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Abstract  

Though geochemically and microbially well-defined, the phylogeographic data of microbial 
symbionts in these highly productive vent and seep systems require a closer examination and 
synthesis. QIIME analysis of 16S rDNA of bacterial associates of major fauna from 1995 to 2015 
was thus undertaken to examine phylogeography of their microbial symbionts along with host 
specificity. While phylotypes were generally unrelated, bivalve Calyptogena exhibited vertical 
transmission sharing similar symbionts in geographically separated geosystems. Different species of 
tubeworms possessed identical symbionts through horizontal acquisition at geographically distinct 
Guaymas basin vent and the Arctic seep. Vents were more versatile with both mobile and sessile 
fauna hosting ecto- and endo-symbionts. Comparatively, seeps were more specialized with sessile 
animal hosts with endosymbionts.  With C-fixation rate measurements still scanty for sediments, 
bedrocks and serpentine systems; vent, seep, anoxic and oxic basins were shown to fix up to 22, 325, 
96 and 37400 g C m-3 y-1 respectively. Estimation of chemosynthetic primary production rates in 
chemoautotrophic ecosystems could endeavor to improve existing biogeographic models by coupling 
volcanism and plate-tectonics to global climate and phylogeography. 
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1. Introduction                                                                                                                                                                                        

Phylogeny of bacteria associated with vent- and seep- fauna delves into the evolutionary history of a 

species and their phylogeography revolves around the principles and processes controlling the 

geographical distribution of related species in these systems (Avise 2000). Though both vents and 

seeps are chemically reducing systems, vents are driven geothermally and seeps by either 

thermogenic or biogenic processes (Krause et al. 2017). Globally, deep-sea hydrothermal vents occur 

along mid-ocean ridges and back arc basins. The plumes rising from the vents are enriched with 

reduced chemicals predominantly sulfide, ammonia, methane, iron and manganese (Jannasch and 

Mottl 1985; Distel et al. 1988; de Angelis et al. 1993; Lam et al. 2004; Dick et al. 2009b; Petersen et 

al. 2011; Anantharaman et al. 2016).  Cold seeps are prominent along the continental margins where 

fluids enriched in hydrocarbons especially methane are expelled through sedimentary rocks towards 

seafloor through fissures created via tectonic processes (Greinert et al. 2001; Krause et al. 2017). 

Thermogenic methane production occurs at depths >1000 m where temperature ranges from 60 to 

220 °C (Tissot and Welte 1984; Floodgate and Judd 1992; Stolper et al. 2014).  In contrast, biogenic 

production of methane takes place at the shallower depths where the temperature is <80 °C  

(Wilhelms et al. 2001; Valentine 2011). Methane production also occurs at low temperature via 

serpentinization in the presence of carbon dioxide (Abrajano et al. 1990). 

There is enough chemical energy in the form of reduced compounds like H2S and CH4 to drive the 

primary production in these ecosystems. In this process, the inorganic carbon is fixed 

chemosynthetically to form organic carbon (Fisher 1996; Van Dover et al. 2002; Hourdez and Lallier 

2007). Nutrient-rich fluid that oozes out from the vents and seeps stimulates the proliferation of 

chemosynthetic microbes and also supports the development of diverse invertebrates which rely on 

these microbes for nutrition (Van Dover et al. 2002; Zbinden et al. 2015).  

The vent ecosystems are ephemeral features in the mid-oceanic ridges, arc and back-arc basins with 

the temperature reaching upto 400°C and pressure between 200-300 atmospheres (Angel 1990; 

Dable et al. 2006). These conditions are also accompanied by a high concentration of metals and 

reduced chemicals with very low organic matter especially in the initial stages of venting (Sander 

and Koschinsky 2011). Prominent vent fauna which harbor chemoautotrophic bacteria include 

tubeworms Riftia pachyptila, Escarpia spicata and Ridgeia piscesae, polychaete Alvinella 

pompejana, molluscs Alviniconcha spp., Ifremeria sp., Calyptogena spp., Abyssogena spp., 

Maorithyas hadalis, Vesicomya spp., Bathymodiolus spp., and arthropods Rimicaris exoculata and 

Kiwa hirsuta (Desbruyères 2006; Stewart et al. 2008; Hügler et al. 2011; Vrijenhoek 2013). 
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Cold seep ecosystems have conditions like high organic content along with a large amount of 

reduced chemicals like sulfide, methane, and ammonia (Won 2006).  However, temperature and 

pressure are generally not extreme, except in deep seep areas like the Japan Trench where a 

temperature of 1.79 °C and pressure of 769.8 atmospheres have been reported (Fujikura et al. 1999; 

Takai et al. 2014). The cold seeps last much longer and are characteristic of continental margins. In 

seeps, the important hosts are tubeworms Lamellibrachia spp., Seepiophila jonesi, Oligobrachia 

spp., Sclerolinum sp., Osedax sp., and molluscs Bathymodiolus spp., Calyptogena spp., Acharax 

spp., Lucinoma spp., Idas spp., Isorropodon spp., Elenaconcha guiness and Pliocardia sp. (Peek et 

al. 1998; Barry et al. 2002; Imhoff et al. 2003; Lösekann et al. 2008; Hilário et al. 2011; Oliver et al. 

2011; Rodrigues et al. 2012; Duperron et al. 2013; ).  

Various bacterial associates reported from vents and seeps include α-, β-, γ-, δ-, ε-, z-Proteobacteria, 

Actinobacteria, Spirochetes, Bacteroidetes, Chloroflexi, Verrucomicrobia and several unaffiliated 

bacteria  (López-García et al. 2002; Kimura et al. 2003; Goffredi et al. 2008). Deep ocean circulation 

and equatorial and coastal currents help in their distribution and dispersal, though there are certain 

endemic forms (Galand et al. 2010; Müller et al. 2014). 

The mode of transmission of symbionts is either transovarial/vertical (parent to offspring) or 

horizontal from different hosts or environment (Vrijenhoek 2009).  In the case of vertical 

transmission, co-evolution of host and symbiont  leads to a more stable relationship and the symbiont 

becomes an  integral part of host survival. Vesicomyid clams and tubeworms are ideal examples of 

vertical and horizontal transmission, respectively (Vrijenhoek 2010; Hilário et al. 2011; Roselers and 

Newton 2012). A recent study by Klose et al. (2015) has revealed that symbionts escape from the 

tubeworms upon the host’s death and decay, perhaps to be taken up by the offsprings, thus providing 

evidence for host and environment connectivity.  

Since the discovery of vents in 1977 (Corliss et al. 1979) and seeps in 1984 (Paull et al. 1984), 

considerable ground has been covered on the diversity and ecology of the hosts and associated 

bacteria (Cavanaugh et al. 1981; Felbeck 1981; Rau 1981; Cavanaugh 1983; Fiala-Médioni 1984; 

Stein et al. 1988; Van Dover et al. 1988; Distel and Cavanaugh 1994). In spite of the appreciable 

differences in the chemistry and flow rates of fluids in these two systems, studies have proven the 

evolutionary, physiological and adaptational relatedness in vent and seep fauna (Scott and Fisher 

1995). However, similar studies on the bacterial associates have been comparatively limited, 

especially on chemoautotrophic microbial symbionts/associates (Stewart et al. 2008; Vrijenhoek 

2010; Heijden et al. 2012).  
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In this review, the distribution of major classes of bacterial associates of the representative fauna of 

these two prominent chemosynthetic systems viz., vent and seep, is contrasted and their 

phylogeography is discussed. Considering the specificity of some of these associates with their host, 

we were prompted to understand the phylogeography of these bacteria. This review would help us to 

appreciate how the host-symbiont specificity spreads over time and space. Phylogeography deals 

with species formation over time from current to geological time scale and also over space covering 

different oceans. It also gives an insight into the historical events responsible for geographic 

variation in genes. Understanding the phylogeography of an organism along with its life style could 

be important in formulizing its evolutionary mode.The objectives of the present review include 1. To 

understand the extent of similarities and differences within and between bacterial associates of the 

vent and seep fauna 2. To elucidate their phylogeography by their common lineage driven by either 

physical forces like current and tectonics or general biological processes like host mobility and 

evolution and 3. To review the status of primary production rates measured in vents, seeps and allied 

systems as this information could be important for understanding their contribution to climate 

modulation. Published literature and sequences from Genbank database of NCBI (National Centre 

for Biotechnology Information) were accessed and analyzed to meet the objectives. The approach 

was based on phylogeny of 16S rDNA of bacterial associates. This marker gene is gaining 

importance for taxonomy in tracing the evolutionary changes. Further, the class-wise distribution of 

thiotrophs, methanotrophs, and groups with unknown functions in vents and seeps were plotted on a 

map using GIS (Geographic Information System) approach.  

This review focuses on the phylogenetic analysis of 16S rDNA sequences of >1300 bases in length. 

Phylogeny of prokaryotes especially associated bacteria would help to elucidate their 

phylogeography, which in turn would delineate the gene flow that is important for modeling and 

planning conservatory measures. This review is primarily restricted to Annelida, Arthropoda, 

Mollusca and their bacterial associates. This approach would cover the more explored major host 

phyla. Besides, covering newly discovered and other minor phyla would make the data set larger and 

less practical.. The review essentially probes the intra and intersystem relatedness of the bacterial 

associates to appreciate their modes of transmission. Further, it also elucidates their phylogeography 

based on the mechanism of dispersal. Most importantly, interactions with hydrothermal systems may 

result in bursts of productivity in deep, oligotrophic waters, thus imparting a profound impact on 

ocean carbon cycling. As studies on chemosynthetic carbon fixation rates have begun to grow, an 

overview of some of the representative records on primary production from chemosynthetic systems 

are presented and discussed. Awareness of the relevance and lacunae of phylogeographic study of 
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chemoauotrophic bacterial associates of the vent and seep fauna prompted us to review this 

important yet least examined aspect of ecology. Hence an attempt has been made to analyze these 

two disparate yet comparable systems to understand the similarities and differences.  

We have often used the more general term ‘associates’ which is wider and could include the true 

symbionts as well. Though archaea have been reported, they are fewer in number and therefore this 

review is mainly restricted to bacteria. 

2. Materials and Methods 

Mining of 16S rDNA sequences of associated bacteria of vent and seep fauna was done covering the 

period 1995-2015.  Distinct 16S rDNA sequences of length of >1300 bases belonging to prominent 

hosts, in terms of abundance and frequency of occurrence, in the most explored vents and seeps in 

world oceans were selected. Sulfur oxidizers, methane oxidizers and also sequences of other bacteria 

with unknown functions were chosen. To the best of our knowledge, sequences reported for 

ammonia oxidizers were not of required length (>1300 bases) and hence excluded. We have chosen 

84 sequences on the basis of the mentioned criteria which actually represent 2219 sequences, 

comprising mostly similar (>97.5% similarity) and related clones. The sequences were downloaded 

in FASTA format from Genbank database of NCBI (National Centre for Biotechnology 

Information). About 50 bacterial sequences representing vents including East Pacific Rise (EPR), 

Mid-Atlantic Ridge (MAR), Central Indian Ridge (CIR), Pacific-Antarctic Ridge (PAR) and 34 from 

seeps including East Pacific (EP), West Pacific (WP), Mediterranean Sea (MS), Atlantic and Arctic 

counterparts have been analyzed. Phylogenetic analysis was performed using the software QIIME 

(Quantitative Insights Into Microbial Ecology) (Kuczynski et al. 2011). The sequences were aligned 

using the software MUSCLE (MUltiple Sequence Comparison by Log-Expectation) with a minimum 

75% identity (Edgar 2004). These aligned sequences were used to generate the phylogenetic tree 

using FastTree method (Price et al. 2010). This method infers an approximately Maximum 

Likelihood Tree (Felsenstein 1981). FastTree computes the local support values by resampling the 

site likelihood 1000 times and uses the Shimodaira-Hasegawa test to estimate the reliability of each 

split in the tree (Shimodaira and Hasegawa 1999).  The tree file was visualized in a circular mode 

using iTOL (Interactive Tree Of Life) (Letunic and Bork 2007) with a bootstrap display ranging 

from 0.129 to 1.  Pairwise alignment of sequences was also done using NCBI-BLAST to check the 

identity score of sequences with reliable bootstrap values. Geographical co-ordinates showing the 

distribution of bacterial associates from various vent and seep fauna were plotted on a map using 

DIVA-GIS (a geographical information system) (Hijmans et al. 2005).  
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3. Analyses and Discussion 

3.1. Geochemistry, characteristic fauna and associated bacteria in hydrothermal vents of 

different oceans 

3.1.1. Pacific Ocean 

In the Pacific Ocean (PO), EPR is the most explored and best-studied ridge on faunal and microbial 

diversity (Desbruyères 2006; Vrijenhoek 2010; Sylvan et al. 2012). Since this is a fast spreading 

ridge, with a rate of 9 to 18 cm y-1, the spatial frequency of high-temperature venting can be as high 

as 1/5th km of the ridge axis (Mac Donald et al. 1991; Williams et al. 2002; Stewart and Cavanaugh 

2009). EPR consists of diverse types of hydrothermal vents including inactive vents, warm springs, 

white smokers and hot springs. Hot springs are reducing, acidic and sulfidic with a maximum 

reported temperature of 350 °C.  These metal rich habitats form tall chimneys called black smokers 

with deposition of black metal sulfides (Chester 2000). Concentration of sulfide in the Pacific vents 

varied from bdl (below detection limit) to 24 mM. Other electron donors for chemoautotrophy such 

as methane (2.1 nM-0.11 mM), ammonia (10-14700 μM), Fe (14 μM–750 mM) and Mn (<0.01 μM–

753 mM) were also present in nM to mM range. Inorganic carbon in the form of CO2 in these vents 

amounted to 187-227 mM (Table 1) (Arp et al. 1984; Campbell et al. 1988; Campbell et al. 1994; 

Ishibashi et al. 1994; Tsunogai et al. 2000; Seyfried et al. 2003; Le Bris et al. 2006; Lutz et al. 2008; 

Keir 2010; Kawagucci et al. 2011; Teske et al. 2016). The prominent invertebrate phyla in the 

Pacific vents include Protozoa, Nematoda, Annelida, Mollusca and Arthropoda (Powell and Somero 

1986; Katz et al. 2006; Kouris et al. 2007; Goffredi et al. 2008). Tubeworms were abundant in the 

Pacific vents dominated by Riftia pachyptila and Ridgeia piscesae. These are mouthless and gutless 

worms which live in a chitinous tube and possess haemoglobin inside the retractable plume. These 

fauna are anchored on the rocks, and the base of the tube keeps contact with the sulfide and carbon 

dioxide rich-water. The anterior end of the red plume extends into the cold (2 ºC) oxygen rich bottom 

water (Zierenberg et al. 2000). The haemoglobin binds to sulfide and oxygen and transports them to 

the trophosome of the worm where the endosymbionts colonize. These symbionts, mainly γ-

Proteobacteria produce carbohydrate chemoautotrophically, using energy derived from sulfide 

oxidation. In return, the host worm offers stable niche to the symbionts (Distel et al. 1988; Childress 

and Fisher 1992; Polz and Cavanaugh 1996; Di Meo et al. 2000; Van Dover CL 2000; López-García 

et al. 2002; Pflugfelder et al. 2005; Harmer et al. 2008; Howe 2009; ).  

Riftia carries 3.7 x 109 prokaryotic cells per gram of trophosome (Cavanaugh et al. 1981). A single 

phylotype of γ-Proteobacteria constitutes the characteristic symbiont of Riftia (Distel et al. 1988; 
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Pflugfelder et al. 2005; Harmer et al. 2008). Various other groups including α-, δ-, ε- Proteobacteria, 

Bacteroidetes, Verrucomicrobia and the candidate division OP8 were also discovered from Riftia of 

the EPR, of which members of ε-Proteobacteria were dominant (López-García et al. 2002). Ridgeia 

piscesae (Siboglinidae), harboring chemoautotrophs was earlier discovered from an active sulfide 

chimney in Mothra and Main Endeavour vent fields along the JFR, north east Pacific. Activity of 

intracellular sulfide oxidizing symbionts belonging to γ-Proteobacteria was detected in the host 

tissue (Feldmann et al. 1997; Nyholm et al. 2008). They were also seen as vacuolated attached 

epibionts on Ridgeia. These symbionts, accommodated at the anterior end of the tubeworm, get 

exposed to low concentrations of sulfide and maintain brief contact with oxic seawater (Kalanetra 

and Nelson 2010). Vestimentiferan tubeworms harbor two distinct phylotypes (I and II) of 

thiotrophic bacteria which diverged 200 Ma. The less variable phylotype II is present in Riftia and 

Ridgeia (Feldman et al. 1997; Robidart et al. 2008).  

A. pompejana popularly known as ‘Pompeii worm’ lives in the acidic environment and is highly 

tolerant to temperature up to 100 ºC. They are common inhabitants of the hydrothermal vents of the 

EPR. They are sessile and form large colonies enclosed in delicate tubes which are thermally and 

chemically stable. The tubes get attached to chimneys of black smokers (Desbruyeres et al. 1983; Le 

Bris et al. 2005; Georgieva et al. 2015). They maintain relatively lower temperature of 29-81ºC and 

neutral pH of 7 inside the tube. This is accomplished by the replenishment of the fluid inside the tube 

through active ventilation or passive convection (Le Bris and Gaill 2007; Georgieva et al. 2015). 

Mixing of cool oxygenated water and hot vent water carrying reduced electron donor especially 

sulfide takes place inside the tube (Desbruyeres et al. 1998; Van Dover 2000). The epibionts on the 

dorsal surface of the worm get exposed to H2S, CO2 and O2 which they use to synthesize 

carbohydrate through chemoautotrophy. Most of the bacterial associates from A. pompejana were 

later assigned under ε-Proteobacteria (Haddad et al. 1995; Carry et al. 1997; Arndt et al. 1998; 

Campbell and Cary 2001; Campbell et al. 2003). Since bacteria belonging to ε class are 

characteristically sulfur metabolizers and microaerophiles, they play a prominent role in the sulfur 

cycle at vents (Desbruyères et al. 1998; Campbell et al. 2001).  

The characteristic Yeti crab Kiwa hirsuta was discovered from PAR hydrothermal vents. They were 

spotted towards the base of the chimneys of black smokers along with mussels (MacPherson et al. 

2005). The crab harvests epibiotic chemoautotrophic bacteria on the carapace as the main source of 

nutrition which is taken in by specialized maxilliped ‘comb’ (Zierenberg et al. 2000). Observations 

also suggest that this species is omnivorous (MacPherson et al. 2005). Studies assumed that radiation 
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of Kiwa hirsuta could be recent on the basis of its ectosymbiotic relationship with the bacteria. This 

is considered to be an initial step to acquire the bacteria as the most specific endosymbiont 

(Zierenberg et al. 2000). K. hirsuta from PAR harbored γ-, δ-, ε-Proteobacteria, Bacteroidetes and 

Chloroflexi (Goffredi et al. 2008).   

In general, bacterial associates from PO included thiotrophs, methanotrophs, ammonia oxidizers, and 

those with unknown functions belonging to various classes such as α-, γ-, δ-, ε-Proteobacteria, 

Actinobacteria, Spirochete, Bacteroidetes, Verrucomicrobia and unaffiliated classes  (Figure 1, Table 

2) (Anthony 1982; de Burgh and Singla 1984; Jannasch et al. 1985; Distel et al. 1988; Stein et al. 

1988; Galchenko et al. 1992; Dubilier et al. 1998; Di Meo et al. 2000; Fujiwara et al. 2000; Arndt et 

al. 2001; Campbell and Cary 2001; López-García et al. 2002; Imhoff et al. 2003; Nakagawa et al. 

2005; Urakawa et al. 2005; Katz et al. 2006;  Kouris et al. 2007; Won et al. 2008; Harmer et al. 2008; 

Kalanetra and Nelson 2010).  

Diversity of bacteria was higher in the fauna of Galápagos Rift and Juan de Fuca Ridge (JFR) vents 

than EPR vents (Desbruyères et al. 1983; Burgh and Singla 1984; Jannasch et al. 1985; Distel et al. 

1988; Girguis et al. 2000; Arndt et al. 2001; de Campbell and Cary 2001; López-García et al. 2002; 

Nakagawa et al. 2005; Pflugfelder et al. 2005; Katz et al. 2006; Kouris et al. 2007; Harmer et al. 

2008; Nyholm et al. 2008). Our analyses suggest that thiotrophs were abundant in the east Pacific 

(EP) while methanotrophs were comparatively more in the west Pacific (WP). The following reasons 

could be attributed to this difference 1. EP is more studied. 2. More vents were dominated by 

thiotrophs in EP 3. WP is less studied but characterized by more ephemeral back-arc basins and mud 

volcanoes. 4. WP has also cold seeps in the vicinity accounting for the prominent presence of 

methanotrophs. 

3.1.2. Atlantic Ocean 

MAR hydrothermal systems are influenced by the slower rate of crustal accretion of 2.5 cm y-1 when 

compared to the EPR (Stewart and Cavanaugh 2009). Besides, due to slow spreading rates, the 

number of venting sites encountered here could be as low as one per 100 to 350 km (Murton et al. 

1994; German et al. 1996). In the EPR vents, geographical isolation leads to faunal diversification, 

but in the MAR, vent-wise variations in physico-chemical parameters govern the species differences 

(Desbruyères et al. 2000). The deeper vents in the MAR such as Logatchev, Snake Pit and TAG are 

relatively stable. They extrude high temperature fluid up to 350 °C and deposit large piles of sulfide 

(Van Dover 1995; Gebruk et al. 1997; Desbruyères et al. 2000; Klevenz et al. 2011). Temperature 

and pH in the MAR vents varied from 2 to >370 °C and 2.5 to 8.02, respectively. Sulfide content in 
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the Atlantic vents (4 μM – 2.5 mM) was relatively lower than that of the Pacific. On the other hand, a 

maximum of 4 mM methane was measured in the Atlantic which is considerably higher than that in 

the Pacific. Concentrations of NH4
+, Fe and Mn in Atlantic vents ranged from 10-14700 μM, 14 μM–

750 mM and < 0.01 μM–753 mM, respectively (Table 1) (Renninger et al. 1995; Sarradin et al. 1999; 

Charlou et al. 2000; Konn et al. 2009; Perner et al. 2009; Keir 2010; Klevenz et al. 2011; Seyfried Jr 

et al. 2011). 

Bathymodiolid mussels are ubiquitous and the dominant fauna in hydrothermal vents especially 

MAR. Phylogeny suggests that they have colonized the deeper environments quite recently. Their 

ancestors were considered to be shallow water suspension feeding mussels (Barry et al. 2002; 

Kimura et al. 2003). Bathymodiolus mussels are mixotrophic, retaining a functional gut and filter 

feeding habit. They shelter bacterial symbionts, especially thiotrophs and methanotrophs, in the gill 

bacteriocytes (Fiala-Médioni et al. 1986; Arndt et al. 2001; Fujiwara et al. 2001;). The shrimp 

Rimicaris exoculata is another characteristic fauna of the MAR. It is known for its tremendous 

swimming potential (Jan et al. 2014). Filamentous bacterial cells in the inner surface of shells of 

Rimicaris exoculata were associated with different oxidation states of metal sulfides. The bacterial 

community was also located on the maxillae appendages, part of the carapace, legs and gills (Van 

Dover et al. 2001). Most of them were sulfide oxidizing ɤ- and ε- Proteobacteria (Polz and 

Cavanaugh 1995). The recently discovered epibiotic z-Proteobacteria from the gill chambers of the 

shrimp R. exoculata possessed genes responsible for iron oxidation (Jan et al. 2014).  

In general, the potential chemoautotrophic bacterial associates of the fauna from the Atlantic vents 

include thiotrophs, methanotrophs, iron oxidizers and those with unknown functions belonging to γ-, 

ε- and z- Proteobacteria (Figure 1, Table 2) 

3.1.3. Indian Ocean 

In the Indian Ocean (IO), which is not as ancient as the Pacific or as young as the Atlantic, vent 

research is still nascent. Maximum temperature measured in the IO vent was 365 ˚C with pH ranging 

from 3.4 to 6.6. Concentration of sulfide and methane ranged from 3.93 to 4.07 mmol kg-1 and 0.17 

to 3.5 mmol kg-1 respectively (Table 1) (Gallant and Damm 2006). Chemical characteristics of fluids 

from high-temperature vent (Kairie field) in the IO share some common traits of both PO and AO 

(Gamo et al. 2001).  

The records to date from the IO show that the dominant hosts are the molluscs (Goffredi et al. 2004; 

McKiness and Cavanaugh 2005; Stewart et al. 2008; Won et al. 2008). Gammaproteobacteria are 

specific to Bathymodiolus sp. and to snail Alviniconcha sp. (Stewart et al. 2008; Won et al. 2008). 
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Hydrothermal vents in the CIR support large diverse aggregates of sedentary gastropod species 

including Alviniconcha spp. and characteristic scaly snails.  Alviniconcha spp. generally inhabits the 

Indo-Pacific hydrothermal vents. Since this snail lives in highly acidic conditions, it has degraded 

shells with spikes (Johnson et al. 2014).   In the case of scaly snail, the scales are composed of iron 

sulfides and unlike other snails, it lacks the operculum (Goffredi et al. 2004). Thiotrophic γ-

Proteobacteria were hosted inside the oesophageal gland of a scaly snail from Rodriguez Triple 

Junction (RTJ) on the Indian Ocean ridge. This single microbial type seemed to be the source of 

nutrition for the snail. The sclerite of the scale possessed epibionts such as γ-, δ- (sulfate reducing 

lineage) and ε-Proteobacteria and the shell consisted of γ, ε-Proteobacteria and Bacteroidetes 

(Suzuki et al. 2005). The participation of sulfate-reducing bacteria could be important especially 

when the supply of sulfide is low.  Generally, in the Indian Ocean, γ- and ε-Proteobacteria were 

dominant as observed in the Atlantic, apart from δ-Proteobacteria and Bacteroidetes (Figure 1, Table 

2) (Goffredi et al. 2004; McKiness and Cavanaugh 2005; Stewart et al. 2008; Barton and Fauque 

2009).  

3.2. Geochemistry, characteristic fauna and associated bacteria in cold seeps of different 

oceans 

3.2.1. Pacific Ocean 

In the Pacific Ocean, most of the cold seeps are distributed on the active subduction zones along the 

coast of South America, Central America to southern California and Oregon in EP and Japan to New 

Zealand in the WP. Some of the world’s deepest seeps are located in the WP (Lewis and Marshall 

1996; Mironov 2000). Most studied seeps include Nankai Trough and Sagami Bay off Japan and Off 

Oregon and Monterey Bay in northern California (Sibuet and Olu 1998; Sibuet and Olu-LeRoy 

2002). The basement of the Pacific seeps are made up of fine-grained sediment with phosphorite 

pebbles in Peru margin, basaltic in seamounts and carbonate pavements in Monterey Bay (Bohrmann 

et al. 1998; Stakes et al. 1999). Generally, in seeps, methane rich porewater gets transported towards 

the sediment surface which further gets oxidized in the anoxic sediment of the methane sulfate 

transition zone (Valentine 2002). Coupling of sulfate reduction with anaerobic methane oxidation 

generates a high concentration of sulfide up to 26 mM off Oregon and Monterey Bay, eventually 

leading to the biomass production of thiotrophs and methanotrophs (Sahling et al. 2002; Levin et al. 

2003).  Maximum measured concentrations of methane, ammonia, Fe and Mn from the Pacific seeps 

were 2.5 M, 1.4 mM, 2.2 μM and 220 nM, respectively (Table 1) (Tsunogai et al. 1996). 
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In the Pacific seeps, the major fauna includes vestimentiferan tubeworms, bathymodiolid mussels and 

vesicomyid clams. Seep tubeworms are long and thin compared to their vent counterparts. Since cold 

seeps hold sulfide only in the sediment, the tube worms access sulfide via thin extension of their 

posterior part (Zierenberg et al. 2000).  Autotrophic symbionts of worms living in anaerobic 

conditions inside the trophosome oxidize H2S and release chemical energy for carbon fixation 

(Naganuma 1998). Besides Lamellibrachia spp., another tubeworm Escarpia spicata from the seeps 

in the Guaymas Basin also harbored thiotrophic γ-Proteobacteria as the endosymbiont (Nelson and 

Fisher 2000).  Lamellibrachia spp. harbored α-, β-, γ- and ε-Proteobacteria (Peek et al. 1998). 

Phylotypes of ε-Proteobacteria were closely related to Acrobacter spp.. They were discovered as 

intracellular symbionts in the trophosome of Lamellibrachia sp. from methane seeps in Sagami Bay, 

Japan. Coccoid α-Proteobacteria was discernible in the trophosome of Lamellibrachia sp. from a 

methane-rich seep of Sagami Trough (Elsaied et al. 2002). Thiotrophic and methanotrophic bacteria 

and those with unknown functions belonging to α-, β-, γ-, and ε-Proteobacteria and unidentified 

groups were found  in  the seeps of WP especially from Sagami Trough, Japan (Elsaied and 

Naganuma 2001; Fujiwara et al. 2001; Imhoff et al. 2003; Kimura et al. 2003; Duperron et al. 2007; 

Naganuma et al. 2007).  

The vesicomyid clams prefer habitats ranging from soft bottom sediments to basaltic rocks in the 

seeps of PO. They are mixotrophic, burying three forth of their body in the sediment. They penetrate 

their feet into the sediment and access H2S which further gets transported to endosymbionts present 

in the gill (Hashimoto et al. 1995). Microbes involved in the production of H2S from anaerobic 

decomposition of CH4 coupled with SO2-
4 reduction were present in the annelid Escarpia spicata, 

molluscs Calyptogena spp. and Vesicomya lepta (Peek et al. 1998; McKiness et al. 2005). Several 

unidentified bacterial associates were also discovered from various hosts (Cary and Giovannoni 

1993; Imhoff et al. 2003). Majority of the bacterial associates in the Pacific seeps were recovered 

from Monterey Canyon, California (Cary and Giovannoni 1993; Peek et al. 1998; McKiness et al. 

2005). In general, fauna from the Pacific seeps harbored potential chemoautotrophs comprising 

thiotrophs, methanotrophs and those with unknown functions belonging to α-, β-, γ- and δ- 

Proteobacteria (Figure 2, Table 2). 

3.2.2. Atlantic Ocean 

In the AO, seeps occur off the coast of Brazil, Gulf of Mexico, near Barbados, the Blake Ridge off 

the Carolinas, the Laurentian Fan, the Gulf of Cadiz, the Sea of Marmara, and the coasts of Angola 

and Nigeria (Vogt et al. 1999; Pinheiro et al. 2003; Cordes et al. 2007; Olu-Le Roy et al. 2007; Zitter 
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et al. 2008). The first cold seep system was discovered 32 years ago in the Florida Escarpment in 

GoM in the AO where the concentration of methane reaches up to 10 mM (Table 1) (Paull et al. 

1984; Chanton et al. 1991). Hydrocarbon cold seeps are prominent along GoM which includes 

petroleum seeps, gas hydrate seeps and tar balls (Sassen et al. 1993, 1999; MacDonald et al. 2004). 

Generation of sulfide in the Atlantic seeps is from the anaerobic oxidation of methane, hydrocarbon 

and organic matter coupled with sulfate reduction (Aharon and Fu 2000; Arvidson et al. 2004; Joye 

et al. 2004). Methane and ammonia concentrations in the Atlantic seeps varied from 32 μM to 10 

mM and bdl to 1800 μM, respectively. Other electron donors such as Fe and Mn were in nanomolar 

range (Table 1) (Chanton et al. 1991; Hensen e al. 2007; Lemaitre et al. 2014). The major fauna in 

the Atlantic seeps include vestimentiferan tubeworms belonging to the family Siboglinidae, 

bathymodiolid mussels and clams belonging to the families, Vesicomyidae, Thyasiridae, Solemyidae 

and Lucinidae.  

Thiotrophic and methanotrophic symbionts belonging to γ-Proteobacteria and unidentified groups 

were recorded from seeps in the Atlantic, mostly from GoM (Cavanaugh et al. 1987; Fisher et al. 

1987; Southward 1988; Vacelet and Boury-Esnault 1995; Vacelet et al. 1996; Nelson and Fisher 

2000; Raggi et al. 2013). Tubeworms Lamellibrachia sp., Seepiophila jonesi, molluscs Calyptogena 

sp. and Bathymodiolus spp. sustained γ-Proteobacteria (Vacelet et al. 1996; Peek et al. 1998; Nelson 

and Fisher 2000). Several unidentified bacteria exhibiting chemosynthetic and cryptic functions were 

also present in the sponge Cladorhiza sp., molluscs Calyptogena sp., Vesicomya sp. Bathymodiolus 

sp. and unidentified mytilids (Anthony 1982; Childress et al. 1986; Fisher et al. 1993; Vacelet and 

Boury-Esnault 1995). In general, chemosynthesis dependent invertebrates in the seeps of AO 

harbored thiotrophs, methanotrophs, and those with unknown functions belonging to γ-

Proteobacteria, Bacteriodetes and unidentified bacteria (Figure 2, Table 2). 

3.2.3. Mediterranean Sea 

Adjacent to the AO in the north east, seeps in the Nile deep sea fan (NDF) of the MS harboured 

thiotrophic and methanotrophic symbionts belonging to γ-Proteobacteria and Bacteroidetes (Figure 

2, Table 2) (Fisher et al. 1993). The central part of the NDF possessed only thiotrophs and a 

combination of thio and methanotrophs in the north. Maximum sulfide and methane measured in the 

Mediterranean seep was 23 and 120 mM, respectively (Table 1) (Haese et al. 2003; Ristova et al. 

2015). Gammaproteobacteria were sustained by the clam Lucinoma aff. kazani and mussel Idas sp. 

Bacteroidetes however, was restricted to mussels. Presence of Lucinoma aff. kazani can be correlated 
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with local enrichments in sulfide through the activity of symbiotic microbes involved in sulfate 

reduction coupled to anaerobic oxidation of methane (Duperron et al. 2007). 

3.2.4. Indian Ocean 

Though seeps have been discovered in the IO particularly off the coast of Pakistan, Indonesia and the 

Bay of Bengal, studies on invertebrates and associated microbes are scarce (Cordes et al. 2010).  

3.2.5. Arctic Ocean 

In the Arctic, a prominent cold seep system was discovered in the Håkon Mosby Mud Volcano, off 

the coast of Norway. Several experiments demonstrated and supported the very high concentration of 

methane up to 266 μM (Table 1) (Ginsburg et al. 1999; Lein et al. 1999; Milkov et al. 2004). Sulfide 

content up to 0.15 mM was detected in the sediment samples (Table 1) (Milkov et al. 1999; 

Lösekann et al. 2008). Tubeworms especially Pogonophorans constituted the dominant fauna 

including genera Oligobrachia and Sclerolinum (Pimenov et al. 1999). Below siboglinid tubeworm, 

bacterial mats composed of methylococcales (aerobic methanotrophic bacteria), ANME-2 (anaerobic 

methanotrophic archaea) and ANME-3 (undescribed archaea) were detected. Different species of 

sulfur-oxidizing filamentous genera Beggiatoa were also present in the microbial mat. The absence 

of sulfate and oxygen in the mud volcano fluids limit the availability of electron acceptors for 

methane oxidation (Milkov et al. 1999; de Beer et al. 2006; Niemann et al. 2006).  

Additional information on the geochemistry of the vents and seeps are detailed in the Supplementary 

Table 1. Generally, hydrothermal vents are highly sulfidic and cold seeps are rich in methane. 

However, a relatively higher concentration of methane (up to 4 mmol kg-1) and sulfide (23 mM) have 

been measured at MAR vents and cold seeps of Eastern Mediterranean, respectively. Higher 

concentration of ammonia in both vents (max. 14 mM) and seeps (max. 4.5 mM) shows its 

importance as electron donor in chemoautotrophy in both these systems. Metal concentrations, 

especially Fe and Mn were also higher in the vents (µM to mM) than seeps (nM) (supplementary 

table 1) (Boulègue et al. 1987; Gallant and Damm 2006; Kawagucci et al. 2011; Klevenz et al. 2011; 

Ristova et al. 2015). Detailed information on the diversity of bacterial associates, host, metabolism 

and chemical environment are presented in the Supplementary Table 2a and 2b. 

3.3. Age of chemosynthetic fauna and changing earth 

Appearance of the present prominent fauna in vents and seeps can be correlated with the final stages 

of breakup of the Pangaea as per molecular clock (Hurtado 2002; Bachraty et al. 2009). These recent 

groups especially vestimentiferan tubeworms could be the descendants of ancestors from other deeps 
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sea or shallow water habitats (Black et al. 1997). The relationship between symbionts could be 

inferred in the light of the origin and evolution of host fauna (Krueger and Cavanugh 1997). 

Molecular analyses of the major vent and seep fauna including vestimentiferan tubeworms, 

bathymodiolus mussels, vesicomyid clams, yeti crabs and bresiliid shrimps reflected their Mesozoic 

(250 Ma) to Cenozoic (65 Ma) origin (Van Dover et al. 2002). Fossils and molecular studies showed 

that vestimentiferan tubeworms evolved during early Jurassic (200 Ma) and late Cretaceous (100 

Ma) periods in vents and seeps (Kauffman et al. 1996; Campbell et al. 2002; Little 2002; Hikida et 

al. 2003). Phylogenetic studies revealed the diversification of vestimentiferan tubeworms in cold 

seeps (Van Dover et al. 2002).  Evolution of Yeti crab (Kiwidae) was also estimated to have taken 

place during mid-Cretaceous (92.8 – 121 Ma) (Roterman et al. 2013). Vesicomyid clams originated 

in seep about 100 Ma. This time period was much more than the molecular estimate of 22- 44 Ma 

(Little and Vrijenhoek 2003). They originated in cold seeps and further expanded their niche to 

hydrothermal vents and whale bones (Baco et al. 1999). The vent and seep Bathymodiolus mussels 

evolved during the late Cretaceous period (56 – 94 Ma) (Little and Vrijenhoek 2003) from their 

shallow water suspension feeding counterparts  (Craddock et al. 1995; Distel et al. 2000). Bresillid 

shrimps evolved very recently, <20 Ma from vents (Shank et al. 1999). The oldest fossil of 

chemosynthetic brachiopods belonging to the Jurassic period was found in the hydrocarbon seep 

deposit off eastern Oregon (Peckmann et al. 2013). Some chronological aspects of plate tectonics 

since the Jurassic could have influenced the relationships among regional fauna inhabiting the mid-

ocean ridges (Tunnicliffe et al. 1996).  

More importantly,  plate tectonics could have played a central role in the diversification of vent and 

seep fauna and their bacterial associates. Presence of certain common species such as bivalves 

Calyptogena kilmeri, C. elongata, Idas washingtonia and vestimentiferan tube worm Escarpia 

spicata or related ones in different reducing habitats such as seep and whale bones reflect their 

common origin and later separation due to vicariance (Tunnicliffe et al. 1996; Smith and Baco 2003). 

Plate tectonic events such as formation of seamounts due to volcanism, closure of oceanic basins, 

seafloor spreading cessation and ridge jumps affect the continuity of a plate boundary that serves as a 

biogeographic province. The mid-ocean ridges are classified as fast, intermediate and slow spreading 

ridges based on the rate of spreading between a pair of associated lithospheric plates. On the fast 

spreading centres (e.g. EPR), frequent (one eruption in 3-14 years) volcanic eruptions occur, 

resulting in the formation of large seamounts and plateaus (Sinton et al. 2002; Van Dover et al. 

2002). Formation of such large seamounts or plateaus created by volcanism serves as barriers to the 

dispersal. Thus, it adversely affects the continuity of the biogeographic provinces, resulting in the 
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geographical isolation of hydrothermal vent fauna. In addition, those frequent volcanisms wipe out 

all the living organisms present in its vicinity (Howe 2008). Conversely, the slow spreading ridges 

(e.g. MAR) are not associated with major volcanisms and therefore serve as the biogeographic 

province with possibly longer dispersal pathways. This information suggests that on slow spreading 

ridges, the hydrothermal fauna is  not frequently disturbed by tectonic activity as in the case of fast 

spreading ridges (Bachraty et al. 2009). The intermediate to slow spreading rates observed in the CIR 

suggest that this ridge  could act as a passage for simultaneous dispersal of biota from different ocean 

basins (German et al. 1998; Van Dover 2002). Therefore, the spreading rate of a mid-ocean ridge 

plays an important role in the capabilities of dispersal and gene flow of hydrothermal vent fauna. The 

spreading ridge cessation and ridge jumps result in the reorganization and lengthening of the 

transform faults between two segments of a mid ocean ridge and thereby disconnect the continuity of 

the ridge axis. These situations also act as barriers for the dispersal of hydrothermal vent fauna of 

existing biogeographic provinces. 

3.4. Phylogeography of potential chemoautotrophs associated with vent and seep fauna 

3.4.1. Hydrothermal vent 

Thiotrophic γ-Proteobacterial symbionts of mussels B. septemdierum and Myrina sp. from Myojin 

Knoll and Suiyo seamount in the WP shared 99% identity (Figure 3a).  Geographically, these two 

vents are a part of Izu-Bonin-Mariana Arc system. Studies reported that the hydrothermal fluid 

chemistry of these vents is similar (Lizasa et al. 1998; Desbruyères et al. 2006). These findings 

suggest that similar chemical conditions prevailing in these two vents support highly related bacterial 

phylotypes. As explained by the niche theory, the environmental conditions select the species 

composition through habitat filtering (Dumbrell et al. 2010; Pontarp et al. 2012; Coutinho et al. 

2015). Moreover, the local currents along the mid-ocean ridges could also aid in the transportation of 

microbes between vents (Howe 2008).   

The tubeworms R. pachyptila and R. piscesae from EPR and JFR, north east Pacific  respectively, 

shared 99% identical γ-Proteobacterial thiotrophic symbionts (bootstrap value 0.99) (Figure 3a). 

These vestimentiferan tubeworms are likely to possess a single or highly similar bacterial phylotypes 

(Feldman et al. 1997; Laue and Nelson 1997; di Meo et al. 2000; Nelson and Fisher 2000; McMullin 

et al. 2003; Stewart and Cavanaugh 2006). They have been known to acquire the symbionts from a 

pool of free-living bacteria. Initially, the above-mentioned vents were a part of a single continuous 

ridge system (Pacific mid-ocean ridge) which rifted apart 30 Ma due to tectonic fracturing of the 

Farallon plate (Tunicliffe et al. 1996; Atwater and Stock 1998). Consequently, the gene flow 



16 

 

between organisms in the two vents ceased. This led to the reproductive isolation of Riftia, which 

was suggested to have the Mesozoic or Cenozoic origin. This tubeworm further evolved into a 

different species, Ridgeia piscesae. This evolution is also supported by molecular clock, which 

depicts the intrinsic link of vent fauna and the formation and separation of mid-ocean ridges 

(Halanych et al. 1998; Chevaldonné et al. 2002; Howe 2008). The observed high similarity between 

the symbionts of Riftia and Ridgeia shows that the evolution did not weaken the specificity of the 

previously acquired symbiont to its host i.e., the host evolved without any changes in the symbiont. 

Thiotrophic ε-Proteobacterial epibiont of polychaete Alvinella pompejana from the EPR and shrimp 

Rimicaris exoculata from the MAR showed 94% identity (bootstrap value 1) (Figure 3a). Earlier 

studies also showed the extremely high relatedness of epibiotic ε-Proteobacteria of Alvinellid 

polychaete and Rimicaris (Madrid et al. 2001). It was also proven that this particular clade of 

bacteria is abundant and endemic to the Pacific and Atlantic vents (Polz and Cavanaugh 1996; 

Longnecker and Reysenbach 2001). Though there is no direct ridge connection between Pacific and 

Atlantic, the past connection between these oceans before the formation of the Central Isthmus of 

Panama (about 3 Ma), could be the possible reason for finding similar microbes (Miura et al. 2012). 

Also, the ancient Tethys Sea which existed between Eurasia and Africa about 100 Ma could have 

been the direct passage of microbes between Pacific and North Atlantic (Gebruk et al. 1997; Jolivet 

et al. 1998; Van Dover 2000). 

Phylogeographically, the symbionts in the MAR vents especially those of Bathymodiolus mussels 

appear to be less related to those from other vents. Deeper ridge valleys in the MAR retain larvae and 

prevent their transmission (Van Dover et al. 2002). Thiotrophs and methanotrophs in the MAR 

mussels belong to two independent lineages of γ-Proteobacteria (Figure 3a). Thiotrophs in the 

mussel Bathymodiolus azoricus from various MAR vents were not identical. Previous studies also 

showed that B. azoricus acquire thiotrophic symbionts from their surroundings (Won et al. 2003). 

These reasons could be attributed to the observed diversity among thiotrophs in the mussels from 

different vent sites. Geochemical differences among the MAR vents also support this observation 

(Desbruyères et al. 2000). Moreover, an earlier study also described that diversification of thiotrophs 

among host mussels increases with the geographical distance between the sites (Won et al. 2008). 

Such observations have been made in distantly separated MAR vents (Butterfield et al. 1990; 

German and Parson 1998). On the contrary, methanotrophs in B. azoricus from different vents in the 

MAR were highly related, sharing 99% identity (bootstrap 1) (Figure 3a). This is because methane-

oxidizing symbionts of mussels are generally host specific (Peterson and Dubilier 2009). The degree 
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of similarity of some symbiont phylotypes between different species of Bathymodiolus mussels 

depends on the mode of acquisition of the symbiont. Certain host specific bacterial phylotypes are 

maternally transmitted for several generations, but there are bacteria which the hosts acquire directly 

from the environment (Le Pennec and Beninger 1997; Eckelbarger and Young 1999; Won et al. 

2003; DeChaine and Cavanaugh 2005). Moreover, the post-larval stage of B. azoricus was found to 

harbor thiotrophic and methanotrophic symbionts. Dispersal of these larvae could also cause 

symbiont transport between different locations (Won et al. 2003). Here the inter vent variations in 

thiotrophs are high due to 1) restriction in the mobility of host Bathymodiolus, 2) transforming faults 

and azores plateau (formed due to tectonic activity) acting as barriers, 3) slower spreading rates in 

Atlantic than Pacific and most importantly 4) less host specificity (Cannat et al. 1999; Heijden et al. 

2012). From these studies, it is obvious that the mobile fauna are  content with chemoautotrophs that 

are epibiotic as evidenced in both the ancient yeti crab and the recently evolved Rimicaris. However, 

the sessile forms prefer to harbor the endosymbiotic forms in sync with their life style. 

Ectosymbiotic thiotrophic γ-Proteobacteria of shrimp Rimicaris exoculata (MAR) showed 94% 

identity to epibiotic bacteria associated with the yeti crab Kiwa hirsuta from the Annie’s Anthill 

Vent field (AAV, PAR), well supported by a bootstrap value of 0.99 in the phylogenetic tree (Figure 

3a). The relatedness between the epibiotic bacteria hosted by the shrimp and the crab despite the 

distance separating them could be attributed to two reasons. Firstly, it is probable that the prevailing 

currents connecting these oceans enhance the dispersal of host larvae with the symbionts which 

remain unaltered or undergo genetic differentiation due to geographic isolation (Vrijenhoek 2010; 

Rogers et al. 2012). Secondly, the existing connection between the mid- oceanic ridge in the Pacific 

and the Atlantic through PAR could facilitate the dispersal of symbionts via currents along the ridges 

(Tunnicliffe et al. 1996). Shrimp Rimicaris is also known to be a capable swimmer and also has free-

living planktotrophic post-larvae which feed on the photosynthetic material (Pond et al. 2000). The 

juveniles also possess tremendous swimming potential. Moreover, the nutritional strategy allows the 

larvae to disperse from the vent sites despite the presence of large fracture zones in the MAR vents 

(Van Dover et al. 2002). The larvae could also be carried away by criss cross currents along the 

ridges (Howe 2008).  

One of the epibiont from the scaly snail in the IO showed high similarity (93%) to  a δ-

Proteobacterial associate of tubeworm Riftia Pachyptila from EPR and also to that from the Yeti crab 

Kiwa hirsuta from AAV (PAR) which is well supported by a bootstrap value of 0.99 and 1, 

respectively (Figure 3a). It is thus inferred that dispersal of bacterial associates between entirely 
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different hosts across the Indian and Pacific oceans is highly possible due to warm water currents 

which link these two oceans. The major pathway is apparently via the Indonesian Through Flow, 

which is responsible for the transfer of warm surface water from the tropical north-west Pacific along 

the Makassar Strait, into the Flores and Banda Sea and the Indian Ocean (Figure 4) (German et al. 

1996; Gordon and Fine 1996). Another possible route is the PAR and Macquarie Ridge Complex, 

which act as an intermediate dispersal pathway of the Pacific and the Indian Ocean species 

(Desbruyères 2006). Moreover, existing mid-ocean ridge connection between the Pacific and the 

Atlantic through the Indian Ocean and the PAR facilitate the dispersal and spreading of Pacific biota 

in these regions (Tunnicliffe and Fowler 1996). These connecting routes with the prevailing currents 

between different oceans facilitate the dispersal and exchange of free-living bacteria and metazoan 

larvae harbouring bacterial symbionts (Tunicliffe and Fowler 1996; Van Dover et al. 2002; Bachraty 

et al. 2009; Vrijenhoek 2010; Rogers et al. 2012). The probability of the existence of allied vent 

fauna and bacteria in different parts of the world ocean before the continental drift can also be a 

remote possibility, which could support the occurrence of related species which hitherto defied 

evolutionary divergence (Tunicliffe et al. 1997). Map showing the locations of the vents included in 

this review is depicted in Figure 3b. 

3.4.2. Cold seep 

Different species of Calyptogena clams from the seeps in the east and west Pacific, such as C. 

kilmeri off Oregon (EP), and C. soyoae from Sagami Bay (WP) shared 99% identical thiotrophic 

symbionts (bootstrap value 0.85) (Figure 3a). Earlier studies with COI sequence analysis of 

Calyptogena clams showed that C. kilmeri clustered with C. soyoae which revealed their close 

evolutionary relatedness (Peek et al. 1997; Kojima et al. 2004; Decker et al. 2012). Since vescomyid 

clams are known for maternal/vertical transfer of symbionts, these species probably acquired the 

same symbionts from their common ancestor before divergence due to geographical isolation. 

Calyptogena extenta from the seeps in the west and east Pacific also hosted identical symbionts. This 

is a very good example of maternal inheritance of species-specific symbionts.  They carry out 

oxidation of H2S produced by the microbial reduction of sulfate using methane in seep sediments. 

Thus they synthesize organic matter utilizing dissolved inorganic carbon (Masuzawa et al. 1992). It 

should also be noted that generally different species of vesicomyid clams co-occur together in the 

Pacific seeps (Barry et al. 1997; Kojima 2002). However, in the Monterey Bay, different 

Calyptogena clams preferred different sulfide concentrations (Barry et al. 1997). 
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Bathymodiolus heckerae from adjacent seeps such as the Western Florida Escarpment (WFE) and 

another seep in the GoM shared 99% identical thiotrophic symbionts (boot strap value 0.97) (Figure 

3a). According to previous studies, this particular symbiont species belonged to the ‘T2’ phylotype 

of B. heckerae and its closest relative is that of the host B. septemdierum from the vents in WP 

(Duperron et al. 2007). This relatedness is evident in the phylogenetic tree (Figure 3a). 

Methanotrophic symbiont of B. childressi from the GoM in the west Atlantic and B. hirtus from 

Kuroshima Knoll in the west Pacific shared 99% identity (bootstrap value 0.97) (Figure 3a). The 

latter was identified as γ-Proteobacteria. Generally, methanotrophs are host specific but occasionally 

a single phylotype can be seen in multiple hosts (Won et al. 2003; Duperron et al. 2005; DeChaine et 

al. 2006). Here, the two hosts B. childressi and B. hirtus are also phylogenetically placed under 

‘group 1’ of subfamily Bathymodiolinae based on their COI sequences (Miyazaki et al. 2010). 

Hence, in this case, phylogenetically related hosts sustain highly similar symbionts. Two different 

genera of vestimentiferan tubeworms such as Escarpia sp. and Seepiophila jonesi from GoM shared 

98% identical thiotrophic symbionts (boot strap value 1) (Figure 3a). These symbionts belonged to 

phylotype 1 of the two phylotypes recovered from vestimentiferan tube worms. This particular 

phylotype diverged from the second, more than 200 Ma, much before the radiation of their hosts and 

widely occurred in vestimentiferan genera in the cold seeps of Atlantic (Fieldman et al. 1997; 

Vrijenhoek 2010).  

In a conundrum where one wonders which arrived first in a habitat, the host or the symbiont, the 

above observation suggests that there could be instances where the host follows the potential 

symbiont. However, it is known that bacteria were early colonizers. Hence, it could be possible   but 

that the host evolved to match the available symbiont. Thus, it is highly plausible that the symbiont 

evolved faster than the host. It is widely known that the bacterial inhabitants are atleast as old as the 

earth itself. Panspermia theory proposes that their age could be much older than the age of the earth 

itself (Parrilli et al. 2011). Hence, in this case, the symbiotic relationship could be  as old as the host, 

but not the bacterial lineage. 

Smaller vesicomyid clams such as Isorropodon megadesmus from a seep in the Gulf of Cadiz in 

north east Atlantic and I. perplexum from a seep in the east Mediterranean have 99% identical 

thiotrophic symbionts (bootstrap value 0.99, Figure 3a). The latter is the only vesicomyid clam 

reported in the eastern Mediterranean (Oliver et al. 2011). The Gulf of Cadiz is a region where 

mixing of Mediterranean and Atlantic waters occurs. There is also a possibility of symbiont transfer 

from Atlantic to Meditteranean waters via the Strait of Gibralter, since this is the only connection 
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between them (Figure 5) (Tintore et al. 1988; Darling et al. 2007). Though symbiont transmission is 

generally vertical in vesicomyid clams, this particular case is an example of the horizontal host-host 

acquisition because it was hypothesized that I. perplexum in EM originated from EA ancestors 5.96-

5.33 Ma (Heezen and Johnson 1969; Madelain 1970; Cary and Giovannoni 1993; Baraza et al. 2003; 

Duggen et al. 2003; Dubilier et al. 2008; Stewart et al. 2008). Map showing the locations of seeps 

included in this review is depicted in Figure 3b. 

3.4.3. Comparison between bacterial associates of vent and seep fauna  

Our analysis shows that bacterial associates from these two ecosystems are generally unrelated. In 

certain cases like Calyptogena clams, the symbiont is host specific rather than environment 

dependent. C. fausta from the Nankai Trough, a seep in WP and C. pacifica from JFR vent in EP 

harbored nearly identical (99%) thiotrophic symbionts (bootstrap value 0.97) (Figure 3a). Similar 

level of affinity has been observed in the case of siboglinid tubeworms. Escarpia spicata from the 

vent in Guaymas Basin, EP and Scerolinum contortum from the seep in the Arctic Ocean shared 99% 

identical thiotrophic symbionts (bootstrap value 0.99) (Figure 3a). This particular symbiont type is 

unique in hosts that colonize sediment vent and cold seep (Schulze and Halamych 2003). In this case, 

the Guaymas basin is a sediment vent (Campbell et al. 2013). This phylotype of thiotrophic symbiont 

is a successful chemolithoautotroph common to both sediment vent and cold seep. Hence, they could 

be environment dependent. They could have been acquired by the tubeworms to meet their 

nutritional requirements. Maximum numbers of bacterial phylotypes have been reported from the 

vents and seeps of PO followed by Atlantic. 

A summary of prominent hosts and potential chemoautotrophic bacterial associates in the vent and 

seep ecosystem is presented in Figure 6. The diversity as depicted by the number of host species and 

the number of bacterial associates were higher in the vents.  The high diversity of different bacterial 

classes encountered in tubeworms could be attributed to its ancient origin. Generally, most of the α- 

and ε-Proteobacteria were thiotrophs while γ-Proteobacteria comprised of both thio and 

methanotrophs. Our review shows that γ-Proteobacteria are the most successful symbionts harbored 

by diverse host species residing in the vents and seeps of global Ocean. This is followed by ε-

Proteobacteria in vents and α-Proteobacteria in seeps other than a relatively high number of 

unidentified phylotypes. Percentage of bacterial phylotypes reported from vents and seeps of the 

world ocean is shown in Figure 7. Among the vents, the maximum numbers of host-associated 

bacterial phylotypes were from PO, representing 77%. Similarly, the seeps in PO possessed 59% of 

total bacterial phylotypes. These observations could be attributed to the following reasons: 1) 
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occurrence of the extensive vent and seep systems, 2) more diverse host phyla, and 3) most 

importantly, more research in the PO. Among the three major oceans, the IO is the least explored so 

far, with only 5% of reported phylotypes from the vents. In the AO, the seeps harbor relatively more 

number of bacterial phylotypes (31.4%) than the vents (18.26%). Relatively low percentage of 

bacterial phylotypes has also been encountered from the seeps in the Arctic Ocean and the 

Mediterranean Sea.  

3.4.4. Lineages of bacterial associates of different fauna in the two ecosystems 

The present analysis shows that in general, thiotrophic bacterial associates of clams were more 

divergent with 6 different lineages than mussels and tubeworms (Figure 3a). Thiotrophs from 

different species of Bathymodiolus constitute a single lineage. A similar trend was also observed in 

their methanotrophic counterparts. Bacterial associates of tubeworms, snails, crabs and shrimps were 

interrelated and appeared to have diverged more recently than the symbionts of the bivalves. The 

bivalves show their specificity in harboring particular symbiont by facilitating vertical transmission. 

However, higher relatedness observed between the bacterial associates of tubeworms, snails, crabs 

and shrimps suggest horizontal acquisition of symbionts from geochemically similar habitats.  

The above scenario described in our review could change, or reiterate established patterns with the 

discovery of new vents and seeps.  Generally, geochemical gradients in the vents and seeps dictate 

how the free-living and symbiotic bacteria colonize and spread in the intra and inter systems.  

Physical and tectonic forces in the current and geological ages were either responsible for bringing 

the distantly separated hosts and their bacterial associates together or scattering them to evolve 

separately.  This review provides some salient aspects on how microbial associates of vent and seep 

fauna spread over time and space.   Though there is enough coverage on the abundance, distribution 

and diversity of the vent and seep fauna, the study on activity is mostly restricted to functional genes, 

and not necessarily to their expression in the form of the processes they mediate. These include some 

attempts on measuring chemosynthetic rates in these and allied systems. 

3.5. Rates of chemoautotrophic production in vent, seep, anoxic and oxic basin 

Rates of chemosynthetic carbon fixation in various deep-sea settings have been compared by Karl 

(1995) and Mandernack and Tebo (1999). A summary of these is  presented along with some of our 

published data (Table 3). Though the data collected by different authors under different 

environmental conditions have been expressed in different units, we have tried to convert as many as 

possible to a common unit to be able to appreciate similarities and differences.  Values of carbon 

fixation were converted from their original units of nmol C g-1d-1 for sediments and mats and nmol C 
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l-1 d-1 for water to a common unit of g C m-3 y-1. It is not an ideal comparison because of different 

environmental parameters including oxygen content, bacterial numbers and incubating conditions. 

The table thus gives an overview and brings out the importance of chemoautotrophic carbon fixation 

rates in all the sediments studied and is not restricted to typical vents and seeps.   

The carbon fixed in vent waters ranged from 0.056-21.9 g C m-3y-1. In the cold seep of the Håkon 

Mosby Mud Volcano, the values for carbon fixed were 325 g C m-3 y-1 and 76.8 g C m-2 y-1 

(Mandernack and Tebo 1999; Lichtschlag et al. 2010). The oxic sedimentary basin fixed 19.9 to 

37400 g C m-3 y-1 (Das et al. 2011).  However, still higher values of carbon fixation in symbiotic 

hosts have been reported where the maximum value per single gram of vent tubeworm tissue is about 

~4 g C y-1 (Childress et al. 1991) (Table 4).  These values reveal the enormous potential of the deep-

sea bed and vent fauna to fix carbon microbially.The global estimate of carbon production in deep-

sea vents is of 5 Tg C y-1 (Hügler and Sievert 2010). 

It would be relevant to compare these estimates with those from other systems. Ammonia- oxidizing 

archaea may fix approximately 400 Tg C y-1 in the pelagic realm via 3-HP/4-HB (3-

hydroxypropionate/4-hydroxybutyrate) cycle (Schouten et al. 2004; Wuchter et al. 2006). Anammox 

bacteria in the same ecosystem contribute up to 3.5 Tg Cy-1 through the WL (Wood-Ljungdahl) 

pathway (Schouten et al. 2004; Strouset al. 2006; Raven 2009). Iron, hydrogen and/or sulfide 

oxidation produce an estimate of ~1 Tg C y-1 within the ocean crust (Bach and Edwards 2003). This 

rate could probably be an underestimate.  Sulfide which could exists upto mmolar level in deep-sea 

reducing habitats is high enough to contribute a significant percentage to total dark carbon fixation. 

Summary and conclusion  

Though vents and seeps host distinct bacterial associates, there could be similarities in the symbionts 

from these two disparate systems in the case of, 1. Closely related species of vesicomyid clams. 2. 

Geochemical similar systems and 3. Geographical proximity of vent and seep.  Phylogeographically, 

though the Atlantic and Pacific fauna have their uniqueness, the Indian Ocean seems to share the 

features of hosts from both the oceans besides maintaining its own uniqueness. This mini-review 

emphasizes that the endosymbionts are specific and more ancient and generally associated with less 

mobile hosts. On the contrary, ectosymbionts are more varied, recent and mainly associated with 

mobile hosts. Proteobacteria is the most ecologically successful bacterial phylum as evidenced by its 

abundance and distribution. Within this phylum, γ-Proteobacteria is the most successful. Besides, it 

is also capable of both sulfur and methane oxidation in the vents and seeps. While α- and ε-

Proteobacteria are involved in sulfur oxidation, δ-Proteobacteria is predominantly a sulfate reducer. 
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However, they are sometimes obligate chemoautotrophs that use electron donors other than sulfide 

for chemoautotrophy. Thiotrophs are more ecologically successful than methanotrophs because they 

are less specific and have a broader host range.  Although concentrations of methane and ammonia 

were detected upto mmolar levels in the vents and seeps, the rates of chemosynthesis at the expense 

of these compounds are yet to be estimated. The chemoautotrophic contribution of vents and seeps to 

the climate could be small for a particular region. However, it could be significant when the vast 

extent of their habitats is taken into consideration. Estimating chemoautotrophic rates in these 

ecosystems would help to understand their contribution to carbon fixation linked to other 

biogeochemical cycles both on local and global scale. Such studies would help to refine and improve 

the existing climate models and could also be suitably adopted for biogeographic models. 

 

Future scope 

We are aware that this review could be affected by sampling as the Pacific is more studied than the 

Atlantic or the Indian Ocean. The review is limited to the sequences of associated microbes of major 

fauna from vents and seeps. With the discovery of new vents and seeps and perhaps new hosts in the 

coming years, the lineage could be re-examined for a refinement/ or newer pattern of origin and 

distribution. The information would be useful for modeling and conservatory measures when deep-

sea mining come into practice in the near future. With the growing database of bacterial associates 

and the pertinent functional genes, the phylogeographical analysis could give a better perspective. 

More detailed information on diversity and function of chemoautotrophic bacterial associates could 

be obtained by metagenomic analysis using next- generation sequencing (NGS). With affordable 

costs, NGS would elucidate the diversity pattern with ease, pointing out the main groups which are 

abundant and contributing to different functions.  This could be suitably complemented by improved 

and optimized culturing methods. These complementary approaches would lend direction to the 

renewed effort in reducing the great plate count anomaly which in turn could update the database of 

reference cultures. The importance of these symbiotic and free-living chemoautotrophs would be 

better understood if we know the extent of their contribution to primary productivity, as there is a 

sparse availability of data on carbon fixation in the sediments and symbiotic fauna worldwide. Such 

information would help us to contrast chemosynthetic production with photosynthesis. Some 

uniformity in measurement would be desirable for comparative appreciation as in the case of 14C 

method for light-driven photosynthetic production. Inverse modeling with some of the rates that are 



24 

 

currently known could also be a complementary approach. With the advent of new technologies, it 

would be possible to constrain these chemosynthetic rates and fluxes on a more dynamic scale. 

Acknowledgements 

The authors are grateful to the former Directors Dr. SR Shetye, Dr. SWA Naqvi, and the present 

director Dr. Sunil Kumar Singh, CSIR-National Institute of Oceanography for facilities and support. 

Team of Genotypic Technology, Bangalore helped with the phylogenetic tree construction. Dr. 

Yatheesh Vadakkeyakath, Scientist, Geoogical Oceanography Division kindly provided the input on 

plate tectonics. Finally Dr. C.T. Achuthankutty helped in improving the overall presentation of this 

review. Two anonymous referees steered the manuscript with appropriate questions and suggestions 

for considerable improvements in the layout and language. TRA was financially supported by BTIS 

and CSIR-Senior Research Fellowship. PAL was supported by an emeritus fellowship from CSIR. 

AD acknowledges CSIR-JRF-SRF, CSIR RA and SERB-YS fellowships for supporting her research. 

AD also thanks Dr. K.M. Paknikar, Director MACS-ARI, Pune, Dr P.K.Dhakephalkar and 

Bioenergy group of MACS-ARI for their immense support and encouragement. 

References 

1. Abrajano TA, Sturchio NC, Kennedy DM, Lyon GL, Muehlenbachs K, Bohlke JK. 1990. 
Geochemistry of reduced gas related to serpentinization of the Zambales ophiolite, Philippines. 
Appl Geochem 5: 625-630. 

2. Aharon P, Fu B. 2000. Microbial sulfate reduction rates and sulfur oxygen isotope fractionations 
at oil and gas seeps in deep water Gulf of Mexico. Geochim et Cosmochim Acta 64: 233–246. 

3. Anantharaman K, Breier JA, Dick GJ. 2016. Metagenomic resolution of microbial functions in 
deep-sea hydrothermal plumes across the Estern Lau Spreading Center. ISME J 10: 225-239. 

4. Angel MV. 1990. Food in the deep sea. In: Whatley R, Maybury C, editors.  Ostracoda and 
Global events. Society publication series. 1st ed. Chapman and Hall. p 275-285.  

5. Anthony C. 1982. The biochemistry of methylotrophs. London: Academic Press. 431 p. 
6. Arndt C, Gaill F, Felbeck H. 2001. Anaerobic sulfur metabolism in thiotrophic symbioses. J Exp 

Biol 204: 741-750. 
7. Arndt C, Schiedek D, Felbeck H. 1998. Anaerobiosis in the hydrothermal vent tube-worm Riftia 

pachyptila. Cah Biol Mar 39: 271–273. 
8. Arp AJ, Childress JJ, Fisher CRJ. 1984. Metabolic and blood gas transport characteristics of the 

hydrothermal vent bivalve Calyptogena magnifica. Physiol Zool 57: 648–662 
9. Arvidson RS, Morse JW, Joye SB. 2004. The sulphur biogeochemistry of chemosynthetic cold 

seep communities, Gulf of Mexico, USA. Mar Chem 87: 97–119. 
10. Atwater T, Stock J. 1998. Pacific – North America plate tectonics of the neogene southwestern 

United States: an update. Int Geol Rev 40: 375 – 402. 
11. Avise JC. 2000. Phylogeography: The History and Formation of Species. Massachusettes: 

Harvard University Press. 447 p. 



25 

 

12. Bach W, Edwards KJ. 2003. Iron and sulfide oxidation within the basaltic ocean crust: 
implications for chemolithoautotrophic microbial biomass production. Geochim Cosmochim 
Acta 67: 3871–3887. 

13. Bachraty C, Legendre P, Desbruyères D. 2009. Biogeographic relationships among deep-sea 
hydrothermal vent faunas at global scale, Deep Sea Res Part 1 156: 1371-1378. 

14. Baco A, Smith C, Peek A, Roderick G, Vrijenhoek R. 1999. The phylogenetic relationships of 
whale-fall vesicomyid clams based on mitochondrial COI DNA sequences. Mar Ecol Prog Ser 
182: 137-147. 

15. Baraza J, Ercilla G, Alonso B, Casas D. 2003. Sediment dynamic features on the eastern Gulf of 
Cadiz. In: Mienert J, Weaver PPE, editors. European margin sediment dynamics. Verlag Berlin: 
Springer. p 177-185. 

16. Barry JP, Kochevar RE, Baxter CH. 1997. The influence of pore-water chemistry and physiology 
on the distribution of vesicomyid clams at cold seeps in Monterey Bay: Implications for patterns 
of chemosynthetic community organization. Limnol Oceanogr 42: 318-328. 

17. Barry JP, Buck KR, Kochevar RK, Nelson DC, Fujiwara Y, Goffredi SK, Hashimoto J. 2002. 
Methane based symbiosis in mussel, Bathymodiolus platifrons, from cold seeps in Sagami Bay, 
Japan. Invertebr Biol 121: 47-54. 

18. Barton LL, Fauque GD. 2009. Biochemistry, physiology and biotechnology of sulfate-reducing 
bacteria. Adv Appl Microbiol 68: 41-98. 

19. Black MB, Halanych KM, Maas PAY, Hoeh WR, Hashimoto J, Desbruyères D, Lutz RA, 
Vrijenhoek RC. 1997. Molecular systematics of vestimentiferan tubeworms from hydrothermal 
vents and cold-water seeps. Mar Biol 130: 141-149. 

20. Bohrmann G, Greinert J, Suess E, Torres M. 1998. Authigenic carbonates from the Cascadia 
subduction zone and their relation to gas hydrate stability. Geology 26: 647–650. 

21. Boulègue J, Liyama JT, Charleu JL, Sewab J. 1987. Nankai Trough, Japan Trench and Kuril 
Trench: geochemistry of fluid samples by submersible “Nautile”. Earth Planet Sci Lett 83: 362 – 
375. 

22. Butterfield DA, Massoth GJ, McDuff RE, Lupton JE, Lilley MD. 1990. Geochemistry of 
hydrothermal fluids from Axial seamount hydrothermal emission study vent field, Juan de Fuca 
Ridge: Subseafloor boiling and subsequent fluid rock interaction. J Geophys Res 95: 12,895 – 
12,921 

23. Cambon-Bonavita MA, Nadalig T, Roussel E, Delage E, Duperron S, Caprais JC, Boetius A, 
Sibuet M. 2009. Diversity and distribution of methane-oxidizing microbial communities 
associated with different faunal assemblages in a giant pockmark of the Gabon continental 
margin. Deep-Sea Res Part I 56: 2248–2258. 

24. Campbell AC, German CR, Palmer MR, Gamo T, Edmond JM. 1994. Chemistry of 
hydrothermal fluids from the Escanaba Trough, Gorda Ridge. In: Morton JL, Zierenberg 
RA, Reiss CA, editors. Geologic, Hydrothermal and Biologic Studies at Escanaba 
Trough, Gorda Ridge, Offshore Northern California. US Geol Surv Bull 2022: 201–221. 

25. Campbell AC, Palmer MR, Klinkhammer GP, Bowers TS, Edmond JM, Lawrence JR, Casey JF, 
Thompson G, Humphris S, Rona P, Karson JA. 1988. Chemistry of hot springs on the Mid 
Atlantic Ridge. Nature 335: 514 – 519. 

26. Campbell BJ, Cary SC. 2001. Characterization of a Novel Spirochete Associated with the 
Hydrothermal Vent Polychaete Annelid, Alvinella pompejana. Appl Environ Microbiol 67: 110-
117. 

27. Campbell BJ, Jeanthon C, Kostka JE, Luther III GW, Cary SC. 2001. Growth and Phylogenetic 
Properties of Novel Bacteria Belonging to the Epsilon Subdivision of the Proteobacteria 
Enriched from Alvinella pompejana and Deep-Sea Hydrothermal Vents. Appl Environ Microbiol 
67: 4566–4572. 



26 

 

28. Campbell KA, Farmer JD, DesMarais D. 2002. Ancient hydrocarbon seeps from the Mesozoic 
convergent margin of California: carbonate geochemistry, fluids and palaeoenvironments. 
Geofluids 2: 63-94. 

29. Campbell BJ, Stein JL, Cary SC. 2003. Evidence of Chemolithoautotrophy in the Bacterial 
Community Associated with Alvinella pompejana, a Hydrothermal Vent Polychaete. Appl 
Environ Microbiol 69: 5070–5078. 

30. Campbell BJ, Polson SW, Zeigler AL, Williamson SJ, Lee CK, Wommack KE, Cary SC. 2013. 
Diffuse flow environments within basalt- and sediment-based hydrothermal vent ecosystems 
harbour specialized microbial communities. Front Microbiol 4: 182  

31. Cannat M, Briais A, Deplus C, Escartin J, Georgen J, Lin J, Mercourier S, Meyzen C, Muller M, 
Pouliquen G, Rabain A, da Silva P. 1999. Mid-Atlantic Ridge – Azores hotspot interactions 
along – axis migration of a hotspot interaction along – axis migration of a hotspot – derived event 
of enhanced magmatism. 10 to 4 Ma ago. Earth Planet Sci Lett 173: 257 – 269. 

32. Cary SC, Cottrell MT, Stein JL, Camacho F, Desbruyères D. 1997. Molecular Identification and 
Localization of Filamentous Symbiotic Bacteria Associated with the Hydrothermal Vent Annelid 
Alvinella pompejana. Appl Environ Microbiol 63: 1124-1130. 

33. Cary SC, Giovannoni SJ. 1993. Transovarial inheritance of endosymbiotic bacteria in clams 
inhabiting deep-sea hydrothermal vents and cold seeps. Proc Natl Acad Sci U S A 90: 5695–
5699. 

34. Cavanaugh CM, Gardiner SL, Jones ML, Jannasch HW, Waterbury JB. 1981. Prokaryotic Cells 
in the Hydrothermal Vent Tube Worm Riftia pachyptila Jones: Possible Chemoautotrophic 
Symbionts. Science 213: 340-342. 

35. Cavanaugh CM. 1983. Symbiotic chemoautotrophic bacteria in marine invertebrates from 
sulphide rich habitats. Nature 302: 58-61. 

36. Cavanaugh CM, Levering PR, Maki JS, Mitchell R, Lidstrom ME. 1987. Symbiosis of 
methylotrophic bacteria and deep-sea mussels.  Nature 325: 346 – 348. 

37. Chanton JP, Martens CS, Paull CK. 1991. Control of pore-water chemistry at the base of the 
Florida escarpment by processes within the platform. Nature 349: 229–231. 

38. Charlou JL, Donval JP, Douville E, Jean-Baptiste P, Radford-Knoery J, Fouquet Y, Dapoigny A, 
Stievenard M. 2000. Compared geochemical signatures and the evolution of Menez Gwen (37 
500N) and Lucky Strike (37 170N) hydrothermal fluids, south of the Azores Triple Junction on 
the Mid-Atlantic Ridge. Chem Geol 171:  49–75. 

39. Chester R. 2000. Marine Geochemistry. 2nd ed. London: Blackwell Science. 506 p. 
40. Chevaldonné P, Jollivet D, Desbruyères D, Lutz RA, Vrijenhoek RC. 2002. Sister-species of 

eastern Pacific hydrothermal vent worms (Ampharetidae, Alvinellidae, Vestimentifera) provide 
new mitochondrial COI clock calibration. Cah Biol Mar 43: 367–370. 

41. Childress JJ and Fisher CR. 1992. The biology of hydrothermal vent animals: physiology, 
biochemistry and autotrophic symbiosis. Oceanogr Mar Biol A Rev 30: 337-341. 

42. Childress JJ, Fisher CR, Brooks JM, Kennicutt II MC, Bidigare R, Anderson AE. 1986. A 
Methanotrophic Marine Molluscan (Bivalvia, Mytilidae) Symbiosis: Mussels Fuelled by Gas. 
Science 233: 1306-1308. 

43.   Childress JJ, Fisher CR, Favuzzi JA, Kochevar R, Saunders NK, Alayse AM. 1991. Sulfide-
driven autotrophic balance in the bacterial symbiont-containing hydrothermal vent tubeworm, 
Riftia pachyptila Jones.  Biol Bull 180: 135–153 

44. Collier RW, Lilley MD. 2005. Composition of shelf methane seeps on the Cascadia continental 
margin 32: L06609. 

45. Cordes EE, Carney SL, Hourdez S, Carney RS, Brooks JM, Fisher CR. 2007. Cold seeps of deep 
Gulf of Mexico: Community structure and biogeographic comparisons to Atlantic equatorial belt 
seep communities. Deep-Sea Res 1 54: 637-653. 



27 

 

46. Cordes EE, Cunha MR, Galéron J, Mora C, Olu-Le Roy K, Sibuet M, Van Gaever S, Vanreusel 
A, Levin LA. 2010. The influence of geological, geochemical, and biogenic habitat heterogeneity 
on seep biodiversity. Mar Ecol 31: 51-65. 

47. Corliss JB, Dymond J, Gordon LI, Edmond JM, von Herzen RP, Ballard RD, Green K, Williams 
D, Bainbridge A, Crane K, von Andel TH. 1979. Submarine thermal springs on the Galapagos 
Rift. Science. 203: 1073-1083. 

48. Coutinho FH, Meirelles PM, Moreira APB, Paranhos RP, Dutilh BE, Thompson FL. 2015. Niche 
distribution and influence of environmental parameters in marine microbial communities: a 
systematic review. Peer J 3: e1008. 

49. Craddock C, Hoeh WR, Gustafson RG, Lutz RA, Hashimoto J, Vrijenhoek RJ. 1995. 
Evolutionary relationships among deep-sea mytilids (Bivalvia: Mytilidae) from hydrothermal 
vents and cold water methane/sulphide seeps. Mar Biol 121: 477 – 485. 

50. Dable BK, Love BA, Battaglia TM, Booksh KS, Lilley MD, Marquardt BJ. 2006. 
Characterization and quantitation of a tertiary mixture of salts by Raman spectroscopy in 
simulated hydrothermal vent fluid. Appl Spectrosc 60: 773-780. 

51. Darling KF, Kucera M, Wade CM. 2007. Global molecular phylogeography reveals persistent 
Arctic circumpolar isolation in a marine planktonic protist. Proc Natl Acad Sci USA 104: 5002-
5007. 

52. Das A, Sujith PP, Mourya BS, Biche SU, LokaBharathi PA. 2011. Chemosynthetic activity 
prevails in deep-sea sediments of the Central Indian Basin. Extremophiles 15: 177-189. 

53. de Angelis MA, Lilley MD, Baross JA. 1993. Methane oxidation in deep-sea hydrothermal 
plumes of the endeavour segment of the Juan de Fuca Ridge. Deep Sea Res I 40: 1169–1186. 

54. De Beer D, Sauter R, Niemann H, Kaul N, Foucher J, Witte U, Schlüter M, Boetius A. 2006. In 
situ fluxes and zonation of microbial activity in surface sediments of the Håkon Mosby Mud 
Volcano. Limnol Oceanogr 51: 1315 – 1331. 

55.  de Burgh ME, Singla CL. 1984. Bacterial colonization and endocytosis on the gill of a new 
limpet species from a hydrothermal vent. Mar Biol 84: 1-6. 

56. DeChaine EG, Cavanaugh CM. 2005. Symbioses of methanotrophs and deep-sea mussels 
(Mytilidae: Bathymodiolinae). In: Overmann J, editor. Progress in molecular and subcellular 
biology: molecular basis of symbiosis. Berlin, Heidelberg: Springer. p 227–249. 

57. DeChaine, Eric G, Bates AE, Shank TM, Cavanaugh CM. 2006. Off-axis symbiosis found: 
characterization and biogeography of bacterial symbionts of Bathymodiolus mussels from Lost 
City hydrothermal vents. Environ Microbiol 8: 1902-1912 

58. Decker C, Olu K, Cunha RL, Arnaud-Haond, S. 2012. Phylogeny and diversification patterns 
among vesicomyid bivalves. PloS ONE 7: e33359  

59. Desbruyères D, Almeida A, Biscoito M, Comtet T, Khri-pounoff A, Le Bris N, Sarradin PM, 
Segonzac M. 2000. A review of the distribution of hydrothermal vent communities along the 
northern Mid-Atlantic Ridge: dispersal vs. environmental controls. Hydrobiology 440: 201–216 

60. Desbruyères D, Chevaldonné P, Alayse AM, Jollivet D, Lallier F, Jouin-Toulmond C, Zal F, 
Sarradin PM, Cosson R, Caprais JC, Arndt C, ÓBrien J, GueZennec J, Hourdez S, Rise R, Gaill 
F, Laubier L, Toulmond A. 1998. Biology and ecology of the “Pompeii worm” ((Alvinella 
pompejana) Desbruyères and Laubier), a normal dweller of an extreme deep-sea environment: A 
synthesis of current knowledge and recent development. Deep Sea Res 45: 383-422. 

61. Desbruyères D, Gaill F, Laubier L, L, Prieur D, Rau GH. 1983. Unusual nutrition of the 
"Pompeii worm" Alvinella pompejana (polychaetous annelid) from a hydrothermal vent 
environment: SEM, TEM, 13C and evidence. Mar Biol 75: 201-205. 

62. Desbruyères D, Segonzac M, Bright M, editors. 2006. Handbook of Deep-Sea Hydrothermal 
Vent Fauna. 2nd ed.  Linz:  State Museum of Upper Austria. 544 p 



28 

 

63. Desbruyères D. 2006. Composition and Biogeography of Hydrothermal Vent Communities in 
Western Pacific Back-Arc Basins. Geophys Monogr Ser 166: 215-234. 

64. Dick GJ, Clement BG, Webb SM, Fodrie FJ, Bargar JR, Tebo BM. 2009. Enzymatic microbial 
Mn(II) oxidation and Mn biooxide production in the Guaymas Basin deep-sea hydrothermal 
plume. Geochim Cosmochim Acta 73: 6517–6530. 

65. Di Meo CA, Wilbur AE, Holben WE, Feldman RA, Vrijenhoek RC, Cary SC. 2000. Genetic 
variation among endosymbionts of widely distributed vestimentiferan tubeworms. Appl Environ 
Microbiol 66: 651-658. 

66. Distel DL, Baco A, Chuang E, Morrill W, Cavanaugh C, Smith C. 2000. Do mussels take 
wooden steps to deep-sea vents?. Nature 403: 725 – 726. 

67. Distel DL, Lane DJ, Olsen GJ, Giovannoni SJ, Pace B, Pace NR, Stahl DA, Felbeck H. 1988. 
Sulfur-Oxidizing Bacterial Endosymbionts: Analysis of Phylogeny and Specificity of 16S rRNA 
Sequences. J Bacteriol 170: 2506-2510.  

68. Distel DL, Cavanaugh CM. 1994. Independent phylogenetic origins of methanotrophic and 
chemoautotrophic bacterial endosymbiosis in marine bivalves. J Bacteriol 176: 1932-1938. 

69. Dubilier N, Bergin C, Lott C. 2008. Symbiotic diversity in marine animals: the art of harnessing 
chemosynthesis. Nature Rev Microbiol 6: 725-740. 

70. Dubilier N, Windoffer R, Giere O. 1998. Ultrastructure and stable carbon isotope composition of 
the hydrothermal vent mussels Bathymodiolus brevior and B. sp. affinis brevior from the North 
Fiji Basin, western Pacific. Mar Ecol Prog Ser 165: 187-193. 

71. Duggen S, Hoernle K, van den Bogaard P, Rupke L, Morgan JP. 2003. Deep roots of the 
Messinian salinity crisis, Nature 422: 602–606. 

72. Dumbrell AJ, Nelson M, Helgason T, Dytham C, Fitter AH. 2010. Relative roles of niche and 
neutral processes in structuring a soil microbial community. ISME J 4: 337-345. 

73. Duperron S, Fiala-Médioni A, Caprais J, Olu K, Sibuet M, 2007. Evidence for chemoautotrophic 
symbiosis in a Mediterranean cold seep clam (Bivalvia: Lucinidae): comparative sequence 
analysis of bacterial16S rRNA, APS reductase and RubisCO genes. FEMS Microbiol Ecol 59: 
64–70. 

74. Duperron S, Halary S, Lorion J, Sibuet M, Gaill F. 2008. Unexpected co-occurrence of six 
bacterial symbionts in the gills of the cold seep mussel Idas sp. (Bivalvia: Mytilidae). Environ 
Microbiol 10: 433-445. 

75. Duperron S, Nadalig T, Caprais J, Sibuet M, Fiala-Médioni A, Amann R, Dubilier N. 2005. Dual 
Symbiosis in a Bathymodiolus sp. Mussel from a Methane Seep on the Gabon Continental 
Margin (Southeast Atlantic): 16S rRNA Phylogeny and Distribution of the Symbionts in Gills. 
Appl Environ Microbiol 71: 1694-1700.  

76. Duperron S, Rodrigues CF, Léger N, Szafranski K, Decker C, Olu K, Gaudron SM. 2012. 
Diversity of symbioses between chemosynthetic bacteria and metazoans at the Guiness cold seep 
site (Gulf of Guinea, West Africa). Microbiology open 1: 467–480.  

77. Duperron S, Sibuet M, MacGregor BJ, Kuypers MM, Fisher CR, Dubilier N. 2007b. Diversity, 
relative abundance and metabolic potential of bacterial endosymbionts in three Bathymodiolus 
mussel species from cold seeps in the Gulf of Mexico. Environ Microbiol 9: 1423-1438. 

78. Eckelbarger KJ, Young CM. 1999. Ultrastructure of gametogenesis in a chemosynthetic mytilid 
bivalve (Bathymodiolus childressi) from a bathyal, methane seep environment (northern Gulf of 
Mexico). Mar Biol 135: 636-646. 

79. Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acid Res 32: 1792-1797. 

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



29 

 

81. Elsaied H, Kimura H, Naganuma T. 2002. Molecular characterization and endosymbiotic 
localization of the gene encoding D-ribulose 1, 5-bisphosphate carboxylase-oxygenase 
(RuBisCO) form II in the deep-sea vestimentiferan trophosome. Microbiology 148: 1947-1957. 

82. Felbeck H. 1981. Chemoautotrophic potential of the hydrothermal vent tube worm, Riftia 
pachyptila Jones (Vestimentifera). Science 213: 336-338. 

83. Feldman RA, Black MB, Cary CS, Lutz RA, Vrijenhoek RC. 1997. Molecular phylogenetics of 
bacterial endosymbionts and their vestimentiferan hosts. Mol Marine Biol Biotechnol 6: 268-277. 

84. Felsenstein J. 1981. Evolutionary Trees from DNA sequences: A Maximum Likelihood 
Approach. J Mol Evol 17: 368-376.  

85. Feseker T, Brown KR, Blanchet C, Scholz F, Nuzzo M, Reitz A, Schmidt M, Hensen C. 2010. 
Active mud volcanoes on the upper slope of the western Nile deep-sea fan – first results from the 
P362/2 cruise of R/V Poseidon. Geo-Mar Lett 30: 169-186. 

86. Fiala-Médioni A. 1984. Ultrastructural evidence of abundance of intracellular symbiotic bacteria 
in the gill of bivalve mollusks of deep hydrothermal vents. Comptes Rendus L’ Acad Sci Ser III 
Sciences de la Vie-Life Sciences 298: 487-492. 

87. Fiala-Médioni A, Métivier C, Herry A, Le Pennec M. 1986. Ultrastructure of the gill of the 
hydrothermal-vent mytilid Bathymodiolus sp. Mar Biol 92: 65-72. 

88. Fisher CR, Brooks JM, Vodenichar JS, Zande JM, Burke RA Jr. 1993. The co-occurrence of 
methanotrophic and chemoautotrophic sulfur-oxidizing bacterial symbionts in a deep-sea mussel. 
Mar Ecol 14: 277-289. 

89. Fisher CR, Childress JJ, Oremland RS. 1987. The importance of methane and  thiosulfate in the 
metabolism of the bacterial symbionts of two deep-sea mussels. Mar Biol 96: 59-71. 

90. Fisher CR. 1996. Ecophysiology of primary production at deep-sea vents and seeps. In: Uiblein 
R, Ott J, Stachowtish M, editors.  Deep-sea and extreme shallow-water habitats: affinities and 
adaptations. Biosystematics and ecology series 11 Vienna: Austrian Academy of Sciences. p 
311–334. 

91. Floodgate G, Judd A. 1992. The origins of shallow gas. Cont Shelf Res 12: 1145-1156.  
92. Fujikura K, Kojima S, Tamaki K, Maki Y, Hunt J, Okutani T. 1999. The deepest chemosynthesis 

based community yet discovered from the hadal zone, 7326 m depth, in the Japan Trench. Mar 
Ecol Prog Ser 190: 17-26. 

93. Fujiwara Y, Kato C, Masui N, Fujikura K, Kojima S. 2001. Dual symbiosis in the cold-seep 
thyasirid clam Maorithyas hadalis from the hadal zone in the Japan Trench, western Pacific. Mar 
Ecol Prog Ser 214: 151-159. 

94. Fujiwara Y, Kojima S, Mizota C, Maki Y, Fujikura K. 2000. Phylogenetic characterization of the 
 endosymbionts of the deepest-living vesicomyid clam, Calyptogena fossajaponica, from the 
Japan Trench. Venus 59: 307-316. 

95. Galand PE, Potvin M, Casamayor EO, Lovejoy C. 2010. Hydrography shapes bacterial 
biogeography of the deep Arctic Ocean. ISME J 4: 504-576. 

96. Galchenko VF, Pimenov NV, Lein AY. Galkin SV, Miller YM, Ivanov MV. 1992. Mixotrophic 
type of feeding of Olgaconcha tufuri Beck (Gastropoda:  Prosobranchia) from the active 
hydrothermal field of the Manus Basin (Bismarck Sea). Dokl Biol Sci 323: 125-129. 

97. Gallant RM, Damm KLV. 2006. Geochemical controls on hydrothermal fluids from the Kairei 
and Edmond vent fields, 23° - 25° S, Central Indian Ridge. Geochem Geophys Geosyst 7: 
Q06018 

98. Gamo T, Chiba H, Yamanaka T, Okudaira T, Hashimoto J, Tsuchida S, Ishibashi J, Kataoka S, 
Tsunogai U, Okamura K, Sano Y, Shinjo R. 2001. Chemical characteristics of newly discovered 
black smoker fluids and associated hydrothermal plumes at the Rodriguez Triple Junction, 
Central Indian Ridge. Earth Planet Sci Lett 193: 371-379. 



30 

 

99. Gebruk AV, Galkin SV, Vereshchaka AL, Moskalev LI, Southward A. 1997. Ecology and 
biogeography of the hydrothermal vent fauna of the Mid-Atlantic Ridge. Adv Mar Biol 32: 94-
144 

100. Georgieva MN, Little CTS, Ball AD, Glover AG. 2015. Mineralization of Alvinella polychaete 
tubes at hydrothermal vents. Geobiology 13: 152-169. 

101. German CR, Parson LM, Bougault H, Coller D, Critchley M, Dapoigny A, Day C, Eardley D, 
Fearn A, Flewellen C, Kirk R, Klinkhammer G, Landure J–Y, Ludford E, Miranda M, Needham 
HD, Patching J, Pearce R, Pelle H, Radford-Knoery J, Rouse I, Scott J, Stoffregen P, Taylor P, 
Teare D, Wynar J. 1996. Hydrothermal exploration near the Azores Triple Junction: tectonic 
control of venting at slow-spreading ridges?. Earth Planet Sci Lett 138: 93-104. 

102. German CR, Parson LM. 1998. Distribution of hydrothermal activity along the Mid-Atlantic 
Ridge: Interplay of magmatic and tectonic controls. Earth Planet Sci Lett 160: 327 – 341. 

103. German CR, Baker ET, Mevel C, Tamaki K, Blondel P, Evans A, Flewellen C, Matthew D, 
Parson L, Boulanger D, Sauter D, Fujimoto H, Osada Y, Tamura C, Yama-ashi T, Gomez O, Lee 
SM, Searle RC, Patriat P, Pouliquen G, Rommevaux-Jestin C, Yamada T. 1998. Hydrothermal 
activity along the southwest Indian ridge. Nature 395: 490-493. 

104. Gieskes J, Mahn C, Day S, Martin JB, Greinert J, Rathburn J, MzAdoo B. 2005. A study of the 
chemistry of pore fluids and authigenic carbonates in methane seep environments: Kodiak 
Trench, Hydrate Ridge, Monterey Bay and Eel River Basin. Chem Geol 220: 329 – 345. 

105. Ginsburg GD, Milkov AV, Soloviev VA, Egorov GA, Cherkashev GA, Vogt PR, Crane K, 
Lorenson TD, Khutorskoy MD. 1999. Gas hydrate accumulation at the Håkon Mosby Mud 
Volcano. Geo-Mar Lett 19: 57-67. 

106. Girguis PR, Lee RW, Desaulniers N, Childress JJ, Pospesel M,  Felbeck H, Zal F. 2000. Fate of 
nitrate acquired by the tubeworm Riftia pachyptila. Appl Environ Microbiol 66: 2783-2790. 

107. Goffredi SK, Barry JP. 2002. Species-specific variation in sulfide physiology between closely 
related Vesicomyid clams. Mar Eco Prog Ser 225: 227–238. 

108. Goffredi SK, Jones WJ, Erhlich H, Springer A, Vrijenhoek RC. 2008. Epibiotic bacteria 
associated with the recently discovered Yeti crab, Kiwa hirsuta. Environ Microbiol 10: 2623–
2634. 

109. Goffredi SK, Warén A, Orphan VJ, Van Dover CL, Vrijenhoek RC. 2004. Novel Forms of 
Structural Integration between Microbes and a Hydrothermal Vent Gastropod from the Indian 
Ocean. Appl Environ Microbiol 70: 3082-3090. 

110. Gordon AL, Fine RA. 1996. Pathways of water between the Pacific and Indian Oceans in the 
Indonesian seas. Nature 379: 146-149. 

111. Greinert J, Bohrmann G, Suess E. 2001. Gas hydrate associated carbonates and methane-venting 
at Hydrate Ridge. Classification, distribution, and origin of authigenic lithologies. In: Natural gas 
hydrates: occurrence, distribution, and detection. Geophys Monogr 124: 99-113. 

112. Haddad A, Camacho F, Durand P, Cary SC. 1995. Phylogenetic Characterization of the Epibiotic 
Bacteria Associated with the Hydrothermal Vent Polychaete Alvinella pompejana. Appl Environ 
Microbiol 61: 1679-1687. 

113. Haese RR, Meile C, Cappellen PV, de Lange GJ. 2003. Carbon geochemistry of cold seeps: 
Methane fluxes and transformation in sediments from Kazan mud volcano, eastern 
Mediterranean Sea. Earth Planet Sci Lett 212: 361-375.  

114. Halanych KM, Lutz RA, Vrijenhoek RC. 1998. Evolutionary origins and age of vestimentiferan 
tube worms. Cah Biol Mar 39: 355–358. 

115. Harmer TL, Rotjan RD, Nussbaumer AD, Bright M, Ng AW, DeChaine EG, Cavanaugh CM. 
2008. Free-Living Tube Worm Endosymbionts Found at Deep-Sea Vents. Appl Environ 
Microbiol 74: 3895-3898. 



31 

 

116. Hashimoto J, Ohta S, Fujikura K, Fujiwara Y, Sukizaki S. 1995. Life habit of vesicomyid clam, 
Calyptogena soyoae, and hydrogen sulfide concentration in interstitial waters in Sagami Bay, 
Japan. J Oceanogr 51: 341-350. 

117. Heezen BC, Johnson GL. 1969. Mediterranean undercurrent and microphysiography west of 
Gibraltar. Bull Inst Oceanogr Monaco 67: 1-51.  

118. Heijden VK, Petersen JM, Dubilier N, Borowski C. 2012. Genetic connectivity between north 
and south Mid-Atlantic Ridge chemosynthetic bivalves and their  symbionts. PloS ONE 7: 
e39994. 

119. Hensen C, Nuzzo M, Hornsbrook E, Pinheiro LM, Brock B, Magalháes VH, Bruckmann W. 
2007. Sources of mud volcanoes fluids in the Gulf of Cadiz – indications for hydrothermal 
imprint. Geochim Cosmochim Acta 71: 1232 – 1248. 

120. Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. 2005. Very high resolution interpolated 
climate surfaces for global land areas. Int J Climatol 25: 1965-1978. 

121. Hikida Y, Suzuki S, Togo Y, Ijiri A. 2003. An exceptionally well preserved fossil seep 
community from the Cretaceous Yozo Group in the Nakagawa area, Hokkaido, northern Japan. 
Palaeontological Research 7: 329-342. 

122. Hilário A, Capa M, Dahlgren TG, Halanych KM, Little, Little CTS, Thornhill DJ, Verna C, 
Glover A. 2011. New perspectives on the ecology and evolution of siboglinid tubeworms. PloS 
ONE 6: e16309. 

123. Hourdez S, Lallier FH. 2006. Adaptations to hypoxia in hydrothermal-vent and cold-seep 
invertebrates. Rev Environ Sci Biotechnol 6: 143–159.  

124. Howe A. 2008. Deep-Sea Hydrothermal Vent Fauna: Evolution, Dispersal, Succession and 
Biogeography. Macalester Reviews in Biogeography 1: 1-21. 

125. Hügler M, Petersen JM, Dubilier N, Imhoff JF, Sievert SM. 2011. Pathways of carbon and 
energy metabolism of the epibiotic community associated with the deep-sea hydrothermal vent 
shrimp Rimicaris exoculata. PLoS ONE 6: e16018. 

126. Hügler M, Sievert SM. 2010. Beyond the Calvin Cycle: Autotrophic Carbon fixation  in the 
Ocean. Annu Rev Mar Sci 3: 10.1–10.29. 

127. Humes AG. 1988. Copepoda from deep-sea hydrothermal vents and cold seeps. In: Boxshall GA, 
Schminke HK, editors. Biology of copepods. Development in Hydrobiology. Dordrecht: 
Springer.  

128. Hurtado LA, Mateos M, Lutz RA, Vrijenhoek RC. 2002. Molecular evidence for multiple species 
of Oasisia (Annelida: Siboglinidae) at eastern Pacific hydrothermal vents. Cah Biol Mar 43: 377–
380. 

129. Ikuta T, Takai Y, Nagai Y, Shimamura S, Tsuda M, Kawagucci S, Aoki Y, Inoue K, Teruya M, 
Satou K, Teruya K, Shimoji M, Tamotsu H, Hirano T, Maruyama T, Yoshida T. 2015. 
Heterogenous composition of key metabolic gene cluster in a vent mussel symbiont population. 
ISME J 10: 990-1001. 

130. Imhoff JF, Sahling H, Süling J, Kath T. 2003. 16S rDNA-based phylogeny of sulphur-oxidizing 
bacterial endosymbionts in marine bivalves from cold-seep habitats. Mar Ecol Prog Ser 249: 39-
51. 

131. Inagaki F, Takai K, Nealson KH, Horikoshi K. 2004. Sulfurovum lithotrophicum gen. nov., sp. 
nov., a novel sulfur-oxidizing chemolithoautotroph within the ε-Proteobacteria isolated from 
Okinawa Trough hydrothermal sedimens. Int J Syst Evol Microbiol 54: 1477-1482. 

132. Ishibashi  J, Tsunogai U, Wakita H, Watanabe  K, Kajimura T., Shibata  A, Fujiwara Y,  Hashimoto, J. 
1994. Chemical composition of hydrothermal fluids from the Suiyo and Mokuyo Seamounts, Izu-
Bonin arc. JAMSTEC J  Deep Sea Res 22: 89 – 97 

133. Jan C, Peterson JM, Werner J, Teeling HI, Huang S, Glӧcker FO, Golyshina OV, Dubilier N, 
Golyshin PN, Jebbar M, Cambon-Bonavita MA. 2014. The gill chamber epibiosis of deep-sea 



32 

 

shrimp Rimicaris exoculata, an in depth metagenomic investigation, and discovery of 
Zetaproteobacteria. Environ Microbiol 16: 2723-2728.  

134. Jannasch HW, Mottl MJ. 1985. Geomicrobiology of deep-sea hydrothermal vents. Science 229: 
717–725. 

135. Jannasch HW, Wirsen CO, Nelson DC, Robertson LA. 1985. Thiomicrospira crunogena sp. nov., 
a Colorless, Sulfur-Oxidizing Bacterium from a Deep-sea Hydrothermal Vent. Int J Syst 
Bacteriol 35: 422-424. 

136. Johnson SB, Warén A, Tunnicliffe V, Van Dover C, Wheat CG, Schultz TF, Vrijenhoek RC. 
2014. Molecular taxonomy and naming of five cryptic species of Alviniconcha snails 
(Gastropoda: Abyssochrysoidea) from hydro-thermal vents. Syst Biodivers 2014: 1−18. 

137. Jolivet L, Facienna C, Goffé B, Mattei M, Rossetti F, Brunet C, Storti F, Funiciello R, Cadet JP, 
D’Agostino N, Parra T. 1998. Midcrustal shear zones in postorogenic extension: Example from 
the northern Tyrrhenian Sea. J Geophys Res 103: 12,123 – 12,160. 

138. Joye SB, Boetius A, Orcutt BN, Montoya JP, Schulz HN, Erickson MJ, Lugo SK. 2004. The 
anaerobic oxidation of methane and sulfate reduction in sediments from Gulf of Mexico cold 
seeps. Chem Geol 205: 219–238. 

139. Kalanetra KM, Nelson DC. 2010. Vacuolate-attached filaments: highly productive Ridgeia 
piscesae epibionts at the Juan de Fuca hydrothermal vents. Mar Biol 157: 791-800. 

140. Karl DM. 1995. Ecology of free-living, hydrothermal vent microbial communities. In: Karl DM, 
editor. The microbiology of deep-sea hydrothermal vents. Boca Raton: CRC press. p 35-124. 

141. Katz S, Cavanaugh CM, Bright M. 2006. Symbiosis of epi- and endocuticular bacteria with 
Helicoradomenia spp. (Mollusca, Aplacophora, Solenogastres) from deep-sea hydrothermal 
vents. Mar Ecol Prog Ser 320: 89-99. 

142. Kauffman EG, Arthur MA, Howe B, Scholle PA. 1996. Widespread venting of methane-rich 
fluids in Late Cretaceous (Campanian) submarine springs (Tepee Buttes), Western Interior 
seaway, U.S.A. Geology 24: 799-802. 

143. Kawagucci S, Chiba H, Ishibashi J, Yamanaka T, Toki T, Muramatsu Y, Ueno Y, Makebe A, 
Inoue K, Yoshida N, Nakagawa S, Nunoura T, Takai K, Takahata N, Sano Y, Narita T, Teranishi 
G, Obata H, Gamo T. 2011. Hydrothermal fluid geochemistry at the Iheya North field in the mid-
Okinawa Trough: implication for origin of methane in subsea floor fluid circulation systems. 
Geochem J 45: 109 – 124 

144. Keir R. 2010. A note on the fluxes of abiogenic methane and hydrogen from mid-ocean ridges. 
Geophys Res Lett 37: L24609 

145. Kimura H, Higashide Y, Naganuma T. 2003. Endosymbiotic Microflora of the Vestimentiferan 
Tubeworm (Lamellibrachia sp.) from a Bathyal Cold Seep. Mar Biotechnol 5: 593–603.   

146. Klevenz V, Bach W, Schmidt K, Hentscher M, Koschinsky A, Petersen S. 2011. Major and trace 
elements in black smoker particulates. Geochem Geophys Geosyst 12: Q0AE05. 

147. Klose J, Polz MF, Wagner M, Schimak MP, Gollner S, Bright M. 2015.  Endosymbionts escape 
dead hydrothermal vent tubeworms to enrich the free-living population. Proc Natl Acad Sci USA 
112: 11300-11305.  

148. Kojima S, Fujikura K, Okutani T. 2004. Multiple trans-Pacific migrations of deep-sea vent: seep-
endemic bivalves in the family Vesicomyidae. Mol Phylogenet Evol 32: 396–406. 

149. Kojima S. 2002. Deep-sea chemosynthesis based communities in the North western Pacific. J 
Oceanogr 58: 343-363. 

150. Konn C, Charlou JL, Donval JP, Holm NG, Dehairs F, Boullion S. 2009. Hydrocarbons and 
oxidized organic compounds in hydrothermal fluids from Rainbow and Lost City ultramafic 
hosted vents. Chem Geol 258: 299 – 314. 



33 

 

151. Kouris A, Juniper SK, Frébourg G, Gaill F. 2007. Protozoan–bacterial symbiosis in a deep-sea 
hydrothermal vent folliculinid ciliate (Folliculinopsis sp.) from the Juan de Fuca Ridge. Mar Ecol 
28: 63-71. 

152. Krause S, Niemann H, Treude T. 2017. Methane seeps in a changing climate. In: Kallmeyer J, 
editor. Life at vents and seeps. Berlin: Walter de Gruyter. p 1-32. 

153. Krueger DM, Cavanaugh CM. 1997. Phylogenetic diversity of bacterial symbionts of Solemya 
hosts based on comparative sequence analysis of 16S rRNA gene. Appl Environ Microbiol 63: 
91 – 98. 

154. Kubota N, Kanemort M, Sasayama Y, Aida M, Fukumori Y. 2007. Identification of 
Endosymbionts in Oligobrachia mashikoi (Siboglinidae, Annelida). Microbes Environ 22: 136-
144. 

155. Kuczynski J, Stombaugh J, Walters WA, González A, Caporaso JG, Knight R. 2011. Using 
QIIME to analyze 16S rRNA gene sequences from Microbial Communities. Curr Protoc 
Bioinformatics Chapter 10: 10.7. 

156. Kuwahara H, Takai Y, Shimamura S, Yoshida T, Maeda T, Kunieda T, Maruyama T. 2011. Loss 
of genes for DNA recombination and repair in the reductive genome evolution of thioautotrophic 
symbionts of Calyptogena clams. BMC Evol Biol 11: 285. 

157. Lam P, Cowen JP, Jones RD. 2004. Autotrophic ammonia oxidation in a deep-sea hydrothermal 
plume. FEMS Microbiol Ecol 47: 191–206. 

158. Laue BE, Nelson DC. 1997. Sulfur oxidizing symbionts have not co-evolved with their 
hydrothermal vent tubeworm hosts: an RFLP analysis. Mol Mar Niol Biotech 6: 180-188. 

159. Le Bris N, Govenar B, Le Gall C, Fisher CR. 2006. Variability of physic-chemical conditions in 
9° 50’ N EPR diffuse flow vent habitats. Mar Chem 98: 167 - 182 

160. Le Bris N, Gaill F. 2007. How does the annelid Alvinella pompejana deal with an extreme 
hydrothermal environment?. Rev Environ Sci Biotechnol 6: 197 - 221 

161. Le Bris N, Zbinden M, Gaill F. 2005. Processes controlling the physico-chemical micro-
environments associated with Pompeii worms. Deep Sea Res I 52: 1071–1083. 

162. Le Pennec M, Beninger PG. 1997. Ultrastructural characteristics of spermatogenesis in three 
species of deep-sea spermatogenesis in three species of deep-sea hydrothermal vent mytilids. Can 
J Zool 75: 308-316. 

163. Lein AY, Vogt P, Crane K, Egorov A, Ivanov M. 1999. Chemical and isotopic evidence for the 
nature of the fluid in CH4 – containing sediments of the Håkon Mosby Mud Volcano. Geo-Mar 
Lett 19: 76-83. 

164. Lemaitre N, Bayon G, Ondreas H, Sarthou G. 2014. Trace element behaviour at cold seeps and 
the potential export of dissolved iron to the ocean. Earth Planet Sci Lett 404: 376 – 388. 

165. Letunic I, Bork P. 2007. Interactive Tree of Life (iTOL): an online tool for phylogenetic tree 
display and annotation. Bioinformatics 23: 127-128. 

166. Levin LA, Orphan VJ, Rouse GW, Rathburn AE, Ussler W, Cook GS, Goffredi SK, Perez EM, 
Waren A, Grupe BM, Chadwick G, Strickrott B. 2012. A hydrothermal seep on the Costa Rica 
margin: middle ground in a continuum of reducing ecosystems: Proc R Soc B 279: 2580 – 2588. 

167. Levin LL, Ziebis W, Mendoza GF, Growney VA, Tryon MD, Brown KM, Mahn C, Gieskes JM, 
Rathburn AE. 2003. Spatial heterogeneity of macrofauna at northern California methane seeps: 
influence of sulfide concentration and fluid flow. Mar Ecol Prog Ser 265: 123–139. 

168. Lewis KB, Marshall BA. 1996. Seep faunas and other indicators of methane-rich dewatering on 
New Zealand convergent margins. N Z J Geol Geophys 39: 181–200. 

169. Li M, Jain S, Baker BJ, Taylor C, Dick GJ. 2014. Novel hydrocarbon monooxygenase genes in 
the metatranscriptome of a natural deep-sea hydrocarbon plume. Environ Microbiol 16: 60-71. 



34 

 

170. Lichtschlag A, Felden J, Brüchert V, Boetius A, de Beer D. 2010. Geochemical processes and 
chemosynthetic primary production in different thiotrophic mats of the Håkon Mosby Mud 
Volcano (Brents Sea). Limnol Oceanogr 55: 931-949. 

171. Little CTS. 2002. The fossil record of hydrothermal vent communities. Cah Biol Mar 43: 313-
316. 

172. Little CTS, Vrijenhoek RC. 2003. Are hydrothermal vent animals living fossils?. Trends Ecol 
Evol 18: 582 – 588. 

173. Lizasa K, Kawasaki K, Maeda K, Matsumoto T, Saito N, Hirai K. 1998. Hydrothermal sulfide-
bearing Fe-Si oxyhydroxide deposits from the Coriolis Trough, Vanautu backarc, southern 
Pacific. Mar Geol 145: 1-21. 

174. Longnecker K, Reysenbach A-L. 2001. Expansion of the geographic distribution of a novel 
lineage of epsilon-Proteobacteria to a hydrothermal vent site on the Southern East Pacific Rise, 
FEMS Microbiol Ecol 35: 287–293.  

175. López-García P, Gaill F, Moreira D. 2002. Wide bacterial diversity associated with tubes of the 
vent worm Riftia pachyptila. Environ Microbiol 4: 204–215. 

176. Lösekann T, Robador A, Niemann H, Knittel K, Boetius A, Dubilier N. 2008. Endosymbioses 
between bacteria and deep-sea siboglinid tubeworms from an Arctic Cold Seep (Haakon Mosby 
Mud Volcano, Barents Sea). Environ Microbiol 10: 3237–3254. 

177. Lutz RA, Shank TM, Luther, III GW, Vetriani C, Tolstoy M, Nuzzio DB, Moore TS, Waldhauser 
F, Crespo-Medina M, Chatziefthimiou AD, Annis ER, Reed AJ. 2008. Interrelationships between 
vent fluid chemistry, temperature, seismic activity and biological community structure at a 
mussel-dominated deep-sea hydrothermal vent along the East Pacific Rise. J Shellfish Res 27: 
177–190 

178. MacDonald IR, Bohrmann G, Escobar E, Abeg F, Blanchon P, Blinova V, Bruckmann W, Drews 
M, Eisenhauer A, Han X, Heeschen K, Meier M, Mortera C, Naehr T, Orcutt B, Barnard B, 
Brooks J, deFarago M. 2004. Asphalt volcanism and chemosynthetic life in the Campeche 
Knolls, Gulf of Mexico. Science 304: 999–1002. 

179. MacDonald KC, Scheirer DS, Carbotte SM. 1991. Mid-Ocean ridges: Discontinuities, segments 
and giant cracks. Science 253: 986 - 994 

180. Macpherson E, Jones W, Segonzac M. 2005. A new squat lobster family Galatheoidea 
(Crustacea, Decapoda: Anomura) from the hydrothermal vents of the Pacific-Antarctic Ridge. 
Zoosystema 27: 709-723. 

181. Madelain F. 1970. Influence de la topographie du fond sur l'écoulement méditerranéen entre le 
détroit de Gibraltar et le cap Saint-Vincent. Cah Océanogr 22: 43-61 

182. Madrid VM, Taylor GT, Scranton MI, Chistoserdov AY. 2001. Phylogenetic diversity of 
bacterial and Archaeal communities in the anoxic zone of the Cariaco Basin. Appl Environ 
Microbiol 67: 1663-1674. 

183. Mandernack KW, Tebo BM. 1999. In situ sulfide removal and CO fixation rates at deep-sea 
hydrothermal vents and the oxic-anoxic interface in Framvaren Fjord, Norway. Mar Chem 66: 
201–213. 

184. Martin AM, Goffredi SK. 2012. ‘Pliocardia krylovata’, a new species of vesicomyid clam from 
cold seeps along the Costa Rica Margin. J Mar Biol Assoc UK 92: 1127-1137. 

185. Masuzawa T, Handa N, Kitagawa H, Kusakabe M. 1992. Sulfate reduction using methane in 
sediments beneath a bathyal "cold seep" giant clam community off Hatsushima Island, Sagami 
Bay, Japan. Earth Planet Sci Lett 110: 39-50 

186. McKiness ZP, Cavanaugh CM. 2005. The ubiquitous mussel: Bathymodiolus aff. brevior 
symbiosis at the Central Indian Ridge hydrothermal vents. Mar Ecol Prog Ser  295: 183-190. 

187. McKiness ZP, McMullin ER, Fisher CR, Cavanaugh CM. 2005. A new bathymodioline mussel 
symbiosis at the Juan de Fuca hydrothermal vents. Mar Biol 148: 109–116. 



35 

 

188. McMullin ER, Hourdez S, Schaeffer SW, Fisher CR. 2003. Phylogeny and biogeography of 
deep-sea vestimentiferan tubeworms and their bacterial symbionts. Symbiosis 34: 1-41. 

189. Milkov A, Vogt P, Cherkashev G, Ginsburg G, Chernova N, Andriashev A. 1999. Sea-floor 
terrains of Håkon Mosby Mud Volcano as surveyed by deep-tow video and still photography. 
Geo-Mar Lett 19: 38-47. 

190. Milkov AV, Vogt PR, Crane K, Lein AY, Sassen R, Cherkashev GA. 2004. Geological, 
geochemical and microbial processes at the hydrate-bearing Håkon Mosby mud volcano: a 
review. Chem Geol 205: 347-366. 

191. Mironov AN. 2000. New taxa of stalked crinoids from the suborder Bourgueticrinina 
(Echinodermata, Crinoidea). Zool Zhurnal 79: 712–28. 

192. Miura O, Torchin ME, Bermingham E, Jacobs DK, Hechinger RF. 2012. Flying shells: historical 
dispersal of marine snails across Central America. Proc R Soc Lond B Biol Sci, 279: 1061–1067. 

193. Miyazaki JI, De Oliveira Martins L, Fujita Y, Matsumoto H, Fujiwara Y. 2010: Evolutionary 
process of deep-sea Bathymodiolus mussels, PLoS ONE 5: e10363.  

194. Müller AL, Rezende JR, Hubert CRJ, Kjeldsen KU, Lagkouvardoa T, Barry D, Jørgensen BB, 
Loy A. 2014. Endospores of thermophilic bacteria as tracers of microbial dispersal by ocean 
currents. ISME J 8: 1153-1165. 

195. Murton BJ, Klinkhammer G, Becker K,  Briais A, Edge D, Hayward N, Millard I, Mitchell I, 
Rouse M, Rudnicki K, Sayanagi H, Sloan H, Parson L. 1994. Direct evidence for the distribution 
and occurrence of hydrothermal activity between 27-30°N on the Mid-Atlantic Ridge. Earth 
Planet Sci Lett 125: 119-128. 

196. Naganuma T, Naka J, Okayama Y, Minami A, Horikoshi K. 1997. Morphological diversity of the 
microbial population in a vestimentiferan tubeworm. J Mar Biotechnol 5: 119-123. 

197. Naganuma T. 1998. A hypothetical microbial consortium that stabilizes oxygen-gradient in 
chemosynthetic microenvironments. Supramol Sci 5: 439-443. 

198. Nakagawa S, Takai K, Inagaki F, Hirayama H, Nunoura T, Horikoshi K, Sako Y. 2005. 
Distribution, phylogenetic diversity and physiological characteristics of epsilon-Proteobacteria in 
a deep-sea hydrothermal field. Environ Microbiol 7: 1619–1632. 

199. Nelson K, Fisher CR. 2000. Absence of cospeciation in deep-sea vestimentiferan tube worms and 
their bacterial endosymbionts. Symbiosis 28: 1-15. 

200. Niemann H, Lösekann T, de Beer D, Elvert M, Nadalig T, Knittel K, Amann R, Sauter EJ, 
Schlüter M, Klages M, Foucher JP, Boetius A. 2006. Novel microbial communities of the 
Haakon Mosby mud volcano and their role as a methane sink. Nature 443: 854 – 858. 

201. Nyholm SV, Robidart J, Girguis PR. 2008. Coupling metabolite flux to transcriptomics: Insights 
into the molecular mechanisms underlying primary productivity by the hydrothermal vent 
tubeworm Ridgeia piscesae. Biol Bull 214: 255-265. 

202. Okutani T, Koshi-Ishi T, Sato T, Imai T, Kato C. 2009. Vesicomyid Fauna in the Chishima 
(Kurile) Trench: Occurrences of a New Taxon and Calyptogena extenta. Venus 68: 15–25. 

203. Oliver PG, Rodrigues CF, Cunha MR. 2011. Chemosymbiotic bivalves from the mud volcanoes 
of the Gulf of Cadiz, NE Atlantic, with descriptions of new species of Solemyidae, Lucinidae and 
Vesicomyidae. Zookeys 113: 1–38. 

204. Olu-Le Roy K, Caprais JC, Fifis A, Fabri MC, Galéron J, Budzinski H, Le Ménach K, 
Khripounoff A, Ondréas H, Sibuet M. 2007. Cold seep assemblages on a giant pock-mark off 
West Africa: spatial patterns and environmental control. Mar Ecol 28: 115-130 

205. Parrilli E, Sannino F, Marino G, Tutino ML. 2011. Life in icy habitats: New insights supporting 
panspermia theory. Rend Fis Acc Lincei 22: 375. 

206. Paull CK, Hecker B, Commeau R, Freeman-Lynde RP, Neumann C, Corso WP, Golubic S, Hook 
JE, Sikes E, Curray J. 1984. Biological communities at the Florida escarpment resemble 
hydrothermal vent taxa. Science 226: 965-967. 



36 

 

207. Peckmann J, Sandy MR, Taylor DG, Gier S, Bach W. 2013. An early brachiopod-dominated seep 
deposit enclosed by serpentinite, eastern Oregon, USA. Palaeogeogr Palaeoclimatol Palaeoecol 
390: 4 – 16. 

208. Peek AS, Feldman RA, Lutz RA, Vrijenhoek RC. 1998. Cospeciation of chemoautotrophic 
bacteria and deep sea clams. Proc Natl Acad Sci USA 95: 9962-9966. 

209. Peek AS, Gustafson RG, Lutz RA, Vrijenhoek RC. 1997. Evolutionary relationships of deep-sea 
hydrothermal vent and cold-water seep clams (Bivalvia: Vesicomyidae): results from the 
mitochondrial cytochrome oxidase subunit I. Mar Biol 130: 151–161. 

210. Perner M, Bach W, Hentscher M, Koschinsky A, Garbe-Schönberg D, Streit WR, Strauss H. 
2009. Short-term microbial and physico-chemical variability in low-temperature hydrothermal 
fluids near 5°S on the Mid-Atlantic Ridge. Environ Microbiol 11: 2526–2541. 

211. Petersen JM, Dubilier N. 2009. Methanotrophic symbioses in marine invertebrates: 
methanotrophic symbioses in marine invertebrates. Environ Microbiol Rep1: 319–335. 

212. Petersen JM, Zielinski FU, Pape T, Seifert R, Moraru C, Amann R, Hourdez S, Girguis PR, 
Wankel SD, Barbe V, Pelletier E, Fink D, Borowski C, Bach W, Dubilier N. 2011. Hydrogen is 
an energy source for hydrothermal vent symbioses. Nature 476: 176–180 

213. Pflugfelder B, Fisher CR, Bright M. 2005. The color of the trophosome: elemental sulfur 
distribution in the endosymbionts of Riftia pachyptila (Vestimentifera;  Siboglinidae). Mar Biol 
146: 895–901. 

214. Pimenov N, Savvichev A, Rusanov I, Lein A, Egorov A, Gebruk A, Moskalev L, Vogt P. 1999. 
Microbial processes of carbon cycle as the base of food chain of Håkon Mosby Mud Volcano 
benthic community. Geo-Mar Lett 19: 89-96. 

215. Pinheiro LM, Ivanov MK, Sautkin A, Akhmanov G, Magalhães VH, Volkonskaya A, Monteiro 
JH, Somoza L, Gardner J, Hamouni N, Cunha MR. 2003. Mud volcanism in the Gulf of Cadiz: 
results from the TTR-10 cruise. Mar Geol 195: 131-151. 

216. Polz MF, Cavanaugh CM. 1995. Dominance of one bacterial phylotype at a Mid Atlantic Ridge 
hydrothermal vent site, Proc Natl Acad Sci USA 92: 7232-7236. 

217. Pond DW, Gebruk A, Southward EC, Southward AJ, Fallick AE, Bell MV, Sargent JR. 2000. 
Unusual fatty acid composition of storage lipids in the bresilioid shrimp Rimicaris exoculata 
couples the photic zone with MAR hydrothermal vent sites. Mar Ecol Prog Ser 198: 171–179. 

218. Pontarp M, Canback B, Tunlid A, Lundberg P. 2012. Phylogenetic analysis suggests that habitat 
filtering is structuring marine bacterial communities across the globe. Microb Ecol 64: 8-17. 

219. Powell MA, Somero GN. 1986. Adaptations to sulfide by hydrothermal vent  animals: Sites and 
mechanisms of detoxification and metabolism. Biol Bull 171: 274-290. 

220. Price MN, Dehal PS, Arkin AP. 2010. FastTree v2- Approximately Maximum Likelihood Trees 
for Large Alignments. PLoS ONE 5: e9490. 

221. Raggi L, Schubotz F, Hinrichs K-U, Dublier N, Peterson JM. 2013. Bacterial symbionts of 
Bathymodiolus mussels and Escarpia tubeworms from Chapopote, an asphalt seep in the 
southern Gulf of Mexico. Environ Microbiol 15: 1969-1987. 

222. Rau GH. 1981. Low 15N/14N in hydrothermal vent animals: ecological implications. Nature 
289: 484-485. 

223. Raven JA. 2009. Conributions of anoxygenic and oxygenic phototrophy and chemolithotrophy to 
carbon and oxygen fluxes in aquatic environments. Aquat Microb Ecol 56: 177–192. 

224. Renninger GH, Kass L, Gleesen RA, Van Dover CL, Battelle BA, Jinks RN, Herzog ED, 
Chamberlain SC. 1995. Sulfide as a chemical stimulus for deep sea hydrothermal vent shrimps. 
Biol Bull 189: 69 – 76. 

225. Ristova PP, Wenzhöfer F, Ramette A, Felden J, Boetius A. 2015. Spatial scales of bacterial 
community diversity at cold seeps (Eastern Mediterranean Sea). ISME J 9: 1306 – 1318. 



37 

 

226. Robidart JC, Bench SR, Feldman RA, Novoradovsky A, Podell SB, Gaasterland T, Allen EE, 
Felbeck H. 2008. Metabolic versatility of the Riftia pachyptila endosymbiont revealed through 
metagenomics. Environ Microbiol 10: 727–737. 

227. Rodrigues CF, Cunha MR, Olu K, Duperron S. 2012. The smaller vesicomyid  bivalves in the 
genus Isorropodon (Bivalvia, Vesicomyidae, Pliocardiinae) also harbour chemoautotrophic 
symbionts. Symbiosis 56: 129–137. 

228. Roeselers G, Newton LG. 2012. On the evolutionary ecology of symbioses between 
chemosynthetic bacteria and bivalves. Appl Microbiol Biotechnol 94: 1-10. 

229. Rogers AD, Tyler PA, Connelly DP, Copley J, James R, Larter RD, Linse K, Mills RA, Garabato 
AN, Pancost RD, Pearce DA, Polunin NVC, German CR,  Shank T, Boersch-Supan PH, 
Alker BJ, Aquilina A, Bernett SA, Clarke A, Dinley RJ, Graham AG, Green DR, Hawkes JA, 
Hepburn L, Hilario A, huvenne VA, March L, Ramirez-Llodra E, Reid WD, Roterman CN, 
Sweting CJ, Thatje S, Zwirglmaier K. 2012. The discovery of new deep-sea hydrothermal vent 
communities in the Southern Ocean and implications for biogeography. PLoS Biol 10: e1001234. 

230. Roterman CN, Copley JT, Linse KT, Tyler PA, Rogers AD. 2013. The biogeography of the yeti 
crabs (Kiwaidae) with notes on the phylogeny of the chirostyloidea (Decapoda: Anomura). Proc 
R Soc Lond B Biol Sci 280: 20130718 

231. Ritt B, Desbruyères D, Caprais J, Gauthier O, Ruffine L, Buscail R, Roy KO, Sarrazin J. 2012. 
Seep communities from two mud volcanoes in the deep eastern Mediterranean Sea: faunal 
composition, spatial patterns and environmental control. Mar Ecol Prog Ser 466, 93-119. 

232. Sahling H, Rickert D, Lee RW, Linke P, Suess E. 2002. Macrofaunal community structure and 
sulfide flux at gas hydrate deposits from the Cascadia convergent margin, NE Pacific. Mar Ecol 
Prog Ser 231: 121–138. 

233. Sander SG, Koschinsky A. 2011. Metal flux from hydrothermal vents increased by organic 
complexation. Nat Geosci 4: 145-150. 

234. Sarradin P, Caprais J, Riso R, Kerouel R, Aminot A. 1999. Chemical environment of the 
hydrothermal mussel communities in the Lucky Strike and Menez Gwen vent fields, Mid 
Atlantic Ridge Cah Biol Mar 40: 93 – 104. 

235. Sassen R, Brooks JM, Kennicutt II MC, MacDonald IR, Guinasso Jr NL. 1993. How oil seeps, 
discoveries relate in deepwater Gulf of Mexico. Oil Gas J 19: 1–6. 

236. Sassen R, Joye S, Sweet ST, DeFreitas DA, Milkov AV, MacDonald IR. 1999. Thermogenic gas 
hydrates and hydrocarbon gasses in complex chemosynthetic communities, Gulf of Mexico 
continental slope. Org Geochem 30: 485–497. 

237. Schouten S, Strous M, Kuypers MM, Rijpstra WI, Baas M, Schubert CJ, Jetten MSM, Damsté 
JSS. 2004. Stable carbon isotopic fractionations associated with inorganic carbon fixation by 
anaerobic ammonium-oxidizing bacteria. Appl Environ Microbiol 70: 3785–3788. 

238. Schulze A, Halanych K. 2003. Siboglinid evolution shaped by habitat preference and sulphide 
tolerance. Hydrobiologia 496: 199-205. 

239. Scott KM, Fisher CR. 1995. Physiological ecology of sulfide metabolism in hydrothermal vent 
and cold seep vesicomyid clams and vestimentiferan tube worms. Am Zool 35: 102-111. 

240. Seyfried Jr. WE, Seewald JS, Berndt ME, Ding K, Floustoukos DI. 2003. Chemistry of 
hydrothermal vent fluids from the Main Endeavour Field, northern Juan de Fuca Ridge: 
Geochemical controls in the aftermath of June 1999 seismic events: J Geophy Res 108: 2429. 

241. Shank TM, Black MB, Halanych KM, Lutz RA, Vrijenhoek RC. 1999. Miocene radiation of 
deep-sea hydrothermal vent shrimp (Caridea: Bresiliidae): Evidence from mitochondrial 
cytochrome oxidase subunit 1. Mol Phylogenet Evol 13: 244 – 254. 

242. Shimodaira H, Hasegawa M. 1999. Multiple comparisons of log-likelihoods with applications to 
phylogenetic inference. Mol Biol Evol 16: 114-116. 



38 

 

243. Sibuet M, Olu K. 1998. Biogeography, biodiversity and fluid dependence of deep – sea cold – 
seep communities at active and passive margins. Deep Sea Res II 45: 517 – 567. 

244. Sibuet M, Olu-Le Roy K. 2002. Cold seep communities on continental margins: structure and 
quantitative distribution relative to geological and fluid venting patterns. In: Wefer G, Billett D, 
Hebbeln D, Jorgensen BB, Van Weering T, editors. Ocean Margin Systems. Berlin: Springer 
Verlag. p 235–251. 

245. Sinton J, Bergmanis E, Rubin K, Batiza R, Gregg TKP, Grönvold K, Macdonald KC, White SM. 
2002. Volcanic eruptions on mid-ocean ridges: New evidence from the superfast spreading East 
Pacific Rise, 17° - 19° S. J Geophys Res 107: 2115. 

246. Smith CR, Baco AR. 2003. Ecology of whale falls at the deep-sea floor. Oceanogr Mar Biol 
Annu Rev 41: 311-354. 

247. Southward EC. 1988. Development of the gut and segmentation of newly settled stages of 
Ridgeia (Vestimentifera): implications for relationships between vestimentifera and 
pogonophora. J Mar Biol Assoc U K 68: 465–487. 

248. Stakes DS, Orange D, Paduan JB, Salamy KA, Mahler N. 1999. Cold-seeps and authigenic 
carbonate formation in Monterey Bay, California. Mar Geol 159: 93–109 

249. Stein JL, Cary SC, Hessler RR. Ohta S, Vetter RD, Childress JJ, Felbeck H. 1988. 
Chemoautotrophic Symbiosis in a Hydrothermal Vent Gastropod. Biol Bull 174: 373-378. 

250. Stewart FJ, Cavanaugh CM. 2006. Symbiosis of thioautotrophic bacteria with Riftia pachyptila. 
In Overmann J, editor. Molecular basis of symbiosis. Berlin Heidelberg:  Springer. p 197-218. 

251. Stewart FJ, Cavanaugh CM. 2009. Pyrosequencing analysis of endosymbiont  population 
structure: co-occurrence of divergent symbiont lineages in a single vesicomyid host clam. 
Environ microbiol 11: 2136-2147. 

252. Stewart FJ, Young CR, Cavanaugh CM. 2008. Lateral Symbiont Acquisition in a Maternally 
Transmitted Chemosynthetic Clam Endosymbiosis. Mol Biol Evol 25: 673–687. 

253. Stolper DA, Lawson M, Davis CL, Ferreira AA, Neto EVS, Ellis GS, Lewan MD, Martini AM, 
Tang Y, Schoell M, Sessions AL, Eiler JM. 2014. Formation temperatures of thermogenic and 
biogenic methane. Science. 344: 1500-1503.  

254. Strous M, Pelletier E, Mangenot, S, Rattei T, Lehner A, Taylor MW, Horn M, Daims H, Bartol-
Mavel D, Wincker P, Barbe V, Fonknechten N, Vallenet D, Segurens B, Schenowitz-Truong C, 
Médigue C, Collingro A, Snel B, Dutilh BE, den Camp HJMO, van der Drift C, Cirpus I, van de 
Pas-Schoonen KT, Harhangi HR, van Niftrik L, Schmid M, Keltjens J, van de Vossenberg J, 
Kartal B, Meier H, Frishman D, Huynen MA, Mewes  H, Weissenbach J, Jetten MSM, Wagner 
M, Le Paslier D. 2006. Deciphering the evolution and metabolism of an anammox bacterium 
from a community genome. Nature 440: 790–94. 

255. Suzuki Y, Sasaki T, Suzuki M, Nogi Y, Miwa T, Takai K, Nealson KH,  Horikoshi K. 2005. 
Novel Chemoautotrophic Endosymbiosis between a Member of the Epsilonproteobacteria and 
the Hydrothermal-Vent Gastropod Alviniconcha aff. hessleri (Gastropoda: Provannidae) from the 
Indian Ocean. Appl Environ Microbiol 71: 5440-5450. 

256. Sylvan JB, Toner BM, Edwards KJ. 2012. Life and Death of Deep-Sea Vents : Bacterial 
Diversity and Ecosystem Succession on Inactive Hydrothermal Sulfides. mBio 3: 1-10. 

257. Takai K, Nakamura K, LaRowe D, Amend JP. 2014. Life at subseafloor extremes. In: Stein R, 
Blackman D, Inagaki F, Larsen H-C, editors.  Earth and life processes discovered from 
subseafloor environments. A decade of science achieved by the Integrated Ocean Drilling 
Programme (IODP). 7th ed. Amsterdam: Elsevier. p 149-174.   

258. Techtmann SM, Fortney JL, Ayers KA, Joyner DC, Linley TD, Pfiffner SM, Hazen TC. 2015. 
The unique chemistry of eastern Mediterranean water masses selects for distinct microbial 
communities by depth. PLoS ONE 10: e0120605 



39 

 

259. Teske A, de Beer D, McKay LJ, Tivey MK, Biddle JF, Hoer D, Lloyd KG, Lever MA, Røy H, 
Albert DB, Mendlovitz HP, MacGregor BJ. 2016. The Guaymas Basin Hiking Guide to 
Hydrothermal Mounds, Chimneys, and Microbial Mats: Complex Seafloor Expressions of 
Subsurface Hydrothermal Circulation. Front Microbiol 7: 75. 

260. Tintore J, La Violette PE, Blade I, Cruzado A. 1988. A study of an intense density front in the 
eastern Alboran Sea: the Almeria-Oran front. J Phys Ocean 18: 1384–1397. 

261. Tissot BP, Welte DH. 1984. From kerogen to petroleum. Petroleum formation and occurrence. 
Berlin: Springer-Verlag. p 160-198. 

262. Tsunogai U, Ishibashi J, Wakita H, Gamo T, Masuzawa T, Nakatsuka Y, Nojiri Y, Nakanura T. 
1996. Fresh water seepage and pore water recycling on the seafloor: Sagami Trough subduction 
zone, Japan. Earth Planet Sci Lett 138: 157-168. 

263. Tsunogai U, Yoshida N, Ishibashi J, Gamo T. 2000. Carbon isotopic distribution of methane in 
deep-sea hydrothermal plume, Myojin Knoll, Caldera, Izu-Bonin arc: Implications for microbial 
methane oxidation in the Oceans and applications to heat flux estimation. Geochim Cosmochim 
Acta 64: 2439-2452. 

264. Tsunogai UA, Kosaka N, Nakayama DD, Komatsu U, Konno S, Kameyama F, Nakagawa H, 
Sumino K, Nagao KF, Machiyama H. 2010. Origin and fate of deep-sea seeping methane bubbles 
at Kuroshima Knoll, Ryukyu forearc region, Japan. Geochem J 44: 461-476.  

265. Tunicliffe V, Fowler CMR. 1996. Influence of sea-floor spreading on the global hydrothermal 
vent fauna. Nature 397: 531-533. 

266. Tunnicliffe V, Embley RW, Holden  JF, Butterfield DA, Massoth GJ, Juniper SK. 1997. 
Biological colonization of new hydrothermal vents following an eruption on Juan de Fuca Ridge. 
Deep-Sea Res 44: 1627−1644 

267. Tunnicliffe V, Fowler CMR, Mcarthur AC. 1996. Plate tectonic history and hot vent 
biogeography. In: MacLeod CJ, Tyler PA, Walker CL, editors. Tectonic, magmatic, 
hydrothermal and biological segmentation of Mid-Ocean Ridges. Geological Society Special 
Publication 118. London: The Geological Society.  p 225 - 238  

268. Urakawa H, Dubilier N, Fujiwara Y. 2005. Hydrothermal vent gastropods from the same family 
(Provannidae) harbour ε- and γ -proteobacterial endosymbionts. Environ Microbiol 7: 750–754. 

269. Vacelet J, Boury-Esnault N. 1995. Carnivorous sponges. Nature 373: 333-335. 
270. Vacelet J, Fiala-Médioni A, Fisher CR. Boury-Esnault N. 1996. Symbiosis between methane-

oxidizing bacteria and a deep-sea carnivorous cladorhizid sponge. Mar Ecol Prog Ser 145: 77-85. 
271. Valentine DL. 2002. Biogeochemistry and microbial ecology of methane oxidation in anoxic 

environments: a review. Antonie Leeuwenhoek 81: 271–282. 
272. Valentine DL. 2011. Emerging topics in marine methane biogeochemistry. Annu Rev Mar Sci 3: 

147-171. 
273. Van Dover CL, Fry B, Grassle JF, Humphris S, Rona PA. 1988. Feeding biology of the shrimp 

Rimicaris exoculata at hydrothermal vents on the Mid-Atlantic Ridge. Mar Biol 98: 209-216. 
274. Van Dover CL, German CR, Speer KG. Parson LM, Vrijenhoek RC. 2002. Evolution and 

Biogeography of Deep-Sea Vent and Seep Invertebrates. Science 295: 1253. 
275. Van Dover CL. 1995. Ecology of mid-Atlantic ridge hydrothermal vents. London: Geological 

Society. 1: p. 257-294. 
276. Van Dover CL. 2000. The ecology of deep – sea hydrothermal vents. Princeton, NJ: Princeton 

University Press. 424 p. 
277. Van Dover CL, Humphris SE, Formari D, Cavanaugh CM, Collier R, Goffredi SK, Hashimoto J, 

Lilley MD, Reysenbach AL, Shank TM, Von Damm KL, Banta A, Gallant RM, Götz D, Green 
D, Hall J, Harmer TL, Hurtado LA, Johnson P, Mckiness ZP, Meredith C, Olson E, Pan IL, 
Turmipseed M, Won Y, Young III CR, Vrijenhoek RC. 2001. Biogeography and ecological 
setting of Indian Ocean hydrothermal vents. Science 294: 818-823. 



40 

 

278. Vogt PR, Gardner J, Crane K. 1999. The Norwegian-Barents-Svalbard (NBS) continental 
margin: introducing a natural laboratory of mass wasting hydrates, and ascent of sediment, pore 
water, and methane. Geo-Mar Lett 19: 2-21. 

279. Vrijenhoek RC. 2009. Cryptic species, phenotypic plasticity, and complex life history: assessing 
deep-sea fauna diversity with molecular markers. Deep-Sea Res 56: 1713–1723. 

280. Vrijenhoek RC. 2010. The Vent and Seep Biota. Netherlands: Springer. 33: p. 15–49.  
281. Vrijenhoek RC. 2013. On the instability and evolutionary age of deep-sea chemosynthetic 

communities. Topical Studies in Oceanography.  Deep-Sea Res Part II 92: 189–200. 
282. Wilhelms A, Larter S, Head I, Ferrimond P, Di-Primio R, Zwach C. 2001. Biodegradation of oil 

in uplifted basins prevented by deep-burial sterilization. Nature. 411: 1034-1037. 
283. Williams ST, Jara J, Gomez E, Knowlton N. 2002. The Marine Indo-West Pacific Break: 

Contrasting the Resolving Power of Mitochondrial and Nuclear Genes. Integr Comp Biol 42: 
941-952. 

284. Won Y, Hallam SJ, O’Mullan GD, Pan IL, Buck KR, Vrijenhoek RC. 2003. Environmental 
Acquisition of Thiotrophic Endosymbionts by Deep-Sea Mussels of the Genus Bathymodiolus. 
Appl Environ Microbiol 69: 6785–6792. 

285. Won Y, Jones WJ, Vrijenhoek RC. 2008. Absence of cospeciation between deep sea mytilids and 
their thiotrophic endosymbionts. J shellfish Res 27: 129-138. 

286. Won Y. 2006. Deep-sea Hydrothermal Vents: Ecology and Evolution. J Ecol Field Biol 29: 175–
183.  

287. Wuchter C, Abbas B, Coolen MJL, Herfort L, van Bleijswijk J, Timmers P, Strous M, Teira E, 
Herndl GJ, Middelburg JJ, Schouten S, Damsté JSS. 2006. Archaeal nitrification in the ocean. 
Proc Natl Acad Sci USA 103: 12,317–12,322. 

288. Zbinden M, Marque L, Gaudron SM, Ravaux J, Leger N, Duperron S. 2015.       
Epsilonproteobacteria as gill epibionts of the hydrothermal vent gastropod Cyathermia naticoides 
(North East-Pacific Rise). Mar Biol 162: 435-448. 

289. Zierenberg R, Adams M, and Arp A. 2000. Life in extreme environments: Hydrothermal vents. 
Proc Natl Acad Sci U S A 97: 12961-12962. 

290. Zitter TAC, Henry P, Aloisi G, Delaygue G, Çağatay MN, de Lepinay BM, Al-Samir M, 
Fornacciari F, Tesmer M, Pekdeger A, Wallmann K, Lericolais G. 2008. Cold seep along the 
main Marmara Fault in the Sea of Marmara (Turkey). Deep-Sea Res 1 Oceanogr Res Pap 55: 
552-570. 

 



42 

 

 

 Table 1. Range of basic physico-chemical parameters of vents and seeps of world oceans 

NA: Not Available; bdl: below detection limit; V: Vent, S: Seep, PO: Pacific Ocean, AO: Atlantic Ocean, IO: Indian Ocean, MS: Mediterranean Sea, Ar: 
Arctic Ocean  
Vent: Pacific Ocean (Seyfried et al. 2003; Arp et al. 1984; Campbell et al. 1988; Lutz et al. 2008; Keir 2010; Teske et al. 2016; Campbell et al. 
1994; Tsunogai et al. 2000; Ishibashi et al. 1994; Le Bris et al. 2006; Kawagucci et al. 2011; Tsunogai et al. 2010); Atlantic Ocean (Perner 2009; 
Seyfried Jr. et al. 2011; Konn et al. 2009; Sarradin et al. 1999; Keir 2010; Klevenz et al. 2011; Renninger et al. 1995) Indian Ocean (Gallant and 
Damm 2016). 
Seep: Pacific Ocean (Gieske’s et al. 2005; Sibuet and Olu 1998; Levin et al. 2012; Boulègue et al. 1987; Levin et al. 2012; Collier and Lilley 
2005; Tsunogai et al. 1996; 2010) Atlantic Ocean (Humes 1988; Lemaitre et al. 2014; Hensen et al. 2007; Joye et al. 2004) Meidterranean Sea 
(Ristova et al. 2015; Fesker et al. 2010; Ritt et al. 2012; Techtmann et al. 2015) Arctic Ocean ( Lösekann et al. 2008; Milkov et al. 2004; 
Niemann et al. 2006) 
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Table 2. Number of major metazoan phyla, genera and species that host potentially chemoautotrophic bacterial associates in vent  
and seep ecosystems 
V:Vent, S:Seep, P: Pacific Ocean, A: Atlantic Ocean, Ar: Arctic Ocean, IO: Indian Ocean, MA: Mid Atlantic, SI: South Indian Ocean, CI: Central Indian Ocean, EP: 
East Pacific, WP: West Pacifc, SP: South Pacific, SWP: South West Pacific, WA: West Atlantic, SEA: South East Atlantic, M: Mediterranean, EM: East 
Mediterranean, EI: East Indian Ocean, NI: North Indian Ocean, NWP: North West Pacific. (+)* number unidentified 

Bacterial associates      Phyla         Genera  Species Geographical distribution 

 V S V S V S V S 

α-Proteobacteria 2 1 2 1 3 2 P: EP P: WP 
β-Proteobacteria  1  1  1  P: WP 
γ-Proteobacteria 3 2 14(+2)* 9 24+5 13(+4)* P: EP, SP, WP, SWP 

A: MA, 
I: SI, CI 

P: EP, WP 
A: WA, SEA 
M: EM 
Ar 

δ-Proteobacteria 3  2(+1)*  2+1  P: EP, SP 
I: SI 

 
 

  ε-Proteobacteria 3 1 6(+2)* 1 6+3 1 P: EP, SP, WP 
I: CI, SI 
A: MA 

 
P: WP 
 

  z-Proteobacteria 1  1  1  A: MA  
  Actinobacteria 1  1  1  P: EP  
  Spirochete 1  1  1  P: EP  
  Bacteroidetes 3 1 2(+1)* 1 2+1 1 P: EP, SP 

I: SI 
 
M: EM 

  Chloroflexi 1  1  1  P: SP  
  Verrucomicrobia 1  1  1  P: EP  
  Unidentified 
symbionts 

4 3 11(+3)* 7(+7)* 17+9 13(+16)* P: EP, SWP,  WP 
A:  MA 

P: WP, NWP 
A: WA 
I: NI, EI 
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Table 3. Overview of carbon fixation rates in chemosynthetic sites in g C m-3 y-1(modified from Karl (1995), 
Mandernack and Tebo (1999) and Das et al. (2011)).  

 

 

 

 

 

 

Table 4. Carbon fixation rates in tubeworms, mussels and clams of vent ecosystem 
(Childress et al. 1991a,b; Nelson et al. 1995) 

 

Ecosystem Location Type CO2 fixation (g C m-3  y-1) 

Hydrothermal vents 21N, EPR Water (White smoker) 5.56E-02 

 JFR Water 8.83E-01 

 Guaymas Basin Bacterial Mats 3.50E+04 

 TAG (MAR) Water 2.37E-01 to 8.02E-01 

 Rose Garden (Galápagos Rift) Water 6.57E-00 to 2.19E+01 

Anoxic basins Black sea Water 8.76E-03 to 3.65E-00 

 Framvaren fjord Water 2.5  4E+01 to 4.91E+01 

 Solar lake Water 5.2  6E+01 to 9.64E+01 

Cold seeps Haakon Mosby mud volcano Sediment 3.61E-01 to  3.25E+02 

Oxic basins Central Indian Basin Siliceous ooze sediments 1.99E+01 to 1.79E+02 

 Central Indian Basin  Red clay with volcanic signature 9.16E+02 to 3.74E+04 

 Central Indian Basin  Red clay with volcanic ashes 3.98E+02 to 1.99E+03 

 Central Indian Basin  Red clay with volcanic ashes 3.98E+02 to 1.99E+03 

 Central Indian Basin Manganese nodules 2.31E+02 to 1.78E+03 

Organism Species Carbon fixation rate μM C g-1 h-1 (g 
C g tissue-1 y-1) 

Tubeworm Riftia pachyptila 35 (3.68) 

Mussel Bathymodiolus thermophilus 3.4 (3.3) 

Clam Calyptogena magnifica 0.3 (0.03) 
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Figure 1. Distribution of potential chemoautotrophic bacterial associates of vent fauna.  

α, γ, δ, ε, z (Proteobacteria), b. Bacteroidetes, c. Chloroflexi, s. Spirochetes, u. Unaffiliated, v. 

Verrucomicrobia, T. Thiotroph, M. Methanotroph, I. Iron oxidizer, A. Ammonia oxidizer, U. 

Bacteria with unknown function 
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Figure 2. Distribution of potential chemoautotrophic bacterial associates of seep fauna.  

α, β, γ, δ (Proteobacteria), b. Bacteroidetes, u. Unaffiliated, EM. Eastern Mediterranean T. 

Thiotrophs, M. Methanotrophs, U. bacteria with unknown function 
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Figure 3a. Phylogeny of potential chemoautotrophic bacterial associates of vent and seep fauna  

*bacterial associates from seeps 

a. Thiotrophic symbionts of B. septemdierum and Myrina sp. from two vents in WP possess  

identical symbionts with bootstrap value 0.998 

b. R. piscesae and R. pachyptila from vents in EPR harbor identical (99%) thiotrophic 

symbionts with boot strap value 0.998  

c. Thiotrophic symbiont of A. pompejana and R. exoculata shows 94% identity with boot strap 

value 1. 
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d. Thiotrophic and methanotrophic symbionts of Bathymodiolus sp. from different vent sites in 

MAR form distinct clades 

e. Thiotrophic symbiont of R. exoculata from MAR showed 94% identity to the associated 

bacteria of yeti crab K. hirsuta of AAV(PAR) with boot strap value 0.99 

f. R. pachyptila, scaly snail and K. hirsuta harbor bacteria belonging to a common clade  

g. C. kilmeri off Oregon(EP) and C. soyoae from Sagamy Bay(WP) share identical (99%) 

thiotrophic symbionts with boot strap value 0.85 

h. Two related species of vesicomyid clams E. extenta and C. extenta from seeps in WP and EP 

share a common phylotype of thiotrophic symbionts have 100% identity with boot strap value 

0.91 

i. B. heckerae from adjacent seeps in WA, WFE and GoM share identical (99%) thiotrophic 

symbionts with boot strap value 0.97 

j. B. childressi from seep in WA and B. hirtus from seep in WP are identitical (99%) with boot 

strap value 0.97 

k. Escarpia sp. and S. jonesi from GoM share identical (98%) thiotrophic symbionts with boot 

strap value 1 

l. I. megadesmus from seep in EA and I. perplexum from seep in EM have identical (99%) 

thiotrophic symbionts with boot strap value 0.99 

m.  C. fausta from Nanaki Trough (seep) in WP and C. pacifica, JFR vent from EP harbor 99% 

identical thiotrophic symbionts with boot strap value 0.97 

n. E. spicata from vent in EP and S. contortum from seep in Arctic Ocean share identical (99%) 

thiotrophic symbiont with boot strap value 0.99 
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Figure 3b. Geographical distribution of potential chemoautotrophic bacterial associates of vent 

and seep fauna. 

 

 

 



52 

 

 

Figure 4. Possible path of bacterial dispersal between Pacific Ocean and Indian Ocean (possibly 
one way). 

 

Figure. 5. Possible path of bacterial dispersal between Atlantic Ocean and Mediterranean Sea  
GoM: Gulf of Mexico, NAC: North Atlantic Current, SNAC: South North Atlantic Current, MS: 
Mediterranean Sea, MW: Mediterranean Water 
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Figure. 6  Potential chemoautotrophic bacterial associates of vent and seep fauna and their functions. V-
Vent, S-Seep, C-Ciliophora, P-Porifera, A-Annelida, M-Mollusca, Ar-Arthropoda, a, b, g, d, e, z 
(Proteobacteria), a-Actinobacteria, b-Bacteroidetes, s-Spirochete, v-Verrucomicrobia, u-Unidentified, t-
Thiotroph, sr-Sulfate reducer, m-Methanotroph, am-Ammonia oxidizer, uk-unknown function Though d-
Proteobacteria are sulfate reducers, some of them are known for anaerobic methane oxidation in consortia. 
Yet in others, the function is still unknown. 
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Figure 7. Percentages of phylotypes of potential chemoautotrophic bacteria from vent and seep 

fauna in the global oceans 

 

 

 

 

 

 

 

 

 

 



 

 

 

Sl.No Scientific name of 

the host 

Ambient geochemical data 

(Location (habitat))  

Genbank 

accession 

number of 

16S rDNA 

of bacterial  

associates 

 

Copy 

number/ 

related 

sequence  

 

Reference 

1 Calyptogena fausta CH4: 1.41 to 5.85 μM, Fe: 7 to 

34 nmol kg-1, Mn: 3 to 47 nmol 

kg-1 

(Gabon: Gulf of Guinea (seep))  

AB479081 1 Duperron et al. 2012a 

Lemaitre et al. 2014b 

2 Calyptogena pacifica 

 

pH: 3.44 to 6.17, H2S: 2.8 to 24 

mM, Fe: 14  μM to 2.2 mM, Mn: 

2 to 372 μM 

(Endeavour, JFR (vent)) 

AF035723 1 Peek et al. 1998a 

Seyfried Jr et al. 2003b 

3 Calyptogena nautilei CH4: 1.41 to 5.85 μM, Fe: 7 to 

34 nmol kg-1, Mn: 3 to 47 nmol 

kg-1 

(Gabon: Gulf of Guinea (seep)) 

AB479080 1 Duperron et al. 2012a 

Lemaitre et al. 2014b 

4 Calyptogena aff. 

angulata 

T:  4.1°C, O2: 13.3 μM, H2S: 2 

to 20 mM, SO4
2-: 4 to 30 mM,  

CH4: 621 μM 

(Monterey Bay (seep)) 

AY310507 1 Roeselers and Newton 

2012a 

Gieskes et al. 2005b 

Sibuet and Olu 1998b 

Levin et al. 2012b 

5 Vesicomya sp. mt-III 

 

pH: 3.44 to 6.17, H2S: 2.8 to 24 

mM, Fe: 14  μM to 2.2 mM, Mn: 

2 to 372 μM 

(Endeavour, JFR (vent)) 

EU403437 11  Stewart et al. 2008a  

Seyfried Jr et al. 2003b 

6 Calyptogena valdiviae CH4: 1.41 to 5.85 μM, Fe: 7 to 

34 nmol kg-1, Mn: 3 to 47 nmol 

kg-1 

(Gabon: Gulf of Guinea (seep)) 

HE863787 64  

 

Duperron et al. 2012a 

Lemaitre et al. 2014b 

7 Isorropodon bigoti CH4: 32 to 132 μM, Fe: 7 to 34 

nmol kg-1, Mn: 3 to 47 nmol kg-1 

(Gabon: Gulf of Guinea (seep)) 

HE680077 58  Rodrigues et al. 2012a  

Lemaitre et al. 2014b 

8 Vesicomya stearnsii T:  4.1°C, O2: 13.3 μM, H2S: 2 

to 20 mM, SO4
2-: 4 to 30 mM,  

CH4: 621 μM 

(Monterey Bay (seep)) 

AB642238 1 Kuwahara et al. 2011a  

Gieskes et al. 2005b 

Sibuet and Olu 1998b 

Levin et al. 2012b 

9 Isorropodon 

megadesmus 

SO4
2-: 4 to 30 mM; NH4: bdl to 

1.8 mM, CH4: 2.9 to 8 mM 

(Gulf of Cadiz  (seep)) 

HE680078 24  Rodrigues et al. 2012a  

Hensen et al. 2007b 

10 Isorropodon 

perplexum 

H2S: bdl to 23 mM, SO4
2-: bdl to 

30 mM, DIC:  2 to 30 mM, NH4: 

bdl to 4.5 mM 

(Eastern Mediterranean (seep)) 

HE680079 48  Rodrigues et al. 2012 a 

Ristova et al. 2015b 

11 Calyptogena 

ponderosa 

NH4: bdl to 30 μM, H2S: bdl to 

4.5 mM, NO3
-: bdl to 3.9 mM; 

DIC: 1 to 21 mM, DOC: 3 to 

11.5 mM, CH4: bdl to 2.2 mM; 

TOC: 2-5%, C/N: 10-40 

(Gulf of Mexico(seep)) 

EU403436 1 Stewart et al. 2008a  

Joye et al. 2004b 



 

 

 

12 Elenaconcha guiness CH4: 1.41 to 5.85 μM, Fe: 7 to 

34 nmol kg-1, Mn: 3 to 47 nmol 

kg-1 

(Gabon: Gulf of Guinea (seep)) 

HE863789 1 Duperron et al. 2012a  

Lemaitre et al. 2014b 

13 Calyptogena 

phaseoliformis 

T: 1.2°C, pH: 8.01 to 8.15, SO4
2-

: 26 – 27.4 mM, Fe: < 0.02 to 

1.47μM, Mn: 40 to 220 nM, 

CH4: 2.66 nM; NH4: 0.1 mM, 

H2S: < 0.1μM 

(Japan Trench (seep)) 

AF035724 1 Peek et al. 1998a  

Boulègue et al. 1987b 

14 Calyptogena sp. NH4: bdl to 30 μM, H2S: bdl to 

4.5 mM, NO3
-: bdl to 3.9 mM; 

DIC: 1 to 21 mM, DOC: 3 to 

11.5 mM, CH4: bdl to 2.2 mM; 

TOC: 2-5%, C/N: 10-40 

(Western Florida Escarpment 

(GoM)) 

AF035722 1 Peek et al. 1998a 

Joye et al. 2004b 

15 Abyssogena 

southwardae 

O2: 145 to 224 μM, H2S: 4 to 39 

μM, CH4: 355 to 945 nM, H2: 5 

to 36 nM,  Fe: 5 to 15 μM 

(Clueless site, MAR (vent)) 

JQ844765 96 Heijden et al. 2012a 

Perner et al. 2009b 

16 Calyptogena 

fossajaponica 

T: 1.2°C, pH: 8.01 to 8.15, SO4
2-

: 26 – 27.4 mM, Fe: < 0.02 to 

1.47μM, Mn: 40 to 220 nM, 

CH4: 2.66 nM, NH4: 0.1 mM, 

H2S: < 0.1μM 

(Japan Trench (seep)) 

AB044744 1 Kuwahara et al. 2011a  

Boulègue et al. 1987b 

17 Calyptogena 

magnifica 

 

T: 335 to 355 °C (max.), pH: 3.6 

to 4.0, H2S: 7.4 to 8.1 mM, Fe: 

660 to 750 mM, Mn: 699 to 753 

mM,  

(south west Pacific (vent)) 

AF035721 1 Peek et al. 1998a  

Arp et al. 1984b 

Campbell et al. 1988b 

18 Pliocardia sp. T:  3.6 to 5.2 °C, O2: 71.4 to 

84.7 μM, CH4: bdl to 800 nM, 

SO4
2-: 13.8 mM 

(Jaco Scarp summit, 

Off Costa Rica (Seep)) 

JF784423 1 Martin and Goffredi 

2012a 

Levin et al. 2012b 

19 Calyptogena elongata 

 

T: 7.9 to 13.9 °C, CH4: 60 to 110  

mmol kg-1, H2S: 43.30 to 73.67 

μM 

(East Pacific Rise (vent)) 

AF035719 1 Peek et al. 1998a  

Lutz et al. 2008b 

Keir 2010b 

20 Calyptogena 

packardana 

T:  4.1°C, O2: 13.3 μM; H2S: 2 

to 20 mM, SO4
2-: 4 to 30 mM,  

CH4: 621 μM 

(Monterey Bay (seep)) 

AY310508 1 Roeselers and Newton 

2012a 

Levin et al. 2012b 

21 Calyptogena kilmeri 

 

T: 7.5 to15 °C, SO4
2-: 6.9 mM, 

CH4: 5 to 167 nM 

(Cascadia continental margin 

(Seep)) 

AF035720 1 Peek et al. 1998a 

Goffredi and Barry 

2002b 

Collier and Lilley 2005b 

22 Calyptogena soyoae H2S: < 0.01 to 0.14 mmol kg-1, 

SO4
2-: 16.2 to 27.7 mmol kg-1, 

NH4: < 5 to 1400 μmol kg-1, 

CH4: 91 nmol kg-1 to  2.5 mol 

kg-1 

AB479077 1 Okutani et al. 2009a 

Tsunogai et al. 1996b 



 

 

 

(Sagami Trough, Japan 

(Seep)) 

23 Calyptogena 

kawamurai 
T: 7.83 to 8.28 °C, SO4

2-: 27.3  

mM,  NO3
-: 10.7 μM, Fe: 0.68  

to 2.2 μM, Mn: 0.20 to 50 nM, 

NH4: 0.1 mM, H2S: < 0.1 μM  

(Nankai Trough, Japan (Seep)) 

AB479076 1 Okutani et al. 2009a 

Boulègue et al. 1987b 

24 Vesicomya gigas T: 4 to 95 °C, pH: 6 to 7.5, Eh: -

440 to +50 mV, H2S: bdl to 1.2 

mM, SO4
2-: 1 to 30 mM 

(Guaymas basin (vent)) 

AF035725 1 Peek et al. 1998a  

Teske et al. 2016b 

25 Calyptogena laubieri T: 1.11 to 1.13 °C, pH: 8.01 to 

8.16, SO4
2-: 26.3 to 27.0 mM, 

Fe: 790 to 800 nM,  Mn: 11 to 

14 nM, CH4: 3.63  to 4.97 nM,  

NH4: 0.1 mM, H2S: < 0.1 μM  

(Kuril Trench (seep)) 

AB479073 1 Okutani et al. 2009a  

Boulègue et al. 1987b 

26 Calyptogena extenta T: 1.11 to 1.13 °C, pH: 8.01 to 

8.16, SO4
2-: 26.3 to 27.0 mM, 

Fe: 790 to 800 nM,  Mn: 11 to 

14 nM, CH4: 3.63  to 4.97 nM, 

NH4: 0.1 mM, H2S: < 0.1 μM  

(Kuril Trench (seep)) 

AB479075 1 Okutani et al. 2009a  

Boulègue et al. 1987b 

27 Calyptogena 

(Ectenagena) extenta 

T: 15 to 220 °C, pH: 5.4, NH4: 

5.6 mmol kg-1, H2S: 1.1 to 1.5 

mmol kg-1, Fe: 0 to 10 μmol kg-1, 

Mn: 10 to 21 μmol kg-1 

(Gorda Ridge (vent)) 

AF035725 1 Peek et al. 1998a  

Campbell et al. 1994b 

28 Bathymodiolus 

heckerae 

NH4: bdl to 30 μM, H2S: bdl to 

4.5 mM, NO3
-: bdl to 3.9 mM; 

DIC: 1 to 21 mM, DOC: 3 to 

11.5 mM, CH4: bdl to 2.2 mM; 

TOC: 2-5%, C/N: 10-40 

(Gulf of Mexico (seep)) 

AM236328 14  Duperron et al. 2007a  

Joye et al. 2004b 

29 Bathymodiolus 

heckerae 

NH4: bdl to 30 μM, H2S: bdl to 

4.5 mM, NO3
-: bdl to 3.9 mM; 

DIC: 1 to 21 mM, DOC: 3 to 

11.5 mM, CH4: bdl to 2.2 mM; 

TOC: 2-5%, C/N: 10-40 

(Gulf of Mexico (seep)) 

JF969166 58 Raggi et al. 2013a  

Joye et al. 2004b 

30 Bathymodiolus 

septemdierum 

T: 78 to 278 °C (max.), CH4: 2.1  

to 10.96 nmol kg-1, O2: 70.5 to 

209.7 μM 

(Myojin Knoll, Izu-Bonin Arc 

(vent)) 

AB036709 22 Fujiwara et al. 2000a  

Tsunogai et al. 2000b 

31 Myrina sp. T: 300 °C (max.), CO2: 40.6 

mM, H2: 100 to 150 μM, CH4: 

140 μM, NH4: 10 to 20 μM, H2S: 

1.5 mM 

(Suiyo sea mount, Japan (vent)) 

AB178222 1 Ikuta et al. 2015a  

Ishibashi et al. 1994b 

32 Idas sp. H2S: bdl to 23 mM, SO4
2-: bdl to 

30 mM; DIC:  2 to 30 mM, NH4: 

bdl to 4.5 mM 

(Eastern Mediterranean (seep)) 

AM402957 4 Duperron et al. 2008a 

Ristova et al. 2015b 



 

 

 

33 Maorithyas hadalis T: 1.2°C, pH: 8.01 to 8.15, H2S: 

< 0.1μM, SO4
2-: 26 to 27.4 mM, 

Fe: < 0.02 to 1.47μM, Mn: 40 to 

220 nM, CH4: 2.66 nM,  NH4: 

0.1 mM  

(Japan Trench (seep)) 

AB042413 1 Fujiwara et al. 2001a  

Boulègue et al. 1987b 

34 Bathymodiolus aff. 

brevior 

T: 315 to 365 °C (max.),  pH: 

3.35 to 3.51, CO2: 4.53 to 5.13 

mmol kg-1, H2S: 3.93 to 4.07 

mmol kg-1, SO4
2-: 0.479 to 1.56 

mmol kg-1, NH4: 17.1 to 38.8 

μmol kg-1, CH4: 171 to 203 μmol 

kg-1,  H2: 7.89 to 8.19 mmol kg-1, 

Fe: 3.5 to 6 mmol kg-1 

(Kairei field, Central Indian 

Ridge (vent)) 

DQ077891 30 McKiness and 

Cavanaugh 2005a  

Gallant and Damm 

2006b 

35 Bathymodiolus sp. CH4: 1.41 to 5.85 μM, Fe: 7 to 

34 nmol kg-1, Mn: 3 to 47 nmol 

kg-1 

(Gabon: Regab, Gulf of Guinea 

(seep)) 

AJ745718 140 Duperron et al. 2005a 

Lemaitre et al. 2014b 

36 Bathymodiolus 

brooksi 

NH4: bdl to 30 μM, H2S: bdl to 

4.5 mM, NO3
-: bdl to 3.9 mM; 

DIC: 1 to 21 mM, DOC: 3 to 

11.5 mM, CH4: bdl to 2.2 mM; 

TOC: 2-5%, C/N: 10-40 

(Gulf of Mexico (seep)) 

JF969170 267 Raggi et al. 2013a  

Joye et al. 2004b 

37 Bathymodiolus 

azoricus 

T: 2 to 370 °C, pH: 2.99 to 5.05, 

CO2: 3.2 to 31 mM, H2: bdl to 

15.8 mM, H2S: bdl to 3 mM, 

SO4
2-: 0.27 to 17.24 mM, CH4: 

2.5 mmol kg-1, Fe: < 0.01 to 24.1 

mM, Mn: < 0.01 to 1.8 mM 

(Rainbow, MAR (vent)) 

AM083974 18 Duperron et al. 2005a  

Seyfried Jr et al. 2011b 

Konn et al. 2009b 

38 Bathymodiolus 

azoricus 

T: 6 to 323 °C, pH: 4.57 to 8.02, 

ΣS: < 0.5 to 2360 μM, CH4: 0.68 

mM, NH4: 0.15 to 6.75 μM 

(Lucky Strike, MAR (vent)) 

AM083972 “ Duperron et al. 2005a  

Sarradin et al. 1999b 

Charlou et al. 2000b 

 

39 Bathymodiolus 

azoricus 

T: 10 to 279 °C (max.), pH: 4.90 

to 7.88, ΣS: < 0.5 to 1100 μM, 

CH4: 1.7 mmol kg-1,  NH4: 0.33 

to 1.71 μM 

(Menez Gwen, MAR (vent))  

AM083968 “ Duperron et al. 2005a  

Sarradin et al. 1999b 

Keir 2010b 

40 Bathymodiolus 

puteoserpentis 

T: 350 °C, pH: 3.3, CH4: 2.1 to 4 

mmol kg-1, H2S: 2.5 mmol kg-1, 

O2: 0, H2: 19 mmol kg-1, SO4
2-: 

0, CO2: 10.1 mmol kg-1, Fe: 

2410 μmol kg-1, Mn: 338 μmol 

kg-1 

(Logatchev, MAR (vent)) 

AM083975 “ Duperron et al. 2005a  

Klevenz et al. 2011b 

41 Idas sp. H2S: bdl to 23 mM, SO4
2-: bdl to 

30 mM; DIC:  2 to 30 mM, NH4: 

bdl to 4.5 mM 

(Eastern Mediterranean (seep)) 

AM402959 20 Duperron et al. 2008a  

Ristova et al. 2015b 



 

 

 

42 Escarpia sp. NH4: bdl to 30 μM, H2S: bdl to 

4.5 mM, NO3
-: bdl to 3.9 mM, 

DIC: 1 to 21 mM, DOC: 3 to 

11.5 mM, CH4: bdl to 2.2 mM, 

TOC: 2-5%, C/N: 10-40 

(Gulf of Mexico (seep)) 

JF969171 209 Raggi et al. 2013a 

 Joye et al. 2004b 

43 Seepiophila jonesi NH4: bdl to 30 μM, H2S: bdl to 

4.5 mM, NO3
-: bdl to 3.9 mM, 

DIC: 1 to 21 mM, DOC: 3 to 

11.5 mM, CH4: bdl to 2.2 mM, 

TOC: 2-5%, C/N: 10-40 

(Gulf of Mexico (seep)) 

AY129105  Nelson and Fisher  

2000a 

Joye et al. 2004b 

44 Ridgeia piscesae T: 15 to 220 °C (max.), pH: 5.4, 

NH4: 5.6 mmol kg-1, H2S: 1.1 to 

1.5 mmol kg-1, Fe: 0 to 10 μmol 

kg-1, Mn: 10 to 21 μmol kg-1. 

(Gorda Ridge (vent)) 

U77480 1 Feldman et al. 1997a 

Campbell et al. 1994b 

45 Riftia pachyptila T: 7.9 to 13.9 °C, CH4: 60 to 110  

mmol kg-1, H2S: 43.30 to 73.67 

μmol kg-1 

(East Pacific Rise (vent)) 

U77478 1 Feldman et al. 1997a 

Lutz et al. 2008b 

Keir 2010b 

46 Lucinoma aff. kazani H2S: bdl to 23 mM, SO4
2-: bdl to 

30 mM, DIC:  2 to 30 mM, NH4: 

bdl to 4.5 mM 

(Eastern Mediterranean (seep)) 

AM236336 92 Duperron et al. 2007a 

Ristova et al. 2015b 

47 scaly snail T: 315 to 365 °C (max.),  pH: 

3.35 to 3.51, CO2: 4.53 to 5.13 

mmol kg-1, H2S: 3.93 to 4.07 

mmol kg-1, SO4
2-: 479 to 156 0 

μmol kg-1, NH4: 17.1 to 38.8 

μmol kg-1, CH4: 171 to 203 μmol 

kg-1,  H2: 7.89 to 8.19 mmol kg-1, 

Fe: 3.5 to 6.0 mmol kg-1 

(Kairei field, Central Indian 

Ridge (vent)) 

AY310506 75 Goffredi et al. 2004a 

Gallant and Damm 

2006b 

48 Scaly snail T: 315 to 365 °C (max.),  pH: 

3.35 to 3.51, CO2: 4.53 to 5.13 

mmol kg-1, H2S: 3.93 to 4.07 

mmol kg-1, SO4
2-: 479 to 1560 

μmol kg-1, NH4: 17.1 to 38.8 

μmol kg-1, CH4: 171 to 203 μmol 

kg-1,  H2: 7.89 to 8.19 mmolal, 

Fe: 3.5 to 6.01mmol kg-1 

(Kairei field, Central Indian 

Ridge (vent)) 

AY531606 65  Goffredi et al. 2004a 

Gallant and Damm 

2006b 

49 Scaly snail T: 315 to 365 °C (max.),  pH: 

3.35 to 3.51, CO2: 4.53 to 5.13 

mmol kg-1, H2S: 3.93 to 4.07 

mmol kg-1, SO4
2-: 479 to 1560 

μmol kg-1, NH4: 17.1 to 38.8 

μmol kg-1, CH4: 171 to 203 μmol 

kg-1,  H2: 7.89 to 8.19 mmol kg-1, 

Fe: 3.5 to 6.0 mmol kg-1 

(Kairei field, Central Indian 

AY531567 8 Goffredi et al. 2004a 

Gallant and Damm 

2006b 



 

 

 

Ridge (vent)) 

50 Escarpia spicata T: 4 to 95 °C, pH: 6 to 7.5, Eh: -

440  to +50 mV, H2S: bdl to 1.2 

mM, SO4
2-: 1 to 30 mM 

(Guaymas basin (vent)) 

AF165909 1 Di Meo et al. 2000a 

Teske et al. 2016b 

51 Idas sp. H2S: bdl to 23 mmol kg-1, SO4
2-: 

bdl to 30 mmol kg-1, DIC:  2 to 

30 mmol kg-1, NH4: bdl to 4.5 

mmol kg-1 

(Eastern Mediterranean (seep)) 

AM402958 1 Duperron et al. 2008a  

Ristova et al. 2015b 

52 Sclerolinum 

contortum 

T: -0.77 to -0.85 °C, pH: 7.6 to 

8, O2: 0.01 to 0.28 mM, H2S: bdl 

to 0.15 mM 

(Haakon Mosby Mud Volcano, 

Arctic (seep)) 

AM883183 224 Lösekann et al. 2008a,b  

 

53 Rimicaris exoculata 

 

T: 366 °C (max.), ΣS: 1 – 6.0 

mM, CH4: 0.06 mmol kg-1  

(Snake Pit, MAR (vent))  

FN658699 8 Hügler et al. 2011a 

Renninger et al. 1995b 

Keir 2010b 

54 Scaly snail T: 315 to 365 °C (max.),  pH: 

3.35 to 3.51, CO2: 4.53 to 5.13 

mmol kg-1, H2S: 3.93 to 4.07 

mmol kg-1, SO4
2-: 479 to 1560 

μmol kg-1, NH4: 17.1 to 38.8 

μmol kg-1, CH4: 171 to 203 μmol 

kg-1,  H2: 7.89 to 8.19 mmol kg-1, 

Fe: 3.5 to 6.0 mmol kg-1 

(Kairei field, Central Indian 

Ridge (vent)) 

AY531557 12  Goffredi et al. 2004a 

Gallant and Damm 

2006b 

55 Kiwa hirsuta T: ~32 °C  

(Annie’s Antill vent, Pacific 

Antarctic Ridge (vent)) 

EU265797 7 Goffredi et al. 2004a,b  

56 Kiwa hirsuta T: ~32 °C 

(Annie’s Antill vent, Pacific 

Antarctic Ridge (vent)) 

EU265799 18  Goffredi et al. 2008a,b  

57 Riftia pachyptila 

 

T: 54 °C pH: 4.4 H2S: 95 μmol 

kg-1; Fe: 65 μmol kg-1  

(East Pacific Rise (vent)) 

AF449225 1 Lόpez-García et al.2002a  

Le Bris et al. 2006b 

58 Oligobrachia 

haakonmosbiensis 

T: -0.77 to -0.85 °C, pH: 7.6 to 8, 

O2: 0.01 to 0.28 mM, H2S: bdl to 

0.15 mM 

(Håkon Mosby Mud Volcano, 

Arctic (seep)) 

AM883179 52 Lösekann et al. 2008a,b  

59 Oligobrachia 

mashikoi 

T: 9 to 23 °C  

(Tsukumo Bay, Japan) 

AB271125 7 Kubota et al. 2007a,b  

60 Bathymodiolus aff. 

boomerang 

 

CH4: 1.41 to 5.85 μM, Fe: 7 to 

34 nmol kg-1, Mn: 3 to 47 nmol 

kg-1 

(Gabon: Regab, Gulf of Guinea 

(seep)) 

AM888204 2 Cambon-Bonavita et al. 

2009a  

Lemaitre et al. 2014b 

61 Bathymodiolus 

japonicus 

T: 70 to 325 °C (max.), pH: 4.7 

to 5.3, CO2: 187 to 227 mmol 

kg-1, H2: 25 to 229 μmol kg-1, 

H2S: 0.2 to 4.5 mmol kg-1, NH4: 

1.7 to 14.7 mmol kg-1, SO4
2-: 

AB036711 7 Fujiwara et al. 2000a  

Kawagucci et al. 2011b 



 

 

 

3.05 to 12.9 nmol kg-1, Mn: < 

0.01 to 1.12 mmol kg-1, Fe: < 

0.13 to 0.15 mmol kg-1 

(North Knoll, Iheya (vent)) 

62 Bathymodiolus 

mauritanicus 

SO4
2-: 4 to 30 mM, NH4: 1 to 1.8 

mM, CH4: 2.9 to 8 mM 

(Gulf of Cadiz (seep)) 

HE963014 17 Rodrigues et al. 2012a  

Hensen et al. 2007b 

63 Bathymodiolus 

platifrons 

T: 70 to 325 °C, pH: 4.7 to 5.3, 

CO2: 187 to 227 mmol kg-1, H2: 

25 to 229 μmol kg-1, H2S: 0.2 to 

4.5 mmol kg-1, NH4: 1.7 to 14.7 

mmol kg-1, SO4
2-: 3.05 to 12.9 

nmol kg-1, Mn: < 0.01 to 1.12 

mmol kg-1, Fe: < 0.13 to 0.15 

mmol kg-1 

(North Knoll, Iheya (vent)) 

AB036710 27 Fujiwara et al. 2000a  

Kawagucci et al. 2011b 

64 Bathymodiolus 

childressi 

NH4: bdl to 30 μM, H2S: bdl to 

4.5 mM, NO3: bdl to 3.9 mM; 

DIC: 1 to 21 mM, DOC: 3 to 

11.5 mM, CH4: bdl to 2.2 mM; 

TOC: 2 to 5%, C/N: 10 to 40 

(Gulf of Mexico (seep)) 

AM236329 50 Duperron et al. 2007ba 

Joye et al. 2004b 

65 Bathymodiolus hirtus T: 8 °C, CH4: 0.9 to 15 mmol kg-

1 

(Kuroshima Knoll (seep)) 

AB250698 1 Li et al. 2014a  

Tsunogai et al. 2010b 

66 Bathymodiolus 

brooksi 

NH4: bdl to 30 μM, H2S: bdl to 

4.5 mM, NO3
-: bdl to 3.9 mM, 

DIC: 1 to 21 mM, DOC: 3 to 

11.5 mM, CH4: bdl to 2.2 mM, 

TOC: 2 to 5%, C/N: 10 to 40 

(Gulf of Mexico (seep)) 

AM236330 44 Duperron et al. 2007ba  

Joye et al. 2004b 

67 Idas sp. H2S: bdl to 23 mM, SO4
2-: bdl to 

30 mM, DIC:  2 to 30 mM, NH4: 

bdl to 4.5 mM 

(Eastern Mediterranean (seep)) 

AM402955 74 Duperron et al. 2008ba 

Ristova et al. 2015b 

68 Bathymodiolus 

azoricus 

T: 2 to 370 °C (max.), pH: 2.99 

to 5.05, CO2: 3.2 to 31 mM, H2: 

bdl to 15.8 mM, H2S: bdl to 3 

mM, SO4
2-: 0.27 to 17.24 mM, 

CH4: 2.5 mmol kg-1, Fe: < 0.01 

to 24.1 mM, Mn: < 0.01 to 1.8 

mM 

(Rainbow, MAR (vent)) 

AM083954 5 Duperron et al. 2005a  

Seyfried Jr et al. 2011b 

Konn et al. 2009b 

69 Bathymodiolus 

azoricus 

T: 6 to 323 °C(max.), pH: 4.57 

to 8.02, ΣS: < 0.5 to 2.36 mM, 

CH4: 0.68 mM, NH4: 0.15 to 

6.75 μM 

(Lucky Strike MAR (vent)) 

AM083950 “ Duperron et al. 2005a  

Sarradin et al. 1999b 

Charlou et al. 2000b 

 

70 Bathymodiolus 

azoricus 

T: 10 to 279 °C (max.), pH: 4.90 

to 7.88, ΣS: < 0.5 to 1.1 mM, 

CH4: 1.7 mmol kg-1, NH4: 0.33 

to 1.71 μmol kg-1 

(Menez Gwen, MAR (vent))  

AM083953 “ Duperron et al. 2005a  

Sarradin et al. 1999b 

Keir 2010b 

71 Bathymodiolus T: 350 °C (max.), pH: 3.3, CH4: AM083955 9 Duperron et al. 2005a  



 

 

 

puteoserpentis 2.1 to 4 mmol kg-1, H2S: 2.5 

mmol kg-1, O2: bdl, H2: 19 mmol 

kg-1, SO4
2-: bdl, CO2: 10.1 mmol 

kg-1, Fe: 2.4 mmol kg-1, Mn: 338 

μmol kg-1 

(Logatchev, MAR (vent)) 

Klevenz et al. 2011b 

72 Idas sp H2S: bdl to 23 mmol kg-1, SO4
2-: 

bdl to 30 mmol kg-1; DIC:  2 to 

30 mmol kg-1, NH4: bdl to 4.5 

mmol kg-1 

(Eastern Mediterranean (seep)) 

AM402960 33 Duperron et al. 2008a  

Ristova et al. 2015b 

73 Riftia pachyptila T: 54 °C, pH: 4.4, H2S: 95 μmol 

kg-1, Fe: 65 μmol kg-1  

(East Pacific Rise (vent)) 

AF449226 1 Lόpez-García et al. 

2002a  

Le Bris et al. 2006b 

74 Scaly snail T: 315 to 365 °C (max.),  pH: 

3.35 to 3.51, CO2: 4.53 to 5.13 

mmol kg-1, H2S: 3.93 to 4.07 

mmol kg-1, SO4
2-: 479 to 1560 

μmol kg-1, NH4: 17.1 to 38.8 

μmol kg-1, CH4: 171 to 203 μmol 

kg-1,  H2: 7.89 to 8.19 mmol kg-1, 

Fe: 3.5 to 6.0 mmol kg-1 

(Kairei field, Central Indian 

Ridge (vent)) 

AY355300 22  Goffredi et al. 2008a  

Gallant and Damm 

2006b 

75 Kiwa hirsuta T: ~32 °C 

(Annie’s Antill vent, Pacific 

Antarctic Ridge (vent)) 

EU265788 3 Goffredi et al. 2004a,b 

76 Riftia pachyptila T: 54 °C, pH: 4.4, H2S: 95 μmol 

kg-1, Fe: 65 μmol kg-1 

(East Pacific Rise (vent)) 

AF449222 1 Lόpez-García et al. 

2002a  

Le Bris et al. 2006b 

77 Riftia pachyptila T: 54 °C, pH: 4.4, H2S: 95 μmol 

kg-1,  Fe: 65 μmol kg-1  

(East Pacific Rise (vent)) 

AF449230 2 Lόpez-García et al. 

2002a  

Le Bris et al. 2006b 

78 Lamellibrachia sp. H2S: < 0.01 to 0.14 mmol kg-1, 

SO4
2-: 16.2 to 27.7 mmol kg-1, 

NH4: < 5 to 1400 μmol kg-1, 

CH4: 9.1  nM to  2.5 M 

(Sagami Trough, Japan (seep)) 

D83060 1 Naganuma et al. 1997a  

Tsunogai et al. 1996b 

79 Alvinella pompejana 

 

T: 7.9 to 13.9 °C, CH4: 60 to 110  

mmol kg-1, H2S: 43.30 to 73.67 

μmol kg-1 

(East Pacific Rise (vent)) 

AF357198 1 Campbell et al. 2001a 

Lutz et al. 2008b 

Keir 2010b 

80 Rimicaris exoculata T: 366 °C (max.), ΣS: 1 to 

6000μM, CH4: 0.06 mmol kg-1,  

(Snake Pit, MAR (vent))  

FN658698 19 Hügler et al. 2011a 

Renninger et al. 1995b 

Keir et al. 2010b 

81 Scaly snail T: 315 to 365 °C (max.),  pH: 

3.35 to 3.51, CO2: 4.53 to 5.13 

mmol kg-1, H2S: 3.93 to 4.07 

mmol kg-1, SO4
2-: 479 to 1560 

μmol kg-1, NH4: 17.1 to 38.8 

μmol kg-1, CH4: 171 to 203 μmol 

kg-1,  H2: 7.89 to 8.19 mmol kg-1, 

Fe: 3.5 to 6.0 mmol kg-1 

(Kairei field, Central Indian 

AY531575 56 Goffredi et al. 2008a  

Gallant and Damm 

2006b 



 

 

 

 

Supplementary Table 1. Details of host, 16S rDNA accession number and frequency of related 

sequences of the associated bacteria along with the available geochemical parameters of their 

habitats.  

bdl: below detectable level; temperature could be either of the immediate surroundings of the fauna 

or the maximum reported temperature (max.) of the vent. ‘1’ denotes the representative sequence in 

the literature when its copy number is not given. Information of the host and symbionta and 

geochemistry of the habitatb belong to two different references, due to lack of data from the same 

literature. The geochemical data could be either specific to the local sampling site or generic to a 

wider area.  

 

 

Ridge (vent)) 

82 Alviniconcha hessleri 

 

T: 70 to 325 °C (max.), pH: 4.7 

to 5.3, CO2: 187 to 227 mmol 

kg-1, H2: 25 to 229 μmol kg-1, 

H2S: 0.2 to 4.5 mmol kg-1, NH4: 

1.7 to 14.7 mmol kg-1, SO4
2-: 

3.05 to 12.9 nmol kg-1, Mn: < 

0.01 to 1120 μmol kg-1, Fe: < 

0.13 to 0.15 mmol kg-1 

(Iheya- Mid-Okinawa Trough 

(vent)) 

AB091292 1 Inagaki et al. 2004a  

Kawagucci et al. 2011b 

83 Kiwa hirsuta T: ~32 °C 

(Annie’s Antill vent, Pacific 

Antarctic Ridge (vent)) 

EU265785 24 Goffredi et al. 2004a,b 

84 Alvinella pompejana T: 7.9 to 13.9 °C, CH4: 60 to 110  

μmol kg-1, H2S: 43.30 to 73.67 

μmol kg-1 

(East Pacific Rise (vent)) 

L35520 139 Haddad et al. 1995b 

Lutz et al. 2008b 

Keir 2010b 

    Total = 

2219 

 



Bacterial 

associate 

Host 

phylum 

Host scientific 

name/mode of 

nutrtion 

(symbiont type 

(organ)) 

Location/ 

environment 

 

Region Latitude and 

longitude 

used for map to 

minimize 

clustering/overlap 

Latitude and 

longitude (as 

published) 

α-Proteobacteria Annelida Riftia pachyptila/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

EPR/ basaltic 

sulfidic vents 

  

EP 9°00’23.86”N, 

106°15’35.04”W 

9°00’23.86”N, 

106°15’35.04”W 

               “ EPR/ basaltic 

sulfidic vents 

 

EP 13°00’55.12”N, 

104°35’03.73”W 

13°00’55.12”N, 

104°35’03.73”W 

  Mollusca Helicoradomenia cf. 

acredema/ 

Thiotrophy, 

Heterotrophy 

(epibiont, 

endosymbiont (cuticle)) 

TICA (EPR)/ 

basaltic 

sulfidic vents 

EP 9°50’26.82”N, 

104°17’29.58”W 

9°50’26.82”N, 

104°17’29.58”W 

  Helicoradomenia sp. 1/ 

Thiotrophy, 

Heterotrophy  

(epibiont, 

endosymbiont 

(cuticle)) 

TICA (EPR)/ 

basaltic 

sulfidic vents 

EP 9°50’26.82”N, 

104°17’29.58”W 

9°50’26.82”N, 

104°17’29.58”W 

γ-Proteobacteria  Annelida Escarpia spicata/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

Guaymas 

Basin/ 

basaltic 

sulfidic vents  

EP 27°00’00.00”N, 

111°00’00.00”W 

Not given 

  Lamellibrachia sp. 7/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

Gorda Ridge/ 

basaltic 

sulfidic vents 

EP 42°45’00.00”N,  

126°42’00.00”W 

42°45’00.00”N,  

126°42’00.00”W 

  Lamellibrachia 

columna/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

Lau Basin, 

Hine Hina 

(Lau-Fiji)/ 

back-arc 

basin rich in 

sulfide 

  

SWP 22°32’00.00”S, 

176°43’00.00”W 

22°32’00.00”S, 

176°43’00.00”W 

  Oasisia alvinae/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

TICA (EPR)/ 

basaltic 

sulfidic vents 

EP 9°50’26.82”N, 

104°17’29.58”W 

9°50’26.82”N, 

104°17’29.58”W 

                 “ EPR/ basaltic 

sulfidic vents 

EP 20°50’00.00”N, 

109°00’00.00”W 

20°47’00.00”N, 

109°08’00.00”W 

  Riftia pachyptila/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

TICA (EPR)/  

basaltic 

sulfidic vents 

 

EP 9°50’26.82”N, 

104°17’29.58”W 

9°50’26.82”N, 

104°17’29.58”W 

                “ EPR/  basaltic 

sulfidic vents 

 

EP 9°00’23.86”N, 

106°15’35.04”W 

9°00’23.86”N, 

106°15’35.04”E 

                 “ EPR/basaltic 

sulfidic vents 

EP 13°00’55.12”N, 

104°35’03.73”W 

13°00’55.12”N, 

104°35’03.73”W 

                 “ Galápagos EP 0°48’14.82”N, Not given 



vent /sulfidic 

vents 

86°13’28.68”W 

                 “ Guaymas 

Basin/ 

basaltic 

sulfidic vents  

EP 27°00’00.00”N, 

111°00’00.00”W 

26°59’00.00”N, 

111°24’00.00”W 

  Ridgeia piscesae/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

JFR/balsaltic 

sulfidic vents 

EP 45°56’06.00”N, 

130°00’48.00”W 

Not given 

  Tevnia jerichonana/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

TICA (EPR)/ 

balsaltic 

sulfidic vents 

EP 9°50’26.82”N, 

104°17’29.58”W 

9°50’26.82”N, 

104°17’29.58”W 

  Unidentified 

polychaete/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

Nikko 

seamount/ 

basaltic 

sulfidic vents 

WP 23°05’00.00”N, 

142°20’00.00”E 

23°05’00.00”N, 

142°20’00.00”E 

 Mollusca Ifremeria nautilei/ 

Thiotrophy, 

Methanotrophy 

(endosymbiont (gill)) 

PACMANUS 

vent (Manus 

Basin)/low 

sulfidic vents 

WP 3°44’00.00”S, 

151°40’00.00”E 

3°43’42.00”S, 

151°40’12.00”E 

  Unidentified scaly 

snail/ 

Thiotrophy 

(epibiont (sclerite)), 

(endosymbiont 

(oesophageal gland)) 

RTJ 

(Indian 

Ocean)/ 

black smoker 

chimney rich 

in sulfide 

SI 25°19’13.80”S, 

70°02’25.20”E 

25°19’13.80”S, 

70°02’25.20”E 

  Calyptogena magnifica/ 

Thiotrophy, 

Heterotrophy 

(endosymbiont (gill)) 

Galápagos 

vent/ 

sulfidic vents 

EP 0°48’14.82”N, 

86°13’28.68”W 

Not given 

                “ Pacifc/ 

basaltic 

sulfidic vents  

SP 18°00’00.00”S, 

113°00’00.00”W 

18°00’00.00”S, 

113°00’00.00”W 

  Calyptogena pacifica/ 

Thiotrophy, 

Heterotrophy 

(endosymbiont (gill)) 

Clam Bed 

(Endeavour 

segment, 

JFR)/sulfidic 

vents  

EP 47°00’00.00”N, 

129°00’00.00”W 

Not given 

  Ectenagena extenta, 

Thiotrophy, 

Heterotrophy 

(endosymbiont (gill)) 

Gorda Ridge/ 

basaltic 

sulfidic vents 

EP 41°00’00.00”N, 

127°00’00.00”W 

41°00’00.00”N, 

127°00’00.00”W 

  Vesicomya gigas/ 

Thiotrophy 

(endosymbiont (gill)) 

Guaymas 

Basin/ 

sediment 

vents rich in 

sulfide 

EP 27°00’00.00”N, 

111°00’00.00”W 

27°00’00.00”N, 

111°00’00.00”W 

  Abyssogena 

southwardae/ 

Thiotrophy 

(endosymbiont (gill)) 

Clueless 

(MAR)/ 

basaltic 

sulfidic vents 

MA 4°28.8’00”S 

12°22.2’00”W 

4°28.8’00”S 

12°22.2’00”W 

  Myrina sp. Suiyo WP 28°35’59.99”N Not given 



Thiotrophy 

(endosymbiont (gill)) 

Seamount 

(Japan)/ 

sulfidic vents 

 

140°37’59.99”E 

  Bathymodiolus 

azoricus/ 

Thiotrophy, 

Methanotrophy,  

Heterotrophy 

(endosymbiont (gill)) 

Menez Gwen 

(MAR)/active 

chimneys rich 

in sulfide and 

methane 

MA 37°50’21.60”N, 

31°31’16.80”W 

37°50’21.60”N, 

31°31’16.80”W 

                  “           “ “ 37°50’21.60”N, 

31°31’16.80”W 

37°17’00.00”N, 

32°15’00.00”W 

                  “ Lucky Strike 

(MAR)/ 

active 

chimneys rich 

in sulfide and 

methane 

MA 37°17’15.60”N, 

32°16’30.60”W 

37°17’15.60”N, 

32°16’30.60”W 

                  “           “ “ 37°17’15.60”N, 

32°16’30.60”W 

37°17’15.60”N, 

32°16’28.80”W 

                  “           “ “ 37°17’15.60”N, 

32°16’30.60”W 

37°17’17.40”N, 

32°16’27.60”W 

                  “           “ “ 37°17’15.60”N, 

32°16’30.60”W 

37°17’37.80”N, 

32°16’31.80”W 

                  “           “ “ 37°17’15.60”N, 

32°16’30.60”W 

Not given 

                  “ Rainbow 

(MAR)/ 

active 

chimneys rich 

in sulfide and 

methane 

MA 36°13’26.40”N, 

33°53’34.80”W 

36°13’26.40”N, 

33°53’34.80”W 

                  “           “ “ 36°13’26.40”N, 

33°53’34.80”W 

36°13'30.00"N, 

33°53'54.00"W 

                  “           “ “ 36°13’26.40”N, 

33°53’34.80”W 

36°14’14.40”N, 

33°54’05.40”W 

  Bathymodiolus brevior/ 

Thiotrophy, 

Heterotrophy 

(endosymbiont (gill)) 

Lau Basin/ 

active back-

arc basin rich 

in sulfide 

SWP 23°13’00.00”S, 

176°38’00.00”W 

23°13’00.00”S, 

176°38’00.00”W 

  Bathymodiolus aff. 

brevior/ 

Thiotrophy, 

Heterotrophy 

(endosymbiont (gill)) 

CIR/active 

chimneys rich 

in sulfide and 

methane 

CI 23°53’00.00”S, 

69°36’00.00”E 

Not given 

  Bathymodiolus 

japonicus/ 

Methanotrophy, 

Heterotrophy 

(endosymbiont (gill)) 

North Knoll 

(Iheya Ridge, 

Okinawa 

Trough)/ 

active back-

arc basin rich 

in sulfide 

WP 27°47’13.20”N, 

126°53’54.36”E 

27°47’10.86”N, 

126°53’59.10”E 

  Bathymodiolus 

marisindicus/ 

Thiotrophy,  

CIR/active 

chimneys  

rich in  

CI 23°53’00.00”S, 

69°36’00.00”E 

23°53’00.00”S, 

69°36’00.00”E 



Heterotrophy, 

(endosymbiont (gill)) 

sulfide and 

methane 

  Bathymodiolus 

platifrons/ 

Methanotrophy,  

Heterotrophy 

(endosymbiont (gill)) 

North Knoll 

(Iheya Ridge, 

Okinawa 

Trough)/ 

active back-

arc basin rich 

in sulfide 

WP 27°47’13.20”N, 

126°53’54.36”E 

27°47’10.86”N, 

126°53’59.10”E 

  Bathymodiolus 

puteoserpentis/ 

Thiotrophy, 

Methanotrophy,  

Heterotrophy 

(endosymbiont (gill)) 

Snake pit 

(MAR)/active 

vents rich in 

sulfide and 

methane 

MA 23°22’12.00”N, 

44°57’02.40”W 

23°22’12.00”N, 

44°57’02.40”W 

                 “            “ “ 23°22’12.00”N, 

44°57’02.40”W 

23°22’06.00”N, 

44°56’54.60”W 

                 “            “ “ 23°22’12.00”N, 

44°57’02.40”W 

23°22’07.80”N, 

44°57’00.00”W 

                 “            “ “ 23°22’12.00”N, 

44°57’02.40”W 

23°22’00.00”N, 

44°56’00.00”W 

                 “ Logatchev 

(MAR)/ 

active vents 

rich in  

sulfide 

MA 14°45’18.60”N, 

44°58’44.40”W 

14°45’18.60”N, 

44°58’44.40”W 

                 “           “ “ 14°45’18.60”N, 

44°58’44.40”W 

14°45’16.20”N, 

44°58’42.00”W 

                 “           “ “ 14°45’18.60”N, 

44°58’44.40”W 

14°45’25.20”N, 

44°58’47.40”W 

  Bathymodiolus 

septemdierum/ 

Thiotrophy, 

Heterotrophy 

(endosymbiont (gill)) 

Myojin Knoll 

(Izu-Bonin 

Arc)/ active 

volcanic arc 

rich in sulfide 

and methane 

WP 32°06’17.52”N, 

139°52’11.10”E 

32°06’17.52”N, 

139°52’11.10”E 

                 “ Mariana 

Trough 

WP 18°13’00.00”N, 

144°42’00.00”W 

18°13’00.00”N, 

144°42’00.00”W 

  Bathymodiolus 

thermophilus/ 

Thiotrophy,  

Heterotrophy 

(endosymbiont (gill)) 

Galápagos 

vent/ sulfidic 

vents 

EP 0°48’14.82”N, 

86°13’28.68”W 

Not given 

                “ Galápagos 

Rift/ sulfidic 

vent 

EP 0°48’14.82”N, 

86°13’28.68”W 

0°48’00.00”N, 

86°13’00.00”W 

  Bathymodiolus aff. 

thermophilus/ 

Thiotrophy,  

Heterotrophy 

(endosymbiont (gill)) 

EPR/ 

balsaltic 

sulfidic vents 

 

SP 31°52’00.00”S, 

112°03’00.00”W 

31°52’00.00”S, 

112°03’00.00”W 

  Bathymodiolus sp.4/  

Thiotrophy,  

Heterotrophy 

(endosymbiont (gill)) 

Manus Basin/ 

active sulfidic 

vents 

WP 3°44’00.00”S, 

151°40’00.00”E 

3°44’00.00”S, 

151°40’00.00”E 



  Bathymodiolus sp. 5/ 

Thiotrophy 

(epibiont  

(scaphognathite, 

branchiostegite)) 

JFR/ Black 

smoker rich 

in sulfide 

NEP 45°56’06.00”N, 

130°00’48.00”W 

Not given 

  Vulcanidas insulatus/ 

Thiotrophy 

(endosymbiont 

(gill)) 

Macauley 

Cone 

/sulfidic vents 

SWP 30°13’00.00”S, 

178°27’00.00”E 

30°13’00.00”S, 

178°27’00.00”E 

  Gigantidas gladius/ 

Thiotrophy 

(endosymbiont 

(gill)) 

Rumble 

III/active 

sulfidic 

volcanic arc 

SWP 35°44’00.00”S, 

178°30’00.00”E 

35°44’00.00”S, 

178°30’00.00”E 

  Helicoradomenia sp. 1/ 

Thiotrophy, 

Heterotrophy  

(epibiont, 

endosymbiont 

(cuticle)) 

TICA (EPR)/ 

basaltic 

sulfidic vents 

EP 9°50’26.82”N, 

104°17’29.58”W 

9°50’26.82”N, 

104°17’29.58”W 

 Arthropoda Kiwa hirsuta/ 

Thiotrophy, 

Heterotrophy 

(epibiont (setae)) 

Annie’s 

Anthill vent 

area (PAR)/ 

extinct vents, 

active sulfidic 

vents, 

sulfide black 

smokers 

SWP 37°46’29.40”S, 

110°54’43.20”W 

37°46’29.40”S, 

110°54’43.20”W 

δ-Proteobacteria Annelida Riftia pachyptila/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

EPR/ basaltic 

sulfidic vents  

 

EP 9°00’23.86”N, 

106°15’35.04”W 

9°00’23.86”N, 

106°15’35.04”E 

                 “ EPR/ basaltic 

sulfidic vents  

 

EP 13°00’55.12”N, 

104°35’03.73”W 

13°00’55.12”N, 

104°35’03.73”W 

 Mollusca Unidentified scaly 

snail/ 

Thiotrophy 

(epibiont 

(sclerite, shell), 

endsymbiont 

(oesophageal gland)) 

RTJ  

(Indian 

Ocean)/ 

sulfidic vents 

SI 25°19’13.80”S, 

70°02’25.20”E 

25°19’13.80”S, 

70°02’25.20”E 

 Arthropoda Kiwa hirsuta/ 

Thiotrophy, 

Heterotrophy 

(epibiont (setae)) 

Annie’s 

Anthill vent 

area (PAR)/ 

extinct vents, 

active sulfidic 

vents, 

sulfidic black 

smokers 

SP 37°46’29.40”S, 

110°54’43.20”W 

37°46’29.40”S, 

110°54’43.20”W 

ε-Proteobacteria Annelida Riftia pachyptila/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

EPR/ basaltic  

sulfidic vents 

 

EP 9°00’23.86”N, 

106°15’35.04”W 

9°00’23.86”N, 

106°15’35.04”E 

                  “             “ EP 13°00’55.12”N, 

104°35’03.73”W 

13°00’55.12”N, 

104°35’03.73”W 



  Alvinella pompejana/ 

Thiotrophy 

(epibiotic (integument,  

tube)) 

Elsa vent 

(EPR)/ 

 White 

smokers rich 

in sulfide 

EP 12°48’00.00”N, 

103°56’00.00”W 

12°48’00.00”N, 

103°56’00.00”W 

                  “ EPR/ basaltic 

sulfidic vents 

 

EP 9°50’00.00”N, 

104°18’00.00”W 

9°50’00.00”N, 

104°17’00.00”W 

                  “             “  EP 12°48’00.00”N, 

103°56’00.00”W 

12°48’00.00”N, 

103°56’00.00”W 

                  “             “ EP 12°48’00.00”N, 

103°56’00.00”W 

12°49’00.00”N, 

103°56’00.00”W 

                  “ Guaymas 

Basin/  

sediment 

vents rich in 

sulfide 

EP 27°00’00.00”N, 

111°00’00.00”W 

Not given 

  Unidentified polychaete North Big 

Chimney 

(Iheya North 

hydrothermal 

field)/ active 

hydrothermal 

mound rich in 

sulfide, 

methane and 

ammonia   

WP 27°47’13.20”N, 

126°53’54.36”E 

27°47’30.00”N, 

126°53’48.00”E 

 Mollusca Alviniconcha aff. 

hessleri/ 

Thiotrophy 

(endosymbiont (gill)) 

Kairei field 

(Hakuho 

Knoll, 

CIR)/active 

sulfidic vents 

rich in 

hydrogen 

CI 25°19’14.40”S, 

70°02’24.00”E 

25°19’14.40”S, 

70°02’24.00”E 

  Alviniconcha sp. 

Thiotrophy 

(endosymbiont (gill)) 

PACMANUS 

vent (Manus 

Basin)/ active 

sulfidic vents 

WP 3°44’00.00”S, 

151°40’00.00”E 

3°43’42.00”S, 

151°40’12.00”E 

  Unidentified scaly 

snail/ 

Thiotrophy 

 (epibiont (sclerite, 

shell)) 

RTJ (Indian 

Ocean)/ 

sulfidic  vents 

SI 25°19’13.80”S, 

70°02’25.20”E 

25°19’13.80”S, 

70°02’25.20”E 

 Arhtropoda Rimicaris exoculata/ 

Thiotrophy, 

Heterotrophy 

(epibiont 

(scaphognathite, 

branchiostegites)) 

Snake pit 

(MAR)/ 

active vents 

rich in sulfide 

and methane 

 

MA 23°22’12.00”N, 

44°57’02.40”W 

23°23’00.00”N, 

44°58’00.00”W 

                   “ Rainbow 

(MAR)/ 

active 

chimneys rich 

in  sulfide 

and methane 

MA 36°13’26.40”N, 

33°53’34.80”W 

Not given 



  Kiwa hirsuta/ 

Thiotrophy, 

Heterotrophy 

(epibiont (setae)) 

 

Annie’s 

Anthill vent  

(PAR)/ 

extinct vents, 

active sulfidic 

vents, 

sulfidic black 

smokers 

SP 37°46’29.40”S, 

110°54’43.20”W 

37°46’29.40”S, 

110°54’43.20”W 

z-Proteobacteria Arthropoda Rimicaris exoculata/ 

Thiotrophy, 

Heterotrophy 

(epibiont 

(scaphognathite, 

branchiostegites)) 

 

 

Rainbow 

(MAR)/ 

active 

chimneys rich 

in  sulfide 

and methane 

MA 36°13’26.40”N, 

33°53’34.80”W 

36°14’00.00”N, 

33°54’00.00”W 

Actinobacteria 

 

Mollusca Unidentified limpet/ 

(endosymbiont  (gills)) 

Axial 

Seamount 

(JFR)/ active 

submarine 

volcano rich 

in sulfide and 

methane 

EP 45°56’06.00”N, 

130°00’48.00”W 

45°58’54.00”N, 

130°02’18.00”W 

Spirochete 

 

Annelida Alvinella pompejana/ 

Thiotrophy 

(epibiotic (integument,  

tube)), 

(endosymbiont (gill)) 

EPR/ basaltic 

sulfidic vents 

 

“ 9°50’26.82”N, 

104°17’29.58”W 

Not given 

Bacteroidetes Annelida Riftia pachyptila/ 

Thiotrophy 

 (endosymbiont 

(trophosome)) 

EPR/ basaltic 

sulfidic vents 

 

EP 9°00’23.86”N, 

106°15’35.04”W 

9°00’23.86”N, 

106°15’35.04”E 

                  “           “ EP 13°00’55.12”N, 

104°35’03.73”W 

13°00’55.12”N, 

104°35’03.73”W 

 Arthropoda Kiwa hirsuta/ 

Thiotrophy, 

Heterotrophy 

 (epibiont (setae)) 

Annie’s 

Anthill vent 

area (PAR)/ 

extinct vents, 

active sulfidic 

vents, 

sulfidic black 

smokers 

SP 37°46’29.40”S, 

110°54’43.20”W 

37°46’29.40”S, 

110°54’43.20”W 

Chloroflexi 

 

Arthropoda Kiwa hirsuta/ 

Thiotrophy, 

Heterotrophy 

(epibiont (setae)) 

Annie’s 

Anthill vent 

area (PAR)/ 

extinct vents, 

active sulfidic 

vents, 

sulfidic black 

smokers 

SP 37°46’29.40”S, 

110°54’43.20”W 

37°46’29.40”S, 

110°54’43.20”W 

Verrucomicrobia Annelida Riftia pachyptila/ 

Thiotrophy 

 (endosymbiont 

(trophosome)) 

EPR/ basaltic 

sulfidic vents 

 

EP 9°00’23.86”N, 

106°15’35.04”W 

9°00’23.86”N, 

106°15’35.04”E 

                “             “ EP 13°00’55.12”N, 13°00’55.12”N, 



104°35’03.73”W 104°35’03.73”W 

Unaffiliated 

bacteria 

 

Ciliophora Folliculinopsis sp./ 

(epibiont (lorica)), 

(endosymbiont 

(cytoplasm)) 

Marker N3 

(Axial 

volcano, 

JFR)/ active 

submarine 

volcano rich 

in sulfide and 

methane 

EP 45°58’54.00”N, 

130°02’18.00”W 

45°52’02.87”N, 

130°00’55.04”W 

 Annelida Alvinella pompejana/ 

Thiotrophy 

 (epibiont (integument)) 

EPR/ basaltic 

sulfidic vents 

 

EP 20°50’00.00”N, 

109°00’00.00”W 

20°50’00.00”N, 

109°0000.00”W 

  Riftia pachyptila 

Thiotrophy 

 (endosymbiont  

(trophosome)) 

Galápagos 

Rift/ sulfidic 

vents 

EP 0°48’14.82”N, 

86°13’28.68”W 

Not given 

                 “ Rose Garden 

(Galápagos 

Rift)/ 

sulfidic vents 

EP 0°48’14.82”N, 

86°13’28.68”W 

0°47’00.00”N, 

86°07’00.00”W 

                 “             “ EP 9°50’00.00”N, 

104°18’00.00”W 

9°50’00.00”N, 

104°18’00.00”W 

  Ridgeia piscesae/ 

Thiotrophy  

epibiont (tube)), 

 (endosymbiont 

(trophosome))  

Mothra 

Endeavour 

vent field 

(JFR)/sulfidic 

vents 

EP 47°55’24.00”N, 

129°05’49.20”W 

47°55’24.00”N, 

129°05’49.20”W 

                 “ Main 

Endeavour 

vent field 

(JFR)/ 

sulfidic vents 

EP 47°55’24.00”N, 

129°05’49.20”W 

47°57’00.00”N, 

129°05’49.20”W 

                 “ Clam Bed 

(Endeavour 

segment, 

JFR)/ 

sulfidic vents 

EP 47°00’00.00”N, 

129°00’00.00”W 

47°57’43.80”N, 

129°05’33.00”W 

  Unidentified polychaete 

 (epibiont (tube)) 

EPR/ basaltic 

sulfidic vents 

EP 20°50’00.00”N, 

109°00’00.00”W 

21°00’00.00”N, 

109°00’00.00”W 

 Mollusca Alviniconcha hessleri/ 

Thiotrophy 

(endosymbiont 

(gill)) 

Kayo (North 

Fiji Back-Arc 

Basin)/ 

sulfidic back-

arc basin  

SWP 16°59’00.00”S, 

173°43’00.00”W 

16°59’00.00”S, 

173°43’00.00”W 

                  “ Mariana 

Back-Arc 

Basin/back-

arc basin rich 

in sulfide and 

methane 

WP 18°13’00.00”N, 

144°42’00.00”W 

Not given 

  Ifremeria nautilei/ 

Thiotrophy, 

Methanotrophy 

(endosymbiont 

(gill)) 

Kayo (North 

Fiji Back-Arc 

Basin)/ 

active vents 

rich in sulfide 

SWP 16°59’00.00”S, 

173°43’00.00”W 

16°59’00.00”S, 

173°43’00.00”W 



and methane 

                  “ LHOS site 

(North Fiji 

Back- Arc 

Basin)/back-

arc basin rich 

in  sulfide 

and methane 

SWP 16°59’00.00”S, 

173°43’00.00”W 

16°59’39.00”S, 

173°54’43.80”E 

                   “ Manus Basin 

(Bismarck 

Sea)/  sulfidic 

vents 

WP 3°44’00.00”S, 

151°40’00.00”E 

Not given 

  Unidentified snail 

 

Snail pit 

(Mariana 

Back-Arc 

Basin)/  

active vents 

rich in  

sulfide and 

methane 

WP 18°13’00.00”N, 

144°42’00.00”W 

18°11’00.00”N, 

144°43’00.00”W 

  Calyptogena magnifica/ 

Thiotrophy, 

Heterotrophy 

(endosymbiont 

(gill, ovary)) 

Galápagos 

Rift/ 

sulfidic vents 

EP 0°48’14.82”N, 

86°13’28.68”W 

0°48’14.82”N, 

86°13’28.68”W 

                   “                 EPR/ basaltic 

sulfidic vents  

EP 20°50’00.00”N, 

109°00’00.00”W 

20°51’00.00”N, 

109°06’00.00”W 

                   “            “  20°50’00.00”N, 

109°00’00.00”W 

20°50’00.00”N, 

109°06’00.00”W 

  Calyptogena pacifica 

Thiotrophy, 

Heterotrophy 

(endosymbiont 

(gill, ovary)) 

JFR/ basaltic 

sulfidic vents 

EP 45°56’06.00”N, 

130°00’48.00”W 

45°56’06.00”N, 

130°00’48.00”W 

  Vesicomya sp.mt.II 

Thiotrophy 

(endosymbiont 

(gills)) 

JFR/ basaltic 

sulfidic vents 

“ 47°57’24.00”N,  

129°05’54.00”W 

47°57’24.00”N,  

129°05’54.00”W 

  Vesicomya sp. 

 (endosymbiont 

(gills)) 

Logatchev 

(MAR)/ 

active sulfidic 

vents 

“ 14°45’18.60”N, 

44°58’44.40”W 

14°45’19.20”N, 

44°58’47.40”W 

 

 

 Bathymodiolus 

azoricus/ 

Thiotrophy, 

Methanotrophy, 

Heterotrophy 

 (endosymbiont 

(gill)) 

Menez Gwen 

(MAR)/ 

active 

chimneys rich 

in sulfide and 

methane 

MA 37°50’21.60”N, 

31°31’16.80”W 

37°50’21.60”N, 

31°31’16.80”W 

                    “              “ “ 37°50’21.60”N, 

31°31’16.80”W 

37°51’00.00”N, 

31°31’00.00”W 

                    “ Lucky Strike 

(MAR)/ 

active 

chimneys rich 

MA 37°17’15.60”N, 

32°16’30.60”W 

37°17’15.60”N, 

32°16’30.60”W 



in  sulfide 

and methane 

                   “               “ “ 37°17’15.60”N, 

32°16’30.60”W 

37°17’15.60”N, 

32°16’28.80”W 

                   “               “ “ 37°17’15.60”N, 

32°16’30.60”W 

37°17’17.40”N, 

32°16’27.60”W 

                   “               “ “ 37°17’15.60”N, 

32°16’30.60”W 

37°17’37.80”N, 

32°16’31.80”W 

                   “               “ “ 37°17’15.60”N, 

32°16’30.60”W 

37°17’00.00”N, 

32°16’00.00”W 

                   “               “ “ 37°17’15.60”N, 

32°16’30.60”W 

37°17’00.00”N, 

32°16’00.00”W 

                   “ Rainbow 

(MAR)/ 

active 

chimneys rich 

in sulfide and 

methane 

MA 36°13’26.40”N, 

33°53’34.80”W 

36°13’26.40”N, 

33°53’34.80”W 

                   “              “ “ 36°13’26.40”N, 

33°53’34.80”W 

36°13'30.00"N, 

33°53'54.00"W 

                   “              “ “ 36°13’26.40”N, 

33°53’34.80”W 

36°14’14.40”N, 

33°54’05.40”W 

                   “              “ “ 36°13’26.40”N, 

33°53’34.80”W 

36°13’00.00”N, 

33°54’00.00”W 

  Bathymodiolus brevior/ 

Thiotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

North Fiji 

Back- Arc 

Basin/  

sulfidic vents 

SWP 16°59’00.00”S, 

173°43’00.00”W 

16°59’39.00”S, 

173°54’43.80”E 

                   “ Lau  Basin/ 

active sulfidic 

back-arc 

basin 

SWP 23°13’00.00”S, 

176°38’00.00”W 

Not given 

  Bathymodiolus aff. 

brevior/ 

Thiotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

North Fiji 

Back- Arc 

Basin/  

sulfidic vents 

SWP 16°59’00.00”S, 

173°43’00.00”W 

16°59’39.00”S, 

173°54’43.80”E 

  Bathymodiolus 

elongatus/ 

Thiotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

Lau Basin/ 

active back-

arc basin rich 

in sulfide 

SWP 23°13’00.00”S, 

176°38’00.00”W 

Not given 

                    “ Fiji Arc 

Basin/ 

sulfidic vents 

SWP 16°59’00.00”S, 

173°43’00.00”W 

Not given 

  Bathymodiolus 

thermophilus/ 

Thiotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

Rose Garden 

(Galápagos 

Rift)/ 

sulfidic vents 

EP 0°48’14.82”N, 

86°13’28.68”W 

0°47’00.00”N, 

86°07’00.00”W 

   Rose Garden EP 0°48’14.82”N, 0°47’00.00”N, 



(Galápagos 

Rift)/ sulfidic 

vents 

86°13’28.68”W 86°07’00.00”W 

   Galápagos 

Rift/ sulfidic 

vents 

EP 0°48’14.82”N, 

86°13’28.68”W 

Not given 

  Bathymodiolus sp. 1/ 

Thiotrophy, 

Methanotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

Menez Gwen 

(MAR)/ 

active 

chimneys rich 

in  sulfide 

and methane 

MA 37°50’21.60”N, 

31°31’16.80”W 

37°50’00.00”N, 

31°31’00.00”W 

  Bathymodiolus sp. 2/ 

Thiotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

Iheya vent 

(Okinawa 

Trough)/ 

active back-

arc basin rich 

in sulfide 

WP 27°47’13.20”N, 

126°53’54.36”E 

27°47’13.20”N, 

126°53’54.36”E 

  Bathymodiolus sp. 3/ 

Thiotrophy, 

Methanotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

Eiffel Tower, 

Sintra (Lucky 

strike, MAR)/ 

active 

chimneys rich 

in sulfide and 

methane 

MA 37°17’30.00”N, 

32°16’30.00”W 

37°17’30.00”N, 

32°16’30.00”W 

  Helicoradomenia cf. 

acredema 

Thiotrophy, 

Heterotrophy 

(epibiont), 

endosymbiont 

(cuticle)) 

TICA (EPR)/ 

basaltic 

sulfidic vents 

EP 9°50’26.82”N, 

104°17’29.58”W 

9°50’26.82”N, 

104°17’29.58”W 

  Helicoradomenia sp. 1 

Thiotrophy, 

Heterotrophy 

(epibiont), 

endosymbiont 

(cuticle)) 

TICA (EPR)/ 

balsaltic 

sulfidic vents 

EP 9°50’26.82”N, 

104°17’29.58”W 

9°50’26.82”N, 

104°17’29.58”W 

  Bathymodiolus 

puteoserpentis/ 

Thiotrophy, 

Methanotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

Snake pit 

(MAR)/ 

active vents 

rich in sulfide 

and methane 

MA 23°22’12.00”N, 

44°57’02.40”W 

23°22’12.00”N, 

44°57’02.40”W 

                   “              “ “ 23°22’12.00”N, 

44°57’02.40”W 

23°22’06.00”N, 

44°56’54.60”W 

                   “              “ “ 23°22’12.00”N, 

44°57’02.40”W 

23°22’07.80”N, 

44°57’00.00”W 

                   “              “ “ 23°22’12.00”N, 

44°57’02.40”W 

23°23’00.00”N, 

44°56’00.00”W 

                   “ Logatchev 

(MAR)/ 

active sulfidic 

vents 

MA 14°45’18.60”N, 

44°58’44.40”W 

14°45’18.60”N, 

44°58’44.40”W 



 

Supplementary Table 2a.  Potential chemoautotrophic bacterial associates, hosts and dominant 

geochemistry of their vent habitats 

EPR: East Pacific Rise, JFR: Juan de Fuca Ridge, MAR: Mid Atlantic Ridge, CIR: Central Indian 

Ridge. RTJ: Rodriguez Triple Junction, MA: Mid Atlantic; SI: South Indian Ocean; CI: Central Indian 

Ocean; EP: East Pacific; WP: West Pacifc; SP: South Pacific; SWP: South West Pacific; PAR: Pacific 

Antarctic Ridge; ‘Mode of nutrition’ of the host is not given where there is ambiguity 

 

                   “              “ “ 14°45’18.60”N, 

44°58’44.40”W 

14°45’16.20”N, 

44°58’42.00”W 

                   “              “ “ 14°45’18.60”N, 

44°58’44.40”W 

14°45’25.20”N, 

44°58’47.40”W 

                  “              “ “ 14°45’18.60”N, 

44°58’44.40”W 

14°45’11.40”N, 

44°58’44.40”W 

  Bathymodiolus aff. 

puteoserpentis/ 

Thiotrophy, 

Methanotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

Irina-2 

(Logatchev, 

MAR)/ active 

sulfidic vents 

MA 14°45’18.60”N, 

44°58’44.40”W 

14°45’12.00”N, 

44°58’48.00”W 

  Unidentified mytilid 

(endosymbiont 

(gill)) 

Snake pit  

(MAR)/ 

active vents 

rich in sulfide 

and methane 

MA 23°22’12.00”N, 

44°57’02.40”W 

23°23’00.00”N, 

44°58’00.00”W 

  Arthropoda Rimicaris exoculata/  

Thiotrophy, 

Heterotrophy 

(epibiont 

(cephalothorax, 

maxillae, carapace, 

legs)) 

Snake Pit  

(MAR)/ 

active vents 

rich in sulfide 

and methane 

MA 23°22’12.00”N, 

44°57’02.40”W 

Not given 

            “ TAG (MAR)/ 

active sulfidic 

vents 

MA 26°08’00.00”N, 

44°49’00.00”W 

26°08’00.00”N, 

44°49’00.00”W 



Bacterial 

associate 

Host 

Phylum 

Host scientific 

name/ mode of 

nutrition 

(symbiont type 

(organ)) 

 

Location 

 

Region Latitude and 

longitude 

used for map to 

minimize 

clustering/ 

overlap 

Latitude and 

longitude (as 

published) 

 

 α- Proteobacteria Annelida Lamellibrachia sp. 1/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

Sagami Trough 

(Japan)/seep 

rich in sulfide, 

methane and 

ammonia 

WP 35°00’12.00”N, 

139°20’30.00”E 

35°00’12.00”N, 

139°20’30.00”E 

  Lamellibrachia sp. 5/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

Off-

Hatsushima 

(Sagami Bay, 

Japan)/seep 

rich in  sulfide, 

methane and 

ammonia 

WP 35°00’12.00”N, 

139°20’30.00”E 

Not given 

β-Proteobacteria Annelida Lamellibrachia sp. 5/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

Off-

Hatsushima 

(Sagami Bay, 

Japan)/ seep 

rich in sulfide, 

methane and 

ammonia 

WP 35°00’12.00”N, 

139°20’30.00”E 

Not given 

γ-Proteobacteria Annelida Escarpia spicata/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

Guaymas 

Basin/ 

seep rich in 

sulfide and 

methane 

EP 26°59’00.00”N, 

111°24’00.00”W 

26°59’00.00”N 

111°24’00.00”W 

  Escarpia sp./ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

Chapopote  

(GoM)/ seep 

rich in sulfide, 

methane and 

ammonia 

WA 21°53.98’00”N, 

93°26.12’00”W 

21°53.98’00”N, 

93°26.12’00”W 

  Lamellibrachia sp. 5/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

Off-

Hatsushima 

(Sagami Bay, 

Japan)/ seep 

rich in  sulfide, 

methane and 

ammonia  

WP 35°00’12.00”N, 

139°20’30.00”E 

Not given 

  Lamellibrachia sp. 6/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

Green Canyon 

(GoM)/ seep 

rich in sulfide, 

methane and 

ammonia 

WA 22°32’00.00”S, 

176°43’00.00”W 

22°32’00.00”S, 

176°43’00.00”W 

  Seepiophila jonesi/ 

Thiotrophy 

(endosymbiont 

(trophosome)) 

GoM/  seep 

rich in sulfide, 

methane and 

ammonia 

WA 25°18’15.49”N, 

90°03’57.31”W 

Not given 

  Sclerolinum 

contortum/ 

Thiotrophy 

(endosymbiont 

HMMV 

(Barents Sea)/ 

seep rich in 

sulfide and 

Ar 72°0.15’00”N, 

14°44.17’00”E 

72°0.15’00”N, 

14°44.17’00”E 



(trophosome)) methane 

  Oligobrachia 

haakonmosbiensis/ 

Thiotrophy 

(endosymbiont) 

HMMV 

(Barents Sea)/  

seep rich in 

sulfide and 

methane 

Ar 72°0.15’00”N, 

14°44.17’00”E 

72°0.15’00”N, 

14°44.17’00”E 

  Oligobrachia 

mashikoi/ 

Thiotrophy 

(endosymbiont) 

Tsukumo Bay 

(Japan)/ seep 

rich in sulfide 

and methane 

WP 37°18’29”N, 

137°14’29”E 

37°18’29”N 

137°14’29”E 

 Mollusca Calyptogena aff. 

angulata/ 

Thiotrophy 

(endosymbiont  

(gill)) 

Monterey Bay, 

California/ 

seep rich in 

sulfide, sulfate 

and methane 

EP 36°46’31.80”N, 

122°05’12.60”W 

36°47’00.00”N, 

122°05’00.00”W 

  Calyptogena 

elongata/ 

Thiotrophy 

(endosymbiont 

 (gills)) 

Off California/ 

methane seep 

EP 34°00’00.00”N, 

120°00’00.00”W 

34°00’00.00”N, 

120°00’00.00”W 

  Calyptogena kilmeri /  

Thiotrophy 

(endosymbiont 

 (gills)) 

Off Oregon/ 

methane seep 

EP 44°00’00.00”N, 

125°00’00.00”W 

44°00’00.00”N, 

125°00’00.00”W 

               “ Monterey 

Canyon/ seep 

rich in sulfide, 

sulfate and 

methane 

EP 36°46’31.80”N, 

122°05’12.60”W 

36°46’31.80”N, 

122°05’12.60”W 

  Calyptogena 

packardana 

Thiotrophy 

(endosymbiont 

(gill)) 

Monterey Bay, 

California/ 

seep rich in 

sulfide, sulfate 

and methane 

EP 36°46’31.80”N, 

122°05’12.60”W 

36°47’00.00”N, 

122°05’00.00”W 

  Calyptogena 

Phaseoliformis/ 

Thiotrophy 

(endosymbiont 

 (gill)) 

Japan Trench/ 

seep rich in  

sulfate, 

methane and 

ammonia 

WP 40°00’00.00”N, 

144°00’00.00”E 

40°00’00.00”N, 

144°00’00.00”E 

  Calyptogena 

kawamurai/ 

Thiotrophy 

(endosymbiont 

 (gill)) 

Nankai 

Trough, 

Okinawa 

Trough 

(Japan)/ 

methane seep 

WP 32°32’11.5”N, 

135°49’56.7”E 

Not given 

  Calyptogena laubieri/ 

Thiotrophy 

(endosymbiont 

(gill)) 

Nankai 

Trough, 

Okinawa 

Trough 

(Japan)/  

methane seep 

WP 32°32’11.5”N, 

135°49’56.7”E 

Not given 

  Calyptogena n.sp./ 

Thiotrophy 

(endosymbiont 

(gill)) 

WFE/ 

methane seep 

WA 26°00’00.00”N, 

84°00’00.00”W 

26°00’00.00”N, 

84°00’00.00”W 



  Calyptogena 

valdiviae/ 

Thiotrophy 

(endosymbiont 

 (gill)) 

Gulf of 

Guinea/ 

Methane seep 

 

EA 1°34.65′00” S, 

8°32.91′00”E 

1°34.65′00” S 

8°32.91′00”E 

  Isorropodon bigoti/ 

Thiotrophy 

(endosymbiont 

 (gill)) 

Gulf of 

Guinea/ 

Methane seep 

 

EA 1°34.65′00” S, 

8°32.91′00”E 

1°34.65′00” S 

8°32.91′00”E 

  Isorropodon 

megadesmus/ 

Thiotrophy 

(endosymbiont 

 (gill)) 

Gulf of 

Guinea/ 

Methane seep 

 

EA 1°34.65′00” S, 

8°32.91′00”E 

1°34.65′00” S 

8°32.91′00”E 

  Isorropodon 

perplexum/ 

Thiotrophy 

(endosymbiont 

 (gill)) 

Gulf of 

Guinea/ 

Methane seep 

 

EA 1°34.65′00” S, 

8°32.91′00”E 

1°34.65′00” S 

8°32.91′00”E 

  Elenaconcha 

guiness/Thiotrophy 

(endosymbiont  

(gill)) 

Gulf of 

Guinea/ 

Methane seep 

 

EA 1°34.65′00” S, 

8°32.91′00”E 

1°34.65′00” S 

8°32.91′00”E 

  Vesicomya stearnsii/ 

Thiotrophy 

(endosymbiont (gill)) 

Monterey Bay, 

California/ 

Seep rich in 

sulfide, sulfate 

and methane 

EP 36°46’31.80”N, 

122°05’12.60”W 

Not given 

  Lucinoma aff. kazani/ 

Thiotrophy 

(endosymbiont 

(gill)) 

North Alex 

Mud Volcano 

(Nile deep sea 

fan, Eastern 

Mediterranean)

/  seep rich in  

sulfide, 

methane and 

ammonia 

EM 31°58’12.00”N, 

30°08’12.00”E 

31°58’12.00”N, 

30°08’12.00”E 

                  “ Pockmarks of 

the central area 

(Nile deep sea 

fan, Eastern 

Mediterranean)

/ seeps rich in 

sulfide, 

methane and 

ammonia 

EM 32°31’36.00”N, 

30°20’42.00”E 

32°31’36.00”N, 

30°20’42.00”E 

                  “ Isis mud 

volcano (Nile 

deep sea fan, 

Eastern 

Mediterranean)

/ seep rich in 

sulfide, 

methane and 

ammonia 

EM 32°21’42.00”N, 

31°23’24.00”E 

32°21’42.00”N, 

31°23’24.00”E 



  Maorithyas hadalis/ 

Thiotrophy 

(endosymbiont  

(gill)) 

Japan Trench/  

seep rich in 

sulfate, 

methane and 

ammonia 

WP 40°00’00.00”N, 

144°00’00.00”E 

Not given 

  Vesicomya lepta 

Thiotrophy, 

(endosymbiont  

(gill)) 

 

Monterey Bay, 

California/ 

seep rich in 

sulfide, sulfate 

and methane 

EP 36°46’31.80”N, 

122°05’12.60”W 

36°00’00.00”N, 

122°00’00.00”W 

  Bathymodiolus 

mauritanicus/ 

Thiotrophy, 

Methanotrophy, 

Heterotrophy 

(endosymbiont  

(gill)) 

Gabon 

Continental 

Margin  

(Gulf of 

Guinea, 

Regab)  

methane seep  

SEA 0°53’00.00”N, 

5°28’00.00”W 

0°53’00.00”N, 

5°28’00.00”W 

  Bathymodiolus 

brooksi/  

Thiotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

Chapopote  

(GoM)/  

seep rich in 

sulfide, 

methane and 

ammonia 

WA 21°53.98’00”N, 

93°26.12’00”W 

21°53.98’00”N, 

93°26.12’00”W 

  Bathymodiolus 

childressi/ 

Methanotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

Alaminos 

Canyon 

(GoM)/ seep 

rich in sulfide, 

methane and 

ammonia 

WA 26°21.32’00”N, 

94°30.12’00”W 

26°21.32’00”N 

94°30.12’00”W 

  Bathymodiolus aff. 

boomerang/ 

Methanotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

Gabon 

continental 

margin/ 

methane seep 

SEA 0°53’00.00”N, 

5°28’00.00”W 

Not given 

  Bathymodiolus 

hirtus/ 

Methanotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

Kuroshima 

Knoll 

(Japan)/ 

methane seep 

 

WA 24°07.812'00.00”N, 

124°11.539’00.00”E 

Not given 

  Bathymodiolus sp. 6/ 

Thiotrophy 

 (endosymbiont 

(gill)) 

Regab/ 

methane seep  

SEA 5°52’48.80”S, 

9°37’56.51”E 

5°52’48.80”S, 

9°37’56.51”E 

  Idas sp./ 

Thiotrophy, 

Methanotrophy 

(endosymbiont  

(gill)) 

Central 

Province 

(North of the 

Nile deep sea 

fan)/  seeps 

rich in  sulfide, 

methane and 

ammonia 

EP 32°38’24.00”N, 

29°55’00.00”W 

32°38’24.00”N, 

29°55’00.00”W 

ε-Proteobacteria Annelida Lamellibrachia sp. 2/ 

Thiotrophy, 

Sagami Bay 

(Japan)/ seep 

WP 35°00’12.00”N, 

139°20’30.00”E 

Not given 



(endosymbiont 

(trophosome)) 

rich in sulfide, 

methane and 

ammonia 

Bacteroidetes Mollusca Idas sp./ 

Thiotrophy, 

Methanotrophy 

(endosymbiont  

(gill)) 

Central 

Province 

(North of the 

Nile deep sea 

fan)/ seeps rich 

in  sulfide, 

methane and 

ammonia 

EM 32°38’24.00”N, 

29°55’00.00”W 

32°38’24.00”N, 

29°55’00.00”W 

Unaffiliated 

bacteria 

Porifera Cladorhiza sp./ 

Methanotrophy,  

Heterotrophy 

(epibiont (matrix), 

endosymbiont 

(mesohyl)) 

Mud volcanoes 

(Barbados 

Trench)/ 

methane seep 

WA 13°49’36.00”N, 

57°39’58.00”W 

13°49’36.00”N, 

57°39’58.00”W 

 Annelida Lamellibrachia sp. 3/ 

Thiotrophy, 

(endosymbiont 

(trophosome)) 

Off-

Hatsushima 

(Sagami Bay, 

Japan)/ seep 

rich in sulfide, 

methane and 

ammonia 

WP 35°00’12.00”N, 

139°20’30.00”E 

Not given 

  Lamellibrachia sp. 4/ 

Thiotrophy, 

(endosymbiont 

(trophosome)) 

Sagami Trough 

(Japan)/ seep 

rich in sulfide, 

methane and 

ammonia 

WP 35°00’12.00”N, 

139°20’30.00”E 

Not given 

  Unidentified 

polychaete 

(endosymbiont) 

Louisiana 

slope (GoM)/ 

seep rich in 

sulfide, 

methane and 

ammonia 

WA 27°41’00.00”N, 

91°32’00.00”W 

Not given 

 Mollusca Calyptogena 

fossajaponica/ 

Thiotrophy 

(endosymbiont 

(gill)) 

Japan Trench/ 

seep rich in 

sulfate, 

methane and 

ammonia 

WP 40°00’00.00”N, 

144°00’00.00”E 

Not given 

  Calyptogena fausta 

  Thiotrophy 

 (endosymbiont) 

Nankai 

Trough, Japan/ 

methane seep 

WP 32°32’11.5”N, 

135°49’56.7”E 

Not given 

  Calyptogena okutani/ 

Thiotrophy  

(endosymbiont 

(gill)) 

Sagami Bay/ 

methane seep 

 

WP 35°00’12.00”N, 

139°20’30.00”E 

34°57’00.00”N,  

139°12’00.00”E 

  Calyptogena 

phaseoliformis 

Thiotrophy 

(endosymbiont  

(gill)) 

Monterey 

Canyon/  

seep rich in 

sulfide, sulfate 

and methane 

EP 36°46’31.80”N, 

122°05’12.60”W 

36°23’00.00”N, 

122°53’00.00”W 

  Calyptogena  

Ponderosa 

Thiotrophy 

GoM/ seep 

rich in sulfide, 

methane and 

WA 25°18’15.49”N, 

90°03’57.31”W 

27°40’52.80”N, 

91°32’06.00”W 



(endosymbiont 

(gill)) 

ammonia 

  Calyptogena soyoae/ 

Thiotrophy  

(endosymbiont 

(gill)) 

Hatsushima 

site (Sagami 

Bay, 

Japan)/seep 

rich in sulfide, 

methane and 

ammonia 

WP 35°00’12.00”N, 

139°20’30.00”E 

34°59’54.00”N, 

139°13’36.00”E 

  Calyptogena sp. 1/ 

Thiotrophy 

(endosymbiont 

(gill)) 

Makran 

convergent 

margin (off 

Pakistan, 

northern Indian 

Ocean)/ 

methane seep 

NI 24°33’00.00”N, 

64°15’38.40”E 

24°33’00.00”N, 

64°15’38.40”E 

  Calyptogena sp. 2/ 

Thiotrophy 

(endosymbiont 

(gill)) 

Southern 

summit of 

hydrate ridge 

(Cascadia 

convergent 

margin (off 

Oregon))/ 

methane seep 

EP 44°34’12.00”N, 

125°08’48.00”W 

44°34’12.00”N, 

125°08’48.00”W 

  Calyptogena sp. 3/ 

Thiotrophy 

(endosymbiont 

(gill)) 

Mud Mount 

East (Cascadia 

convergent 

margin (off 

Oregon))/ 

methane seep 

EP 44°34’12.00”N, 

125°08’48.00”W 

44°40’12.00”N, 

125°03’18.00”W 

  Calyptogena sp. 4/ 

Thiotrophy 

(endosymbiont 

(gill)) 

NW-Knoll 

(Cascadia 

convergent 

margin (off 

Oregon))/ 

methane seep 

EP 44°34’12.00”N, 

125°08’48.00”W 

44°43’54.00”N, 

125°13’54.00”W 

  Pliocardia sp./ 

Thiotrophy 

(symbiont) 

Jaco Scarp 

summit 

(Off Costa 

Rica)/ 

methane seep 

EP 9°10.36’00.00”N, 

84°47.93’00.00”N 

Not given 

  Conchocele sp./ 

Thiotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

Sakhalin 

continental 

slope  

(Sea of 

Okhotsk)/ 

methane seep 

NWP 54°27’00.00”N, 

144°05’00.00”E 

54°27’00.00”N, 

144°05’00.00”E 

  Ectenagena extenta/ 

Thiotrophy 

(endosymbiont 

(gill)) 

Monterey 

Canyon/ 

seep rich in 

sulfide, sulfate 

and methane 

EP 36°46’31.80”N, 

122°05’12.60”W 

36°40’55.20”N, 

122°07’12.60”W 

  Vesicomya gigas/ 

Thiotrophy, 

Heterotrophy 

Mendocino 

Fracture 

Zone/ 

EP 49°20’03.60”N,  

127°39’41.40”W 

49°20’03.60”N,  

127°39’41.40”W 



(endosymbiont 

(gill)) 

methane seep 

  Vesicomya sp.mt.I/ 

Thiotrophy 

(endosymbiont 

(gill)) 

Monterey Bay 

(California)/ 

seep rich in 

sulfide, sulfate 

and methane 

EP 36°46’31.80”N, 

122°05’12.60”W 

36°47’00.00”N,  

122°05’00.00”W 

  Vesicomya sp.mt.III/ 

Thiotrophy 

(endosymbiont 

(gill)) 

Monterey Bay 

(California)/ 

seep rich in 

sulfide, sulfate 

and methane 

EP 36°46’31.80”N, 

122°05’12.60”W 

36°37’47.40”N, 

122°19’55.20”W 

  Acharax sp. 1/ 

Thiotrophy 

(endosymbiont 

(gill)) 

Makran 

convergent 

margin (off 

Pakistan, 

northern Indian 

Ocean)/  

methane seep 

NI 24°33’00.00”N, 

64°15’38.40”E 

24°33’00.00”N, 

64°15’38.40”E 

  Acharax sp. 2/ 

Thiotrophy 

(endosymbiont 

(gill)) 

Sunda fore-arc 

basin (off Java, 

eastern Indian 

Ocean)/ 

methane seep 

EI 7°58’13.75”S, 

106°16’26.25”E 

7°58’13.75”S, 

106°16’26.25”E 

  Acharax sp. 3/ 

Thiotrophy 

(endosymbiont 

(gill)) 

Southern 

summit of 

hydrate ridge 

(Cascadia 

convergent 

margin (off 

Oregon, NE 

Pacific))/ 

methane seep 

EP 44°34’12.00”N, 

125°08’48.00”W 

44°34’12.00”N, 

125°08’48.00”W 

                 “ Mud Mount 

East (Cascadia 

convergent 

margin (off 

Oregon, NE 

Pacific))/ 

methane seep 

EP 44°34’12.00”N, 

125°08’48.00”W 

44°40’12.00”N, 

125°03’18.00”W 

                “ NW-Knoll 

(Cascadia 

convergent 

margin (off 

Oregon, NE 

Pacific))/ 

methane seep 

EP 44°34’12.00”N, 

125°08’48.00”W 

44°43’54.00”N, 

125°13’54.00”W 

  Bathymodiolus 

heckerae/ 

Thiotrophy, 

Methanotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

WFE/ 

seep rich in 

sulfide and 

methane 

WA 26°00’00.00”N, 

84°00’00.00”W 

26°02’00.00”N, 

84°55’00.00”W 

  Bathymodiolus Hatsushima WP 35°00’12.00”N, 34°59’54.00”N, 



 

Supplementary Table 2b. Potential chemoautotrophic bacterial associates, hosts and dominant 

geochemistry of their seep habitats 

GoM: Gulf of Mexico, WFE: Western Florida Escarpment, WA: West Atlantic; SEA: South East Atlantic; 

EM: East Mediterranean; EI: East Indian Ocean; NI: North Indian Ocean; EP: East Pacific; WP: West 

Pacific; NWP: North West Pacific. ‘Mode of nutrition’ is not given wherever there is ambiguity 

 

 

 

 

 

platifrons/ 

Methanotrophy,  

Heterotrophy 

(endosymbiont 

(gill)) 

site (Sagami 

Bay, Japan)/ 

seep rich in 

sulfide, 

ammonia and 

methane 

139°20’30.00”E 139°13’36.00”E 

  Bathymodiolus 

childressi 

Methanotrophy, 

Heterotrophy 

(endosymbiont 

(gill)) 

Louisiana 

Slope (GoM)/ 

seep rich in 

sulfide, 

methane and 

ammonia 

WA 27°41’00.00”N, 

91°32’00.00”W 

27°41’00.00”N, 

91°32’00.00”W 

                  “ Alaminos 

Canyon 

(GoM)/ seep 

rich in sulfide, 

methane and 

ammonia 

WA 26°30’00.00”N, 

94°35’00.00”W 

26°30’00.00”N, 

94°35’00.00”W 

                  “ GoM/ seep 

rich in sulfide, 

methane and 

ammonia 

WA 25°18’15.49”N, 

90°03’57.31”W 

Not given 

                 “ GoM/seep rich 

in sulfide, 

methane and 

ammonia 

WA 25°18’15.49”N, 

90°03’57.31”W 

Not given 




