO4
2- / Ca2+ ratio of seawater is ~3. A fraction of 

seawater sulfate is chemically reduced to sulfide. Other reactions include reaction of water 

with ferrous Fe-bearing minerals which results in reducing conditions. The sum of reactions 

occurring in the “recharge” zone results in a fluid that is slightly acidic, anoxic, alkali-rich, 

and Mg-poor relative to the surrounding seawater. At 425°C and ~400-500 bars this fluid then 

leaches S and metals (e.g. Cu, Fe, Mn, Zn) from the rock into solution in the deep “reaction” 

zone. If the fluid temperature and pressure exceed those of the boiling curve for seawater the 

fluid will separate into a low-salinity, vapor-rich phase and a brine phase (phase separation). 

During this partitioning, volatiles such as H2S partition preferentially into the vapor-rich 

phase. A final process that can effect vent fluid compositions is the addition of magmatic 

volatiles to the circulating fluid, such as primordial helium (3He), CO2, CH4, and H2. The 

evolved fluid in the “reaction” zone is very buoyant relative to cold seawater and thus rises at 

a rapid rate to the seafloor where it is expelled through polymetallic sulfide chimneys (“black 

smokers”) at temperatures that can exceed 400°C [17]. 
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2.2 Ultramafic-hosted settings 

Ultramafic-hosted hydrothermal settings 

occur at slow- and ultraslow-spreading 

ridges as a result of tectonic processes [5,17]. 

In contrast to basalt-hosted settings where 

the upper oceanic crust is entirely composed 

of basaltic rocks, the upper crust in 

ultramafic-hosted settings is primarily 

composed of mantle-derived ultramafic 

rocks, i.e. peridotite (and serpentinized 

peridotites), with basaltic lavas present as a 

thin veneer, and gabbros occasionally 

injected into the peridotites (Fig. 6) [5,23]. 

Thus, ultramafic-hosted hydrothermal 

systems differ in their fluid composition 

from basalt-hosted systems as a result of 

peridotite-seawater reactions [23]. The main 

difference is that hydrothermal fluids 

discharged from ultramafic-hosted vent 

fields contain large quantities of dissolved 

hydrogen and methane (Table 2) while these 

gases occur in only low amounts in fluids 

discharged from basaltic-hosted systems 

[17,24-27]. The wealth of hydrogen in ultramafic-hosted hydrothermal systems results from a 

geochemical process known as serpentinization [23,24,26,28-31]. Methane is subsequently 

produced by abiogenic methanogenesis from CO2 and hydrogen [26,32-35]. 

2.2.1 Serpentinization 

Serpentinization involves peridotite (an ultramafic mantle rock) which is mainly 

composed of the minerals olivine [(Mg,Fe)2SiO4] and pyroxene [both orthopyroxene (Mg,Fe)-

SiO3 and clinopyroxene Ca(Mg,Fe)Si2O6] [29] In general, hydrolysis of olivine and pyroxene 

forms serpentine [(Mg,Fe)3Si2O5(OH)4], magnetite [Fe3O4] and hydrogen [26,28,29]. 

Depending on temperature and pressure Allen and Seyfried [28] proposed two sets of 

serpentinization reactions. In the first, at temperatures > 350-400°C and at 500 bar hydrogen 

 

Fig. 6. Schematic model of the upper oceanic crust 
and hydrothermal circulation. (A) Crust entirely 
composed of basaltic rocks as is encountered at inter-
mediate-, fast-, and superfast-spreading ridges. (B) 
Crust primarily composed of ultramafic rocks (peri-
dotites) as is frequently encountered at slow-, and 
ultraslow-spreading ridges. From [23]. 
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is produced from the hydrolysis of the ferrous iron-bearing component of pyroxene (R1) 

whereas serpentine results from the hydrolysis of the magnesium and calcium-bearing 

components of pyroxene (R2). 

 

Fe-orthopyroxene          

3FeSiO3 + H2O →  Fe3O4 + 3SiO2 + H2 (R1) 

(Ferrosilit)    (Magnetite)  (Silica)    

 

Mg- 
orthopyroxene 

Ca(Mg)- 
clinopyroxene         

12MgSiO3 + 2CaMgSi2O6 + 6H2O →  2Mg3Si2O5(OH)4 + Mg3Si4O10(OH)2 + CaMg5Si8O22(OH)2 (R2) 

(Enstatite)  (Diopside)    (Serpentine)  (Talc)  (Tremolite)  

 

In the second set of serpentinization reactions, at temperatures below 250°C, hydrogen is 

produced from the hydrolysis of the iron-bearing component of olivine (R3) whereas 

serpentine results from the hydrolysis of the magnesium-bearing component of olivine (R4) 

[28]. 

 

Fe-olivine          

3Fe2SiO4 + 2H2O →  2Fe3O4 + 3SiO2 + 2H2 (R3) 

(Fayalite)    (Magnetite)  (Silica)    

 

Mg-olivine        

2MgSiO4 + 3H2O →  Mg3Si2O5(OH)4 + Mg(OH)2 (R4) 

(Forsterite)    (Serpentine)  (Brucite)  

 

More recently, Bach et al. suggested a different series of serpentinization reactions in 

which hydrogen is produced from the reaction of brucite [MgFe(OH)2] and silica (SiO2) 

formed during olivine and orthopyroxene hydrolysis, respectively [30]. The net reaction is 

shown below (R5). Accordingly, hydrolysis of 4.2 kg of olivine may produce 1 mol of 

hydrogen [30]. 
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Peridotite          

�Olivine�    (Serpentine)  (Magnetite)    

114Mg1.8Fe0.2SiO4 72Mg2.85Fe0.15Si2O5(OH)4 

90Mg0.9Fe0.1SiO3 
+ 208H2O →  

30Mg2.7Fe0.3Si2O5(OH)4 
+ 4Fe3O4 + 4H2 (R5) 

�Orthopyroxene�          

 

2.2.2 Abiogenic methanogenesis 

Hydrogen released during serpentinization is subsequently consumed in a Fischer-

Tropsch type (FTT) synthesis to abiogenically form methane (R6) [26,32,34]. Fischer-

Tropsch synthesis is a well-known industrial process whereby CO2 is converted to 

hydrocarbon gas by reaction with H2 [26,32,34,35]. 

 

CO2 + 4H2 →  CH4 + 2H2O (R6) 

 

Magnetite formed during serpentinization likely plays a key role as a catalyst as it has 

been recognized as a potent catalyzing agent for producing CH4 from CO2-H2 gas mixtures 

[32]. Nevertheless, FTT methanogenesis following serpentinization proceeds only slowly and 

likely requires decades, thousands of years, and hundreds of thousands of years at 300°C, 

200°C, and 100°C, respectively for full conversion of CO2 to CH4 [32]. The �13C values of 

methane from ultramafic-hosted hydrothermal vents, as well as the lack of a sediment source 

Table 2. Range of endmember compositions of hydrothermal fluids venting from different settings 

  Basalt Ultramafic Back-Arc Sediment Seawater 
   High-temp. Lost City    

T (°C) � 407* 350-365 � 91 278-334 100-315 2 
pH (at 25°C) 2.8-4.5 2.8-3.9 9-11 < 1-5.0 5.1-5.9 8 
H2 mmol/kg 0.0005-38 13-19 < 1-15 0.035-0.5 - - 

H2S mmol/kg 0-19.5 1-2.5 < 0.064 1.3-13.1 1.10-5.98 - 
CH4 mmol/kg 0.007-2.58 0.13-3.5 1-2 0.005-.06 - - 
NH3 mmol/kg < 0.65 - - - 5.6-15.6 - 
CO2 mmol/kg 3.56-39.9 n.a. b.d. 14.4-200 - 2.36 
Fe �mol/kg 7-18700 2410-24000 - 13-2500 0-180 - 
Na mmol/kg 10.6-983 438-553 479-485 210-590 315-560 464 
Ca mmol/kg 4.02-109 28-67 < 30 6.5-89 160-257 10.2 
K mmol/kg 1.17-58.7 20-24 - 10.5-79 13.5-49.2 10.1 
Cl mmol/kg 30.5-1245 515-750 548 255-790 412-668 545 
Mg mmol/kg 0 0 < 1 0 0 53 
SO4 mmol/kg 0 0-1.3 1-4 0 0 28 

*thus far the highest temperature ever recorded from a hydrothermal vent [1]; n.a. – not analyzed, b.d. – below 
detection; Table from [17] based on [25,36-43] and extended for ultramafic-hosted high temperature fluids as 
analyzed by [24-26] 
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rich in organic matter suggest that the carbon source (CO2) for the FTT synthesis is truly 

mantle-derived and not of thermogenic origin, i.e. by thermal decomposition of organic matter 

within sediments [34]. Besides methane, ethane and propane have been experimentally found 

after serpentinization of olivine at 300°C and 500 bars [32] and were subsequently confirmed 

in fluids venting from ultramafic-hosted settings [34]. Furthermore, straight chain saturated 

hydrocarbons with chain lengths between 16 and 29 carbon atoms have also been identified in 

fluids released from ultramafic-hosted vents [26,32]. Recent experiments indicated that 

chromite (a chromium-bearing component of pyroxene) could be the catalyst for the FTT 

synthesis of longer chain hydrocarbons [33]. 

2.2.3 Lost City 

Lost City is a low-temperature vent field located off-axis on the slow-spreading Mid-

Atlantic Ridge [36]. Consistent with its ultramafic-hosted setting, Lost City fluids are 

hydrogen- and methane rich but differ otherwise from fluids discharged from on-axis 

ultramafic-hosted vent fields. The main difference is the comparably low fluid temperature 

(28°-90°C) at a very high pH of 9-11 (Table 2). Upon mixing with seawater the alkaline fluids 

precipitate carbonate and hydroxide minerals thus, forming chimneys composed of calcite 

[CaCO3], aragonite [CaCO3], and brucite [Mg(OH)2], while silica is found only in traces and 

sulfide minerals are completely absent [14,36,37,44]. It has been proposed that generation of 

Lost City fluids does not require heat from magma or cooling of recently solidified rock but 

instead is a result of exothermic serpentinization reactions. In fact, the isotopic composition of 

Lost City fluids is consistent with serpentinization reactions at 110°-150°C [38]. However, 

serpentinization is likely not a significant source of heat and it is more likely that the Lost 

City system is driven by deep penetration of fluids and access to heat from hot rock or magma 

[31]. 

2.3 Back-arc basin spreading centers and sediment-hosted settings 

Compared to fluids discharged from basalt-hosted vents, fluids expelled from vent fields 

hosted in a felsic (andesite) setting (back-arc basin spreading centers) show elevated trace 

metals (e.g. Zn, Pb, As) and can be very acidic (pH < 1). The low pH may reflect an input of 

magmatic volatiles (e.g. SO2) [17]. Fluids from sediment-hosted vent fields show a wide 

range in composition but are similar in exhibiting a higher pH (5-6 at 25°C), lower maximum 

temperatures, and lower metal contents than fluids from unsedimented settings [17] (Table 2). 
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2.4 Global occurrence of hydrothermal vent fields 

Hydrothermal venting is known to discharge along mid-ocean ridges in every ocean and 

at all spreading rates [11]. To date, approximately 280 sites have been described (including 

back-arc spreading centers) and ~1000 are predicted to exist [11]. Roughly 145 sites have 

been confirmed by visual observation, while another 130 are inferrsed solely from water-

column observations. Confirmed vent sites range from enormous sulfide constructs hosting 

multiple high-temperature chimneys to isolated patches of low-temperature diffuse-flow [11]. 

The term “site” used here is meant as a cluster of single vents (up to ~10 m) as -defined by 

Tarasov et al. [46]. For deep-sea vents Tarasov et al. suggested the following nomenclature: 

Fig. 7. Currently known deep-sea hydrothermal vent fields along oceanic spreading ridges. Red dots 
indicate visually confirmed fields while yellow dots denote inferred sites of venting from water-column 
anomalies. Shallow water vent fields (< 200 m water depth) are not included. A vent field on the ultraslow-
spreading Gakkel Ridge (85°N, 85°E) was only recently discovered (http://www.divediscover.whoi.edu). In 
addition 4 vent sites were recently found in the Indian Ocean, 3 at the ultraslow-spreading Southwest Indian 
Ridge and one at the Central Indian Ridge (http://www.interridge.org/node/230). The coordinates have, however, 
not yet been released [45]. The 4°48’S area on the Mid-Atlantic Ridge comprises the vent fields: Red Lion, 
Comfortless Cove, Turtle Pits, and Wideawake. Vent fields at back-arc basins in the West Pacific are (from 
north to south): Izu Ogasawara Arc: Myojin Knoll, Sumisu Caldera, Suiyo Seamount, Kaikata Seamount, Nikko 
Seamount; Okinawa Trough: Hatoma Knoll, Minami-Ensei Knoll, North Iheya Knoll, Iheya Ridge, Izena 
Cauldron; Mariana Back-Arc Basin: Kagusa 2 seamount, North West Eifuku Seamount, Daikoku Seamount, 
Mariana Trough, Anemone Heaven, Snails Pit, East Diamante Seamount, North West Rota Seamount, Alice 
Spring Field; Manus Back-Arc Basin: Edison Seamount, Vienna Woods, Desmos Cauldron, Pacmanus 
Complex; North Fiji Back-Arc Basin: White Lady, Mussel Valley; Lau Back-Arc Basin: Kilo Moana, Tow 
Cam, ABE, Tu’i Malila, Vai Lili, Hine Hina; Woodlark Basin: Maccauley Caldera; Kermadec Arc: Brothers 
Seamount, Rumble III seamount, Rumble V seamount, Calypso Vents. Figure modified from [17]. Vent fields
compiled from [1,2,6,46,47]. 
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“vent”, i.e. a single active structure/opening; “site”, i.e. a cluster of single vents (up to ~10 m 

in diameter); “field”, i.e. a cluster of sites (up to several hundred m in diameter); “group of 

fields”, i.e. a cluster of fields (within ~1 km in diameter) [46]. Fig. 7 shows a compilation of 

currently known vent fields along oceanic spreading ridges. 

2.5 The basis for chemosynthesis at hydrothermal vents 

While approximately half of all hydrothermal fluids are currently believed to be 

discharged from the seafloor as high-temperature focused flow through chimneys, about an 

equal amount mixes with cold seawater and is emitted from the seabed as low-temperature 

diffuse-flow, typically at temperatures that are measured in tens of degrees Celsius [7]. These 

diffuse fluids have precipitated their mineral load but, importantly, still contain high 

concentrations of dissolved methane, reduced sulfur compounds, and - as for ultramafic-

hosted settings - hydrogen. It is mainly these chemicals that provide the necessary energy for 

free-living prokaryotes and symbiotic bacteria at hydrothermal vents [48-51].  

3 Intermezzo: The 19th century roots of the symbiosis concept and its 
meaning in the 21st century 

Most (if not all eukaryotes) live in close association with bacteria (and other microbes) 

that either inhabit certain tissues of their hosts, or live externally on their hosts in a close 

physiological relationship. These associations have been categorized in a variety of ways that 

indicate whether a particular association is beneficial (mutualistic), harmful (parasitic) or 

without any effect (commensal) to one or more of the organisms involved and are referred to 

as mutualism, parasitism, and commensalism, respectively [52]. To comprehensively describe 

all these forms of close associations between different organisms the concept of symbiosis 

was put forward in the late sixties of 19th century [53]. Throughout the modern symbiosis 

literature the German biologist Anton de Bary (1831-1888) is usually acknowledged as the 

one who coined the term ‘symbiosis’, however, this view is somewhat too simplistic and 

neglects equally important contributions of other contemporaneous scientists.  

The concept of symbiosis has deep historical roots in the late 19th century and is 

intimately linked with the finding that lichens – traditionally considered a distinct class of 

plants – are in fact an association of fungi and algae [53]. The dual nature of lichens was 

independently discovered in the late 1860ies by the Swiss botanist Simon Schwendener 

(1829-1919) and Anton de Bary. However, it was Schwendener who in 1867 first reported on 

his findings [54-56]. Within the next decade it became evident that a term describing this dual 

relationship was needed as it could not be described as parasitism. Schwendener himself 
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viewed lichens in terms of ‘slavery’ by a fungal master over captured algae, others referred to 

lichens as a ‘consortium’ or even as a ‘communistic arrangement’ [57]. Therefore, in 1877, 

the German botanist Albert Bernhard Frank (1839-1900) (who later coined the term 

“mycorrhiza” to describe the association between fungi and root plants) wrote: “We must 

bring all the cases where two different species live on or in one another under a 

comprehensive concept which does not consider the role which the two individuals play but is 

based on the mere coexistence and for which the term Symbiotism [Symbiotismus] is to be 

recommended” [58]. Perhaps unaware of Frank’s publication, de Bary introduced the term 

‘Symbiosis’ [Symbiose] only shortly after in an address entitled “The phenomena of 

symbiosis” delivered at a general meeting of the Association of German Naturalists and 

Physicians at Cassel in 1878. In his lecture which provided the essence for his subsequently 

published book de Bary stated: “Parasitism, mutualism, lichenism etc. are each special cases 

of that one general association for which the term symbiosis is proposed as the collective 

name.” Symbiosis is the phenomenon in which ” differently named organisms live together” 

[59,60]. Clearly, both Frank and de Bary basically describe the same concept, and the terms 

they proposed, Symbiotism and Symbiosis, are semantically identical. Both their definitions 

specify a close physical (and/or metabolic) association between differently named organisms 

(usually different species) and do not include a judgement as to whether the two symbionts 

benefit or harm each other. Thus, Frank and de Bary should equally be acknowledged for their 

contributions to the symbiosis concept while it was both Schwendener and de Bary who first 

described non-parasitic associations. 

Even though Frank and de Bary specified symbiosis as a neutral term and although de 

Bary explicitly included parasitism in his general definition the semantic meaning of 

symbiosis changed towards a mutually benefiting association in the early 20th century [52,61]. 

Today, symbiosis has two different meanings: Frank and de Bary’s classical one and a 

“modern” one restricted to the phenomenon of mutualism. Thus, in the 21st century there is 

still no clear and universally agreed definition of symbiosis [62]. However, as the mechanisms 

leading to the establishment of mutually benefiting or parasitic associations are often similar 

on the molecular level [63] and as formerly parasitic associations may evolve into beneficial 

relationships it makes little sense to assign symbiosis strictly to mutually benefiting 

associations. Instead mutualism, parasitism, and commensalism should be regarded as 

different phenomena of symbiosis as was originally suggested by Frank and de Bary. 

However, old habits are likely to die hard. 
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4 Deep-sea hydrothermal vents – chemosynthesis based ecosystems 

Unlike all other major ecosystems on Earth, which are driven by photosynthesis, 

hydrothermal vent ecosystems are based on chemosynthesis. In sensu stricto chemosynthesis 

refers to the capability of bacteria and archaea to use the energy of inorganic reduced 

chemical compounds to synthesize biomass from CO2. These organisms are referred to as 

chemo-litho-autotrophs or short chemoautotrophs. In sensu lato chemosynthesis also includes 

those microbes that use organic methane as an energy and carbon source to build up biomass 

[48,64,65]. These organisms are referred to as methanotrophs and belong to the large group of 

chemo-organo-heterotrophs. However, unlike methanotrophs all other chemo-organo-

heterotrophs are not considered chemosynthetic. Nevertheless, the discovery that C2-C4 

hydrocarbons, i.e. ethane, propane, and butane, are abiogenically produced at ultramafic-

hosted hydrothermal vents [34] should expand the concept of chemosynthesis to include those 

chemo-organo-heterotrophs that use abiogenically produced hydrocarbons as an energy and 

carbon source. Even though based on chemosynthesis hydrothermal vent ecosystems are not 

independent of photosynthesis (as is often wrongly argued). Many chemosynthetic 

prokaryotes, most protists, and all metazoans found at vents are obligate aerobes, i.e. they use 

and depend on oxygen for respiration. Clearly, the wealth of dissolved oxygen in the deep-sea 

is ultimately derived from photosynthesis in the oceans euphotic zones and from 

photosynthesis on land. 

Although some vent animals rely on free-living chemosynthetic prokaryotes as their 

primary source of carbon, vent invertebrates that dominate the biomass of the communities 

have gone a step further and rely on symbiotic chemosynthetic bacteria. Both partners are 

inferred to benefit nutritionally from these symbioses. The host facilitates excess to the 

substrates that are necessary for chemosynthetic metabolism (e.g. reduced sulfur compounds, 

methane, oxygen, CO2). In exchange, the bacterial symbionts fix carbon that supports the 

growth and maintenance of host biomass [64,65]. Primary production by chemosynthetic 

bacterial symbionts contributes considerably to the biogeochemical cycling of carbon and 

substrates at hydrothermal vents [64]. Thus, chemosynthetic symbionts are part of the 

manifold interactions between the lithosphere and biosphere at seafloor spreading centers. 
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The ubiquity of chemosynthetic symbioses at hydrothermal vents was soon recognized. 

Subsequently, chemosynthetic symbioses were intentionally searched for and found in other 

habitats similar to hydrothermal vents that were characterized by reducing conditions. 

Coastal, intertidal, and subtidal reducing sediments were the first non-vent habitats to be 

investigated [65]. The discovery of cold seeps in 1984 – seven years after hydrothermal vents 

were discovered – revealed faunal communities very similar to vent communities [4,69,70]. 

Whale carcasses found on the seafloor in 1989 also uncovered abundant fauna relying on 

chemosynthetic bacterial symbionts and thus further expanded the spectrum of 

chemosynthesis-based marine habitats [71]. More recently, sunken wood such as shipwrecks 

and trees discharged into the coastal ocean by rivers and mudslides, as well as debris from 

marsh and mangrove plants or kelp falls have been recognized to support chemosynthetic 

faunal communities [75-77]. All these environments are characterized by elevated methane 

Table 3. Invertebrate and protist taxa hosting chemosynthetic bacterial symbionts 

Phylum Common 
name Symbiont location Habitat type 

Subordinate taxa  Tissue  Cell   

“PROTISTA”       
Excavata       
Euglenozoa euglenid cell surface epi  cs c 
Chromalveolata       
Alveolata: Ciliophora ciliate cytoplasm endo intra hv c 
  cell surface epi  sw,rs  
METAZOA       
Porifera       

Demospongiae: Cladorhizidae sponge skeletal 
matrix endo extra hv,cs m 

Nemata       
Desmodorida: Desmodoridae: Stilbonematinae nematode cuticle epi  rs  
Monhysterida: Siphonolaimidae nematode gut lumen endo extra rs c 
Mollusca       
Bivalvia: Protobranchia: Solemyidae clam gills endo intra hv,cs,wf,rs c 
Bivalvia: Heterodonta: Lucinidae clam gills endo intra hv,vs,wf,rs c 
Bivalvia: Heterodonta: Thyasiridae clam gills endo intra hv,vs,wf,rs c 
Bivalvia: Heterodonta: Vesicomyidae clam gills endo intra hv,cs,wf c 
Bivalvia: Pteriomorpha: Mytilidae mussel gills endo intra hv,cs,wf,sw c/m 
Gastropoda: Provannidae snail gills endo intra hv c 
Gastropoda: Peltospiridae snail esophagus endo intra hv  
  operculum epi extra   
Gastropoda: Lepetodrilidae limpet gills epi  hv c 
Annelida       

Polychaeta: Alvinellidae worm dorsal 
surface epi  hv c 

Polychaeta: Siboglinidae tubeworm trophosome endo intra hv,cs,wf,rs c 
Oligochaeta: Tubificidae oligochaete subcuticular endo extra rs c 
Arthropoda       
Crustacea: Alvinocaridae shrimp exoskeleton epi  hv c 

Abbreviations: c, chemoautotroph; m, methanotroph; cs, cold seep; hv, hydrothermal vent; rs, reducing 
sediment; sw, sunken wood; wf, whale fall. Table based on information provided in [64,65,68-74]. 
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and / or hydrogen sulfide concentrations and share similar fauna hosting chemosynthetic 

symbionts. To date chemosynthetic bacteria are known to associate with invertebrates from 

five metazoan phyla, i.e. sponges, nematodes, mollusks, annelids, and arthropods. [65]. 

Besides, protists have also been reported to host chemosynthetic bacteria; however, these 

associations remain clearly understudied. Table 3 lists invertebrate and protist taxa known to 

host chemosynthetic bacteria. 

Invertebrate hosts harbor their bacterial partners either intracellularly or extracellularly as 

endosymbionts or externally as episymbionts. Whereas intracellular endosymbiotic bacteria 

are housed within cytoplasmic vacuoles of specialized cells referred to as “bacteriocytes”, 

episymbiotic bacteria are typically attached to the surfaces of their hosts [64,65]. Dual or 

multiple physiologically diverse endosymbionts can occur in some invertebrate hosts and both 

endo- and episymbionts can be associated with one and the same host. 

4.1 Hydrothermal symbioses 

Within 30 years of hydrothermal vent research more than 500 mainly metazoan species 

have been described from deep-sea hydrothermal vents around the world. By December 2006, 

the species list held 551 species belonging to twelve major metazoan phyla [68]. And new 

vent species are still being described at a rate of nearly two per month [49]. 83% of 

hydrothermal vent species and 45% of vent genera are endemic to hydrothermal vents. These 

values far exceed those found any where else in the marine environment [78]. Among 

described vent animals chemosynthetic bacteria are known to be associated with invertebrates 

from four metazoan phyla, i.e. sponges, mollusks, annelids, and arthropods (Table 4). Fig. 8 

gives a biogeographic perspective on predominate hydrothermal vent invertebrates hosting 

chemosynthetic symbiotic bacteria. 

4.1.1 Vent invertebrates with endosymbiotic bacteria 

The star among hydrothermal vent symbioses and the most and best studied symbiont-

bearing vent invertebrate is clearly the giant tubeworm Riftia pachyptila (Annelida: 

“Polychaeta”: Siboglinidae) (Fig. 8). R. pachyptila and all other siboglinid tubeworms 

described to date (Table 4) lack a mouth and a digestive system and depend completely on 

their endosymbiotic sulfur-oxidizing chemoautotrophic bacteria. The symbionts reside within 

a lobular and highly vascularized organ (the trophosome) that spans the interior of the 

animal’s body and functions specifically to house the bacteria. The host absorbs hydrogen 

sulfide, oxygen, and CO2 through its well-irrigated plume and transports these substrates via 

its vascular system. For H2S and O2 transport the tubeworms have evolved special 
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hemoglobins that bind hydrogen sulfide and oxygen reversibly with high affinity at 

independent sites on the protein. This mechanism allows them to transport high 

concentrations of sulfide through their bodies without experiencing its toxic effects 

[7,49,64,65]. 

Among vent bivalves (Mollusca: Bivalvia) endosymbiotic bacteria have been found in 

clams of the genera Calyptogena (Vesicomyidae), Thyasira (Thyasiridae), and Acharax 

(Solemyidae), and in mussels of the genera Bathymodiolus and Gigantidas (both Mytilidae) 

Table 4. Hydrothermal vent invertebrates known to be associated with symbiotic bacteria 

  Publicationsa 
Higher ranking taxa  Geographic Title search Topic search 
Subordinate taxon Genus symbiosis   distribution* 1b 2c Tot 1b 2c Tot 
Porifera: Demospongiae         
Cladorhizidae Cladorhiza epi EP, MA,cs 1 0 1 5 1 6 

        
Annelida: “Polychaeta”         
Siboglinidae Riftia endo EP 59 71 130 240 229 469 
 Lamellibrachia endo NP,WP,cs,sw 14 1 15 59 40 99 
 Ridgeia endo NP,EP 18 1 19 39 24 63 
 Tevnia endo EP 1 1 2 26 8 34 
 Oasisia endo EP 1 0 1 10 2 12 
 Arcovestia endo WP 1 0 1 4 1 5 
 Alaysia endo WP 1 0 1 2 1 3 
 Siphonobrachia endo WP 1 0 1 1 2 3 
Alvinellidae Alvinella epi EP 43 1 44 163 32 195 
 Paralvinella epi EP,NP,WP 18 0 18 79 8 87 
          
Mollusca: Bivalvia         
Vesicomyidae Calyptogena endo EP,NP,WP,cs,wf 64 5 69 175 111 286 
Mytilidae Bathymodiolus endo CI,EP,MA,PA,WP,cs 76 13 89 168 104 272 
Thyasiridae Thyasirad endo MA,cs 12 5 17 61 34 95 
Solemyidae Acharax endo WP,cs 4 0 4 13 5 18 
Mytilidae Gigantidas endo WP 0 0 0 2 0 2 
Lucinidae Bathyaustriellae endo WPR 1 0 1 1 0 1 
          
Mollusca: Gastropoda         
Lepetodrilidae Lepetodrilus epi EP,MA,NP,WP 7 0 7 39 7 46 
Provannidae Ifremeria endo WP 1 4 5 4 8 12 
 Alvinoconcha endo CI,WP 0 0 0 1 1 2 
Peltospiridae scaly gastropod endo, epi CI 1 0 1 1 0 1 
          
Arthropoda: Crustacea         
Alvinocarididae Rimicaris epi CI,MA 25 0 25 99 23 122 
Eolepadidae Vulcanolepas epi WP 0 0 0 2 0 2 

* If a genus occurs also at non-vent reducing environments, these environments are listed without their 
geographic location. a Publications as of January 2008 using ISI Web of Knowledge (v.4.0, Thomson Scientific). 
Numbers refer to the number of publication entries in the ISI databases. b search with genus only excluding 
words containing symb*, c search with genus including words containing symb*, d according to [79] and C. 
Borowski (MPI for Marine Microbiology, Bremen – personal communication). e symbionts have not yet been 
reported but are likely obligate within the Lucinidae [80]. Model representatives of vent invertebrate fauna are in 
bold. Abbreviations: CI, Central Indian Ridge; EP, East Pacific Rise; MA, Mid-Atlantic Ridge; NP, Northeast 
Pacific Ridges; PA, Pacific-Antarctic Ridge; WP, Western Pacific Ridges¸ cs, cold seeps; sw, sunken wood; wf, 
whale-falls. Table based on information provided in [64,65,68-71]. 
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[64,65,79,81,82]. In all of these bivalves endosymbiotic bacteria reside within bacteriocytes in 

the gill epithelium. Whereas the endosymbionts of Thyasira, Acharax, and Gigantidas are not 

well characterized, Calyptogena and Bathymodiolus symbioses have received considerable 

scientific interest. Nevertheless, these symbioses remain understudied in comparison to the 

Riftia symbiosis (Table 4). 

In hydrothermal systems of the Western Pacific back-arc spreading ridges two large 

endosymbiont containing snails, Alvinoconcha hessleri and Ifremeria nautilei (Mollusca: 

Gastropoda: Provannidae), dominate the ecosystem (Fig. 8). Like the endosymbiont-

containing vent bivalves they harbor sulfur-oxidizing chemoautotrophs in their gills [4,10]. 

With four phylogenetically distinct symbionts, I. nautilei hosts the most diverse endobacterial 

population known to date from a hydrothermal vent invertebrate (N. Dubilier, MPI for Marine 

Microbiology – personal communication). 

Unlike all other endosymbiont containing vent mollusks which house their symbionts 

within their gills, the “scaly foot gastropod” (Mollusca: Gastropoda: Peltospiriadae) which 

has to date only been found on the Central Indian Ridge (Fig. 8) harbors sulfur-oxidizing 

bacteria within cells of its enormously enlarged esophageal gland. Another morphological 

adaptation makes this snail unique among vent invertebrates. Its operculum is modified into 

several hundred aligned scales composed of dense layers of iron sulfides and covered with 

filamentous episymbiotic bacteria. It has been hypothesized that the iron sulfide plates, whose 

purpose is unknown, are in fact mineralized by the snail’s episymbionts. [7,64]. 

Associations between limpets belonging to the family Lepetodrilidae (Mollusca: 

Gastropoda) and bacteria seem to be an intermediate between epi- and endosymbioses. In 

Lepetodrilus fucensis bacteria are partially embedded in the gill epidermis and may be 

endocytosed or fed on by the host [65]. 

4.1.2 Vent invertebrates with episymbiotic bacteria 

In contrast to siboglinid polychaetes, polychaetes of the family Alvinellidae (Annelidae: 

“Polychaeta”) have a fully functional digestive tract and may not depend on endosymbionts. 

Yet, they host a diverse episymbiotic community on their dorsal surfaces including large 

filamentous bacteria visible to the naked eye. Both trophic and sulfide-detoxifying roles have 

been suggested for these bacteria [4]. However, as hydrogen sulfide does essentially not occur 

as dissolved sulfide in alvinellid habitats but rather as non-toxic soluble iron sulfide clusters 

[83] there is no need for episymbiotic sulfide detoxification. Alvinellid polychaetes live inside 

organic tubes in close proximity to active chimneys and high-temperature fluids [7]. They 
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tolerate permanent body temperatures between 50 and 55°C as has been demonstrated for 

Paralvinella sulfincola, a close relative of the well-studied Pompeii worm Alvinella 

pompejana. These are the highest body temperatures ever demonstrated for a marine 

metazoan [49]. For a short period they may survive even higher temperatures. For example, A. 

pompejana was observed curling around a high-temperature probe for a few minutes while the 

probe simultaneously recorded 105°C [84]. Adaptations to this high-temperature habitat 

depleted in oxygen include well developed gills with short diffusion distances between the 

external seawater and the blood, and hemoglobins with extremely high oxygen affinity [4]. 

Episymbiotic bacteria are also associated with shrimp belonging to the family 

Alvinocarididae (Arthropoda: Crustacaea: Decapoda) and barnacles of the family Eolepadidae 

(Arthropoda: Crustacaea: Cirripedia). For example, the alvinocarid shrimp Rimicaris 

exoculata which lives in dense swarms on chimney walls along the Mid-Atlantic Ridge hosts 

episymbiotic bacteria on its external carapace, mouthparts, and the inner surfaces of its 

enlarged gill chamber [4,7,74]. These bacteria are morphologically and phylogenetically 

similar to the filamentous bacteria associated with A. pompejana [4,64,65,74]. Adult shrimp 

derive most of their carbon and nitrogen from their episymbionts [4]. A particular feature of 

vent shrimp is their photoreceptors. The “eyes” of R. exoculata are considered to have 

evolved into a broad ocular plate that forms part of the shrimp’s dorsal surface. The plate’s 

novel photoreceptors apparently do not form a distinct image. Instead, they are highly 

sensitive to dim light, perhaps an adaptation for detecting radiation from orifices of hot black 

smokers and for allowing the shrimp to orient along the chimney walls [4,7]. 

A recent addition of invertebrates hosting episymbiotic bacteria are carnivorous 

Cladorhiza sponges (Demospongiae: Poecilosclerida: Cladorhizidae) which are known to host 

methanotrophic bacteria but had not formerly been recognized to occur at hydrothermal vents 

[85-87]. 

4.1.3 Vent protists with symbiotic bacteria 

In contrast to the many vent invertebrate symbioses recognized to date only one vent 

protozoan-bacteria symbiosis has been reported thus far. The ciliate Fulliculinopsis sp. 

(Chromalveolata: Alveolata: Ciliophora) harbors bacteria in its cytoplasm. However, the 

chemolithoautotrophic nature of these endosymbionts remains to be confirmed [88]. 

4.2 Non-vent marine chemosynthetic symbioses 

Cold seeps, whale falls, sunken wood, and reducing sediments are similar to 

hydrothermal vent habitats in that they can release methane and hydrogen sulfide into their 
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environment. Thus, invertebrate-bacteria associations similar to those found at vents also 

occur in these habitats. Non-vent habitats have extended the list of marine chemosynthetic 

symbioses to include the metazoan phyla Nemata (= Nematoda) and Echinodermata (Table 

3). Among the phyla known from hydrothermal vents, non-vent reducing environments far 

expand the bivalve families Solemyidae, Thyasiridae, Lucinidae, Vesicomyidae, and 

Mytilidae. Annelid hosts include additional siboglinid tubeworms and also comprise the 

gutless oligocheates (Annelida: Clitellata). 

4.2.1 Cold seeps 

Like hydrothermal vents, cold seeps are 

a result of plate tectonics. However, unlike 

hydrothermal vents which occur at mid-

ocean and back-arc spreading ridges, i.e. 

where oceanic crust is formed, cold seeps are 

found at the opposite end of oceanic crust 

where it meets continental crust, i.e. at 

continental margins (Fig. 9). Due to the 

extended age of ocean seafloor at its outer 

edges, oceanic crust has accumulated a 

heavy layer of sediment here, usually several 

kilometers thick. When this deposited sediment becomes compressed at continental margins 

as a result of subduction (active margin, Fig. 3) or because oceanic crust is forced toward the 

heavier continental crust at passive margins, subsurface pore fluids and gases are expelled, 

forming gas-hydrate deposits, gas chimneys, mud volcanoes, and diverse seep systems 

including hypersaline (brine) seeps, hydrocarbon seeps, oil and asphalt seeps, asphalt 

volcanoes, carbon dioxide seeps, and pockmarks [4,22,48,69,70]. Seep fluids are usually rich 

in methane and hydrogen sulfide which provide the energy for the chemosynthesis-based 

symbioses. However, unlike in vent ecosystems where these chemicals are of abiogenic 

(thermogenic) origin, they often are of biogenic (non-thermogenic) origin at cold seeps as a 

result of archaeal methanogenesis and bacterial sulfate reduction. However, abiogenic 

(thermogenic) methane can occur at seeps when buried organic matter is exposed to high 

temperature and pressure over time, for example at subduction zones, [64]. 

At the end of the millennium, 211 species were known from cold seeps of which one-

third (61) belonging to 20 genera hosted symbiotic bacteria [69,70]. Of these only five species 

 

Fig. 9. Geological setting of cold seeps at an active 
margin. This cartoon shows a vertical section through 
oceanic and continental crust (from a mid-ocean ridge 
to plate subduction at a continental margin). Sinking 
particles form thick sediment piles on the ageing crust 
and on the margins. From [48]. 
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belonging to three genera occurred both at hydrothermal vents and cold seeps: the siboglinid 

tubeworm Lamellibrachia barhami, the vesicomyid clam Calyptogena pacifica, and three 

species of bathymodiolin mussels (B. aduloides, B. japonicus, and B. platifrons). At the genus 

level, the solemyid clam Acharax was also shared between cold seeps and hydrothermal vents 

(13 symbiont-hosting genera were known back then from vents). Noticeably, clams are much 

more diverse at cold seeps and the tubeworms comprise different genera at vents and seeps 

(except for L. barhami). Thus, there is a great endemism at the species level at both seeps and 

vents but less endemism at the genus level [69,70]. This endemism among symbiont-bearing 

species is consistent with the fact that 83% of all species found at vents are endemic to vents. 

Only 6% of vent species are shared with cold seeps and another 11% are also recorded from 

non-vent/non-seep environments [78]. The similarities between the two habitats become more 

obvious at the family level with representatives belonging to the siboglinid tubeworms, 

solemyid, lucinid, thyasirid, and vesicomyid clams, as well as bathymodiolin mussels, and 

cladorhizid sponges (Table 4).  

An interesting contribution of cold seeps to marine chemosynthetic symbioses are 

methanotrophic endosymbionts in the siboglinid tubeworm Siboglinum poseidoni (Annelida: 

“Polychaeta”) [89]. To date, all other known siboglinid tubeworms harbor exclusively 

chemoautotrophic endosymbionts. Among protists, a euglenid (Excavata: Euglenozoa) with 

episymbiotic sulfur-oxidizing chemoautotrophic bacteria is known from a seep site [90]. 

4.2.2 Whale falls and sunken wood 

Baleen whales (Mammalia: Cetacea) 

attain body weights of 30-160 tons. The 

world population size of the 9 largest whale 

species has been estimated to comprise 1.4 

million animals of which ~0.05% die each 

year [71]. This makes a total of ~70,000 

whale carcasses that sink each year to the 

ocean floor. A sunken whale carcass 

provides a massive food fall to the normally 

organic-poor deep-sea floor. For example, 

the organic carbon input from a 40-t whale 

carcass to the underlying sediment is equivalent to that typically sinking from the euphotic 

zone to the abyssal sea in ~2000 years [71]. After removal of whale soft tissue by scavengers, 

 

Fig. 10. Whale carcass habitat in its sulphophilic 
stage. Note the abundant bivalves half buried into the 
sediment as is typical for vesicmyid clams. Picture 
kindly provided by Craig Smith, artist Mike Rothman 
(http://www.soest.hawaii.edu/oceanography). 
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the lipid-rich whale bones (a 40-t whale carcass can hold 2000-3000 kg of lipids) provide an 

extremely abundant energy and carbon source for sulphate reducers. As a consequence there 

is a net production of hydrogen sulfide which diffuses into the underlying sediment and into 

the surrounding seawater. This subsequently provides the energy source for chemoautotrophic 

sulfur-oxidizers and the habitat for invertebrates depending on sulfur-oxidizing 

chemoautotrophic symbionts (Fig. 10). Due to the abundance of hydrogen sulfide and sulfur-

based bacteria-invertebrate symbioses this stage of whale bone decay has been termed 

sulphophilic [71] but methane is also released during whale tissue decay, presumably by 

methanogenic archaea, and accumulates in the sediments underneath the carcass [91] thus 

fostering free-living and endosymbiotic bacterial methanotrophs. Lucinid, thyasirid, and 

vesicomyid clams are often abundant as are bathymodiolin mussels (excluding the genus 

Bathymodiolus). Large whale skeletons can support chemoautotrophic communities for 

decades [71]. As with cold seeps and hydrothermal vents there is almost no species overlap 

between vents and whale carcasses except for the vesicomyid clam Calyptogena pacifica 

which is in fact the only species found at all three habitats [69]. However, on the higher 

phylogenetic level, several symbiont-containing taxa (e.g. families) are shared (Table 4). 

Decomposing sunken wood, debris from marsh and mangrove plants, and kelp falls also 

provide sulfide-rich habitats which often host bathymodiolin mussels (excluding the genus 

Bathymodiolus) [22,48,66,71,76,77]. A rather recent and anthropogenic addition which 

contributes to the abundance of sulfide-rich habitats on the ocean floor are wooden 

shipwrecks which have been continuously lost to the oceans since humans started to sail the 

oceans. For example, between 1971 and 1990 alone an estimated 3,000 wooden ships were 

wrecked [66]. 

4.2.3 Marine sediments 

Except for the sites of seafloor-spreading, i.e. at mid-ocean and back-arc spreading ridges 

the ocean seafloor is usually covered with sediments which typically increase in thickness 

towards the continental margins as a result of sedimentation processes over the tens of 

millions of years of seafloor spreading (Fig. 9). In coastal, intertidal, and subtidal sediments 

where input of organic matter is high, its decomposition by anaerobic sulfate reducing 

bacteria produces substantial amounts of hydrogen sulfide in areas where these sediments 

become anoxic [73,74]. The water overlying the sediment is generally well oxygenated as is 

the upper (oxic) sediment zone (which usually comprises only a few millimeters) before the 

sediment becomes suboxic and finally anoxic (and sulfidic). Invertebrates hosting sulfur-
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oxidizing chemoautotrophic bacteria are frequently found in these sediments. They all use 

specialized behavioral, anatomical or physiological mechanisms to spatially or temporally 

bridge anoxic (sulfidic) and oxic zones [65]. 

Clams belonging to the families Solemyidae, Lucinidae, Thyasiridae, and Vesicomyidae 

(Mollusca: Bivalvia) which have been reported from deep-sea hydrothermal vents, cold seeps, 

whale falls, and sunken wood can also be found in inter- and subtidal reducing sediments. 

Such sediments are also home to a group of annelid worms which have been termed gutless 

oligochaetes (Annelida: Oligochaeta: Tubificidae). Like siboglinid tubeworms (Annelida: 

“Polychaeta”) gutless oligochaetes lack a mouth, gut, and anus but are unique among annelid 

worms in having a reduced nephridial excretory system [92]. Gutless oligochaetes have also 

been reported from muds in 100-400 m water depth indicating that they occur in many more 

environments than presently known [92] but are to date unknown from hydrothermal vents, 

cold seeps, whale falls or sunken woods. These worms are most dominant at 5-15 cm below 

the sediment surface, i.e. in anoxic (sulfidic), at best suboxic zones [92]. However, highly 

sulfidic conditions (> 500 μM) are usually avoided as are purely oxic zones [93]. The 

preference of gutless oligochaetes for these conditions is due to a symbiosis with 

gammaproteobacterial sulfur-oxidizing chemoautotrophic bacteria and at least two other 

phylogenetically distinct bacteria belonging to either the Alpha-, Gamma- or 

Deltaproteobacteria or the spirochaetes [92,93]. As many as six different co-occurring 

bacterial symbionts have been reported. The symbiotic bacteria reside extracellularly in a 

multicellular layer just below the thin cuticle of the worms, referred to as the symbiotic region 

[92]. The extracellular location of these bacterial endosymbionts distinguishes the 

oligochaete-bacteria association from most other invertebrate-bacteria associations from 

chemosynthetic environments in which the bacteria occur usually intracellularly [65].  

Reducing sediments are also inhabited by two morphologically and phylogenetically 

distinct groups of symbiont-bearing nematode worms: the Stilbonematinae (Nemata: 

Desmodorida: Desmodoridae) hosting episymbiotic chemoautotrophic bacteria and the 

mouthless Siphonolaimidae (Nemata: Monhysterida) hosting endosymbiotic 

chemoautotrophic bacteria [72-74]. Both host groups frequently share the same habitats and 

occur in high abundance in shallow intertidal and subtidal sediments. Ciliates 

(Chromalveolata: Alveolata: Ciliophora) belonging to the genus Kentrophoros and inhabiting 

sheltered marine sands several centimeter beneath the surface have been reported to host 

sulfur-oxidizing chemoautotrophic episymbiotic bacteria [74]. 
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4.3 Phylogeny of marine chemosynthetic symbionts 

In contrast to the wide diversity of host taxa, chemosynthetic symbionts exhibit a 

relatively narrow phylogenetic range. Based on 16S rRNA sequences, endosymbiotic bacteria 

fall primarily in the Gammaproteobacteria while episymbiotic bacteria consistently cluster 

within the Epsilonproteobacteria [64,65]. Chemosynthetic symbionts of several higher-

ranking host taxa fall within several well-supported monophyletic clades (Fig. 11). Distinct 

clades comprise the endosymbionts of siboglinid tubeworms (Annelida: “Polychaeta”: 

Siboglinidae), endosymbionts of vesicomyid clams (Mollusca: Bivalvia: Vesicomyidae), 

chemoautotrophic endosymbionts of bathymodiolin mussels, methanotrophic endosymbionts 

of bathymodiolin mussels (Mollusca: Bivalvia: Mytilidae), and most endosymbionts of 

lucinid clams (Mollusca: Bivalvia: Lucinidae). gammaproteobacterial endosymbionts of the 

gutless oligochaetes (Annelida: Oligochaeta) as well as endo- and episymbionts of the 

phylogentically distinct nematode worms also form a monophyletic clade [64,65,72]. Another 

monophyletic clade comprising symbionts of phylogenetically distinct host taxa is formed by 

epsilonproteobacterial ectosymbionts of alvinellid polychaetes (Annelida: “Polychaeta”) and 

alvinocarid shrimp (Arthropoda: Chrustacaea: Decapoda). In contrast, symbionts of solemyid 

and thyasirid clams appear to be paraphyletic as they are scattered throughout the tree. Some 

symbionts of lucinid clams also do not cluster with their otherwise monphyletic relatives. 

4.4 Energy sources, energy conservation, and carbon assimilation 

The only energy and electron sources that have to date been recognized to fuel 

chemosynthetic marine symbioses are reduced sulfur compounds (H2S, S0, and S2O3
2-) and 

methane. The free energy stored in these compounds is conserved by electron transport along 

a respiratory chain thereby creating a proton-motive force by proton translocation across the 

membrane which ultimately drives ATP synthesis and other crucial functions such as reverse 

electron transport for the generation of reducing equivalents. Electrons transported along the 

respiratory chain are eventually transferred to a terminal acceptor, usually oxygen although 

alternative electron acceptors such as nitrite are used by some sulfur-oxidizing symbionts 

under anaerobic conditions [64,65]. ATP and NAD(P)H generated as a result of energy 

conservation are subsequently used for carbon assimilation and other biosynthetic pathways. 

Sulfur-oxidizing symbionts build up biomass by fixing inorganic CO2, i.e. they are 

chemoautotrophs whereas methane-oxidizing symbionts assimilate organic formaldehyde 

derived from the oxidation of methane and are thus in sensu stricto chemoheterotrophs. 
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4.4.1 Sulfur-oxidizing chemoautotrophs 

Recently, the genomes of several sulfur-oxidizing chemoautotrophic symbionts have 

become available (Fig. 11) from the deep-sea hydrothermal vent invertebrate hosts 

Calyptogena magnifica [96], Calyptogena okutanii [99], and Riftia pachyptila [98,100], as 

well as the symbionts of the sediment-dwelling gutless oligochaete Olavius algarvensis [94]. 

Furthermore the free-living sulfur-oxidizer Thiomicrospira crunogena XCL-2, originally 

Fig. 11. Phylogenetic tree of chemosynthetic symbiotic and free-living bacteria. The tree is based on nearly 
full length 16S rRNA sequences (1456 bp). The figure shows a consensus of 46 most parsimonious trees using 
the maximum parsimony algorithm. Bootstrap values < 50% are not shown. Colored nodes indicate well-
supported monophyletic clades. Bacteria whose genomes have been sequenced are indicated by black boxes (R. 
pachyptila symbiont = “Candidatus Endoriftia persephone”; C. magnifica symbiont = “Candidatus Ruthia 
magnifica”). From [65], modified including information from [94-98]. 
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isolated from a deep-sea hydrothermal vent and a close relative of the 

Calyptogena/Bathymodiolus symbiont cluster (Fig. 11) has also been sequenced [95]. These 

genomes yielded important insights into the pathways of symbiotic sulfur oxidation, energy 

conservation, and carbon assimilation which had only incompletely been understood up to this 

point. 

Even though all sulfur-oxidizing endosymbionts fall within the Gammaproteobacteria 

they do not use a common pathway of sulfur oxidation most likely as a result of horizontal 

gene transfer. This is consistent with the fact that similar pathways are also used by 

phylogenetically unrelated sulfur-oxidizing bacteria. In fact, the group of sulfur-oxidizing 

bacteria, formerly referred to as the “colorless sulfur bacteria” is extremely heterogeneous 

[101-103]. Yet, all sulfur-oxidizing symbionts sequenced to date possess the key enzyme of 

the Calvin-Benson-Bassham cycle for CO2 assimilation, ribulose-1,5-phosphate 

carboxylase/oxygenase (RuBisCO) which is not surprising as their chemoautotrophic 

potential was inferred from previous RuBisCO enzyme activity assays [65]. However, both 

the R. pachyptila endosymbiont “Ca. Endoriftia persephone” and the C. magnifica 

endosymbiont “Ca. Ruthia magnifica” lack two genes of the Calvin cycle [96,98,100]. 

Surprisingly, the “Ca. E. persephone” metagenome and proteome uncovered that this 

symbiont uses the reductive tricarboxylic acid cycle for CO2 fixation in addition to the Calvin 

cycle [98,100]. The genes and enzymes involved in sulfur metabolism and carbon fixation of 

as yet sequenced chemoautotrophic sulfur-oxidizing endosymbionts are listed in Table 5. Fig. 

12 gives a schematic overview of the different sulfur oxidation pathways in both symbiotic 

and free-living bacteria. 

The free-living chemolithoautotroph Thiomicrospira crunogena XCL-2 for example 

possesses a full set of sox genes coding for the fully functional Sox (sulfur oxidation) system 

(Fig. 7). This system completely oxidizes H2S, S0, SO3
2-, and S2O3

2- to sulfate [95]. This 

system is only partially present in the symbiont genomes, all of which lack the essential sulfur 

dehydrogenase (Sox[CD]2) [96,99,100,104]. Without Sox(CD)2 only two electrons are 

transferred to the respiratory chain, thus H2S and S2O3
2- are only oxidized to S0 while the 

oxidation of SO3
2- to SO4

2- is unaffected [105,106]. 
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Instead of the Sox system the R. pachyptila and the C. okutanii endosymbionts “Ca. 

Endoriftia persephone” and “Ca. Vesicomyosocius okutanii”, respectively, possesses a full set 

of dsr genes coding for the fully functional Dsr (dissimilatory sulfite reduction) system 

(Fig. 12). This system was first described from sulfate reducing bacteria but is now known to 

operate in both the reductive and oxidative direction, i.e. it catalyzes both H2S oxidation and 

SO3
2- reduction. The Dsr system is also present in the C. magnifica endosymbiont “Ca. R. 

magnifica” and appears to be present in the gamma symbionts of O. algarvensis although 

some of the genes are missing in the former and some may be missing in the latter. Clearly, 

because sulfur dehydrogenase (Sox[CD]2) is missing in these symbionts an alternative 

pathway is necessary for the oxidation of elemental sulfur. This is accomplished by 

dissimilatory sulfite reductase (DsrAB) which oxidizes H2S to SO3
2- and perhaps by an 

Table 5. Predicted sulfur oxidation and carbon fixation pathways in chemoautotrophic symbionts 

Gene Enzyme Reaction Location “R.m” “V.o” “E.p” O.a T.c 
       �1 & �3  
Sulfur oxidation        
sox gene cluster Sred�SO4

2- membrane partiala partiala partiala,b,d,g partiala,c,d + 

soxCD sulfur 
dehydrogenase Sred�Sox+2e-e membrane - - - - + 

dsr gene cluster   partialf + + +d - 

dsrAB dissimilatory 
sulfite reductase H2S�SO3

2- cytoplasm + + +g + - 

dsrC intracellular sulfur 
oxidation protein S?red�S?ox cytoplasm + + + ? - 

dsrK heterodisulfide 
reductase-like S2

2-�S2- membrane-
associated + + + + - 

dsrP polysulfide 
reductase-like Sn

2-�S2- membrane + + + ? - 

hdrA heterodisulfide 
reductase S2

2-�S2- membrane - - + - - 

apr gene cluster        

aprBA dissimilatory APS 
reductase SO3

2-�APS cytoplasm + + + + - 

sat ATP sulfurylase APS�SO4
2- cytoplasm + + +h + - 

other genes        

sqr sulfide:quinone 
(oxido)reductase H2S�S0 membrane + + - - + 

fccAB flavocytochr. c / 
sulfide dehydrog. H2S�S0 ? - - +g + - 

sorAB sulfite:acceptor 
oxidoreductase SO3

2-�SO4
2- cytoplasm - - - - - 

Carbon assimilation        
Calvin Cycle   partiali,j + partiali,k + + 
ccb RuBisCO  cytoplasm II II II I I, II 
Reductive TCA cycle  cytoplasm - - + - - 
Abbreviations: R.m, “Ca. Ruthia magnifica”; V.o, “Ca. Vesicomyosocius okutanii”; E.p, “Ca. Endoriftia 
persephone”; O.a, Olavius algarvensis symbiont; T.c, Thiomicrospira crunogena; a sulfur dehydrogenase SoxCD 
missing; b SoxY missing; c SoxXA missing; d according to [104]; e without sulfur dehydrogenase (SoxCD) only 
two electrons can be transferred (H2S�S0, S2O3

2-�S0, SO3
2-�SO4

2-); f dsrJNRS are missing; g not found in the 
Riftia proteome; h referred to as sopT; i sedoheptulose-1,7-bisphosphatase missing; j ribose 5-phosphate 
isomerase missing; k fructose-1,6-bisphophatase missing. Table compiled using information provided in [94-
100,104] 
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intracellular sulfur oxidation protein (DsrC) which has, however, not yet been sufficiently 

characterized [100]. The dsr gene cluster also codes for proteins similar to a heterodisulfide 

reductase (DsrK) and a polysulfide reductase (DsrP) which catalyze the conversion of these 

sulfur compounds to hydrogen sulfide. These genes are present in the symbiont genomes 

[96,99,100,104]. Noticeably, the fact that sulfur-oxidzing symbionts simultaneously harbor a 

Dsr system and a Sox[CD]2 lacking Sox system contradicts the formerly generalized 

observation that chemoautotrophic bacteria that lack soxCD genes do not harbor dsr genes 

[106]. 

All symbionts use the Apr (adenosine-

5’-phosphosulfate reductase) system to 

oxidize SO3
2- to SO4

2- (Fig. 12). Like the Dsr 

system the Apr system also operates in 

reductive and oxidative directions and was 

initially described from sulfate reducing 

bacteria. In the oxidative Apr pathway APS 

reductase (AprBA) catalyzes the AMP-

dependent oxidation of sulfite to adenosine-

5’-phosphosulfate (APS) which is further 

oxidized by ATP sufurylase (Sat) to sulfate 

thereby yielding ATP by substrate-level 

phosphorylation [107,108]. Besides these 

three well characterized sulfur oxidation 

systems additional enzymes are present 

which are involved in the oxidation of H2S to 

S0 (Fig. 12). Whereas “Ca. E. persephone” 

possesses a flavocytochrome c / sulfide 

dehydrogenase (FccAB), “Ca. R. magnifica” 

and “Ca. V. okutanii” employ a 

sulfide:quinone (oxido)reductase (Sqr) which 

is also present in the free-living T. 

crunogena XCL-2. 

 

 

 

Fig. 12. Predicted sulfur oxidation pathways in 
symbiotic and free-living chemoautotrophic bacte-
ria. Endosmbiotic bacteria use diverse sulfur oxida-
tion systems. In contrast, their closest free-living rela-
tive uses essentially just one system for the complete 
oxidation of different sulfur species. For enzyme 
designation refer to Table 5. Figure inspired by [107] 
and based on information provided in [95-100,104-
106]. 
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4.4.2 Methane-oxidizing chemoheterotrophs 

In contrast to sulfur-oxidizing symbionts no methane-oxidizing symbiont has been 

sequenced to date. Nevertheless, the genomes of several free-living methylotrophs have 

recently become available comprising representatives of the Alpha-, Beta-, and 

Gammaproteobacteria and including the type X methanotroph Methylococcus capsulatus 

(Bath) [97,109-111]. M. capsulatus is a close relative of free-living and symbiotic type I 

methanotrophs (Fig. 11). Even though the genomes of sulfur oxidizers have shown that free-

Table 6. Predicted methane oxidation and carbon fixation pathways in free-living methanotrophs 

Gene Enzyme Reaction Location M.c M.e M.p M.f 
    � � � � 
Methane oxidation CH4�CH3OH  + - - - 
pmo gene cluster   + - - - 

pmoCAB particulate methane 
monooxygenase  membrane + - - - 

mmo gene cluster   + - - - 
mmo soluble methane monooxygenase  cytoplasm + - - - 
Methanol oxidation CH3OH�HCHO  + + + + 
mxa gene cluster   + + + + 
mxaFI Methanol dehydrogenase  cytoplasm + + -a + 
pqq gene cluster   +b + - + 
pqqFG PQQ synthesis   +b + - + 
Formaldehyde oxidationc HCHO�HCOOH  + + -  
 PQQ-linked oxidation  cytoplasm + - - - 
 H4F-linked oxidation  cytoplasm + + + - 
 H4MPT-linked oxidation  cytoplasm + + + + 
 dissimilatory (oxid.) RuMP cycle HCHO�CO2 cytoplasm + - - + 
Formate oxidation HCOOH�CO2  + + +  
fdh gene cluster   -d + +  

fdh1AB Tungsten-dependent formate 
dehydrogenase  cytoplasm -d + + -d 

fdh2ABCD Molybdenum-dependent formate 
dehydrogenase  cytoplasm -d + +e -d 

fdh3ABC Cytochrome-linked formate 
dehydrogenase  cytoplasm -d + + -d 

Carbon assimilation       
Ribulose monophosphate cyclef   + - - + 
 KDPGA/TA version   + - - + 
 KDPGA/SBP version   - - - - 
 FBPA/TA version   + - - - 
 FBPA/SBP version   - - - - 
Serin cycle  cytoplasm partialg + + - 
Calvin Cycle  cytoplasm partialh - + - 
ccb RuBisCO  cytoplasm type ? - I - 
Abbreviations: M.c Methylococcus capsulatus (Bath); M.e, Methylobycterium extorquens (AM1); M.p, 
Methylibium petroleiphilum (PM1); M.f, Methylobacillus flagellatus (KT); a true homologs missing; b presence 
not explicitly stated but assumed to be present as MxaFI-type methanol dehydrogenase requires PQQ as a co-
factor and because PQQ-linked formaldehyde oxidation is employed; c PQQ, pyrroloquinoline quinone; H4F, 
tetrahydrofolate; H4MPT, tetrahydromethanopterin; RuMP, ribulose monophosphate; d homologs of formate 
dehydrogenase are present instead; e fdh2D not present; f FBPA, fructose-1,6-bisphosphate aldolase; KDPGA, 2-
keto-3-deoxy-6-phosphogluconate aldolase; SBP, sedoheptulaose-1,7-bisphosphatase; TA, transaldolase; g 
phosphoenolpyruvate carboxylase missing h sedoheptulose-1,7-bisphosphatase missing. Table compiled using 
information provided in [97,109-111]. 
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living relatives of symbiotic sulfur-oxidizers may use entirely different pathways of sulfur 

oxidation indicating that there is substantial variety in energy metabolism even among close 

relatives, the M. capsulatus genome still provides insights into the versatility of 

methanotrophy and will provide the basis for comparative genomics once symbiotic 

methanotrophs have been sequenced. In fact, a proposal to sequence the endosymbionts of the 

hydrothermal vent mussel B. azoricus and thus the first symbiotic methanotroph has been 

funded (N. Dubilier, personal communication). The genes and enzymes involved in methane 

metabolism and carbon fixation of as yet sequenced free-living methane-oxidizing are listed 

in Table 6. Fig. 13 gives a schematic overview over the methane oxidation and carbon 

assimilation pathways in Methylococcus capsulatus (Bath). 

Methanotrophy is a special case of methylotrophy characterized by the capability to 

utilize methane as a sole energy and carbon source. According to morphological and 

physiological characteristics methane-oxidizing bacteria are classified as type I, type II, and 

Fig. 13. Methane oxidation and carbon assimilation pathways in Methylococcus capsulatus (Bath).
Abbreviations: BP, bisphosphate; H4F, tetrahydrofolate; H4MPT, tetrahydromethanopterin; RuMP, ribulose 
monophosphate; P, phosphate; PQQ, pyrroloquinoline quinone. Figure based on information provided in 
[97,110,112,113]. 
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type X methanotrophs [114-116]. All methanotrophs oxidize methane sequentially to CO2 via 

the intermediates methanol, formaldehyde, and formate [115-117]. The oxidation step from 

formaldehyde to formate may involve further intermediates depending on the co-factor used 

by the enzyme formaldehyde dehydrogenase [116]. Noticeably, out of six described 

formaldehyde oxidation pathways M. capsulatus uses three: the tetrahydromethanopterin 

(H4MPT)-, the tetrahydrofolate (H4F)-, and pyrroloquinoline quinone (PQQ)-linked pathways. 

Furthermore, M. capsulatus oxidizes formaldehyde completely to CO2 (bypassing formate) by 

the dissimilatory (oxidative) Ribulose-5-monophosphate (RuMP) cycle [97,112]. The main 

function of the RuMP cycle in type I and type X methanotrophs is, however, assimilatory, i.e. 

the fixation of formaldehyde to build up biomass. Besides the assimilatory RuMP cycle M. 

capsulatus may also employ the serine cycle for formaldehyde assimilation which usually 

operates exclusively in type II methanotrophs [114,115]. A characteristic thus far unique to 

type X methanotrophs is the utilization of the Calvin-Benson-Bassham cycle for the 

assimilation of CO2 [114,115]. The only enzyme lacking in M. capsulatus is sedoheptulose-

1,7-bisphosphatase, yet alternative enzymes for the regeneration of ribulose-5-phosphate 

(enzymes of the pentose phosphate pathway) are present [97]. Thus, the regeneration of 

ribulose-5-phosphate does not proceed via the sedoheptulose-1,7-bisphosphate-aldolase 

pathway but the transaldolase pathway. The potential to operate the RuMP-cycle, the serine 

cycle, and the Calvin cycle for the assimilation of single carbon compounds makes M. 

capsulatus unique among methylotrophs [112]. 

5 Deep-sea bathymodiolin mussels - chemosymbiotic bivalves 

5.1.1 Phylogeny of chemosymbiotic bivalves 

Where ever hydrogen sulfide and methane occur in elevated concentrations in marine 

habitats be it at hydrothermal vents, cold seeps, whale carcasses, sunken wood, or reducing 

sediments, bivalves hosting chemosynthetic symbionts have been found. Long disregarded, 

bivalve phylogeny has recently entered a phase of renewed vigour, and is currently much 

debated and subject to frequent changes [118-121]. The currently accepted (but not 

universally agreed-upon) basis of the higher level bivalve phylogeny is shown in Fig. 14. 

Endosymbiotic chemosynthetic bacteria have been acquired independently in nearly all higher 

ranking bivalve taxa, i.e. in protobranch, pteriomorph, and heterodont bivalves. Yet, 

symbiosis with chemosynthetic bacteria appears to be restricted to only a few genera. In 

protobranch bivalves, chemoautotrophic endosymbionts have been reported from the 

solemyid genera Solemya and Acharax [122]. In pteriomorph bivalves both chemoautotrophic 
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and methanotrophic endosymbionts are 

known to occur in bathymodiolin mussels of 

the genera Bathymodiolus, Gigantidas, 

Tamu, and Idas [82,123,124]. 

Chemosynthetic symbionts likely also occur 

in the other bathymodiolin genera Adipicola, 

Myrina, Idasolas, and Benthomodiolus 

which have, however, to date not been well 

investigated for their symbiotic state [125]. 

In heterodont bivalves chemoautotrophs 

occur in the vesicomyid genera Vesicomya, 

Ectenagena, and Calyptogena, the lucinid 

genera Lucina, Codakia, Lucinoma, and 

Anodontia, and the thyasirid genera 

Thyasira, Maorithyas, and Conchocele [65,70]. Except for thyasirid clams symbiosis with 

chemosynthetic bacteria appears to be obligate in these bivalve taxa [80,123,126,127]. 

5.1.2 The genus Bathymodiolus 

Bathymodiolin mussels of the genus 

Bathymodiolus occur world-wide at deep-sea 

hydrothermal vents on mid-ocean and back-

arc spreading ridges as well as cold seeps on 

continental margins (Fig. 15) 

[6,46,69,70,123]. Thus far, the genus has not 

been reported from whale carcasses or 

sunken wood, habitats which appear to be 

restricted to the bathymodiolin genera Idas, 

Adipicola, Myrina, and Benthomodiolus 

[71,128]. 16 Bathymodiolus species were known by 2006 [123]. Since then the list has been 

expanded to include at least 24 species of which four are undescribed and two hold an affinis 

status. However, recent phylogenetic analyses suggest that several species should be excluded 

from the genus Bathymodiolus as they are closer related to the genera Tamu and Gigantidas 

[129-131]. As they can to date not explicitly be assigned to one of these two genera these 

species are designated “Bathymodiolus” with double quotation marks and are referred to as 

the “childressi” group after the first species named. Species belonging to the “aduloides” 

 

Fig. 14. Current bivalve phylogeny. Taxa and gen-
era which have acquired chemosynthetic bacterial 
endosymbionts are highlighted. For species level 
symbioses see Fig. 11. Tree from [118], modified. 

 

Fig. 15. World-wide distribution of the genus 
Bathymodiolus. After [46,123], modified. 
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group are designated ‘Bathymodiolus’ with 

single quotation marks [131]. With the 

exception of a mussel reported from the Juan 

de Fuca Ridge all remaining Bathymodiolus 

species are referred to as the “thermophilus” 

group and are true members of the genus 

Bathymodiolus [129-131]. A composite tree 

reflecting the current understanding of the 

phylogenetic relationship among mussels of 

the genus Bathymodiolus is shown in Fig. 

16. Molecular estimates suggest an origin of 

bathymodiolin mussels between 23.7 and 

74.3 million years ago (mya) [129]. 

According to the geological record the genus 

Bathymodiolus appeared approximately 50 

mya [132]. 

In the absence of light and thus 

photosynthetic primary production 

concurrent with an insufficient supply of 

organic particles in the deep-sea these 

mussels are nutritionally dependent on 

endosymbiotic bacteria capable of 

chemosynthesis [64,65,123]. The bacteria 

reside intracellularly in the mussel’s gill 

tissue in the cytoplasm of bacteriocytes 

which regularly alternate with symbiont-free intercalary cells (Fig. 17) [137,138]. Mussels of 

the genus Bathymodiolus harbor two types of chemosynthetic bacteria: a chemoautotroph, 

capable of fixing CO2 in the presence of sulfide and thiosulfate as sole energy sources or a 

methanotroph using both methane as carbon and energy source [123,139-144]. Most 

Bathymodiolus species described thus far host exclusively the chemoautotrophic 

endosymbiont while some host only methanotrophs. However, mussels endemic to vents 

along the Mid-Atlantic Ridge and seeps in the Gulf of Mexico as well as off Africa harbor 

both types simultaneously (Fig. 15) [123,125]. Up to four symbionts have recently been 

reported from B. heckerae. In addition to these two symbiont types this species also harbors a 

 

Fig. 16. Schematic phylogenetic tree of Bathy-
modiolus spp. The tree is a composite of several re-
cently published trees on bathymodiolin mussels. The 
dashed line indicates an uncertain position. Abbrevia-
tions: BT, Barbados Trench; CIR, Central Indian 
Ridge; EP, East Pacific; GCM, Gabon-Congo Conti-
nental Margin; GoM, Gulf of Mexico; MAR, Mid-
Atlantic Ridge; NEP, North East Pacific Ridges; 
PAR, Pacific-Antarctic Ridge; WA, West Africa; WP, 
West Pacific; Figure based on [129-131] and extended 
to include information provided in [125,133-136]. 
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second sulfur-oxidizing chemoautotroph and a methylotroph [145]. Even though 

phylogenetically distinct all these symbionts belong to the Gammaproteobacteria. Clearly, 

mussels with dual or multiple chemosynthetic symbionts are environmentally more flexible 

than mussels relying on only one symbiont type. Sulfur-oxidizing chemoautotrophic 

symbionts are ~0.3-0.5 μm in diameter and often occur multiply within a single vacuole. 

Methanotrophic symbionts are bigger (~1.5-2.0 μm in diameter), exhibit intracytoplasmic 

membranes typical of type I methanotrophs and are usually found individually within a 

vacuole. Though typically only one type of endosymbiont, either methanotroph or 

chemoautotroph, is found in a given vacuole, the symbionts can co-occur in the same vacuole 

[123,125]. 

Molecular evidence indicates that sulfur-

oxidizing symbionts of bathymodiolin 

mussels possess and express the enzymes 

involved in the Aps pathway of SO3
2- 

oxidation, i.e. APS reductase and ATP 

sulfurylase [146-148]. In contrast, the Sox 

pathway for the oxidation of thiosulfate and 

sulfide may not be present as the gene 

coding for the SoxB component could not be 

found [104]. This may either be a false-

negative result as sulfide and thiosulfate 

have been shown to be energy sources 

[143,144] or these sulfur species may be 

oxidized by means of other pathways such as 

the Dsr pathway. Chemoautotrophy has been 

proven by the presence of RuBisCO for 

which there is enzymatic, immunological, 

and molecular evidence [141,142,147-149]. 

Unlike other sulfur-oxidizing symbionts such 

as those of siboglinid tubeworms, 

vesicomyid and lucinid clams, mussel symbionts do not store elemental sulfur [4,148]. 

Evidence for the use of methane as an energy source by methane-oxidizing symbionts 

comes from methane consumption experiments, the presence of methane monooxygenase and 

methanol dehydrogenase (the enzymes responsible for the first and second step of methane 

 

Fig. 17. Cell arrangement in gills of mussels be-
longing to the genus Bathymodiolus. (A) Single gill 
filament, (B) bacteriocyte region, shown are two bac-
teriocytes separated by an intercalary cell. Note that 
the bacteriocytes shown contain only chemoauto-
trophs. Abbreviations: b, bacteria; bm, basal mem-
brane; er, endoplasmic reticulum; L, lipids; Ls, 
lysosomes; m, mitochondria; mv, microvilli ; n, 
nucleus; h, hemocyte; s, blood sinus. From [137,138]. 
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oxidation, respectively), as well as the presence of the key enzyme of the RuMP cycle for the 

assimilation of formaldehyde (hexulose-phosophate synthase) [139,141,142,146,147,149-

153]. Although type I methanotrophs typically rely on the RuMP cycle for formaldehyde 

assimilation RuBisCO has recently been reported from a methanotrophic symbiont indicating 

the presence of a functional CBB cycle in some methanotrophic symbionts [154]. 

6 Thesis goal 

In contribution to the Priority Program SPP 1144 outlined on page 9 this PhD project 

aimed to (i) describe Logatchev mussel habitats in regard to in situ physico-chemical 

conditions, (ii) investigate the endosymbiotic diversity of B. puteoserpentis (Logatchev), and 

(iii) evaluate the activity of endosymbiotic bacteria in MAR bathymodiolin mussels from both 

the ultramafic-hosted Logatchev vent field and the basalt-hosted vent fields south of the 

equator. These goals were addressed in six research cruises, on board laboratory work, and 

subsequent analysis in the home laboratory. Table 7 gives an overview of these cruises. The 

results, a comprehensive discussion, and the background of each of these projects are 

provided in the manuscripts attached to this thesis (Zielinski et al., manuscripts I-III) [155-

157]. 

The following three chapters, entitled ‘Habitat characterization’ (chapter II1), 

‘Endosymbiont diversity’ (chapter II2), and ‘Endosymbiont activity’ (chapter II3), briefly 

present and discuss the results of above outlined working questions avoiding manuscript 

recurrences. The individual chapters first introduce the specific project and then briefly 

summarize the results which are provided in more detail in the manuscripts. The remaining 

sections discuss the data under different perspectives and in different contexts than is 

Table 7. Contributions to cruises prepared and/or participated in during this PhD project 

Cruise  Destination Date Contribution Chapter Ref 

Hydromar I M60/3 Logatchev 14.1.-14.2.04 in situ measurements,
sampling II1, II2 [155,156,158,159] 

Hydromar II M64/2 Logatchev 6.5.-6.6.05 
H2 consumption, 
transplantation, 

sampling 
II1, II3 [157] 

Hydromar III MSM04/3 Logatchev 23.1.-14.2.07 preparation II3 [160] 
Suedmar I M62/5B 4-11°S 1.-30.12.04 MAPR - [161] 

Suedmar II M64/1 RL, TP, 
WA, LP 2.4.-3.5.05 preparation - [1,47] 

Suedmar III M68/1 
RL, CC, 
TP, WA, 
NL, LP 

27.4.-2.6.06 
H2 consumption, 

14CO2 fixation, 
sampling 

II3 [1,2,47,161] 

Abbreviations: RL, Red Lion; CC, Comfortless Cove; TP, Turtle Pits; WA, Wideawake (all 4°48’S); NL, 
Nibelungen (8°18’S); LP, Lilliput (9°33’S); MAPR – miniaturized autonomous plume recorder. Ref, references 
(publications in result of cruise). 
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discussed in the manuscripts. Furthermore they provide an outlook and give impulses for 

further research on the topic.  

II Results and Discussion 

1 Habitat characterization 

1.1 Working question 

The initial question of this PhD thesis was how gradients in vent fluids affect 

endosymbiont diversity and activity. Mussel beds of B. puteoserpentis at Logatchev had been 

described as 0.5 m thick near the base of the central chimney complex with the thickness 

gradually diminishing to just one layer of mussels at the edge of the bed [162]. Therefore, it 

was assumed that these mussels settle around a central source of hydrothermal diffuse flow 

where they form thick aggregations and that mussel aggregations become steadily thinner 

towards the edges of the bed in response to a gradually diminishing fluid flow. The idea was 

thus to measure the physico-chemical conditions along a transect from the center to the edge 

of the mussel bed followed by sampling specimens of B. puteoserpentis at the site of 

measurement and subsequent analysis. 

The proposed horizontal gradient was to be resolved with regard to temperature, pH, 

sulfide, methane, hydrogen, and oxygen content. Temperature and pH are biologically 

meaningful parameters in general. Sulfide- and methane are important as electron donors for 

the sulfur- and methane-oxidizing endosymbionts, respectively whereas hydrogen is a 

potential electron source for both sulfur- and methane-oxidizing bacteria (Zielinski et al., 

manuscript III) [157]. Oxygen is essential as it is the respiratory electron acceptor for the 

endosymbionts and the mussel host. 

Temperature, dissolved sulfide (H2S), and oxygen were measured in situ using a 

temperature sensor and electrochemical microsensors (Zielinski et al., manuscript I) [155]. In 

situ pH measurements were attempted but failed due to interferences during calibration. Since 

sufficiently fast responding methane sensors have not yet been developed [163] and because 

hydrogen sensors were not available for this study, the methane and the hydrogen content of 

the water body overlaying the mussel beds were analyzed on board after discrete sampling (R. 

Seifert and S. Ertl, University of Hamburg, unpublished data). 
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1.2 Results of in situ microsensor 
measurements 

The combined in situ sensor 

measurements of temperature, H2S, and O2 

revealed high temporal fluctuations of all 

three parameters above the mussel beds. H2S 

and O2 co-occurred simultaneously with 

mean concentrations between 14 - 34 μM 

(H2S) and 205 - 223 μM (O2), showing the 

existence of free sulfide (H2S/HS-) in diffuse 

fluids from the ultramafic-hosted Logatchev 

vent field (Fig. 18). Temperature maxima 

were generally concurrent with H2S maxima 

and O2 minima, with H2S maxima of 79 μM 

and O2 minima never below 142 μM. 

Despite temperature maxima up to 7.4°C, 

mean temperatures above mussel beds were 

generally only slightly above ambient sea 

water (2.6°C, Fig. 18). Dissolved oxygen 

concentrations consistently decreased as 

temperatures increased, resulting in a 

strongly negative and linear correlation of O2 

with temperature (R2 = 0.74-0.85). While 

H2S concentrations generally increased with 

temperature, a linear correlation could not be 

shown due to a slower response of the H2S 

sensor over the temperature sensor. The 

Logatchev in situ measurements indicate that 

sulfide may also be present and bioavailable in diffuse fluids from similar high-temperature 

ultramafic-hosted vent systems which occur more often than previously recognized along 

slow- and ultraslow spreading ridges (Zielinski et al., manuscript I) [155]. 

 

Fig. 18 Summary of in situ microsensor measure-
ments. Dissolved O2 (top), dissolved H2S (middle), 
and temperature (bottom). Filled circles denote the 
mean value, whereas open circles denote the median 
value. The standard deviation is shown as a grey bar, 
whereas ranges are represented by the black bar. Site 
1 – 4 were different mussel beds, Site 5 was a chim-
ney wall populated with shrimp and Site 6 was a spot 
close to the rim of a smoking crater lacking the typical 
vent fauna. 
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1.3 In situ versus on board measurements 

1.3.1 Sulfide as a paradigm for discrepancies between in situ and on board 
measurements 

To compare in situ sulfide concentrations with sulfide values obtained from discrete 

sampling, sulfide was also analyzed on board (A. Koschinsky et al., unpublished data). Table 

8 gives a comparison of sulfide concentrations determined in situ and from discrete sampling. 

It is obvious that discrete sampling failed to detect the wealth of free sulfide in 

hydrothermal diffuse flow. This is not surprising because of the immense delay between 

sampling and analysis on board. It usually takes hours before water samples are recovered and 

additional time until analysis in the laboratory. This delay likely favors sulfide precipitation 

by reduced metal species such as Fe2+, Cu2+, and Zn2+ which are present in hydrothermal 

diffuse flow and thus in the samples [24]. Nevertheless, the lack of free sulfide in discrete 

samples prompted the suggestion that primary production at Logatchev is based on methane 

and hydrogen rather than on sulfide [159]. Clearly, this conclusion ignored the artifacts 

resulting from discrete sampling. The discrepancy between in situ and on board measurements 

after discrete sampling has also been pointed out in two recent studies [166,167]. 

Apart from redox processes during fluid transport another factor may account for the low 

sulfide concentrations measured by discrete sampling at Logatchev: the sampling mode. The 

easiest way to sample diffuse flow is to close a Niskin-type water sampler amidst 

hydrothermal diffuse flow. However, these water samplers usually hold at least 5 liters. Thus, 

the fluid sample is inevitably diluted with ambient seawater. To circumvent the dilution 

problem an actively pumping fluid sampling system, originally developed for sampling high 

temperature endmember fluids, has also been used for sampling diffuse fluids at Logatchev 

[24]. Briefly, a titanium sampling nozzle was inserted into a mussel bed and the fluid actively 

pumped into bottles made entirely of inert materials. Although sulfide concentrations reported 

from these samples are higher (0.4-6 μM) than those listed in Table 8 ([24] and Table 9) they 

Table 8. In situ sulfide concentrations versus sulfide analysis on board. 

Location in situ a discrete sampling b 
 ∅ H2S Max H2S n pH H2S + HS-c H2Sd n 
mussel patch 34 49 147 7.95 0.5 0.0 1 
chimney base colonized by mussels 14 59 250 7.55 bd-1.3 bd-0.2 2 
sulfide pillar overgrown with mussels 30 51 256 - nd - - 

Concentrations are given in μM. Data were obtained during the Hydromar I cruise (M60/3); a data from Zielinski 
et al., manuscript I [155]; b A. Koschinsky, Jacobs University Bremen, unpublished data; c as measured by 
voltammetry; d calculated from voltammetric measurement according to [164,165] and an assumed habitat 
temperature of around 3.0°C; n, number of measurements; nd, not determined; bd, below detection 
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are clearly below in situ values. It should also be noted that active pumping changes the 

natural fluid flow within the mussel aggregations. Thus, any obtained sulfide value represents 

only an average value that fails to resolve the true conditions over space and time. 

The low number of possible measurements is another evident disadvantage of discrete 

sampling (Table 8). Discrete sampling yields only one measurement per fluid sample, 

triplicates at best when time allows. In strong contrast, the number of in situ measurements at 

a given spot is theoretically unlimited. With a sampling resolution of one measurement per 

second, ten thousands of measurements can be recorded during one dive. In fact, when in situ 

techniques were first used at hydrothermal vents the number of measurements obtained during 

30 minutes exceeded the total number of all earlier samples from this particular hydrothermal 

vent system [168]. 

1.3.2 In situ techniques of sulfide detection 

Two basic principles have been used over the last two decades to measure sulfide in situ 

at deep-sea hydrothermal vents: colorimetry and electrochemistry. Conventional flow analysis 

(CFA) [168-170] and flow injection analysis (FIA) [171,172] relied on the colorimetric 

detection of sulfide. However, the colorimetric approach is limited to the detection of total 

sulfide (H2S/HS- + FeS) and does not distinguish between different sulfide species. 

Furthermore, the resolution depends on the time needed for the colorimetric reaction and 

measurement which is another limiting aspect. Besides, the need for actively pumping a 

sample for in situ analysis will inevitably disturb the natural fluid flow. On the other hand, 

flow injection devices have the advantage that the sampling inlet can be positioned arbitrarily.  

Electrochemical sensors are a rather recent addition to the suite of in situ sulfide detection 

at deep-sea hydrothermal vents. Voltammetric (polarographic) electrochemical sensors use a 

solid-state gold-amalgam (Au/Hg) working electrode. By linear or cyclic voltammetric 

scanning these sensors relate an electrochemically induced change in electric current to the in 

situ concentrations of different sulfide species and are capable of detecting and distinguishing 

both free sulfide (H2S/HS-), soluble iron-sulfide clusters (FeSaq), elemental sulfur (S0), 

polysulfides (Sx
2-), thiosulfate (S2O3

2-), and tetrathionate (S4O6
2-) [83,173-177]. Another 

electrochemical approach relies on the amperometric detection of sulfide in its undissociated 

form as dissolved gaseous hydrogen sulfide (H2S). Similar to the voltammetric approach 

amperometric microsensors relate an electrochemically induced change in electric current to 

the in situ concentrations of H2S, the voltage is, however, kept constant and no other sulfide 

species can be detected [164,178]. Amperometric H2S microsensors were deployed during 
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this PhD project and provided valuable in situ data (Zielinski et al., manuscript I) [155]. In 

fact, H2S microsensors were deployed for the first time at deep-sea hydrothermal vents in this 

PhD project. 

1.3.3 Summary

Sulfide values from discrete measurements are erroneously low due to the sampling 

procedure and redox processes during fluid transport. Furthermore, they are extremely low in 

resolution. Therefore, discrete sampling fails to resolve physico-chemical conditions in 

hydrothermal diffuse flow over space and time. Thus, deducing in situ conditions from 

analysis of discrete water samples will likely result in underestimation of the real conditions. 

In contrast, in situ techniques are capable of resolving physico-chemical conditions in 

hydrothermal diffuse flow due to the virtually unlimited number of measurements and the 

absence of sampling artifacts. In situ techniques are closer to reality than discrete sampling 

and should be the method of choice whenever possible. 

1.4 Gradients in hydrothermal diffuse flow 

Measurements above the mussel beds suggested a wealth of dissolved H2S and oxygen 

(Zielinski et al., manuscript I) [155]. However, the physico-chemical properties above the 

beds were similar at all investigated sites with only slight variations (Fig. 18). This result casts 

doubt on the presence of a continuous horizontal gradient above mussel beds because if such a 

gradient existed, conditions at the source of hydrothermal diffuse flow should have differed 

considerably from the conditions away from the source. Apart from the fact that physico-

chemical conditions outside the influence of hydrothermal diffuse flow were those of ambient 

seawater, conditions inside diffuse flow did not follow the expected pattern of a continuous 

horizontal gradient. Thus, in situ data obtained during this PhD project do not support the 

initial assumption of a “gradually diminishing” fluid flow. 

The reasons for the lack of a horizontal gradient are probably manifold. First, Logatchev 

mussels are likely supplied by various sources of diffuse venting which may even differ in 

their endmember fraction as a result of stronger or lesser dilution with ambient seawater. In 

fact, the extended Logatchev mussel beds may be equally supplied by diffuse venting 

discharged from many small cracks in the ocean floor. Thus, neighboring fluid sources will 

mix and any potential gradient will be obliterated. Second, bathymodiolin mussels have been 

shown to laterally divert the fluid flow. This was revealed during clearance experiments with 

B. thermophilus on the Galapagos Rift [179,180]. Removal of mussels from spots with the 

highest sulfide concentrations did not necessarily reveal the fluid source but unexpectedly 
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bare ocean floor basalt [179]. In this way, 

mussels bridge areas that are not directly 

supplied with diffuse fluids and still thrive. 

These observations suggest that 

bathymodiolin mussels divert the fluid flow 

in all directions, not just laterally, and thus 

shape the fluid flow over space and time in 

response to their own energy needs. Third, 

deep ocean currents and tides will 

complicate the fluid flow through mussel 

beds as do local currents in response to the 

topography of the site. Furthermore, the 

discharge of diffuse fluids fluctuates over 

seconds with repeating patterns in response 

to tides what may additionally obliterate 

gradients [179,181-183]. 

In summary, different lines of evidence 

suggest that continuous gradients do not 

exist in Logatchev mussel beds – neither 

horizontally nor laterally. Thus, the initial 

question of this PhD project how gradients 

affect endosymbiont, diversity and activity 

remains open since gradients, a prerequisite 

of this question, do obviously not exist. Data 

obtained during this PhD project rather suggest that each individual mussel lives in a 

temporally changing microenvironment that is distinguished by its physico-chemical 

properties from the microenvironments of neighboring mussels. Direct in situ characterization 

of such a microhabitat is highly challenging. 

Yet, microhabitats can indirectly be characterized in situ. Previous studies [166,184-186] 

and data obtained during this PhD project (Zielinski et al., manuscript I) [155] suggest that 

temperature is positively correlated with sulfide and negatively correlated with oxygen in 

hydrothermal diffuse flow and can thus be used as an approximate estimate (proxy) of sulfide 

and oxygen concentrations. It is, however, crucial that the sulfide-temperature and oxygen-

 

Fig. 19. The deep-sea gas analyzer. (A) Opened 
pressure cylinder showing internal electronics. (B) 
Graphical view. (C) Measuring principle. 
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temperature correlation is determined for each site of interest due to considerable inter- and 

intra-site variability [166,185,186]. 

1.5 Outlook 

It appears reasonable to assume that other essential parameters in diffuse flow such as 

hydrogen and methane are potentially also positively correlated with temperature. As for 

hydrogen this correlation can be investigated since sufficiently fast responding hydrogen 

microsensors are available. Hydrogen and temperature sensors have been deployed in situ at 

Logatchev but still await final analysis (F. Wenzhöfer, MPI for Marine Microbiology, 

unpublished data). As for methane, this relationship must remain elusive until fast responding 

methane sensors become available. Nonetheless, the deployment of commercially available 

slow-responding methane sensors (> 10 min) in situ may be an alternative to discrete 

sampling. For example, a methane sensor developed by Capsum (Germany; www.capsum.de) 

and modified for deep-sea purposes has recently been tested [187]. 

As an alternative to in situ 

measurements with microsensors, a 

commercially available and self-calibrating 

deep-sea gas analyzer (Los Gatos Research, 

Mountain View, CA, USA) may be 

considered for in situ quantification of above 

mentioned parameters (Fig. 19). Next to 

oxygen, hydrogen, methane, and hydrogen 

sulfide this instrument measures a variety of 

gases including biologically important 

carbon dioxide, ammonia, nitrate, and nitrite. 

In addition even carbon isotopes are 

analyzed in situ. Gas detection and 

quantification is based on laser absorption 

spectroscopy which limits the response time 

to below 1 minute [188]. 

In response to the applicability of 

temperature as an estimate of in situ sulfide and oxygen conditions, the initial working 

question was modified and is currently: How do differing physico-chemical conditions in 

mussel microhabitats affect endosymbiont diversity, biomass, and activity? To answer this 

 

Fig. 20. Mussels sampled for the analysis of endo-
symbiont diversity, biomass, and activity in re-
sponse to differing physico-chemical conditions. 
Note that mussel shells obtained from different loca-
tions visually differ from each other. 1 – mussel shells 
overall brown with “rusty” coating; 2A – mussel 
shells overall shiny and only occasionally with 
“rusty” coating; shell color ranging from brown at 
hinge to amber at edge; 2B – mussel shells shiny and 
overall dark brown to nearly black; 3 – mussels shell 
color inhomogeneous ranging from brown to almost 
yellow and shiny. Numbers correspond to sampling 
site (see Table 9 for further information). Scale bar is 
5 cm. 
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question different sites within Logatchev mussel beds were selected which visually differed 

from each other (N. Dubilier, MPI for Marine Microbiology, personal communication) and 

which differed in their methane and hydrogen content as determined by discrete sampling (R. 

Seifert, University of Hamburg, unpublished data). These sites were subsequently further 

characterized in their physico-chemical properties by in situ measurements of temperature, 

pH, H2S, hydrogen, and oxygen content (F. Wenzhöfer, MPI for Marine Microbiology, 

unpublished data). Subsequently, mussels were sampled, dissected for on-board experiments 

(Zielinski et al., manuscript III) [157] or further analysis, and documented (Fig. 20). 

Respective sites were mined with long-term temperature loggers capable of measuring 

temperature above the mussel beds or vertically inside mussel beds at eight points (N. 

Dubilier and H.-H. Gennerich, University of Bremen, unpublished data). After 20 months of 

deployment, loggers were recovered and the mussels in their immediate surrounding sampled 

and fixed for further analysis (H.-H. Gennerich, J. M. Struck, and C. Borowski, MPI for 

Marine Microbiology, unpublished data). Temperature data, in situ measurements, and the 

diversity, biomass, and activity of the endosymbionts are currently being analyzed and 

correlated (H.-H. Gennerich, F. Wenzhöfer, and N. Dubilier et al., unpublished data). Table 9 

provides an overview of the data sampled to answer the question outlined above. 

Table 9. Data sampled for the investigation of endosymbiont diversity, biomass, and activity in relation to 
differing physico-chemical properties of mussel microhabitats 

site in situ 
chemistrya 

in situ 
temperatureb fluid chemistryc mussel 

sampled temperature loggerb 

    
[°C] 

CH4 
[μM] 

H2 
[μM] 

	S 
[μM] pH station station logger #

1 Irina II 232ROV/4a 
244ROV/1 249ROV/1-4 232ROV/7 252ROV/6 249ROV/6

257ROV/1 
4143 
0-9 

  in analysis 6-21 3.0 5.4 0.4 7.9 Fig. 20 in analysis  

2A Irina II 232ROV/1 
 232ROV/4 232ROV/3 232ROV/5 232ROV/6 4144 

  in analysis 22-47 1.6 1.4 0.2 7.9 Fig. 20 in analysis  

2B Irina II 266ROV/1-5 
277ROV/? nd 266ROV/6 266ROV/7 nd - 

  in analysis - 15.0 5.9 6.0 7.6 Fig. 20 - - 

3 Quest nd nd 281ROV/2 281ROV/3 281ROV/4 10-19 
295,298 

  - - 63.7 4.2 70.0 7.0 Fig. 20 in analysis  

Data were sampled during the Hydromar II cruise (M64/2); a In situ physico-chemical properties were measured 
by F. Wenzhöfer (MPI for Marine Microbiology). b Temperature loggers were constructed, built, and calibrated 
by H.-H. Gennerich (University of Bremen) and deployed by N. Dubilier (MPI for Marine Microbiology). The in 
situ temperature was measured with an eight channel temperature logger up to 28 cm inside mussel beds. c The 
fluid chemistry was analyzed on board after discrete sampling. Methane and hydrogen were analyzed by R. 
Seifert (University of Hamburg, unpublished data). Total sulfide content and pH were measured by K. Schmidt 
(Jacobs University Bremen) [24]; d Mussels were sampled by N. Dubilier and dissected / fixed / documented by 
F. Zielinski (MPI for Marine Microbiology). Station numbers of mussel samples after long-term deployment of 
temperature loggers are not given. nd – not determined 
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2 Endosymbiont diversity 

2.1 Assessment of endosymbiotic diversity 

Bacterial diversity in B. puteoserpentis (Logatchev) was assessed using universal 

bacterial primers, a moderate number of PCR cycles, and extended cloning and sequencing 

efforts (Zielinski et al., manuscript II) [156]. Table 10 lists the number of partial and full 

sequences obtained from four mussel specimens which were sampled from different habitats 

at the Irina II site. 

2.2 Chemoautotrophic and methanotrophic endosymbionts 

Cloning and sequencing of the 16S rRNA gene in endosymbiont-containing gill tissue 

revealed three distinct phylotypes (Table 10). Two phylotypes originated from the sulfur-

oxidizing chemoautotrophic and methanotrophic endosymbionts of bathymodiolin mussels 

living in a dual symbiosis. A comparison with 16S rRNA sequences of B. puteoserpentis from 

the Snake Pit vent field as well as B. azoricus from the Menez Gwen, Lucky Strike, and 

Rainbow vent fields along the Mid-Atlantic Ridge revealed that these two mussel species 

share highly similar to identical symbiont phylotypes [158]. Furthermore, FISH inspection of 

the relative abundances of the sulfur- and methane-oxidizing endosymbionts and comparison 

with sulfide and methane endmember concentrations suggested that the fluid chemistry of a 

particular vent field affects the relative abundances of the mussel endosymbionts. To which 

degree the relative abundances are shaped by the diffuse flow composition is currently under 

investigation and was discussed above (Table 9). 

Table 10. Phylotypes obtained from sequencing the 16S rRNA gene pool of B. puteoserpentis 

Phylotype  1 2 3 Total 
Sample IDa location partial full partial full partial full partial full 
35GTV mussel bed 53 3 42 3 0 0 95 6 
38ROV/6-5 sulfide-pillar 31 3 18 3 50 3 99 9 
56ROV/6-j6 sulfide-pillar 63 3 7 3 3 3 73 9 
66ROV/16-3 mussel patch 36 3 57 3 7 3 100 9 
Total  183 12 124 12 60 9 367 33 

closest 
relative  

SOX 
B. puteoserpentis

(MAR) 

MOX 
B. puteoserpentis 

(Snake Pit) 

“NIX” 
S. patula 

(non hydrothermal) 
phylogeny  Gamma Gamma Gamma 
identities  100% 99% 91% 
reference  [189] [137] [190] 
a specimens were sampled during the Hydromar I cruise to the Logatchev vent field (M60/3); MAR, Mid-
Atlantic Ridge; MOX, methane-oxidizing endosymbiont; NIX, Nuclear Inclusion X; SOX, sulfur-oxidizing 
endosymbiont 
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2.3 “Candidatus Endonucleobacter bathymodioli” 

FISH inspection identified the third phylotype as a bacterial parasite that exclusively 

occurred inside mussel nuclei of all tissues although bacteriocyte nuclei appeared to be free of 

the infection (Zielinski et al., manuscript II) [156]. Infected nuclei showed histo-pathological 

modifications and were ultimately lysed by the parasite. Different developmental stages could 

be observed and a developmental cycle of the parasite was proposed. As a result of extended 

molecular and morphological investigations the bacterium was given a “Candidatus” status 

and named “Candidatus Endonucleobacter bathymodioli” (Zielinski et al., manuscript II) 

[156]. Eight other Bathymodiolus species from five hydrothermal vent fields and five cold 

seep sites located in the Atlantic and Pacific Ocean were specifically investigated for this 

parasite. Consequently, the parasite was confirmed in other hydrothermal vent mussels and 

was also found in cold seep mussels. All phylotypes were closey related to each other and 

formed a monophylum. It was suggested that “Ca. E. bathymodioli” is widespread in both 

hydrothermal vent and cold seep bathymodiolin mussels (Zielinski et al., manuscript II) [156]. 

2.4 Conclusion 

Using universal bacterial primers, three phylogenetically distinct bacterial populations 

were unveiled in B. puteoserpentis during this PhD project. However, the bacterial diversity 

of B. puteoserpentis may not fully have been revealed despite extensive cloning and 

sequencing efforts. For example, a recent assessment of the endobacterial diversity of B. 

heckerae from a cold seep in the Gulf of Mexico using universal bacterial primers revealed 

four bacterial populations within gill bacteriocytes: one methanotroph dominating the 

bacterial population with ~80%, one methylotroph accounting for ~8% of all bacteria, and 

two distinct thiotrophs of which the predominant and minor type accounted for ~5% and 

0.3%, respectively of the total bacterial population [145]. On the other hand, the four 

symbionts detected in B. heckerae sum up to only 93% of the total bacterial population (based 

on rRNA slot blot hybridization) indicating a hidden diversity that has escaped detection. For 

example, the intranuclear parasite belonging to the “Ca. E. bathymodioli” group was not 

detected by Duperron et al. [145]. Using FISH this parasite was found in B. heckerae during 

this study (Zielinski et al., manuscript II) [156]. Although its abundance has not been 

quantified it appears reasonable to assume that this bacterium contributes substantially to the 

total bacterial population. 

A recent investigation of the potential parasitic burden in B. puteoserpentis using light 

microscopy revealed bacterial inclusions which were described as Rickettsia-like on the basis 
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of their intracellular occurrence. However, neither immunological nor molecular proof was 

provided that the inclusions indeed contained Rickettsiae [191]. Rickettsiae belong to the 

Alphaproteobacteria, however, the assessment of bacterial diversity performed during this 

PhD project revealed exclusively Gammaproteobacteria. Therefore, the bacterial inclusions 

described by Ward et al. [191] are either not Rickettsiae or escaped detection during this PhD 

project. The true location of the Rickettsia-like bacteria may have been intranuclear rather 

than intracytoplasmic since a greatly enlarged nucleus containing intranuclear bacteria could 

easily be mistaken for an intracytoplasmic inclusion at the level of light microscopy (Zielinski 

et al., manuscript II) [156]. 

In conclusion, assessing endosymbiotic diversity with universal bacterial primers may not 

completely resolve bacterial diversity even if PCR cycles are kept to a minimum. The effect 

of over-amplifying major bacterial phylotypes and thus preventing the detection of possible 

minor phylotypes is well known [192]. However, other factors may contribute to the 

difficulties in detecting minor populations. To detect these it may be worthwhile to use more 

specific primers targeting distinct groups of marine bacteria. For example, attempts to amplify 

intranuclear bacteria from B. azoricus (Menez Gwen – Mid-Atlantic Ridge) during this PhD 

project using primers specific to “Ca. E. bathymodioli” resulted in the amplification of 

additional phylotypes. Out of eight clones one clone contained the 16S rRNA gene of the 

intranuclear phylotype, the remaining seven carried 16S rRNA genes belonging to other 

groups of marine Gammaproteobacteria (Table 11). Notably, the closest relatives of these 

seven clones all shared one or two mismatches in position 11 and / or 12 of the specific 

primer for “Ca. E. bathymodioli” (bnix-64F) (18 bases).. FISH targeting these groups was not 

performed, therefore, it remains unclear whether these phylotypes occur intracellularly or 

rather represent free-living bacteria that were associated with the gill sample. Nevertheless, 

the amplification of these phylotypes suggests that there may be even greater endosymbiotic 

diversity in bathymodiolin mussels than is currently suggested by recent studies [145,156]. 

Table 11. Phylotypes obtained from sequencing the 16S rRNA gene pool of B. azoricus using primers for 
the detection of intranuclear bacteria 

Phylotype A B C D E F G 
Gammaproteobacteria 
Alteromonadales unclassified 

closest 
relatives 

Colwellia psychroerythraea PVB_OTU_12a Alteromonas addita CAR-SFb M92c 
Identity [%] 98.7 98.1 98.5 98.7 99.7 99.6 97.2 
Acc. No. AF173964 U15115 AY682202 AB086227 AY136116 
a clone associated with a microbial mat from a Hawaiian hydrothermal vent system; b marine carbazole-
degrading bacterium; c clone sequenced from an eastern Mediterranean offshore seawater sample 
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Table 12 lists all primers and probes used to assess the endosymbiotic diversity of B. 

puteoserpentis during this study. 

2.5 Outlook 

2.5.1 Re-assessment of endosymbiotic diversity of B. puteoserpentis 

For reasons mentioned above it may be worthwhile to re-assess the endosymbiotic 

diversity of B. puteoserpentis. This may be most easily performed by applying the probes 

specifically targeting the newly discovered symbionts in B. heckerae [145]. Furthermore, an 

alphaproteobacterial or Rickettsia-specific probe may confirm or exclude the presence of such 

bacteria from B. puteoserpentis. In addition, B. puteoserpentis may be investigated for minor 

bacterial populations using probes specifically targeting subgroups of the 

Gammaproteobacteria such as Alteromonadales and Oceanospirillales. 

2.5.2 Further research on “Ca. E. bathymodioli”

Species or strains? The 16S rRNA sequences of intranuclear bacteria of the “Ca. E. 

bathymodioli” clade share an average identity of 98.8% (min 98.1%, max 99.7%; Table 13). 

Whether these 16S rRNA’s belong to different strains of one and the same species or rather 

represent different species of intranuclear bacteria can not be concluded from their sequence 

identity. According to Stackebrandt and Goebel [197], 16S rRNA sequence identities above 

97% do not allow a final prediction if a new bacterium is a strain of a described species or a 

separate species. Forney et al. [198] have shown that even among type species of bacteria 

many have more than 97% identical 16S rRNA genes and the same holds true for bacterial 

species within a certain genus. Therefore, other phylogenetic approaches such as DNA-DNA 

Table 12. List of primers and probes used in this study 

primer / probe application sequence target sitea reference 
GM3F PCR 5’ AGA GTT TGA TCM TGG C 3’ 8-23 [193] 
GM4R PCR 5’ TAC CTT GTT ACG ACT T 3’ 1492-1507 [193] 
bnix-64F PCR 5’ AGC GGT AAC AGG TCT AGC 3’ 64-81 this study 
bnix-1267R PCR 5’ GCA GCT TCG CGA CCG TCT 3’ 1249-1267 this study 
518F Sequencing 5’ CCA GCA GCC GCG GTA AT 3’ 518-534 [194] 
534R Sequencing 5’ ATT ACC GCG GCT GCT GG 3’ 518-534 [195] 
1099F Sequencing 5’ GCA ACG AGC GCA ACC C 3’ 1099-1114 [194] 
1193R Sequencing 5’ CGT CAT CCM CAC CTT CCT C 3’ 1175-1193 [194] 
Bnix64 FISH 5’ GCT AGA CCT GTT ACC GCT 3’ 64-81 this study 
Bnix643 FISH 5’ CCG TAC TCT AGC CAC CCA 3’ 643-660 this study 
Bnix1249 FISH 5’ GCA GCT TCG CGA CCG TCT 3’ 1249-1267 this study 
BMARt-193 FISH 5’ CGA AGG TCC TCC ACT TTA 3’ 193-210 [158] 
BMARm-845 FISH 5’ GCT CCG CCA CTA AGC CTA 3’ 845-862 [158] 
EUK516 FISH 5’ ACC AGA CTT GCC CTC C 3’ 502-517 [196] 
a according to E. coli 
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hybridization, multilocus sequence typing (MLST) of house-keeping genes or genomic 

sequence analysis would be needed to clarify the relationships between the discovered 

intranuclear bacteria [199-201]. Since DNA-DNA hybridizations are rather elaborate and 

cultivation-dependent and whole genome sequencing both elaborate and costly, MLST may 

be the method of choice fur further characterization of the “Ca. E. bathymodioli” clade. 

Developmental cycle. One obscure step in the developmental cycle of “Ca. E. 

bathymodioli” is the transition from a single filament to a filamentous coil (Stage 2 to Stage 

3). Repetitive filament duplication by longitudinal (binary) fission has been suggested as one 

explanation for the formation of this filamentous assembly based on microscopic observations 

(Zielinski et al., manuscript II) [156]. However, it has alternatively been hypothesized that the 

filamentous assembly results from a single filament which, during growth, frequently 

intertwines (Zielinski et al., manuscript II) [156]. Future FISH investigations of intranuclear 

bacteria of the “Ca. E. bathymodioli” clade should especially focus on this developmental 

stage to ultimately clarify the transition from Stage 2 to 3. Longitudinal (binary) fission is rare 

among bacteria and has to date only been described in the sulfur-oxidizing symbionts of three 

marine host genera, the nematode Laxus sp. [74,202,203], the gutless oligochaete Olavius 

[93,204], and the sand-dwelling ciliates of the genus Kentrophoros [74,93,205-209]. Nothing 

is known about the molecular mechanisms controlling this unusual mode of bacterial cell 

division. 

Other questions arising from the current research on “Ca. E. bathymodioli are for 

example its infection mode, movement through the cytoplasm, and penetrations of the host 

nucleus both during infection and outbreak. The only model interactions, that could give clues 

on how “Ca. E. bathymodioli” may infect host cells and penetrate nuclei, are the symbiosis 

between obligate intranuclear bacteria of the genus Holospora (Alphaproteobacteria) and their 

ciliate hosts of the genus Paramecium (Ciliophora) as well as the interaction between 

Table 13. Sequence identity matrix of the predominant “Ca. E. bathymodioli” 16S rRNA phylotypes from 
several Bathymodiolus species 

  1 2 3 4 5 6 7 
1 B. puteoserpentis (Logatchev – MAR) ID 0.997 0.995 0.982 0.997 0.985 0.985 
2 B. sp. (Lilliput – MAR) 0.997 ID 0.995 0.981 0.995 0.983 0.985 
3 B. sp. (Turtle Pits 1 – MAR) 0.995 0.995 ID 0.981 0.992 0.983 0.982 
4 B. sp. (Turtle Pits 2 – MAR) 0.982 0.981 0.981 ID 0.981 0.997 0.987 
5 B. azoricus (Menez Gwen – MAR) 0.997 0.995 0.992 0.981 ID 0.983 0.983 
6 B. aff thermophilus (PAR) 0.985 0.983 0.983 0.997 0.983 ID 0.989 
7 B. brooksii & B. heckerae (GoM) 0.985 0.985 0.982 0.987 0.983 0.989 ID 

GoM, Gulf of Mexico; MAR, Mid-Atlantic Ridge; PAR, Pacific-Antarctic Ridge; ID - identical 
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facultative intranuclear Rickettsiae (Alphaproteobacteria) and their arthropod / mammalian 

hosts. 

Mode of infection. Holospora bacteria enter their host by using its endocytotic means of 

ingesting food particles (phagocytosis) [210,211]. Although bathymodiolin mussels rely on 

their endosymbionts for nutritional supply they still retain the ability to filter-feed and a 

functional albeit reduced gut [212,213]. Therefore, endocytosis of bacteria thriving in 

hydrothermal fluids may still be an additional even though insufficient nutritional source. 

Noteworthy, Johnson and Le Pennec [214] described endocytosis of bacterial inclusions in the 

littoral bivalve Loripes lucinalis which similar to bathymodiolin mussels harbors 

endosymbiotic bacteria within its gills. Endocytosis is also assumed to be the mode of 

environmental acquisition of symbionts in Bathymodiolus mussels [189,215,216]. Therefore, 

entry of “Ca. E. bathymodioli” by means of endocytosis is likely but remains to be clarified. 

Movement through the cytoplasm. Movement of “Ca. E. bathymodioli” through the 

cytoplasm may likely rely on passive transport since flagella appear to be absent. For 

example, non-motile Holospora bacteria are transported passively. After ingestion, 

Holosporae are released from the phagosome (food or digestive vacuole) before it coalesces 

with a lysosome [211]. This way it effectively escapes digestion. Remaining encircled by a 

host membrane it is later surrounded by vesicles of endoplasmic reticulum which form a 

transport vesicle [210]. Cytoskeleton-based transportation has been suggested for the 

bacterium-bearing vesicle but could not be confirmed [217]. In contrast, Rickettsia bellii 

appears to reach the nucleus by actin polymerization-based motility [218]. If “Ca. E. 

bathymodioli” is transported in a fashion similar to Holospora or R. bellii or if it has a 

different transport mechanism must at this time remain elusive but is worthwhile being 

investigated. 

Penetration of nuclei. Two modi of invading nuclei have been suggested – passive or 

active invasion. Holospora bacteria invade their host nucleus passively almost as a Trojan 

horse: the membrane originating from the endoplasmic reticulum fuses with the nuclear 

membrane resulting in the release of the bacterium into the nucleus [210]. Passive invasion 

has also been suggested for the facultative intranuclear spotted fever group (SFG) Rickettsiae. 

Todd et al. [219] hypothesized that nuclear invasion is rather accidental than on purpose 

resulting from the fact that cytoplasmic Rickettsiae are simply trapped inside a dividing 

nucleus with no mechanism of escape. However, Heinzen et al. [220] have observed 

cytoplasmic Rickettsiae perturbing the nuclear envelope that appeared to be in the process of 
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penetration and proposed that SFG Rickettsiae directly penetrate the nuclear membrane, aided 

by the propulsive force of actin tail assembly and possibly, phospholipase activity. This 

indicates active nuclear invasion and evokes that one and the same mechanism, namely actin 

polymerization, could be used both for intracellular movement and nuclear penetration. The 

nuclear invasion mechanism suggested by Heinzen et al. [220] seems an appealing scenario 

for “Ca. E. bathymodioli” even though this scenario must at this time remain hypothetical. 

Protective mechanism of bacteriocytes. Thorough microscopic FISH observations of 

mussel gill filaments indicated that only intercalary cells were infected with intranuclear 

bacteria whereas the symbiont-containing gill bacteriocytes were apparently never infected 

(Zielinski et al., manuscript II) [156]. This observation has intriguing implications for the role 

of the chemoautotrophic and methanotrophic endosymbionts, suggesting a protective function 

besides their nutritional role. Therefore, future research on “Ca. E. bathymodioli” should 

address this phenomenon in more detail: How do bacteriocytes differ from intercalary cells 

and what is the symbiont contribution to this difference? Are there perhaps differences in the 

glycolization of lipid membranes making bacteriocytes unsusceptible to the infection since 

certain receptors may be missing? Could the acquisition of endosymbionts give clues to why 

bacteriocytes are not prone to an infection with intranuclear bacteria? Bathymodiolus spp. are 

assumed to obtain their endosymbionts from the environment by means of endocytosis 

through the gill epithelium [189,215,216]. However, apart from pit-like structures on the 

apical surface of bacteriocytes - indicative of endocytosis - no other proof for environmental 

acquisition has to date been given for bathymodiolin mussels. Besides, on the molecular level 

nothing is known about how the bacteria induce a specific endocytosis in gill bacteriocytes or 

how the bacteriocyte distinguishes between its symbionts and “contaminants”. Elucidating the 

acquisition of symbionts in Bathymodiolus spp. on the molecular level may help understand 

the exclusion of “Ca. E. bathymodioli” from the gill bacteriocytes. 

2.5.3 Further research on intranuclear bacteria in marine metazoa 

Bivalves with intranuclear bacteria. The previous descriptions of intranuclear bacteria 

in the Pacific razor clam Siliqua patula [221] and the venerid clam Ruditapes decussatus 

[222] on the basis of electron microscopy open the opportunity for a re-investigation of these 

parasites to clarify their phylogenetic position and developmental cycles. A great advantage of 

these bivalves over B. puteoserpentis is that they inhabit shallow water and can thus easily be 

sampled without the need of time-consuming and costly research cruises. Moreover, these 

species can be kept in culture. This fortunate fact may allow answering details in the host-
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parasite interaction which are currently unresolved such as the infection mode of intranuclear 

bacteria, their passage through the cytoplasm, and their penetration of the host nucleus (see 

above).  

Shellfish consumed by humans. Following the discovery of “Ca. E. bathymodioli”, 

intranuclear bacteria were also found in the venerid clam R. philippinarum, a close relative of 

R. decussatus (Zielinski et al., manuscript II) [156]. Other shellfish from aquaculture are 

currently investigated and intranuclear bacteria have indeed been found in diverse species 

(Luciana Raggi, MPI for Marine Microbiology, Bremen – unpublished data). The intranuclear 

bacterium described from S. patula may be especially interesting for further characterization 

since this parasite is unusual for a bacterium in many ways. Its morphology has been 

described as multilayered, membrane-rich, complexly folded, and partially cleaved at 

dimensions of 25 x 16 μm [221]. Furthermore, there may be a commercial interest in a more 

comprehensive characterization of this parasite since it has been suggested to be involved in 

massive mortalities of razor clams [221,223]. A collaboration on the molecular 

characterization of the “Nuclear Inclusion X” has recently been suggested and was in 

principle affirmed (Ralph Elston, AquaTechnics Inc. – personal communication). 

Sponges. The morphological description of intranuclear bacteria in Aplysina sponges 

[224,225] should be followed up by cloning and sequencing these bacteria to infer their 

specific phylogenetic placement. Noticeably, these bacteria and “Ca. E. bathymodioli” are 

similar in their filamentous morphology. 

Vent and seep invertebrates. Previous light-microscopical investigations of vesicomyid 

clams from cold seeps and lepetodrilid limpets from hydrothermal vents revealed bacterial 

inclusions which were described as “Rickettsia-like” on the basis of their intracellular 

occurrence [226,227]. Similar to the inclusions reported from B. puteoserpentis [191], their 

intracytoplasmic nature was neither confirmed with electron microscopy nor was 

immunological, morphological, or molecular proof provided that the inclusions indeed 

contained Rickettsiae. Since greatly enlarged nuclei typical for an infection with intranuclear 

bacteria could easily be mistaken for intracytoplasmic inclusions at the level of light 

microscopy these inclusions should thus be re-investigated using fluorescent probes to reveal 

if they might be intracellular. 

Future studies of deep-sea vent and seep bivalves as well as shallow water bivalves 

hosting chemosynthetic endosymbionts (solemyid, lucinid, thyasirid, and vesicomyid clams) 

should generally consider the existence of intranuclear bacteria since it appears reasonable to 
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assume that these are not restricted to bathymodiolin mussels. Additionally, other 

endosymbiont-containing vent and seep invertebrates should be considered including 

siboglinid tubeworms and alvinellid polychaetes (Annelida) as well as provannid snails and 

lepetodrilid limpets (Mollusca). 

3 Endosymbiont activity 

At the beginning of this PhD project the 

use of mRNA-FISH was proposed to 

evaluate the activity of the two 

chemosynthetic endosymbionts. A 

hybridization method targeting mRNA had 

just been developed [150,228]. The idea was 

to show the expression of functional genes 

coding for key enzymes involved in sulfur 

and methane oxidation pathways as well as 

in carbon fixation pathways. mRNA slot blot 

hybridization was proposed to quantify the 

expression of these functional genes to 

investigate how differing physico-chemical 

conditions affect the activity of the two 

chemosynthetic endosymbionts. mRNA-

FISH analyses of B. puteoserpentis symbionts indeed showed the expression of genes 

involved in sulfite (SO3
2-) and methane oxidation and thus confirmed the sulfur- and methane 

oxidizing potential of the two mussel symbionts [146]. mRNA slot blot hybridizations have 

not yet been performed mainly because the characterization of mussel habitats turned out to 

be more complicated than expected and because in situ measurements performed during this 

PhD project suggested rather similar physico-chemcial conditions (Zielinski et al., manuscript 

I) [155]. The physico-chemical conditions of mussel microhabitats have been analyzed in 

more detail during the Hydromar II cruise (Table 9). Thus, the quantification of symbiont 

activity by means of mRNA slot blot hybridization is now meaningful and a correlation with 

physico-chemical data possible.  

 

Fig. 21. Overview over on board incubation experi-
ments. 1. Dissection. 2. Start of incubation by addi-
tion of inorganic energy source. Note that an equi-
librium is established between aqueous and gaseous 
phases in case the electron donor is a gas. In contrast, 
sulfide completely dissolves in the aqueous phase and 
mainly speciates into free HS- and dissolved H2S. 3. 
Subsampling the gaseous (H2, CH4) or aqueous 
(H2S/HS-) phase after discrete time points. 4. Results 
from gas chromatography. For more details see 
Zielinski et al., manuscript III [157]. 
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3.1 Evaluation of endosymbiotic activity by physiological experiments 

Endosymbiotic activity can also be 

assessed by physiological experiments using 

symbiont-containing gill tissues of freshly 

collected mussels. This approach was 

developed in the course of this PhD project 

when it became apparent that the Logatchev 

hydrothermal fluids were extremely rich in 

hydrogen due to high and low temperature 

serpentinization processes. Hydrogen is a 

potential energy source for 

chemolithotrophic bacteria but has never been shown to be utilized by any of the 

chemosynthetic symbionts from reducing environments. Thus, to get immediate evidence if 

hydrogen could be an energy source for the endosymbionts of B. puteoserpentis, hydrogen 

consumption experiments were performed on board the research vessel. And indeed, 

hydrogen was consumed by endosymbiotic bacteria (Zielinski et al., manuscript III) [157]. 

The same approach was then applied in following cruises to evaluate hydrogen and sulfide 

consumption activities of mussel endosymbionts from Logatchev and the newly discovered 

vent fields south of the equator (Fig. 21). Consumption rates were compared with each other 

and with the abundance of hydrogen and sulfide at the sampling site (in situ concentration) 

allowing conclusions about whether or not differing concentrations of these electron donors 

affect symbiotic activity (Zielinski et al., manuscript III) [157]. 

3.2 Results of H2 and H2S consumption experiments 

Hydrogen was rapidly consumed by B. puteoserpentis (Logatchev) but only moderately 

by B. sp. (Comfortless Cove and Lilliput). However, consumption rates of B. sp. increased 

with elevated hydrogen partial pressures indicating that hydrogen uptake can be stimulated. In 

contrast, sulfide consumption rates did not differ in these mussels. Both hydrogen and sulfide 

stimulated carbon fixation in B. puteoserpentis gill tissues with similar CO2 incorporation 

rates. Concurrent with hydrogen concentrations in high temperature and diffuse fluids our 

data indicate that chemoautotrophy in bathymodiolin mussels may be sulfur-based at basalt-

hosted vent settings but hydrogen-based at ultramafic-hosted vents. At first approximation the 

Logatchev mussel population may oxidize 12-30 mol hydrogen per hour corresponding to 

270-670 liters of hydrogen. Endosymbionts of B. puteoserpentis may therefore play an 

 

Fig. 22. Mussel transplantation site. 
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appreciable role in hydrogen removal from diffuse fluids before hydrogen is issued into the 

open ocean (Zielinski et al., manuscript III) [157]. 

3.3 Effect of mussel transplantation on hydrogen consumption rates 

To examine if endobacterial hydrogen 

consumption is influenced by the presence or 

absence of hydrogen in the mussel 

environment, Logatchev mussels from the 

Irina II site were removed from diffuse 

venting using nets with a net-covered lid and 

deposited on bare ocean floor away from the 

active vent site, about 70 m northwest from 

the Irina II site and 110 m east of Quest, 

another active vent site (Fig. 22). The lid was 

closed to prevent predators from entering 

and mussels from escaping the nets. Nets 

were recovered 1, 2, 5, 7, and 10 days after 

transplantation and gill tissues from mussels that had been transplanted for one, seven, and ten 

days were used for hydrogen consumption experiments. These gill tissues consumed 

hydrogen at 4 to 6-fold lower rates than mussels which had been sampled directly from 

diffuse venting (Table 14, Fig. 23). 

 

Fig. 23. Hydrogen consumption rates after re-
moval of mussels from diffuse venting. Rates de-
creased substantially after only one day of transplan-
tation and decreased only slightly more with longer 
transplantation intervals. 

Table 14. Hydrogen consumption rates for B. puteoserpentis (Logatchev) at 100 ppm partial pressure with 
fresh and transplanted gill tissue and various controls 

tissue / control site Rate (Mean ± SD)a  
[nmol h-1 (g wet weight)-1] n H2 at site [μM] 

gill Irina II 174 ± 19 3 5.9b 
gill Quest 169 ± 36 3 4.2b 
transplanted gill, 1 day off diffuse venting 49 ± 28 3 nd 
transplanted gill, 7 days off diffuse venting 32 ± 14 3 nd 
transplanted gill, 10 days off diffuse venting 29 ± 14 3 nd 
gill boiled Irina II 0.4 ± 0.9* 3 5.4b 
foot Irina II 0.2 ± 0.3* 2 5.4a 
seawater w/o tissue - 0.5 ± 0.3* 10 - 
a Since the first measurement after the addition of hydrogen gas was made after eight to nine hours of incubation 
for transplanted gill tissues all consumption rates were calculated for this time interval. Thus, Irina II, Quest, and 
control consumption rates differ from the values given in Zielinski et al., manuscript III [157] which were 
calculated for the first one to three hours. b T. Pape and R. Seifert, University of Hamburg, Institute for 
Biogeochemistry and Marine Chemistry, personal communication *rate in nmol h-1, nd – not determined 
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There are at least two explanations for the decrease in hydrogen consumption rates: 

transcriptional regulation of genes involved in the hydrogen uptake machinery or symbiont 

digestion due to starvation. Two observations favor the regulation hypothesis: (i) hydrogen 

consumption rates of transplanted mussels were in the same range as consumption rates of 

Comfortless Cove and Lilliput mussels which inhabit diffuse-flow with only little dissolved 

hydrogen and (ii) hydrogen consumption was stimulated by increasing hydrogen partial 

pressures in Lilliput mussels (Zielinski et al., manuscript III) [157]. Thus, the absence of 

hydrogen may inhibit the expression of genes involved in hydrogen uptake and the hydrogen 

Fig. 24. 14CO2 assimilation by endosymbiont-containing gill tissues of B. puteoserpentis (Logatchev).
Hydrogen stimulated CO2 fixation in 3 out of 8 individuals (1 out of 2 in B and 2 out of 2 in D) while sulfide had 
a stimulatory effect in all 8 investigated individuals. Error bars represent measurements of two individuals and 
are shown in only one direction. Diagrams A to C: Specimens from the Irina II site (different locations). 
Diagram D: Specimens from the Quest site. (Experiments were designed by F. Zielinski and performed by J. M 
Struck and S. Wetzel.) 
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uptake machinery must first be synthesized and assembled under experimental conditions 

before hydrogen uptake can start. It appears reasonable to assume that the experimental 

conditions (0.08 μM dissolved hydrogen) may not have favored sufficient expression of 

hydrogen uptake genes in transplanted mussels to fully exploit the hydrogen uptake 

machinery. 

Alternatively, due to the absence of not only hydrogen but alternative electron sources 

like sulfide and thiosulfate for the sulfur-oxidizing symbiont and methane for the 

methanotrophic endosymbiont, bacterial primary production may have fully ceased and the 

mussel may have started digesting its endosymbionts to survive the starvation period. In fact, 

FISH investigation of specimens that had been transplanted for ten days revealed that only 

50% of the symbionts were left in the gill tissues (Dennis Fink, MPI for Marine Microbiology 

- MSc Thesis). Consumption rates after one and ten days of transplantation were not much 

different suggesting that symbiont digestion may proceed extremely fast. In fact, studies by 

Kochevar et al. [153] on “Bathymodiolus” childressi, a shallow water cold-seep mussel that 

hosts methanotrophic bacteria, have shown that mussels experienced a 90% reduction in 

symbiont numbers after placement for just 24 h in methane-free seawater in the laboratory. 

FISH investigation of mussels that had been transplanted for only one day will certainly 

shed more light on the issue whether the low hydrogen consumption rates are due to gene 

regulation or endosymbiont digestion. 

3.4 Carbon assimilation in the presence of hydrogen or sulfide 

The discovery of hydrogen consumption in mussel symbionts suggested hydrogen 

oxidation with environmental oxygen and energy conservation via cyclic electron transport 

along a respiratory chain and the generation of a proton motive force to drive ATP synthesis. 

An indirect measure of energy conservation is CO2 fixation which requires ATP. Thus, 

endosymbiont containing gill tissues of B. sp. (Comfortless Cove and Lilliput) and B. 

puteoserpentis (Logatchev) were incubated in the presence of 14CO2 and hydrogen and for 

comparison in the presence of 14CO2 and sulfide. Results from experiments with B. sp. gill 

tissues in the presence of hydrogen were ambiguous, presumably because experimental 

hydrogen concentrations were too low (0.08-2.3 μM) to account for energy conservation and 

thus carbon fixation. The experimental conditions were subsequently improved in 

experiments with B. puteoserpentis gill tissues (20 μM dissolved H2) and hydrogen clearly 

stimulated carbon fixation in three out of eight individuals (Fig. 24). While these data indeed 

point to a stimulatory effect of hydrogen which is supported by molecular data (Zielinski et 
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al., manuscript III) [157] more experiments are clearly needed and have meanwhile been 

performed to corroborate this result.  

In bathymodiolin mussels several 

studies have investigated if sulfide and 

thiosulfate stimulate carbon fixation in the 

chemoautotrophic endosymbiont of 

bathymodiolin mussels [141-144]. The 

stimulating effect of thiosulfate was shown 

in two studies with B. thermophilus from the 

East Pacific Rise [143,144]. However, only 

one study has thus far shown the stimulatory 

effect of sulfide [144]. Surprisingly, two 

independent studies on B. puteoserpentis 

could not detect a stimulatory effect of sulfide or thiosulfate [141,142]. Data obtained during 

this PhD project clearly showed a stimulatory effect of sulfide in B. puteoserpentis gill tissues 

confirming that sulfide is an energy source for the chemoautotrophic symbiont (Fig. 24). One 

such experiment was also performed with B. sp. (Lilliput). Even though sulfide consumption 

rates were only low CO2 was incorporated (Fig. 25). 

3.5 Outlook / Experimental improvements 

3.5.1 Consumption experiments 

Hydrogen. Hydrogen consumption experiments with B. puteoserpentis gill tissues 

(Logatchev) were performed at very low dissolved hydrogen concentrations (77 nM) due to 

analytical constraints. However, hydrogen concentrations in Logatchev mussel habitats are in 

the micromolar range (4-6 μM minimum) and recent measurements even suggest 

concentrations up to 1 mM (R. Seifert, University of Hamburg, Institute for Biogeochemistry 

and Marine Chemistry, personal communication). Experiments with B. sp. gill tissues 

(Comfortless Cove and Lilliput) revealed that higher hydrogen partial pressures result in 

increased consumption rates (Zielinski et al., manuscript III) [157]. Therefore, B. 

puteoserpentis hydrogen consumption rates at 77 nM dissolved hydrogen only provide a 

glimpse of the hydrogen consumption potential under in situ conditions. Indeed, careful 

extrapolation to 5 μM dissolved hydrogen suggested extraordinarily high hydrogen 

consumption rates (Zielinski et al., manuscript III) [157]. 

 

Fig. 25. Sulfide consumption and 14CO2 assimila-
tion by endosymbiont-containing gill tissue of Lil-
liput mussels. Upper three plots and left diagram 
axis: sulfide consumption over time. Lower two plots 
and right diagram axis: 14CO2 assimilation over time. 
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Future experiments should attempt to determine hydrogen consumption rates of B. 

puteoserpentis gill tissues at in situ hydrogen concentrations. However, since hydrogen 

dissolves only poorly in aqueous solutions [229] high hydrogen partial pressures above this 

solution are necessary to achieve dissolved hydrogen concentrations in the micromolar range 

(Henry’s law). Thus, due to the vast excess of hydrogen in the headspace as compared to the 

little amount of hydrogen in solution, gas chromatography may fail in resolving hydrogen 

consumption under these conditions. Nevertheless, a first step could be a series of 

consumption experiments at increasing hydrogen partial pressures as was done for B. sp. gill 

tissues (Zielinski et al., manuscript III) [157]. Extrapolation through several data points 

(instead of just one) to in situ concentrations may then reveal if currently calculated 

consumption rates are underestimated. 

To circumvent the constraints of gas chromatography these experiments could 

alternatively be done using Clark-type H2 microsensors which are commercially available 

(www.unisense.com). A sealed incubation vial containing a gill tissue piece and fully filled 

with oxygen-saturated seawater can be supplemented with a hydrogen-saturated stock 

solution to the desired final concentration. The hydrogen content in the seawater can be 

monitored over time at any possible user-defined resolution. A sufficiently designed setup 

could simultaneously also monitor dissolved oxygen concentrations using Clark-type oxygen 

microsensors. 

The advantage over gas chromatography is that hydrogen consumption can directly be 

measured in the seawater medium and that a headspace is not required. Furthermore, an 

almost unlimited number of data points can be recorded over time due to the high-resolution 

properties of this technique. With gas chromatography, hydrogen analysis is limited to a 

handful of measurements due to subsampling and manpower constraints and, with the focus 

on hydrogen analysis, the chromatographs used during this PhD project were also not set up 

for the analysis of oxygen. Another considerable advantage of microsensors is that they do not 

require as much equipment as gas chromatography and would allow performing hydrogen 

consumption experiments independent from gas chemists who, in collaboration with this PhD 

project, have thus far spent a considerable amount of their time on these experiments. 

Sulfide / thiosulfate. A considerable drawback of sulfide consumption experiments using 

mussel tissues is the problem that endosymbiotic sulfide consumption can not reliably be 

distinguished from host mitochondrial sulfide consumption. Mitochondrial sulfide oxidation 

was first shown in the coastal clam Solemya reidi (Powell and Somero, 1986a) which like 
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bathymodiolin mussels hosts chemoautotrophic endosymbionts. Subsequently, this 

phenomenon was demonstrated in a wide range of organisms including polychaete worms, 

clams, fishes and chickens (Grieshaber and Volkel, 1998; Yong and Searcy, 2001). 

Obviously, mitochondrial sulfide oxidation is a means of sulfide detoxification, however, it 

may also be a means of energy conservation (Powell and Somero, 1986b; Yong and Searcy, 

2001). Therefore, sulfide consumption of Bathymodiolus gill tissues is certainly the sum of 

endosymbiotic and mitochondrial sulfide oxidation. Even if the sulfide oxidation rate of foot 

tissue is subtracted from the gill tissue rate the resulting rate may not reliably be attributed to 

the chemoautotrophic endosymbionts. This is mainly because gill tissue which serves as an 

oxygen uptake organ is undeniably more efficient in gas and solute uptake than the 

structurally, morphologically, and physiologically differing foot tissue.  

To reliably investigate the sulfur-oxidizing activity of the chemoautotrophic 

endosymbiont of bathymodiolin mussels from a physiological point of view thiosulfate 

consumption assays should be performed in addition to sulfide consumption assays. In fact, 

this non-toxic intermediate in sulfur oxidation is produced by many hydrothermal vent 

animals as a means of mitochondrial sulfide detoxification [230-232] and has been shown to 

serve as an energy source for the chemoautotrophic endosymbiont of Bathymodiolus 

thermophilus [143,144]. Even though thiosulfate accumulates in the blood of hydrothermal 

vent invertebrates (for example thiosulfate has been detected in the blood of Calyptogena 

magnifica at nearly millimolar levels [233]), blood concentrations should not interfere with 

experimental thiosulfate consumption assays due to the use of tissue pieces rather than whole 

mussels or whole gills. Thiosulfate can by analyzed by iodometric titration [234]. However, 

since this method also determines nitrite, care should be taken that the seawater incubation 

medium does not contain any nitrite or subsamples should simultaneously be analysed for 

nitrite which can be determined spectrophotometrically [235]. 

Methane. Methane consumption experiments were performed with mussels from 

southern MAR vents in collaboration with S. Weber (University of Hamburg, Institute for 

Biogeochemistry and Marine Chemistry) using gas chromatography but yielded no results due 

to analytical difficulties. Determining methane consumption rates of the methanotrophic 

endosymbionts would be useful for comparison with symbiotic hydrogen- and sulfur-

oxidizing activities and also for the correlation to in situ methane concentrations. This could 

theoretically be accomplished with a methane microsensor. A microscale methane biosensor 

containing methanotrophic bacteria has been developed for use under normal pressure, 

however, oxygen interferes with the signal [236]. Besides, the methane sensor project has 
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been discontinued due to the lengthy production process and the difficulties involved in 

keeping the sensor functional (www.unisense.com). Thus, the methane biosensor is 

commercially unavailable (www.unisense.com). Therefore, future methane consumption 

experiments would have to rely on commercially available slow-responding methane sensors 

(response time > 10 min) or gas chromatography. 

Combinations of electron donors. If research funding, ship time, board equipment, and 

manpower allows, incubation experiments could be extended to using combinations of the 

three electron donors (H2/Sred, H2/CH4, Sred/CH4, H2/Sred/CH4 [Sred = H2S or S2O3
2-]). This 

would show if one electron source is consumed preferentially over another. Especially 

interesting would be combining hydrogen with one of the two reduced sulfur compounds 

(H2S, S2O3
2-) since both appear to be energy sources for the chemoautotrophic endosymbiont 

[143,144,157]. However, the energy yield from aerobic hydrogen oxidation is higher than 

from H2S or thiosulfate oxidation (-528 kJ mol-1 versus -378 / -384 kJ mol-1, respectively per 

mol oxygen at 4°C) [237] indicating preferential growth on hydrogen. Another advantage of 

aerobic hydrogen oxidation is that it does not require reverse electron transport for the 

generation of reducing equivalents. However and most strikingly, hydrogen oxidation in the 

free-living sulfur- and ferrous iron oxidizing chemoautotroph Acidithiobacillus ferrooxidans 

appears to be repressed in the presence of sulfide and ferrous iron suggesting preferential 

growth on these substrates [238]. Further work is clearly needed to shed light on this issue. 

In situ consumption experiments. Belkin et al. [143] showed that the chemoautotrophic 

symbiont of B. thermophilus consumed CO2 at normal pressure at similar rates as under in 

situ pressure (250 atm). This indicates that consumption rates determined on board and under 

normal pressure may not significantly differ from in situ rates. Others, however have argued 

that experimental setups should mimic in situ conditions as closely as possible. Realistic 

consumption rates may thus only be acquired from incubation experiments performed in situ 

at 3000 m depth, within hydrothermal diffuse flow, in total darkness, and thus at true in situ 

physico-chemical conditions. In fact, in situ incubation experiments are technically possible 

using benthic respiration chambers equipped with sensors recording oxygen, hydrogen 

sulfide, hydrogen, and CO2 concentrations as well as the pH and temperature. As an 

alternative to sensors a respiration chamber could also be coupled to a commercially available 

deep-sea gas analyzer (see chapter 0.1.5). With the help of an ROV such a respiration 

chamber could be placed on top of a mussel bed, individual mussels placed inside and the 

chamber tightly closed. Since in situ physico-chemical studies performed during this PhD 

project have shown that electron donor and acceptor concentrations ~10 cm above mussel 
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beds are sufficient to fuel aerobic sulfide oxidation (Zielinski et al., manuscript I) [155] it can 

be assumed that hydrogen and methane are also sufficiently abundant above mussel beds. 

Thus, the respiration chamber can simply make use of the surrounding seawater without 

additional supplementation of electron donors or acceptors. For higher electron donor 

concentrations sulfide, hydrogen, and methane stock solutions could be injected into the 

respiration chamber via individual pre-filled gas-tight syringes connected to the chamber. 

After incubation the mussel can be anesthetized in situ using isotonic magnesium chloride 

upon which its muscles will relax and the shells open followed by in situ fixation with 

formaldehyde [239]. Both the relaxant and the preservative can be supplemented via pre-filled 

syringes connected to the respiration chamber. 

The analysis of sensor or gas analyzer recordings would reveal simultaneous in situ 

oxygen, sulfide, hydrogen, CO2, and methane consumption rates and would show how 

consumption rates respond to aerobic, microaerobic and anaerobic conditions. The fixed gill 

tissues could then be analyzed with available molecular tools for symbiont activity, 

abundance, and distribution. 

3.5.2 Carbon fixation experiments 

Hydrogen. Endosymbiotic CO2 assimilation in the presence of hydrogen implies that it is 

the chemoautotrophic symbiont that derives energy from hydrogen oxidation which is 

supported by molecular data whereas the methanotroph may or may not conserve energy from 

this process (Zielinski et al., manuscript III) [157]. Even though CO2 fixation pathways have 

thus far not been described in type I methanotrophs [114] to which the methanotrophic 

endosymbiont is phylogenetically related, CO2 fixation by the methanotrophic symbiont can 

also not firmly be ruled out at this point. To corroborate the stimulatory effect of hydrogen on 

carbon assimilation and to unambiguously assign hydrogen an energy source to the 

chemoautotrophic symbiont additional 14CO2 assimilation experiments should be performed 

followed by microautoradiography in combination with FISH (MAR-FISH).  

Sulfide and thiosulfate. Future experiments should also investigate the stimulatory effect 

of thiosulfate and calculate and compare the CO2 incorporation rates in the presence of 

hydrogen, sulfide, or thiosulfate. Care should be taken that gill tissue pieces for all of these 

experiments and a negative control in the absence of an electron source come from the same 

individual since apparently there is a substantial variety in physiological activity even in 

individuals from the same location. 
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Methane. In contrast to chemoautotrophic assimilatory CO2 fixation via the Calvin Cycle 

methanotrophs generally fix carbon from methane dissimilatorily. Only a small percentage is 

incorporated into biomolecules while the remainder is excreted as CO2 and organic acids 

(formate and acetate) [142]. Dissimilatory carbon fixation experiments using 14CH4 and 

unlabelled methane have been performed at Logatchev with B. puteoserpentis but still await 

analysis in the laboratory. 

In situ carbon fixation experiments. As with consumption experiments carbon fixation 

experiments could also be performed in situ using benthic incubation chambers. However, the 

instrument should be set up outside the influence of diffuse hydrothermal venting in ambient 

seawater to exclude the effect of multiple electron sources. A sole electron donor could be 

supplemented via a gas-tight syringe followed by the addition of the 14C-labelled inorganic 

carbon source (14CO2 or 14CH4). Consumption of electron donors and oxygen can be recorded 

during the experiment and the mussel subsequently anesthetized and fixed as described above. 
14C activity in the mussel tissues would have to be analyzed on board or in the home 

laboratory. 

3.5.3 Cultivation

To date chemosynthetic symbionts of invertebrates inhabiting reducing environments 

have consistently evaded culture [65]. While vertically transmitted endosymbionts which are 

passed from generation to generation may indeed be uncultivable outside their hosts, 

horizontally transmitted symbionts are in theory cultivable since they are acquired from the 

environment with each generation anew and thus their developmental cycle must include a 

free-living stage. Accumulating evidence indicates that bathymodiolin mussels transmit their 

chemoautotrophic and methanotrophic symbionts horizontally [146,189,215]. If the free-

living stage of these symbionts is not just a resting stage but a physiologically active stage 

chances are that these chemoautotrophs can be cultivated outside their hosts. Cultivation 

attempts have likely been many since chemoautotrophic bacteria were discovered in Riftia 

pachyptila [240]. However, no paper documents any of these attempts. However, it appears 

reasonable to assume that most attempts to cultivate the chemoautotroph and the 

methanotroph were based on reduced sulfur compounds and methane, respectively as sole 

energy sources since these are the dominating inorganic chemicals in reducing habitats. 

I suggest re-attempting cultivation of both the chemoautotrophic and methanotrophic 

endosymbionts of bathymodiolin mussels focusing on and including hydrogen as an energy 

source. Hydrogen consumption experiments using B. sp. gill tissues from the Lilliput diffuse 
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hydrothermal vent field have shown that hydrogen was consistently consumed over nine days 

whereupon the experiment had to be discontinued. This extended period of presumably 

endosymbiotic activity suggests that the endosymbionts may be kept in culture and perhaps 

isolated using hydrogen as sole or auxiliary energy source. 

4 General conclusions 

Bathymodiolus mussels with sulfur- and methane oxidizing endosymbionts from two 

hydrothermal settings on the slow-spreading Mid-Atlantic Ridge were investigated in this 

PhD thesis: B. puteoserpentis from the ultramafic-hosted Logatchev hydrothermal vent field 

at 14°45’N and B. sp. from the basalt-hosted hydrothermally active area at 4°48’S. In situ 

habitat characterization of Logatchev mussels using microsensors revealed abundant H2S and 

O2 in diffuse fluids emanating from the mussel beds. Thus, Logatchev mussel habitats, 

previously suggested to be deficient in free sulfide, comply with the requirements of aerobic 

sulfur-oxidation and support the sulfur-oxidizing symbiont. The Logatchev in situ 

measurements indicate that sulfide may also be present and bioavailable in diffuse fluids from 

similar high-temperature ultramafic-hosted vent systems which occur more often than 

previously recognized along slow- and ultraslow spreading ridges. Assessment of bacterial 

diversity in B. puteoserpentis revealed an intranuclear parasite, “Candidatus 

Endonucleobacter bathymodioli”, in addition to the beneficial sulfur- and a methane-oxidizing 

endosymbionts. This parasite exclusively occurred inside mussel nuclei of all tissues, 

however, bacteriocyte nuclei appeared to be free of the infection. Its cell cycle is the first to be 

reported from an intranuclear bacterium of metazoans. “Ca. Endonucleobacter bathymodioli” 

was subsequently also found in B. sp. from the hydrothermally active area at 4°48’S and in 

other Bathymodiolus species from both hydrothermal vents and cold seeps around the world. 

Accumulating evidence indicates that intranuclear bacteria are widespread in marine 

metazoans, including shellfish consumed by humans. Assessment of endosymbiotic activity 

by physiological experiments implied that endosymbiotic chemoautotrophy may be sulfur-

based at the basalt-hosted vents at 4°48’S but hydrogen-based at the ultramafic-hosted 

Logatchev vent field. Indeed, the mussel population at Logatchev may oxidize 270-670 liters 

of hydrogen per hour. Endosymbionts of B. puteoserpentis may therefore play an appreciable 

role as H2-oxidizing primary producers and thus in converting H2-derived geochemical energy 

into biomass. In fact, H2 has not been shown previously to be utilized by symbionts of 

invertebrates from reducing environments. This PhD thesis is an important contribution to the 
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research on deep-sea hydrothermal vents and may help improving our understanding of 

hydrothermal ecosystems in their complexity. 
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Abstract 

At the slow-spreading Mid-Atlantic Ridge, two high temperature hydrothermal vent fields are 
influenced by mantle-derived ultramafic rocks, Rainbow (36°14’N) and Logatchev (14°45’N). The 
focused, high temperature fluids of these vents are relatively low in sulfide compared to basalt-hosted 
vents indicating that even less sulfide may be available in the diffuse, low temperature fluids of these 
ultramafic-hosted vents. However, the occurrence of bathymodiolin mussels with sulfur-oxidizing 
bacterial endosymbionts at Rainbow and Logatchev indicates the existence of bioavailable sulfide at 
these vents. To characterize the composition of diffuse fluids above mussel beds of Bathymodiolus 
puteoserpentis at Logatchev and to clarify if these habitats provide the reductants and oxidants needed 
for endobacterial aerobic sulfide oxidation, in situ microsensor measurements of H2S, O2 and 
temperature were performed. The combined sensor measurements revealed high temporal fluctuations 
of all three parameters above the mussel beds. H2S and O2 co-occurred simultaneously with mean 
concentrations between 14 - 34 μM (H2S) and 205 - 223 μM (O2), showing the existence of free 
sulfide in diffuse fluids from this ultramafic-hosted vent system. Temperature maxima were generally 
concurrent with H2S maxima and O2 minima, with H2S maxima of 79 μM and O2 minima never below 
142 μM. Despite temperature maxima up to 7.4°C, mean temperatures above mussel beds were 
generally only slightly above ambient sea water (2.6°C). Dissolved oxygen concentrations consistently 
decreased as temperatures increased, resulting in a strongly negative and linear correlation of O2 with 
temperature (R2 = 0.74-0.85). While H2S concentrations generally increased with temperature, a linear 
correlation could not be shown due to a slower response of the H2S sensor over the temperature 
sensor. In situ measurements at Logatchev indicate that sulfide may also be present and bioavailable in 
diffuse fluids from similar high-temperature ultramafic-hosted vent systems which occur more often 
than previously recognized along slow- and ultraslow spreading ridges. 
Keywords: in situ measurements, ultramafic-hosted, hydrothermal vents, Mid Atlantic Ridge, Logatchev, 
Bathymodiolus puteoserpentis, mussels 
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1 Introduction 

Hydrothermal vents along mid-ocean 
ridge spreading systems occur in two dif-
ferent settings. Vents on ultra-fast, fast- and 
intermediate spreading ridges occur exclu-
sively in basalt-hosted settings where the up-
per oceanic crust is composed entirely of 
basaltic rocks (Wetzel and Shock, 2000). In 
contrast, vents on slow- and ultra-slow 
spreading ridges are either basalt- or ul-
tramafic-hosted. In ultramafic-hosted set-
tings the upper oceanic crust is composed 
mainly of mantle-derived peridotite (Wetzel 
and Shock, 2000). Basalt and peridotite react 
differently with subsurface seawater leading 
to differences in the fluid composition of 
basalt- and ultramafic-hosted systems. High 
temperature hydrothermal fluids discharged 
from basalt-hosted systems are dominated by 
sulfide whereas high temperature fluids from 
ultramafic-hosted systems such as Rainbow 
(36°14’N) and Logatchev (14°45’N) on the 
Mid-Atlantic Ridge contain large quantities 
of dissolved hydrogen and methane but are 
relatively low in sulfide (Charlou et al., 
2002; Douville et al., 2002; Schmidt et al., 
2007). Concurrently, discrete sampling of 
Rainbow and Logatchev low temperature 
diffuse fluids followed by analysis on board 
also indicated only low sulfide concen-
trations (Geret et al., 2002; Schmidt et al., 
2007). In situ measurements confirmed the 
low sulfide content in Rainbow diffuse fluids 
(Schmidt et al., 2008), suggesting that free 
sulfide (H2S/HS-) may be depleted in diffuse 
fluids discharged from ultramafic-hosted 
vent systems, however, only shrimp habitats 
were investigated and few measurements 
were performed. To date, no in situ meas-
urements have been recorded for the 
Logatchev vent field or other ultramafic-
hosted hydrothermal vent system, despite the 
fact that these systems are now known to oc-
cur more often than previously recognized 
along slow- and ultra-slow spreading ridges 
(Bach et al., 2002; Edmonds et al., 2003; 
Dias and Barriga, 2006; Davydov et al., 
2007; Snow and Edmonds, 2007). 

In contrast, sulfide has frequently been 
measured in situ in diffuse fluids discharged 

from basalt-hosted hydrothermal systems at 
the fast-spreading East-Pacific Rise (Rozan 
et al., 2000; Luther III et al., 2001a; Luther 
III et al., 2001b; Le Bris et al., 2003; Alain, 
2004; Di Meo-Savoie et al., 2004; Le Bris et 
al., 2005; Le Bris et al., 2006a; Luther III et 
al., 2008; Lutz et al., 2008; Nees et al., 
2008) and the intermediate-spreading Gala-
pagos Rift (Johnson et al., 1986b; Fisher et 
al., 1988; Johnson et al., 1988b; Johnson et 
al., 1994). Only few in situ sulfide measure-
ments have been performed at basalt-hosted 
vent fields on the slow-spreading Mid-At-
lantic Ridge (Le Bris et al., 2000; 
Desbruyères et al., 2001). Recently, in situ 
sulfide data have also become available for 
the intermediate-spreading East Lau 
Spreading Center in the West Pacific 
(Mullaugh et al., 2008; Waite et al., 2008). 

Two methods have been used to deter-
mine in situ sulfide concentrations in hydro-
thermal diffuse flow, colorimetry and elec-
trochemistry. Colorimetric detection was 
initially based on conventional flow analysis 
(Johnson et al., 1986a; Johnson et al., 1986b; 
Sakamoto-Arnold et al., 1986; Johnson et 
al., 1988a; Johnson et al., 1988b; Johnson et 
al., 1994; Tunnicliffe et al., 1997) and was 
later displaced by flow injection analysis 
(Sarradin et al., 1999; Le Bris et al., 2000; 
Desbruyères et al., 2001; Le Bris et al., 
2003; Le Bris et al., 2005; Le Bris et al., 
2006a; Schmidt et al., 2008). The disadvan-
tage of this method is that the total sulfide 
concentration is measured, which is the sum 
of several different sulfide species such as 
dissolved H2S, HS-, and soluble and sus-
pended metal sulfides. While the relative 
contribution of metal sulfides to the total sul-
fide concentration is difficult to assess with 
this method, dissolved H2S and HS- can be 
determined if the pH is measured in parallel 
and if metal sulfides are ignored. However, 
soluble and suspended metal sulfides are 
common at vents, of which FeS is particu-
larly abundant. Metal sulfides, however, can 
not be easily used by many sulfur-oxidizing 
microorganisms. Thus, total sulfide values 
do not correctly reflect the sulfide species 
that are biologically relevant to most sulfur-
oxidizing microorganisms, H2S and HS-. 
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Voltammetric electrochemical sensors can 
detect and distinguish between free sulfide 
(H2S/HS-), soluble iron-sulfide clusters 
(FeSaq), elemental sulfur (S0), polysulfides 
(Sx

2-), thiosulfate (S2O3
2-), and tetrathionate 

(S4O6
2-) (Rozan et al., 2000; Luther III et al., 

2001a; Luther III et al., 2001b; Di Meo-
Savoie et al., 2004; Luther III et al., 2008; 
Mullaugh et al., 2008; Waite et al., 2008). 
Voltammetric measurements of sulfide spe-
cies in diffuse fluids of a basalt-hosted vent 
field on the East Pacific Rise showed that the 
distribution of the hydrothermal vent tube 
worm, Riftia pachyptila, was limited to 
habitats in which sufficient quantities of free 
sulfide were available to support its endo-
symbiotic community of sulfur-oxidizing 
bacteria (Luther III et al., 2001b). 

At the Logatchev hydrothermal vent 
field, dense beds of the deep-sea mussel 
Bathymodiolus puteoserpentis cover areas 
where diffuse fluids emerge from the subsur-
face. These mussels harbor two types of 
bacterial symbionts in their gills, a methane 
oxidizer or methanotroph, and a sulfur oxi-
dizer or thiotroph (Duperron et al., 2006). 
The high methane concentrations in the 
endmember fluids of this ultramafic-hosted 
vent (Charlou et al., 2002; Schmidt et al., 
2007) indicate sufficient quantities of 
methane for endosymbiotic methanotrophy. 
However, the lack of data on in situ concen-
trations of sulfide at ultramafic-hosted vents 
raises the question if enough free sulfide 
(H2S/HS-) is available to support the thiotro-
phic symbionts of B. puteoserpentis. In this 
study, we conducted combined in situ meas-
urements of dissolved hydrogen sulfide 
(H2S), oxygen, and temperature over B. 
puteoserpentis mussel beds. The results are 
compared to data from the ultramafic-hosted 
Rainbow field and basalt-hosted hydrother-
mal vent systems and their implications for 
the Bathymodiolus symbiosis are discussed. 

2 Material and Methods 

2.1 Study site 

The geological setting of the ultramafic-
hosted Logatchev vent field has been de-
scribed in detail elsewhere (Bogdanov et al., 

1997; Gebruk et al., 2000; Schmidt et al., 
2007; Kuhn et al., 2008). Here we provide a 
short summary of the sites relevant to this 
study. The Logatchev field is located at 
14°45’N and 44°58’W on the Mid-Atlantic 
Ridge at a water depth of 3060 m to 2910 m 
(Figure 1). Areas of diffuse hydrothermal 
flow are found at the IRINA II and QUEST 
sites and are densely populated by the mussel 
Bathymodiolus puteoserpentis (Maas et al., 
1999; von Cosel et al., 1999). 

IRINA II consists of an elongate mound 
structure with steep slopes rising about 15 m 
above the surrounding seafloor with a basal 
diameter of about 50×25 m. Five vertical 
chimneys, emanating black smoke, mark the 
top of the mound (Schmidt et al., 2007; 
Kuhn et al., 2008) (Figure 1). Active venting 
of grey smoke is restricted to one of the 
chimneys but was also observed at small 
cracks at the basis of so-called pillar-like sul-
fide structures that are densely overgrown 
with mussels. The chimneys are surrounded 
by dense mussel beds up to 20 m in diame-
ter, smaller mussel beds (e.g. 3 x 4 m) and 
mussel patches of 20-30 cm in diameter 
(Gebruk et al., 2000; Schmidt et al., 2007; 
Kuhn et al., 2008). These mussel beds are 
inhabited by polychaetes, gastropods (snails 
and limpets), alvinocarid shrimps, crabs, and 
tremendously abundant brittle stars 
(Ophioctenella acies) (Gebruk et al., 2000; 
Van Dover and Doerries, 2005). A single 
black smoker at the southeastern end of the 
mound emanates vigorous black smoke 
(Schmidt et al., 2007; Kuhn et al., 2008). 

IRINA I and QUEST are characterized 
by high-temperature smoking craters, struc-
tures that are thus far unique to the 
Logatchev vent field. Small chimneys occur 
on the crater rims at IRINA I but are absent 
on crater rims at QUEST. Black smoke is 
intensively vented at both sites, either from 
the chimneys on the crater rim or from holes 
in the ground within the craters (Schmidt et 
al., 2007; Kuhn et al., 2008). At IRINA I, 
fauna is scarce and mainly comprises ac-
tinians and hydrozoans (Kuhn et al., 2004). 
The fauna at QUEST is similar but addition-
ally consists of small mussel beds. These 
mussel beds are smaller than those of IRINA 
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II (e.g. 3 x 1 m) but comprise more fre-
quently juvenile mussels. 

2.2 In situ measuremements 

In situ measurements of dissolved hy-
drogen sulfide, dissolved oxygen, and tem-
perature were performed in 2004 during the 
Hydromar I cruise with the R/V Meteor 
(M60/3; (Kuhn et al., 2004) using H2S and 
O2 electrochemical microsensors as well as a 
temperature sensor connected to a custom-
built titanium electronic-cylinder which in 
the following is referred to as the In Situ In-
strument (ISI). The ISI is similar to the in 
situ microprofiler used previously in sedi-
mented environments (Wenzhöfer et al., 
2000; Wenzhöfer and Glud, 2002; de Beer et 
al., 2006). Measurements were conducted 

semi-autonomously on four dives using the 
ROV Quest (Marum, Bremen, Germany; 
Table 1). The ISI was fastened horizontally 
on an extendable drawer underneath the 
ROV, with the sensor tips protruding from 
the drawer (Figure 2 A). To prevent damage, 
the sensors were surrounded by a protective 
cage but allowing the bottom water to pass 
the sensors without disturbance. To permit 
power supply and data exchange the instru-
ment was directly connected to the ROV via 
the SeaNet Cable/Connector System (Schil-
ling Robotics, Davis, CA, USA). Data were 
sampled every second during the whole dive. 
For specific measurements at mussel popu-
lations, the ROV stopped moving and the 
instrument was horizontally extended on its 
drawer so that the sensor tips were posi-
tioned as close as possible to the mussel beds 
(Figure 2 B). Due to the technical setup and 
the horizontal ISI deployment mode, H2S 
and O2 microsensors were positioned be-
tween 5 and 13 cm above the beds while the 
temperature sensor was located between 7 
and 11 cm above the mussels. All data were 
stored in the ISI internal memory as well as 
in the central ROV database and downloaded 
for analysis at the end of the dive. 

Specific measurements at mussel beds 
were performed for 2 to 5 minute intervals 
approximately 10 cm above mussel beds at 
or around the IRINA II site (Figure 1, Table 
1). Four different mussel habitats were cho-
sen to investigate the chemical energy supply 
from diffuse venting: the base of a colonized 
chimney on the IRINA II main structure 
(Site 1), the lower end of the IRINA II main 
mussel bed extending downhill from the 
western slope of the IRINA II mound (Site 
2), an overgrown sulfide pillar on the IRINA 
II main structure (Site 3), and a small mussel 
patch downhill from the IRINA II main 
structure (Site 4). Additionally, two sites 
without mussels were investigated for a more 
general comparison of the diffuse fluid com-
position: a chimney wall (IRINA II main 
structure) covered with alvinocarid shrimp 
but without mussels (Site 5) and the rim of a 
smoking crater at the IRINA I site (Site 6). 

 

 
Figure 1. Map of the Logatchev hydrothermal vent 
field depicting currently known vent sites. The 
IRINA II site where measurements were performed is 
highlighted in red. Map courtesy of Nico Augustin 
(IfM Geomar, Kiel, Germany). Lower inset: View on 
the IRINA II hydrothermal main structure from NW 
(copyright: MARUM University of Bremen). The 
yellow arrows indicate where in situ measurements 
were performed. Site 1: chimney base colonized by 
mussels, Site 2: mussel bed submontane main struc-
ture, Site 3: pillar-like structure densely overgrown 
with mussels, Site 5: wall of chimney structure popu-
lated with swarms of shrimp. Red arrow: site of long-
term temperature measurement inside the mussel bed. 
Upper inset: Map showing the Logatchev hydrother-
mal vent field in relation to known hydrothermal vent 
fields along the Mid-Atlantic Ridge. White and black 
circles denote ultramafic-hosted and basalt-hosted 
vent fields, respectively. 
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2.3 Sensors and calibration 

Dissolved H2S was measured with am-
perometric H2S microelectrodes as described 
by Jeroschewski et al. (1996) and Kühl et al. 
(1998). The sensors were calibrated in an 
anoxic phosphate buffer solution (pH 7.5, 
200 mM) by stepwise addition of discrete 
amounts of a 1.3 M Na2S stock solution. To 
determine the respective concentrations of 
total dissolved sulfide [S2-

tot] subsamples 
were taken, fixed in acidic 5% (w/v) zinc 
acetate solution, and stored at 4°C in the 
dark until further analysis. The resulting ZnS 
precipitate concentration was subsequently 
measured spectrophotometrically at 670 nm 
using the methylene blue method according 
to Cline (1969). The H2S concentrations in 
the subsamples were calculated as described 
by Jeroschewski et al. (1996) using the 
equation [H2S] = [S2-

tot] / 1+10 (pH-pK1) where 
pK1 is the negative decadal logarithm of the 
first dissociation constant of the sulfide 
equilibrium K1. The pK1 was corrected for 
temperature and salinity according to Millero 
et al. (1988). To account for the varying in 
situ temperatures at the hydrothermal vent, 
the calibration procedure was performed for 
at least two temperature points. 

Dissolved O2 was measured with Clark 
type microelectrodes (Revsbech, 1989). The 
sensors were calibrated in seawater which 
was bubbled with nitrogen gas and air to cre-
ate an anoxic or oxygen-saturated environ-
ment, respectively. The respective O2 con-
centrations for saturation were calculated 
according to (Weiss, 1970). To account for 
in situ temperature variations, the sensors 
were calibrated at two to three different tem-
peratures. 

Temperature was measured with a Pt100 
stainless steel sensor (UST Umweltsen-
sortechnik Geschwenda, Germany). For A/D 
converting a 16 bit chip was used allowing a 
resolution of 0.01°C. The sensor was cali-
brated against a commercial digital ther-
mometer for a temperature range from 1 to 
78°C based on eight calibration points 
(10 mV/°C, R2 0.9999). 

All sensors were calibrated before each 
dive on board. The O2 concentration of the 
non-hydrothermal bottom water was deter-
mined by Winkler titration on a ROV recov-
ered water sample. 

Table 1. Location of in situ measurements 

Location Designation Latitude* Longitude* Dive Date Time Depth Figure 5 

      [UTC] [m]  

chimney base colonized by mussels Site 1 14°45.1629’N 44°58.7478’W 9 (38ROV) 26 Jan 04 17:11-17:16 3034 A 

mussel bed Site 2 ” ” ” ” 15:41-15:45 3035 B 

sulfide pillar overgrown with mussels Site 3 ” ” ” ” 16:33-16:38 3035 C 

mussel patch Site 4a ” ” 14 (66ROV) 03 Feb 04 18:50-18:53 3052 D 

” Site 4b ” ” ” ” 20:02-20:04 3053 not shown 

chimney wall populated with shrimp Site 5 ” ” 8 (29ROV) 24 Jan 04 16:52-16:55 3033 E 

rim of smoking crater Site 6 14°45.0776’N 44°58.6684’W 14 (66ROV) 03 Feb 04 17:00-17:05 2961 Figure 3 

* due to inaccurate positioning in the course of the Hydromar I cruise, during which in situ measurements were 
performed, coordinates given are based on highly accurate data obtained during a recent revisit of the Logatchev 
vent field (Kuhn et al., 2008). 
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2.4 Long-term temperature 
measurements 

To monitor the temperature above mus-
sel beds (~1 cm) independently from the ISI 
and immediately following the ISI measure-
ment, a miniaturized temperature data logger 
(MTL) previously described by (Pfender and 
Villinger, 2002) was deployed for 130 hours 
(5.5 days) at Site 2 (Figure 1) at a temporal 
resolution of 10 seconds. The MTL tem-
perature range comprised -5 to 60°C with an 
absolute accuracy of ± 0.1°C. 

To monitor the temperature inside mus-
sel beds with high spatial and temporal 
resolution 8-channel temperature loggers ca-
pable of long-term measurements were de-
signed. Eight temperature sensors were equi-
distantly distributed at 4 cm intervals over a 

total length of 28 cm inside a steel tube (sen-
sory lance) and connected to a data logger. 
Each sensor was calibrated for a total preci-
sion of ± 0.005°C. The loggers were de-
ployed in 2005 during the Hydromar II 
cruise (R/V Meteor, M64/2) using the ROV 
Quest (Lackschewitz et al., 2005). At IRINA 
II, two loggers were vertically or horizon-
tally placed inside a mussel bed at the south-
eastern end of the mound in close proximity 
to the small active black smoker and not far 
from the earlier ISI measurement at Site 2 
(Figure 1, Figure 2 C). While the sensory 
lance of the vertical logger was pushed deep 
into the sediment underlying the mussel bed, 
the horizontal logger lance was inserted ap-

Figure 2. In Situ Instrument (ISI) and 8-channel temperature logger. (A) ISI setup on the extendable drawer 
of the ROV Quest (bottom left). (B) ISI measuring on top of a small mussel patch. (C) 8-channel temperature 
loggers on their first day of deployment. While one logger was pushed vertically into the mussel bed the other 
was deployed horizontally. The black line outlines the position of the horizontal temperature lance inside the 
mussel bed while T1-8 indicate the position of the sensors on the lance. (D) Horizontal temperature logger on 
day of recovery. (B &C) Copyright: MARUM University of Bremen, (D) Copyright: Woods Hole 
Oceanographic Institute. 
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proximately 10 cm underneath the top of the 
mussel bed. Temperatures were measured 
every minute by all 8 sensors simultaneously 
and monitored over 250 days resulting in a 
total of 2.8 million data points. All data were 
stored inside the data logger. After 20 
months on the seafloor the loggers were re-
covered in 2007 during the Hydromar III 
cruise (R/V Maria S. Merian, MSM 04/3, 
Borowski et al. 2007) using the ROV Jason 
II (Woods Hole Oceanographic Institute, 
Figure 2 D). 

3 Results 

3.1 Recordings of the In situ 
Instrument 

During four ROV dives, each of which 
explored the Logatchev vent field for ap-
proximately 6 hours, data from 6 sites were 
collected with a temporal resolution of one 
second (Table 1). The bottom water tem-
perature at approximately 3000 m depth in 
non-hydrothermally influenced water was 
2.62°C with a corresponding mean dissolved 
oxygen concentration of 232 μM. The high-
est temperature concurrent with an H2S 
maximum and O2 minimum was recorded at 
the mussel-free IRINA I site close to the rim 
of a smoking crater (Site 6). At this site the 
temperature maximum of 11.6°C cor-
responded to concentrations of dissolved H2S 
as high as 279 μM and O2 concentrations as 
low as 37 μM (Figure 3). 

Compared to ambient seawater, physico-
chemical conditions approximately 10 cm 
above mussel beds at IRINA II were gener-
ally characterized by elevated temperatures, 
with slightly lower oxygen concentrations 
and increased hydrogen sulfide concentra-
tions (Figure 4, Table 2). A temperature 
maximum of 7.4°C was recorded at Site 1 
over mussel beds at a chimney base concur-
rent with a maximum of dissolved H2S 
(59 μM) and a minimum of dissolved O2 
(142 μM) (Figure 5 A). Similar conditions 
were found at Site 2 at the lower edge of an 
extended mussel bed with temperature and 
H2S maxima of 6.0°C and 79 μM, respec-
tively (Figure 5 B). Amplitudes of physico-
chemical conditions were smaller at the two 

other mussel beds investigated. Above a pil-
lar-like structure densely overgrown with 

 
Figure 3. ISI recordings at the rim of a smoking 
crater. (Copyright: MARUM University of Bremen). 
Note that temperature peaks are concurrent with H2S 
maxima and O2 minima (dotted line). 
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mussels (Site 3) and a small mussel patch 
(Site 4) temperatures did not exceed 3.9°C 
and 3.4°C respectively, while the highest 
recorded dissolved H2S concentrations were 
51 μM and 49 μM respectively (Figure 5 C 
& D). In comparison, at a chimney wall 
populated with alvinocarid shrimp but free of 
mussels (Site 5) the ISI recorded 3.3°C and 
49 μM dissolved H2S (Figure 5 E). 

The temperature generally fluctuated 
noticeably within seconds at all investigated 
sites (Figure 5) with local minima close to 
ambient seawater. Mean temperatures did 

not exceed 4.1 ± 0.8°C (mussel bed at Site 2) 
and 3.9 ± 0.7°C (chimney base at Site 1) and 
were only 2.8 ± 0.1/0.2°C at Sites 3 - 5. 
These latter sites also had comparable mean 
dissolved H2S concentrations (29 ± 5 μM to 
34 ± 7 μM). In contrast, Sites 1 and 2 had 
lower mean H2S concentrations at 14 ± 9 μM 
and 19 ± 15 μM, respectively. The mean O2 
concentrations at all sites were between 
205 ± 9 μM and 223 ± 5 μM (Figure 4, 
Table 2). 

3.2 Correlation of temperature with 
H2S and O2 based on ISI 
microhabitat measurements 

H2S microsensors used in this study 
were relatively slow responding to H2S 
changes, yet, if hit by sudden effluxes of 
hydrothermal diffuse-flow (as judged from 
sudden temperature peaks) they generally 
reacted instantly to the increased H2S con-
tent. These H2S peaks may be regarded as 
qualitative rather than quantitative H2S 
maxima. Occasionally, the H2S sensors re-
corded such effluxes even a few seconds 
prior to the temperature sensor (Figure 3, 
Figure 5 C) which resulted from the spatial 
separation of these sensors on the ISI and the 
consequence that the H2S sensor actually ex-
perienced the efflux prior to the temperature 
sensor. Because of the characteristics of the 
H2S microsensors used, dissolved H2S con-
centrations did not show a direct correlation 
with temperature. In contrast, the O2 profile 
consistently mirrored the temperature profile, 
resulting in a strongly negative and linear 
correlation of O2 with temperature 
(R2 = 0.74-0.85) (Figure 5). However, the 
ratio of this correlation (slope) was variable 
and depended on the recorded temperature 
range: the narrower the temperature range, 
the steeper the slope (Figure 6). For the sul-
fide pillar at Site 3 (2.6-3.9°C), the mussel 
patch at Site 4 (2.6-3.4°C), and the chimney 
wall at Site 5 (2.6-3.3°C) slopes were com-
parable and in the range of -38 to 
-35 μM/°C. The slopes for the chimney base 
at Site 1 (2.9-7.4°C), the mussel bed at Site 2 
(2.8-6.0°C), and the rim of the smoking cra-
ter at Site 6 (2.7 -11.6°C) were less steep 
ranging from -25 to -20 μM/°C (Table 2). 

 

 
Figure 4. Summary of ISI recordings. Dissolved O2 
(top), dissolved H2S (middle), and temperature (bot-
tom). Filled circles denote the mean value, whereas 
open circles denote the median value. The standard 
deviation is shown as a grey bar, whereas ranges are 
represented by the black bar. 
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Long-term temperature measurements 

Following the ISI deployment at Site 2, 
a miniaturized temperature logger (MTL) 
was placed on top of the mussel bed at the 
same site (see photograph in Figure 5 B). 
During the first 96 hours (4 days) of the 
measurement the mean temperature was 
4.1°C ± 0.5°C with a maximum of 6.3°C and 
a minimum of 2.8°C. This is consistent with 
the ISI temperature recordings of only 4 
minutes. After the fourth day of deployment 
the temperature suddenly dropped off to a 
mean of 3.0°C ± 0.1°C with a maximum of 
3.4°C and a minimum of 2.7°C and remained 
on this level until the end of the recording. 
Based on the ISI dataset from Site 2 and the 
resulting temperature to oxygen ratio, the 
oxygen concentration above the mussels at 
this site could be deduced from the MTL 
temperature recordings. Accordingly, the 
mean oxygen concentration was 202 ± 16 
μM with a minimum of 140 μM at 6.3°C and 
a maximum of 230 μM at 2.7°C (Figure 7). 

Following the ISI deployment in 2004, 
two 8-channel temperature loggers were de-
ployed in 2005 at the IRINA II site and 
placed into a mussel bed in close proximity 
to the earlier ISI measurement at Site 2 
(Figure 1, Figure 2 C). Over a distance of 
28 cm the horizontal 8-channel temperature 
logger recorded temperature fluctuations 
between 2.7 – 18.2°C. Temperature maxima 
exceeding 10°C occurred consistently at 24 
and 28°cm deep inside the mussel bed but 
were rare single events within the first 20 cm 
(Figure 8). This is reflected in the tempera-
ture means which were in the range of 3.8 ± 
0.6°C to 5.5 ± 1.5°C over the first 20°cm and 
8.3 ± 2.6°C and 10.9 ± 3.4°C at 24 and 
28 cm, respectively (Table 3). 

 

� Figure 5. ISI recordings above mussel beds 
inhabiting areas of hydrothermal diffuse flow. (A) 
mussels inhabiting chimney base, (B) mussel bed 
submontane main structure, (C) mussels overgrowing 
sulfide pillar, (D) small mussel patch downhill from 
main structure, (E) mussel-free chimney wall. The ISI 
was moved vertically toward the investigated 
structure. Dashed lines indicate the time point when 
moving from ambient seawater to the mussel habitat. 
Arrows denote the time interval of which data were 
used for correlation. Dotted lines indicate the 
simultaneous sensing of prominent temperature and 
oxygen changes in diffuse fluids (peaks) along with 
slightly offset H2S amplitudes. Photographs: 
Copyright, MARUM University of Bremen. 

 
Figure 6. Correlation between the oxygen-tem-
perature ratio and the recorded temperature 
change. 

 

Table 3. Mean, minima, and maxima of long-term temperature measurements 10 cm inside a mussel bed 
over a horizontal distance of 28°cm 

Horizontal depth [cm] 0 4 8 12 16 20 24 28 

Channel  T8 T7 T6 T5 T4 T3 T2 T1 

Median [°C] 4.1 3.7 3.7 3.6 4.0 5.4 8.6 11.6 

Mean ± SD [°C] 4.4 ± 1.1 3.9 ± 0.7 3.8 ± 0.6 3.8 ± 0.9 4.3 ± 1.0 5.5 ± 1.5 8.3 ± 2.6 10.9 ± 3.4 

Maximum [°C] 15.8 11.1 9.6 14.7 11.3 11.2 15.9 18.2 

Minimum [°C] 2.7 2.7 2.7 2.7 2.8 2.7 2.8 2.7 

SD – standard deviation 
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4 Discussion 

4.1 Sulfide above mussel beds 

The ISI recordings revealed mean dis-
solved H2S concentrations between 14 μM 
and 34 μM, mean dissolved O2 concentra-
tions between 205 μM and 223 μM, and 
mean temperatures between 2.8 and 4.1°C 
approximately 10 cm above mussel beds 
(Figure 4, Table 2). These data show that the 
Logatchev mussels have simultaneous access 
to both dissolved H2S and oxygen and indi-
cate that their diffuse-flow habitats do com-

ply with the requirements of endobacterial 
aerobic sulfide oxidation. The co-occurrence 
of H2S and oxygen in diffuse-flow areas is in 
agreement with previous observations 
(Johnson et al., 1986b; Johnson et al., 
1988b; Luther III et al., 2008; Mullaugh et 
al., 2008; Nees et al., 2008) and does not 
contradict sulfide oxidation kinetics. The 
half-life for the oxidation of free sulfide 
(H2S/HS-) in air saturated seawater is about 
26 h at 25°C, pH 8.0 (Millero et al., 1987) 

and increases at lower temperatures and 
lower oxygen concentrations (about 380 h at 
2°C, pH 7.8, and 110 μM O2 (Johnson et al., 
1994). Johnson et al. (1988b) have also 
shown that the spontaneous oxidation rate of 
free sulfide (60 nmol l-1 s-1 at 2°C, pH 7.8, 
110 μM O2, 10 μM H2S/HS-) does not ac-
count for sulfide and oxygen removal in dif-
fuse-flow habitats. 

The wealth of dissolved H2S in 
Logatchev diffuse-flow habitats is in contrast 
to the extremely low free sulfide concentra-
tions at Rainbow. At Rainbow in situ meas-
urements in diffuse fluids dominated by the 
shrimp Rimicaris exoculata revealed total 
sulfide concentrations (H2S/HS- + FeS) be-
low 5 μM (Schmidt et al., 2008). This may 
not be surprising for Rainbow as this ul-
tramafic-hosted hydrothermal system is ex-
tremely rich in ferrous iron (Fe2+) eventually 
precipitating most of the sulfide (FeS) or 
forming soluble FeS clusters (FeSaq). Indeed, 
Rainbow high temperature fluids have an 
Fe/H2S ratio of 24 (Charlou et al., 2002; 
Douville et al., 2002) and the Fe/H2S ratio 
exceeds 30 in the shrimp environment 
(Schmidt et al., 2008). Contrary to Rainbow, 
ferrous iron concentrations at Logatchev are 
in the range of those reported from basalt-
hosted vent systems on the MAR and the 
Fe/H2S ratio is about 1 (Schmidt et al., 
2007). This indicates that sulfide (H2S/HS-) 
may not fully be precipitated by Fe2+. Fur-
thermore, Luther III et al. (2001b) have ar-
gued that soluble FeSaq clusters are not stable 
below 30°C. This means that their formation 
does not play a role for the removal of dis-
solved H2S from low temperature diffuse 
flow mussel habitats. Our data clearly show 
that dissolved H2S is abundant in Logatchev 
diffuse fluids and imply that neither is H2S 
fully precipitated nor otherwise completely 
removed by ferrous iron. 

Figure 8. Horizontal temperature distribution in a 
mussel bed monitored over 250 days. The tempera-
ture was measured about 10 cm inside the mussel bed 
with 8 sensors (T1-T8) distributed over a distance of 
28 cm. The grey plot shows the complete data set with 
a resolution of 1 minute (n = 360,000 / channel). The 
overlying black plot shows the mean temperature dis-
tribution with a resolution of 12 hours (averaged from 
720 data points each).     
 

 
Figure 7. Long-term oxygen conditions above mus-
sels at Site 2. Using a miniaturized temperature log-
ger (MTL) the temperature was monitored over 128 
hours with a temporal resolution of 10 seconds (n = 
46,158). On the basis of the temperature to oxygen 
ratio resulting from the ISI measurements preceding 
the MTL deployment, the oxygen conditions (grey) 
were deduced from the MTL recordings (black). 
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In contrast to our in situ measurements, 
on board analysis of diffuse fluids after dis-
crete sampling implied only extremely low 
H2S concentrations in IRINA II diffuse flu-
ids. Schmidt et al. (2007) reported a maxi-
mum of 6.0 μM free sulfide (H2S/HS-) which 
corresponds to 2.7 μM dissolved H2S at their 
reported pH (7.0) and an assumed habitat 
temperature of around 3.0°C (Millero et al., 
1988; Jeroschewski et al., 1996). The dis-
crepancy between in situ and on board meas-
urements after discrete sampling has already 
been pointed out in earlier studies (Le Bris et 
al., 2006b; Schmidt et al., 2008). In the ab-
sence of in situ techniques discrete samples 
may provide an approximate clue of sulfide 
concentrations in diffuse fluids, however as 
sulfide may be lost during sample recovery 
(Schmidt et al., 2007; Schmidt et al., 2008) 
such samples may have little to do with the 
actual in situ conditions and may thus be 
misleading in our understanding of diffuse-
flow habitats. 

As the measured sulfide species in this 
study was dissolved H2S our data are not di-
rectly comparable to free sulfide (H2S/HS-) 
or total sulfide (H2S/HS- + FeS) concentra-
tions reported from basalt-hosted systems. 
The free sulfide (H2S/HS-) concentrations 
can be calculated from dissolved H2S if the 
pH, salinity, and temperature are also known 
(Millero et al., 1988; Jeroschewski et al., 
1996). In situ measurements of pH and sa-
linity were attempted in this study using pH 
microsensors and a conductivity sensor but 
these measurements failed. Thus, with two 
unknowns our data set does not allow com-
puting the proportion of HS- and the free sul-
fide concentrations can therefore only be 
estimated. At basalt-hosted systems free sul-
fide (H2S/HS-) concentrations in diffuse flu-
ids are in the range from non-detectable to 
130 μM with mean concentrations up to 27 
μM (Table 4). Total sulfide concentrations 
(H2S/HS- + FeS) can reach 330 μM (Table 
4). 

4.2 Temperature above and inside 
mussel beds 

The calculated mean temperatures 
ranged from 2.8 ± 0.1°C to 4.1 ± 0.8°C over 

and from 3.8 ± 0.6°C to 10.9 ± 3.4°C inside 
the mussel beds and are thus in agreement 
with temperature means reported from other 
hydrothermal vent fields. Mean temperatures 
between 3.7°C and 14.4°C have been re-
ported for B. azoricus from the Rainbow, 
Lucky Strike and Menez Gwen fields on the 
slow-spreading MAR (Desbruyères et al., 
2001). Johnson et al. (1988a; 1994) reported 
mean temperatures between 3.0°C and 5.5°C 
above and inside clumps of B. thermophilus 
from the basalt-hosted Rosen Garden vent 
field on the intermediate-spreading GR. 
Mean values between 7.7°C and 17.0°C have 
been reported from mussel beds in the Lau 
Back-Arc Basin (Chevaldonné et al., 1991). 
The maximum temperatures with 7.4°C and 
18.2°C being the highest record above and 
inside Logatchev mussel beds, respectively 
are also consistent with reported maxima 
from other vent fields. Temperature maxima 
of around 20°C inside mussel beds have fre-
quently been measured (Chevaldonné et al., 
1991; Johnson et al., 1994; Shank et al., 
1998; Desbruyères et al., 2001). Tempera-
ture fluctuations with minima close to ambi-
ent as we report here are in agreement with 
previous studies from intermediate- (Fisher 
et al., 1988; Johnson et al., 1988a; Johnson 
et al., 1988b; Johnson et al., 1994), and 
slow-spreading ridges (Desbruyères et al., 
2001) as well as Back-Arc Basins 
(Chevaldonné et al., 1991). 

It has been argued that the mean of 
physico-chemical conditions in diffuse-flow 
habitats is not meaningful because of the 
variability of conditions and extreme short-
term fluctuations. However, for extended 
periods the mean does reflect whether mus-
sels are generally exposed to lower or higher 
temperatures, have more or less access to 
oxygen-rich ambient water, and experience 
lower or higher sulfide concentrations. Yet, 
mean values must not exceed a critical point. 
Values beyond this point would be lethal due 
to oxygen limitation, sulfide overexposure 
(failure of sulfide detoxification processes), 
thermal disruption of mitochondrial mem-
branes and thus respiration activity (O'Brien 
et al., 1991) or a combination of these fac-
tors. For example, the respiration activity of 
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B. thermophilus drops off at 33°C (Arrhenius 
break point, Dahlhoff et al., 1991). However, 
fluids at these temperatures are already an-
oxic and sulfide-rich. For example, Johnson 
et al. (1988a; 1994) have shown that fluids at 
Rose Garden (GR) become anoxic above 
11°C and can likely contain 1 mM sulfide at 
approximately 20°C. Thus, from a physio-
logical point of view, mussels of the genus 
Bathymodiolus are unlikely to survive ex-
tended periods at mean temperatures ex-
ceeding a critical value which depending on 
the physico-chemical conditions at a given 
vent field (ambient temperature, ambient 
oxygen concentration, sulfide content of dif-
fuse-flow) may range between 11°C and 
17°C. At Logatchev a critical long-term 
temperature mean of 13°C was estimated as 
diffuse fluids become anoxic at around this 
temperature (see below). The long-term tem-
perature means inside Logatchev mussel 
beds were generally far below this value 
(Figure 8, Table 3) indicating that over the 
monitored period of 250 days the mussels 
were neither oxygen-limited nor overex-
posed to free sulfide (H2S/HS-). 

4.3 Correlation of temperature with 
H2S and O2 based on micro-
habitat measurements 

Johnson et al. (1988a) have demon-
strated that temperature can be used to esti-
mate sulfide and oxygen concentrations in 
diffuse-flow vent habitats. In the range of 2 
to 11°C temperature correlated positively 
with total sulfide (H2S/HS- + FeS) and nega-
tively with oxygen although the relationship 
was not always linear due to biological con-
sumption of these compounds (Johnson et 
al., 1988a). Le Bris and co-workers have 
confirmed the linear sulfide to temperature 
relation, but pointed out that sulfide to tem-
perature ratios are all but constant between 
sites but highly variable (Le Bris et al., 2003; 
Le Bris et al., 2006a; Le Bris et al., 2006b). 
Due to this inter-site variability it is in-
evitable to assess the sulfide to temperature 
ratio for each site of interest. Deducing sul-
fide concentrations from temperature re-
cordings are then justified but only for this 
particular site (Le Bris et al., 2003; Le Bris 

et al., 2006a; Le Bris et al., 2006b). Tempo-
ral variability of sulfide-temperature ratios 
has recently been demonstrated using in situ 
voltammetry (Nees et al., 2008). Because the 
H2S microsensors available for our study 
were rather slow responding to H2S changes, 
dissolved H2S concentrations did not show 
an apparent correlation pattern with tem-
perature. However, the conservative mixing 
model predicts that the relation of the H2S 
concentration to temperature should be close 
to linear in the diffuse flow areas, with only 
a slight curvature at temperatures close to 
ambient (Le Bris et al., 2006a). 

The O2 profile consistently mirrored the 
temperature profile in all fluctuations result-
ing in a strongly negative and linear correla-
tion of O2 with temperature. This is in 
agreement with previous observations 
(Johnson et al., 1988a; Nees et al., 2008). 
However, the ratio of this correlation (slope) 
was variable ranging from -22 to -38 μM/°C. 
Apparently, there is a correlation between 
the recorded temperature range and the 
steepness of the oxygen-temperature slope: 
the narrower the temperature range the 
steeper the slope. Extrapolation from data 
comprising a wider temperature range to 
zero oxygen fluid content indicates that dif-
fuse-flow habitats at Logatchev become an-
oxic at temperatures around 13°C. 

4.4 Conclusion and outlook 

Our study shows that changes in tem-
perature are correlated to changes in O2 and 
that elevated temperatures are indicative of 
dissolved H2S at the Logatchev mussel beds. 
The oxygen-temperature correlation is con-
sistent with earlier in situ investigations 
(Johnson et al., 1988a; Nees et al., 2008) and 
complements previous findings of sulfide-
temperature correlations in diffuse-flow vent 
habitats (Le Bris et al., 2003; Le Bris et al., 
2006a; Le Bris et al., 2006b; Nees et al., 
2008; Waite et al., 2008). Thus, previous 
studies and this investigation indicate that 
temperature loggers could be used as indi-
cators of oxygen and sulfide fluctuations in 
diffuse-flow habitats over longer time peri-
ods allowing the estimation of long-term 
oxygen (as demonstrated in Figure 7) and 
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sulfide concentrations in these habitats. 
However, as has been pointed out earlier, 
estimations of sulfide and oxygen from tem-
perature recordings are justified only for 
those sites for which the oxygen- and sul-
fide-temperature ratios have been determined 
beforehand with high-resolution in situ tech-
niques. Long term measurements may be 
more representative of the energy flow from 
the vent fluids to the mussels and its chemo-
synthetic bacterial endosymbionts than those 
that can be recorded during a single dive. 

Bathymodiolin mussels from vent fields 
along the MAR harbor two types of chemo-
synthetic endosymbionts. One is related to 
type I methanotrophs and the other to 
chemoautotrophic symbionts of other 
Bathymodiolus hosts (Duperron et al., 2006). 
Additionally, a bacterial parasite is widely 
distributed in these mussels infecting and 
destroying host nuclei (Zielinski et al.). It 
can be assumed that the abundance and ac-
tivity of these bacteria is determined by the 
physico-chemical conditions surrounding 
their hosts, i.e by the availability of H2S and 
CH4 as electron donors and O2 as terminal 
electron acceptor during respiration and thus 
energy conservation. Differing long- and 
short term physico-chemical conditions in 
different habitats may result in differences in 
endobacterial abundances and activities. 
Long-term physico-chemical conditions of 
the habitat (i.e. weeks and months) may 
shape the relative abundance of the two 
chemosynthetic endosymbionts and perhaps 
the abundance of the intranuclear bacterial 
parasite (i.e. their mutual proportion) 
whereas short-term fluctuations (i.e. hours 
and less) in diffuse fluids may influence their 
relative activity. Long-term temperature re-
cordings which permit the estimation of 
chemical conditions in mussel habitats could 
certainly help to shed more light on this 
question. 
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Abstract 

Many parasitic bacteria live in the cytoplasm of multicellular animals, but only a few are known to 
regularly invade their nuclei. In this study, we describe the novel bacterial parasite “Candidatus 
Endonucleobacter 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 parasitic bacteria of vent and 
seep animals have received comparatively little attention despite their potential importance for vent 
and seep ecosystems. We first discovered the intranuclear parasite “Ca. E. bathymodioli” in 
Bathymodiolus puteoserpentis mussels from the Logatchev hydrothermal vent field on the Mid-
Atlantic Ridge. Using primers and probes specific to the 16S rRNA sequence of “Ca. E. 
bathymodioli” we found this intranuclear parasite in at least seven bathymodiolin mussel species from 
vents and seeps around the world. Fluorescence in situ hybridization and transmission electron 
microscopy analyses of the developmental cycle of “Ca. E. bathymodioli” showed that the infection of 
a nucleus begins with a single rod-shaped bacterium which grows to an unseptated filament of up to 
20 μm length and eventually divides repeatedly until the nucleus is filled with up to 80,000 bacteria. 
The greatly swollen nucleus ruptures the cytoplasmic membrane of its host cell and the bacteria are 
released after the nuclear membrane is disrupted. Intriguingly, we found infected nuclei in the cells of 
all mussel tissues with only one exception: the gill bacteriocytes. These cells contain the symbiotic 
sulfur- and methane-oxidizing bacteria, suggesting that the mussel symbionts can protect their host 
nuclei from infection with “Ca. E. bathymodioli”. Phylogenetic analyses showed that the “Ca. E. 
bathymodioli” 16S rRNA gene sequence belongs to a monophyletic clade of Gammaproteobacteria 
associated with marine metazoans as diverse as sponges, corals, bivalves, ascidians, and fish. The 
location of these bacteria in their hosts is unknown for all but two. The bacteria of these two host 
species have been identified as intranuclear parasites, one in a previous study in the razor clam Siliqua 
patula, and one in this study in the venerid clam Ruditapes philippinarum, a commercially important 
species for both the wild fishery and aquaculture industry worldwide. We propose that many of the 
sequences from this clade originated from intranuclear bacteria, and that these are widespread in 
marine invertebrates. 
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Abbreviations 
FISH, fluorescence in situ hybridization; GCM, 
Gabon-Continental Margin; GoM, Gulf of Mexico; 
MAR, Mid-Atlantic Ridge; NIX, “Nuclear Inclusion 
X”; PAR, Pacific-Antarctic Ridge; TEM, 
Transmission Electron Microscopy 

Introduction 

Bacteria inhabit every imaginable place 
on earth. With the evolution of the eukaryo-
tes, numerous bacteria have established a 
symbiotic or parasitic relationship inside 
eukaryotic cells. Most of these bacteria live 
in the cytoplasm, but some have found their 
way into eukaryotic cell compartments, in-
cluding mitochondria [1-3], chloroplasts [4-
6], the perinuclear space [7], and nuclei [7-
11]. Although eukaryotic cell compartments 
have been investigated for decades with light 
and electron microscopy, little is known 
about intracompartimental bacteria, particu-
larly those that live in the nuclei of eu-
karyotes. Most commonly described from 
protists [7,11-13], almost nothing is known 
about intranuclear bacteria of metazoans. 
Rickettsial Alphaproteobacteria occasionally 
invade nuclei of their arthropod or mam-
malian hosts but occur mainly in the cyto-
plasm [14-19]. Apart from these facultative 
intranuclear Rickettsia, reports of 
intranuclear bacteria that are morpho-
logically or phylogenetically distinct from 
the Rickettsiales are rare in metazoans. Only 
a single 16S rRNA sequence is currently 
known from an intranuclear bacterium that 
does not belong to the Rickettsiales [20]. 
This Gammaproteobacterium, called “Nu-
clear Inclusion X” (NIX), causes mass mor-
talities in the Pacific razor clam Siliqua 
patula [21,22]. A few morphological 
observations of non-Rickettsiales-like 
intranuclear bacteria have been described 
from the venerid clam Ruditapes decussatus 
[23], and two marine Aplysina sponges (for-
merly Verongia) [24,25]. 

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 de-
scribed from vents and seeps [26-30], 

remarkably little is known about their para-
sites [31]. To date about a dozen metazoan 
macroparasites have been described [32,33]. 
A few studies, using 18S rRNA based 
molecular techniques, have suggested that 
there may be a high abundance of parasitic 
protist at vents [34-38], and the morphology 
of fungal, protist, bacterial, and viral para-
sites has been described in more detail in 
some vent and seep mussels, clams, and lim-
pets [39-43]. These studies suggest the 
potential importance of parasites for vent and 
seep ecosystems, yet comprehensive investi-
gations of the taxonomy, phylogeny, and life 
cycle of vent and seep parasites are still 
lacking. 

Mussels of the genus Bathymodiolus 
(Bivalvia: Mytilidae) occur worldwide at 
deep-sea hydrothermal vents and cold seeps 
[44-47]. In the absence of light and thus, 
photosynthetic carbon fixation, these mussels 
depend on chemosynthetic bacterial sym-
bionts for their nutrition [48,49]. These 
endosymbionts occur in the mussel’s gill tis-
sue, in the cytoplasm of bacteriocytes that 
regularly alternate with symbiont-free inter-
calary cells [50,51]. Bathymodiolin mussels 
can harbor two types of chemosynthetic 
bacteria: a chemoautotrophic sulfur-oxidizer, 
capable of fixing CO2 in the presence of sul-
fide or thiosulfate as energy sources, and a 
methane-oxidizer that uses methane both as a 
carbon and an energy source [52-57]. Some 
mussel species harbor only thiotrophic or 
only methanotrophic symbionts, while other 
mussel species harbor both types and thus 
live in a dual symbiosis [45]. The energy 
sources for the bacterial symbionts, reduced 
sulfur compounds and methane, are provided 
by the hydrothermal fluids at vents and 
through hydrocarbon seepage at cold seeps. 
Both the mussels and their chemosynthetic 
bacteria mutually benefit from their sym-
biosis: the mussel facilitates access to the 
reductants and oxidants that are necessary 
for energy production (such as sulfide, 
methane, and oxygen) by supplying its sym-
bionts with a constant fluid flow. In ex-
change, the bacterial symbionts provide 
carbon compounds that support the growth 
and maintenance of host biomass [48,49]. In 
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addition to their symbiotic bacteria, some 
vent and seep mussels have recently been 
described that are colonized by parasitic 
microbes, but beyond their morphology, 
almost nothing is known about these para-
sites [39,40,43]. 

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 we show 
that this parasite lives in the nuclei of mus-
sels from vents and seeps around the world. 
We describe the life cycle of this intranuclear 
parasite through reconstruction of its de-
velopmental cycle from a solitary cell to the 
proliferation of up to 80,000 bacteria within 
a single greatly enlarged nucleus. We pro-
pose the name “Candidatus Endonucleo-
bacter bathymodioli” for this bacterium. The 
genus name “Endonucleobacter” translates 
freely into ‘bacterium living inside the 
nucleus’ and the species name “bathy-
modioli” 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 gam-
maproteobacterial 16S rRNA phylotypes 
were found in gill tissues of B. puteo-
serpentis from the Logatchev hydrothermal 
vent field on the Mid-Atlantic Ridge (Figure 
2 A). In addition to the sequences already 
known from the sulfur- and methane-oxi-
dizing symbionts [58], a novel 16S rRNA 
sequence was discovered (“Candidatus En-
donucleobacter bathymodioli” in Figure 2 
A). This novel sequence fell in a clade con-
sisting 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 Siliqua patula [20]. 
The monophyly of this clade was well sup-
ported in both maximum likelihood and 
Bayesian analyses (support values: 60 and 
1.00). The cultivated species within this 
clade were all heterotrophic: Endozoico-
monas elysicola, a strictly aerobic and meso-
philic bacterium from the gastrointestinal 
tract of the sea slug Elysia ornata [59], and 
three species from marine sponges, one rod-
shaped (H425) and one spirillum-like (H262) 
bacterium [60], and Spongiobacter 
nickelotolerans (unpublished information 
from GenBank). The closest relatives to the 
clade containing “Ca. E. bathymodioli” were 
Zooshikella gangwhensis, a chemoorgano-
trophic, aerobic, and halophilic isolate from 
sediments of a Korean tidal flat [61] (91% 
identity to the “Ca. E. bathymodioli” 
sequence from B. puteoserpentis) and two 
sequences from Rickettsia-like bacteria 
causing mass mortality in the oyster 
Crassostrea ariakensis (unpublished infor-
mation in Genbank under accession numbers 
DQ118733 und DQ123914). 

FISH 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 (Figure 3). Transmission electron mi-
croscopy (TEM) confirmed that the bacteria 

 
Figure 1. Sampling sites of bathymodiolin species 
investigated in this study. Circles show hydro-
thermal vents (red) and cold seeps (yellow). Abbre-
viations: MG – Menez Gwen, LO – Logatchev, WA – 
Wideawake, LI – Lilliput (Mid-Atlantic Ridge); AL – 
Alaminos Canyon, AT – Atwater Valley, CH – 
Chapopote, 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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were inside the host nuclei (Figure 4). Gill 
tissues were most heavily colonized (Figure 
3 A-D, F), but the bacteria were also occa-
sionally observed in nuclei of the gut (Figure 
3 E), 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 bacteria 
were never observed in the bacteriocytes 
containing the thiotrophic and methano-
trophic symbionts (Figure 3 B-D, F). 
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Developmental cycle of “Ca. E. 
bathymodioli”. FISH and TEM analyses of 
“Ca. E. bathymodioli” revealed six distinct 
developmental stages in B. puteoserpentis 
gill tissues (Figure 3, Figure 4, Figure 5). In 
Stage 1, a single rod-shaped bacterium (1.8 x 
0.4 μm) is present inside the nucleus (Figure 
3 B, G). In Stage 2, the bacterium has grown 
to an unseptated filament of up to 18-20 μm 
length (Figure 3 H-J). In Stage 3, a loosely 
wrapped filamentous coil is visible inside the 
host nucleus (Figure 3 M). We could not 
clearly discern if this coil consists of several 
separate filaments or one long unseptated 
filament. However, on rare occasions we ob-
served two filaments of equal length (Figure 
3 L) and filaments that appeared to be in the 
process of longitudinal division in some nu-
clei (Figure 3 K), 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 (Figure 4 
A, D). Transverse binary fission of the fila-
mentous coils leads to Stage 4 in which 
stacks of shorter filaments of up to 8-10 μm 

length fill the host nucleus (Figure 3 E, N). 
At this stage, host nuclei are at least 2-3 
times the volume of uninfected nuclei. Re-
peated transverse binary fissions lead to the 
formation of numerous rods in Stage 5 with 
the nuclei further enlarged to about five 
times the volume of uninfected nuclei. 
Chromatin is nearly completely reduced and 
barely visible along some parts of the nuclear 
membrane (Figure 4 E). In Stage 6, the bac-
teria have reproduced massively forming a 
“bubble” of up to 30 μm in diameter that is 
still surrounded by a membrane (Figure 3 P). 
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 
x 0.4 μm, Stage 6 nuclei can contain up to 
80,000 bacteria. These “bubbles” are eventu-
ally disrupted and the bacteria released into 
the fluids surrounding the mussel gills. 
Three-dimensional examples of the devel-
opmental Stages 2, 3, 4, and 6 can be viewed 
as supporting animations (VideoS1-
VideoS4). 

 

� Figure 2. 16S rRNA phylogenetic tree inferred from Bayesian and maximum likelihood analysis. (A)
The tree shows the “Candidatus Endonucleobacter bathymodioli” clade (grey trapezoid) together with its closest 
relatives. Colors of sequences from marine invertebrates were assigned according to host phylogeny, with bac-
teria from bivalves shown in red, from sponges in blue, and from ascidians in purple (sea slug, sea urchin, and 
fish bacteria shown in black). Also included in the tree are (i) the closest free living relatives within the Oceano-
spirillales and Alteromonadales, (ii) the methane-oxidizing endosymbionts of bathymodiolin mussels (blue box), 
(iii) the sulfur-oxidizing endosymbionts of bathymodiolin mussels (yellow box), as well as (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 % (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. (Abbreviations: 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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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 bac-
teria in other bathymodiolin hosts from 
hydrothermal vents and cold seeps in the 
Atlantic Ocean, the Gulf of Mexico, and the 
Pacific Ocean (Figure 1, Table 1). We found 
“Ca. E. bathymodioli” in the nuclei of all 
host species except “B.” childressi (Gulf of 
Mexico), B. aff. boomerang (South East At-
lantic), 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 (Figure 2 B). In most host spe-
cies, a single 16S rRNA phylotype domi-
nated the clone libraries. Less dominant 

phylotypes 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 distinctly by 
1.9% (26 bp) from all other “Ca. E. bathy-
modioli” 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 (Pa-
cific-Antarctic Ridge) (Figure 2 A). With the 
exception of this minor phylotype III, all 
other “Ca. E. bathymodioli” sequences fell 
into three clusters reflecting their geographic 
origins from the Mid-Atlantic Ridge, the Pa-
cific-Antarctic Ridge, and the Gulf of Mex-
ico (Figure 2 B). 

� Figure 3. ”Ca. E. bathymodioli” in various mussel tissues and developmental stages. (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 color. Abbre-
viations: 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; (B-E) Intranuclear bacteria are shown in green and eukaryotic tissue is repre-
sented 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 color. 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”. The intranuclear bacterium appears in green, the nucleus in 
blue. The scale bar represents 2 μm unless otherwise shown. (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 longi-
tudinal binary fission in transition from Stage 2 to 3; (L) Two separate filaments (Stages 2 to 3); (M) Filamen-
tous 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; (P) Bacterial “bubble” released from the destroyed host cell (Stage 6). Bacteria are 
retained inside the nuclear membrane. Images H-M result from projection of a stack of several two-dimensional 
layers onto one single layer reflecting the overall 3-dimensional structure on a 2-dimensional plane. 
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Figure 4. 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 bac-
teria 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 filamen-
tous 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 multi-filamentous 
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 to 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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Occurrence of intranuclear bacteria 

in a shallow-water clam. The close phy-
logenetic relationship of “Ca. E. bathy-
modioli” with 16S rRNA sequences from 
bacteria associated with marine metazoans, 
including the “Nuclear Inclusion X” (“NIX”) 
parasite of the Pacific razor clam Siliqu 
patula suggests that many if not all se-
quences within this clade originated from 
intranuclear bacteria (Figure 2 A). Given 
morphological descriptions of an intranu-
clear bacterium in the venerid clam Rudi-
tapes decussatus [23] we wanted to know if 
these bacteria fall in the same clade as “Ca. 
E. bathymodioli” and “NIX”. Using univer-

sal bacterial PCR primers we found a single 
16S rRNA sequence in the congeneric 
venerid clam Ruditapes philippinarum (this 
was the only Ruditapes species available at 
the local fish store). This sequence belongs 
to the same monophyletic clade as “Ca. E. 
bathymodioli” and “NIX” (Figure 2 A) with 
95% identitiy to the “Ca. E. bathymodioli” 
sequence from B. puteoserpentis and 93% 
identity to the NIX sequence from Siliqua 
patula. FISH of R. philippinarum gill tissues 
with the general bacterial probe EUB338I-III 
revealed greatly enlarged nuclei infected 
with bacteria (Raggi et al. in preparation). 

 

Figure 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 μm 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 μm 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 “bubble” containing up 
to 80,000 rod-shaped bacteria and the destruction of the host cell (Stage 6). These “bubbles” are eventually dis-
rupted and the bacteria released. 
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Discussion 

Developmental cycle. The colonization 
of a nucleus requires several steps: the infec-
tion of the host cell, passage through the cy-
toplasm, and penetration of the nuclear 
membrane. None of these stages were ob-
served 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 μm and 
possibly longer (Stage 1 and 2 in Figure 3 G-
J). This may be a characteristic feature of 
intranuclear bacteria. In the marine sponge 
Aplysina, intranuclear bacteria can form 
filaments up to 350 μm in length [24,25], 
and infectious forms of Holospora obtusa 
can reach 20 μm in length in the macro-
nucleus of the ciliate Paramecium caudatum 
[11]. Unseptated filamentous growth has also 
been observed in Bdellovibrio bacteriovorus, 
a deltaproteobacterial predator of Gram-
negative bacteria [62,63]. The transition 
from Stage 2 to 3 appears to take place 
through longitudinal fission (Figure 3 K). 
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. [64-66], the 
gutless oligochaete Olavius [67,68], and the 
sand-dwelling ciliates of the genus Kentro-
phoros [66,67,69-73]. 

The shift from filamentous growth to 
massive reproduction through transverse fis-
sion may be triggered by nutrient limitation. 
The chromatin of Stage 3 nuclei is greatly 
reduced to a thin layer along the nuclear 
membrane (Figure 4 A, D). Given that this 
reduction does not appear to be physically 
induced because the bacteria do not com-
pletely fill out the nucleus at this stage, it is 
likely that the bacteria have used the chro-
matin for nutrition (see below). In B. bac-
teriovorus, transition to the multiple fission 
phase occurs when the cytoplasm is con-
sumed and the host’s resources are exhausted 
[62]. 

Multiple rounds of transverse binary fis-
sion between Stages 3 to 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 
Siliqua patula infected with the intranuclear 
pathogen “NIX” [21]. It is intriguing 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 [39]. Transmission electron micros-
copy and FISH analyses are needed to clarify 
if these nuclear distortions were caused by 
viruses, as suggested by Ward et al. [39], or 
by intranuclear bacteria. Similarly, bacteria 
described as Rickettsia-like and Chlamydia-
like based on light microscopical analyses of 
gill tissues of vent and seep mollusks might 
well be bacteria belonging to the “Ca. E. 
bathymodioli” group [39-42]. 

The completion of the “Ca. E. bathy-
modioli” 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 Siliqua patula, 
the host cells are ruptured by the greatly 
enlarged nuclei, indicating a greater resil-
iency of the nuclear over the cytoplasmic 
membrane [21]. When the “Ca. E. bathy-
modioli” infected nuclei become extracel-
lular, they are still surrounded by a mem-
brane (Figure 3 P). This membrane is most 
likely of nuclear origin, because it stained 
positively with DAPI, suggesting remnants 
of nuclear DNA along the inside of the 
membrane. Finally, the bacteria must escape 
from the membrane-surrounded Stage 6 nu-
clei. Not unexpectedly, we only very rarely 
saw single extracellular “Ca. E. bathy-
modioli”, as the washing procedure for the 
fixation of gill tissues would have removed 
most loosely attached cells. It remains un-
clear if the bacteria escape from the “bubble” 
actively by penetrating the membrane or 
through mechanical disruption of the mem-
brane. Little is known about how other 
intranuclear bacteria escape their hosts. In 
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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 [7,11]. In the bacterial predator 
B. bacteriovorus, 15 lipases have been iden-
tified that dissolve the outer membrane of its 
hosts and enable its release [74]. 

Chromatin as a nutritional source. 
The disappearance of chromatin during the 
development of “Ca. E. bathymodioli” sug-
gests that the host DNA with its surrounding 
chromosomal proteins provides the nutrition 
for the growing and reproducing parasites. 
Chromatin reduction has also been observed 
in protists infected with intranuclear bacteria 
(Table S3). Clearly, DNA provides a rich 
source of sugar, nitrogen, and phosphorus. 
ATP for biomass synthesis could be acquired 
by breaking down host DNA or host nucleo-
tides could be used for DNA synthesis. Re-
cent studies have shown the importance of 
extracellular DNA for free-living bacteria 
[75,76], but nothing is known about the me-
tabolism of intranuclear bacteria and their 
genomes have not yet been sequenced. Al-
though not an intranuclear bacterium but 
rather a bacterial parasite, B. bacteriovorus 
efficiently consumes its prey’s cellular con-
tents including nucleic material. It has been 
studied extensively [reviewed in 77] and its 
genome sequenced [74]. B. bacteriovorus 
has the genes for 20 different deoxyribo-
nucleases (DNases) for DNA hydrolysis and 
is able to obtain ATP and phosphorylated 
nucleosides directly from its prey’s cytosol 
[63,74] although the mechanism for ATP 
transport remains unknown [74]. A further 
source of nutrition for “Ca. E. bathymodioli” 
may also be cytosolic substrates, particularly 
during later developmental stages in which 
the extreme enlargement of the nuclear 
membrane might enable the leakage of sub-
strates from the cytosol to the nucleus. 

Within the monophyletic clade contain-
ing “Ca. E. bathymodioli” four bacteria have 
been cultivated, Endozoicomonas elysicola 
(isolated from a sea slug), and Spongiobacter 
nickelotolerans, H262 and H425 (isolated 
from marine sponges). Published 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 [59]. 

Symbiont – parasite 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 containing the 
thiotrophic and methanotrophic endosym-
bionts were never infected. This suggests 
that the Bathymodiolus symbionts can pro-
tect their host nuclei from infection. How 
this protection is afforded is not clear but the 
consequences are substantial. As the bac-
teriocyte nuclei are not infected, it is likely 
that chemosynthetic energy production and 
carbon fixation by the endosymbiotic pri-
mary 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 significantly 
affected because its power plants, the bac-
teriocytes, are not infected. This assumption 
is supported by the fact that we have not ob-
served mass mortality of the B. puteoserpen-
tis population at the Logatchev hydrothermal 
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 population 
throughout this period. This is in contrast to 
the mass mortality caused by the intranuclear 
bacteria of the clam Siliqua patula and the 
Rickettsia-like bacteria of the oyster 
Crassostrea ariakensis that do not have 
symbiotic bacteria in their gills [21,22, un-
published information in Genbank under ac-
cession numbers DQ118733 und 
DQ123914]. 

What is not currently known is if 
chemosynthetic symbionts 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 analy-
ses of the clams and mussels showed that 
both were infested with eukaryotic and pro-
karyotic parasites [39,41]. However, mortal-
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ity could not be clearly linked to parasitism 
as shifts in seepage might also have caused 
mussel and clam deaths [39,41]. 

Global occurrence. Our studies show 
that “Ca. E. bathymodioli” occurs in seep 
and vent mussels from around the world. We 
were not able to find the intranuclear parasite 
in only three species: “B.” childressi from 
the Gulf of Mexico, 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. bathymodioli”. However, there 
are no shared characteristics between the 
three mussel species lacking “Ca. E. bathy-
modioli” that would explain why these hosts 
would not be infected with this global in-
tranuclear parasite: Neither are they closely 
related to each other, nor do they occur in the 
same geographic region. An alternative ex-
planation is that these species contained in-
tranuclear 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 as well as between indi-
viduals 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 [78,79]. To-
gether with the fact that the “Ca. E. bathy-
modioli” phylotypes fall into three regional 
clusters that reflect the origin of their hosts, 
this suggests that host geography and not co-
speciation played a role in the establishment 
of these associations. However, the investi-
gation of more host species from different 
geographic 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, harbored two “Ca. E. bathy-
modioli” phylotypes that differed distinctly 

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 (Figure 2 B). This indicates that al-
though 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 Pa-
cific-Antarctic Ridge to the southern Mid-
Atlantic Ridge. Historical dispersal across 
ocean basins has been suggested for some 
bathymodiolin host species [78,80], and 
there is no reason to assume that it would not 
have occurred in their intranuclear bacteria. 
Extensive comparative analyses of the phy-
logeny of bathymodiolin hosts, their sym-
bionts and their intranuclear bacteria will 
provide an ideal data set for a better under-
standing of historical dispersal patterns in 
these deep-sea associations. 

Conclusions. This study shows that in-
tranuclear bacteria are widespread in bathy-
modiolin mussels from hydrothermal vents 
and cold seeps. The 16S rRNA sequences of 
“Ca. E. bathymodioli” belong to a mono-
phyletic clade that consists of sequences 
from bacteria associated with marine meta-
zoans as diverse as sponges, corals, sea 
slugs, clams, ascidians, sea urchins, and fish. 
Two further sequences within this clade also 
originate from intranuclear bacteria, the pre-
viously described “NIX” parasite from the 
razor clam Siliqua patula [20-22] and the 
novel intranuclear bacterium found in this 
study in the venerid clam Ruditapes philip-
pinarum. In addition, morphological de-
scriptions of intranuclear bacteria exist for 
other animal hosts within this clade, for ex-
ample from two species of Aplysina sponges 
[24,25] and the venerid clam Ruditapes de-
cussatus [23] (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, including clams and other shellfish 
consumed by humans. 
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Material and Methods 

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 nwere investigated (Figure 1, 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 [58,81,82]. Briefly, gill 
tissue was frozen and stored at -20°C for 
DNA extraction as well as fixed for fluores-
cence in situ hybridization (FISH) and 
transmission electron microscopy (TEM) in-
vestigations. Ruditapes philippinarum (= 
Tapes semidecussatus) was bought live at a 
local fish store in Bremen, Germany and was 
prepared for analyses as described above. 

Cloning and sequencing ”Ca. E. 
bathymodioli” from B. puteoserpentis (Lo-
gatchev). Genomic DNA was extracted from 
gill tissue according to Zhou et al. [83]. PCR 
was performed using the universal bacterial 
primers GM3F and GM4R [84]. Amplifica-
tion products were purified and ligated into 
pGEM-T Easy vectors (Promega). One Shot 
TOP10 competent E. coli cells (Invitrogen) 
were subsequently transformed. 96 clones 
per individual (total 384) with the right sized 
insert (determined by PCR screening using 

the M13F/M13R primer pair [85]) were par-
tially sequenced. PCR products were purified 
in MultiScreen-HV plates (Millipore) using 
Sephadex G50 Superfine resin (Amersham 
Biosciences) and sequenced using the Big-
Dye Terminator v2.0 Cycle Sequencing Kit 
along with the Genetic Analyzer Abiprism 
3100 (Applied Biosystems). The GM3F oli-
gonucleotide [84] was used as sequencing 
primer. The resulting partial sequences were 
analyzed with BioEdit Sequence Alignment 
Editor version 7.0 [86] using the ClustalW 
implementation [87]. Uniquely occurring 
sequences were ignored. Repetitive se-
quences were grouped. 3 clones per group 
and individual were fully sequenced by se-
quencing both the coding and non-coding 
DNA strands with the sequencing primers 
M13F, M13R [85], 534R [88], 518F, 1099F, 
and 1193R [89]. Cycle sequencing accesso-
ries, equipment, and conditions were as de-
scribed for partial sequencing. Sequences 
were assembled using Sequencher (Gene 
Codes Corporation, 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” 

Table 2. Intranuclear bacteria described to date in Metazoa (excluding facultative intranuclear 
Rickettsiae) 

Metazoa taxon Higher-ranking taxon Shape Size [μm] Phylogeny Reference 

Host species Designation of bacteria inside 
nuclei     

Demospongia Porifera     

Aplysina cavernicola 
A. aerophoba; intranuclear bacteria filamentous 150-350; 

at least 4.5 Gamma a [24,25] 

Bivalvia Mollusca     

Siliqua patula “Nuclear Inclusion X” (NIX) multilayered, membrane rich, 
complexly folded, partially cleaved 25 x 16 Gamma [20,21] 

Ruditapes decussatus endonucleobiotic bacteria spherical to ellipsoidal ∅ 1.3 nd [23] 

Ruditapes philippinarum intranuclear phylotype nd nd Gamma this study 

Bathymodiolus spp “Ca. Endonucleobacter 
bathymodioli” rod-shaped to filamentous 1.8 x 0.4; 

up to 20 Gamma this study 

nd – not determined; a Phylogeny based on FISH with general gammaproteobacterial probe, no 16S rRNA 
sequence available 
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(Logatchev) were designed using the reverse 
and complementary sequence of probe 
Bnix64 as a forward primer (bnix-64F: 
AGCGGTAACAGGTCTAGC) and the se-
quence of probe Bnix1249 as a reverse 
primer (bnix-1267R: 
GCAGCTTCGCGACCGTCT) resulting in a 
1203 bp amplification product (for probe de-
sign see below). A combination of the 
bnix-64F primer together with the universal 
bacterial reverse primer GM4R was eventu-
ally chosen to cover 1409 bp of the 16S 
rRNA gene. Steps for cloning, sequencing, 
and analyzing intranuclear bacteria belong-
ing to “Ca. E. bathymodioli” were as de-
scribed above for B. puteoserpentis. The 
annealing temperatures for the 
bnix-64F/bnix-1267R and bnix-64F/GM4R 
primer pairs were 56°C and 45°C, respec-
tively. Sequencing was performed using the 
BigDye Terminator v3.1 Cycle Sequencing 
Kit along with the Genetic Analyzer Abi-
prism 3130 (Applied Biosystems). 

Cloning and sequencing the intranu-
clear phylotype from Ruditapes philip-
pinarum. The bnix-64F/bnix-1267R primer 
pair described above failed to amplify a 16S 
rRNA gene from R. philippinarum gills, but 
the universal bacterial primers GM3F and 
GM4R [84] amplified the gene shown in 
Figure 2 A. PCR amplification and se-
quencing were performed as described above 
for B. puteoserpentis. The nearly complete 
16S rRNA gene sequence from the R. philip-
pinarum intranuclear phylotype revealed 3 
mismatches each to the bnix-64F and 
bnix-1267R primers, explaining why these 
did not yield a PCR product. 

Phylogenetic reconstruction. Se-
quences were analyzed using ARB [90] and 
compared with the NCBI nucleotide database 
using nucleotide BLAST [91], the RDP-II 
database using the Sequence Match tool [92], 
and the Silva rRNA database using the SINA 
webaligner [93]. 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 analy-
sis. The final alignment comprised 1416 
positions. Phylogenetic analyses were per-

formed using Bayesian as well as maximum 
likelihood (ML) analysis. The former was 
run using MrBayes 3 (v3.1.2) [94] under a 
General Time Reversible (GTR) model along 
with Gamma-distributed rates of evolution 
and a proportion of invariant sites. Analyses 
were performed for 2.000.000 generations 
using 4 parallel Monte Carlo Markov chains. 
Sample trees were taken every 1.000 genera-
tions. Posterior probabilities calculated over 
5.000 best trees were used as support values 
for nodes in the tree. The ML analysis was 
performed using PHYLIP. To assess the ro-
bustness of nodes, 1.000 ML bootstrap repli-
cates were run. 

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 [90]. To verify their specificity, 
probes Bnix64 
(GCTAGACCTGTTACCGCT), Bnix643 
(CCGTACTCTAGCCACCCA), and 
Bnix1249 (GCAGCTTCGCGACCGTCT) 
were checked against the 16S dataset of the 
Ribosomal Database Project II using the 
online Probe Match tool [92]. The most re-
cent probe match against the RDP-II dataset 
9.60 (April 2008) revealed that probe Bnix64 
targeted also 10 gammaproteobacterial se-
quences belonging to the Oceanospirillales 
and Alteromonadales. Probe Bnix643 tar-
geted also 11 cyanobacterial sequences, 5 
unclassified gammaproteobacterial se-
quences, and 1 deltaproteobacterial 
sequence. However, probe Bnix1249 was 
confirmed to specifically target “Ca. E. 
bathymodioli” (Logatchev). With the ampli-
fication of more “Ca. E. bathymodioli” 
phylotypes from other bathymodiolin species 
it became evident that the probes Bnix1249 
and Bnix643 had one mismatch each to some 
of the other intranuclear phylotypes (Table 
S2). 

All probes were fluorescently labeled 
(biomers.net, Ulm, Germany). Specific hy-
bridization conditions for all three probes 
were determined by varying the formamide 
concentration in the hybridization buffer 
[95]. All probes hybridized equally well with 
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the target organism at 35% formamide con-
centration. Probe EUB338 [96] covering 
most bacteria was used as a positive control 
and the NON338 probe [97] as a control for 
background autofluorescence. 

Fluorescence in situ hybridization. 
Subsamples of B. puteoserpentis gill tissue 
were fixed in 1 x phosphate buffered saline 
(PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM 
Na2HPO4, 2 mM KH2PO4) containing 2% 
paraformaldehyde at 4°C for 9 to 18 hours. 
Samples were washed three times by placing 
them in fresh 1 x PBS for 10 minutes each 
time and subsequently transferred into cold 
PBS/ethanol solution containing 1 x 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 [98] and 
sectioned with a microtome into 10 μm thick 
sections. The sections were placed onto 
SuperFrost slides (Fisher Scientific), de-
waxed in three successive baths of absolute 
ethanol for 5 min each and air dried. Sections 
were then covered with 200 μl of hybridi-
zation buffer [95] containing fluorescently 
labelled oligonucleotide probes (5 ng·μl-1 
final concentration), covered with a glass 
coverslip and hybridized at 46ºC for 10 min 
in a histological microwave oven (Micro-
wave Research & Applications, Inc., Laurel, 
MD, USA) with the power output set to 
20%. The slides were rinsed in 1 x PBS, 
MQwater, and absolute ethanol for one min-
ute each. Single hybridizations targeting spe-
cifically “Ca. E. bathymodioli” (Logatchev) 
were performed using probe Bnix1249 la-
beled with Cy3. For visualization of all bac-
teria in B. puteoserpentis, Cy3-labeled 
EUB338 was used [96]. Double hybridi-
zations targeting eukaryotic 18S rRNA were 
performed using Cy5-labeled EUK516 [96]. 
Triple hybridizations targeting the chemo-
autotrophic endosymbiont, the methano-
trophic endosymbiont, and the eukaryotic 
18S rRNA were performed using the probes 
BMARt-193 (Cy3), BMARm-845 (Cy5) 
[58], and EUK516 (Fluos). For quadruple 
hybridizations targeting additionally ”Ca. E. 

bathymodioli” (Logatchev) Fluos-labeled 
Bnix1249 was used. 

Deconvolution (restoration) micros-
copy. The air dried slides were embedded in 
a DAPI amended mountant and evaluated on 
a DeltaVision RT Restoration Microscopy 
System (Applied Precision, Issaquah, 
Washington, USA) using an Olympus IX71 
(Olympus, Center Valley, PA, USA) 
equipped with appropriate filter sets for Cy3, 
Cy5, DAPI, and fluorescein. For image cap-
ture and deconvolution the SoftWorx image 
analysis software was used (Applied Preci-
sion, Issaquah, Washington, USA). Images 
were further processed and analyzed using 
the Imaris software package 
(www.bitplane.com) that was also used to 
assign colors to the different wavelengths. 

Transmission Electron Microscopy. 
Gill filaments of B. puteoserpentis from Lo-
gatchev were fixed in a modified Trump’s 
fixative [99] (0.05 M sodium cacodylate so-
lution containing 2% glutaraldehyde and 2% 
paraformaldehyde, pH 7.3) and stored 
therein for several months. The tissues were 
dehydrated in an ethanol series and embed-
ded 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. TEM was performed on 
five adult specimens. 57 gill filaments were 
investigated in total. 

Supporting Information 

VideoS1. Developmental Stage 2 
VideoS2. Developmental Stage 3 
VideoS3. Developmental Stage 4 
VideoS4. Developmental Stage 6 

Accession Numbers 

The 16S rRNA gene sequences belong-
ing to “Candidatus Endonucleobacter 
bathymodioli” have been registered at the 
EMBL database [100] under accession num-
bers FM162182 to FM162195. The intranu-
clear phylotpye from Ruditapes philip-
pinarum has accession number FM162196. 
(Table S2). The alignment used for the phy-
logenetic analysis can be obtained from the 
EMBL database (accession number: 



 Intranuclear bacteria in vent and seep mussels 

  123 

Align_001264). The probes targeting “Ca. E. 
bathymodioli” from B. puteoserpentis are 
deposited in the oligonucleotide probe data-
base ‘probeBase’ [101] under accession 
numbers pB-01516 to pB-01518. 
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Abstract 

Hydrothermal vents along the slow-spreading Mid-Atlantic Ridge (MAR) occur in both ultramafic and 
basaltic settings and differ prominently in their fluid composition. High temperature fluids discharged 
from the ultramafic-hosted Logatchev vent field at the northern MAR (14°45’N) contain hydrogen up 
to 19 mM due to a geochemical process known as serpentinization. In contrast, fluids emanating from 
the basalt-hosted Comfortless Cove field at the southern MAR (4°48’S) hold hydrogen concentrations 
of only 61 μM. Only nanomolar concentrations are present in the basalt-hosted Lilliput diffuse fluids 
(9°33’S). Deep-sea hydrothermal vent mussels belonging to the genus Bathymodiolus are found at all 
three vent fields and dominate the invertebrate community. They thrive in areas supplied by diffuse 
fluids as a result of a dual symbiosis with sulfur- and methane-oxidizing bacterial endosymbionts. To 
date, reduced sulfur compounds and methane are the only two energy sources known to fuel 
chemosynthetic symbioses. However, hydrogen is a potential energy source for chemolithotrophic 
bacteria but has never been shown to be utilized by any of the chemosynthetic symbionts nourishing 
invertebrates in reducing environments. We incubated endosymbiont containing gill tissues of B. 
puteoserpentis (Logatchev) and B. sp. (Comfortless Cove and Lilliput) in the presence of hydrogen 
and sulfide. Hydrogen was rapidly consumed by B. puteoserpentis but only moderately by B. sp. 
However, consumption rates of B. sp. increased with elevated hydrogen partial pressures indicating 
that hydrogen uptake can be stimulated. In contrast, sulfide consumption rates did not differ in these 
mussels. Both hydrogen and sulfide stimulated carbon fixation in B. puteoserpentis gill tissues with 
similar CO2 incorporation rates. Furthermore, the hynL gene coding for the large subunit of a 
membrane-bound respiratory hydrogen uptake [NiFe]-hydrogenase and indicative of energy 
conservation across the bacterial respiratory chain was found in B. puteoserpentis and B. sp. gill DNA 
extracts. The hynL gene was also amplified from B. cf. thermophilus which solely hosts 
chemoautotrophic symbionts whereas methanotrophs are absent. This implies that hydrogen may be an 
energy source for the sulfur-oxidizing symbiont of bathymodiolin vent mussels. Attempts to amplify 
this gene from cold-seep bathymodiolin mussels have so far been unsuccessful indicating that 
hydrogen is not recruited for energy conservation in seep mussels. While hydrogen-based energy 
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conservation by chemoautotrophic symbionts of bathymodiolin vent mussels is strongly supported for 
B. puteoserpentis by physiological evidence we can not exclude at this point that the methanotrophic 
endosymbiont may also contribute to hydrogen consumption with or without conserving energy from 
this process. Concurrent with hydrogen concentrations in high temperature and diffuse fluids our data 
indicate that chemoautotrophy in bathymodiolin mussels may be sulfur-based at basalt-hosted vent 
settings and cold seeps but hydrogen-based at ultramafic-hosted vents. Accordingly, the 
chemoautotrophic strains of Rainbow and Lost City mussels may also rely on hydrogen rather than on 
sulfide for energy conservation. Meanwhile and at first approximation the Logatchev mussel 
population may oxidize 12-30 mol hydrogen per hour corresponding to 270-670 liters of hydrogen. 
Endosymbionts of B. puteoserpentis may therefore play an appreciable role in hydrogen removal from 
diffuse fluids before hydrogen is issued into the open ocean. 
Keywords: hydrothermal vents, Mid-Ocean Ridges, Mid Atlantic Ridge, Serpentinization, Logatchev, 
Bathymodiolus puteoserpentis, mussels, bivalvia, endosymbiosis, chemoautotrophic bacteria 

 

Introduction

The Logatchev hydrothermal vent fauna 
is dominated by the mussel Bathymodiolus 
puteoserpentis that forms dense aggregates 
in areas of diffuse hydrothermal fluid-flow. 
Mussel biomass at Logatchev has been esti-
mated to exceed 70 kg m-2 (Gebruk et al., 
2000). In the absence of light and thus pho-
tosynthetic primary production, the abun-
dance of B. puteoserpentis is the result of a 
symbiotic association with chemosynthetic 
bacteria that reside intracellularly in special-
ized gill bacteriocytes. B. puteoserpentis 
hosts two types of gammaproteobacterial en-
dosymbionts: one is related to free-living and 
symbiotic type I methanotrophs and the other 
to chemoautotrophic symbionts of other 
Bathymodiolus hosts (Duperron et al., 2006). 
It is generally assumed that bacterial sym-
bionts that fall within the methanotrophic 
and chemoautotrophic clades of mussel sym-
bionts use methane and reduced sulfur com-
pounds as an energy source. However, even 
very closely related bacteria may have very 
different metabolic repertoires as a result of 
horizontal gene transfer enabling them to 
occupy very different ecological niches 
(Suen et al., 2007). Furthermore, for the 
chemoautotrophic clade of bathymodiolin 
symbioses, clear evidence for the use of re-
duced sulfur compounds as an electron donor 
has only been presented for a single host 
species, B. thermophilus. In this mussel, both 
sulfide and thiosulfate stimulated CO2 fixa-
tion (Belkin et al., 1986; Nelson et al., 
1995). 

In B. puteoserpentis, evidence for the 
use of methane as an energy source is based 
on 14CH4 oxidation experiments, immu-
nodetection of methanol dehydrogenase (a 
key enzyme in methane oxidation), hexu-
lose-phosphate synthase assays (key enzyme 
of the ribulose monophosphate cycle of 
formaldehyde assimilation), amplification of 
genes coding for key enzymes in the oxida-
tion of methane (methane monooxygenase 
(pmoA) and methanol dehydrogenyase 
(mxaF) (Pimenov et al., 2002; Robinson et 
al., 1998), and the expression of the pmoA 
gene (Pernthaler et al., in prep.). 

In contrast, it has been more difficult to 
prove chemoautotrophy based on reduced 
sulfur compounds for the second endo-
symbiont of B. puteoserpentis. Both sulfide 
and thiosulfate did not stimulate 14CO2 fixa-
tion and enzyme assays with the key enzyme 
for the assimilation of CO2 via the Calvin 
Cycle (RubisCO - ribulose 1,5-bisphosphate 
carboxylase) were either negative or showed 
only low activities in two independent stud-
ies (Pimenov et al., 2002; Robinson et al., 
1998). However, immunodetection indicated 
the presence of RubisCO in B. puteoserpen-
tis gill tissues (Robinson et al., 1998). Re-
cently, (Pernthaler et al., in prep.) showed 
that the aprA gene is expressed in the 
chemoautotrophic endosymbiont of B. puteo-
serpentis. This gene codes for the alpha sub-
unit of adenosine-5’-phosphosulfate reduc-
tase (APS reductase) and is used by sulfur-
oxidizing bacteria to oxidize sulfite (Hipp et 
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al., 1997; Sánchez et al., 2001). This sug-
gests that the chemoautotrophic endosym-
biont of B. puteoserpentis is able to use re-
duced sulfur compounds as an energy source. 

To date methane and reduced sulfur 
compounds are the only two energy sources 
known to fuel chemosynthetic symbioses 
(Cavanaugh et al., 2006; Stewart et al., 
2005). In theory, however, other reduced 
compounds such as hydrogen, ammonium, 
nitrite, ferrous iron, and manganese could 
also be used as electron donors (Amend and 
Shock, 2001; Fisher et al., 2007; Jannasch 
and Mottl, 1985; Jørgensen and Boetius, 
2007). Hydrogen is a particularly favorable 
energy source as the energy yield from hy-
drogen oxidation is higher than from 
methane or sulfur oxidation and much higher 
than the energy yield from the oxidation of 
all other potential inorganic electron donors. 
For example, the standard molal Gibbs free 
energy (�G0) yielded from the aerobic oxi-
dation of hydrogen at 4°C (-528 kJ mol-1 per 
mol oxygen) exceeds the energy yield from 
aerobic methane oxidation (-412 kJ mol-1) 
and aerobic sulfide oxidation at the same 
conditions (-378 kJ mol-1) (Amend and 
Shock, 2001). 

A wide range of phylogenetically di-
verse bacteria use hydrogen as an energy 
source including free-living aerobic 
methane- and sulfur-oxidizing bacteria. 
Acidithiobacillus ferrooxidans which was 
initially characterized as a sulfur- and ferrous 
iron-oxidizing aerobic chemolithoautotroph 
also grows aerobically on hydrogen (Drobner 
et al., 1990; Ohmura et al., 2002). Besides, 
the potential to grow on hydrogen has been 
inferred from the complete genome se-
quences of the sulfide-oxidizing chemolitho-
autotrophs Thiobacillus denitrificans and 
Thiomicrospira crunogena (Beller et al., 
2006; Scott et al., 2006) and the methano-
troph Methylococcus capsulatus (Bath) 
(Ward et al., 2004). 

Hydrothermal vent fields along the 
slow-spreading Mid-Atlantic Ridge (MAR) 
can be grouped into basalt-hosted and ul-
tramafic-hosted systems. Whereas in basalt-
hosted systems the upper oceanic crust is en-
tirely composed of basaltic rocks, in ultrama-

fic-hosted systems the upper oceanic crust is 
primarily composed of mantle-derived peri-
dotite (one type of ultramafic rocks) (Wetzel 
and Shock, 2000). Thus, these two systems 
differ in their fluid composition as a result of 
basalt-seawater or peridotite-seawater reac-
tions (Wetzel and Shock, 2000). Hydrother-
mal fluids discharged from ultramafic-hosted 
vent fields along the MAR such as Lo-
gatchev (14°45’N) and Rainbow (36°14’N) 
contain large quantities of dissolved hydro-
gen while the hydrogen content of fluids dis-
charged from basaltic-hosted systems is 
comparably low (Charlou et al., 2002; 
Charlou et al., 1996; Douville et al., 2002; 
Schmidt et al., 2007). The wealth of hydro-
gen in in ultramafic-hosted hydrothermal 
systems results from a geochemical process 
known as serpentinization (Allen and 
Seyfried, 2003, 2004; Bach et al., 2004; 
Bach et al., 2006; Berndt et al., 1996; 
Charlou et al., 2002; Paulick et al., 2006; 
Schmidt et al., 2007; Sleep et al., 2004; 
Wetzel and Shock, 2000). 

In this study, we examined if hydrogen 
could be used as an energy source by the en-
dosymbionts of the Logatchev hydrothermal 
vent mussel B. puteoserpentis. With 19 mM 
Logatchev fluids bear the highest endmem-
ber amounts of hydrogen ever reported for a 
hydrothermal system unperturbed by mag-
matic and eruptive events (Lilley et al., 
2003; Schmidt et al., 2007). Two questions 
were addressed: First, do the symbionts con-
sume hydrogen, and second, does hydrogen 
consumption result in energy conservation? 
Furthermore, hydrogen consumption rates of 
B. puteoserpentis symbionts were compared 
with consumption rates of B. sp. symbionts  
from the basalt-hosted vent fields Comfort-
less Cove (4°48’S, MAR) and Lilliput 
(9°33’S, MAR) with hydrogen endmember 
concentrations ~300 times lower than at Lo-
gatchev (Haase et al., 2007a; Haase et al., 
2007b). Finally, hydrogen consumption rates 
were compared to the sulfide consumption 
rates in these mussels. The importance of 
hydrogen and sulfide for endosymbionts of 
bathymodiolin mussels settling in ultramafic- 
or basalt-hosted vent settings is discussed. 
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Material and Methods 

Sampling sites 

Mussels for on board physiological ex-
periments were collected at 4 hydrothermal 
vent fields on the Mid-Atlantic Ridge 
(MAR). Specimens of Bathymodiolus puteo-
serpentis were sampled at Logatchev on the 
northern MAR (14°45’N). Specimens be-
longing to an undescribed Bathymodiolus 
species (B. sp.) were collected at Turtle Pits, 
Comfortless Cove (4°48’S) and Lilliput 
(9°33’S) on the southern MAR (Haase et al., 
2007a; Haase et al., 2007b) (Figure 1). This 
species apparently differs from B. puteoser-
pentis (N.N. – personal communication) but 
has not yet been named. Mussels were sam-
pled using nets (40 cm length, 20 cm 
diameter opening, mesh size 335 μm [Hy-

drobios, Kiel, Germany]) handled by the 
manipulator arm of the ROV Quest (Re-
search Center Ocean Margins, Bremen, 
Germany) or Jason (Woods Hole Oceano-
graphic Institution, Woods Hole, MA, USA). 
Tissues from these mussels were also used 
for molecular purposes. Besides, B. cf. ther-
mophilus from a hydrothermal vent field on 
the Pacific-Antarctic Ridge (PAR), B. 
brooksi, B. heckerae, and “B.” childressi 
from cold seep sites in the Gulf of Mexico 
(GoM) as well as B. cf. boomerang from a 
seep at the Gabon-Congo-Angola Continen-
tal Margin (GCM) (Olu-Le Roy et al., 
2007a; Olu-Le Roy et al., 2007b) were sam-
pled for molecular purposes only and proc-
essed as described previously (Duperron et 
al., 2005; Duperron et al., 2007; Zielinski et 
al., manuscript II). Sampling sites and coor-
dinates are listed in Table 1. 

Mussel dissection 

For hydrogen and sulfide consumption 
experiments and 14CO2 incorporation incu-
bations tissues from 3 and 2 individuals, re-
spectively were used in each experiment. 
Mussels were opened with a scalpel by cut-
ting through the posterior and anterior ad-
ductor muscles. Viability was tested by 
prodding the food with a dissection needle 
and only mussels whose foot contracted were 
used. The foot and both gills were separated 
from the remaining tissue using dissection 
scissors. Tissue pieces of 6 mm in diameter 
were cut out of the gill and the foot tissues 
using a steel hole puncher. One tissue piece 
from each individual was frozen in liquid 
nitrogen for weight determination in the 
home laboratory. For negative controls, foot 
tissue that does not contain endosymbiotic 
bacteria as well as boiled gill tissue was 
used. 

 

 
Figure 1. Map showing currently known active 
hydrothermal vent fields along the Mid-Atlantic 
Ridge. Fields where hydrogen and /or sulfide con-
sumption experiments were performed are underlined. 
White and black circles denote ultramafic-hosted and 
basalt-hosted vent fields, respectively. Fluids of the 
Nibelungen field support an ultramafic-hosted setting. 
However, only basaltic were thus far recovered 
(Koschinsky et al., 2006). 
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Hydrogen consumption incubations 

Experimental setup 

For hydrogen partial pressures up to 
1000 ppm (in helium) glass serum vials 
(58°ml) were fully filled with chilled (4°C) 
sterile-filtered (0.22 μm) bottom seawater 
retrieved from 3000 m water depth. One 
piece of gill tissue was placed in the vial, the 
vial closed with a gas-tight rubber stopper 
avoiding any inclusion of air bubbles, and 
crimped with aluminum seals. Control vials 
contained foot tissue, boiled gill tissue or no 
tissue at all. 20 ml of hydrogen gas 
(100 ppm, 250 ppm or 1000 ppm in helium, 
Linde) were injected through the rubber 
stopper using a gas-tight syringe with a sec-
ond syringe allowing pressure compensation 
through the outflow of seawater. For hydro-
gen partial pressures above 1000 ppm (in air) 
glass serum vials were progressed as de-
scribed above with the exception that the vi-
als were filled with only 38 ml of seawater. 
Pure hydrogen gas (100%) (Air Liquide) was 
then injected in the air headspace through the 
rubber stopper to the desired final concen-
tration (2100 ppm and 3000 ppm) using a 
gas-tight syringe. All vials were placed up-
side down to avoid possible gas exchange via 
the rubber stopper and incubated at 4°C on a 
slowly rotating table. At given time points a 
subsample was taken with a gas-tight syringe 
from the headspace with the pressure de-
crease compensated through the inflow of 
chilled sterile-filtered seawater from a sec-
ond syringe. 

Analysis of the headspace hydrogen content 

The H2 concentration in the headspace 
was determined using a gas chromatograph 
(Thermo Trace GC ultra) equipped with a 
packed stainless steel column (Molecular 
Sieve 5A, carrier gas: He) and a pulse dis-
charge detector (PDD). Recording and cal-
culation of results was performed using a PC 
operated integration system (Thermo Chrom 
Card A/D). Analytical procedures were cali-
brated daily with commercial gas standards 
(Linde). 

 

Incubation conditions 

In incubation vials containing hydrogen 
up to 1000 ppm in helium as headspace gas-
ses the equilibrium between dissolved and 
headspace gasses led to oxygen degassing 
and hydrogen/helium dissolution. The theo-
retical concentrations of dissolved hydrogen 
and oxygen as well as the partial pressure of 
oxygen in the headspace after establishment 
of this equilibrium were calculated from 
(Crozier and Yamamoto, 1974) and (Weiss, 
1970) under the assumption of Henry’s law 
i.e. that the concentration of a dissolved gas 
in a solution is directly proportional to the 
partial pressure of that gas above the solu-
tion. The molar volume of an ideal gas 
(22.414 l mol-1) was used to convert between 
the partial pressure of a gas (ppm) and the 
amount of that gas (moles) in the headspace. 
Based on these theoretical calculations, oxy-
gen conditions in the incubation vials were 
sufficient for complete hydrogen oxidation, 
yet microaerobic. As is typical for mytilid 
bivalves oxygen consumption rates of 
Bathymodioline mussels decline with de-
creasing oxygen concentrations (Kochevar et 
al., 1992). Therefore, gill oxygen consump-
tion rates are only low under microaerobic 
conditions (Childress et al., 1986; Kochevar 
et al., 1992) and do not account for substan-
tial oxygen removal from vials during the 
time of incubation. Furthermore, the addition 
of oxygen-saturated seawater for pressure 
compensation with each subsample taken 
from the headspace for hydrogen analysis 
regularly replenished the vials with oxygen. 
Table 2 lists the calculated dissolved hydro-
gen and oxygen concentrations under 1 at-
mosphere of helium or air and different hy-
drogen partial pressures. 
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Sulfide consumption incubations 

For sulfide consumption incubations 
glass serum vials and tissue pieces were pre-
pared as described for hydrogen consump-
tion incubations with the exception that the 
seawater to headspace ratio (v/v) was 
 and 
that the headspace always contained air. 
Control vials contained foot tissue or no tis-
sue at all. A Na2S stock solution was added 
to the seawater to a final concentration below 
50 μM. The initial dissolved sulfide concen-
tration was determined immediately after 
sulfide addition as described below and 
varied between 12 and 41 μM. All vials were 
incubated at 4°C on a slowly rotating table. 
Within 3 hours after sulfide addition sub-
samples were taken and their sulfide content 
fixed in a zinc acetate solution (2%, w/v). 
The concentration of the resulting ZnS pre-
cipitate was measured spectrophotometri-
cally at 663 nm by means of the methylene 
blue method according to Pachmayr as de-
scribed in (Trüper and Schlegel, 1964). The 
assay volume was adjusted to 10 ml. 

Rate calculation 

The amount of hydrogen gas in the 
headspace (in moles) was calculated from 
the hydrogen concentration (in ppm) using 
the molar volume of an ideal gas 
(22.414 l mol-1) for conversion. The rates of 
hydrogen removal from the headspace and 
sulfide removal from the seawater (in 
nmol h-1 (piece tissue)-1) were calculated for 
the first 1 to 3 hours after addition of the 

electron source performing linear regression 
through the data points obtained during this 
incubation period and computing the slope. 
The effect of methodological hydrogen and 
sulfide removal from the headspace and 
seawater, respectively through subsampling 
was considered. The rates at which hydrogen 
and sulfide vanished from incubation vials 
containing only seawater but no tissues 
(chemical oxidation, hydrogen loss by diffu-
sion) were subtracted from the tissue rates. 
Resulting rates were then normalized to 
gram wet weight (in 
nmol h-1 (g wet weight)-1). 

14CO2 fixation incubations 

Incubation conditions 

For 14CO2 incorporation experiments in 
the presence of hydrogen or sulfide 
(H2S / HS-) gill tissue pieces of 6 mm in 
diameter were prepared as described for hy-
drogen incubations and incubated for 30, 60, 
90, 120, and 180 minutes. Care was taken to 
use gill tissues from the same individual for 
all time points and negative controls. Glass 
serum vials (58°ml) were filled with sea-
water, one piece of gill tissue, and closed and 
crimped as described above with the excep-
tion that only 10 ml of seawater was added. 
Vials were supplemented with hydrogen gas 
or Na2S to a final concentration of 20 μM 
while negative controls were left unsupple-
mented. Pure hydrogen gas (100%) (Air Liq-

Table 2. Incubation conditions at different H2 partial pressures in a 58 ml incubation vial filled with 38 ml 
seawater (4°C, 35 o/oo) 

H2 partial 
pressure [ppm] 

Major 
headspace gas 

O2 partial 
pressure [%] 

H2 
[nmol] 

O2 
[μmol] 

O2/H2 
ratio 

Dissolved H2 
[nM] 

Dissolved O2 
[μM] 

O2/H2 ratio 
in solution 

100 helium 1* 89 9 101 77 11 143 

250 helium 1* 223 9 40 194 11 57 

1000 helium 1* 892 9 10 775 11 14 

2100 air 21 1874 187 100 1627 324 199 

3000 air 21 2677 187 70 2325 324 139 

*Although incubation conditions were microaerobic under a helium headspace mitochondrial respiration likely 
accounted only for low oxygen consumption rates under these conditions (Childress et al., 1986; Kochevar et al., 
1992). Furthermore, oxygen was regularly replenished with the addition of oxygen-saturated seawater each time 
a subsample was taken from the headspace for hydrogen analysis. Thus, oxygen concentrations were sufficient 
for hydrogen oxidation. Note that for the complete oxidation of hydrogen only half the amount of oxygen is 
required (H2 + ½ O2 � H2O). 
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uide) was injected to the air headspace 
through the rubber stopper to a final concen-
tration of 2.6% using a gas-tight syringe thus 
resulting in a dissolved H2 concentration of 
20 μM (at 4°C, 35 o/oo) (Crozier and 
Yamamoto, 1974). To facilitate the estab-
lishment of the equilibrium between hydro-
gen in the headspace and hydrogen in solu-
tion, a stock solution of dissolved hydrogen 
gas (775 μM, 1 atm H2 [100%], 4°C, 35 o/oo) 
was injected to the seawater through the rub-
ber stopper to a final concentration of 20 μM 
using a gas-tight syringe. All vials were sup-
plemented with 14CO3

2- to a final activity of 
30 kBq/ml (stock solution 37 MBq/ml; 
Perkin Elmer). Vials were turned upside 
down and incubated as described above. CO2 
fixation was stopped by adding formalde-
hyde to a final concentration of 4%. 

Measurements of 14CO2 incorporation 

After formaldehyde treatment the vials 
were placed upright without shaking to en-
sure sedimentation of gill tissue. Vials were 
then opened and a 2 ml seawater subsample 
was added to a scintillation cocktail (Ultima 
Gold, Perkin Elmer) to determine the re-
maining 14CO3

2- activity in the medium. To 
expel the remaining 14CO3

2- from the sea-
water the pH was adjusted to < 2 by adding 
1 M HCl. Acidified vials were placed on a 
shaker under an exhaust hood and shaken for 
at least 12 h at maximum speed to ensure 
complete expulsion of CO2. To determine the 
remaining 14CO2 activity in the medium after 
acidification and CO2 expulsion a seawater 
subsample was pipetted into a scintillation 
cocktail. The remaining seawater medium 
with the gill tissue was poured through a 
0.22 μm filter until visually dry. The filter 
with the gill tissue was covered with a scin-
tillation cocktail and the 14C activity meas-
ured with a liquid scintillation counter (Tri-
Carb 3100TR, Perkin Elmer). 

Amplification of the gene coding for the 
large subunit (hynL) of a membrane-
bound respiratory hydrogen uptake 
[NiFe]-hydrogenase  

DNA extraction, cloning, and sequencing 

Total DNA was extracted from gill tis-
sues according to the method described by 
(Zhou et al., 1996). The previously published 
primers HUPLX1 and HUPLW2 targeting 
the highly conserved N- and C-terminal re-
gions of the large subunit of [NiFe] hydro-
genases (Csáki et al., 2001) were used to 
amplify a fragment of approximately 
1700 bp length. The reaction mixtures for 
PCR amplification contained 50 pmol of 
each primer, 2.5 �mol of each dNTP, 1 × 
Eppendorf buffer, 1 U of Eppendorf Taq 
polymerase, and approximately 200 ng of 
genomic DNA. The final volume was ad-
justed to 50 �l with sterile water. The ampli-
fication program consisted of an initial de-
naturation step at 95°C for 5 min, followed 
by 30 cycles at 95°C for 1 min, 45°C for 
1.5 min, and 72°C for 2 min, and a final 
elongation step at 72°C for 10 min. Due to 
unspecific amplification, PCR products were 
separated on a 1% agarose gel. The appro-
priate band was cut from the gel and purified 
from gel pieces with the QIAquick PCR pu-
rification kit (QIAGEN). Prior to cloning, 
the PCR product was directly sequenced to 
confirm specific amplification. Sequences 
were compared with entries in the public 
database by using the tBLASTx search algo-
rithm (Altschul et al., 1997). Separated and 
purified PCR products were ligated at 4°C 
overnight with the pGEM-T Easy vector 
(Promega) in the following reaction mixture: 
1 × rapid ligation buffer, 50 ng pGEM-T 
Easy vector, 3 �l PCR purification product, 
3 Weiss units T4 DNA ligase, made up to a 
final volume of 10 �l with sterile water. The 
ligation product was used for transformation 
with the TOPO-TA kit (Invitrogen). Clone 
libraries of 96 clones were constructed for 
each individual. The insert size was con-
trolled by PCR screening with vector primers 
M13F and M13R (Yanisch-Perron et al., 
1985). 16 partial sequences were obtained 
for each individual. Partial sequences were 
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aligned and compared with BioEdit (Hall, 
1999) using the Clustal W implementation 
(Thompson et al., 1994). An internal primer 
HUPL540F 
(5’-GAAGCAGATTTAATGGCGGTAGC-
3’) was designed for full sequencing by 
manual identification of an appropriate site 
in the alignment. 2 clones from each individ-
ual were chosen for full sequencing. Full se-
quencing was done using plasmid preps 
(QIAprep Miniprep kit, QIAGEN) and as-
sembled using Sequencher 
(www.genecodes.com). Sequencing reac-
tions were performed by using ABI BigDye 
and an ABI PRISM 3100 genetic analyser 
(Applied Biosystems). 

All hynL gene sequences obtained from 
B. puteoserpentis (Logatchev – MAR), B. sp. 
(Wideawake – MAR), B. sp. (Lilliput – 
MAR), and B. cf. thermophilus (German 
Flats – PAR) have been deposited at the 
EMBL database (Kulikova et al., 2007) un-
der accession numbers X00000-X00000, re-
spectively. 

Phylogenetic reconstruction 

Almost complete hynL gene sequences 
were imported into BioEdit and translated to 
the corresponding amino acid sequence. 
Protein sequences used to reconstruct hydro-
genase phylogeny in a previous review 
(Vignais et al., 2001) were imported into 
BioEdit and aligned with the sequences gen-
erated in this study. The alignment generated 
in BioEdit was imported into ARB (Ludwig 
et al., 2004), where it was manually cor-
rected. Parsimony and maximum likelihood 
trees were calculated with the ARB package. 

Results 

H2 consumption in B. puteoserpentis (Lo-
gatchev) and B. sp. (Comfortless Cove and 
Lilliput) 

Gill tissues of B. puteoserpentis col-
lected from the ultramafic-hosted Logatchev 
vent field with high in situ hydrogen con-
centrations consumed hydrogen rapidly from 
the incubation vials. In contrast, gill tissues 
collected from the basalt-hosted Comfortless 

Cove and Lilliput vent fields with low in situ 
hydrogen concentrations consumed hydrogen 
only moderately. In incubation vials 
containing the negative controls boiled gill 
tissue, symbiont-free foot tissue, and 
0.22 μm filtered seawater without any tissue 
hydrogen decreased only marginally (Figure 
2). Within nine hours Logatchev gill tissues 
consumed ~ 72% of the hydrogen gas 
whereas Comfortless Cove and Lilliput tis-
sues consumed ~ 21% and ~ 16%, respec-
tively. The controls accounted for a loss of 
only ~ 6%. Due to an unfavorable ratio of 
headspace to seawater volume hydrogen no 
longer sufficiently dissolved in the seawater 
after three measurements (20 hours of incu-
bation) and was thus not fully consumed 
from the headspace. The hydrogen con-
sumption rates were calculated for the first 1-
3 hours and were similar for the two Lo-
gatchev sampling sites Irina II and Quest. At 
100 ppm hydrogen partial pressure Irina II 
and Quest gill tissues consumed hydrogen at 
a rate of 478 ± 197 (n = 3) and 493 ± 221 (n 
= 3) nmol h-1 (g wet weight)-1, respectively. 
Hydrogen consumption by B. sp. gill tissues 
was 6-fold lower in Comfortless Cove mus-
sels and 13-fold lower in Lilliput mussels. 

 

Figure 2. Hydrogen consumption over time in 
mussel gill tissues. Hydrogen concentrations de-
creased rapidly in vials with symbiont-containing gill 
tissues from Logatchev but only moderately in vials 
with gill tissues from Comfortless Cove and Lilliput. 
Symbiont-free foot tissue, boiled gill tissue, or sea-
water barely consumed hydrogen. 
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Hydrogen consumption rates in vials con-
taining boiled gill tissues, foot tissues, and 
0.22 μm filtered seawater without any tissue 
were only low and in the same range with 

0.1 ± 0.1 (n = 3), 0.2 ± 0.1 (n = 4), and 0.2 ± 
0.1 nmol h-1 (n = 13), respectively (Figure 
3). 

Effect of H2 partial pressure on H2 con-
sumption rate 

To investigate the effect of H2 partial 
pressure on H2 consumption rates gill tissues 
from Comfortless Cove and Lilliput mussels 
were incubated at partial pressures higher 
than 100 ppm. At Comfortless Cove a ten-
fold increase in partial pressure resulted in a 
4-fold increase in H2 consumption. At Lilli-
put where only little hydrogen was con-
sumed at 100 ppm an increase in partial 
pressure to 250 ppm stimulated hydrogen 
consumption 2-fold (Figure 4). At 2100 ppm 
and 3000 ppm gill tissues showed 4 and 10-
fold higher consumption rates (Figure 5). 
The values for all consumption rates are 
listed in Table 3. 

Hydrogen vs. sulfide consumption rates 

For comparison of hydrogen with sulfide 
consumption rates gill tissues from the ul-

tramafic-hosted Logatchev field and the ba-
salt-hosted vent fields at 4°48’S were also 
incubated in the presence of sulfide. Sulfide 
consumption rates of B. puteoserpentis (Lo-
gatchev) and B. sp. (Wideawake and Lilli-
put) gill tissues were in the same range. B. 
puteoserpentis and B. sp. gill tissues from 
the Logatchev Quest and Wideawake sites 
consumed sulfide at a rate of 9.2 ± 3.8 (n = 
3) and 8.8 ± 1.2 (n = 4) 
μmol h-1 (g wet weight)-1, respectively. B. 
puteoserpentis and B. sp. gill tissues from 
the Logatchev Irina II and Lilliput Limtoc 
sites consumed sulfide at 3 to 4-fold lower 
rates (Table 4). There was no apparent cor-
relation between the sulfide consumption 
rates and the total sulfide concentrations at 
the sampling sites. In general, sulfide con-
sumption rates were higher than hydrogen 
consumption rates, however, hydrogen con-

 
Table 3 Hydrogen consumption rates at different partial pressures in mussels from vent fields with high 
(Logatchev) and low (Comfortless Cove and Lilliput) hydrogen concentrations 

vent field / control site tissue 
H2 headspace

[ppm] 

Rate (Mean ± SD) 

[nmol h-1 (g wet weight)-1] 
n 

H2 at site

[μM]a 

Logatchev Irina II, Quest gill 100 486 ± 187 6 4.2-5.9b 

 Irina II gill 100 478 ± 197 3 5.9b 

 Quest gill 100 493 ± 221 3 4.2b 

Comfortless Cove Sisters Peak gill 100 77 ± 21 2 ndc 

 Sisters Peak, Golden Valley gill 1000 446 ± 223 5 0.1d 

Lilliput Limtoc gill 100 37 ± 45 5 0.03e 

  gill 250 71 ± 32 4  

  gill 2100 153 ± 38 3  

  gill 3000 377 ± 141 3  

Controls Irina II gill boiled 100 0.1 ± 0.1* 3 5.4b 

 Irina II, Sisters Peak, Limtoc foot 100 0.2 ± 0.1* 4 - 

 - seawater 100 0.2 ± 0.1* 13 - 

a as determined by discrete sampling and analysis on board; b T. Pape and R. Seifert, personal communication; c 
hydrogen concentrations in Sisters Peaks diffuse fluids were not determined, the endmember concentration at 
Sisters Peak was 61 μM (Haase et al., 2007b); d value refers to the Golden Valley site; e values from (Haase et 
al., 2007a) and A. Koschinsky, personal communication; *rate in nmol h-1, nd – not determined 
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sumption experiments were performed at 
much lower concentrations (0.08-2.3 μM 
dissolved hydrogen versus 12-41 μM total 
sulfide). For the Logatchev mussel B. puteo-
serpentis extrapolation to 5 μM dissolved 
hydrogen which is consistent with minimum 
in situ concentrations suggests 3 to 9-fold 
higher hydrogen than sulfide consumption 
rates (31.3 μmol h-1 (g wet weight)-1, Figure 
6). 

14CO2 Incorporation in the presence of H2 
and H2S 

To investigate if hydrogen consumption 
is linked to energy conservation and thus 
CO2 fixation, gill tissues from Logatchev 
mussels were incubated with hydrogen in 
seawater containing 14CO3

2- (30 kBq ml-1). 
Control gill tissues were incubated in the 
presence of sulfide or without an electron 
source. Under aerobic conditions (1 atm) and 
in the presence of hydrogen (2.6% H2 partial 
pressure, 20 μM dissolved H2) or sulfide 
(20 μM) gill tissues clearly incorporated 
14CO3

2-. After two hours of incubation 14C 
tissue activities were 3.3 (H2) and 3.9-fold 
(H2S) higher than 14C activities of gill tissues 
that were incubated without an electron 
source (Figure 7). 

 
 
 
 

 
 
 
 

 

Figure 3. Hydrogen consumption rates in mussels 
from vent fields with high (Logatchev) and low 
(Comfortless Cove and Lilliput) hydrogen concen-
trations. Hydrogen consumption rates were much 
higher in the gill tissues of mussels from Logatchev 
than in those from Comfortless Cove and Lilliput 
Numbers in the upper part of the graph denote the 
hydrogen concentrations at the sampling sites. Rates 
for boiled gill, foot and plain seawater are in nmol h-1. 

 

Figure 4. Stimulation of hydrogen consumption in 
B. sp. (Lilliput). At 100 ppm hydrogen was hardly 
consumed. An increase in partial pressure (arrow) 
stimulated hydrogen consumption and resulted in an 
increase in consumption rates. The effect was ob-
served for nearly nine days. 

 

Figure 5. Effect of partial pressure on H2 con-
sumption rates in B. sp. (Comfortless Cove and 
Lilliput). Consumption rates generally increased with 
increasing partial pressures. Extrapolation from Lo-
gatchev consumption rates at 100 ppm partial pressure 
(77 nM dissolved H2) (dotted line) suggests extraordi-
nary high consumption rates at in situ conditions. In-
set: Bar chart of the same data with error bars. 
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Membrane-bound respiratory hydrogen 
uptake [NiFe]-hydrogenase 

B. puteoserpentis (Logatchev) gill tis-
sues from individuals used for hydrogen 
consumption experiments were subsequently 
examined for the presence of bacterial mem-
brane-bound respiratory hydrogen uptake 
[NiFe]-hydrogenases and the gene coding for 
the large subunit (hynL) of this group of hy-
drogenases could be amplified. In the light of 
this result other bathymodiolin mussels both 
from basalt-hosted vent fields and cold seeps 
were also investigated for the presence of the 
hynL gene. Whereas the vent mussels B. sp. 
(Lilliput and Wideawake) and B. cf. thermo-
philus (German Flats, PAR) yielded hynL 
amplification products attempts to amplify 
this gene from the seep mussels B. brooksi, 
B. heckerae, and “B.” childressi from the 
Gulf of Mexico as well as B. cf. boomerang 
from the Gabon-Congo-Angola Continental 
Margin have so far been unsuccessful. B. sp. 
(Comfortless Cove) was not included in this 
study. All hynL amplification products com-
prised 1636 bp translating into 545 amino 
acids and showed >95% sequence similarity 
at the amino acid level. Phylogenetic analy-
ses based on the HynL amino acid sequence 
confirmed that Bathymodiolus hydrogenases 
fall within the group of membrane-bound 

Table 4 Sulfide consumption rates in mussels from ultramafic-hosted (Logatchev) and basalt-hosted 
(Wideawake and Lilliput) hydrothermal vent fields 

vent field / control site tissue S2-
tot [μM]a 

S2-
tot rate (Mean ± SD) 

[μmol h-1 (g wet weight)-1]* 
n 

S2-
tot at site

[μM]b 

Logatchev Irina II gill 12-16 3.3 ± 1.0 10 0.4-6.0c 

 Quest gill 20 9.2 ± 3.8 3 32-70c 

Wideawake - gill 34-37 8.8 ± 1.2 4 59-115d 

Lilliput Limtoc gill 18-41 2.2 ± 0.8 6 31-36d 

Controls Irina II, Quest foot 12-20 - 5  

 Wideawake foot 34-37 0.1 ± 0.1 2  

 Limtoc foot 18-41 0.3 ± 0.1 2  
a sulfide concentrations at which incubations were performed; b sulfide concentrations as determined by discrete 
sampling and analysis on board; c values from (Schmidt et al., 2007) and A. Koschinsky, personal communica-
tion; d A. Koschinsky and H. Strauss, personal communication; * rate of sulfide loss (chemical oxidation) from 
incubation vials containing only 0.22 μm filtered seawater and no tissue is considered. 

 

Figure 6. Sulfide and hydrogen consumption rates of 
Bathymodiolus gill tissues from basalt- and ultramafic 
hosted vent fields. Sulfide consumption rates meas-
ured at 12-41 μM (left four bars) were considerably 
higher than hydrogen consumption rates measured at 
0.08 μM (following three bars). However, extrapola-
tion of hydrogen consumption rates of Logatchev 
mussels to 5 μM, consistent with minimum Logatchev 
in situ hydrogen concentrations, suggests that hydro-
gen consumption rates may be 3 to 9-fold higher than 
sulfide consumption rates at Logatchev (last bar). 
Numbers in the upper part of the graph denote the 
sulfide and hydrogen concentrations, respectively at 
the sampling site as determined by discrete sampling 
(see Table 3 and Table 4 for references). Numbers at 
the bottom of the graph denote the number of investi-
gated individuals. Abbreviations: WA – Wideawake; 
LP-Lt – Lilliput, Limtoc; LO-Ir – Logatchev, Irina II; 
LO-Qu – Logatchev, Quest; CC-GV – Comfortless 
Cove, Golden Valley; LO – Logatchev, Irina II and 
Quest; LO* - Logatchev hydrogen consumption rate 
extrapolated to 5 μM. 
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respiratory hydrogen uptake [NiFe]-hydro-
genases (Figure 8). All Bathymodiolus hy-
drogenases form a monophyletic cluster and 
are most closely related to the hydrogenase 
from the alphaproteobacterial chemolitho-
autotroph Oligotropha carboxidovorans with 
a sequence similarity of 78%. 

Discussion 

Hydrogen is consumed by endosymbionts 
of bathymodiolin mussels 

Bathymodiolin mussels along the Mid-
Atlantic Ridge (MAR) live in a dual symbio-
sis with chemosynthetic bacteria which are 
housed in gill bacteriocytes (DeChaine and 
Cavanaugh, 2006; Distel et al., 1995; 
Duperron et al., 2006). Either one of two en-
ergy sources has to date been shown to be 
utilized by these endosymbionts: reduced 
sulfur compounds and methane (DeChaine 
and Cavanaugh, 2006). Here we have shown 
that gill tissues of MAR bathymodiolin mus-
sels consumed hydrogen. Gill tissues of B. 
puteoserpentis from the ultramafic-hosted 
Logatchev vent field (14°45’N) with high in 
situ hydrogen concentrations consumed hy-
drogen rapidly whereas B. sp. gill tissues 
from the basalt-hosted vent fields Comfort-
less Cove (4°48’S) and Lilliput (9°33’S) 
consumed hydrogen only moderately. The 
fact that symbiont-free foot tissues and 
boiled gill tissues consumed no hydrogen 
above the seawater controls indicates that 
hydrogen consumption is mediated by the 
the chemosynthetic endosymbionts in the gill 
tissues. Hydrogen consumption by chemo-
synthetic endosymbionts of hydrothermal 
vent invertebrates has not been shown previ-
ously for any of the deep-sea vent inverte-
brates. 

Hydrogen consumption is coupled to CO2 
incorporation 

Candidate hydrogenases for hydrogen con-
sumption

The fact that symbiont-containing gill 
tissues consumed hydrogen points to the ex-
istence of hydrogenases which catalyze the 

reversible oxidation of molecular hydrogen. 
Hydrogenases comprise three phylogenti-
cally distinct classes, [NiFe]-hydrogenases, 
[FeFe]-hydrogenases, and iron-sulfur cluster-
free [Fe]-hydrogenases (Schwartz and 
Friedrich, 2006; Vignais et al., 2001; 
Vignais and Colbeau, 2004; Vignais et al., 
2004). The latter class has thus far only been 
detected in methanogenic archaea (Vignais 
and Colbeau, 2004). [FeFe]-hydrogenases 
occur mainly in bacteria but are rather in-
volved in hydrogen production (Vignais et 
al., 2004). Thus, these two classes of hydro-
genases are unlikely candidates for hydrogen 
consumption by bathymodiolin gill tissues. 
[FeFe]-hydrogenases have also been found in 
eukaryotes but appear to be restricted to 
anaerobic hydrogenosome-possessing pro-
tists and chloroplasts of green algae (Vignais 
et al., 2001; Vignais et al., 2004). Therefore 
it is highly unlikely that bathymodiolin hy-
drogen consumption is of eukaryotic origin. 
The most likely candidate for hydrogen con-
sumption by bathymodiolin gill tissues are 
[NiFe]-hydrogenases of endosymbiotic ori-
gin. First, [NiFe]-hydrogenases tend to be 
involved in hydrogen consumption, second, 
they appear to be present only in bacteria and 
archaea and third, to date they have remained 
undetected in eukaryotes (Vignais et al., 
2001; Vignais et al., 2004). 

 
Figure 7. 14C activity in Logatchev gill tissues after 
incubation with 14CO3

2- in the presence of hydro-
gen or sulfide and without an electron source. CO2 
fixation is clearly stimulated in the presence of hydro-
gen and sulfide. CO2 incorporation rates are compara-
ble for both electron sources. Data are from mussels 
collected from the Quest site. Gill tissues of two indi-
viduals each were used in the incubations. Error bars 
for H2 and H2S plots are given in only one direction. 
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Candidate [NiFe]-hydrogenases for hydro-
gen consumption 

Two phylogenetically distinct groups of 
[NiFe]-hydrogenases could in theory account 
for endosymbiotic hydrogen consumption, a 
membrane-associated respiratory hydrogen 
uptake [NiFe]-hydrogenase (Group 1) of the 
membrane-bound and periplasmically ori-
ented type or a cytoplasmic heteromultimeric 
reversible [NiFe]-hydrogenase (Group 3) of 
the bidirectional NAD-linked type (Group 
3d) (Vignais et al., 2001). Group 1 [NiFe]-
hydrogenases are directly involved in energy 
conservation along the respiratory chain. 
They split hydrogen on the periplasmic site 
of the cell membrane and feed the electrons 
into the respiratory chain. Thus they contrib-
ute to a proton motive force and subsequent 
ATP production (Vignais et al., 2001; 
Vignais and Colbeau, 2004; Vignais et al., 
2004). Group 3d [NiFe]-hydrogenases cou-
ple the oxidation of hydrogen to the reduc-
tion of NAD(P)+ or vice versa. Thus they 
may generate NAD(P)H needed for CO2 
fixation via the Calvin cycle and biosynthetic 
pathways. However, they are not directly 
involved in energy conservation. Yet, they 
may indirectly contribute to a proton motive 
force if the generated NADH is reoxidized 
by a respiratory NADH dehydrogenase. Di-
rect coupling of a NAD(P)-dependent bidi-
rectional [NiFe]-hydrogenase with a respi-
ratory NADH dehydrogenase and thus en-
ergy conservation has for example been sug-
gested for the cyanobacterium Synechocystis 
to complement the missing NADH binding 
subunit of its NADH dehydrogenase but has 
not yet been proven (Vignais et al., 2004). 

Hydrogen consumption and energy conser-
vation

Incorporation of 14CO2 by gill tissues of 
B. puteoserpentis (Logatchev) in the 
presence of hydrogen shows that hydrogen 
stimulates carbon fixation and indicates that 
hydrogen consumption is linked to energy 
conservation. Evidence for the latter is sup-
ported by the existence of the gene coding 
for the large subunit of a membrane-bound 
respiratory hydrogen uptake (Group 1) 

[NiFe]-hydrogenase. This indicates that an 
energy-transducing [NiFe]-hydrogenase is 
present. The occurrence of the hynL gene in 
B. sp. (Wideawake and Lilliput - MAR), and 
B. cf. thermophilus (German Flats – Pacific 
Antarctic Ridge) from basalt-hosted vent 
fields implies that these mussels, too may de-
rive energy from hydrogen consumption. 

Which symbiont consumes hydrogen 

Theoretical considerations 

Since MAR bathymodiolin mussels live 
in dual symbiosis with both a chemoauto-
troph and a methanotroph (Duperron et al., 
2006) the question arises which of the two 
endosymbionts accounts for hydrogen con-
sumption. Among free-living bacteria both 
sulfur-oxidizing chemoautotrophs and 
methanotrophs have been shown to use hy-
drogen as an energy source. Growth on hy-
drogen has for example been shown for the 
free-living sulfur-oxidizing chemoautotroph 
Acidithiobacillus ferrooxidans (Drobner et 
al., 1990; Ohmura et al., 2002). Besides, the 
potential to grow on hydrogen has been in-
ferred from the complete genomes of the sul-
fur-oxidizing chemolithoautotrophs Thioba-
cillus denitrificans and Thiomicrospira 
crunogena (Beller et al., 2006; Scott et al., 
2006). Methanotrophs have long been known 
to oxidize hydrogen in addition to methane 
since the enzyme methane monooxygenase 
which catalyzes the first step in methane 
oxidation co-oxidizes a variety of other sub-
strates including hydrogen. However, no en-
ergy is yielded from this process (DiSpirito 
et al., 2004). On the other hand, a gene clus-
ter coding for a membrane-bound respiratory 
uptake [NiFe] hydrogenase has been found 
in the type X methanotroph Methylococcus 
capsulatus (Bath) suggesting hydrogen-de-
pendent energy conservation in this strain 
(Csáki et al., 2001; Ward et al., 2004). The 
respective enzyme has biochemically been 
characterized revealing a high affinity for 
hydrogen (Hanczár et al., 2002). Further-
more, a soluble cytoplasmic NAD reducing 
hydrogenase has also been found in this 
strain (Hanczár et al., 2002; Ward et al., 
2004) which has been shown to provide 
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NADH needed for the oxidation of methane 
to methanol by methane monooxygenase 
(Hanczár et al., 2002). Thus, both the sulfur- 
and the methane-oxidizing endosymbiont of 
MAR batyhymodiolin mussels could in the-
ory account for hydrogen consumption and 
exploit hydrogen as an energy source. 

Experimenal facts 

Incorporation of 14CO2 by gill tissues of 
B. puteoserpentis (Logatchev) in the 
presence of hydrogen indicates that the 
chemoautotrophic symbiont is a likely can-
didate for using hydrogen as an energy 
source. In all methanotrophs investigated so 
far CO2 fixation via the Calvin cycle has 
only been found in type X methanotrophs 
(Bowman, 2006). However, the methane-
oxidizing symbiont of bathymodiolin mus-
sels is most closely related to type I metha-
notrophs (Cavanaugh et al., 2006). Never-
theless, we can currently not exclude that the 
methanotrophic endosymbiont contributes to 
hydrogen consumption with or without con-
serving energy from this process. 

The assumption that the chemoautotroph 
uses hydrogen as an energy source is sup-
ported by the fact that the hynL gene was 
also found in the vent mussel B. cf. thermo-
philus (German Flats – Pacific Antarctic 
Ridge), a mussel that solely hosts sulfur-oxi-
dizing chemoautotrophic endosymbionts 
whereas methanotrophs are absent (J. M. 
Struck and N. Dubilier, unpublished data). 
This indicates that hydrogen-dependent en-
ergy conservation can be attributed to the 
physiological capabilities of the chemoauto-
trophic endosymbiont rather than to the 
methanotrophic symbiont. Thus, our data 
strongly imply that the sulfur-oxidizing 
chemoautotrophic endosymbiont of B. puteo-
serpentis uses hydrogen as an energy source. 

Hydrogen consumption rates 

Hydrogen consumption rates of MAR 
bathymodiolin gill tissues were considerably 
higher in B. puteoserpentis from the ultrama-
fic-hosted Logatchev vent field than in B. sp. 
from the basalt-hosted Comfortless Cove and 
Lilliput fields. This is consistent with the 

high and low hydrogen concentrations at 
these vent fields (Table 3). At Logatchev 
where hydrogen consumption experiments 
were performed with mussels from two dis-
tinct sites (Irina II and Quest) consumption 
rates were in the same range consistent with 
hydrogen concentrations at the sampling 
sites which did not vary greatly either (Irina 
II 5.9 μM, Quest 4.2 μM). The low hydrogen 
consumption rates of B. sp. gill tissues from 
basalt-hosted vent fields may be explained 
by transcriptional regulation of the genes 
coding for the uptake [NiFe]-hydrogenase. In 
the free living aerobic hydrogen-oxidizing 
bacteria Ralstonia eutotropha and Rhodo-
bacter capsulatus which have extensively 
been investigated for the regulation of the 
operons coding for respiratory uptake 
[NiFe]-hydrogenases, expression of the re-
spective genes is inhibited in the absence of 
hydrogen (Schwartz and Friedrich, 2006). 
Thus, the lack of hydrogen at basalt-hosted 
vent fields may inhibit the expression of 
genes involved in symbiotic hydrogen up-
take. Therefore, under experimental condi-
tions the expression of respective genes must 
first be induced and the [NiFe]-hydrogenase 
as well as the enzymes involved in electron 
transport along the respiratory chain be syn-
thesized before hydrogen uptake can even 
start. It appears reasonable to assume that the 
experimental conditions (Table 2) may not 
have favored sufficient expression of hydro-
gen uptake genes in mussels from low hy-
drogen basalt-hosted vent fields to fully ex-
ploit the hydrogen uptake machinery. 
Nevertheless, the fact that hydrogen con-
sumption could be stimulated with increasing 
hydrogen partial pressures in Comfortless 
Cove and Lilliput mussels indicates that the 
symbionts may have responded to the in-
crease in hydrogen by switching from sulfur 
and methane oxidation to hydrogen oxida-
tion. An alternative explanation for the low 
hydrogen consumption rates of B. sp. gill 
tissues from basalt-hosted vent fields may be 
the activity of a constitutively expressed cy-
toplasmic NAD-linked [NiFe]-hydrogenase 
(Group 3d) as is apparently the case in the 
type X methanotroph Methylococcus capsu-
latus (Bath) (Hanczár et al., 2002). 
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Importance of hydrogen over sulfide 

Hydrogen versus sulfide consumption rates 

Experimental hydrogen consumption 
rates were lower than sulfide consumption 
rates, however, hydrogen consumption ex-
periments were performed at much lower 
concentrations (0.08-2.3 μM dissolved hy-
drogen versus 12-41 μM total sulfide). The 
fact that hydrogen consumption rates in-
creased with increasing dissolved hydrogen 
concentrations suggests considerably higher 
consumption rates at higher dissolved hydro-
gen concentrations. Furthermore, a consider-
able drawback of sulfide consumption ex-
periments using mussel tissues is the 
problem that endosymbiotic sulfide con-
sumption can not reliably be distinguished 
from host mitochondrial sulfide consump-
tion. Mitochondrial sulfide oxidation has 
first been shown for the coastal clam Sole-
mya reidi (Powell and Somero, 1986a) which 
like bathymodiolin mussels hosts chemo-
autotrophic endosymbionts. Subsequently, 
this phenomenon has been demonstrated 
across a wide range of organisms including 
polychaete worms, clams, fishes and chick-
ens (Grieshaber and Volkel, 1998; Yong and 
Searcy, 2001). Obviously, mitochondrial sul-
fide oxidation is a means of sulfide detoxifi-
cation, however, appears also to be a means 
of energy conservation (Powell and Somero, 
1986b; Yong and Searcy, 2001). Therefore, 
sulfide consumption of Bathymodiolus gill 
tissues is certainly the sum of endosymbiotic 
and mitochondrial sulfide oxidation. Even if 
the sulfide oxidation rate of foot tissue is 
subtracted from the gill tissue rate the re-
sulting rate may not reliably be attributed to 
the chemoautotrophic endosymbionts. This 
is mainly because gill tissue which primarily 
serves as an oxygen uptake organ (from an 
evolutionarily point of view) is undeniably 
more efficient in gas and solute uptake than 
the structurally, morphologically, and 
physiologically differing foot tissue. These 
considerations indicate that hydrogen and 
sulfide consumption rates may not directly 
be comparable. 

For B. sp. mussels from the basalt-
hosted Comfortless Cove and Lilliput vent 

fields comparison of hydrogen and sulfide 
consumption rates at similar experimental 
concentrations does not make much sense 
anyway since hydrogen concentrations at the 
sampling sites are also only in the nanomolar 
range, much lower than sulfide concentra-
tions which are in the micromolar range (A. 
Koschinsky and R. Seifert, personal commu-
nication). However, for B. puteoserpentis 
from the ultramafic-hosted Logatchev field 
direct comparison of hydrogen and sulfide 
consumption rates is useful since hydrogen 
and sulfide concentrations at the sampling 
site are at least in the micromolar range (A. 
Koschinsky and R. Seifert, personal commu-
nication). Extrapolation to 5 μM dissolved 
hydrogen which is consistent with lower 
range in situ concentrations at the sampling 
site suggests higher hydrogen than sulfide 
consumption rates for B. puteoserpentis gill 
tissues (31 versus 3-9 
μmol h-1 (g wet weight)-1. 

Hydrogen and sulfide concentrations in dif-
ferent vent settings 

A way to estimate the importance of hy-
drogen and sulfide at basalt- and ultramafic-
hosted vent fields is to compare the ratio 
between dissolved hydrogen and total dis-
solved sulfide (H2/[S2-

tot]) at the sampling 
sites. The respective concentrations are usu-
ally obtained by discrete sampling followed 
by analysis on board. However, it should be 
noted that this approach may result in erro-
neously low sulfide concentrations due to 
redox processes during fluid transport or 
possible sulfide loss during recovery 
(Schmidt et al., 2007). In situ measurements 
of hydrogen sulfide in diffuse hydrothermal 
fluids reveal generally higher sulfide con-
centrations than is suggested by discrete 
sampling (Zielinski et al., manuscript I). Ac-
cording to discrete sampling the H2/[S2-

tot] 
ratio at the Comfortless Cove sampling site 
(Golden valley) was between 0.1 and 0.01 
(A. Koschinsky and R. Seifert, personal 
communication). At the Lilliput sampling 
site (Limtoc) this ratio was ~ 0.0001 (Haase 
et al., 2007a). Thus, hydrogen concentrations 
at these basalt-hosted vent fields are only 
low compared to sulfide concentrations even 
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if the sulfide bias due to discrete sampling is 
ignored. The H2/[S2-

tot] ratio at the Logatchev 
Irina II and Quest sampling sites were 10 to 
1 and ~ 0.1, respectively. Recent measure-
ments suggest a ratio of ~ 30 with hydrogen 
concentrations exceeding 1 mM (A. 
Koschinsky and R. Seifert, personal commu-
nication). Logatchev endmember concentra-
tions suggest a ratio of 7.6 (Schmidt et al., 
2007). Thus, an excess of hydrogen over sul-
fide is generally apparent in Logatchev dif-
fuse hydrothermal fluids. 

Considering experimental data and fluid 
chemistry indicates that energy conservation 
by chemoautotrophic endosymbionts of 
MAR bathymodiolin mussels may be sulfur-
based at the basalt-hosted Comfortless Cove 
and Lilliput vent fields but hydrogen-based 
at the ultramafic-hosted Logatchev vent 
field. 

General importance of hydrogen as an en-
ergy source 

Implications for B. azoricus at Rainbow 
and Lost City 

The above outlined hypothesis may ap-
ply to basalt- and ultramafic-hosted vent 
fields in general. Thus, hydrogen-based en-
ergy conservation by chemoautotrophic en-
dosymbionts of bathymodiolin mussels may 
also be considered for the ultramafic-hosted 
Rainbow and Lost City vent fields with 
H2/H2S endmember ratios of 13 and 4 to 7, 
respectively (Charlou et al., 2002; Kelley et 
al., 2001). However, whereas Bathymodiolus 
azoricus is abundant at Rainbow 
(Desbruyères et al., 2001) only two live 
specimens have to date been found at Lost 
City (DeChaine et al., 2006). It has been 
suggested that the generally low biomass at 
Lost City is the result of hydrogen-rich fluids 
poor in the sulfide species that are typically 
relied on by vent faunal assemblages (Kelley 
et al., 2005). However, the discovery of a 
dense aggregation of fragmentary valves 
belonging B. azoricus in the Lost City area 
(Lost Village) indicates that large popula-
tions have existed at Lost City in recent 
times (Galkin, 2006) and points to the po-
tential of Lost City fluids to support chemo-

synthesis-based symbioses. Since hydro-
thermal activity at Lost City has been ongo-
ing for at least 30,000 years (Früh-Green et 
al., 2003) sulfide concentrations have likely 
also been low at the time when Lost Village 
mussels flourished, i.e. decades ago (Galkin, 
2006). Thus, the chemoautotrophic symbiont 
of Lost Village mussels may rather have re-
lied on hydrogen rather than on sulfide until 
a shutdown of hydrothermal activity may 
have caused the extinction of this mussel 
population. 

In situ measurements of H2S concentra-
tions in hydrothermal diffuse fluids at the 
ultramafic-hosted Logatchev field revealed 
sufficient sulfide concentrations (~30 μM) to 
support the chemoautotrophic endosymbiont 
of B. puteoserpentis (Zielinski et al., manu-
script I). Unfortunately, no in situ sulfide 
data are available for Rainbow and Lost 
City. The endmember H2S concentration at 
Rainbow is 1.2 mM (Charlou et al., 2002). In 
contrast, the Lost City sulfide endmember is 
only 0.064 mM. (Kelley et al., 2001). Either 
way, since sulfide does not mix conserva-
tively with seawater due to precipitation with 
metal ions and biological consumption 
(Johnson et al., 1988) sulfide abundance in 
the endmember fluid does not necessarily 
reflect sulfide availability in diffuse fluids. 
Especially at Rainbow where ferrous iron 
exceeds H2S by a factor of 24 (Douville et 
al., 2002) sulfide may be completely pre-
cipitated and not be present as bioavailable 
H2S/HS- in diffuse fluids. Therefore it re-
mains unclear if the Rainbow and Lost City 
chemoautotrophic endosymbionts could in 
theory rely on sulfide. The Rainbow and 
Lost City fluid compositions indicate that 
endosymbiotic chemoautotrophy may rather 
be based on hydrogen. 

Implications for B. puteoserpentis at Lo-
gatchev

At Logatchev where both hydrogen and 
H2S concentrations in diffuse fluids are suf-
ficient to support hydrogen and sulfur-based 
chemoautotrophy, the chemoautotrophic en-
dosymbiont of B. puteoserpentis may switch 
between hydrogen and sulfide depending on 
the availability of these electron donors or 
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use both simultaneously. Interestingly, hy-
drogen oxidation in the free-living sulfur- 
and ferrous iron oxidizing chemoautotroph 
Acidithiobacillus ferrooxidans appears to be 
repressed in the presence of sulfur and fer-
rous iron suggesting preferential growth on 
these substrates (Drobner et al., 1990). This 
is surprising given the fact that the energy 
yield from aerobic hydrogen oxidation is 
higher than from aerobic sulfide or Fe2+ oxi-
dation and that aerobic hydrogen oxidation 
does not require reverse electron transport in 
order to generate reducing equivalents. Fur-
ther work is needed to shed light on this is-
sue. 

Attempts to correlate in situ sulfide and 
methane concentrations with symbiont abun-
dance and activity at ultramafic vent settings 
must take in situ hydrogen concentrations 
into consideration as in situ sulfide concen-
trations may be low (Rainbow, Lost City) 
but the sulfur-oxidizing chemoautotrophic 
symbiont nonetheless abundant (DeChaine et 
al., 2006). 

Implications for cold seep bathymodiolin 
mussels

Hydrogen does apparently not occur in 
relevant concentrations in cold seep fluids 
(Jørgensen and Boetius, 2007; Sibuet and 
Olu-Le Roy, 2002; Sibuet and Olu, 1998). 
Therefore, cold-seep bathymodiolin mussels 
may exclusively rely on methane and/or sul-
fide provided with cold-seep fluids. The fact 
that the hynL gene could not be amplified 
from any of the investigated seep mussels 
indicates that the chemoautotrophic strains of 
seep bathymodiolin mussels may not be 
equipped with a membrane-bound respira-
tory hydrogen uptake [NiFe]-hydrogenase. 

Implications of the presence / absence of an 
uptake [NiFe]-hydrogenase in vent and 
seep mussels, respectively 

(Jones and Vrijenhoek, 2006; Jones et 
al., 2006) have recently resolved the phy-
logenetic relationship within bathymodiolin 
mussels. Accordingly, bathymodiolin mus-
sels fall within two clades the “childressi” 
clade comprising mainly seep mussels (in-

cluding “B.” childressi) and the “thermo-
philus” clade comprising both seep mussels 
(B. brooksi and B. heckerae) and vent mus-
sels (including among others B. cf. thermo-
philus and B. puteoserpentis). One conclu-
sion drawn from the phylogenetic relation-
ship was that B. brooksi and B. heckerae 
have independently invaded deep-sea cold 
seeps. Within the “thermophilus” clade B. 
brooksi constitutes the most basal lineage 
wheras B. heckerae branched off last from its 
common ancestor with the B. puteoserpentis 
/ B. azoricus lineage. Regarding the presence 
or absence of an uptake [NiFe]-hydrogenase 
in members of the “thermophilus” clade the 
phylogenetic pattern suggests two scenarios: 
First, the chemoautotrophic symbiont of the 
common ancestor of the “thermophilus” 
clade acquired an uptake [NiFe]-hydro-
genase by horizontal gene transfer which 
was then secondarily lost in B. brooksi, and 
B. heckerae as an adaptation to the hydrogen 
deficient seep environment where an energy 
transducing hydrogenase is dispensable. 
Second, the uptake [NiFe]-hydrogenase was 
acquired by the common ancestor of all other 
mussels in the “thermophilus” clade includ-
ing B. cf. thermophilus and B. puteoserpentis 
and was then secondarily lost only in B. 
heckerae. Either way secondarily loss of the 
[NiFe]-hydrogenase is a more parsimonious 
explanation than multiple or independent ac-
quisition of closely related [NiFe]-hydro-
genases in “thermophilus” clade vent mus-
sels. 

Due to the existence of uptake [NiFe]-
hydrogenases in all vent mussels investigated 
so far and belonging to the “thermophilus” 
clade we hypothesize that all vent members 
of the “thermophilus” clade are equipped 
with uptake [NiFe]-hydrogenases given the 
fact that hydrogen is generally present in 
vent diffuse fluids even though concentra-
tions are only low at basalt-hosted vent sys-
tems. 

Estimation of total hydrogen consumption 
mediated by B. puteoserpentis endosym-
bionts

Hydrogen consumption experiments 
were performed under normal pressure and 
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at low dissolved hydrogen concentrations for 
Logatchev mussels (~ 77 nM). Therefore, 
hydrogen consumption rates of B. puteoser-
pentis endosymbionts may be far from the 
rates at which hydrogen is oxidized at Lo-
gatchev in situ where dissolved hydrogen 
concentrations of 6 μM may be the minimum 
in diffuse fluids (T. Pape and R. Seifert, per-
sonal communication). This assumption is 
supported by the fact that an increase in hy-
drogen partial pressure in experiments with 
Comfortless Cove and Lilliput mussels re-
sulted in an increase in hydrogen consump-
tion rates. Using data from Comfortless 
Cove, extrapolation to 5 μM dissolved hy-
drogen suggests a hydrogen consumption 
rate of ~ 3.2 μmol h-1 (g wet weight)-1 for 
Logatchev mussel symbionts. Higher con-
sumption rates of around 
31 μmol h-1 (g wet weight)-1 are in theory 
possible when extrapolating from zero 
through Logatchev rates at 100 ppm (Figure 
5, dotted line). Even higher hydrogen con-
sumption rates of 
~ 47 μmol h-1 (g wet weight)-1 were meas-
ured in incubation experiments with Lo-
gatchev gill tissues in hydrogen-saturated 
seawater (775μM at 4°C, 35 o/oo) using 
Clark-type H2 sensors (Frank Wenzhöfer, 
unpublished data). Either way, neglecting the 
effect of hydrostatic pressure on hydrogen 
consumption rates our data allow at first ap-
proximation an estimation of hydrogen oxi-
dation mediated by B. puteoserpentis endo-
symbionts under in situ conditions. Ne-
glecting the influence of pressure may be 
justified since (Belkin et al., 1986) have 
shown that CO2 incorporation rates for the 
sulfide-oxidizing endosymbiont of B. ther-
mophilus were not significantly different at 
1 atm and under in situ pressure (250 atm). 
Therefore, assuming a gill weight of around 
1 g one single B. puteoserpentis specimen 
may account for the oxidation of 60 μmol 
hydrogen h-1. At Logatchev, B. puteoserpen-
tis accounts for most of the invertebrate bio-
mass and exceeds 70 kg m-2 (wet weight 
with shells) in Irina II mussel beds (Gebruk 
et al., 2000). Mussel aggregations at Lo-
gatchev range from small patches 20-30 cm 
in diameter to larger aggregations and mus-

sel beds covering an area of 3 m2 (for exam-
ple at Quest) and 12 m2 (for example at Irina 
II), respectively (Jens Stecher, personal 
communication). (Gebruk et al., 2000) de-
scribed the extended mussel beds at Irina II 
as 20 m in diameter. Based on these data and 
personal observations we estimate the mussel 
population at Logatchev to range between 
200,000 and half a million individuals. This 
population may thus remove 12-30 mol hy-
drogen h-1 corresponding to 270-670 liters of 
pure hydrogen. Mussel patches, aggrega-
tions, and beds of B. puteoserpentis may 
therefore play an appreciable role in hydro-
gen removal from diffuse fluids before hy-
drogen is issued into the open ocean. 
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